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Chairman’s Message 

Welcome to the Participants of the Conference 

When Switzerland was awarded the organization of the 30th International Conference on Electrical Contacts 2020 during the 
Advisory Group Meeting in Albuquerque in 2018 we were expecting to arrange a traditional conference. 

We selected St. Gallen / Rorschach, a hidden pearl in in the Eastern part of Switzerland, to hold the conference. St. Gallen is a 
University City with a long history going back to 612 A.D., Rorschach is beautifully located on one of the biggest alpine lakes in 
Europe, the Lake of Constance, maybe one of the most beautiful areas on Earth in the triangle between Switzerland, Germany 
and Austria. So far, the plans!

What we did not expect was the appearance of a small virus, which changed the situation globally within a few weeks, making 
traveling and bigger meetings impossible. In hope that we could have the 30th ICEC in a normal way, the conference was re-
scheduled to 7-11 June 2021 after consulting the ICEC Advisory Group. Unfortunately, the global pandemic continued to affect 
people’s lives and health across the globe in 2020 and 2021. To facilitate the exchange of the global Electrical Contact Commu-
nity, while at the same time protecting health and safety of all participants, the Swiss Organizing Committee proposed to 
cancel the onsite conference and to take the ICEC 2021 to an online format, which was approved by the Advisory Group in late 
January 2021.

Hence, the 30th ICEC 2020 conference and exhibition will be held in a completely online way for the first time ever in 2021. 
We, as an Organizing Committee, are excited to be first in the 60-year history of the conference to create a new format, which 
was required due to the global pandemic situation. While we will miss the face-to-face interaction, the virtual format enables a 
broader group to participate at the conference. The “Hopin” Conference Software will provide an excellent platform 

 – For authors to present and discuss their work
 – For sponsors to present their products and services
 – For participants to interact with authors and sponsors 

As Chairman, I would like to thank multiple people and organizations who helped to make this conference possible 

 – All Members of the Advisory Group especially  the Program Chair Dr. Hans Weichert
 – Electrosuisse for all the arrangements e.g. Livia Russel
 – 64 experts who peer reviewed all papers 
 – All authors for submitting outstanding papers
 – All sponsors who enabled the Conference

The Conference covers a wide range of topics. Besides the important areas of contact materials, switching devices and 
connectors many hot topics such as DC switching, arc fault detection, higher voltage in automotive applications, simulation 
and modelling as well as new technologies will be covered. We wish all of you interesting presentations, discussions and 
interactions with other participants and sponsors.

We are excited and welcome you virtually at the ICEC 2020 in Switzerland and wish you informative and enjoyable days.

Dr. Werner Johler

Chairman ICEC 2020 and Swiss Member of the Advisory Group ICEC
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Circuit Control Development since the First International Conference 
on Electrical Contacts (1961 to 2020) 

Paul G. Slade, Consultant, Ithaca, U.S.A., paulgslade@verizon.net 

Abstract 

The paper reviews 60 years (1961 – 2020) development of circuit breakers, contactors, relays and switches. It also 
reviews the developments in measurement and analytical techniques that have enabled the further understanding of arc 
interruption and switching contact performance. The introduction of the high-speed oscilloscope in the early 1960s, for 
the first time, made possible observation of current and voltage down to the nano-second level. This led to a better 
understanding of arc formation, arc interruption and arc erosion. The scanning electron microscope introduced in 1965 
permitted the detailed study of arc erosion effects. The addition of x-ray analysis in the early 1970’s allowed a detailed 
analysis of elemental changes in contact surfaces. The development of advanced vacuum technology in the late 1960s 
enabled introduction of the sealed-for-life, power-vacuum interrupter for medium voltage distribution circuits. In the 
1970s electronic sensors began to replace the electro-mechanical sensors to control circuit breakers, contactors and 
relays. Integrated circuit technology then was increasingly introduced into these sensors. Today there are many circuit 
breakers and other switches that can respond to many types of circuit conditions and determine the action to be taken. 
The personal computer (PC) first introduced in the 1980s began a revolution in the engineer’s and scientist’s world. 
Who remembers secretaries, the written letter and the slide presentation etc.? The PC became so powerful that in the 
1990s circuit breakers and other types of switch could be designed at the engineer’s desk top using 3-D drafting software. 
The introduction of finite element analysis (e.g. ANSOFT) and arc modeling software (e.g. FLUENT) has aided the 
advanced development of all switching devices. The MEMS (micro-electro-mechanical systems) switches were 
introduced in the late 1990s. In the future circuit breakers and other switches will continue to be used to switch and 
isolate electrical circuits in spite of the inroads of power electronic devices. They will become more compact and will 
also become more intelligent as more advanced sensor technology is introduced. The vacuum interrupter, now the 
prevalent technology for 5kV to 40.5kV circuits will start to dominate higher voltage circuits (72kV to 170kV). Perhaps 
even the MEMS switch will find a commercial application! 

1. Introduction 
      Circuit control using electrical contacts has a long 
history dating back to the earliest days of electric power 
distribution at the end of the 19th century. Research 
symposia and conferences devoted to electric contact 
phenomena only began to be held in the 1950’s.  The 
first International Conference on Electrical Contacts 
was held in Orono Maine U.S.A., November 1961. At 
that time, it was called “The International Research 
Symposium on Electric Contact Phenomenon”. It was a 
small beginning with only 25 papers and authors from 
only 6 countries (USA, Germany, Austria, Holland, UK 
and Japan). There were 14 papers on switching 
contacts, 4 on connectors, 4 on contact theory and 3 on 
sliding contacts. The instrumentation used to analyze 
the contact experiments was rather basic: volt and amp 
meters, slow sweep speed oscilloscopes, optical 
microscopes and photography using photographic film. 
None of the papers made reference to the computer.  

2 The Decade 1961 to 1970 
      A new range of measurement tools were introduced 
in this decade. Some of them are shown in Figure 1. 
The oscilloscopes transitioned from tube electronics to 
transistors and had sub-nanosecond resolution. The 
screens were cathode ray tubes and polaroid introduced 
instant photography to capture the screen’s data. High 
speed cameras using photographic film began to be a 

feature in R&D laboratories. The most important 
instrument introduced in 1965 was the Scanning 
Electron Microscope that, for the first time, allowed a 
three-dimensional high-resolution image of the 
contact’s surface.   

 
Fig. 1, New instrumentation 1961 -1970 

      There was a range of low voltage (≤ 600V) circuit 
breakers and contactors. Examples are shown in Figure 
2. There was also a wide range of ac and dc and 
mechanical and magnetic relays for voltages less than 
110V. The main contact materials used in these switch 
systems were Ag, Ag-W, Ag-Ni, Ag-CdO, and Ag-C. 

       In the late 1960’s John Wafer and I developed an 
“Integral Motor Controller” that performed the 
switching function of a contactor as well as the circuit 
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protection function of a molded case circuit breaker [1]. 
In this development we calculated using a slide rule. The  

 

Fig. 2, Circuit switches and circuit protectors 1961-1970 

design in Figure 3 was developed using our own 
intuition, the help of a skilled draftsman and a skilled 
machine shop operator.  

 

Fig. 3, The Integral Motor Controller 

      In this decade switching and control of distribution 
circuits (5kV to 38kV) was performed by two efficient 
circuit breakers; the minimum oil circuit breaker and the 
magnetic air circuit breaker [2]: see Figure 4. 

 
Fig. 4, Distribution Circuit Breakers 1961 to,1970 

       In the 1960’s the General Electric Company (GE) 
announced the development of the power-vacuum 
interrupter: See Fig. 5. GE’s design used a spiral contact 
to control the high current vacuum arc (Figure 6), Cu-
Bi contacts that resisted welding in the vacuum 
environment and floating shields to prevent metal vapor 
coating the interior insulating walls. This general design 
became the benchmark for all future vacuum interrupter 
designs. Westinghouse also began its own development 
of the vacuum interrupter. They developed a superior 
contact material, Cu-Cr. They also introduced vacuum 
furnace pumping and sealing. Both became the standard  

 

     .  

Fig. 5, The power vacuum interrupter 

for all future power vacuum interrupters. Their goal in 
this decade was a vacuum interrupter capable of 
interrupting 12kA, 15kV with a diameter of 182 mm. 
Both companies engaged in significant R&D [3].   

                           

Fig. 6 The spiral contact (the transverse magnetic field 
contact [TMF]) 

       The main frame computer started to be introduced 
and used by researchers in Universities and Industrial 
R&D Centers. These were very large systems and 
required installation in a large room: See Figure 7. The 
computer programs were punched on rectangular cards,  

  
Fig. 7, The main frame computer 

one code line per card. A large stack of cards was then 
fed into a card reader. Magnetic tape acted as the 
computer’s memory. The room was staffed by a number 
of operators. The main engineering computer code was 
Fortran 4.   

2 The Decade 1971 to 1980 
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        In this decade the researcher’s world began to be 
impacted by the rapid development of the integrated 
circuit which was initially developed in the late 1950s.  
In 1971 Hewlett Packard introduced the scientific 
calculator, Figure 8, that quickly replaced the slide 
rule. They sold millions at a price of $395.00 equivalent 
of over $3000.00 today!  

                           

Fig. 8, The HP 35 scientific calculator 

         Computer technology was also developing very 
rapidly. The card readers were replaced by direct input 
into main frame computers [4]. More user friendly 
computer programs were becoming available. Mini 
computers appeared that could do  most of the work 
previously performed by the old main frames. The first 
artificial intelligence programs were written. Disc 
memory was introduced. Apple and Microsoft were 
start-up companies. And Xerox developed the mouse. 
Figure 9 shows examples of a mini computer, an early 
word processor and the Apple II. 

 

Fig. 9, The developing computer systems 

        Understanding of the impact of the electric arc on 
the performance of switching electric contacts 
continued to expand. The impact of the rupture of the 
molten metal bridge as the contacts open and the initial 
development of the arc in metal vapor and its transition 
to the arc burning in the ambient gas was recognized. It 
was observed that the interaction of silicone oils, 
greases and plastics with arcs resulted in high contact 
resistances. There was the initial devlopment of the Ag-

SnO2 contact material. The early compounds developed 
high contact resistances after frequent switching. Power 
vacuum interrupters began commercial production and 
the first vacuum circuit breaker sale occurred. The 
12kA, 15kV vacuum interrupter now had a reduced 
diameter of 104mm. The axial magnetic contact design 
for vacuum interrupters that have to interrupt high-
currents was developed. This allowed the high current 
vacuum arc to remain diffuse. Figure 10 shows an 
example of a axial magnetic contact structure and the 
resulting diffuse vacuum arc [3].  

             

Fig. 10, The axial magnetic field vacuum interrupter 
contact and an image of the resulting high-current 
vacuum arc 

3 The Decade 1981 to 1990 
       The modern age of computer technology really 
began in this decade. Figure 11 illustrates the 
innovations seen.  

 

Fig. 11, The beginning of modern computer technology 

The IBM PC brought computing to the desk top of 
scientists, engineers and the general public. The 
introduction of the LCD flat screen enabled the 
introduction of the portable lap-top computer. The large 
mini computer, for the first time, enabled solid 
modeling without the having to use a large main frame 
computer. One of the most important software 
developments in this decade was from Microsoft who 
introduced Word, Excel, Power Point and Office. Who 
now remembers typewriters, secretaries and conference 
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presentations that used photographic slides or overhead 
projectors? 

        The 1980s saw the introduction of a new 
generation of Molded Case Circuit Breakers. These had 
a current limiting ability and were capable of 
interrupting 100kA , 440V. They also incorporated 
electronic control for sensing overload and short circuit 
currents. Vacuum contactors for currents greater than 
150A and circuit voltages less than or equal to 600V 
were introduced. DIN rail household circuit breakers 
gained general acceptance: See Figure 12.     

 

Fig. 12, The new low voltage circuit breaker and 
contactor developments 

        The recognition that Cd was an environmental 
hazard led to the realization that a replacement was 
required for the Ag-CdO contact. Continued research 
on improving the Ag-SnO2 contact  resulted in small 
additions of WO2 or BiO2. This permitted this contact 
to be used as a replacement of Ag-CdO as it no longer 
developed such a high contact resistance after a large 
number of switching operations. Also it was realized 
that 20% higher contact forces and higher impact were 
required for its use in contactors and relays. 

        By 1990 the installation of new minimum oil 
circuit breaker and magnetic air circuit breaker for 
distribution circuit protection was beginning to decline. 
The vacuum interrupter circuit breaker and the SF6 
puffer circuit breaker were taking their place. Figure 13 
shows that the vacuum circuit breaker had 50% of new 
circuit breaker installations by 1990.  

 

Fig. 13, The old circuit breaker technology for 
distribution circuits was being displaced by the new 
vacuum circuit breaker and the new SF6 puffer breaker 

4 The Decade 1991 to 2000 
       There was a significant development of 
engineering software for engineering design along with 
more powerful small computers in this decade: see 
Figure 14. The Sun work- station at the beginning of  

 

Fig. 14, The development of software and computer 
technology for the engineer and scientist 

the decade enabled engineers to perform the work of a 
skilled draftsman using solid modelling software at 
their desks. The PC developed to such an extent that 
towards the end of the decade it made the Sun work 
station obsolete.  The user friendly  Finite Element 
Analysis software enabled the enginneer to perform 
electric and magnetic field analysis.  

       Intergrated circuit technology continued to change 
the engineers’ and scientists’ world as shown in Figure 
15. By Christmas 1990, Berners-Lee working at CERN 

  

Fig. 15, The changes in communications 

had built all the tools necessary for a working World 
Wide Web: In January 1991 the first Web servers 
outside CERN itself were switched on. The first web 
browser was available in 1992 and the use of the Internet 
gradually became an everyday phenomenon. By the end 
of 1994 there were 24 x106 users. Ten years later there 
were close to one billion users and last year there were 
4.7 billion. Power Point figures replaced slides for all 
scientific and engineering presentations. Indeed, I could 
not have prepared this paper without the Internet and the 
Power Point software. The cell or mobile phone crept 
into our existence during this decade and email replaced 
the Fax machine for all correspondence except for those 
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that needed the utmost security. Who writes letters 
anymore?    

       There was a continued development of the Ag-SnO2 
contact material. Internally oxidized Ag-SnO2-InO2 was 
introduced and Ag-SnO2 + additives gradually began to 
replace Ag-CdO in contactors and relay especially in 
Europe and Japan. Electronic sensing and control were 
added to contactors and relays. Some of the previous 
relays with switching contacts were replaced by 
electronic relays. 

        The R&D into the development of the vacuum 
interrupter led to really cost-effective designs. Figure 16 
shows the example of the size reduction and hence cost 
reduction of the 15kV/12.5kA vacuum interrupter. 

 

Fig. 16, The size  and cost reduction of the 
15kV/12.5kA vacuum    interrupter from 1967 to 2002  

The continued development of the Cu-Cr contact 
material, better understanding and control of the high-
current vacuum arc with TMF and AMF contact 
structures and improved design of the floating shield all 
played a part in this size reduction. By 2000 the cost of 
a vacuum circuit breaker competed so well that it 
eclipsed the minimum oil circuit breaker for new 
distribution installations.  

5 The Decades 2000 to 2020 
       The late 1990s saw the beginning of a revolution in 
photography and camera technology. The digital 
camera began to replace the use of photographic film. 
The digital images could now be uploaded directly to a 
computer and the internet. High-speed digital cameras 
also replaced the cameras that required photographic 
film.  The use of these new cameras permitted direct 
study and analysis of the vacuum arc. In turn, it greatly 
aided the improvement of the design of high-current 
vacuum interrupter contacts. In 2002 the first digital 
camera was incorporated into the cell/mobile phone.  

        The advent of the hybrid and electric automobiles 
plus the expanded use of solar power generation called 
for new designs of higher voltage (up to 1500VDC), 
compact relays and circuit protectors. Figure 17 

illustrates one way of achieving the high arc voltage to 
cause an artificial current zero in a dc circuit. This was 
achieved by using permanent, high-tesla magnets 
across bridging contacts. At present there is no coherent  

 

Fig. 17, The development of a high arc voltage using 
transverse magnetic fields across opening bridging 
contacts 

theory of how the high arc voltage develops with such 
a short arc column. Commercial high-voltage relays 
now use a similar arrangement inside a hermetically 
sealed box containing a hydrogen atmosphere. 

       The market penetration of the vacuum circuit 
breaker shows a complete dominance as is shown in  

 

Fig. 18, The vacuum interrupter now has close to 100% 
share in the installation of distribution circuit breakers 
world-wide 

Figure 18. While in the 1990s the SF6 puffer interrupter 
was a strong competitor, the realization that SF6 was a 
virulent green house gas led to its replacement by the 
environmentally neutral vacuum interrupter 
technology.  

       The integrated circuit sensing technology 
continued to be applied to circuit interruption devices. 
One excellent example is the Arc Fault Circuit 
Interrupter (AFCI) for household use. Its development 
was necessary, because the standard household circuit 
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breakers could only detect overload and short circuit 
currents [6]. It was realized that many household 

 

Fig. 19, The AFCI tripping curve showing the ability to 
detect low current faults 

fires developed from low current arcs that went 
undetected by the standard household circuit breaker. 
Thus a new sensor was required using advanced 
intergrated circuit technology. The challenge when 
developing the sensor for the AFCI was to distinguish 
the low current arcing, a result of a disconnect in the 
household wiring, from normal arcing from relays that 
were used in many household appliances, e.g. the 
electric iron. An example of the trip curve is shown in 
Figure 19. The AFCI is now mandatory in all new 
house construction in the U.S.A.  

          One interesting development was the MEMS 
(micro elcctro mechanical system) switch [7].  

 

Fig. 20, The MEMS switch: note the dimensions 

Figure 20 shows an example of a design that has the 
dimensions of about 100μm or 0.1mm. It was suggested 
that it would find a use in radar systems, high precision 
test equipment, cell phones, phase shifters, impedance 
matching networks and tunable filters. The major 
challenge was to find a suitable contact material that did 
not oxidize and also resisted welding. While R&D 
continues to perfect this device, as of 2020, no 
commercial MEMS switches have been marketed.  

           By 2020 the design engineer has complete 
control over new circuit breaker, contactor and switch 

design and initial prototype development. The contrast 
from the way new prototypes were developed in the  

 

Fig. 21, The design and development for prototype 
interrupters from the engineer’s work station.  

1960s as seen in Figure 3 is enormous. Figure 21 
illustrates the way a design engineers has complete 
control from his work station.The software available 
even permits the engineer to model the electric arc and 
its motion as the contacts open. The solid modeling 
programs replace the need of a skilled draftsman. It is 
possible to estimate the new device’s performance 
before building a prototype. In the future 3-D printing 
will reduce the need for a skilled machinist for the first 
prototype model. The new designs will still have to be 
certified by testing at a recognized laboratory to UL, 
IEEE, and IEC standards before they are ready to be 
sold to potential users.  

6 The Future, Post 2020 
       The addition of electronic sensing to circuit 
breakers, contactors and relays will only become more 
prevalent. Figure 22 shows an example of the what can  

 

Fig. 22, The future of residential smart switching 

be expected for new household construction. Smart 
switching will also have to be developed for the factory 
of the future. Here  cogeneration using power 
generating stations, solar panels, wind turbines and fuel 
cells will have to be coordinated: see Figure 23. 

        The vacuum circuit breaker will continue to 
dominate the protection of distribution circuits (5kV – 
40.5kV). As it will be necessary to reduce the downtime 
of these circuits, the vacuum recloser (a specialized 
version of the vacuum circuit breaker) will require 
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more. specialized sensing and communication capabilty 
[3].  Also the need to reduce the use of SF6 the SF6 

puffer circuit breaker used for transmission circuits  

 

Fig. 23, The future of factory switching 

(72.5kV – 750kV) will gradually be replaced by high-
voltage vacuum circuit breakers. DC transmission of 
current, specially from off-shore wind turbine farms, 
will require the use of dc circuit breakers. Designs using 
vacuum interrupters are already being discussed [9]. 

          There is, however, an elephant in the room 
(Figure 24) which will affect the future of switching  

.          

Fig. 24, The elephant in the room! 

with electric contacts. This is the continued application 
of power semiconductors such as the IGBT (The 
integrated-gate bipolar transistor). This device is 
continuing to be developed and is capable of interrupting 
increased levels of current. It is also able to withstand 
higher circuit voltages. A single IGBT now has a current 
rating ≥ 1kA and a voltage rating ≥ 1kV [8]. It is capable 
of high speed switching for both ac and dc circuits. It can 
easily coordinate with electronic sensing circuits. 
Figure 25 gives some examples of solid-state 
interrupters  

 

 

Fig. 25, Examples of solid-state circuit breakers, 
contactors and relays available in 2020.  

     They do have, however, two major disadvantages: 

1) They  require 1V to 2V across the 
semiconductor to conduct current  

2) When open they do not have the complete 
circuit isolation of open contacts. 

 

7 Conclusions 
1) 60 years on from the 1st International Contact 

Conference has seen an increased understanding of 
switching contact science 

2) In the past 60 years two major contact structures 
have been developed: 

1) Ag-SnO2 + additives that is replacing Ag-
CdO for air contactors and relays 

2) Cu-Cr that is the contact of choice for 
power vacuum interrupters 

3) 60 years on from the 1st International Contact 
Conference the development of new switching 
devices using electrical contacts has been 
continuous: 

1) Circuit breakers, contactors and relays 
have now incorporated electronic sensing  

2) The vacuum interrupter is now the 
interrupter of choice for distribution 
circuit voltages (5kV – 40.5kV)  

4) Solid-state switching devices are making inroads 
into traditional switch markets that use electrical 
contacts. They will occupy a larger niche market in 
the future, but will not entirely replace circuit 
breakers and other power switching systems using 
electrical contacts. Also, open electrical contacts 
will still be needed to provide total circuit isolation.  
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5) 2020 computer software has transformed the 
design, development and prototype manufacture of 
circuit breakers and other switching devices. 

6) In 2020 computers, computer software and the 
instruments available for studying switching 
contacts and switching systems would have 
seemed like science fiction in 1961.  
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Abstract 

Contact welding failure considerably influences the electrical lifetime and reliability of electromechanical 
switching devices. Also, the welding characteristics correlate closely with physical properties of contact materials, 
contact force, current level and duration. In this paper, a novel experimental method for reoccurring the welding 
phenomenon between two closed contacts is proposed. And the welding force and associated welding trace are 
measured simultaneously. Furthermore, the effects of current load and static contact force on the welding 
characteristics of different contact materials (Ag, Cu, AgSnO2 and AgNi) are investigated explicitly. Finally, a 
modified mathematical model for calculating threshold welding current of elastic contact is proposed. 

Key words: Contact welding, welding force, welding trace, contact force, threshold welding current. 

1 Introduction 

As known, contact welding can occur if a high 
enough current passes through closed contacts and 
causes the contact spot to melt [1]. The excessive 
welding force for switching contact in such state can 
lead to the contacts failed to open and must, therefore, 
be addressed. 

Slade [2-4] did a lot of theoretical research and 
experimental verification work to determine the ability 
of vacuum circuit breakers to withstand short circuit 
current, and concluded that the threshold welding 
current of butt contact is directly related to current load, 
static contact force and material properties. In addition, 
Tslaf [5] proposed a thermal conduction model for 
cross bar contacts, and pointed out that the weldability 
of different contact materials is determined by 
coefficient ηw, which depends only on melting 
temperature, resistivity and heat conductivity. Kharin 
et al. [6] established a mathematical model of contact 
welding for AC current half-wave, and proposed the 
calculation method of welding area considering the 
softening contact zone. 

Moreover, much efforts have been devoted to the 
experimental research of the contact welding 
characteristics. Borkowski et al. [7] reported an 
automated test stand for testing contact welding at a 
high current load, which can measure contact voltage 
and welding force synchronously. Slade et al. [4] 
experimentally investigated the effect of short circuit 

current on the welding of closed contacts in vacuum 
circuit breakers for contact force of 1.3-2.1kN and 
current of 20kA, and concluded that the increase of 
contact force and/or the reduced of current duration 
could reduce the welding probability. Chalyi et al. [8] 
examined the effect of short-duration pulsed current on 
closed contact for contact force of 100N and 300N, and 
found that the welding force increased with the 
increase of pulsed current. 

Nevertheless, power electromechanical relays have 
been designed to withstand inrush overload current in 
recent years. So, it is urgent to know the influencing 
factors of welding force of contact material. However, 
the threshold welding current of silver metal oxide 
materials and further associated welding characteristic 
for contact force of tens of mN remain unexamined. 

The objective of this paper is to design a novel 
experimental evaluation method of welding 
characteristics, which can reoccur the welding 
phenomenon between two closed contacts, and in situ 
measure the welding force and welding traces 
synchronously. In Section II, the designed novel test rig 
and experimental conditions are introduced, then the 
typical transient waveforms of contact force and the 
pictures of the welding trace and associated welding 
area are given explicitly. In Section III, the effect of the 
current duration, initial contact force, material 
properties and contact current on the welding 
characteristics are studied experimentally. Finally, a 
modified mathematical model for calculating threshold 
welding current of elastic contact is proposed. 
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2 Experimental Details 

2.1 Description of the test rig 

In general, the test rig allows researching the 
welding behaviors of contact materials under different 
contact force and inrush current load. It was designed 
to fulfill the following goals, i.e.: 
 Variable initial contact forces, inrush current levels, 

current duration, and breaking velocity to achieve 
the contact welding condition simulation of 
materials. 

 Synchronization of data with electric actuator to 
allow measurement of welding force and welding 
trace in situ during contact breaking process. 

 Electrical endurance tests with different operation 
modes, including MO (only making with load, 
breaking without load), BO (only breaking with 
load, making without load) and M&B (making and 
breaking both with load). 

Power source
Resistive 

Load
SSR

CCD camera

Dynamic force

Static force

Contact current

Computer PCI-1706

Visual signal

 1 2 3 4 5 6 7

8

9

Electric 
actuator

Z

X

Y

10

Y
X

 
Fig.1 Schematic plot of the new designed test rig (1. 
Strain transducer 2. Flexible joint 3. Movable contact 
4. Stationary contact 5. Insulation block 6. Dynamic 
force transducer 7. Muti-axis stage 8. Axis ‘Y’ LTS 9. 
Stepper motor 10. Telecentric lens) 

A schematic diagram of the test rig is shown in Fig.1. 
The test rig consists of four main units, including 
mechanical structure, measurement module, optical 
module and PC. The measurement of welding force is 
realized by a piezoelectric dynamic transducer 
(209C11, PCB, USA) with the upper frequency limits 
of 30kHz and the force resolution of 0.09mN. The 
initial contact force is measured by the strain 
transducer (FA404-2kg, FIBOS, China), which 
provides a resolution of 1mN.The contact current is 
measured by hall current sensor, which has the 
resolution of 50mA. The horizontal actuation of the 
movable contact is obtained by the electric actuator 
(RCA2, IAI, Japan). The actuation of the stationary 

contact in ‘Y’ direction is obtained by means of a 
precision slider that is pushed by a stepper motor 
(42HB40, Leadshine, China). The optical module 
allows in situ observation of the contact surface 
morphology, which includes a color charge-coupled 
device (CCD) camera (MV-SUB1600C-T, Mindvision, 
China) with the pixel of 1.34μm × 1.34μm and a 
telecentric lens with 2mm depth of field. The captured 
photograph could be read from USB3.0 interface of 
camera, which is connected with a personal computer. 
All above signals including contact current, dynamic 
force and static contact force are acquired by the 
commercial DAQ system (PCI1706, Advantech, 
Taiwan), which has a measurement resolution of 16 
bits and a sampling frequency of 250 kHz. The 
instrument is interfaced to an industrial computer 
through PCI bus. Data acquisition and logging process 
are controlled by LabVIEW software. 

Fig.2 shows a schematic of the excited current 
passing through the closed contact for producing 
welding. The contact current I0 and current duration t0 
could be adjusted by power source and solid state relay 
respectively. 

I

to

t0

I0

 
Fig.2 Illustration of the excited current passing 
through the closed contact for producing welding. 

The experimental sequence was: 
(a) The position of the stationary contact was adjusted 

to the central axis by the muti-axis stage. Then the 
electric actuator was used to control the movable 
contact to approach the stationary contact at the 
speed of 10μm/s, until the contact force reaches the 
experimental setting value. 

(b) The contact current I0 was controlled by the solid 
state relay to pass through the closed contacts for 
the required current duration t0. 

(c) The current was switched off and two minutes later 
the electric actuator was used to control the contacts 
to break at the required speed, and the dynamic 
force and contact displacement were measured 
simultaneously. 

(d) The stationary contact was moved in ‘Y’ direction 
to the CCD camera view by means of a precision 
slider that is pushed by a stepper motor. Then the 
contact surface morphology and associated welding 
trace were observed. 
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2.2 Experimental conditions 

The contact materials are Ag (99.99%), Cu (99.99%), 
AgSnO2 (88/12) and AgNi (90/10). The movable 
contacts are cone-shaped, and stationary contacts are 
plane-shaped, and the Rhino-3D of experimental 
samples are shown in Fig.3. The samples are degreased 
using alcohol and distilled water in an ultrasonic 
cleaner, dried and carefully mounted in the test rig. The 
details of the experimental conditions are listed in 
Table1. 

 
(a)                                             (b) 

Fig.3 Rhino-3D of samples. (a) Cone. (b) Plane. 
 

Table 1 Experimental conditions 

Environment Ambient temperature 
Contact Material Ag, Cu, AgSnO2, AgNi  
Contact Current 60-160A 
Current Duration 1-2000ms 
Initial Contact Force 20-800mN 
Maximum opening Velocity 30mm/s 
Resistance 0.1Ω 

2.3 Measurement of welding force 

The typical example of measured dynamic force 
transducer signal and actuator position waveforms 
during contact breaking is illustrated in Fig.4.  

 
Fig.4 Typical waveforms of dynamic force 
transducer and actuator position during the contact 
breaking process (Contact current:140A, Contact 
force:50mN). 

There is an obvious continuously drop in the force 
signal from ‘A’(134.5mV) to ‘B’(-53.3mV) and the 
associated actuator position increases from 0 to 0.4mm 

simultaneously, and then the force signal increases to 
the steady value of ‘D’(109.1mV) after 3ms fluctuation. 
The transducer has non-zero voltage signal output 
when it is not stressed, and the voltage ‘D’ is selected 
as a reference, we define the difference of two 
electrical potentials (‘B’ and ‘D’) as the maximum 
welding force and the voltage potential difference 
between ‘A’ and ‘D’ represents the static contact force. 
Taking the sensitivity of the force transducer is 
2.022mN/mV [9], the maximum welding force is 
measured as (109.1+53.3) mV ×2.022mN/mV = 
328mN, and the associated static contact force is 
(134.5-109.1) mV ×2.022mN/mV = 51mN. 

2.4 Welding trace and associated area 

Fig.5 shows the representative surface morphology 
of AgSnO2 contact material for breaking contact 
current of 140A, current duration of 500ms and initial 
contact force of 50mN. Fig.5 II is a zoomed-in view of 
welding trace in the centre of Fig.5 I, and the crescent 
shaped area surrounded by the green dotted line is the 
welding area. 

 
Fig.5 Photographs of contact obtained from CCD 
camera (Welding force: 328mN). 

As shown in Fig.5, the contact diameter (3mm) 
corresponds to the pixel value 4388. Thus, the length 
of a single camera pixel l is calculated as 
l=3/4388=6.837×10-4mm, and the area of a single pixel 
is equal to the square of the pixel length l, that is, 
a=l2=4.674×10-7mm2. The area surrounded by green 
dotted lines is measured as 2705 pixels. Hence, the 
welding area Aw can be written as Aw=2705 
×a=1.264×10-3mm2. 

The SEM images of the sample in Fig.5 are shown 
in Fig.6. I and III in Fig.6 are movable contact and 
corresponding stationary contact separately. The 
zoomed-in view of contact region are shown in Fig.6 II 
and IV, and the welding traces in both figures are 
surrounded by green dotted lines. As shown, the 
welding area is crescent shaped and consists of two 
parts, and welded fractures and cracks are observed. 
Nevertheless, no obvious material transfer is found in 
welding area of movable and stationary contacts and 
therefore leads to weak welding force, only 328mN. 

0 3 6 9 12 15 18
-60

-30

0

30

60

90

120

150

180

static contact force

welding force

DC

B

A

328mN

51mN

Fo
rc

e 
Si

gn
al

 (m
V

)

Time(ms)

0.0

0.3

0.6

0.9

1.2

1.5

1.8

A
ct

ua
to

r 
Po

sit
io

n 
(m

m
)



12

 

 

 
Fig.6 SEM pictures of contacts after experiment 
(Contact current:140A, Contact force: 50mN) 

The standard length of 10μm in Fig.6 II 
corresponding to the pixel value 102, so the length of a 
single camera pixel l and the associated area a are 
9.8×10-5mm and 9.61×10-9mm2 respectively. The sum 
of the two parts in Fig.6 II, 109898 pixels and 18307 
pixels, is the welding area, which is equal to 1.232×10-

3mm2. In contrast to the welding area obtained by SEM, 
the difference of welding area is 2.6%.  

3 Results and Discussion 

3.1 Effect of current duration 

The average value and error band of welding force 
are graphed versus the values of current duration for 
constant current of 140A and initial contact force of 
50mN in Fig.7.  

 
Fig.7 Variations in welding force as a function of 
current duration (Contact material: Ag) 

As the current duration increases from 1ms to 5ms, 
the average of welding force increases from 113mN to 
203mN. While the current duration is longer than 5ms, 
the variation in current duration has negligible impact 
on the welding force, which suggests that the welding 
force tends to be stable with increasing current duration. 

Also, the standard deviation of the welding force 
decreases from 69.7mN to 14.9mN with the increase of 
the current duration from 1ms to 2s, which indicates 
that the current duration considerably influences the 
fluctuation range of the welding force. 

The contact melting and welding is formed by Joule 
heat due to the passage of high current through 
constriction. The melting heat of contact material Qm 
can be expressed as the difference between the heat 
production Qp and the heat dissipation Qd, where Qp is 

2
p cQ I R t                           (1) 

where I is the contact current, Rc is contact resistance 
and t is the current duration. According to (1), the heat 
production Qp is proportional to the current duration t, 
therefore increasing the current duration t will increase 
melting heat Qm and result in a strong welding 
phenomena, on the assumption that the heat dissipation 
Qd would be constant. However, the welding force is 
independent of the current duration when the current 
duration is longer than 5ms, as shown in Fig.7. The 
exact reason for this is speculated to be connected with 
the relationship between material hardness H and 
temperature T [1]: 

0 0[1 ( )]H H T T                    (2) 

c cF A H                            (3) 
With the use of (2) and (3), the Ac can be expressed 
as: 

 
0 0[1 ( )]

c c
c

F FA
H H T T

 
 

               (4) 

Where H0 is the hardness at ambient temperature T0, β 
is a constant dependent upon the contact material, Fc is 
the initial contact force and Ac is the contact area.  

Admittedly, the high temperature T is always 
associated with the longer current duration t. 
According to (4), the variation features in temperature 
T determine the contact area Ac, which is inversely 
proportion to the corresponding contact resistance Rc, 
on the assumption that the contact force Fc would be 
constant. So the long current duration t leads to the low 
contact resistance Rc, suggesting that the heat 
dissipation Qd increases and heat production Qp 
decreases (according to (1)) with increase of current 
duration t. The relationship between heat dissipation Qd, 
heat production Qp and current duration t indicates that 
the heat production Qp and heat dissipation Qd will 
reach a balance with increase of current duration t. 
Therefore, the welding force remains unchanged after 
the current duration longer than 5ms. 

3.2 Effect of initial contact force 

Fig.8 shows the distributions of welding area and 
welding force in terms of initial contact force for 
contact current of 140A and current duration of 500ms. 
As shown, the increase of the initial contact force 
causes the welding area and welding force decreases 
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monotonously from 1.73×10-3mm2 to 0 and 408mN to 
0 respectively.  

 
Fig.8 Variations in welding area and welding force 
as a function of initial contact force (Contact material: 
Ag) 

If the contact resistance Rc could be equivalent to the 
constriction resistance, which is written by [1] 

2 2c
c

R =
a A
  

                          (5) 

Where ρ is the resistivity of contact material, a is the 
radius of contact spot. According to (3) and (5), it is 
reasonably believed that the high initial contact force 
Fc could increase the contact area Ac and reduce the 
contact resistance Rc. Therefore, the strong initial 
contact force is always accompanied by low heat 
production Qp and weak welding phenomenon. 

3.3 Effect of material 

Fig.9 shows the welding area and welding force of 
Ag, Cu, AgSnO2 and AgNi for contact current of 140A, 
current duration of 500ms and initial contact force of 
50mN.  

 
Fig.9 Welding area and welding force for Ag, Cu, 
AgSnO2 and AgNi  

As shown, the strong welding force always relates to 
large welding area, and the average of welding force of 

Ag, Cu, AgSnO2 and AgNi are 201mN, 212mN, 
325mN and 394mN, and the associated welding area 
are 0.98×10-3mm2, 0.95×10-3mm2, 1.26×10-3mm2 and 
1.51×10-3mm2, respectively. Due to the tensile strength 
of the materials is not the same, the ratios of welding 
force to welding area are significantly different in Fig.9. 
It should be noted that the welding area of Ag is slightly 
larger while the welding force is weaker than that of 
Cu. 

3.4 Effect of load current 

Fig.10 shows the variation of welding area and 
welding force as a function of contact current of Ag, 
Cu, AgSnO2 and AgNi for initial contact force of 50mN 
and current duration of 500ms. 

 
  (a) 

 
 (b) 

Fig.10 Variations in welding area and welding force 
as a function of current for Ag, Cu, AgSnO2 and AgNi. 
(a) Welding area. (b)Welding force. 

The results for AgNi show that there is a significant 
linear correlation between welding area, welding force 
and contact current. As shown, the increase of the 
contact current causes the welding area increases from 
0 to 1.77×10-3mm2 and the associated welding force 
increases linearly from 0 to 441mN, and the slope is 
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1.86×10-5 mm2/A and 4.79mN/A respectively. Also, the 
welding area and welding force of Ag, Cu and AgSnO2 
increase linearly with the current. We defined the 
intersection of fitting slope and x-axis as threshold 
welding current, then the threshold welding current of 
Ag, Cu, AgSnO2 and AgNi are calculated as 66A, 64A, 
62A and 61A respectively. 

According to [2], the threshold welding current of 
material depends on the properties of the contact 
material, and the threshold welding current Iw can be 
expressed as: 

m
w

UI
R

                             (6) 

Where Um is the melting voltage of material, R is 
contact resistance. Substituting (3) into (5), the radius 
of contact spot is given by: 

cFa
H

                           (7) 

The resistivity ρT for a contact spot at a high 
temperature T than the ambient temperature T0 can be 
written by: 

0 0
2[1 ( )]
3T T T                   (8) 

Where ρ0 is the contact material’s bulk resistivity and 
α is the temperature coefficient of resistivity. If the 
blow-off force is considered, the total force holding the 
contacts together is: 

7 24.45 10c wF F I                (9) 

Substituting (3), (5) and (7)-(9) into (6): 
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(10)

Where T1 is a temperature close to, but lower than the 
melting temperature. Table 2 shows the relevant 
physical properties of Ag, Cu, AgSnO2 and AgNi. 

Table 2 Physical properties [1,2,10] 

 Ag Cu AgSnO2 AgNi 
Um [V] 0.37 0.44 0.57 0.37 
ρ [Ω·mm] 1.59×10-5 1.65×10-5 2.0×10-5 1.92×10-5 
α [10-3/K] 3.8×10-3 3.9×10-3 3.1×10-3 3.5×10-3 
T1[K] 1234 1356 1873 1233 
H0[N/mm2] 300-700 400-900 600-1000 500-1100 

Taking the initial contact force Fc as 50mN, the 
ambient temperature T0 as 293K, then the range of 
threshold welding current Iw of Ag, Cu, AgSnO2 and 
AgNi are calculated and plotted in Fig.11. As shown, 
the maximum welding current of Ag, Cu, AgSnO2 and 
AgNi are 230A, 216A, 183A and 181A respectively. 
High threshold welding current required suggests hard 
to weld, so the Ag is most difficult to weld and the 
welding force of Ag, Cu, AgSnO2 and AgNi is 
inversely proportion to the threshold welding current. 
It indicates that the welding force of Ag is the weakest, 
whereas the welding force of AgNi is the strongest, 

which shows a good agreement with the results in 
Fig.10 (b). 

 
Fig.11 Comparison between the calculated values 
and experimental values for AgNi, AgSnO2, Ag and Cu. 
(Contact force: 50mN) 

It is noted that, the threshold welding current 
calculated from equation (10) in Fig.11 deviates 
obviously from the experimental results. The exact 
reasons for these differences are speculated to be 
connected with the relationship between contact radius 
a and contact force Fc. Considering that the contact 
radius a in (7) is calculated based on plastic 
deformation, which is not suit to the case of low contact 
force. The relationship between contact radius a and 
contact force Fc of tens of mN should be elastic 
deformation. The contact radius a under elastic 
deformation is described as 

3 cFa r
E

                            (11) 

Where E is the modulus of elasticity and r is the radius 
of sphere. Substituting (5), (8), (9) and (11) into (6): 
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 (13)

Table 3 Modulus of elasticity [1,2] 

 Ag Cu AgSnO2 AgNi 
E [GPa] 79 115 86 84 

Table 3 shows the modulus of elasticity for Ag, Cu, 
AgSnO2 and AgNi .Taking the initial contact force Fc 
as 50mN and the radius of sphere r as 200μm, then the 
calculation results of threshold welding current from 
(13) are shown in Fig.11. As shown, the threshold 
welding current of Ag, Cu, AgSnO2 and AgNi are 69A, 
63A, 65A and 59A, respectively. In contrast to the 
experimental results, the calculation errors of (14) are 
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4.5%, 1.6%, 4.8% and 3.3%. Therefore, the calculated 
values of threshold welding current Iw from (13) are in 
good agreement with the experimental values. 

The relationship between welding area and welding 
force of Ag, Cu, AgSnO2 and AgNi for contact current 
of 0-160A, current duration of 500ms and initial 
contact force of 50mN is shown in Fig.12. 

 
Fig.12 The relationship between welding area and 
welding force for Ag, Cu, AgSnO2 and AgNi  

As shown in Fig.12, all of the recorded welding area 
are distributed within the range 0-2×10-3mm2, and there 
is a clear trend that the average of welding force 
increases with the increase of welding area.  

According to [1], the welding force Fw is given by 
w wF ΓA                            (14) 

where Γ is the material tensile strength. Hence, the 
fitting slope in Fig.12 represents the material tensile 
strength Γ. As shown, the tensile strength of Ag, Cu, 
AgSnO2 and AgNi are 192 N/mm2, 217 N/mm2, 
241N/mm2 and 248N/mm2, respectively. 

Furthermore, the relationship between welding force, 
welding area and contact current can be obtained by 
introducing the threshold welding current and tensile 
strength: 

( )w wA k I I                         (15) 
( )w wF kΓ I I                        (16) 

For initial contact force of 50mN, the coefficient k 
and the tensile strength Γ are shown in Table 4. 

Table 4 Characteristic parameters 

 Ag Cu AgSnO2 AgNi 
k [mm2/A] 1.49×10-5 1.27×10-5 1.51×10-5 1.86×10-5  
Γ[N/ mm2] 192 217 241 248 
Iw [A] 69 63 65 59 

4 Conclusions 

A novel experimental evaluation method of welding 
characteristics, which allows to accurate, real time and 
in situ welding force, welding trace, contact current, 
current duration and contact force measurement was 
described. It is found that the welding trace can be 
accurately captured by using CCD camera combined 

with a telecentric lens. The preliminary results showed 
that the welding phenomena tends to be stable with the 
increase of current duration, and the welding area and 
associate welding force are significantly affected by 
the contact force. Furthermore, the measured welding 
force of Ag is the weakest, whereas the welding force 
of AgNi is the strongest for the contact current of 60-
160A. Finally, the threshold welding current 
calculation based on the elastic deformation contact is 
more suitable for low contact force situation. 
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Abstract 

Latest, efficient and cost competitive power electronics products are providing the technology to realise future DC 
powered energy supply. Apart from a number of advantages of DC systems (lower power losses compared to AC 
systems, no capacitive losses, etc.), one challenge of DC systems is to treat arc faults. Especially series arcing can 
be very stable and has to be detected by appropriate approaches in order to avoid long lasting and very stable 
plasma discharges. In literature, the analyzation of the spectrum of either the system current or - voltage is intro-
duced. The aim of this work is to investigate whether such an approach will provide a reliable method to detect 
series contact faults in general with a special focus on the feedback of plasma discharges to the signal noise across 
a failing contact. Experiments in a current range from 1 A to 10 A at low inductive (0 mH) and high inductive 
(4 mH) loads were performed. The failing contact was filmed by means of a colour high speed camera. The voltage 
signal was split into subsequent 1 ms observation intervals, where the spectrum was processed by a standard FFT 
algorithm. Defining a harmonic content (HC) value (square root of the sum of the quadratic amplitudes of the 
single harmonics) and an arbitrary HC trigger level, the failing contact could be detected with a good performance 
for copper (96%  to 97% correct detections) and aluminium (97% to 98% correct detections), whereas the detection 
rate for brass and steel was poor. These results are corresponding to the plasma discharge phenomena (glowing 
contact and arc): any deflection from the stable plasma discharge equilibrium by plasma root displacement, contact 
material eruptions, etc. cause detectable noise. The permanent disturbance of the plasma by the effects listed before 
are strongly correlated with the contact material performance. Future work should cover the transfer of results for 
this specific detection method for more realistic circuits and sensor locations, as well as the improvement of the 
detection algorithm by multiple subsequent trigger processing. 

1 Introduction 
The enormous progress of power electronics technol-
ogy with respect to power density, energy efficiency, 
reliability, and costs provides the basics for a transition 
of the traditional AC power supply approach into a DC 
approach [1]. DC grids provide numerous advantages 
compared to AC grids such as no extra losses caused 
by reactive power, no capacitive current losses, and no 
skin effect. However, DC systems require more atten-
tion with respect to insulation and protection technol-
ogy. One specific fault situation is electric arcing 
caused by series or parallel faults. In DC systems, very 
stable and long lasting arcs may be observed because 
of the lack of no natural current zero conditions (as in 
AC systems), which will be required for the arc plasma 
to cool down, lose its fault current carrying ability and 
finally lead to the interruption of the affected electric 
circuit. Furthermore, series arcing (caused by failing 
contacts) may not be detected by classical protection 
approaches such as fuses or miniature circuit breakers, 
because any series fault is acting as an extra series cir-
cuit resistor, which will cause the electric current to 
drop instead of increasing the current up to relevant 
trigger values, required by any protection device. As a 
consequence, new approaches for detecting any failing 
contact should be developed for future DC networks. 

In literature, a very promising approach of analysing 
the noise, caused by instable arc plasma, is introduced 
and intensively investigated for AC systems [2-4]. 
Here, the reigniting of the arc after current zero gener-
ates a detectable noise (harmonics) which can easily be 
detected by various fast Fourier transformation algo-
rithms. [2-4] is also proposing spectrum analyses ap-
proaches for DC systems. However, less DC harmonics 
will be generated compared to AC applications because 
of the lack of natural arc re-ignition. This could cause 
sophisticated processing of the spectrum of any current 
or voltage signal and appropriate trigger algorithms. 
Furthermore, such a trigger approach has to work for 
all typical kinds of materials and configurations of the 
grid as well as for all operational current and voltage 
values, in order to reduce the need of intensive adjust-
ment of such trigger systems by expensive experts for 
different applications. The goal should be the availabil-
ity of protection devices with low of adjustment effort. 
As a consequence, intense and basic research is re-
quired to analyse the origin of noise in the voltage and 
current signal caused by an electric series arc under 
various parameters like contact material and equivalent 
circuit values like Thevenin resistor or inductive loads. 
Subsequently, research activities were initiated in order 
to carry out basic investigations with respect to the 
noise generated by electric arcs between failing con-
tacts. Domestic applications should be considered only. 
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Therefore, the current range was limited to a maximum 
value of 10 A. 
As a basic assumption for the research, it was assumed 
that the failing contact is defined as the occurrence of 
an electric arc or at least a too high voltage drop be-
tween two electrodes of an almost infinite small con-
tact gap. 
Furthermore, the detection of a failing contact should 
be realized with existing sensors of the applications 
(power electronics units) and should not require any 
extra installation of additional sensors. However, for 
the investigations published in this paper, the current 
and voltage noise across the contact should be directly 
investigated in a first step. It should be analysed 
whether the failing contact will cause significant noise 
at all, before complex algorithms have to be developed 
and implemented into the signal processing units of 
power electronics devices or loads of DC systems. 

1.1 Basic circuit 
For the investigations, a very simple and very basic cir-
cuit was introduced (Fig. 1). It consisted of a DC 
source (open loop voltage ��, Thevenin resistance ���, 
Thevenin inductance ���), an ohmic / inductive load 
(��, ��), and a contact with a voltage drop across the 
contact ��(�) as a function of time. Most real circuits 
can be reduced to such a basic arrangement. 
Introducing the equations for the relation between the 
voltage drop at the components and the current �(�) in 
the loop Kirchhoff’s voltage law leads to equation (1). 
Analysing equation (1), any random noise in either the 
current �(�) or the voltage drop across the contact or 
the circuits components can be generated by the con-
tact only. 

�� = ��(�) + �(�)(��� + ��) + ��(�)
��

(��� + ��) (1) 

 
Fig. 1 Basic circuit with a Thevenin source, a series 
contact, and an ohmic inductive load. 

Therefore, the processes and effects of the discharge at 
the failing contact and any random deflection from a 
natural “multi physics equilibrium” of the discharge 
will generate noise in the electric circuit. This is an im-
portant difference to any AC application. As mentioned 
above, it is assumed that a failing contact is defined as 
the presence of electric arc plasma between the contact 
electrodes. At AC, the re-ignition of the electric arc af-
ter current zero will cause noise naturally. This is the 

most relevant reason why arc fault interruption via 
noise detection at DC is much more sophisticated com-
pared to AC situations.  
In order to become more specific with the meaning of 
the term “multi physics equilibrium”, a short introduc-
tion into the relevant arc physics principles shall be 
given in the next chapter. 

1.2 Arc physics / origin of noise 
It is assumed that slow (aging) processes causes the 
failing of the contact. As a consequence, short arcs be-
tween electrodes of low gap distance are considered in 
further discussions. The feedback of the electric plasma 
discharge to the electric system may be described by 
analysing the electric arc characteristic’s equation (2). 
The voltage drop across the contact gap �� is the sum 
of the cathode drop ���, the anode drop ���, and the 
voltage drop in the very short plasma column ��(�) [5]. 
While the cathode and anode drop could be assumed as 
constant (current independent; defined as the minimum 
arc voltage in [5]), the plasma column voltage drop is 
strongly influenced by the conductivity of the plasma 
volume and the plasma structure / extension. Very short 
arcs contain evaporated and ionised electrode metal 
mainly. The temperature of the plasma defines the 
number of free (by ionization processes generated) 
charge carriers [6]. The mobility and the number of free 
charge carriers influence the conductivity. Therefore, 
the plasma temperature, -composition, -density, and -
geometry are the main parameters influencing the volt-
age drop in the plasma column region. 

�� = �(�) = ��� + ��� + ��(�) (2) 

Based on the considerations above, any disturbance of 
the thermal equilibrium or the change of the geometry 
of the plasma volume will cause a change of the plasma 
voltage ��(�) and could therefore be identified as the 
main responsible origin of noise. As a consequence it 
is expected, that the specific contact material property 
exposed to an electric arc (such as boiling behaviour) 
is influencing the generation of noise significantly. In 
combination with the conclusion out of equation (1) 
any series arc detection based on FFT algorithms must 
be affected by the choice of the contact material. Hence 
the specific effects of initiating any arc instability are 
one of the specific focus of the research documented in 
this paper. 

2 Experiments 
In order to cover a wide range of possible (real) param-
eters, a variation of the inductivity in the circuit (sum 
of the single inductors in the circuit Fig. 1) and a vari-
ation of the current from 1 A up tot 10 A in one ampere 
steps were combined for the single experiments ac-
cording to Table 1. It was the goal to investigate the 
interaction in between the electric arc and the DC 
source only. Hence the sum of the two series resistors 
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tion with respect to insulation and protection technol-
ogy. One specific fault situation is electric arcing 
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stable and long lasting arcs may be observed because 
of the lack of no natural current zero conditions (as in 
AC systems), which will be required for the arc plasma 
to cool down, lose its fault current carrying ability and 
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because any series fault is acting as an extra series cir-
cuit resistor, which will cause the electric current to 
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trigger values, required by any protection device. As a 
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contact should be developed for future DC networks. 

In literature, a very promising approach of analysing 
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values, in order to reduce the need of intensive adjust-
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different applications. The goal should be the availabil-
ity of protection devices with low of adjustment effort. 
As a consequence, intense and basic research is re-
quired to analyse the origin of noise in the voltage and 
current signal caused by an electric series arc under 
various parameters like contact material and equivalent 
circuit values like Thevenin resistor or inductive loads. 
Subsequently, research activities were initiated in order 
to carry out basic investigations with respect to the 
noise generated by electric arcs between failing con-
tacts. Domestic applications should be considered only. 
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was assumed as 0  no extra ohmic resistor was intro-
duced to the circuit. 

Material Current Inductor 
Copper 1…10 A 0 H,  4 mH 
Aluminium 
Brass (MS58) 
Steel 

Table 1 Set of parameters for the experiments, for all 
parameter combinations four single experiments have 
been carried out; the current value was adjusted from 
1 A up to 10 A in 1 A steps for every material and in-
ductor combination. 

With each specific set of parameters, four single exper-
iments were carried out. 

2.1 Test equipment 
With the test equipment (Fig. 2), automated test se-
quences could be performed. The equipment consisted 
of two series interconnected commercial DC sources 
(power electronics) operated in constant current / con-
stant voltage mode. The maximum voltage of the 
source was adjusted to 600 V. Since the voltage drop at 
small contact gaps is close to the minimum arc voltage 
(typically 10 V to 15 V for the applied contact materi-
als) the DC sources had been operated in constant cur-
rent mode mainly. In case of any random interruption 
of the circuit by the opened contact, the power supplies 
switched to constant voltage mode. The voltage and 
current control was defined by the implemented control 
algorithm of the supplier. 
The pair of contacts (materials see Table 1) was opened 
by means of a computer controlled stepper motor drive 
at one contact piece. A pneumatic piston at the other 
contact piece provided a constant contact force of 5 N. 
The voltage was measured by means of a differential 
voltage probe with a limiting frequency of 100 MHz. A 
hall probe current sensor was applied to measure the 
current with a limiting frequency of 2 MHz. 

 
Fig. 2 Measurement equipment of the experiment; 
voltage sensor: differential probe, limiting frequency 
100 MHz; current sensor limiting frequency 2 MHz; 
signal recording a transient recorder (sampling fre-
quency 10 MHz); colour filming of the plasma with 
10000 to 20000 frames per second.  

The voltage and current signal have been recorded with 
a transient recorder for 0.4 s (maximum memory of the 
instrument) with the (maximum) sampling frequency 
of 10 MHz. The data was transferred to a personal 
computer via a glass fibre transmission. A high-speed 
camera integrated into the systems (triggered by the 
transient recorder) filmed the contact plasma with 
frame rates of 10000 and 20000 frames per second. A 
tele lens (210 mm focal length) attached with extension 
tubes (30 cm total length) to the camera provided 
close-up images of the contact opening process. The 
whole setup was steered via a personal computer by a 
specific developed control software. An inductor 
(4 mH) introduced for some experiments influenced 
the dynamics of the power supply control. 

2.2 Test routine 
The power supply was switched on at initially closed 
contacts. After all switching transients had been faded 
out the contact separation was initiated. While operat-
ing the stepper motor the contact voltage was measured 
continuously. At 6 V contact voltage, the stepper motor 
stopped, and the transient recorder started to record 
both, the voltage and the current signal. Consequently, 
the voltage and current were measured at a very small 
contact gap imitating a failing of a pair of contacts by 
a long term ageing effect or slowly contact force de-
generation. 

3 Measurement results 
3.1 Signals, arc structure, and noise 
For a better understanding of the effects at the opening 
contact gap, the obtained raw signals will be discussed 
in the following chapters. 

3.1.1 Low inductive circuit 
For all results, introduced in this section, no series in-
ductor was added to the circuit (see Table 1, 0 H). 

3.1.1.1 Copper contacts  

As a representative result, Fig. 3 shows the voltage and 
current versus time plots at a short circuit current value 
of 6 A. Up to the time of 0.025 s, the contact was closed 
and the voltage drop rises slightly because of the in-
crease of the contact resistance due to the dropping 
contact force immediately before the contact separa-
tion (see Fig. 3, time period between 0 s and the verti-
cal indicator “Beginning of contact separation”). 

At 0.025 s the contact starts to fail (see Fig. 3, “Begin-
ning of contact separation”). The voltage rises up to a 
value of roughly 1 V. An electric arc can be detected 
after 0.04 s (see Fig. 3, “Beginning of arcing”) which 
is indicated by a contact voltage in between a range of 
14 V up to 18 V, which represents the minimum arc 
voltage and an extra voltage drop along the plasma 
channel bridging the pair of contacts according to the 
discussions in chapter 1.2. The voltage noise caused by 
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the electric arc causes a corresponding current noise 
which cannot be compensated by the controller of the 
power supply  

 
Fig. 3 Measurement result for copper electrodes at 6 A 
short circuit current, and 600 V open loop voltage.  

For further considerations, the voltage signal was post 
processed via a standard Fast Fourier Transformation 
algorithm (“FFT”, see Fig. 4). The FFT was applied for 
the whole recording period of 0.4 s at once. As indi-
cated by the spectrum plot Fig. 4, the amplitudes of the 
harmonics drop beginning with an initial value of 2.8 V 
down to a value roughly three orders lower at a fre-
quency of 10 kHz (compared to the initial value). Con-
sidering any typical measurement resolution of 10 bit 
(typical measurement resolution of an analogue to dig-
ital converter for medium performance signal proces-
sors or micro controllers), considering any spectrum 
content exceeding 10 kHz is not reasonable any more 
(with respect to future industrial applications of an arc 
detection system). Therefore, the spectrum content ex-
ceeding 10 kHz was not considered for further spec-
trum analyzation. It has to be emphasized that the lim-
iting frequencies of the measurement equipment were 
sufficient enough for resolving the spectrum up to 
10 kHz. 

 
Fig. 4 Frequency spectrum of the voltage signal corre-
sponding to Fig. 3. 

Performing an FTT for the total recording time of 0.4 s 
is not an appropriate approach for any industrial arc de-
tection procedure. Effective protection systems should 
provide a trigger delay less than 0.4 s. Hence it was as-
sumed that a typical signal measuring period could be 
1 ms. As a consequence, the whole voltage signal of 
Fig. 3 was scanned for every 1 ms interval subse-
quently (“subsequent FFT”).  
Fig. 5 shows the plot of the spectrum (y- and z- coor-
dinate indicated by “Frequency / Hz” and “log(Ampli-
tude) / log(V)” up to a frequency of 10 kHz for the sub-
sequent 1 ms time intervals (x-coordinate). For the 
considered specific data introduced in Fig. 3 and Fig. 
4, the subsequent FFT yields a good correlation of the 
spectrum content with the presence of any arc (indi-
cated by the voltage step according to the indication in 
Fig. 3). After 0.04 ms the spectrum content rises sig-
nificantly (see Fig. 5, “Inception of noise”), which is 
corresponding with the arc activity in the recordings 
shown in Fig. 3. 
For a direct correlation of the spectrum with the rec-
orded voltage and current signals in a time plot, an aux-
iliary value, the “(total) harmonic content” (HC) of the 
spectrum (up to 10 kHz) was calculated according to 
equation (3). 

HC = �∑ ��
��

���  (3)  

Note that the DC component of the spectrum was not 
considered in equation (3) (the summation starts with 
the second element of the FFT result) in order not to 
influence the result by the absolute level of the voltage 
(assuming the noise of the arc should be considered 
only). The HC values for subsequent 1 ms time inter-
vals are plotted time correlated to the recorded voltage 
and current in Fig. 6. As indicated in Fig. 6, for this 
specific single experiment the correlation of the HC 
level with the appearance of an electric arc is excellent. 

 

Fig. 5 Frequency spectrum for subsequent 1 ms time 
periods of the voltage signal corresponding to Fig. 3. 

Taking a closer look to the voltage signal in the time 
range in between the begin of the contact separation 
and the begin of the electric arc (see Fig. 3 “Beginning 
of contact separation” and “Beginning of arc”) an elec-
tric arc is indicated by the HC level in Fig. 6. However, 
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duced to the circuit. 

Material Current Inductor 
Copper 1…10 A 0 H,  4 mH 
Aluminium 
Brass (MS58) 
Steel 

Table 1 Set of parameters for the experiments, for all 
parameter combinations four single experiments have 
been carried out; the current value was adjusted from 
1 A up to 10 A in 1 A steps for every material and in-
ductor combination. 

With each specific set of parameters, four single exper-
iments were carried out. 

2.1 Test equipment 
With the test equipment (Fig. 2), automated test se-
quences could be performed. The equipment consisted 
of two series interconnected commercial DC sources 
(power electronics) operated in constant current / con-
stant voltage mode. The maximum voltage of the 
source was adjusted to 600 V. Since the voltage drop at 
small contact gaps is close to the minimum arc voltage 
(typically 10 V to 15 V for the applied contact materi-
als) the DC sources had been operated in constant cur-
rent mode mainly. In case of any random interruption 
of the circuit by the opened contact, the power supplies 
switched to constant voltage mode. The voltage and 
current control was defined by the implemented control 
algorithm of the supplier. 
The pair of contacts (materials see Table 1) was opened 
by means of a computer controlled stepper motor drive 
at one contact piece. A pneumatic piston at the other 
contact piece provided a constant contact force of 5 N. 
The voltage was measured by means of a differential 
voltage probe with a limiting frequency of 100 MHz. A 
hall probe current sensor was applied to measure the 
current with a limiting frequency of 2 MHz. 

 
Fig. 2 Measurement equipment of the experiment; 
voltage sensor: differential probe, limiting frequency 
100 MHz; current sensor limiting frequency 2 MHz; 
signal recording a transient recorder (sampling fre-
quency 10 MHz); colour filming of the plasma with 
10000 to 20000 frames per second.  

The voltage and current signal have been recorded with 
a transient recorder for 0.4 s (maximum memory of the 
instrument) with the (maximum) sampling frequency 
of 10 MHz. The data was transferred to a personal 
computer via a glass fibre transmission. A high-speed 
camera integrated into the systems (triggered by the 
transient recorder) filmed the contact plasma with 
frame rates of 10000 and 20000 frames per second. A 
tele lens (210 mm focal length) attached with extension 
tubes (30 cm total length) to the camera provided 
close-up images of the contact opening process. The 
whole setup was steered via a personal computer by a 
specific developed control software. An inductor 
(4 mH) introduced for some experiments influenced 
the dynamics of the power supply control. 

2.2 Test routine 
The power supply was switched on at initially closed 
contacts. After all switching transients had been faded 
out the contact separation was initiated. While operat-
ing the stepper motor the contact voltage was measured 
continuously. At 6 V contact voltage, the stepper motor 
stopped, and the transient recorder started to record 
both, the voltage and the current signal. Consequently, 
the voltage and current were measured at a very small 
contact gap imitating a failing of a pair of contacts by 
a long term ageing effect or slowly contact force de-
generation. 

3 Measurement results 
3.1 Signals, arc structure, and noise 
For a better understanding of the effects at the opening 
contact gap, the obtained raw signals will be discussed 
in the following chapters. 

3.1.1 Low inductive circuit 
For all results, introduced in this section, no series in-
ductor was added to the circuit (see Table 1, 0 H). 

3.1.1.1 Copper contacts  

As a representative result, Fig. 3 shows the voltage and 
current versus time plots at a short circuit current value 
of 6 A. Up to the time of 0.025 s, the contact was closed 
and the voltage drop rises slightly because of the in-
crease of the contact resistance due to the dropping 
contact force immediately before the contact separa-
tion (see Fig. 3, time period between 0 s and the verti-
cal indicator “Beginning of contact separation”). 

At 0.025 s the contact starts to fail (see Fig. 3, “Begin-
ning of contact separation”). The voltage rises up to a 
value of roughly 1 V. An electric arc can be detected 
after 0.04 s (see Fig. 3, “Beginning of arcing”) which 
is indicated by a contact voltage in between a range of 
14 V up to 18 V, which represents the minimum arc 
voltage and an extra voltage drop along the plasma 
channel bridging the pair of contacts according to the 
discussions in chapter 1.2. The voltage noise caused by 



20

the voltage drop of roughly 1 V is far below the mini-
mum arc voltage of an electric arc between copper 
electrodes (see chapter 1.2). For a more detailed inves-
tigation of the processes in the contact gap, a high 
speed film of the contact surface while separating the 
contact was performed (see Fig. 7 and Fig. 8).  

 
Fig. 6 Correlation of subsequent 1 ms period spectrum 
HC corresponding to Fig. 3. 

An Analysis of the result of the filmed phenomenon in 
the contact gap strongly indicates that the phenomenon 
can be addressed as a glowing contact plasma dis-
charge (see the selected single frame in Fig. 7). It must 
be emphasized that the roots of the discharge did not 
originate at the narrowest gap of the geometry. 
The phenomenon of a glowing contact has been de-
scribed as glowing contact phenomenon by [7] already. 
Glowing contacts have been observed at contacts with 
oxide layers at the electrodes surface only (see Fig. 7, 
“Oxide layers”). 
Analysing the corresponding high-speed film, a very 
stable (stationary) discharge with respect to plasma dis-
placement / mobility was observed (see Fig. 8, film 
strip at the left side).  

 
Fig. 7 Single frame of the opening contact between 
copper electrodes at 6 A current level. 

While most of the plasma volume is almost stationary, 
the cathode arc root shows a moderate mobility (see 
film strip in Fig. 8, left side). Analysing the voltage sig-
nal across the contact (see Fig. 8, middle diagram, the 
corresponding time points of the single plasma images 

are indicated), an almost constant medium level super-
imposed by a small noise band was measured. This re-
sults in a very low amplitude level in the FFT spectrum 
(see Fig. 9). Comparing the spectrum of the total signal 
of the arc (see Fig. 5) with those of the glowing contact 
(see Fig. 9), the amplitudes of the spectrum of the 
glowing contacts are lower than that of the fully devel-
oped arc approximately by one order. 

 
Fig. 8 High speed film of an opening contact between 
copper electrodes at 6 A current level; single frames 
(left diagram, anode bottom plasma root, cathode top 
plasma root) corresponding to the recorded voltage 
(middle diagram) and current (right diagram), rising 
time value from the bottom up to the top of the dia-
gram; time point of the exposure indicated by horizon-
tal lines. 

In contradiction to glowing contacts, electric arcs show 
higher mobility (see Fig. 10). The arc displaces contin-
uously or spontaneously respectively. In the period 
with high arc mobility, the voltage signal shows corre-
sponding steps. (see Fig. 10, left side, “High arc mo-
bility”). 

3.1.1.2 Aluminium contacts  

For different contact material, very different the arc 
structure and arc effects where observed. As an exam-
ple at aluminium electrodes the gross mobility of the 
arc is low, however massive eruptions of electrode ma-
terial cause massive disturbances of the plasma region 
which results in rapid displacements of parts of the arc 
plasma volume (see Fig. 11, left side, film strip, time 
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interval between 3 ms and 20 ms, the arc plasma is in-
fluenced by heavy electrode material eruption). In case 
of eruptions and deflected / displaced plasma a very 
noisy voltage signal can be observed (see Fig. 11, rec-
orded voltage signal, time periods 3 ms to 20 ms and 
40 ms to 50 ms). Comparing the FFT results yield from 
copper contacts with that from aluminium contact re-
sults it is clearly indicated that aluminium shows a 
higher noise activity compared to that of copper con-
tacts (see Fig. 12). 

 
Fig. 9 Spectrum of the voltage of the glowing contact 
(corresponding to Fig. 7 and Fig. 8) and the electric arc 
(corresponding to Fig. 3 and Fig. 5). 

 

Fig. 10 High speed film: electric arc between copper 
electrodes at a current of 8 A. 

3.1.2 High inductive circuit 
The recorded voltage and current signals with a series 
inductor of 4 mH (see Table 1) are shown in Fig. 13. 
The transition speed of the current (affected by the in-
ternal but unknown control algorithm of the DC power 

supply) in case of a voltage fluctuation is limited in 
case of a series inductor. An attenuated oscillation of 
the current can be detected in case of any rapid voltage 
change (see voltage step at the time point of the failing 
contact). Such an oscillation was not detected for ex-
periments without a series inductor (compare the cur-
rent signal at the moment of the arc formation voltage 
rise in Fig. 3 and Fig. 13). 

 
Fig. 11  High speed film: electric arc between alumin-
ium electrodes at a current of 8 A. 

 
Fig. 12 Comparison of the spectrum measured at cop-
per (glowing contact: corresponding to Fig. 7 and Fig. 
8; electric arc corresponding to Fig. 10) and aluminium 
(corresponding to Fig. 11) contacts. 

It is obvious that such specific oscillations, caused by 
the series inductor and the interaction with the power 
supply, influence the spectrum response of such a cir-
cuit: In case of the specific DC power supply applied 
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mum arc voltage of an electric arc between copper 
electrodes (see chapter 1.2). For a more detailed inves-
tigation of the processes in the contact gap, a high 
speed film of the contact surface while separating the 
contact was performed (see Fig. 7 and Fig. 8).  
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the contact gap strongly indicates that the phenomenon 
can be addressed as a glowing contact plasma dis-
charge (see the selected single frame in Fig. 7). It must 
be emphasized that the roots of the discharge did not 
originate at the narrowest gap of the geometry. 
The phenomenon of a glowing contact has been de-
scribed as glowing contact phenomenon by [7] already. 
Glowing contacts have been observed at contacts with 
oxide layers at the electrodes surface only (see Fig. 7, 
“Oxide layers”). 
Analysing the corresponding high-speed film, a very 
stable (stationary) discharge with respect to plasma dis-
placement / mobility was observed (see Fig. 8, film 
strip at the left side).  

 
Fig. 7 Single frame of the opening contact between 
copper electrodes at 6 A current level. 

While most of the plasma volume is almost stationary, 
the cathode arc root shows a moderate mobility (see 
film strip in Fig. 8, left side). Analysing the voltage sig-
nal across the contact (see Fig. 8, middle diagram, the 
corresponding time points of the single plasma images 

are indicated), an almost constant medium level super-
imposed by a small noise band was measured. This re-
sults in a very low amplitude level in the FFT spectrum 
(see Fig. 9). Comparing the spectrum of the total signal 
of the arc (see Fig. 5) with those of the glowing contact 
(see Fig. 9), the amplitudes of the spectrum of the 
glowing contacts are lower than that of the fully devel-
oped arc approximately by one order. 

 
Fig. 8 High speed film of an opening contact between 
copper electrodes at 6 A current level; single frames 
(left diagram, anode bottom plasma root, cathode top 
plasma root) corresponding to the recorded voltage 
(middle diagram) and current (right diagram), rising 
time value from the bottom up to the top of the dia-
gram; time point of the exposure indicated by horizon-
tal lines. 

In contradiction to glowing contacts, electric arcs show 
higher mobility (see Fig. 10). The arc displaces contin-
uously or spontaneously respectively. In the period 
with high arc mobility, the voltage signal shows corre-
sponding steps. (see Fig. 10, left side, “High arc mo-
bility”). 

3.1.1.2 Aluminium contacts  

For different contact material, very different the arc 
structure and arc effects where observed. As an exam-
ple at aluminium electrodes the gross mobility of the 
arc is low, however massive eruptions of electrode ma-
terial cause massive disturbances of the plasma region 
which results in rapid displacements of parts of the arc 
plasma volume (see Fig. 11, left side, film strip, time 
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for this specific  experiments extra harmonics had been 
observed in the frequency range between 400 Hz and 
7 kHz (see Fig. 14, compare the signal generated with 
an inductor of 4 mH “Inductor 4 mH) and no inductor 
“Inductor 0 mH”). 

 
Fig. 13 Voltage and current recording at copper con-
tacts with a series inductor of 4 mH according to Fig. 
2 (“4 mH”) at a current of 7 A. 

 
Fig. 14 Comparison of the spectrum response with a 
series inductor of 4 mH (corresponding to Fig. 12) and 
no series inductor (corresponding to Fig. 3). 

4 Post processing / arc detection 
For further and automated post processing of the sub-
sequent 1 ms interval spectra (HC) in the current range 
between 1 A and 10 A (according to Table 1) the deci-
mal logarithm of the HC and voltage level were split 
into decimal logarithmic classes between 
− 4 log(�) and 2 log(�) with a resolution of 
0.01 log(�). The logarithmic scaling was selected to 
yield a better visualization of the signals. For all rec-
orded signals and all subsequent 1 ms intervals it was 
counted how frequent the HC and voltage level oc-
curred in one specific interval of the classification. A 
similar approach is well known and very common for 
the visualization of partial discharge measurement re-
sults in high voltage systems. 
All 1 ms intervals with a current value lower than 0.5 A 
had been neglected for the counting of the HC classes: 
it is assumed that a lower current value cannot cause 
any dangerous power loss at a failing contact. The 
counts are plotted in a count pattern plot (see Fig. 15). 

Analysing the result in Fig. 15, the correlation between 
the counts and voltage levels exceeding the value of 
1 V is very strong: If the voltage at the contact exceeds 
1 V, the counts increase significantly up to a level of 
10�� log(�), hence an arbitrary trigger level of HC =
10�� log(�) was introduced.  
By introducing this arbitrary trigger level (indicated in 
Fig. 15 “Noise trigger level for arc detection”), it can 
be concluded that only a few counts will be found 
above the trigger level and a voltage below a level of 
1 V. Such counts are wrong indications of a failing con-
tact. Since these wrong indications are the minority of 
the counts, it can be concluded that the failing contact 
can be detected with a good reliability. 

 
Fig. 15 Counts versus the HC and voltage classes for 
all experiments with copper and no series inductor ac-
cording to Table 1. 

Classification Voltage level / V Current level / A HC level / V 

Correct > 1 > 0.5 > 10-2 

Wrong, no cur-

rent 

> 1 < 0.5 > 10-2 

Wrong with arc > 1 > 0.5 < 10-2 

Wrong no arc < 1 - > 10-2 

Table 2 Applied classifications for all 1 ms observa-
tion intervals of all performed experiments according 
to Table 1. 

Based on these considerations, the correct number of 
arc detections had been counted for all experiments 
(covering all inductor, material, and current configura-
tions according to Table 1). For all these parameter var-
iations, the 1 ms observation intervals were assigned to 
the classification listed in Table 2. By these specific 
classifications, it is possible to calculate the hit rate of 
the correct detection of a failing contact. In Table 3, the 
results of all counts for all classifications (correct hits 
and incorrect hits according to Table 2) are listed. 
The results indicate a good hit rate for copper and alu-
minium. The detection performance for brass is mod-
erate, while the rate for steel is extremely poor. This is 
correlating to the very stable arcing phenomena ob-
served for those materials (not documented in this pa-
per, but observed by analysing the corresponding film 
material). Whereas at these two bad performing mate-
rials (brass and steel), the wrong counts without the 
presence of an arc are moderate low the number of not 
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detected arcs is contributing mainly to the bad detec-
tion performance. These results are clearly indicating a 
strong material influence of the contact material onto 
the performance of arc detection systems based on FFT 
approaches. 

 
Table 3 Correct and wrong detections within the sub-
sequent 1 ms observation intervals for all experiments 
(parameter variations listed in Table 1). 

5 Discussion and conclusions 

5.1 Plasma phenomena 
5.1.1 Glowing contacts 
The glowing contacts observed at some specific exper-
iments are in accordance with the observations re-
ported in [7]. Based on the view number of observa-
tions of the glowing contacts covered by the experi-
ments of this paper, there is an indication if the copper 
oxide layers are required to enable such a phenomenon. 
This is in agreement with the observations from the 
high-speed films: Only in the presence of oxide layers 
glowing contacts were observed, brand new contacts 
never show such a phenomenon. From the high-speed 
films, a spontaneous (but moderate) moving cathode 
spot can be observed. This could indicate that this phe-
nomenon requires the presence of oxide layers: if the 
arc root is located in the vicinity of an oxide layer, the 
electron work function is decreased and the plasma dis-
charge can be sustained at a low total voltage drop 
across the contact (below the minimum arc voltage). 
This would also mean, that the oxide layer is responsi-
ble for the low cathode drop. Because of the high cur-
rent (power) density the oxide layer must be evapo-
rated, and the cathode plasma root has to be displaced 
in order to find a new centre for electron emissions. 
Such an effect could explain the origin of cathode 
plasma root displacement of Fig. 8. 

5.1.2 Electric arc  
The high-speed films, combined with the voltage and 
current plots clearly indicate that any disturbance of the 
plasmas (thermal) equilibrium causes noise in the volt-
age and the current across the electric contact. 
This disturbance may be caused by contact material 
eruption or arc root displacement. Hence, there is a di-
rect correlation of any signal noise with the contact ma-
terial as assumed in chapter 1.2). 

5.2 Influence of the electric circuit to the 
signal noise 

As expected, and indicated by the measurement results  
the electric circuit affects the spectrum of the voltage 
and current signal. As a consequence, any failing con-
tact detection approach must be designed in a very ro-
bust way, considering all possible and realistic circuits. 
This seems to be a challenging drawback of failing 
contact detection systems based on spectrum analyses, 
all possible network configurations and sensor posi-
tions have to be considered. 

5.3 Fault detection 
The post processing of the signals by means of subse-
quent processing of the harmonics content of 1 ms ob-
servations intervals leads to a good detection perfor-
mance for copper and aluminium and poor to low per-
formance for brass and steel contacts. The performance 
could perhaps be improved by more sophisticated ap-
proaches. One approach could be to consider more than 
one subsequent HC level. If more than one of these sin-
gle levels are not indicating a failing contact the pro-
tection switch should not be triggered. 
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Correct
Inductor Level Total counts with arc no arc no current Correct Hits

Copper No 100 23541 0 545 309 22687 96%
Yes 100 11970 3 332 41 11594 97%
Total 100 35511 3 877 350 34281 97%

Aluminum No 100 23541 233 359 214 22735 97%
Yes 100 11970 39 223 21 11687 98%
Total 100 35511 272 582 235 34422 97%

Brass No 100 23541 399 511 126 22505 96%
Yes 100 11970 1225 221 54 10470 87%
Total 100 35511 1624 732 180 32975 93%

Steel No 100 23541 3666 365 75 19435 83%
Yes 100 11970 3574 181 88 8127 68%
Total 100 35511 7240 546 163 27562 78%

Wrong

for this specific  experiments extra harmonics had been 
observed in the frequency range between 400 Hz and 
7 kHz (see Fig. 14, compare the signal generated with 
an inductor of 4 mH “Inductor 4 mH) and no inductor 
“Inductor 0 mH”). 

 
Fig. 13 Voltage and current recording at copper con-
tacts with a series inductor of 4 mH according to Fig. 
2 (“4 mH”) at a current of 7 A. 

 
Fig. 14 Comparison of the spectrum response with a 
series inductor of 4 mH (corresponding to Fig. 12) and 
no series inductor (corresponding to Fig. 3). 

4 Post processing / arc detection 
For further and automated post processing of the sub-
sequent 1 ms interval spectra (HC) in the current range 
between 1 A and 10 A (according to Table 1) the deci-
mal logarithm of the HC and voltage level were split 
into decimal logarithmic classes between 
− 4 log(�) and 2 log(�) with a resolution of 
0.01 log(�). The logarithmic scaling was selected to 
yield a better visualization of the signals. For all rec-
orded signals and all subsequent 1 ms intervals it was 
counted how frequent the HC and voltage level oc-
curred in one specific interval of the classification. A 
similar approach is well known and very common for 
the visualization of partial discharge measurement re-
sults in high voltage systems. 
All 1 ms intervals with a current value lower than 0.5 A 
had been neglected for the counting of the HC classes: 
it is assumed that a lower current value cannot cause 
any dangerous power loss at a failing contact. The 
counts are plotted in a count pattern plot (see Fig. 15). 

Analysing the result in Fig. 15, the correlation between 
the counts and voltage levels exceeding the value of 
1 V is very strong: If the voltage at the contact exceeds 
1 V, the counts increase significantly up to a level of 
10�� log(�), hence an arbitrary trigger level of HC =
10�� log(�) was introduced.  
By introducing this arbitrary trigger level (indicated in 
Fig. 15 “Noise trigger level for arc detection”), it can 
be concluded that only a few counts will be found 
above the trigger level and a voltage below a level of 
1 V. Such counts are wrong indications of a failing con-
tact. Since these wrong indications are the minority of 
the counts, it can be concluded that the failing contact 
can be detected with a good reliability. 

 
Fig. 15 Counts versus the HC and voltage classes for 
all experiments with copper and no series inductor ac-
cording to Table 1. 

Classification Voltage level / V Current level / A HC level / V 

Correct > 1 > 0.5 > 10-2 

Wrong, no cur-

rent 

> 1 < 0.5 > 10-2 

Wrong with arc > 1 > 0.5 < 10-2 

Wrong no arc < 1 - > 10-2 

Table 2 Applied classifications for all 1 ms observa-
tion intervals of all performed experiments according 
to Table 1. 

Based on these considerations, the correct number of 
arc detections had been counted for all experiments 
(covering all inductor, material, and current configura-
tions according to Table 1). For all these parameter var-
iations, the 1 ms observation intervals were assigned to 
the classification listed in Table 2. By these specific 
classifications, it is possible to calculate the hit rate of 
the correct detection of a failing contact. In Table 3, the 
results of all counts for all classifications (correct hits 
and incorrect hits according to Table 2) are listed. 
The results indicate a good hit rate for copper and alu-
minium. The detection performance for brass is mod-
erate, while the rate for steel is extremely poor. This is 
correlating to the very stable arcing phenomena ob-
served for those materials (not documented in this pa-
per, but observed by analysing the corresponding film 
material). Whereas at these two bad performing mate-
rials (brass and steel), the wrong counts without the 
presence of an arc are moderate low the number of not 
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Abstract

As part of this work, we seek to study more precisely the formation of an arc and its behaviour at the opening of

a circuit in conditions close to those of avionics (altitude, atmosphere, etc.). Our work is carried out on an HVDC

270VDC type electrical network at various pressures. The phenomenon is observed by a PHOTRON FASTCAM

SA5 model 775K-M3 camera at a rate between 20000 and 100000 frames per second. Our observations show a

repetitive behaviour in electrical measurements (current and arc voltage) depending on the experimental condi-

tions. In this paper, we propose an analysis of the noise oscillation phenomenon present in an arc of moderate

intensity (<20A) through a fast camera study and then a diagnostic method of the phenomenon observed by

camera only from the measurement of line current.

1 Introduction

Protection against arc-type electrical faults is essen-

tial in electrical distribution networks for avionics.

False contact, aging, wear, vibration, corrosion, oxida-

tion are all reasons that can get a power supply har-

ness to an arc fault. Indeed, this type of fault can

cause major damage: fire, arc-tracking, destruction of

cables or equipment, explosion, loss of aircraft control

and crash [1-3]. In the context of this work, we seek

to study more precisely the formation of an arc and its

behaviour at the opening of a circuit under experi-

mental conditions close to those encounted in an air-

plane (pressure temperature variations). The detection

of a fault based on an electrical signature specific to

the arc is delicate. However, the electrical measure-

ments (U/I) of a faulty network often show fluctua-

tions both in its mean impedance value and in the

noise level (especially outside the established regime).

It is by this means that many studies on electrical fault

protection exploit these stochastic phenomena (RMS

value, variance, filtering, wavelet, etc.) [4-9]. For

electrical protection, we propose a study of the phe-

nomenon of impedance oscillation, which is percepti-

ble in many publications [10], [11] but less exploited.

In the case of arc furnaces, the main problem lies in

the regulation of the reactive power initiated by a

flicker phenomenon [12-14] perceptible in the labora-

tory in discharge lamps. In this paper, we propose an

analysis of the noise oscillation phenomenon present

in an arc of moderate intensity (<20A) through a fast

camera study (part 3). Then a diagnostic method of

the phenomenon is observed by camera only from the

measurement of the line current (part 4). The electri-

cal noise oscillations is used to develop methods of

protection against electrical faults.

2 Experimental test bench and
data analysis

Our work is focused on the study of the behaviour of

arcs on a 270VDC HVDC type electrical network at

pressures ranging from ambient pressure to 120hPa

corresponding to a variation in altitude from sea level

to 15'000 meters. Figure 1 illustrates our experimental

device which is composed of a continuous power

supply (CHROMA 62000H series and/or ETsystem

4kW), a resistive load (LANGLOIS 4kW). The  arc

fault is created by the separation of the contact be-

tween two copper electrodes.

Fig. 1 Experimental test bench
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Fig. 2 Evolution of the arc voltage and the dis-

charge

The measurement of the electrical signals is collected

by an HDO6104 oscilloscope at a rate of 1MHz using

a Lecroy CP030a probe (Accuracy: ± 1%, max band-

width: 70MHz at 1mA/div, 100kHz at 1A/div) for the

line current and a differential probe TESTEC

TTSI9010 1:100 with a bandwidth of 70MHZ (Accu-

racy: ± 2%, Voltage Rating VAC:7000V) for the po-

tential difference between the electrodes during an

arc.

The arc is observed by a PHOTRON FASTCAM SA5

model 775K-M3 camera at an acquisition rate be-

tween 20'000 and 100'000 frames per second (fps).

The triggering of the camera is controlled by the trig-

ger of the oscilloscope according to a threshold de-

pending on the voltage contact during the arcing pro-

cess (higher than 10V). Using Matlab, the images

acquired by the camera are synchronized with the

oscilloscope signals. The synchronization of the im-

ages is checked by the concordance between the opti-

cal and electrical events (arc start, extinction, disturb-

ances).

2.1 Analysis of the luminosity of the
discharge

The evolution of the anode luminescence is quantified

by the average sum of the luminosity amplitudes

measured by the fast camera between the 2 electrodes.

This measurement takes into account the whole dis-

charge (arc foot on the cathode, luminescent column

of the arc and anode zone).

We estimate its average value by calculating the

following value:

(1)

With: A is the intensity of the pixel, y the vertical

position of the discharge, Window height (N=30 pix-

els).

The window width is fixed experimentally to 200

pixels for testing the feasibility of the method.

Measurement and study of arc noise fluctuation by fast camera

observations

HUMBERT Jean-Baptiste, SCHWEITZER Patrick, WEBER Serge, HUGON Robert

University of Lorraine, Institute Jean Lamour (IJL), UMR7198, Nancy, F-54000, France,

e-mail: patrick.schweitzer@univ-loraine.fr

Abstract

As part of this work, we seek to study more precisely the formation of an arc and its behaviour at the opening of

a circuit in conditions close to those of avionics (altitude, atmosphere, etc.). Our work is carried out on an HVDC

270VDC type electrical network at various pressures. The phenomenon is observed by a PHOTRON FASTCAM

SA5 model 775K-M3 camera at a rate between 20000 and 100000 frames per second. Our observations show a

repetitive behaviour in electrical measurements (current and arc voltage) depending on the experimental condi-

tions. In this paper, we propose an analysis of the noise oscillation phenomenon present in an arc of moderate

intensity (<20A) through a fast camera study and then a diagnostic method of the phenomenon observed by

camera only from the measurement of line current.

1 Introduction

Protection against arc-type electrical faults is essen-

tial in electrical distribution networks for avionics.

False contact, aging, wear, vibration, corrosion, oxida-

tion are all reasons that can get a power supply har-

ness to an arc fault. Indeed, this type of fault can

cause major damage: fire, arc-tracking, destruction of

cables or equipment, explosion, loss of aircraft control

and crash [1-3]. In the context of this work, we seek

to study more precisely the formation of an arc and its

behaviour at the opening of a circuit under experi-

mental conditions close to those encounted in an air-

plane (pressure temperature variations). The detection

of a fault based on an electrical signature specific to

the arc is delicate. However, the electrical measure-

ments (U/I) of a faulty network often show fluctua-

tions both in its mean impedance value and in the

noise level (especially outside the established regime).

It is by this means that many studies on electrical fault

protection exploit these stochastic phenomena (RMS

value, variance, filtering, wavelet, etc.) [4-9]. For

electrical protection, we propose a study of the phe-

nomenon of impedance oscillation, which is percepti-

ble in many publications [10], [11] but less exploited.

In the case of arc furnaces, the main problem lies in

the regulation of the reactive power initiated by a

flicker phenomenon [12-14] perceptible in the labora-

tory in discharge lamps. In this paper, we propose an

analysis of the noise oscillation phenomenon present

in an arc of moderate intensity (<20A) through a fast

camera study (part 3). Then a diagnostic method of

the phenomenon is observed by camera only from the

measurement of the line current (part 4). The electri-

cal noise oscillations is used to develop methods of

protection against electrical faults.

2 Experimental test bench and
data analysis

Our work is focused on the study of the behaviour of

arcs on a 270VDC HVDC type electrical network at

pressures ranging from ambient pressure to 120hPa

corresponding to a variation in altitude from sea level

to 15'000 meters. Figure 1 illustrates our experimental

device which is composed of a continuous power

supply (CHROMA 62000H series and/or ETsystem

4kW), a resistive load (LANGLOIS 4kW). The  arc

fault is created by the separation of the contact be-

tween two copper electrodes.

Fig. 1 Experimental test bench



26

2.2 Analysis of the electrical luminosity
of the discharge

The evolution of the electrical noise of the arc (volt-

age or current) is evaluated by the analysis of sliding

variance using the equation :

(2)

Xn= Voltage (or line current) signal,  k = Analysis

window number, N = Number of points in the ana-

lyzed window,  nms= Shifting between 2 successive

analysis windows

3 Observations

3.1  Analysis of video and electrical signals

The arc fault is produced under the following circuit

conditions: Valim 270VDC, low pressure p ≅
500hPa, load RL=48Ω 105μH. Under these experi-

mental conditions, the arc produces a repetitive varia-

tion of the noise amplitude (visible on the arc voltage

Figure 2 A). Part of this ripple is visualized using the

high-speed camera to understand the phenomenon.

The trace in Figure 2 B represents the correspondence

between the electrical measurements and the video

observation.

The measurements show that for the time reference

point '0', the amplitude of the Varc noise is about

1.5V peak-to-peak with an average voltage of 18.85V.

At benchmark '1' the average gap field increased by

about 0.4V. From this moment, a zone of strong lu-

minescence extends from the anode to the cathode.

This zone never seems to touch the cathode. However

at image '10', the luminescent zone of the anode re-

turns to its initial state in 1 to 2 ms. The gap voltage

reaches the value of 18.9V. This development cycle

of the anode zone is then repeated several times.

It can be seen that during the growth of the anodic

luminescent zone, the arc foot is very mobile on the

cathode. These movements may be the cause of the

increase in noise on the electrical signal. On the other

hand, the increase in average resistance suggests that

the anode zone change in length the flow of electrons.

A comprehensive study is required to conclude.

3.2 Gap brightness evolution measure-

ment

The study of the brightness of the gap according to

equation (1) makes it possible to estimate the tem-

poral evolution of the phenomenon. This evolution is

showed on Figure 3 (Rlumi versus time), which

shows a periodic increase in light intensity. This in-

creasing ramp is completed by a sudden decrease

(about 1ms) before renewing a relatively linear

growth.

Fig. 3 Measurement of brightness and electrical

levels of the discharge

4 Electrical diagnosis.

4.1 Pressure influence

The study of the influence of pressure from similar

experiments (gap between 0.8mm and 1mm, equiva-

lent electrode geometry, 270VDC, initial load 48Ω,

etc.) is represented by the spectrograms of Figs 4 to

6.

Fig. 4 Spectrogram fluctuations – P = 800hPa

The spectrograms represent the spectral components

that make up the signal by sliding FFT. It can be seen

from these measurements that in the first few mo-

ments after the arc is established the flicker rate is

approximately 125 Hz at 800 hPa, 70 Hz at 500 hPa

and 50 Hz at 200 hPa.
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Fig. 5 Spectrogram fluctuations – P = 500hPa

Fig. 6 Spectrogram fluctuations – P = 200hPa

These results show that:

- the behaviour of the arc is strongly linked to pres-

sure condition

- the fluctuations rate increase with pressure.

4.2 Signal fluctuations at atmospheric

pressure

The observation of noise fluctuations in the measured

electrical signals is mainly observed when the pres-

sure falls and is difficult to observe at atmospheric

pressure.

Fig. 7 Line current on a resistive load (48 ohms)

According to the observations carried out in depres-

sion (from 200 to 800hPa), the fluctuations at atmos-

pheric pressure should have a rate higher than 125Hz

(800hPa).

Fig. 8 Arc noise spectrogram – P atm

However, by our observations it was not possible to

detect a fluctuation at 1mm (reference A≅1mm -

Figure 7). This noise oscillation is however percepti-

ble (increasing) when the gap increases (gap of about

7.5mm B, C mark Figure 7). The spectrogram (Figure

8) then shows an oscillation rate close to 150Hz for a

spacing of 7.5mm under ambient atmospheric pres-

sure.

5 Conclusion

In this work, we observed the evolution of the electri-

cal characteristics of a serial arc when the pressure of

the surrounding environment decreases. Fast camera

permits us to observe a phenomenon of arc flicker,

associated with arc presence. That phenomenon oc-

curs repeatedly and can also be pointed out in electri-

cal current measurements. Our measurements put also

in evidence that these fluctuations are highly depend-

ent on the pressure. Future works will be devoted to

fast camera measurements and more generally optical

characterization, in order to develop a reliable arc

fault detector based both on electrical and physical

measurements.

This bi-disciplinary study should allow us to set off a

detector operating under severe conditions (pressure,

temperature, vibrations, etc).
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Abstract

Fundamental understanding and quantitative characterization of electron transport mechanisms between two sol-
ids brought into mechanical contact require the development of a dedicated multifunctional device. In this arti-
cle, we report original measurements and analyses based on a nanoindenter coupled with fine electrical meas-
urements in-situ a Scanning Electron Microscope (SEM). After a description of the experimental set-up, we re-
port quantitative results on resistive-nanoindentation performed on metallic systems with increasing complexity.
Starting from a model case (Au single crystal, a noble metal), a procedure is developed, numerically modelled
and further applied to a complex rheology structure (200 nm Au thin film plastically deformed against an elastic 
substrate) to demonstrate the quantitative monitoring of contact area. Then a two-phase AgPdCu alloy is used to 
illustrate the benefit of local characterisation performed under SEM imaging. The effect of interfacial layer 
(probably a native oxide film) on the electrical response is discussed. Finally, we present local impedance spec-
troscopy characterisation of a 10nm-thick alumina layer on aluminium substrate. The conductance through alu-
mina during mechanical compression is discussed in terms of electrochemical processes.

1 Introduction

The understanding and the quantitative analysis of the 
electro-mechanical processes involved at the interface 
between two solids are of crucial interest for both ac-
ademic and applied purposes [1,2]: electric connectors 
for electrotechnics and automotive applications, in-
termittent contacts in mechanical switches (at both 
macro- and micro-scales), microelectronics,... The de-
velopment of scanning probe microscopy (SPM) trig-
gered the experimental study of these phenomena at 
small-scale [3,4,5], but only the coupling of electrical 
measurements with instrumented indentation (inde-
pendent load and displacement measurements) pro-
vided the precise control and monitoring of both con-
tact mechanics and electrical conduction [6]. Initiated 
by the monitoring of phase transformation under pres-
sure [7,8,9], resistive-indentation has then been ex-
tended to the study of other phenomena: native oxide 
fracture [10,11,12,13], MEMS operation at small 
scales [14,15] and contact area computation during 
nanoindentation tests [16,17]. In the past decades, 
numerous efforts have been made to further expand 
the capabilities of nanoindentation [6], such as real-

time imaging [18,19], coupling with multifunctional 
characterisation tools [20,21] and high temperature 
measurements [22].
The present article reports the development and the 
application of a home-made multifunctional charac-
terisation device based on a commercial nanoindenta-
tion head. This device combines mechanical and elec-
trical characterisations, and can be integrated in-situ 
in a Scanning Electron Microscope (SEM). Quantita-
tive electrical characterisations cover resistive and ca-
pacitive measurements (focus is made on resistive 
measurements in this paper). In-situ SEM integration 
allows precise positioning of local nanoindentation 
tests (with a precision better than 100nm) as well as 
the positioning of electrically-coupled nanoindenta-
tion maps. The electrochemical reactions occurring at 
oxidised surfaces are also explored by impedance 
spectroscopy.

2 Experimental details

The experimental set-up combines different commer-
cial instruments, with customized adapter systems. 
Fig. 1 presents the Infra-Red view of the set-up once 
integrated within the SEM chamber.
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The nanoindentation head is a commercial actuator 
(InForce 50 actuator from Nanomechanics Inc / KLA-
Tencor), displaying a maximum load of 50mN and a 
static load resolution below 0.1 µN. This force-
controlled actuator enables continuous stiffness meas-
urement (CSM) through locked-in detection of dis-
placements induced by oscillatory loads superimposed 
to the main load signal. This CSM mode gives access 
to the continuous extraction of both hardness and 
elastic modulus during indentation [23]. A fast map-
ping technique is also available, allowing high-speed 
nanoindentation tests (~1 indent per second). The in-
dentation tip is fixed on a 1.5 cm-long extension. All 
the experiments presented in this paper have been per-
formed with boron-doped diamond (BDD) tips with 
resistivity in the range of [0.2-2] Ω.cm (with either 
Berkovich, cube-corner or flat-punch shapes). Electri-
cal contacts to the tip are made with thin copper wires 
connected to fixed sockets. Actuator and sample dis-
placements are performed with linear positioners from 
SmarAct GmbH. Typical travel ranges are at the cm-
scale with a ~1 nm resolution. An overall frame stiff-
ness larger than 106 N/m has been extracted, thus val-
idating the overall mechanical behavior.

Fig. 1. Infra-Red view of the set-up once integrated 
within the SEM. (1 = Nanoindenter head, 2 = Extend-
er + tip, 3 = Specimen, 4 = SEM column)

Fig. 2. Illustrations of the set-up performances. Gold 
crystallites after three individual indents (without tilt-
correction).

The SEM apparatus used was a Field Emission Gun 
(FEG) GEMINI SEM 500 from Zeiss [24]. The ar-
rangement of the analytical tools within the SEM 
chamber has been optimized to improve the observa-

tion angle during indentations. In standard conditions, 
the specimen surface was scanned under a 60° tilt an-
gle, that was software-corrected during experiments. 
The SEM-integration allows positioning of indents 
with a precision better than 100nm. As an illustration, 
Fig. 2 presents a 0.75µm-large gold island (obtained 
by dewetting of a gold film on sapphire substrate) af-
ter a ‘smiley pattern’ obtained with three indents.
Resistance measurements were conducted with a 
ResiScope apparatus from CSI/Scientec. Originally 
developed for conductive-atomic force microscopy 
[25], this device is optimised for real-time and self-
compliant resistance measurements. It ranges from 
100 Ω to 1 TΩ, with acquisition rates up to 1kHz. Im-
pedance spectroscopy measurements were also per-
formed for the characterisation of thin oxide layers: an
LCR-meter (Agilent 4980) was used, with a sensitivi-
ty better than 1nS for admittance measures at 2MHz.

3 Resistive-nanoindentation of
metals

The electrical resistance which is measured during a 
resistive-nanoindentation test is the sum of several 
resistances in series (Fig. 3-a): the tip resistance, the 
interface resistance (oxide, capping layer,…) and the 
sample resistance. In the case of metallic samples, the
latter resistance is negligible. In standard resistive-
nanoindentation experiments, the overall resistance 
tends to decrease as the tip penetrates the sample 
(Fig. 3-b). This trend is driven by the combination of 
several mechanisms: (1) as the tip penetrates the sam-
ple, the tip-to-sample contact area increases, thus de-
creasing the overall contact resistance, (2) the interfa-
cial layer (usually insulating) tends to crack, thus al-
lowing direct local tip-to-metal contacts and (3) the 
spreading resistance through the tip tends to decrease.

3.1 Resistive-nanoindentation on pure 
metals: effect of a native oxide

The behaviours of three pure metals have been com-
pared: a noble metal (Au) and two natively-oxidised 
metals (Al and Cu). The two latter were covered with 
their native-oxide layers characterised by different 
conduction mechanisms: alumina displays ionic con-
duction only, while copper oxides display both elec-
tronic and ionic conduction. All samples were (111)-
oriented bulk single crystals.
A set of resistive-nanoindentation experiments (Re-
sistance-Depth curves) performed with a Berkovich 
tip under different biases (from 0.5 to 10V) is shown 
in Fig. 3-b,c,d. On Au, all curves are clearly superim-
posed, suggesting an ideal ohmic contact (which is 
confirmed by current-voltage characteristics, not 
shown here). This behaviour will be quantitatively 
analysed in Part 3.2. On the contrary, the two oxidised 
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metals display drastically different behaviours: much 
larger resistances are measured (up to 6 orders of 
magnitude larger with aluminum) and highly-non-
linear behaviour is observed. The lower dispersion 
observed on copper (compared to aluminum) is a sig-
nature of the electronic conductivity in copper-oxides, 
while oxido-reduction reactions are supposed to be 
the cause of the highly-dispersed data on aluminum 
(discussed in Part 3.4).

Fig. 3. Resistive-nanoindentation illustrations. (a) 
Schematic of the resistance contributions. Set of resis-
tive-nanoindentation tests on Au (b), Cu (c) and 
Al (d).

3.2 Resistive-nanoindentation on noble 
metals

3.2.1 Experiments

In the case of noble metals, the absence of interfacial 
layer leads to measure the tip resistance only
(Fig. 4-a). Under this condition, the measured re-
sistance can be simply given by (1) (for more details, 
see [26]):

Rmeasured = A + B/(hc+h0) (1)
A and B are two constants that depend only on the ex-
perimental set-up (tip geometry and resistivity, series 
resistance,…) but not on the specimen (A and B have 
to be determined experimentally during the calibration 
step, see below). h0 is the length of the tip defect (una-
voidable rounded apex of the tip). Even though ex-
pression (1) relies on strong approximations (self-
similar shape of the tip, homogeneous distribution of 
current lines through the contact,…), it is verified ex-
perimentally (Fig. 4). In order to validate this ap-
proach, a finite element (FE) modelling of this exper-
iment was carried out.

Fig. 4. Linear fitting of resistive-nanoindentation
data according to Equation 1.

3.2.2 Finite-Element Modelling

FE modelling was performed in 2D axisymmetric
(Fig. 5-a). The commercial FE software 
ABAQUS®/Standard was used. The indenter was a 
Berkovich tip defined as an elastic body and built 
from an experimental area function (fused silica refer-
ence sample using Oliver and Pharr method). The 
sample (Au) was defined as an elasto-plastic cylinder 
with a 10µm radius and height. The mechanical be-
havior of Au was modeled by a Hooke's law for the 
elastic part (𝐸𝐸 = 77.2GPa ; 𝜈𝜈 = 0.42) and by a Hollo-
mon power law for the plastic part which has the fol-
lowing form:

𝜎𝜎𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐾𝐾𝜖𝜖𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛  (2)

where 𝐾𝐾 and 𝑛𝑛 are constants which were used as fit-
ting parameters in order to reproduce the experimental 
Load-Depth curves (see Tab. 1).
Concerning the electrical coupling, the electrical con-
duction in the tip and in the sample was modeled us-
ing a pure ohmic law with an electrical conductivity 
extracted from previous works [27].
The two parts were meshed with axisymmetric de-
formation element CAX3T. Frictionless mechanical 
contact was defined by default. During loading, a dis-
placement of 1µm along the vertical direction z was 
applied to the top surface of the tip. For the electrical 
boundary conditions, a 10V bias was applied between 
the top surface of the tip (0V) and the bottom surface 
of the sample (10V). Post treatment using a Python 
subroutine made it possible to extract load, penetra-
tion depth, contact depth, contact area and electrical 
resistance.
Without any advanced fitting process, the FE-
modelled Resistance-Depth curves show remarkable 
match with the experimental data (Fig. 5-b). And the 
linear dependence of resistance with the reciprocal of 
the contact depth (Equation 1) is numerically con-
firmed (Fig. 5-c). This is explained by the homothetic 
distribution of current lines through the contact inter-
face at the periphery of the contact [26].

The nanoindentation head is a commercial actuator 
(InForce 50 actuator from Nanomechanics Inc / KLA-
Tencor), displaying a maximum load of 50mN and a 
static load resolution below 0.1 µN. This force-
controlled actuator enables continuous stiffness meas-
urement (CSM) through locked-in detection of dis-
placements induced by oscillatory loads superimposed 
to the main load signal. This CSM mode gives access 
to the continuous extraction of both hardness and 
elastic modulus during indentation [23]. A fast map-
ping technique is also available, allowing high-speed 
nanoindentation tests (~1 indent per second). The in-
dentation tip is fixed on a 1.5 cm-long extension. All 
the experiments presented in this paper have been per-
formed with boron-doped diamond (BDD) tips with 
resistivity in the range of [0.2-2] Ω.cm (with either 
Berkovich, cube-corner or flat-punch shapes). Electri-
cal contacts to the tip are made with thin copper wires 
connected to fixed sockets. Actuator and sample dis-
placements are performed with linear positioners from 
SmarAct GmbH. Typical travel ranges are at the cm-
scale with a ~1 nm resolution. An overall frame stiff-
ness larger than 106 N/m has been extracted, thus val-
idating the overall mechanical behavior.

Fig. 1. Infra-Red view of the set-up once integrated 
within the SEM. (1 = Nanoindenter head, 2 = Extend-
er + tip, 3 = Specimen, 4 = SEM column)

Fig. 2. Illustrations of the set-up performances. Gold 
crystallites after three individual indents (without tilt-
correction).

The SEM apparatus used was a Field Emission Gun 
(FEG) GEMINI SEM 500 from Zeiss [24]. The ar-
rangement of the analytical tools within the SEM 
chamber has been optimized to improve the observa-

tion angle during indentations. In standard conditions, 
the specimen surface was scanned under a 60° tilt an-
gle, that was software-corrected during experiments. 
The SEM-integration allows positioning of indents 
with a precision better than 100nm. As an illustration, 
Fig. 2 presents a 0.75µm-large gold island (obtained 
by dewetting of a gold film on sapphire substrate) af-
ter a ‘smiley pattern’ obtained with three indents.
Resistance measurements were conducted with a 
ResiScope apparatus from CSI/Scientec. Originally 
developed for conductive-atomic force microscopy 
[25], this device is optimised for real-time and self-
compliant resistance measurements. It ranges from 
100 Ω to 1 TΩ, with acquisition rates up to 1kHz. Im-
pedance spectroscopy measurements were also per-
formed for the characterisation of thin oxide layers: an
LCR-meter (Agilent 4980) was used, with a sensitivi-
ty better than 1nS for admittance measures at 2MHz.

3 Resistive-nanoindentation of
metals

The electrical resistance which is measured during a 
resistive-nanoindentation test is the sum of several 
resistances in series (Fig. 3-a): the tip resistance, the 
interface resistance (oxide, capping layer,…) and the 
sample resistance. In the case of metallic samples, the
latter resistance is negligible. In standard resistive-
nanoindentation experiments, the overall resistance 
tends to decrease as the tip penetrates the sample 
(Fig. 3-b). This trend is driven by the combination of 
several mechanisms: (1) as the tip penetrates the sam-
ple, the tip-to-sample contact area increases, thus de-
creasing the overall contact resistance, (2) the interfa-
cial layer (usually insulating) tends to crack, thus al-
lowing direct local tip-to-metal contacts and (3) the 
spreading resistance through the tip tends to decrease.

3.1 Resistive-nanoindentation on pure 
metals: effect of a native oxide

The behaviours of three pure metals have been com-
pared: a noble metal (Au) and two natively-oxidised 
metals (Al and Cu). The two latter were covered with 
their native-oxide layers characterised by different 
conduction mechanisms: alumina displays ionic con-
duction only, while copper oxides display both elec-
tronic and ionic conduction. All samples were (111)-
oriented bulk single crystals.
A set of resistive-nanoindentation experiments (Re-
sistance-Depth curves) performed with a Berkovich 
tip under different biases (from 0.5 to 10V) is shown 
in Fig. 3-b,c,d. On Au, all curves are clearly superim-
posed, suggesting an ideal ohmic contact (which is 
confirmed by current-voltage characteristics, not 
shown here). This behaviour will be quantitatively 
analysed in Part 3.2. On the contrary, the two oxidised 
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Tab. 1. Parameters of the Hollomon law describing 
the plastic behaviour of bulk gold, fitted to the exper-
imental data.
Parameter 𝜎𝜎𝑦𝑦 𝐾𝐾 𝑛𝑛
Value 100 MPa 230 MPa 0.1

3.2.3 Application to the real-time monitor-
ing of contact area 

The real-time monitoring of resistance during 
nanoindentation is of particular interest for the quanti-
tative analysis of nanoindentation tests. Indeed, the 
simultaneous computation of sample Young’s modu-
lus and hardness relies on a precise knowledge of the 
contact area Ac. However even for the simplest cases 
of homogeneous semi-infinite specimens, the determi-
nation of Ac is strongly affected by pile-up or sink-in 
phenomena that occur at the contact periphery (Fig. 6). 
The actual contact area may then be misinterpreted by 
20-30%. The standard methods widely used to extract 
contact area require analytical models based on mate-
rial rheology assumptions [28,29]. On the contrary, the 
direct monitoring of contact area by resistive-
nanoindentation should bring supplementary inputs for 
the quantitative analysis of indentation tests. Some at-
tempts to combine micro- or nano-indentation to resis-
tive measurements to quantitatively analyse the inden-
tation process have been reported [16,17] but the mon-
itoring of contact area was not processed.

Fig. 6. Effect of material rheology on contact area and 
contact depth. The penetration depth h is the depth 
reached by the tip from the initial specimen surface, 
while the contact depth hc describes the contact height
of the tip with the specimen.

One of the bottleneck steps for the quantitative analy-
sis of resistive-nanoindentation tests is the appropriate 
analytical description of the electrical measurement 
chain. 

This description being established, the experimental 
extraction of the contact area can be processed through 
a 3-step procedure:
• Step 1: The tip geometry is determined from direct 

AFM characterisation. This step generates the tip 
“shape function” that relates the projected contact 
area to the contact depth hc.

• Step 2: An electrical calibration is carried out (on a 
gold bulk single crystal for instance), aiming at the 
determination of the A and B constants (see (1)). As 
A and B depend only on the experimental set-up, a 
one-to-one analytical correspondence is then estab-
lished between the electrical resistance and the con-
tact depth (independently of the specimen).

• Step 3: The contact area monitoring of any oxide-
free specimen can then be performed. Using the tip 
shape function (step 1), the contact area is finally de-
termined from the contact depth values (step 2) for 
this specimen to be characterized.

Fig. 5. Numerical modelling. (a) System model. (b) 
Comparison of simulated and experimental resistive-
nanoindentation tests. (c) Linear fitting of simulated 
resistive-nanoindentation data.
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This procedure has been applied and validated on a 
200 nm-thick polycrystalline gold film deposited on a 
sapphire substrate. Such a composite geometry is a 
model case of complex rheology which is depth-
dependent and where no analytical model exists. To do 
so, resistive-nanoindentation tests with various final 
penetration depths have been performed. For each test, 
post-mortem AFM measurements have been conduct-
ed to compare the contact area to the one monitored by 
our procedure. Fig. 7 shows an excellent agreement 
between our predictions and the effective areas. For 
comparison, the contact area computed from the 
standard Oliver-Pharr method [28] (based on sink-in 
assumption) is also reported showing a ~50% discrep-
ancy. Such a precise monitoring of the tip-to-sample 
contact area has been reported for the first time in lit-
erature in [26].

Fig. 7. Contact area against penetration depth on the 
Au thin film. Comparison of the computed data (open 
markers) with the corresponding post-mortem AFM 
measurements (solid markers). Predicted contact area 
from Oliver and Pharr model in dotted line.

3.3 Resistive-nanoindentation of multi-
phased alloys

As already mentioned, the integration of this resistive-
nanoindentation set-up within the SEM allows precise 
positioning of the spot to analyze as well as the elec-
tro-mechanical mapping of a specimen surface. These 
two advantages are illustrated through the study of an 
AgPdCu alloy designed to combine high conductivity 
and large yield strength. Fig. 8 presents an SEM view 
of the sample after a local indent performed on the Ag-
rich phase (lightest contrast in the SEM image). The 
darkest domain is constituted of Cu-rich phases.
Fig. 9 (a)-(b) collect the resistance and hardness meas-
urements obtained over 28 indents on the two do-
mains. These electrical and mechanical data clearly 
discriminate the Ag- and Cu-rich phases. The Cu-rich 
domain appears as more conductive than the Ag-rich 

one, but it also appears as harder. The higher resistance 
of the Ag-rich domain can be attributed either to a 
larger intrinsic resistivity, to a more resistive native-
oxide or to different material rheologies.

Fig. 8. SEM view of an indent left after local testing 
of the Ag-rich phase. The white triangle at the bottom 
of the image is the indenter tip.

Fig. 9. Electrical and mechanical data from 28 indents 
performed in both Ag- and Cu-rich phases. (a) Re-
sistance and (b) Hardness evolutions with indentation 
depth. Hardness data were extracted from Oliver-
Pharr model [26].

Fig. 10. Evolution of resistance against 1/(hc+h0) on 
two distinct indents.

Tab. 1. Parameters of the Hollomon law describing 
the plastic behaviour of bulk gold, fitted to the exper-
imental data.
Parameter 𝜎𝜎𝑦𝑦 𝐾𝐾 𝑛𝑛
Value 100 MPa 230 MPa 0.1

3.2.3 Application to the real-time monitor-
ing of contact area 

The real-time monitoring of resistance during 
nanoindentation is of particular interest for the quanti-
tative analysis of nanoindentation tests. Indeed, the 
simultaneous computation of sample Young’s modu-
lus and hardness relies on a precise knowledge of the 
contact area Ac. However even for the simplest cases 
of homogeneous semi-infinite specimens, the determi-
nation of Ac is strongly affected by pile-up or sink-in 
phenomena that occur at the contact periphery (Fig. 6). 
The actual contact area may then be misinterpreted by 
20-30%. The standard methods widely used to extract 
contact area require analytical models based on mate-
rial rheology assumptions [28,29]. On the contrary, the 
direct monitoring of contact area by resistive-
nanoindentation should bring supplementary inputs for 
the quantitative analysis of indentation tests. Some at-
tempts to combine micro- or nano-indentation to resis-
tive measurements to quantitatively analyse the inden-
tation process have been reported [16,17] but the mon-
itoring of contact area was not processed.

Fig. 6. Effect of material rheology on contact area and 
contact depth. The penetration depth h is the depth 
reached by the tip from the initial specimen surface, 
while the contact depth hc describes the contact height
of the tip with the specimen.

One of the bottleneck steps for the quantitative analy-
sis of resistive-nanoindentation tests is the appropriate 
analytical description of the electrical measurement 
chain. 

This description being established, the experimental 
extraction of the contact area can be processed through 
a 3-step procedure:
• Step 1: The tip geometry is determined from direct 

AFM characterisation. This step generates the tip 
“shape function” that relates the projected contact 
area to the contact depth hc.

• Step 2: An electrical calibration is carried out (on a 
gold bulk single crystal for instance), aiming at the 
determination of the A and B constants (see (1)). As 
A and B depend only on the experimental set-up, a 
one-to-one analytical correspondence is then estab-
lished between the electrical resistance and the con-
tact depth (independently of the specimen).

• Step 3: The contact area monitoring of any oxide-
free specimen can then be performed. Using the tip 
shape function (step 1), the contact area is finally de-
termined from the contact depth values (step 2) for 
this specimen to be characterized.

Fig. 5. Numerical modelling. (a) System model. (b) 
Comparison of simulated and experimental resistive-
nanoindentation tests. (c) Linear fitting of simulated 
resistive-nanoindentation data.
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The plotting of resistance against 1/(hc+h0) (according 
to Equation 1) is shown in Fig. 10. It clearly discrimi-
nates the ideal indents (linear dependence) from those 
affected by an interfacial layer (non-linear depend-
ence), most-likely an oxide layer. This behaviour sup-
ports the need for a deeper analysis of oxide-covered 
metals.

3.4 Resistive-nanoindentation of oxide-
covered metals

In the case of oxidised metals, the electrical resistance 
is essentially controlled by the conduction mecha-
nisms through the oxide layer. A set of experiments 
have been performed on a 10nm thick alumina film 
deposited by Atomic Layer Deposition onto an alumi-
num substrate.

For these experiments, compression tests were per-
formed with a 5µm large flat-punch tip. The tip was 
set into contact with the alumina surface with a low 
load (100 µN, leading to an applied stress close to 
5 MPa). Once the contact set, impedance-

spectroscopy measurements were performed with an 
LCR-meter.  The experiment timeline was the follow-
ing (Fig. 11-a): a large voltage scan (referred as “Re-
duction step”) was first applied in order to reduce lo-
cally the alumina film, then dynamic conductance and 
capacitance were monitored continuously under 0 V,
while small voltage scans were performed every 
5 min to monitor the alumina recovery (voltage scans 
1 to 4). After the “Reduction step”, the conductance is 
seen to increase drastically (Fig. 11-b).
Alumina is a pure ionic conductor exhibiting a 
Schottky (and/or Frenkel) disorder, according to:

2𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑋𝑋 + 3𝑂𝑂𝑂𝑂𝑋𝑋 → 𝐴𝐴𝐴𝐴2𝑂𝑂3 + 2𝑉𝑉𝐴𝐴𝑃𝑃′′ + 3𝑉𝑉𝑂𝑂𝑜𝑜𝑜𝑜
When a DC current passes through the layer, elec-
trode reactions take place at both alumina interfaces.
At the diamond tip side, a possible cathodic reaction
could be the reduction of oxygen. In order to check 
this hypothesis, the experiments were performed ei-
ther at room atmosphere or with the alumina surface 
immersed into a mineral oil drop (thus preventing any 
interaction with atmospheric oxygen). Similar results 
were obtained in both conditions, thus showing that 
this reaction can be put aside. Consequently, this 
“Reduction step” is attributed to the reduction of oxy-
gen vacancies according to the following reaction 
(formation of F-centres):

𝑉𝑉𝑂𝑂𝑜𝑜𝑜𝑜 + 𝑒𝑒′ → 𝑉𝑉𝑂𝑂𝑜𝑜
Considering the Gibbs energy of formation of alumina
(circa -1000 kJ/mol), the cathodic voltage to be ap-
plied for electron injection into alumina is higher than 
-2.5 V/O2. The difference to the large voltage applied 
at the “Reduction step” (8-10 V) is due to the Ohmic 
voltage drop through the highly insulating alumina 
layer.
After the “Reduction step”, the alumina layer be-
comes an electronic conductor, and its conductance 
remains high for more than 15 min (up to 1h for some 
tests). The four current-voltage scans (Fig. 11-c) 
clearly confirm the decrease of DC-conductance, and 
the final recovery of alumina insulation (scan 4).
It is to be noted that the electric field applied to the 
alumina layer at the “Reduction step” (8-10 MV/cm) 
is comparable to the breakdown electric field of alu-
mina films. However in the present case, the change-
over in conduction state (from insulator to conductor) 
is reversible. This reversibility has already been re-
ported for instance in alumina nanocapacitors [30].
The control of the oxide layer conductivity will be 
further explored by complementary experiments: dop-
ing of alumina (with a mixed-conductive oxide like 
copper oxide), exploration of negative biases, kinetics 
of recovery in open-circuit conditions,…

Fig. 11. Characterisation of a 10nm-thick alumina 
film (under mineral oil). (a) Timeline of the test pro-
tocol. (b) Evolution of the dynamic conductance dur-
ing test. (c) Current-Voltage characteristics during 
alumina recovery.

Fig. 12. Numerical modelling of an alumi-
na/aluminum stack under resistive-nanoindentation.
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Numerical simulations are in progress in order to de-
scribe the mechanical and electrical behaviour of this 
alumina layer under mechanical stress. Fig. 12 reports 
exploratory results, where high radial tensile stresses 
are identified at the tip apex and periphery (see in-
serts).

4 Conclusion

An experimental set-up dedicated to the coupling of 
local electrical and mechanical characterisations is 
presented. This set-up combines a nanoindentation 
head to fine electrical measurements in-situ in a scan-
ning electron microscope. The ability of the set-up to 
characterise the contact with oxide-free or oxidized 
metals is shown. First the ability to monitor quantita-
tively the contact area all along a nanoindentation test 
is demonstrated.  Then a two-phase metallic system is 
characterized through individual local indents. Finally 
the electrical behaviour of an oxide layer is analysed 
and described on the basis of electrochemical pro-
cesses. Numerical modelling of the experiments is 
used to support the understanding of the overall sys-
tem behaviour.
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3.4 Resistive-nanoindentation of oxide-
covered metals

In the case of oxidised metals, the electrical resistance 
is essentially controlled by the conduction mecha-
nisms through the oxide layer. A set of experiments 
have been performed on a 10nm thick alumina film 
deposited by Atomic Layer Deposition onto an alumi-
num substrate.

For these experiments, compression tests were per-
formed with a 5µm large flat-punch tip. The tip was 
set into contact with the alumina surface with a low 
load (100 µN, leading to an applied stress close to 
5 MPa). Once the contact set, impedance-

spectroscopy measurements were performed with an 
LCR-meter.  The experiment timeline was the follow-
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cally the alumina film, then dynamic conductance and 
capacitance were monitored continuously under 0 V,
while small voltage scans were performed every 
5 min to monitor the alumina recovery (voltage scans 
1 to 4). After the “Reduction step”, the conductance is 
seen to increase drastically (Fig. 11-b).
Alumina is a pure ionic conductor exhibiting a 
Schottky (and/or Frenkel) disorder, according to:
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When a DC current passes through the layer, elec-
trode reactions take place at both alumina interfaces.
At the diamond tip side, a possible cathodic reaction
could be the reduction of oxygen. In order to check 
this hypothesis, the experiments were performed ei-
ther at room atmosphere or with the alumina surface 
immersed into a mineral oil drop (thus preventing any 
interaction with atmospheric oxygen). Similar results 
were obtained in both conditions, thus showing that 
this reaction can be put aside. Consequently, this 
“Reduction step” is attributed to the reduction of oxy-
gen vacancies according to the following reaction 
(formation of F-centres):

𝑉𝑉𝑂𝑂𝑜𝑜𝑜𝑜 + 𝑒𝑒′ → 𝑉𝑉𝑂𝑂𝑜𝑜
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clearly confirm the decrease of DC-conductance, and 
the final recovery of alumina insulation (scan 4).
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The control of the oxide layer conductivity will be 
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ing of alumina (with a mixed-conductive oxide like 
copper oxide), exploration of negative biases, kinetics 
of recovery in open-circuit conditions,…

Fig. 11. Characterisation of a 10nm-thick alumina 
film (under mineral oil). (a) Timeline of the test pro-
tocol. (b) Evolution of the dynamic conductance dur-
ing test. (c) Current-Voltage characteristics during 
alumina recovery.

Fig. 12. Numerical modelling of an alumi-
na/aluminum stack under resistive-nanoindentation.
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Abstract 
It has been known from Slepian since 1928 that the recovery of AC arcs burning between simple contacts 
without additional quenching aids depends on the formation of a thin space charge sheath in front of the new 
cathode after polarity change. Already in the 1950s/1960s it has been found that arcs of submillimeter length 
behave superior in comparison with longer gap distances. In his 1968 thesis Schmelzle in addition to systematic 
experiments treated this phenomenon theoretically, and found that there exists an immediate recovery voltage 
after polarity reversal, followed by a further increase due to flattening of the temperature gradient between the 
cooler cathodic contact and the still hot column. Based on this theory, new simulations were now carried out 
using the COMSOL® Multiphysics program. Additionally to arcs in the contact center, arcs on contact edges 
were considered. This theoretical work was accompanied by switching experiments. In both ways it is shown 
that the shorter the gap length the faster the withstand voltage increases. This is due to the better column cooling 
by the closer counterelectrode. Arc roots on edges are characterized by a slower growth of the sheath thickness 
around the edge, leading to a deteriorated quenching behavior. The application of this interruption principle lies in 
AC arcs in currents between a few Amperes and a few hundred Amperes, such as smaller contactors, or auxiliary 
switches.

1 Problem, Objectives 

It has been known since Slepian in 1928 that AC 

arcs after polarity reversal exhibit an immediate 

withstand voltage of a few hundred Volts, and that a 

growing space charge sheath in front of the new 

cathode is responsible [1, 2]. Shortly later this was 

confirmed by probe measurements [3]. Already in 

the 1950/1960s it was found that arcs of sub

millimeter length perform better in this respect in 

comparison with arcs of several millimeters to 

centimeters [46]. The better cooling of the arc 

column toward the colder contacts was thought to 

be responsible for this effect. In his thesis from 

1968 Schmelzle [8] investigated many different 

silverbased contact materials with respect to their 

recovery behavior after current zero with 

consequent polarity change. Additionally, he 

derived a theoretical model of this effect, similar to 

Paschen’s breakdown model, and compared the 

results with the experiments. This model is taken as 

the basis for newer simulations with better 

approaches to the properties of contact materials as 

well as the plasma of the arc column. Again, in an 

industrial switching laboratory, interruption 

experiments were carried out for comparison with 

the simulation results. 

2 Schmelzle’s Theory of Arc 
Recovery after Current Zero 

2.1 General 

Following, the new cathode is only denominated 

cathode. Schmelzle [8] considers the temperature  

 

 

profile between the relatively cold cathode at 

current zero (500 K  1800 K) and the hot column. 

According to [7] this is ≈ 5000 K, rather 

independent of the previous AC current. Starting 

with a sharp temperature step, the transition 

becomes smoother with time by heat conduction. 

The degree of ionization xi is strictly coupled to the 

local temperature, see Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Ionization Degree xi of Metal Plasmas as a 

Function of Temperature T [8] 
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Schmelzle idealizes this into a highly ionized 

region above the temperature TLimit, which lies at 

3100 K for Ag, and a non-ionized region below.  

A positive space charge sheath of thickness d is 

formed under the influence of the transient recovery 

voltage (TRV). This sheath, which takes the whole 

TRV, grows with time. 

 

The ignition condition (Pachen’s Law) reads 

 ln   + 1 =   ∙     (1)  is the secondary emission coefficient of electrons 

at the cathode,  the ionization coefficient in the 

sheath d. α is often described as a function of the 

local field strength E: 

  =  ∙ exp −  ,   (2) 

 

Where p is the pressure, and A and B depend on the 

gas. Due to the lack of data for the plasma mix of 

metal vapor and air, the values of air, 

 

A = 14.6 ∙,   B = 365
∙  (3) 

 

are taken here. The pressure is p = 760 Torr. 

Schmelzle uses findings by Tajev [9] that prove a 

correlation between the secondary emission 

coefficient and the work function UA: 

  = ./    (4) 

 

He further postulates that the work function UA 

behaves in the same way as the cathodic electron 

emission due to temperature TC and electric field EC 

there. Then UA depends on TC: 

  =  ∙ ln  +   − f (5) 

 

The last term is negligible. k = Boltzmann Constant,  

e = electron charge. 

 

Together with the field distribution within the sheath, 

we finally get Schmelzle’s ignition condition: 

 

ln   + 1 =   exp −         (6) 

 

UF is the recovery voltage, synonyms are breakdown 

voltage, withstand voltage, or reignition voltage. 

Equ. (6) is depicted in Fig. 2 with  on the vertical 

axis and UF as parameter. The colored horizontal 

lines mark  for different cathode temperatures. 

From this, other V-shaped curves of UF = f(d) and 

UF = f(t) can be derived, where t is the cooling time 

after current zero. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 V-Shaped Curves Representing Equ. (6) 

2.2. Some Results from [8] 

The simulations in [8] were partly carried out with 
simplified data for the electrode materials and the 
plasma of the arc column. In a first step the 
temperature at the contact surface was calculated 
analytically by assuming the metallic contact as a 
semi-infinite ball. The arc spot radius was kept 
constant for each current in such a way that the 
maximum temperature just touched the boiling 
temperature of Ag. The current shape was half-
sinusoidal. After 10 ms arcing time, the second step 
was the 1D cooling of the plasma column toward 
the cathode. Average values from air were taken for 
the thermal properties. Fig. 4 is an example of 
calculated recovery voltage UF vs. the frequency fE 
of the TRV, which is inversely proportional to the 
time after current zero. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Calculated Recovery Voltage UF vs. 

Frequency fE of TRV [8] 
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b) 

 

Fig. 5 Calculated Recovery Voltage UF vs. 

Frequency fE of TRV [8] 

a) Ag/CdO 85/15        b) W 

 

The constant UF values at high frequencies mean 

that there is an immediate recovery voltage at 

current zero (t = 0). Comparison of the calculated 

voltages with experimental results in Fig. 5 shows 

that there is also a reasonable accordance between 

theory and experiment with respect to different 

contact materials. 

3 Simulation Setup 

For the simulations in this work a 3D contact 

geometry was set up, see Fig. 6. The contact tips of 

3 mm x 3 mm x 0.5 mm of AgSnO2 are mounted on 

a copper support of 0.8 mm thickness, whose exact 

shape is irrelevant because heat does not penetrate 

so much into the support to influence the situation 

on the contact surface. Only one quarter is modeled 

and symmetry conditions applied. The arc length L 

is varied from 0.2 mm to 4 mm. Three different 

positions of the arc root (= arc spot) are used for the 

simulations: 

 

(C) Spot in the contact Center 

(M) Spot in the Middle of the contact edge 

(O) Spot at an Outer edge of the contact 

 

Full, half, or quarter circles are used for the shapes 

of these spots. In a first simulation step only the 

temperature development of the metallic parts is 

simulated. From [10, 11] a constant current density 

of 2∙10
8 A/m² for AgSnO2 is taken for the full circle 

in position (C). This means that the diameter dSpot 

varies with time as the current varies. Together with 

the Equivalent Anode Voltage VeqA = 9 V [11] a 

constant power density p = 1.8∙108 W/m² acts on 

the contact surface. For the half circle (M) the 

double, for the quarter circle the fourfold value is 

used. It can already be stated here that the current 

and power density, respectively, only play a minor 

part, since the applied model of vaporization 

erosion keeps the surface temperature at boiling 

temperature relatively long. This model, described 

in detail in [12], takes into account all relevant 

enthalpies of AgSnO2 8.7. Those of other oxide 

content are nearly identical. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Simulation Geometry 

 
The arc current was modified in two ways, the 
RMS value of the f = 50 Hz current, as well as the 
arcing time tv before the current zero moment. 
  =  ∙ max0, sin2 ∙  + 10ms −   (7) 
 
Fig. 7 shows this current evolution in principle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Current Evolution, here tv = 1.5 ms 
 
The RMS current was varied between 16 A and 
250 A. 
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Free cooling for several hundred microseconds is 
achieved by running the total computation time 
longer than the arc time tv. 
 
In a second step, only the cooling and sheath 
growth in the plasma volume is simulated. Because 
the exact shape of the arc column is not known, the 
initial temperature of the whole plasma volume is 
set to 5000 K [7]. The temperatures of the metallic 
parts from the first step are used as boundary 
conditions of the plasma volume, the other 
boundaries thermally insulated. Due to the lack of 
better plasma data, those of Cu are taken [13]. All 
simulations are carried out with the Muliphysics 
Program COMSOL® [14]. 

4 Simulation Results 

4.1  General 

First, to get a correlation between the growing 

sheath thickness d and the recovery voltage UF, 

Equ. (6) and Fig. 2 are taken as a basis. When we 

take the temperature TC as parameter, we obtain the 

V-shaped Paschen Curves of Fig. 8. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8  Paschen Curves derived from Equ. (6) and 

Fig. 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Recovery Voltage UF as a Function of 

Cathode Temperature TC and of Sheath Thickness d 

 

They show a so-called Paschen Minimum, a nearly 

linear rise to the right, and a strong increase with 

infinite values to the left. Those are physical 

nonsense, because there is always a path where the 

minimum breakdown voltage is active. There are 

two practical ways to get around this problem. The 

first is to shift the thickness scale to d* as shown in 

Fig. 8, the second to restrict all UF values below the 

temperature-dependent minimum. This is, however, 

irrelevant because the Paschen Minimum is already 

reached after > 1 µs cooling time, and there is not 

much difference between d and d* In Fig. 9 the 

correlation used in the simulations is depicted. It 

can be described by the equation 
  = 2420 ∙  .

   (8) 

4.2 Arc Position in Contact Center 

Fig. 10 shows the simulated temperatures in the arc 

root center for different arcing times tv and an 

additional free cooling time of 500 µs. The round 

dots mark the moments of current zero. For longer 

tv (>2.5 ms) they are nearly constant ≈ 1800 K, 

below they fall to ≈ 800 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Temperatures in the Arc Root Center; 
Current IRMS = 150 A 
 

During free cooling the sheath thickness in the arc 

spot area grows rather homogeneously, with the 

limit TLimit parallel to the contact surface, see also 

Fig. 13 at t = 5 µs, position d1. In Fig. 11 the 

resulting recovery voltages UF are plotted for 

different half lengths L/2, and for both tv = 10 ms 

and tv = 1 ms. First, we see that there is no 

influence of tv. because the temperature difference 

at tv (Fig. 10) does not influence the evolution of 

sheath thickness much. 
 

We first look at L/2 = 1 mm. UF starts with 

somewhat below 200 V at t = 0 (“Immediate 

Recovery Voltage“), to rise degressively with time. 

All L/2 > 1 mm are identical with 1 mm. For L/2 

below 1 mm, however, UF deviates from this 

evolution. Rising starts earlier and runs steeper for 

lower arc length and contact distance, respectively. 

This is in perfect agreement with old results [4-6], 

and is explicable by better cooling to the counter 

contact. 
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Fig. 11 Recovery voltage UF as a Function of 

Cooling Time after Current Zero. IRMS = 150 A 

a) tv = 10 ms, b) tv = 1 ms 
 
Fig. 12 shows the effect of the RMS current over a 

wide range on UF. There is nearly no influence, 

because the spot surface temperatures, due to the 

realistic erosion model, are nearly identical, and so 

are the minimum sheath thicknesses. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Effect of RMS Current on the Recovery 

Voltages UF; Parameters L/2 

4.3 Arc on Contact Edges 

Rather independent of the shape of the arc spots and 

the current density there, the temperatures in the 

hottest points, the circle centers, are nearly identical 

to those of Fig. 10. The difference lies in the 

evolution of the minimum sheath thickness d. 

Fig. 13 shows the growth of this thickness at two 

different times after current zero. In the parallel area 

between the contacts the growth happens with a 

nearly constant thickness d1, while the thickness d2 

at the edge is always smaller. The breakdown always 

happens at the edge, and is determined by d = d2. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 Example of Growth of Sheath Thickness d 

around a Contact Edge 

Arc Spot  (M), IRMS = 150 A, tv = 10 ms, L/2 = 1 mm 
 

 

In Fig. 14 the recovery voltages UF are drawn for 

the arc position (M), again with L/2 as parameters. 

There is a clear influence of L in that UF is higher 

for shorter arcs, but different from the central arc 

position (C), Figs 11, 12, there is no length-

dependent deviation from an initially common 

course. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 14 Recovery Voltage UF as a Function of 

Cooling Time after Current Zero. IRMS = 150 A, 

tv = 10 ms, Parameter L/2. 
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Fig. 15 Recovery Voltage 
Positions. 
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to (C) as the best case. 
expansion of sheath thickness off the cathode is 
best when the cooling arc root is a plane

. This is the case when the arc exists in the 
contact center (C). 
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In addition to the simula
were carried out with the aim to determine the 

 voltage as a function of recovery time.
The principle is to measure 
for different frequencies of the 

TRV. This approach was also used by 
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correlate to the steepness 
different time instants of the 
voltage can be investigated
adjustment. 
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The control unit accommodates 3 switching 

. Through a microcontroller 
switching elements can be controlled 
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can be controlled. Per actual test only one switching 
element opened with arc
remained closed. Therefore, the one that opened 
was tested. The thyristor of the test facili
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voltage of the switching element under test was 
measured. The switching e
once all three were tested.
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t = 0 they all start at a similar 
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Per actual test only one switching 
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remained closed. Therefore, the one that opened 
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voltage of the switching element under test was 
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for Different Arc 
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best when the cooling arc root is a plane, see also 

. This is the case when the arc exists in the 

Experimental Setup 

, switching tests 
with the aim to determine the 

voltage as a function of recovery time.
the breakdown voltage 

Transient Recovery 
. This approach was also used by 

The TRV frequencies directly 
of the TRV. Therefore

air gap’s recovery 
through frequency 

phase control unit used for test
accommodates 3 switching 
microcontroller unit MCU the 

can be controlled individually
of the switching elements 

Per actual test only one switching 
and the other two

remained closed. Therefore, the one that opened 
was tested. The thyristor of the test facility finally 

once the recovery 
voltage of the switching element under test was 

lements were replaced 

for Different Arc 
 

The last simulation result is a comparison of 
for the three different arc root 

0 they all start at a similar 
immediate recovery voltage. Then there is a very 

as the worst, 
The cooling and the 

expansion of sheath thickness off the cathode is 
, see also 

. This is the case when the arc exists in the 

switching tests 
with the aim to determine the 

voltage as a function of recovery time. 
the breakdown voltage 

Transient Recovery 
. This approach was also used by 

The TRV frequencies directly 
Therefore, 

recovery 
through frequency 

phase control unit used for tests. 
accommodates 3 switching 

the 
individually. 

of the switching elements 
Per actual test only one switching 

two 
remained closed. Therefore, the one that opened 

ty finally 
once the recovery 

voltage of the switching element under test was 
lements were replaced 

 

Fig. 16
 

The switching elements 
with 
material composition is unknown. 
squared 
mm. 
fully open state
mm gap were tested.
opening speed of 1 mm / ms. The movable contact 
becomes fully stable 
opening instant.
the 
 

Table 1
of the
frequencies however are different for 
test current. Limited adjustability for 16A was 
possible since the load itself was already 
significan
The voltage peak of the TRV is roughly 1.3 kV 
which is the measuring range of the test set
For 90
20 cycles per switching element
were performed
were
increased to 50.
cycles was 30 s.
 

Test voltag
Power factor
TRV overshoot factor:
 

RMS 

Table 
 

Fig
the
(common part)
as SE1…3. 
and the 
the load impedance

Fig. 16 3-Phase Control Unit

The switching elements 
with 1 pair of AgSn
material composition is unknown. 
squared with 3 x 
mm. The air gap between the contacts is
fully open state
mm gap were tested.
opening speed of 1 mm / ms. The movable contact 
becomes fully stable 
opening instant.
the contacts are fully opened and s

Table 1 shows the test ratings. 
of the TRV was 
frequencies however are different for 
test current. Limited adjustability for 16A was 
possible since the load itself was already 
significantly damped.
The voltage peak of the TRV is roughly 1.3 kV 
which is the measuring range of the test set
For 90 A two 
20 cycles per switching element
were performed
were tested, and the cycle number per test was 
increased to 50.
cycles was 30 s.
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Power factor: 
TRV overshoot factor:
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Table 1 Test R

Fig. 17 shows the 
the low-voltage switchgear
(common part). 
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and the series air core inductor
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Phase Control Unit

The switching elements were single break designs 
AgSnO2 contacts.

material composition is unknown. 
with 3 x 3 mm length and a height of 0.8 

The air gap between the contacts is
fully open state. Additionally
mm gap were tested. High speed movies showed an 
opening speed of 1 mm / ms. The movable contact 
becomes fully stable after 4.5 ms 
opening instant. Therefore, 

contacts are fully opened and s

shows the test ratings. 
TRV was 1.6 for all the tests. The TRV 

frequencies however are different for 
test current. Limited adjustability for 16A was 
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damped.  
The voltage peak of the TRV is roughly 1.3 kV 
which is the measuring range of the test set
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High speed movies showed an 
opening speed of 1 mm / ms. The movable contact 
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shows the test ratings. The overshoot factor 
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and capacitor
overshoot and frequency of the TRV. 
calibration 
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Fig. 17 Test Circuit

6 Results of Switching Tests

6.1 Breakdown detection
The breakdown
detected automatically with a script
TranAX 
Fig. 18 sho
the recovery voltage and t_reg the 
breakdown.
 

 

Fig. 18 B

6.2 Test results 90
Figs. 19 and 20
function of recovery time. 
each test frequency shows the 
For 9 ms arc time 
350 V after

capacitors CD1…3. 
overshoot and frequency of the TRV. 
calibration procedure 

1 except that the TRV frequency 
overshoot values were according to 
calibration generator G was used
the points CON1…3. These 
removed after the TRV 
A1…3 and voltages across the contacts
measured with a transient r
sampling rate. 

Test Circuit 

Results of Switching Tests

Breakdown detection
The breakdown voltage and recovery time were 
detected automatically with a script

 (measurement software) formula editor
shows an example

the recovery voltage and t_reg the 
breakdown. 

Breakdown Example

Test results 90
19 and 20 show the r

function of recovery time. 
each test frequency shows the 
For 9 ms arc time the recovery voltage

V after 5 µs and rises 

. These allow to adjust the 
overshoot and frequency of the TRV. 

 was also according to
except that the TRV frequency 
values were according to 
generator G was used and connected 

the points CON1…3. These connection
removed after the TRV was adjusted

across the contacts
measured with a transient recorder with 10 MHz 

Results of Switching Tests

Breakdown detection
voltage and recovery time were 

detected automatically with a script
(measurement software) formula editor

ws an example of a detection. 
the recovery voltage and t_reg the 

reakdown Example 

Test results 90 A 

show the recovery voltages as a 
function of recovery time. The geometrical mean
each test frequency shows the recovery trend.

the recovery voltage
nd rises with 175 V / 10µ

These allow to adjust the 
overshoot and frequency of the TRV. The 

was also according to IEC 
except that the TRV frequency and 
values were according to Table 1. A 

and connected 
connections were

adjusted. The currents 
across the contacts V1…3 were 

ecorder with 10 MHz 

Results of Switching Tests 

Breakdown detection 

voltage and recovery time were 
detected automatically with a script written in the 

(measurement software) formula editor
of a detection. U_reg is 

the recovery voltage and t_reg the time till 

ecovery voltages as a 
The geometrical mean 

recovery trend. 
the recovery voltage starts with 

175 V / 10µs. For 

These allow to adjust the 
The 
IEC 
and 
. A 

and connected at 
ere 

The currents 
V1…3 were 

ecorder with 10 MHz 

voltage and recovery time were 
written in the 
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time till 
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starts with 
For 
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Fig. 20
Recovery Time for 5 ms Arc Time
Current
 

Fig. 21
with 
results with 0.8 mm gap show more variation as the 
1st

mm air gap is 
gap is 
samples showed that for 0.
was mainly at position 
0.35 mm gap 
the gap comparison support
recovery voltages for short gaps 
contact center

 ms arc time the recovery voltage starts with 410V 
after 5 µs and rises with 205 V / 10µ
slightly better recovery 
5 ms compared to 9 ms

Fig. 19 Breakdown 
ecovery Time for 9 ms 

Current 

Fig. 20 Breakdown 
Recovery Time for 5 ms Arc Time
Current 

Fig. 21 shows the 
with 0.8 mm air gap and 0.35 mm
results with 0.8 mm gap show more variation as the 

st and 3rd quartile indicate. 
mm air gap is 
gap is at almost 500
samples showed that for 0.
was mainly at position 
0.35 mm gap (M)
the gap comparison support
recovery voltages for short gaps 
contact center. 

ms arc time the recovery voltage starts with 410V 
s and rises with 205 V / 10µ

slightly better recovery was therefore observed
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Breakdown Voltage as a
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quartile indicate. 

mm air gap is 350 V. The median of the reduced 
at almost 500 V. The visual inspection of the 

samples showed that for 0.8
was mainly at position (O) 

(M) and (O) were
the gap comparison supports 
recovery voltages for short gaps 
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was therefore observed
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Fig. 21 G
Left 0.8 mm

6.3 Test Results 16
Fig. 22 shows the results for
After 12 
(P1). After 23 µ
V (P2). Howe
range of 600 
arc spots of 
and P3 were compared 
check. As for the 16 A 
showed that 
the arc spot at 
and P2 tended to position 
observation is 
well as the 90
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Abstract 

Arc re-striking phenomena of break arcs are sometimes observed with applied external magnetic field even at 
small or middle load levels.  In this study, AgSnO2 contacts were operated to break an inductive DC load circuit 
of 14V-7A, 14V-12A, 20V-7A, or 20V-17A with an applied external magnetic field of about B=120mT at contact 
opening speeds of 1 to 200mm/s.  Movements of break arcs were observed with a high-speed camera, while arc 
voltage/current waveforms were also obtained.  Arc energy was later calculated based on the obtained voltage/cur-
rent waveforms.  Arc re-strikes were likely to be observed with larger load current levels and faster contact opening 
speeds.  The number of arc re-strikes was sometimes two or more. Arc energy calculations revealed that the total 
arc energy from ignition to extinction reached almost the same level irrespective of re-striking incidents.  Thus, 
occurrence of the arc re-striking phenomena during break operations of inductive DC load currents up to 20V-17A 
is believed to be influenced by the amount of energy to be supplied into a contact gap and to be consumed as arc 
energy.  Even when arc is blown out of a contact gap due to an applied external magnetic field, arc re-strikes may 
occur and repeat until a certain amount of arc energy is finally consumed. 

1 Introduction 

Re-striking or re-ignition phenomena of break arcs are 
sometimes observed when breaking a load current with 
a mechanical switching device.  In the authors’ previ-
ous investigations [1-4] on switching of DC inductive 
loads with an AgSnO2 contact pair under application of 
an external magnetic field, re-striking or re-ignition 
phenomena were sometimes observed, although the 
switching operations were done even in relatively light 
load conditions up to 20V-17A.  In other words, re-
striking or re-ignition phenomena of break arcs with an 
applied external magnetic field can be observed even 
at small or middle load levels. 
Arc re-striking or re-ignition phenomena have been al-
ready studied and reported.  However, such previous 
reports were in different load conditions and/or operat-
ing conditions from the authors’ conditions. 
With respect to the phenomena in AC switching, Hauer 
and Xin Zhou [5] studied arc re-ignition processes dur-
ing standardized 10kA/600V single-phase short circuit 
interruption tests with Molded Case Circuit Breakers 
(MCCBs), and reported the two different re-ignition 
phenomena.  The first category was “instantaneous re-
ignition”, in which an arc re-ignites immediately after 
the current-zero point and a short circuit current con-
tinues to flow in reverse polarity.  The second category 
was “delayed re-ignition”, in which arc re-ignition 
takes place with a certain time period after the current-
zero point.  Slade [6] described in detail about arc re-

striking phenomena in capacitor switching with vac-
uum interrupters.  Slade and Tayler [7] further investi-
gated influences of emission currents from a cathode 
contact on occasional late or delayed re-strike after ca-
pacitor switching with vacuum interrupters. 
In addition, arc re-striking or re-ignition phenomena 
have been also reported in DC switchings under appli-
cation of an external magnetic field. 
For example, Xue Zhou et al. [8] reported arc re-igni-
tions in a bridge-type Cu contact pair when breaking a 
DC resistive 270V-200A, based on arc current meas-
urements and arc image observations.  They suggested 
that a uniform magnetic field with a proper density 
would reduce arc re-ignitions.  Xue Zhou et al. [9] also 
reported occurrences of re-striking by multiple-arcs 
and re-ignition leaded by swirl motion of arcs, based 
on arc voltage measurements and arc image observa-
tions during breaking experiments of a DC resistive 
50A at 280-730V with a bridge-type Cu contact.  They 
further reported [10] arc re-striking phenomena in the 
breaking experiments of a DC resistive 50A at 300-
800V with a bridge-type Mo30%- Cu70% alloy contact 
pair based on arc voltage measurements and arc image 
observations, indicating that the arc re-strike phenom-
ena can be categorized into two types (i.e., a contact-
contact type and an arc-contact type) based on ob-
served arc voltage waveforms.  Multi-arcs striking phe-
nomena were also reported by Ono et al. [11-12] when 
breaking a DC resistive 10A current at up to 450V with 
an Ag contact pair, although they called the phenomena 
as re-ignition. 
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Irrespective of the above-mentioned previous studies, 
re-striking or re-ignition phenomena of break arcs with 
an applied external magnetic field in small or middle 
load regions have not been reported in detail.  Their 
better understanding, for example on their occurrence 
conditions, will be advantageous for realizing better 
performances and reliabilities of mechanical relays. 
Thus, in this paper, arc re-striking or re-ignition phe-
nomena to be observed in break operations of AgSnO2 
contacts in an inductive DC load circuit up to 20V-17A 
with an applied external magnetic field of about 120mT 
at contact opening speeds of 1mm/s to 200mm/s were 
studied in view of arc energy levels [13-14]. 

2 Experimental Conditions and 
Procedures 

2.1 Experimental setup 

The experimental setup in this study was the same as 
that in the authors’ recent studies [1-4].  Fig.1 shows 
pairs of AgSnO2 contacts (Ag88%-SnO212%, prepared 
by internal oxidation with no additives) used in this 
study.  Both stationary (right in Fig.1) and movable 
(left in Fig.1) electrodes were of solid rivet-type with a 
head thickness of about 1mm and a head diameter of 
about 3mm.  The head of the stationary electrode was 
attached onto a metal plate (18mm x 6mm), while the 
head of the movable electrode was attached onto a 
spring plate (also 18mm x 6mm) made of phosphor 
bronze. 
 
 
 
 
 
 
 

Fig. 1 Stationary (right) and movable (left) elec-
trodes in this study. 

 
 
 
 
 
 
 
 

Fig. 2 Experimental setup in this study. 

 
Fig.2 shows a photo of the experimental setup em-
ployed in this study. 
The switching mechanism included a motorized stage 
driven by an AC servo motor.  The motorized stage was 
placed onto a stable metal platform on which one elec-
trode of a test contact pair was also fixed as a stationary 

electrode via a certain attachment jig.  Another elec-
trode was mounted onto the motorized stage as a mov-
able electrode.  Switching operations of the contact pair 
were realized via movements of the motorized stage by 
controlling the AC servo motor through instructions 
from a PC program. 
The inductive load circuit in this study included an in-
ductive component of about 5.7 mH.  It was not in-
tended to realize any specific applications, but rather, it 
was intended to mitigate influences of unregulated in-
ductive components in the circuit (e.g., stray induct-
ance components due to wirings) by employing such 
an intentional inductive component.  No specific con-
trol for the load current flow was employed during the 
switching operations, resulting in both break and make 
discharges.  Among them, only break arc discharges 
were investigated in this study. 
In order to externally apply an magnetic field, a piece 
of neodymium magnet (with 0.5 cm in height and 1.5 
cm in diameter) was placed at about 0.5 cm away from 
the contact gap position.  With such a placement, the 
resultant magnetic flux density at the contact gap was 
measured to be about 120 mT, although it was not able 
to confirm whether or not the magnetic flux density 
was uniform in the contact gap. 
Table 1 summarizes the experimental conditions. 
 

Table 1 Experimental conditions. 

 
2.2 Measurement and observation pro-

cedures 

Before the test, the surfaces of both electrodes of a test 
contact pair were polished with #1000 sandpaper and 
then wiped with methyl alcohol.  Thereafter, the con-
tact pair was mounted onto the switching mechanism 
with the movable electrode as an anode and the station-
ary electrode as a cathode.  At the closed position, the 
movable anode electrode was slightly pushed back-
ward by the mating stationary cathode electrode, 
thereby resulting in slight bending of the spring plate 
(an electrode assembly arm for the movable anode 
electrode) due to its elasticity.  This may cause some 

Contact material Ag(88%)-SnO2(12%) 

Load circuit 
DC inductive (L=5.7mH) 
(time constant = 2 to 5 ms) 

Load conditions 
14V-7A, 14V-12A, 
20V-7A, and 20V-17A 

Ambient environment laboratory air (no control) 

Contact opening speed 1, 10, 50, 100, 200  mm/s 

Final contact gap about 2 mm 

External magnetic field 
about 120 mT @ contact 
gap 
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wiping between the electrode surfaces as is usual in 
commercial relays. 
In each of the test conditions, four arc voltage wave-
forms across the separating contacts, as well as corre-
sponding arc current waveforms, upon contact opening 
were recorded with a digital storage-scope (Yokogawa 
DL1620).  Arc movement was also observed and rec-
orded simultaneously with a high-speed camera (Pho-
tron FASTCAM MiniAX200).  Recorded movies of the 
arc movements, as well as the arc voltage/current 
waveforms, were later analysed. 

3 Experimental Results 

3.1 Occurrence tendencies of arc re-
striking phenomena 

In the following descriptions, the term “re-strike” or 
“re-striking” will be used without any specific distinc-
tions from the term “re-ignition”, different from the 
several other researchers’ previous references as men-
tioned in the above. 
Whether arc re-strike was occurred or not was deter-
mined based on the measured arc voltage waveforms.  
Fig.3(a) shows exemplary arc voltage/current wave-
forms without any re-strikes, while Fig.3(b) and 
Fig3(c) show the waveforms with one or several arc re-
strikes.  In each of these figures, the voltage waveform 
(the blue traces) finally became constant at the power 
supply level, while the current waveform (the orange 
traces) finally reaches zero.  The black-colored vertical 
line at around the timing of rapid increase in the arc 
voltage waveform before the final extinction corre-
sponds to the arc blown-out timing, as determined from 
the respective corresponding high-speed movies.  It 
should be noted that due to limitation of the measure-
ment range of the digital storage-scope employed, the 
arc voltage waveforms are flattened at about 80V in 
these figures. 
From the waveforms as shown in Fig.3(a), in the case 
without re-striking phenomena, the arc current was 
likely to already be relatively small when the magnetic 
arc blown-out occurred.  The arc current then rapidly 
decreased during the arc blown-out in a short period of 
time.  On the other hand, with one or more arc re-
strikes, the arc blown-out occurred when the arc cur-
rent was still at relatively a high level, and thus de-
crease in the arc current during the arc blown-out was 
likely to take a longer period of time, as shown in 
Fig.3(b) and Fig.3(c). 
Although not perfectly confirmed, a full contact gap 
was not yet reached upon re-striking. 
The observed results on occurrence tendencies of arc 
re-striking phenomena are summarized in Table 2. 
In this table, the mark “x” means that arc blown-out 
(and arc re-strikes) was not observed among the respec-

tive four observations.  The number “0” means that alt-
hough arc blown-out occurred, no arc re-strikes were 
observed among the four observations. 
The other numbers indicate the averages of observed 
arc re-striking phenomena among the four observations.  
For example, in the 14V-7A@50mm/sec condition, the 
number “0.25” means that only one re-strike was ob-
served among the four observations. 
 
 
 
 
 
 
 
 
 
 

(a) without any arc re-strikes (20V-17A@50mm/s) 
 
 
 
 
 
 
 
 
 
 

(b) with one arc re-strike (20V-7A@200mm/s) 
 
 
 
 
 
 
 
 
 
 

(c) with several arc re-strikes (20V-17A@50mm/s) 

Fig. 3 Exemplary observed arc voltage/current 
waveforms with/without arc re-striking phenomena. 

Table 2 Occurrence tendencies of arc re-striking phe-
nomena. 
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These summarized results show that re-striking phe-
nomena were likely to be observed with larger load 
current levels such as at 14V-12A and 20V-17A.  Fur-
thermore, in those conditions, multiple re-strikes were 
observed at faster contact opening speed levels.  In the 
other two load conditions (14V-7A and 20V-7A), arc 
re-striking phenomena were likely to be observed only 
at faster contact opening speeds. 
 
3.2 Arc energy comparisons between 

the cases with or without arc re-
striking phenomena 

Among the respective conditions indicated in Table 2, 
at least one arc re-strike was observed in each of every 
four observations in the following conditions: 

- 14V-12A @ 50mm/s; 
- 14V-12A @ 100mm/s;  
- 14V-12A @ 200mm/s; 
- 20V-17A @ 10mm/s; and 
- 20V-17A @ 200mm/s. 

On the other hand, in the following four conditions, 
both of the cases with/without arc re-striking phenom-
ena were observed among the respective four observa-
tions: 

- 20V-7A   @ 200mm/s; 
- 20V-17A @ 1mm/s; 
- 20V-17A @ 50mm/s; and 
- 20V-17A @ 100mm/s. 

Thus, these four conditions were picked up for the pur-
pose of make comparisons between the cases with or 
without arc re-strikes.  The observed results of arc re-
striking phenomena are summarized in Table 3.  
 

Table 3 The number of observed arc re-strikes. 

 
 
 
 
 
 
 
 
 
Based on the measured arc voltage/current waveforms 
as shown in Fig.3, arc energy (in other words, power 
dissipated) was calculated as the product of the arc 
voltage and the arc current.  The thus-obtained exem-
plary arc energy waveforms are shown in Fig.4(a) and 
Fig.4(b), respectively.  In both of these figures, the ver-
tical line at around the timing of rapid increase before 
the final extinction indicates the arc blown-out timing 
corresponding to the black-colored vertical line in 
Fig.3.  Furthermore, another vertical line corresponds 
to the arc extinction timing also determined from the 
respective corresponding high-speed movies. 
 
 

In the calculated arc energy waveforms as shown in 
Fig.4, an arc energy value (E1), which corresponds to 
the section from the initial arc ignition to the magnetic 
blown-out timing, and an arc energy value (E2), which 
corresponds to the section from the magnetic blown-
out timing to the final arc extinction, were respectively 
obtained.  In other words, the value E2 corresponds to 
the arc energy during the magnetic arc blown-out pe-
riod, and energy during arc re-striking phenomena is 
included in the arc energy value E2.  
 
 
 
 
 
 
 
 
 
 
 

(a) without any arc re-strikes (20V-17A@50mm/s) 
(corresponding to Fig.3(a))  

 
 
 
 
 
 
 
 
 
 
 

(b) with arc re-strikes (20V-7A@200mm/s) 
(corresponding to Fig.3(b)) 

Fig. 4 Exemplary arc energy waveforms with/with-
out arc re-strikes. 

 
Fig.5 shows the values E2 in the magnetic arc blown-
out period in the respective four observations for each 
of the four operating conditions indicated in Table 3. 
In Fig.5(a) and Fig.5(b) which correspond to the cases 
with the relatively slow opening speed levels of 1mm/s 
or 50mm/s, large differences in the energy vales E2 
during the magnetic arc blown-out period can be rec-
ognized among with or without arc re-striking phenom-
ena.  In contrast, however, in Fig.5(c) and Fig.5(d) 
which correspond to the cases with the relatively faster 
opening speed level of 100mm/s or 200mm/s, the en-
ergy values E2 during the magnetic arc blown-out pe-
riod reached almost the same level irrespective of 
whether or not arc re-striking phenomena occurred. 
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(a) 20V-17A@1mm/s 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 20V-17A@50mm/s 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 20V-17A@100mm/s 
 
 
 
 
 
 
 
 
 
 
 
 

(d) 20V-7A@200mm/s 

Fig. 5 Comparisons of the arc energy values E2 dur-
ing the magnetic arc blown-out period. (Blue-colored 
bars correspond to the cases with re-striking, while or-
ange-colored bars correspond to the cases without re-
striking.) 

 

 
 
 
 
 
 
 
 
 
 
 

 
(a) 20V-17A@1mm/s 

 
 
 
 
 
 
 
 
 
 
 

 
(b) 20V-17A@50mm/s 

 
 
 
 
 
 
 
 
 
 
 

 
(c) 20V-17A@100mm/s 

 
 
 
 
 
 
 
 
 
 
 

 
(d) 20V-7A@200mm/s 

Fig. 6 Comparisons of the total arc energy values 
(E1+E2) from the initial arc ignition to the final arc ex-
tinction with/without arc re-striking phenomena.  
(White-colored bar portions correspond to E1 values 
and black-colored bar portions correspond to E2 values, 
respectively) 
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Fig.6 shows total arc energy values in the respective 
four observations for each of these four operating con-
ditions. 
The total arc energy for each of the four observations 
reaches almost the same level in each of these operat-
ing conditions, irrespective of whether or not arc re-
strike was observed, and irrespective of the number of 
actually observed arc re-strikes.  In other words, even 
if arc is blown out of a contact gap due to an external 
magnetic field, arc would not completely disappear un-
til the supplied energy is finally consumed with one or 
more re-striking incidents. 

4 Discussions 

Referring again here to Fig.5(a) and Fig.5(b) where in 
the cases without any arc re-strikes, the arc energy val-
ues (E2) consumed during the magnetic arc blown-out 
period were smaller than those in the cases with arc re-
strikes.  In such cases, Fig.6(a) and Fig.6(b) show that 
relatively large arc energy was consumed (as E1) in the 
period from the initial arc ignition to the magnetic arc 
blown-out timing.  As a result, the total arc energy 
(E1+E2) shown in Fig.6(a) and Fig.6(b) reached almost 
the same level among the respective four observations 
in each of these two conditions, irrespective of occur-
rences of arc re-strikes. 
Therefore, with slower contact opening speeds, it will 
be possible to say that even if the magnetic arc blown-
out occurs earlier, one or several arc restrikes will oc-
cur so as to consume the remaining energy. 
It should be noted that in Fig.6(b), the total arc energy 
in the second observation (corresponding to the case 
without any arc re-strikes) exhibited relatively a large 
amount.  For this specific case, a time period from the 
initial arc ignition to the magnetic arc blown-out timing 
was relatively long, resulting in the arc energy E1 to be 
consumed in this period becoming larger, resulting in 
a larger total arc energy level. 
Referring further to Fig.5(c) and Fig.5(d), the energy 
values E2 consumed during the magnetic arc blown-
out period reached almost the same level irrespective 
of whether or not arc re-striking phenomena occurred.  
Even in such cases, the total arc energy (E1+E2) shown 
in Fig.6(c) and Fig.6(d) reached almost the same level 
among the respective four observations in each of these 
two conditions, irrespective of occurrences of arc re-
strikes. 
Thus, from the results obtained in this study, it may be 
possible to say that at least in the operating conditions 
investigated in this paper, even when a break arc is 
magnetically blown out, the arc will not completely ex-
tinguish until the energy supplied into the contact gap 
is finally consumed while experiencing one or more re-
striking phenomena.  Consumption of the supplied en-
ergy at the contact gap can be one of possible factors 
influencing occurrence of arc re-strikes. 
 

5 Conclusions 

Switching operations with AgSnO2 contacts in an in-
ductive DC load circuit of 14V-7A, 14V-12A, 20V-7A, 
or 20V-17A with an applied external magnetic field of 
about 120mT at contact opening speeds of 1mm/s to 
200mm/s were conducted, and break arc phenomena 
were studied. 
 
(1) Arc re-striking phenomena were likely to be ob-
served with larger load current levels and faster contact 
opening speeds.  The number of arc re-strikes was 
some-times two or more, especially when a load cur-
rent value was larger and a contact opening speed was 
faster. 
 
(2) Arc energy was calculated from the measured arc 
voltage and current waveforms.  The thus calculated 
results of arc energy revealed that the total arc energy 
from ignition to extinction reached almost the same 
level irrespective of arc re-striking incidents. 
 
(3) Thus, occurrences of arc re-striking phenomena in 
break operations of inductive DC loads up to 20V-17A 
are influenced by the amount of energy that is supplied 
into and to be consumed at a contact gap.  Even when 
arc is blown out of a contact gap due to an external 
magnetic field, arc re-strikes may occur and sometimes 
repeat until the supplied energy is finally consumed. 
 
Relationships between re-striking phenomena and con-
tact performances such as total break arc durations are 
not yet made clear.  It is also not yet made clear whether 
or not the first re-striking incident occurs at the same 
current level.  Further investigations will be required, 
for example, with different levels of an external mag-
netic field and/or in different load conditions, in order 
to realize further understandings of arc re-striking phe-
nomena. 
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Abstract 

During a make operation in an electromechanical switching device, an electrical arc could occur because of 
mechanical bounces and can cause serious damages, such as contact welding and electrodes erosion. The 
characteristics of this arc are influenced by several parameters such as the level of voltage and current, the load of 
circuit, the nature of contact materials and, a parameter that we will focus on, the voltage frequency.  
Indeed, for frequencies equal or greater than 50 Hz, the current can go through zero several times during typical 
mechanical bounce. The energy transferred to the electrodes, which will condition the welding, depends on the total 
arc duration, and so on the reignition of the arc. 
In order to investigate this phenomenon, the contacts welding in relation with the re-ignition of arc have then been 
studied for different frequencies. The make tests were done for 115 Vrms/750 Arms with a mechanical bounce of 2 
ms, with different frequencies 50 Hz/ 400 Hz/ 500 Hz and with AgSnO2 contact material and silver contacts as 
reference. The welding characteristics, such as welding occurrence and force were measured as a function of arc 
characteristics (voltage/current/energy).  
Finally, this investigation showed the importance of the voltage frequency on contactors reliability.

1  Introduction  
Switching devices like contactors play an important role 
in an electrical network. In the area of aeronautics, an 
ongoing evolution of electrical network is taking place to 
improve the performance of the vehicles. Therefore, the 
number of electrical contactors has increased. 
Consequently, from a statistical point of view, it could 
cause more deficiencies such as overheating and contact 
welding. 

Welding phenomenon is one of the most important issues 
which could take place at the contacts closure [1], [2]. It 
could damage the switch and consequently influence the 
safety and driveability of the vehicle. Therefore, for a 
better understanding of this phenomenon, it was the 
subject of multiple studies [3–8] in which the authors tried 
to show the influence of different parameters on it such as 
arc energy, material nature and contact force.  

In the present study, contact-welding and their 
characteristics have been studied in different power 
supply frequencies, 50 Hz, 400 Hz and 500 Hz, as well as 
the bounce arc characteristics. AgSnO2 contacts have 
been used for this study. They are well known by their 
anti-welding aspect [2], [8–10]. Pure Silver contacts have 
been used as a reference.  

The electrical current, the contact material nature, the 
kinematic of the contact, are well known to have 
significant effect on welding characteristics [1], [2]. By 
having an effect on arc characteristics, voltage frequency, 
which influence arc duration may also have an influence 
on contact welding. The purpose of this work is to 

determine how AC current may influence the welding 
phenomenon. 

An approach of the problem indicates that high frequency 
would lead to short arcs [11] and consequently weak 
welding. Indeed, a short arc injects less thermal energy on 
the arc spot, thereby decreasing the amount of molten 
zone. However, this study showed that this approach is 
too simplistic.  

2  Experimental part 
2.1 Welding test bench   

 

Fig.1 Scheme of the testing equipment for make tests 

Based on the model of Morin et al [8], an experimental 
test bench has been designed to characterize the bounce 
arc and the contact welding (Figure 1). 
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In this test bench, a piezoelectric actuator, fixed on the 
anode, reproduces a controllable mechanical bounce 
during the electrodes closing, which helps to eliminate 
nearly the different softness and damping effect of the 
contact material. 

The displacement motor applies a chosen contact force, 
which is adjusted thanks to the force sensor. This force 
sensor fixed on the cathode also measures the 
supplementary force required to separate the contacts in 
case of sticking, called welding force. The contacts are 
considered definitely stuck when the welding requires an 
effort superior to the pulling force of the displacement 
motor equal to 100 N. 

The arc voltage and current are measured by probes.  The 
laser displacement sensor is placed behind the 
piezoelectric actuator. It allows to check the profile of the 
bounce. These measuring instruments are connected to an 
oscilloscope. Figure 2 shows an example of acquired data 
by the oscilloscope. These data allow to determine the arc 
duration, the arc energy and the height of the bounce.  

All the instrumentations allowing data acquisition (motor, 
power supply, oscilloscope, voltmeter, displacement 
sensor, force sensor) are connected by USB bus and 
controlled by a computer. 

 

Fig. 2 Voltage and current of a bounce arc and the 
height of the bounce during a make test. 

Table 1 shows the mechanical and electrical conditions of 
the tests. 

Source voltage 115 Vrms 
Current 750 Arms 
Load type Resistive 
Contact force 6 N 
Welding force lower limit 2 N 
Atmosphere Ambient air  
Bounce height 80 µm 
Bounce duration 2  ms 
Number of Bounces 1 
Motor pull capacity  100N 

Table.1 Tests conditions for bounce arc 

2.2 Samples Material 

Silver-based contacts are the most frequently used on 
electrical switching devices. The addition of tin oxide 

provides an anti-welding effect, by facilitating the 
welding fracture. 

The samples used for these tests are tips with two types of 
materials: pure Silver and AgSnO2 (10 wt.% SnO2). The 
electrodes have curved surfaces with a radius of 300 mm. 
The diameter of those samples is 16 mm. 

3  Results and discussion  

3.1 Welding force vs voltage frequencies   

Table 2 summarizes the results of welding phenomenon 
obtained from the make tests. It shows the maximum 
welding force, the welding occurrence rate, and the 
average welding force of Silver and AgSnO2 samples for 
the test frequencies 50 Hz, 400 Hz and 500 Hz.  
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S400 Silver 80 12.2 81.5 

AS400 AgSnO2 68 13.7 90 
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S500 Silver 83 17 90.5 

AS500 AgSnO2 78 15.39 92 

Table.2 Contact welding characteristics 

Fsmax corresponds to the strongest welding that the 
separation motor could break. When the contacts are 
definitely stuck (Fsmax>100), the number of tests stops.  

For the test done with the frequency 50 Hz, the silver 
sample S50 has been stuck definitively since the first 
operation. On the other hand, for silver samples S400 and 
S500 a number of 450 and 240 cycles were carried out 
respectively.  

Concerning AgSnO2 samples, the definitive sticking has 
been reached after 400 cycles for AS50, 500 cycles for 
AS400 and 100 cycles for AS500. This shows that the 
service lifetime of the contacts is not related linearly to 
the voltage frequency.  

Moreover, except for the case of the sample S50, the 
average welding forces of S500 and AS500 (500 Hz) are 
the highest besides the average welding forces of the rest 
of the samples. 

Figure 3 highlights the visualisation of the welding force 
trending, and the maximum force for each period of Silver 
and AgSnO2 contacts tested at different frequencies:        
50 Hz, 400 Hz and 500 Hz.  
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welding. Indeed, a short arc injects less thermal energy on 
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Fig.1 Scheme of the testing equipment for make tests 

Based on the model of Morin et al [8], an experimental 
test bench has been designed to characterize the bounce 
arc and the contact welding (Figure 1). 
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For AgSnO2 contacts (AS50, AS400 and AS500) the 
impact of ageing is considerably notable on the welding 
force, it increases according to the service time. 
Nevertheless, cases of strong welding over 60 N are 
exceptionally observed in the beginning of the contacts 
lifetime. Contrary to the silver contacts (S400 and S500), 
there is a fluctuation of welding force throughout all their 
lifetimes.  

 

 

 

Fig. 3 Welding average force vs. test cycles 

Furthermore, Figure 4 presents the cumulative 
distribution curves of welding force versus different 
lifetime periods (the beginning, the middle and the end). 
It shows that despite that contact ageing has a slight 
impact on the welding force, AgSnO2 and silver samples 
have an opposed behaviour with time.  

AgSnO2 sample starts by the occurrence of small welding 
forces and ends by occurring high ones. In the other hand, 
it is observed that for the Silver samples during the first 
periods, the occurrence of high welding force is greater 
than the rest of the contacts lifetime.  
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Fig. 4 Cumulative distribution of welding force for 
different lifetime periods  

In order to understand this welding behaviour, the arc 
characteristics (duration and reignition) and the arc 
energy are presented in Figure 6-7 and 8 respectively. 

3.2 Arc duration vs voltage frequencies   
The bounce arc could stay ignited till the definitive 
contacts close, which means that the arc duration is equal 
or less than the bounce duration. Nonetheless, the 
definitive arc extinction could be conditioned by the 
voltage frequency.  

In the literature, the arc ignition requests a power supply 
voltage greater than 12 volts  and a current above 400 mA 
for Silver [2], [11]. Hence, the maximal arc duration is 
depending on the frequency. Therefore, under this 
approach, the arc duration could not be higher than the 
half-period of the voltage waveform. Figure 5 below 

shows the maximum arc duration that could have 
occurred following this approach. 

 

Fig. 5 Arc durations during a voltage half-period 
waveform vs. voltage frequency for 115 Vrms  

Nevertheless, at all the tested frequencies, 50 Hz, 400 Hz 
and 500 Hz, the arc durations were measured and part of 
them exceeded the half-period duration of the voltage 
waveform of each frequency as shown in Figure 6. The 
occurrence of reignition is showed also in the same figure. 
As observed in these figures, the reignition number 
increases by increasing the voltage frequency. This 
explains the observed long arc durations for AS400 and 
AS500. This phenomenon takes place for the majority of 
tests. It could depend not only on the frequency of the 
current but also on the nature of contact materials and the 
condition of contact surface. Actually, the arc reignition 
may happen because of a residual plasma existing in the 
contact gap [12], this reignition causes a splashing of 
melted metal, which helps to increase the melted surface 
and consequently increase the welding occurrence.  
Figure 7 shows two examples of arc reignition for 50Hz 
and 500Hz and an example where the arc extinguishes 
after the first ignition.  

Beyond the phenomenon of reignition, towards the end of 
tests, the contacts became very rough. This leads 
sometimes to a mechanical perturbation, which leads to 
create small bounces after the main applied one. 
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Fig. 6 Bounce arc duration occurrence vs. voltage 
frequency 

The longer arc duration may also be caused by evaporated 
and molten contact material, this could be influenced by 
several factors such as the material structure and the 
pressure, but it is still a complex phenomenon requesting 
a precise investigation and understanding. 

 

 
 

 
 

 
 

Fig. 7 a) & b) Example of reignition phenomenon at 
50 Hz and 500 Hz respectively c) one ignition at 500 Hz 

 

3.3 Bounce arc energy vs voltage 
frequencies  

The arc energy Warc has an important impact on the 
welding characteristics, the energy dissipated during arc 
time is[13] : 
 
 

𝑾𝑾𝒂𝒂𝒂𝒂𝒂𝒂 = ∫ 𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖∆t𝒂𝒂𝒂𝒂𝒂𝒂
 (1) 

 
 

u: the voltage across the contact gap 

i: the current flowing through the contact 

The bounce arc energies measured during the make tests 
are presented in Figure 8. The dependence of these 
energies with respect to the contact lifetime follow 
approximatively the one of the welding force shown in 
Figure 3. 
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Fig. 8 Bounce arc energy vs. test cycles  

The bounce arc energies are proportional to the arc 
duration, to the current level and the voltage level. In this 
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explained before.  

Figure 9 shows the condition of those surfaces after the 
make tests 

 

Fig. 9 Contacts surfaces after the make tests 

 

 

 

 
Fig. 6 Bounce arc duration occurrence vs. voltage 
frequency 

The longer arc duration may also be caused by evaporated 
and molten contact material, this could be influenced by 
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pressure, but it is still a complex phenomenon requesting 
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The bounce arc energies measured during the make tests 
are presented in Figure 8. The dependence of these 
energies with respect to the contact lifetime follow 
approximatively the one of the welding force shown in 
Figure 3. 
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The presence of pores on the surfaces of AgSnO2 samples 
is referred to the presence of the metallic oxide on the 
contact material, they are created by gaseous bubbles of 
the metallic oxide in the silver matrix. This aspect is 
considered as an anti-welding mechanism [14]. The 
diameter of these pores varies between 1 mm and 10 µm. 
In addition to this, it is noticed that the arcs have reached 
all the surface of AgSnO2 sample AS50 which is not the 
case for AgSnO2 AS400 and AS500. Thus when the 
probability of arc occurrence increases on a small part of 
the sample, this leads to a local severe degradation, which 
could accelerate the occurrence of strong welding. 
Furthermore, Rieder et al. demonstrated that the more the 
molten zones of each electrode meet perfectly the more 
the welding force becomes higher [15]. This could 
explain the difference of the samples lifetimes. 

The silver samples are damaged differently from the 
AgSnO2 ones. On their surfaces, a severe erosion had 
taken place by splattering the droplets of molten metal as 
observed on the surface of the contact holder.  

 

a) MEB AgSnO2 50 Hz 

 

b) MEB AgSnO2 400 Hz 

 
c) MEB AgSnO2 500 Hz 

Fig. 10 Microstructure of AgSnO2 sample with SEM –
EDS. a) AS50 - b) AS400 - c) AS500 

Figure 10 shows the surface roughness of AgSnO2 
contacts after finalizing the make tests, the images are 
obtained by using SEM. The EDX analysis have been 
used to show the chemical elements repartition on the 
contacts surfaces. It is found that the elements still almost 
homogenous even after all the arcing cycles. Furthermore, 
the tin oxide is more concentrated in the edges of the pores 
especially on the samples tested with 400 Hz and 500 Hz.  

4 Conclusion 

In this work, making tests were carried out for                  
115 V/ 750 Arms with different frequencies; 50 Hz,       
400 Hz and 500 Hz. The purpose of this study was to 
analyse the effect of the voltage frequency on the bounce 
arc and the contacts welding characteristics. 

According to an analytical approach, it was expected that 
increasing the voltage frequency could help to reduce the 
bounce arcs duration and consequently decrease the rate 
of welding occurrence and the welding force. However, 
the obtained results show that the voltage frequency has 
an indirect effect on welding characteristics because of 
the arc reignition.  

That is, the arc reignition expands the arc durations and 
implicitly increases the arc energies. It has also an impact 
on the condition of contact surface. The number of arc 
reignition, characteristics of arc energy and the 
degradation of contact surface lead to high welding forces 
and increase the welding occurrence.  

The results of this work open up further studies for the 
understanding of the physical interaction of arc reignition 
with the contact materials and its effects on their 
reliability in different electrical, mechanical and 
atmospheric conditions. 
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the obtained results show that the voltage frequency has 
an indirect effect on welding characteristics because of 
the arc reignition.  

That is, the arc reignition expands the arc durations and 
implicitly increases the arc energies. It has also an impact 
on the condition of contact surface. The number of arc 
reignition, characteristics of arc energy and the 
degradation of contact surface lead to high welding forces 
and increase the welding occurrence.  

The results of this work open up further studies for the 
understanding of the physical interaction of arc reignition 
with the contact materials and its effects on their 
reliability in different electrical, mechanical and 
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Abstract 

Pyrotechnic switches are used for overcurrent protection, e.g. in low-voltage DC circuits (battery disconnector). 
At fault current interruption, arc voltage built up by the switch must be sufficiently high to drive the current to 
zero (DC switching principle). Compared to AC interruption, the switch does not experience a transient recovery 
voltage (TRV). With increasing breaking capacity, comparatively large construction volumes are necessary. Pos-
sible reduction in design effort of the switch is found by using the commutation principle where the pyrotechnic 
switch is integrated as commutation switch in the low-impedance main current path. 

This publication presents an experimental method for recording the dynamic dielectric recovery characteristics of 
a pyrotechnical switch for commutation circuits. An electrically equivalent network without a switch-off element 
in the commutation path was installed in the synthetic test circuit and stressed with currents up to 10 kA. From the 
moment of successful commutation by the pyrotechnical switch, the switch was loaded with voltages up to 4 kV 
using an RC circuit for recording the dynamic dielectric recovery characteristic. With the resulting dielectric re-
covery course and the verification of the switching capacity required for successful commutation, an optimally 
adapted switch-off element can be selected for realizing the overcurrent protection device based on the commuta-
tion principle. 

1 Introduction 

Traditional devices to protect in case of overcurrent in 
low voltage networks are fuses, circuit breakers and 
miniature circuit breakers. In circuit breakers, the de-
tection of a fault current is usually done with electro-
mechanical tripping units, and the current is also inter-
rupted electromechanically. 

Fuses, current limiting circuit breaker and miniature 
circuit breakers are able to interrupt high fault currents 
within a few milliseconds. Big circuit breakers with 
rated currents up to several thousand amperes usually 
need at least several 10 ms, if not intentionally time- 
delayed to provide selectivity. 

In some cases these traditional protection measures are 
not sufficient, especially if 

- the equipment to be protected does not have suf-
ficient current carrying capacity for the let 
through current remaining until interruption, or 

- protection against the effects of electric arcs is 
required, which can cause considerable damage 
to equipment and hazards to persons already in 
a very short time [1]. 

Therefore, protection devices are required which can 
interrupt the fault current in much shorter time. Semi-
conductor switches can interrupt currents in a very 
short time, but do not have the isolation distance in the 
off-state, which is often required for safety reasons.  

In such cases pyrotechnical switches are increasingly 
used (e.g. to protect the battery systems in electric ve-
hicles), which are one-time switches in normally 
closed condition [1] [2] [3]. 

In the case of the interruption of a fault current in a DC 
circuit, the switching arc voltage built up by the switch 
must be sufficiently high to bring the current to zero.  

With increasing demands on the breaking capacity of 
the switch, relatively large construction volumes are re-
quired. One possibility to reduce the design effort for 
the switch can be the use of the generally known com-
mutation principle as described in [1] and [2]. 

With this solution the pyrotechnical switch is inte-
grated as a commutation switch in the low-impedance 
main current path, which is designed for carrying the 
operating current. When the fault occurs, which means 
a much higher current than the operating current, the 
pyrotechnical switch is activated with the help of a suit-
able fault detection. Due to the functionally very short 
switching time and the directly following significant 
voltage build-up, the fault current is completely com-
mutated into the higher-impedant commutation path. 
Due to the higher impedance of this path, the fault cur-
rent is limited and is subsequently switched off by a 
conventional switching device with a low current car-
rying capacity and short interruption time. 

  



61

The switching capacity to be applied by the pyrotech-
nical switch during the commutation process is low 
compared to a complete switch-off. For the final inter-
ruption of the fault current in the commutation path, the 
integrated conventional switching device (e.g. fuse) 
builds up a high counter-voltage (switching voltage). 
The total voltage from the product of the current and 
the impedance of the commutation path and the switch-
ing voltage of the conventional switching device 
stresses the open switching path of the pyrotechnical 
switch (comparable to the transient voltage in AC cir-
cuits). For the safe and fast interruption of fault current, 
the dynamic voltage build-up by the switching device 
in the commutation path needs to be adapted to the time 
dependent dielectric recovery of the pyrotechnical 
switch immediately after completion of the commuta-
tion process. 

Therefore, the task is to determine precise element 
combinations for each application in order to success-
fully interrupt both small (several 100 A) and large re-
sidual currents of up to several 10 kA which may occur 
in low voltage networks. 

Due to the comparatively high commutation and 
switch-off speed, such overcurrent protection is possi-
ble for both DC and AC networks. 

1.1 Setup of an interruption installation on 
the basis of commutation principle 

Figure 1 shows the equivalent circuit diagram of the 
commutation circuit described in this article. The total 
current i0 represents the operational current which has 
to be carried continuously or the fault current to be in-
terrupted in case of a failure. The total current is di-
vided between both paths of the commutation circuit. 
Due to the dimensioning of these paths the larger part 
i1 of the total current flows through the commutation 
switch with pyrotechnic switch, which can be trig-
gered. The equivalent impedance Z1 of the main path is 
nearly fully determined by the geometry of the path of 
the closed pyrotechnical switch. A smaller part i2 of the 
current flows through the commutation path, which 
contains the interruption device, which is shown here 
as a fuse. Additionally other elements (e.g. resistors) 
can be installed to increase the equivalent impedance 
of the commutation path Z2.  

Fig. 1 Commutation circuit with main current path 
(1) containing triggerable pyrotechnic switch and com-
mutation path (2) with its fuse. 

By appropriate choice of the impedance ratio Z1/Z2 the 
load of the commutation path and therefore of the fuse 
can be reduced while the pyrotechnic switch is closed. 

So a small cross section of the fuse-element can be cho-
sen, which improves the response behaviour and the 
switching capacity of the fuse [4]. 

For the investigations presented here a commercial py-
rotechnical switch was used as the test object, which is 
intended for DC networks in conjunction with electro-
chemical accumulators. The switch has a breaking ca-
pacity of 250 A at 400 V (2000 A at 32 V) and purely 
resistive load. 

1.2 Description of the load of the commuta-
tion switch 

The choice of the pyrotechnical switch in relation to the 
switching capacity and the dielectric recovery charac-
teristic determines the possible elements of the com-
plete commutation circuit. 

The switching capacity of the switch determines 
whether the commutation process is successful. The 
following three parameters must be considered: 
The instantaneous value of the fault current I0 at initia-
tion of the commutation process determines together 
with the impedance of the commutation circuit the 
minimum voltage level to be built up by the switch 
Ucommu [5]: 

𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 > 𝐼𝐼𝐼𝐼0 ∗ (𝑍𝑍𝑍𝑍1 + 𝑍𝑍𝑍𝑍2) 

Furthermore, the voltage must be present for the entire 
commutation time tcommu. The duration is essentially 
determined by the time constant of the commutation 
circuit τcommu, which is calculated as follows: 
 

𝜏𝜏𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐿𝐿𝐿𝐿1 + 𝐿𝐿𝐿𝐿2 − 2𝑀𝑀𝑀𝑀
𝑅𝑅𝑅𝑅1 + 𝑅𝑅𝑅𝑅2

 

In addition to the impedances of the individual paths, 
which can each be broken down into an ohmic (R) and 
an inductive (L) component, the magnetic coupling of 
the two paths via the common mutual inductance M 
plays an important role for in determining the time con-
stant and the resulting commutation time. 

Thus the maximum size of the impedance Z2 and the 
possible impedance ratio are limited by the course of 
the commutation voltage and the self-impedance of the 
commutation switch, which essentially corresponds to 
Z1. 

The current i0 is assumed to be impressed during the 
very short commutation period. After successful com-
mutation and until the response of the interruption de-
vice (fuse), the now open switching path of the pyro-
technical switch has to withstand the voltage of the 
commutation path (u1 in Figure 1), which is deter-
mined by the total fault current i0, which now flows 
completely through the impedance Z2. In most 
cases the voltage stress is lower than the commutation 
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low voltage networks are fuses, circuit breakers and 
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tection of a fault current is usually done with electro-
mechanical tripping units, and the current is also inter-
rupted electromechanically. 

Fuses, current limiting circuit breaker and miniature 
circuit breakers are able to interrupt high fault currents 
within a few milliseconds. Big circuit breakers with 
rated currents up to several thousand amperes usually 
need at least several 10 ms, if not intentionally time- 
delayed to provide selectivity. 

In some cases these traditional protection measures are 
not sufficient, especially if 

- the equipment to be protected does not have suf-
ficient current carrying capacity for the let 
through current remaining until interruption, or 

- protection against the effects of electric arcs is 
required, which can cause considerable damage 
to equipment and hazards to persons already in 
a very short time [1]. 

Therefore, protection devices are required which can 
interrupt the fault current in much shorter time. Semi-
conductor switches can interrupt currents in a very 
short time, but do not have the isolation distance in the 
off-state, which is often required for safety reasons.  

In such cases pyrotechnical switches are increasingly 
used (e.g. to protect the battery systems in electric ve-
hicles), which are one-time switches in normally 
closed condition [1] [2] [3]. 

In the case of the interruption of a fault current in a DC 
circuit, the switching arc voltage built up by the switch 
must be sufficiently high to bring the current to zero.  

With increasing demands on the breaking capacity of 
the switch, relatively large construction volumes are re-
quired. One possibility to reduce the design effort for 
the switch can be the use of the generally known com-
mutation principle as described in [1] and [2]. 

With this solution the pyrotechnical switch is inte-
grated as a commutation switch in the low-impedance 
main current path, which is designed for carrying the 
operating current. When the fault occurs, which means 
a much higher current than the operating current, the 
pyrotechnical switch is activated with the help of a suit-
able fault detection. Due to the functionally very short 
switching time and the directly following significant 
voltage build-up, the fault current is completely com-
mutated into the higher-impedant commutation path. 
Due to the higher impedance of this path, the fault cur-
rent is limited and is subsequently switched off by a 
conventional switching device with a low current car-
rying capacity and short interruption time. 
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voltage built up previously. The load on the switching 
path is therefore estimated as non-critical. 

Since there is no further energy input into the arc gap 
after the current zero crossing (CZ), the gas tempera-
ture drops over time. The conductivity in the switching 
path decreases. Also the contact distance still increases 
further. Both processes increase the process of the die-
lectric recovery. 

When the switch-off element, corresponding to  
Figure 1 a fuse, is tripped, a significant voltage build-
up occurs in the commutation path, which still has to 
be withstood by the open switching path of the com-
mutation switch. Any re-ignition of the switching path 
in the commutation switch must be prevented in any 
case. Therefore, at any time after CZ, the dielectric 
strength of the switching path must be higher than the 
applied voltage. 

The influence of the fuse on the voltage stress on the 
switching path of the commutation switch is signifi-
cant. The form of dynamic voltage stress depends on 
the choice of fuse, on its response time and switching 
characteristics. 

If the time characteristic of the switching voltage of the 
fuse were known, the qualification of the commutation 
switch by means of a synthetic test circuit similar to the 
switching capacity test of high-voltage circuit breakers 
according to [6] could be applied, for example in the 
form of the Weil-Dobke circuit. 

To find the optimum combination of impedance ratio, 
commutation switch and interruption device, 
knowledge of the switching capacity and, above all, the 
dynamic dielectric recovery characteristic of the com-
mutation switch is of decisive importance. 

The further described investigations do not serve to 
evaluate the switching capacity or the dynamic dielec-
tric recovery of this specific switch, but are only in-
tended to present the developed investigation method. 

2 Test setup to determine the die-
lectric recovery characteristic 

2.1 Method for determining dynamic dielec-
tric recovery characteristic 

Different methods are known to record the dielectric 
recovery characteristics. A selection is discussed in [7]. 
The methods differ in the number of recorded measur-
ing points per switch-off operation and in the voltage 
load of the switching path after CZ. 

For a multiple sampling of the dynamic dielectric re-
covery during a switch-off process, a method using a 
saw tooth oscillation generated by a capacitor con-
nected in parallel to the switching path was presented 
in [8] (similar to Figure 4). The capacitor is short-cir-
cuited when the switch is closed or the arc resistance is 
low. Immediately following CZ, the capacitor is 

charged by a DC voltage source with a in series-con-
nected high-impedance charging resistor. If the instan-
taneous value of the voltage applied across the open 
contact gap exceeds the present strength, the gap is ig-
nited and the capacitor discharges abruptly. After the 
voltage drop, the process of charging starts again. A 
typical course of the voltage across the open contacts 
is shown in Figure 2. With a sufficiently high density 
of sampling points (ignitions of the switching path), an 
approximated dynamic dielectric recovery characteris-
tic curve can be derived from the voltage maxima 
achieved for each switch-off process.   

Fig. 2 Voltage course obtained by the method of [8] 
at no-load disconnection to derive the dynamic dielec-
tric recovery characteristic.  

Selecting the charging voltage, the charging resistor 
and the capacitance parallel to the switching path, the 
steepness of voltage rise and thus the possible density 
of the sampling points can be adjusted. It should be 
noted that with each discharge, energy is introduced 
into the switching path again. Any influence on the re-
sidual conductivity of the switching path must be ex-
cluded or minimized, otherwise the recorded character-
istic curve will be distorted according to [7]. 

For the test arrangement, the maximum voltage stress 
of the switching path should be adjustable. It is as-
sumed that the parallel fuse can be a commercial prod-
uct for a nominal system voltage of 400 V or 690 V and 
an overvoltage category IV assigned to it. According to 
the insulation coordination [9] it is permissible that the 
fuse generates a maximum voltage of 8 kV itself. Ac-
cordingly, a power electronic DC voltage source with a 
maximum voltage of up to 10 kV was selected. 

Due to the fast switching and commutation process by 
the pyrotechnical switch within a few 10 µs, a very fast 
sampling directly after CZ is preferred. This is 
achieved by adjusting the time constant of the RC ele-
ment used. With selectable charging voltages of 
UDC ≤ 10 kV and the aim of a low energy input to the 
switching path during each ignition process, the capac-
ity parallel to the switching path must be minimal. In 
contrast to other investigations [7] [8], a separate par-
allel capacitor is not used here. Instead, the capacitance 
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of the RC high-voltage probe, which is arranged in par-
allel to the test object and used to measure the voltage 
curve across the switching path, is used. Its input ca-
pacitance corresponds to CV1 = 3 pF. A high-voltage re-
sistant charging resistor RHV = 100 kΩ is used to limit 
the charging current of the DC source and to set the 
time constant. This results in a theoretical time constant 
of τHV = 0.3 µs for the charging process. 

In order to check the applicability of the selected pa-
rameters and to test the circuit, the circuit was built up 
and a single pyrotechnic switch was used as the device 
under test (DUT). An attempt was made to record a di-
electric recovery characteristic. Since the pyrotechnic 
switch was not initially stressed by a current from a 
load circuit, the obtained curve in Figure 3 shows the 
dielectric strength at no load. After contact separation, 
a rapidly repeating sequence of a saw tooth shaped 
voltage curve occurs, with an amplitude between 
400 V and 500 V. As the contact distance increases, the 
voltage maxima are increasing. In the range of approx. 
28 µs to 35 µs, the last breakdown of the switching 
path occurs and the voltage applied across the switch-
ing path then rises to approx. 4.6 kV. Due to the high 
steepness of the charging current and a low inductance 
of the circuit, overshooting occurs. The voltage oscil-
lates following the externally applied charging voltage 
of 4 kV, which is permanently maintained by the DUT. 
The process of contact movement is not yet complete 
at this point. However, the voltage applied is no longer 
sufficient to cause a further ignition at the contact po-
sition. 

Fig. 3 Dielectric strength of the pyrotechnic switch 
(DUT) in no-load test (no-load characteristic). 

For the last charging processes time constants τHV were 
determined in the range of 1.2 µs to 1.25 µs. The devi-
ation from the previously calculated time constant can 
be explained by the equivalent circuit, hereinafter re-
ferred to as the voltage circuit, shown in Figure 4. In 
addition to the input capacitance CV1 of the high-volt-
age probe V1, the intrinsic capacitance CDUT of the open 
switching path of the DUT plays a decisive role. With 
open contacts 6.3 pF was measured for CDUT. Other ex-
isting parasitic capacitances are not taken into account. 

Fig. 4 Voltage circuit for recording the dynamic die-
lectric recovery characteristic of the DUT. 

The DC source was set up locally separate from the test 
object for safety reason. To compensate the inductive 
influence of the long supply lines and to minimize the 
influence of the internal controller of the source, a sup-
porting capacitor with Csupp = 5 nF was used at the in-
put of the DUT and the RC element. 

2.2 Experimental setup of the commutation 
circuit to obtain the dynamic  
dielectric recovery characteristic 

The dynamic dielectric recovery characteristic is ob-
tained from the combined loading of the commutation 
switch by a commutation process carried out by itself 
and the subsequent loading with the test voltage. Cor-
respondingly, the voltage circuit from Figure 4 shown 
above is integrated into the circuit in Figure 5. 

The test current iHSG is injected into the model of the 
commutation circuit by a half-sinusoidal generator 
(HSG, 50 Hz, Ucharge = 10 kV, Î = 15 kA) from an RLC 
circuit via a controllable make switch (MS). In the 
commutation current path with the current i2, a fixed 
substitute impedance Z2 is used. The switch-off ele-
ment, which causes the actual voltage stress on the 
DUT, is not integrated here. The main current path with 
current i1 consists of the voltage circuit (red) described 
above and the commutation switch (DUT) to be tested. 
A disconnecting switch (DIS) is installed in series to 
the DUT as a decoupling element to separate the DUT 
from the high current circuit after successful commu-
tation. 

Fig. 5 Equivalent circuit diagram of test arrange-
ment with high current circuit (blue) and voltage circuit 
(red). 

As shown in Figure 5, essentially variables are rec-
orded to determine the dynamic switching and dielec-
tric recovery characteristics of the DUT. A high voltage 
probe V2 is used to measure the total voltage across the 
commutation circuit. With the high voltage probe V1 

voltage built up previously. The load on the switching 
path is therefore estimated as non-critical. 

Since there is no further energy input into the arc gap 
after the current zero crossing (CZ), the gas tempera-
ture drops over time. The conductivity in the switching 
path decreases. Also the contact distance still increases 
further. Both processes increase the process of the die-
lectric recovery. 

When the switch-off element, corresponding to  
Figure 1 a fuse, is tripped, a significant voltage build-
up occurs in the commutation path, which still has to 
be withstood by the open switching path of the com-
mutation switch. Any re-ignition of the switching path 
in the commutation switch must be prevented in any 
case. Therefore, at any time after CZ, the dielectric 
strength of the switching path must be higher than the 
applied voltage. 

The influence of the fuse on the voltage stress on the 
switching path of the commutation switch is signifi-
cant. The form of dynamic voltage stress depends on 
the choice of fuse, on its response time and switching 
characteristics. 

If the time characteristic of the switching voltage of the 
fuse were known, the qualification of the commutation 
switch by means of a synthetic test circuit similar to the 
switching capacity test of high-voltage circuit breakers 
according to [6] could be applied, for example in the 
form of the Weil-Dobke circuit. 

To find the optimum combination of impedance ratio, 
commutation switch and interruption device, 
knowledge of the switching capacity and, above all, the 
dynamic dielectric recovery characteristic of the com-
mutation switch is of decisive importance. 

The further described investigations do not serve to 
evaluate the switching capacity or the dynamic dielec-
tric recovery of this specific switch, but are only in-
tended to present the developed investigation method. 

2 Test setup to determine the die-
lectric recovery characteristic 

2.1 Method for determining dynamic dielec-
tric recovery characteristic 

Different methods are known to record the dielectric 
recovery characteristics. A selection is discussed in [7]. 
The methods differ in the number of recorded measur-
ing points per switch-off operation and in the voltage 
load of the switching path after CZ. 

For a multiple sampling of the dynamic dielectric re-
covery during a switch-off process, a method using a 
saw tooth oscillation generated by a capacitor con-
nected in parallel to the switching path was presented 
in [8] (similar to Figure 4). The capacitor is short-cir-
cuited when the switch is closed or the arc resistance is 
low. Immediately following CZ, the capacitor is 

charged by a DC voltage source with a in series-con-
nected high-impedance charging resistor. If the instan-
taneous value of the voltage applied across the open 
contact gap exceeds the present strength, the gap is ig-
nited and the capacitor discharges abruptly. After the 
voltage drop, the process of charging starts again. A 
typical course of the voltage across the open contacts 
is shown in Figure 2. With a sufficiently high density 
of sampling points (ignitions of the switching path), an 
approximated dynamic dielectric recovery characteris-
tic curve can be derived from the voltage maxima 
achieved for each switch-off process.   

Fig. 2 Voltage course obtained by the method of [8] 
at no-load disconnection to derive the dynamic dielec-
tric recovery characteristic.  

Selecting the charging voltage, the charging resistor 
and the capacitance parallel to the switching path, the 
steepness of voltage rise and thus the possible density 
of the sampling points can be adjusted. It should be 
noted that with each discharge, energy is introduced 
into the switching path again. Any influence on the re-
sidual conductivity of the switching path must be ex-
cluded or minimized, otherwise the recorded character-
istic curve will be distorted according to [7]. 

For the test arrangement, the maximum voltage stress 
of the switching path should be adjustable. It is as-
sumed that the parallel fuse can be a commercial prod-
uct for a nominal system voltage of 400 V or 690 V and 
an overvoltage category IV assigned to it. According to 
the insulation coordination [9] it is permissible that the 
fuse generates a maximum voltage of 8 kV itself. Ac-
cordingly, a power electronic DC voltage source with a 
maximum voltage of up to 10 kV was selected. 

Due to the fast switching and commutation process by 
the pyrotechnical switch within a few 10 µs, a very fast 
sampling directly after CZ is preferred. This is 
achieved by adjusting the time constant of the RC ele-
ment used. With selectable charging voltages of 
UDC ≤ 10 kV and the aim of a low energy input to the 
switching path during each ignition process, the capac-
ity parallel to the switching path must be minimal. In 
contrast to other investigations [7] [8], a separate par-
allel capacitor is not used here. Instead, the capacitance 
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the voltage across the DUT during commutation and 
during the subsequent dielectric recovery is measured 
after CZ. For the measurement of the total current iHSG 
a wide range current transformer A1 is used. The partial 
current i2 is measured indirectly by recording the out-
put voltage V3 on a self-built Rogowski coil, which is 
characterized by very small geometric dimensions and 
a very low self integration. Furthermore, the tripping 
signals for the switch under test (DUT) and the discon-
necting switch are recorded. For the recording of the 
measured data a digital storage oscilloscope was used. 

2.3 Selection of disconnecting switch 
With the solutions described in [7] or [8] for determin-
ing the dielectric recovery characteristics at switching 
elements (e.g. switches, spark gaps), the test current 
from the high current circuit is interrupted. Following 
a disconnecting switch is opened to prevent a new cur-
rent flow driven by the high current circuit during a 
possible subsequent re-ignition of the clearance be-
tween open contacts. This can be inserted theoretically 
at any point of the high current circuit.  

In contrast a commutation is induced by the DUT here. 
The test current then continues to flow through the 
commutation path parallel to the DUT with the imped-
ance Z2. In order to avoid a back-commutation the dis-
connector (DIS) must be integrated into the main cur-
rent path according to Figure 5. The required charac-
teristics of the disconnector (DIS) are:  
- Minimum current carrying capacity correspond-

ing to the desired test current with a current mag-
nitude of up to 15 kA over a period of 10 ms. 

- Low contact resistance and ideally negligible 
self-inductance, as otherwise the impedance of 
the main circuit Z1 is adversely affected. (This re-
sults in a small dimension of the DIS). 

- Low variance in time to contact separation with 
∆topen < 10 µs for a time-precise decoupling of the 
DUT with connected voltage circuit from the re-
maining current circuit directly after CZ. 

- The DIS should theoretically only operate after 
successful commutation through the DUT, so the 
DIS does not need to have any switching capacity. 
However, the build-up of the dielectric strength 
after triggering should be faster than in the DUT, 
as otherwise a proper decoupling from the current 
circuit is not obtained. 

- According to the installation locations of DUT 
and DIS in relation to the voltage circuit (Fig-
ure 5), the DIS must have a very low intrinsic ca-
pacitance CDIS in open condition. This capaci-
tance is via Z2 connected in parallel to CDUT and 
CV1 and thus influences the time constant τHV of 
the voltage circuit. 

Different options for a disconnector were examined 
and evaluated. Electromechanical switchgear showed a 
too large variance in time to contact separation and a 
too low dielectric strength after no-load opening due to 

the comparatively low contact separation velocity. 
Mostly large dimensions causes a comparatively high 
self-inductance. Triggerable spark gaps with a high ex-
tinguishing capacity influenced the course of the test 
current in the main current path and showed disad-
vantages in the dielectric strength after CZ. Extinguish-
ing diodes would be the means of choice, since they 
theoretically extinguish automatically in a circuit with-
out external control. However, the available diodes had 
too large inherent capacitances so the time constant of 
the voltage circuit τHV was increased undesirably. 
Based on these considerations, a pyrotechnical switch 
of the same design as the test object itself was used as 
the DIS in the tests shown here. 

A direct current of 5 A was used to trigger the pyro-
technic drive in the DUT and DIS. A programmable  
microcontroller was used to provide the trigger signal 
and to control the sequence with the HSG at an exact 
time. Prior to this, the inherent delay of the used de-
vices were determined. The pyrotechnical switches 
showed an average time to contact separation of about 
230 µs ± 15 µs in no-load operation. 

Despite the low variance in time to contact separation, 
the following problems arise when controlling the DIS: 
For an ideal decoupling of the current circuit to the 
DUT, the DIS should open in the instant of CZ. Since 
the commutation time varies in an unknown manner 
with each operation, even under identical precondi-
tions, it is difficult to determine the time offset of the 
command. Probably the greater influence is the vari-
ance in time to contact separation of the used pyrotech-
nical switches. In the worst case, the error in the con-
tact separation is about 30 µs. This is considerable high 
with an expected commutation time of a few 10 µs. 

If the contact separation of the DIS is too early, a re-
sulting voltage built up will influence the commutation 
process. If the DIS is tripped too late, the dielectric 
strength in the DUT might be higher. Then a no-load 
characteristic of the DIS would be recorded by the volt-
age circuit. To differentiate between the cases that may 
occur, it is essential to evaluate the voltage across both 
switches. The voltage characteristic curve from the pre-
viously performed no-load tests helps for the evalua-
tion of the measurement. 
2.4 Commutation circuit for determining 

dielectric recovery characteristic 
The main current path is formed by connecting two 
identical pyrotechnic switches in series (Figure 5). 
Since these are commercial components, the influence 
of the switch internal conductor paths is limited. An at-
tempt has been made to keep the effective length and 
the resulting impedance Z1 of the main current path as 
small as possible. For this purpose, a copper connec-
tion module was attached to each of the two open ends, 
which is used to contact the main current path with the 
circuit and with the auxiliary current path. 
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As a replacement for the switch-off element, the com-
mutation path contains only a resistance element which 
consists of 3 parallel round wires each with a diameter 
of d = 2 mm made of the non-magnetic material  
NiCr 80:20. The arrangement of these wires was cho-
sen with regard to the following criteria: The resulting 
impedance Z2 should be selected close to the imped-
ance of the real switch-off element installed in the fu-
ture (e.g. fuse). Furthermore, the mechanical and ther-
mal loads occurring during the tests must be withstood. 

According to the relationship between the time con-
stant of the commutation circuit τcommu and the effect of 
the self- and mutual inductances between the main and 
commutation current path, it is evident that a better 
magnetic coupling can partially compensate the effect 
of the self-inductances given in (see 1.2). The two 
paths have been moved together as far as possible to 
achieve maximum coupling. It is taken into account 
that a real switch-off element (e.g. fuse) can still be in-
tegrated in the bypass path without great design effort. 

The resistance of the main current path was determined 
by measurement with R1 = 1,15 mΩ and that of the 
commutation path with R2 = 22 mΩ. The comparably 
small inductances could not be measured. Using the ge-
ometries, the self-inductance of the main current path 
was estimated to be L1 = 100 nH, the self-inductance of 
the commutation current path to be L2 = 250 nH and 
the mutual inductance to be M = 35 nH. 

3 Determination of dielectric re-
covery characteristic 

3.1 Description of typical experiments 
Following five experiments are presented, each carried 
out with the same type of pyrotechnical switch and the 
same arrangement. The load current of the commuta-
tion circuit was varied in the range of 2 kA up to 10 kA 
with sinusoidal wave shape and frequency of 50 Hz. 

The trigger signal to the DUT was set shortly after the 
peak of current. A typical course of the measured sig-
nals is shown in Figure 6 and enlarged in time base for 
the commutation process in Figure 7 for the experi-
ment #2. 

The current distribution between main and commuta-
tion current path is almost solely determined by the  
resistance ratio R1/R2 until start of commutation. Com-
mutation is initiated at an instantaneous value of 4 kA 
and is successfully completed after 36 µs. Contact  
separation of the DIS takes place 3 µs before CZ, so 
that the latter has a supporting effect for a short time 
but with little influence when the current in the main 
current path is interrupted. The shape of the voltage 
measured at V1 across the DUT corresponds to the no-
load characteristic (see Figure 3). The time constant of 
the charging pulses was determined to τHV = 1,57 µs 
and is almost the same as for the no-load characteristic. 
It can be assumed that here the dielectric strength of the 

DIS corresponds to the character of the measured volt-
age. Thus, the dielectric strength of the switching path 
of the DUT should be comparable or higher despite the 
previously applied breaking capacity. 

The stress of the switching contact gap by the voltage 
circuit is withstood successful within approx. 0.4 ms 
after CZ. Subsequently, partial drops in the voltage 
across the switching gap down to 2.2 kV are detected. 
Both the voltage drop and the subsequent charging 
characteristic show RC behavior with significantly in-
creased time constant in the range of τHV ≈ 230 µs. This 
time constant is not determined by the test circuit. Ra-
ther, an increase in conductivity in the switching gap of 
the DUT can be assumed. What causes the change in 
conductivity can only be speculated. In any case, this 
effect occurred with all pyrotechnical switches under 
stress, which realized commutation at high current. 

Fig. 6 Characteristic time courses for experiment #2.  

Fig. 7 Characteristic time courses for experiment #2 
enlarged in time base for the commutation process and 
following voltage stress by voltage circuit. 

3.2 Comparison of measurement results 
The recorded time curses are qualitatively the same for 
all experiments. In Table 1 the parameters that are de-
cisive for commutation are listed. In addition to the in-
stantaneous value of the total current I0 and the com-
mutation time t, the charge Q converted during the 
commutation process and the Joule integral I2t were 
evaluated. 

the voltage across the DUT during commutation and 
during the subsequent dielectric recovery is measured 
after CZ. For the measurement of the total current iHSG 
a wide range current transformer A1 is used. The partial 
current i2 is measured indirectly by recording the out-
put voltage V3 on a self-built Rogowski coil, which is 
characterized by very small geometric dimensions and 
a very low self integration. Furthermore, the tripping 
signals for the switch under test (DUT) and the discon-
necting switch are recorded. For the recording of the 
measured data a digital storage oscilloscope was used. 

2.3 Selection of disconnecting switch 
With the solutions described in [7] or [8] for determin-
ing the dielectric recovery characteristics at switching 
elements (e.g. switches, spark gaps), the test current 
from the high current circuit is interrupted. Following 
a disconnecting switch is opened to prevent a new cur-
rent flow driven by the high current circuit during a 
possible subsequent re-ignition of the clearance be-
tween open contacts. This can be inserted theoretically 
at any point of the high current circuit.  

In contrast a commutation is induced by the DUT here. 
The test current then continues to flow through the 
commutation path parallel to the DUT with the imped-
ance Z2. In order to avoid a back-commutation the dis-
connector (DIS) must be integrated into the main cur-
rent path according to Figure 5. The required charac-
teristics of the disconnector (DIS) are:  
- Minimum current carrying capacity correspond-

ing to the desired test current with a current mag-
nitude of up to 15 kA over a period of 10 ms. 

- Low contact resistance and ideally negligible 
self-inductance, as otherwise the impedance of 
the main circuit Z1 is adversely affected. (This re-
sults in a small dimension of the DIS). 

- Low variance in time to contact separation with 
∆topen < 10 µs for a time-precise decoupling of the 
DUT with connected voltage circuit from the re-
maining current circuit directly after CZ. 

- The DIS should theoretically only operate after 
successful commutation through the DUT, so the 
DIS does not need to have any switching capacity. 
However, the build-up of the dielectric strength 
after triggering should be faster than in the DUT, 
as otherwise a proper decoupling from the current 
circuit is not obtained. 

- According to the installation locations of DUT 
and DIS in relation to the voltage circuit (Fig-
ure 5), the DIS must have a very low intrinsic ca-
pacitance CDIS in open condition. This capaci-
tance is via Z2 connected in parallel to CDUT and 
CV1 and thus influences the time constant τHV of 
the voltage circuit. 

Different options for a disconnector were examined 
and evaluated. Electromechanical switchgear showed a 
too large variance in time to contact separation and a 
too low dielectric strength after no-load opening due to 

the comparatively low contact separation velocity. 
Mostly large dimensions causes a comparatively high 
self-inductance. Triggerable spark gaps with a high ex-
tinguishing capacity influenced the course of the test 
current in the main current path and showed disad-
vantages in the dielectric strength after CZ. Extinguish-
ing diodes would be the means of choice, since they 
theoretically extinguish automatically in a circuit with-
out external control. However, the available diodes had 
too large inherent capacitances so the time constant of 
the voltage circuit τHV was increased undesirably. 
Based on these considerations, a pyrotechnical switch 
of the same design as the test object itself was used as 
the DIS in the tests shown here. 

A direct current of 5 A was used to trigger the pyro-
technic drive in the DUT and DIS. A programmable  
microcontroller was used to provide the trigger signal 
and to control the sequence with the HSG at an exact 
time. Prior to this, the inherent delay of the used de-
vices were determined. The pyrotechnical switches 
showed an average time to contact separation of about 
230 µs ± 15 µs in no-load operation. 

Despite the low variance in time to contact separation, 
the following problems arise when controlling the DIS: 
For an ideal decoupling of the current circuit to the 
DUT, the DIS should open in the instant of CZ. Since 
the commutation time varies in an unknown manner 
with each operation, even under identical precondi-
tions, it is difficult to determine the time offset of the 
command. Probably the greater influence is the vari-
ance in time to contact separation of the used pyrotech-
nical switches. In the worst case, the error in the con-
tact separation is about 30 µs. This is considerable high 
with an expected commutation time of a few 10 µs. 

If the contact separation of the DIS is too early, a re-
sulting voltage built up will influence the commutation 
process. If the DIS is tripped too late, the dielectric 
strength in the DUT might be higher. Then a no-load 
characteristic of the DIS would be recorded by the volt-
age circuit. To differentiate between the cases that may 
occur, it is essential to evaluate the voltage across both 
switches. The voltage characteristic curve from the pre-
viously performed no-load tests helps for the evalua-
tion of the measurement. 
2.4 Commutation circuit for determining 

dielectric recovery characteristic 
The main current path is formed by connecting two 
identical pyrotechnic switches in series (Figure 5). 
Since these are commercial components, the influence 
of the switch internal conductor paths is limited. An at-
tempt has been made to keep the effective length and 
the resulting impedance Z1 of the main current path as 
small as possible. For this purpose, a copper connec-
tion module was attached to each of the two open ends, 
which is used to contact the main current path with the 
circuit and with the auxiliary current path. 
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The product of the charge Q and the electrode drop 
voltage is responsible for the heating of the arc root, 
whereby the heating promotes thermos-field emission. 
Due to the short duration of the commutation of a max-
imum of 46 µs, an adiabatic heating at the root point 
can be assumed. The Joule integral I2t is the extent of 
energy converted in the arc column, which is largely 
responsible for the ionization of air and for the conduc-
tivity of arc. 

Tab. 1 Characteristic parameters for the commuta-
tion process in 5 experiments. 

Experiment #1 #2 #3 #4 #5 
Î0 / kA 2 4 7 10 10 
t / µs 29.6 36.0 42.9 42.0 45.6 

Q / As 0.04 0.08 0.15 0.22 0.24 
I2t / kA2s 0.06 0.22 0.73 1.64 1.77 

Basically, it can be assumed that with an increasing 
flowed charge Q or a higher converted Joule integral 
I2t, the conditions for rapid dielectric recovery after CZ 
deteriorate, since higher residual conductivity in the 
switching gap can be assumed. For this purpose, the 
determined dynamic dielectric recovery characteristics 
for the tests 1 to 5 are shown in Figure 8. Contrary to 
expectations, the characteristics are close together de-
spite the significantly different energy conversion. It 
can therefore be assumed that the energy conversion in 
the examined current range has no significant influ-
ence. The dielectric recovery characteristics are only 
determined by the repeated partial re-ignition of the 
switching gap starting in the range of 0.3 ms to 0.6 ms 
after successful commutation. 

Fig. 8 Derived dynamic dielectric recovery charac-
teristics for the examined pyrotechnic switch under 
various load currents. 

For setting up a model for simulate the commutation 
behaviour the evaluation of the arc voltage, which is 
built up by the commutation switch as a function of 
time and the current to be commutated, would be inter-
esting. For practical reasons of contacting the high-
voltage probe above the device under test, however, 
voltages over the conductor path of the switch and ad-
ditional magnetic couplings into the measuring loop 
[10] are partially measured. Therefore the actual arc 
voltage was calculated from the measured currents and 

impedances, derived from the geometry and material 
parameters. The calculation method will not be dis-
cussed further here. 

With the help of the measuring arrangement presented 
here, it is basically possible to investigate and charac-
terize the behavior of the commutation switch based on 
pyrotechnical drive. The relationships obtained with 
the aid of the measurements can be used as a basis and 
comparison for a possible physical modelling of a py-
rotechnical switch for commutation processes. 

4 Summary 

This paper presents an experimental method which al-
lows the recording of the dielectric recovery character-
istic of a pyrotechnical fast acting switch for commu-
tation circuits. For this purpose, an electrically equiva-
lent network without a switch-off element was installed 
in a specifically adapted synthetic test circuit and 
stressed with currents of up to 10 kA. From the mo-
ment of successful commutation the dynamic dielectric 
recovery characteristic was recorded using a saw tooth 
shaped voltage curve with amplitudes up to 4 kV.  

With the verification of the switching capacity required 
for commutation and the derived dynamic dielectric re-
covery characteristic, an optimally adapted switch-off 
element can be selected for the final implementation of 
an overcurrent protection device based on the commu-
tation principle. 

In case of searching for a suitable fuse as a switch-off 
element its characteristic behavior must be determined 
first. Comparatively high current amplitudes with high 
steepness are commutated into the fuse before current 
limitation. The delayed tripping behaviour of the fuse 
after commutation and the subsequent voltage build-up 
over time must be known. Corresponding investiga-
tions were carried out and will be presented in a later 
publication.  

For the selection of the pyrotechnical switch, a suitable 
fuse and the determination of the optimum impedance 
ratio, an electrical network model is available which 
simulates the characteristic behaviour of the commuta-
tion switch with pyrotechnical drive and the fuse as a 
switch-off element. 

The resulting solutions based on the commutation prin-
ciple with a commutation switch with pyrotechnical 
drive can be used in both AC and DC networks. De-
pending on the speed of fault detection, the prospective 
short-circuit current can be significantly higher than 
the 10 kA examined here. 
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The product of the charge Q and the electrode drop 
voltage is responsible for the heating of the arc root, 
whereby the heating promotes thermos-field emission. 
Due to the short duration of the commutation of a max-
imum of 46 µs, an adiabatic heating at the root point 
can be assumed. The Joule integral I2t is the extent of 
energy converted in the arc column, which is largely 
responsible for the ionization of air and for the conduc-
tivity of arc. 
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tion process in 5 experiments. 

Experiment #1 #2 #3 #4 #5 
Î0 / kA 2 4 7 10 10 
t / µs 29.6 36.0 42.9 42.0 45.6 

Q / As 0.04 0.08 0.15 0.22 0.24 
I2t / kA2s 0.06 0.22 0.73 1.64 1.77 

Basically, it can be assumed that with an increasing 
flowed charge Q or a higher converted Joule integral 
I2t, the conditions for rapid dielectric recovery after CZ 
deteriorate, since higher residual conductivity in the 
switching gap can be assumed. For this purpose, the 
determined dynamic dielectric recovery characteristics 
for the tests 1 to 5 are shown in Figure 8. Contrary to 
expectations, the characteristics are close together de-
spite the significantly different energy conversion. It 
can therefore be assumed that the energy conversion in 
the examined current range has no significant influ-
ence. The dielectric recovery characteristics are only 
determined by the repeated partial re-ignition of the 
switching gap starting in the range of 0.3 ms to 0.6 ms 
after successful commutation. 

Fig. 8 Derived dynamic dielectric recovery charac-
teristics for the examined pyrotechnic switch under 
various load currents. 

For setting up a model for simulate the commutation 
behaviour the evaluation of the arc voltage, which is 
built up by the commutation switch as a function of 
time and the current to be commutated, would be inter-
esting. For practical reasons of contacting the high-
voltage probe above the device under test, however, 
voltages over the conductor path of the switch and ad-
ditional magnetic couplings into the measuring loop 
[10] are partially measured. Therefore the actual arc 
voltage was calculated from the measured currents and 

impedances, derived from the geometry and material 
parameters. The calculation method will not be dis-
cussed further here. 

With the help of the measuring arrangement presented 
here, it is basically possible to investigate and charac-
terize the behavior of the commutation switch based on 
pyrotechnical drive. The relationships obtained with 
the aid of the measurements can be used as a basis and 
comparison for a possible physical modelling of a py-
rotechnical switch for commutation processes. 

4 Summary 

This paper presents an experimental method which al-
lows the recording of the dielectric recovery character-
istic of a pyrotechnical fast acting switch for commu-
tation circuits. For this purpose, an electrically equiva-
lent network without a switch-off element was installed 
in a specifically adapted synthetic test circuit and 
stressed with currents of up to 10 kA. From the mo-
ment of successful commutation the dynamic dielectric 
recovery characteristic was recorded using a saw tooth 
shaped voltage curve with amplitudes up to 4 kV.  

With the verification of the switching capacity required 
for commutation and the derived dynamic dielectric re-
covery characteristic, an optimally adapted switch-off 
element can be selected for the final implementation of 
an overcurrent protection device based on the commu-
tation principle. 

In case of searching for a suitable fuse as a switch-off 
element its characteristic behavior must be determined 
first. Comparatively high current amplitudes with high 
steepness are commutated into the fuse before current 
limitation. The delayed tripping behaviour of the fuse 
after commutation and the subsequent voltage build-up 
over time must be known. Corresponding investiga-
tions were carried out and will be presented in a later 
publication.  

For the selection of the pyrotechnical switch, a suitable 
fuse and the determination of the optimum impedance 
ratio, an electrical network model is available which 
simulates the characteristic behaviour of the commuta-
tion switch with pyrotechnical drive and the fuse as a 
switch-off element. 

The resulting solutions based on the commutation prin-
ciple with a commutation switch with pyrotechnical 
drive can be used in both AC and DC networks. De-
pending on the speed of fault detection, the prospective 
short-circuit current can be significantly higher than 
the 10 kA examined here. 
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Abstract 
    DC interruption is more difficult than AC interruption even at DC low voltage. So, magnetic blow-out is 
usually used to quickly extinguish arc discharge. However, magnetic blow-out is less effective at low current so, 
the arc duration becomes the maximum at lower current called “critical load current”. In the previous paper, this 
phenomenon was examined in the current range of 1 to 30 A with the source voltage of DC 100 V and at the 
magnetic flux density of 0, 5 and 10 mT with the breaking velocity of 100 mm/s. 
    In this report the above phenomenon is examined at the breaking speed of 25, 50 and 100 mm/s with the 
magnetic flux density of 10 mT and the same voltage and current conditions as the previous report. 
    Consequently, the same phenomenon of maximum arc duration at lower current is found at three velocities. In 
addition arc energy is examined and Lorentz force working on arc column is discussed 
 
Keywords— electrical contacts, arc discharge, arc duration, arc energy, magnetic blow-out, separation velocity 
 

1 Introduction 
Micro-grid systems including solar cell generation and 
EV are expected to be more popular and DC power 
supply systems are increasing in near future. In these 
systems it is indispensable to switch on or off current. 
However, it is well-known that switching-off dc 
current is more difficult than ac [1]. Therefore, 
switching in hydrogen atmosphere and /or magnetic 
blow-out are effective and widely used [2]. 

Magnetic blow-out has been used in large ac current 
switching and its effectiveness is well-known. 
Recently many papers have been published to show the 
effect of magnetic blow-out in large dc current 
interruption [3-8]. 

The authors have reported the effect of magnetic blow-
out for dc current up to 30A and voltage less than 500 
V [9,10]. In these researches arc duration at small 
current interruption was confirmed to be longer than 
that at large current interruption [9]. That is supposed 
to be because Lorentz force decreases at small current. 
In this paper the arc duration is investigated at the 
current range from 1 to 30A and the separation velocity 
of 25, 50 and 100 mm/s with the source voltage of 100 
V and the magnetic flux density of 10 mT. 
Consequently, the arc duration is confirmed to increase 
at the current less than 20A at each velocity of 25, 50 
and 100 mm/s for both contacts of Ag and W. 

2 Experimental setup 
Figure 1 shows the top view of an experimental set-up 
used in this test. The contacts move horizontally, and a 

magnet is put above those. Figure 2 shows the 
configuration of the magnet and contacts and the 
relation between their distance and magnetic flux 
density. Three curves in the figure show the magnetic 
flux density at the center, its right-hand edge and its left 
hand edge of the magnet, respectively. They are 
confirmed to be almost the same value in the case of 10 
mT.  

An experimental circuit is resistive as shown in Figure 
3. Table 1 shows experimental conditions. Silver and  

Fig.1 Switching setup and blow-out magnet. 

Table 1 Experimental conditions. 

Source voltage DC 100 V
Closed circuit current 30, 20, 10, 5, 3, 1 A

Load Non-inductive resistor (50 Ω)
Contact materials W, Ag

Separation velocity 25, 50, 100 mm/s
Magnetic flux density 10 mT
Measurement number 5 times at each current
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tungsten are used as contact materials, and the 
separation velocity is 25, 50 and 100mm/s with the 
magnetic flux density of 10 mT. Contact voltage and 
current waveforms are measured by an oscilloscope 
GW Instek GDS-3502 and current probe Tektronix 
A6303. The arc behavior at breaking contacts is 
observed by a high-speed camera. A typical waveform 
of arc voltage and current is shown in Figure 4 and the 
arc duration is obtained. 

3  Results and discussion 
3.1 Arc duration and arc energy 

Figure 5 shows the relation between arc duration and 
interrupted current at the separation speed of 50 mm/s 
and the magnetic flux density of 10 mT for Ag contacts. 
Error bars show maximum and minimum duration 
among five measurements, Arc duration is found to 
increase as the interruption current decreases. This 
result is compared with the previous one at the 
separation speed of 100 mm/s [16] as shown in Figure 
6. From this figure the arc duration at 50 mm/s is longer 
than that at 100 mm/s, but both are similar for the 
increase of arc duration at small current. And the arc 
duration becomes less than 1 ms at the current of 0.5A 
which is close to the minimum arc current of 0.4A for 
Ag contacts. The results for W contacts are shown in 
Figure 7. 

Fig.2 Magnet configuration and measured magnetic flux density. 

CChh11 CChh22

Protect contactor

Non-inductive 
resistor

Current probe

Magnet
Osc.

Switching device

Voltage source

(a) Contacts and magnet 

(b) Measured Magnetic 
flux density 

Fig.3 Resistive circuit used in the test. 

Fig.4 An example of arc voltage and current 
waveform. 

Fig.5 Arc duration vs. interrupted current. 

Fig.6 Comparison of arc duration at the 
velocity of 100mm/s (Ag). 

Fig.7 Comparison of arc duration at the 
velocity of 100mm/s (W). 
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Further, though the arc duration at 50 mm/s is generally 
longer than that at 100mm/s, both durations are almost 
the same at the current of around 10-15 A for Ag 
contacts. In addition, based on the data of arc voltage 
and current, arc energy can be calculated by the 
following equation; 

                    
0

a

a a aE v i dt


                                       (1) 

where av : arc voltage, ai : arc current, a : arc 
duration. 

Figure 8 shows arc energy vs. interrupted current with 
10 mT and 100 mm/s for Ag and W contacts. From this 
result, though the arc duration is longer at small current, 
arc energy goes up with current increase for Ag and W 
contacts at the separation speed of 100 mm/s. However, 
the situation is different at lower velocities as 
mentioned later. 

3.2 Effect of separation velocity on arc 
behaviours 

Figure 9 shows the arc duration of three velocities 
where the result at 25mm/s is added to Fig.6. As 
expected, the arc duration at 25 mm/s becomes more 
longer, and it rapidly goes down around 0.1 A. The 
velocity of 25 mm/s is one-fourth of 100 mm/s and the 

arc duration becomes three or four times as long as that 
at 100 mm/s.  
Figure 10 shows the dependency of arc duration for W 
contacts on the separation velocity. The velocity 
dependency is not large at the current above 20 A, 
while it becomes large below 20A The arc duration at 
25 mm/s is almost four times as long as that at 100 
mm/s. 

Then the dependency of arc energy on separation 
velocity is examined. Figures 11 and 12 show the 
dependency for Ag and W contacts, respectively. From 
these results, the maximum energy of the separation 
velocity of 25 mm/s is shown at the current less than 
30 A for both contact materials. This fact is important  

Fig.8 Arc energy vs. interrupted circuit. 
(Ag and W at 100mm/s). 

Fig.9 Dependence of arc duration on 
separation velocity (Ag, 10mT). 

Fig.10 Dependence of arc duration on 
separation velocity (W, 10mT). 

Fig.11 Dependence of arc energy on 
separation velocity (Ag, 10mT). 

0

1

2

3

4

5

0 5 10 15 20 25 30 35

A
rc

 en
er

gy
 E

a 
[J

]

Interrupted current I0 [A]

10mT, 100mm/s
Ag
W

0

1

2

3

4

5

6

7

8

0 5 10 15 20 25 30 35

A
rc

 e
ne

rg
y 

Ea
 [J

]

Interrupted current I0 [A]

Ag
100mm/s
50mm/s
25mm/s

0
5

10
15
20
25
30
35
40
45
50

0 5 10 15 20 25 30 35

A
rc

 d
ur

at
io

n 
ta

 [m
s]

Interrupted current I0 [A]

W 10mT 25mm/s
50mm/s
100mm/s

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30 35

A
rc

 d
ur

at
io

n 
a

 [m
s]

Interrupted current I0 [A]

Ag 10mT 25mm/s
50mm/s
100mm/s

0

1

2

3

4

5

6

7

8

0 5 10 15 20 25 30 35

Ar
c e

ne
rg

y 
Ea

 [J
]

Interrupted current I0 [A]

W 10mT
100mm/s
50mm/s
25mm/s

Fig.12 Dependence of arc energy on 
separation velocity (W, 10mT). 



71

for design and usage of switching devices for dc 
current. 

On the other hand, the arc energy increases as the 
current goes up at both velocities of 50 and 100 mm/s 
for both contact materials. Moreover, for Ag contacts 
the difference in energy at each velocity of 50 and 100 
mm/s is small.  

3.3. Lorentz force 

Above results show that arc duration increases at low 
current for all separation velocities. The reason is 
discussed here. Figure 13 shows waveforms of arc 
voltage and current for both currents. One is for 10 A 
where the arc duration is long and the other is for 20A 
where it is shorter than that at 10 A. Its bottom 
waveform shows that the arc voltage rapidly increases 
around 5 ms and that the arc is extinguished around the 
time of 7 ms. On the other hand the arc voltage 
gradually increases, but it is not extinguished even over 
10ms. Eventually the arc duration reaches 11 ms. 

In case of 20 A, the current where the arc voltage 
rapidly increases is about 15 A. On the other hand, in 
case of 10 A, the voltage waveform goes up a little 
when the arc current decreases to around 7.5 A, but the 
arc voltage does not rapidly increase and the arc is 
sustained until 11 ms. 

With magnetic blow-out, arc column is pulled out by 
Lorentz force which is generated by the interaction of 
current and magnetic flux density. Then arc column 
becomes longer and arc quickly disappears. 

The Lorentz force works on the arc column as shown 
in Figure14, and can be calculated by the following 
equation. 

                    ( )a a  F i B                              (2)  

where ai : arc current, B: magnetic flux density, a : 
arc length. 
The arc length is calculated by separation speed 
multiplied by time. The Lorentz force working on arc 
column is calculated by Equation (2), and its time 
dependence is shown in Figure 15. In this figure solid 
line is for the current of 10 A and dashed line for 20 A. 

From this figure, in case of 20 A, the arc column is 
pulled out of the gap at the time of 4.5 ms, that is, at 
the Lorentz force of about 0.065 mN and the arc rapidly 
increases in voltage to disappear. The arc duration is 
about 7 ms. 

In case of 10 A, the arc column seems to be pulled out 
at the time of 4.5 ms, that is, at the Lorentz force of 
around 0.02 mN, and gradually increases without rapid 
increase. Finally the Lorentz force goes up at 0.055 mN 
and the arc rapidly increases in voltage to disappear. 
  

Fig.15 Time dependence of Lorentz force during arc ignition. 

ⓧⓧ

A C
ai
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a

Fig.13 Arc voltage and current waveform. 

(a) Current 10A 

(b) Current 20A 

Fig.14 A model of Lorentz force working on 
arc column. 
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Its duration is about 11 ms which is 
much longer than that of 20 A. 

In both cases of 10 and 20 A, the arc 
column is pulled out of the gap at the 
time of around 4.5 ms, and afterward it 
becomes like circular in shape as 
shown in Figure16. So, the calculation 
of Lorentz force becomes more 
complicated as discussed later.   

Figure 16 shows the relation between 
arc voltage and arc column image as a  
function of time for 10 A. The arc 
column stays in the gap until 4ms and 
is pulled out from the gap at about 5 
ms. Then, the arc column is not quickly 
enlarged in length and finally rapidly 
enlarged around 10 ms to disappear. In 
addition, the arc voltage is observed to 
be little changed when the column is 
pulled out. 

Figure 17 shows the case of 20 A. The 
arc column stays in the gap until about 
4ms and is pulled out around 5 ms 
similar to the case of 10 A. However, 
the arc column is found to be rapidly 
enlarged just after pulled out, different 
from the case of 10 A. So, the arc 
duration is about 6 ms much shorter 
than 10 ms of 10 A. 

 Magnetic blow-out is effective to 
shorten the arc curation. The above 
results show that the arc column is 
pulled out at about 5ms for both 
currents of 10 and 20 A. However, the 
Lorentz force is 0.035 mN for 10 A and 
0.07 mN for 20 A. There is no common 
threshold value of the Lorentz force 
above which the arc column is pulled out for different 
current. The conditions for the arc column to be pulled 
out should be discussed in more detail. 
 
As mentioned just before, when the arc column is 
pulled out of the gap, the shape is like circular as shown 
in Figure 18(a). The arc column is pulled out and both 
cathode and anode spots are also moved from the 
contact gap. So, the calculation of Lorentz force 
become more complicated. 
 
Then, the Lorentz force is calculated, based on a 
simplified model of the arc column as shown in Figure 
18(b), where the arc column is approximated to be a 
semicircle of the radius r. Lorentz force working on a 
minute length on the circle is expressed as follows; 

( r   =F i B)                             (3) 
The component of y-direction (upward) is as follows; 

sinyF iBr                                (4) 

Fig.16 Arc images and Time dependence of Lorentz force 
during arc ignition. 
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Fig.17 Arc images and Time dependence of Lorentz force 
during arc ignition (20A). 
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Then, the total y-direction force on the semicircle (pull-
up force) is calculated as follows; 

0
sin 2yF iBr d iB r


                (5) 

Here, 2r is equal to the length projected on x-axis of 
the semicircle, which is longer thang the gap length. 
Therefore, Lorentz force calculated by Equation (2) is 
smaller than that by Equation (5). 
 
It means that Lorentz force after the arc column is 
pulled out has to be more accurately calculated, that is, 
after the time of 4.5 ms in Fig.15. This is one of future 
issues. 

4 Conclusions 
In this paper, the fundamental behaviour of breaking 
arc is investigated at the source voltage of 100 V and 
the current range from 1 to 10 A with the separation 
velocities of 25, 50 and 100 mm/s for the magnetic 
intensity of 10mT. From measured voltage and current 
waveforms arc duration and energy are obtained, and 
the followings can be made clear; 

(a) For both Ag and W, the arc duration becomes longer 
at smaller current at all velocities of 25, 50 and 100 
mm/s, like the previous report.  

(b) As expected, the arc duration is longer at low 
velocity than that at high velocity, and the maximum 
duration at each velocity is almost in inverse 
proportion to the velocity. 

 (c) For both velocities of 50 and 100 mm/s, arc energy 
decreases as the current goes down, though the arc 
duration has a maximum at lower current than 30 A. 
On the other hand, for 25 mm/s the maximum energy 
appears at the current less than 30 A  

(d) The force which pulls out arc column seems to be 
Lorentz force. However, the arc is not pulled out at 
the same Lorentz force for different current. In this 
test the arc column is pulled out of the gap at almost 
the same arc time, about 5ms for 10 and 20 A. But the 
arc column is not rapidly enlarged for 10 A and its arc 
duration is longer than that of 20 A. 

. 
It is a future issue to make a model that explains in 
terms of Lorentz force why arc duration becomes 
longer at small current. Further there is another thoery 
of the effect of magnetic flux density on arc extinction 
[11]. It should be considred for future discussion. 
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Abstract 

The spectral characteristics of switching DC-current arcs in hydrogen containing gas mixtures under several bar 
pressure was investigated using a model chamber and optical emission spectroscopy. The switching device consists 
of a model of a real double breaker DC-contactor with copper contacts. High-speed imaging and spectroscopy 
permit to observe and to characterize the properties of the switching arc plasma. The experiments show the influ-
ence of the external magnetic fields on the resulting arc voltage and on the current-limiting performance of the 
switching device. Strong widened H-alpha and H-beta lines characterize the arc-plasma.

1 Introduction 

1.1 General considerations 

The market for fully hybrid and most recently for fully 
electrically driven cars has been growing considerably 
during the last ten years. 
The consequently enhancing of battery power, current 
rating and voltage both, demands switching devices ca-
pable of withstand the higher switching conditions re-
garding cycles and operations number as well as cur-
rent interrupting capability. 
To comply this task, gas filled contactors – GFC are the 
usual alternative, since they have a high reliability, are 
compact and provide enough current limiting perfor-
mance. To this regard have shown Shiba, Kaneko and 
co-workers [1] results regarding DC- switching de-
vices using H2/N2. Their work indicates that this gas 
mixture, especially in the proportion of 80% H2 to 20% 
N2, provides a higher electric strength and shorter arc-
ing times compared to air at the same filling pressure 
(1 bar). In addition, the combined effect of the H2/N2 
mixture and magnetic arc blowing reduces further the 
arcing time. 
Sawa, Suzuki and co-workers [2], investigated the ef-
fect of pressure and working gas on the switching be-
haviour of GFC. They considered H2, N2, He, and air 
setting working pressures between 0.5 bar and 4 bar. 
Their analysis of resulting arc voltage, current charac-
teristics, and arcing time for 100 V and 30 A DC relays 
indicates that shorter arcing times shall be obtained us-
ing H2. Longer times were observed using N2, air, and 
He, respectively. In particular, the arcing time using He 
was up to 7 times longer than with H2. They found also 
out, that the arc duration was inversely proportional to 

the working pressure. The influence of pressure was 
much more evident for arc currents higher than 20 A 
independently of filling gas. 
According to Eidinger and Rieder [3] the interaction of 
electric arcs with external magnetic fields regarding its 
application for arc extinction have been considered 
since 1879. In particular, the elongation and displace-
ment of the arc due to resulting Lorentz-forces are the 
most evident and used effects of the interaction. 
The advantages of magnetic blowing were reported by 
Schrank, Gerdinand and co-workers [4] through inves-
tigations using DC circuit breakers with operating volt-
ages around 330 V DC in air. Also results of Volm [5] 
point to the enhancing of switching performance for 
1000 V and 40 A air relays through magnetic blowing 
combined with out-gassing from polymer inserts. 
In addition to the reported changes of geometry and arc 
displacement because of external magnetic fields, also 
changes on the electric conductivity of the plasma can 
be expected. [6], which is caused by the increased num-
ber of collisions of the ions in the presence of the ex-
ternal magnetic fields.  
Recent results of simulations of Shea and co-workers 
[7] have shown that the voltage increase is supported 
by an enhanced cooling effect through the mass-flux 
perturbations induced by the interaction with the exter-
nal magnetic field. The increased convective energy 
losses over the arc column cause a reduction of the arc 
temperature and consequently a further reduction of the 
electrical conductivity of the plasma. 

1.2 Intended work 

The purpose of the investigation reported here was to 
characterize switching arcs of gas-filling contactors us-
ing H2/N2 mixture. The main topics of interest were to 
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observe the arc dynamics under the combined influ-
ence of pressure and external magnetic field, the result-
ing arc geometry and the characteristic spectral distri-
bution and species in order to determine plasma prop-
erties like temperature and radial distribution. 

2 Methodology 

2.1 Experimental setup 

The observation of the characteristics of switching arcs 
in gas-filled contactors is limited by the required hous-
ing. Especially the use of H2 as filling gas demands 
gas-tight vessels. These are normally made of non-
transparent alumina ceramics surrounded by a polymer 
casing, which supports the magnets and further con-
necting parts, provides fixing terminals and allows for 
mechanical protection against shocks. In order to pro-
vide an optical access to the contacts and switching 
chamber it is mandatory to modify the standard casing 
but this poses additional challenges for a gas-tight op-
eration. In addition, the replacement of some compo-
nents would be limited. 
For an optical access to the arc-chamber it was there-
fore decided to construct a model switch (Fig. 1) using 
a polymethyl methacrylate (PMMA) housing. It repli-
cates the geometry of the real device. Since all the ad-
ditional parts, including the mechanics, are those of the 
real device the model switch shall perform exactly as 
the real application. 
Besides the obtained optical access for a high-speed 
imaging, the used PMMA provides good transmission 
properties in the visible and near infrared wavelength 
range, which makes possible to apply optical emission 
spectroscopy (OES) to study the properties of the arc 
plasma. 

 

Fig. 1 CAD-schematic of the model switch 

Further characteristics of the experimental setup are as 
follows: The contact-bridge and fixed contacts are 

made of copper. A 12 V DC solenoid exerts the bridge 
translation (travel and over-travel). The internal vol-
ume of the arc chamber is about 20 cm3. The con-
structed device is gas-tight and withstands filling pres-
sures of up to 7 bar. The filling gas was a mixture of 
H2/N2 in a proportion of 80 to 20 % and purity of 5.0. 
In order to convert the arc current and voltage signals 
to measurable values, a Pearson 1423 current monitor 
and a Tektronix 6015A voltage probe were used, re-
spectively. In addition, the dynamic change of pressure 
inside the chamber during arcing was measured via a 
piezoelectric sensor model PCB 105C. The reduced 
electrical signals were then acquired with a Tektronix 
oscilloscope model DPO 4054. The experimental setup 
is depicted in Fig. 2. 
For the experiments, we set a pressure of 5 bar for the 
filling gas. Before filling prior experiments, the re-
maining air inside the model chamber was drained by 
a membrane pump until the pressure reached 150 mbar. 
Through filling to the intended pressure (5 bar) and re-
drain three consecutive times, it was expected than no 
important amount of remaining air would affect the ex-
perimental results (max. 150 mbar out of 5 bar). To 
prevent possible influence of gas contamination due to 
interaction between arc and PMMA wall, the filling gas 
was regularly changed. 

2.2 DC-Current source 

The current source consist of 10 CL-groups connected 
in a transmissions line like configuration (Fig. 2). The 
delivered current pulse has an almost rectangular 
shape. Depending on the value of the individual induc-
tivities, the pulse duration varies from about 5 ms up to 
28 ms. According to the selected charging voltage it is 
possible to deliver currents up to 10 kA. 

 

Fig. 2 Schematics of experimental setup 

The experimental results presented in this paper were 
obtained using the configuration for the 28 ms-pulse 
and charging voltages of 500 V. The amplitude of the 
corresponding current was of 80 A. Since the circuit 
configuration of the 28 ms-pulse involves a relative 
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Abstract 

The spectral characteristics of switching DC-current arcs in hydrogen containing gas mixtures under several bar 
pressure was investigated using a model chamber and optical emission spectroscopy. The switching device consists 
of a model of a real double breaker DC-contactor with copper contacts. High-speed imaging and spectroscopy 
permit to observe and to characterize the properties of the switching arc plasma. The experiments show the influ-
ence of the external magnetic fields on the resulting arc voltage and on the current-limiting performance of the 
switching device. Strong widened H-alpha and H-beta lines characterize the arc-plasma.

1 Introduction 

1.1 General considerations 

The market for fully hybrid and most recently for fully 
electrically driven cars has been growing considerably 
during the last ten years. 
The consequently enhancing of battery power, current 
rating and voltage both, demands switching devices ca-
pable of withstand the higher switching conditions re-
garding cycles and operations number as well as cur-
rent interrupting capability. 
To comply this task, gas filled contactors – GFC are the 
usual alternative, since they have a high reliability, are 
compact and provide enough current limiting perfor-
mance. To this regard have shown Shiba, Kaneko and 
co-workers [1] results regarding DC- switching de-
vices using H2/N2. Their work indicates that this gas 
mixture, especially in the proportion of 80% H2 to 20% 
N2, provides a higher electric strength and shorter arc-
ing times compared to air at the same filling pressure 
(1 bar). In addition, the combined effect of the H2/N2 
mixture and magnetic arc blowing reduces further the 
arcing time. 
Sawa, Suzuki and co-workers [2], investigated the ef-
fect of pressure and working gas on the switching be-
haviour of GFC. They considered H2, N2, He, and air 
setting working pressures between 0.5 bar and 4 bar. 
Their analysis of resulting arc voltage, current charac-
teristics, and arcing time for 100 V and 30 A DC relays 
indicates that shorter arcing times shall be obtained us-
ing H2. Longer times were observed using N2, air, and 
He, respectively. In particular, the arcing time using He 
was up to 7 times longer than with H2. They found also 
out, that the arc duration was inversely proportional to 

the working pressure. The influence of pressure was 
much more evident for arc currents higher than 20 A 
independently of filling gas. 
According to Eidinger and Rieder [3] the interaction of 
electric arcs with external magnetic fields regarding its 
application for arc extinction have been considered 
since 1879. In particular, the elongation and displace-
ment of the arc due to resulting Lorentz-forces are the 
most evident and used effects of the interaction. 
The advantages of magnetic blowing were reported by 
Schrank, Gerdinand and co-workers [4] through inves-
tigations using DC circuit breakers with operating volt-
ages around 330 V DC in air. Also results of Volm [5] 
point to the enhancing of switching performance for 
1000 V and 40 A air relays through magnetic blowing 
combined with out-gassing from polymer inserts. 
In addition to the reported changes of geometry and arc 
displacement because of external magnetic fields, also 
changes on the electric conductivity of the plasma can 
be expected. [6], which is caused by the increased num-
ber of collisions of the ions in the presence of the ex-
ternal magnetic fields.  
Recent results of simulations of Shea and co-workers 
[7] have shown that the voltage increase is supported 
by an enhanced cooling effect through the mass-flux 
perturbations induced by the interaction with the exter-
nal magnetic field. The increased convective energy 
losses over the arc column cause a reduction of the arc 
temperature and consequently a further reduction of the 
electrical conductivity of the plasma. 

1.2 Intended work 

The purpose of the investigation reported here was to 
characterize switching arcs of gas-filling contactors us-
ing H2/N2 mixture. The main topics of interest were to 
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high effective inductivity of 64 mH, the used currents 
show a near impressed nature. 

2.3 Spectroscopy and high-speed imaging 

The spectral distribution of the arc radiation was firstly 
determined with a compact fibre spectrometer 
(AvaSpec-ULS2048), working in the wavelength range 
from 300 to 1000 nm with a temporal resolution of 1-
2 ms. For further experiments an imaging 1/2 m spec-
trometer (Roper Acton) combined with a PI-Max4 
ICCD-camera (Princeton Instruments) was used. The 
line of sight of the spectrometers was oriented nearly 
along the same line of view as the cameras and perpen-
dicular to the selected field-of-view (upper side of 
Fig. 2). The absolute intensity calibration of the spec-
trometer detector was performed by means of a tung-
sten strip lamp (OSRAM Wi 17/G) in units of spectral 
radiance. The dynamic behaviour of the arc was rec-
orded using high-speed cameras of the series Y4 and 
Y6 from Integrated Design Tools. The sampling rates 
were set to 3900 fps (Y6) and 5000 fps (Y4). The ex-
posure time was of 1 µs. In some experiments, metal 
interference filters (MIF) with a full width at half max-
imum - FWHM of about 10 nm for the H alpha line at 
656 nm and for the Cu-line at 525 nm were placed in 
front of the lenses of the high-speed cameras. 

3 Results and discussion 

3.1 Dynamic characteristic of the Arc 

Due to the combined influence of pressure and mag-
netic field shows the arc a highly arbitrary and dynamic 
behaviour. In particular, a comparison of images of the 
arc with (Fig. 3 left) and without (Fig. 3 right) external 
magnetic field indicates the strong influence of the arc 
field interaction. 
As Fig. 3 (right) shows, without external magnetic 
field the self-induced Lorentz-force acts just enhancing 
the radius of the arc-loop, which is limited by the vessel 
walls. Electrode effects at the arc roots appear to dom-
inate the arc-geometry so that plasma jets of the arc-
root at the contact-bridge and fixed contact would im-
pinge directly the wall.  
With the external magnetic field, the resulting Lorentz-
force acts in different directions, interacting with the 
arc in a more dynamic way. 
The Fig. 3 (left) presents a remarkably example of the 
interaction. The arc is being elongated and twisted sev-
eral times, occupying a higher part of the available vol-
ume in the vessel.  

3.2 Electric arc behaviour 

In order to evaluate the corresponding switching per-
formance for a given condition, we defined an arcing 
time and an arc-extinction-time (Fig. 4). 

  

Fig. 3 Images of the arc with (left) and without 
(right) external magnetic field. High-speed camera ex-
posure time 1 µs, 3900 fps. 

 
Fig. 4 Example of recorded current, arc-voltage and 
pressure signals from a switching operation.  

The arcing time considers the elapsed time between the 
first contact opening and the arc extinction. The arc-
extinction-time is the elapsed time during which the 
combined effects of elongation, due to Lorentz-forces, 
and turbulent convective gas flow inside the arc cham-
ber cause a considerable voltage increase. During this 
time, the arc shows a strong oscillating behaviour, 
which is also reflected on abrupt changes of the voltage 
signal. From several measurements a mean value of 
arc-extinction time around 2 ms for the 80 A arc was 
determined. 
Because of the highly dynamic behaviour, it is also 
possible that the arc will be driven to the region near 
the gap so that its length will be shortened again. Due 
to the shorter length, the arc voltage reduces suddenly 
to values of some 50 V, comparable to those during ig-
nition. This interrupts temporally the current limiting 
behaviour of the device. Since the arc current is limited 
and driven to zero, its extinction usually occurs before 
the capacities of the current source are fully dis-
charged. The voltage signal remains thus at a level 
greater than zero until the grounding system is acti-
vated. 
The trend of the pressure rising corresponds to that of 
the arc-voltage and is defined by the arc-extinction-
time. At the beginning of the switching processes, no 
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considerable pressure changes are observed. The in-
crease on pressure starts only after the arc voltage rises 
considerably. This indicates that a considerable volume 
gas heating requires that the arc reach a certain length. 
After current zero the pressure decays slowly, since the 
cool-down process of the heated gas occurs through 
convection.  

3.3 Arc spectrum 

In order to overcome the difficulties posed by the dy-
namic behaviour of the arc, experiments using OES to 
complement the high-speed imaging were necessary. 
This permits to obtain images providing the actual ge-
ometry of the arc together with the corresponding spec-
tral distribution. A characteristic overview spectrum of 
the 80 A arc is presented in Fig. 5. It was acquired with 
the fibre spectrometer, i.e. without spatial resolution 
and integrating over rather long exposure time. 
Strongly broadened H (656 nm) and H (486 nm) 
lines dominate the spectrum. 

 

Fig. 5 Spectral distribution of the switching 80 A arc 
in H2/N2.  

In order to override the effect of the intense atomic hy-
drogen lines, the detector of the spectrometer was also 
operated with over-exposition (Fig. 6). As a result, the 
H line as well as further species of nitrogen from the 
filling gas and copper from the electrodes could be ob-
served. In addition, several lines indicating carbon and 
oxygen atomic species in the plasma were detected, 
too. They result from ablative arc processes on the 
PMMA walls as well as on the additional polymer sup-
porting components of the device. Since for real de-
vices no ablative arc-wall interaction is expected, an 
extrapolation of the obtained plasma properties to real 
devices is only partially valid. 

3.4 Plasma properties 

The overview spectra indicates that the optical emis-
sion is dominated by the atomic lines of hydrogen alt-
hough other components were found as nitrogen from 
the filling gas, copper from the electrodes, and carbon 

and oxygen from the camber wall. The obtained spec-
tral distributions of the arc were further evaluated by 
imaging spectroscopy to obtain information of the 
plasma properties. Since the main interest refers to the 
plasma of the filling gas, we used the high-speed im-
ages to select the spectra of the cases in which the arc 
was burning far from the chamber walls but not directly 
between the electrodes. Fig. 7 shows an example of (a) 
the selected video camera image and (d) the corre-
sponding calibrated 2D-spectrum in the wavelength 
range around the atomic hydrogen lines H and H. In 
Fig. 7d also the contours of the electrodes were marked 
as well as the line of spectral observation that was fo-
cused onto the entrance slit of the spectrometer, i.e. the 
spatial dimension of the imaging spectrum. 

 

Fig. 6 Spectral distribution of the switching 80 A arc 
in H2/N2 overriding the effect of the H line.  

For the determination of the plasma properties, the H 
line at 486 nm was used. While spatial integration over 
the arc diameter mainly yields a spectral radiance with 
improved signal-to-noise ratio (Fig. 7b), the spectral 
integration over the H line (Fig. 7c) provides the line 
integral for each side-on position that can be used to 
obtain the emission coefficient for this line. Therefore, 
inverse Abel transformation has to be carried out to 
convert side-on intensities to radial intensities. This 
procedure demands rotational symmetry of the arc. 
While in many applications with more or less “stable” 
arcs such a symmetry can be assumed, moving arcs, 
e.g. driven by magnetic forces, usually show a distinct 
deviation from rotational symmetry: One side has a 
steeper edge due to these forces while the opposite side 
is characterized by a wider profile. In Fig. 8a, the side-
on line integrals of Fig. 7c are shown in detail together 
with two cases: On the one hand, the fit was carried out 
for the right, smaller and steeper side (red, dotted). On 
the other hand, an average of both sides was consid-
ered, covering the whole width of the arc (blue, 
dashed). The according emission coefficients obtained 
by inverse Abel transformation are given in Fig. 8b. 
Using the computed plasma composition with a self-
programmed algorithm for a 5 bar H2/N2 mixture and 
assuming local thermodynamic equilibrium (LTE) per-

high effective inductivity of 64 mH, the used currents 
show a near impressed nature. 

2.3 Spectroscopy and high-speed imaging 

The spectral distribution of the arc radiation was firstly 
determined with a compact fibre spectrometer 
(AvaSpec-ULS2048), working in the wavelength range 
from 300 to 1000 nm with a temporal resolution of 1-
2 ms. For further experiments an imaging 1/2 m spec-
trometer (Roper Acton) combined with a PI-Max4 
ICCD-camera (Princeton Instruments) was used. The 
line of sight of the spectrometers was oriented nearly 
along the same line of view as the cameras and perpen-
dicular to the selected field-of-view (upper side of 
Fig. 2). The absolute intensity calibration of the spec-
trometer detector was performed by means of a tung-
sten strip lamp (OSRAM Wi 17/G) in units of spectral 
radiance. The dynamic behaviour of the arc was rec-
orded using high-speed cameras of the series Y4 and 
Y6 from Integrated Design Tools. The sampling rates 
were set to 3900 fps (Y6) and 5000 fps (Y4). The ex-
posure time was of 1 µs. In some experiments, metal 
interference filters (MIF) with a full width at half max-
imum - FWHM of about 10 nm for the H alpha line at 
656 nm and for the Cu-line at 525 nm were placed in 
front of the lenses of the high-speed cameras. 

3 Results and discussion 

3.1 Dynamic characteristic of the Arc 

Due to the combined influence of pressure and mag-
netic field shows the arc a highly arbitrary and dynamic 
behaviour. In particular, a comparison of images of the 
arc with (Fig. 3 left) and without (Fig. 3 right) external 
magnetic field indicates the strong influence of the arc 
field interaction. 
As Fig. 3 (right) shows, without external magnetic 
field the self-induced Lorentz-force acts just enhancing 
the radius of the arc-loop, which is limited by the vessel 
walls. Electrode effects at the arc roots appear to dom-
inate the arc-geometry so that plasma jets of the arc-
root at the contact-bridge and fixed contact would im-
pinge directly the wall.  
With the external magnetic field, the resulting Lorentz-
force acts in different directions, interacting with the 
arc in a more dynamic way. 
The Fig. 3 (left) presents a remarkably example of the 
interaction. The arc is being elongated and twisted sev-
eral times, occupying a higher part of the available vol-
ume in the vessel.  

3.2 Electric arc behaviour 

In order to evaluate the corresponding switching per-
formance for a given condition, we defined an arcing 
time and an arc-extinction-time (Fig. 4). 

  

Fig. 3 Images of the arc with (left) and without 
(right) external magnetic field. High-speed camera ex-
posure time 1 µs, 3900 fps. 

 
Fig. 4 Example of recorded current, arc-voltage and 
pressure signals from a switching operation.  

The arcing time considers the elapsed time between the 
first contact opening and the arc extinction. The arc-
extinction-time is the elapsed time during which the 
combined effects of elongation, due to Lorentz-forces, 
and turbulent convective gas flow inside the arc cham-
ber cause a considerable voltage increase. During this 
time, the arc shows a strong oscillating behaviour, 
which is also reflected on abrupt changes of the voltage 
signal. From several measurements a mean value of 
arc-extinction time around 2 ms for the 80 A arc was 
determined. 
Because of the highly dynamic behaviour, it is also 
possible that the arc will be driven to the region near 
the gap so that its length will be shortened again. Due 
to the shorter length, the arc voltage reduces suddenly 
to values of some 50 V, comparable to those during ig-
nition. This interrupts temporally the current limiting 
behaviour of the device. Since the arc current is limited 
and driven to zero, its extinction usually occurs before 
the capacities of the current source are fully dis-
charged. The voltage signal remains thus at a level 
greater than zero until the grounding system is acti-
vated. 
The trend of the pressure rising corresponds to that of 
the arc-voltage and is defined by the arc-extinction-
time. At the beginning of the switching processes, no 
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mits to obtain the H line emission coefficient depend-
ing on the temperature based on NIST transition prob-
abilities. Finally, comparison of measured and calcu-
lated emission coefficients gives the radial distribution 
of the arc temperature (Fig. 9). The two curves for the 
right and the both sides are not a sign of disagreement 
but should be regarded as a measure of the parameter 
range for the “real” temperature distribution inside the 
arc column. The central temperature is around 
15 000 K and decreases to 10 000 K within only 1-
2 mm and to 8 000 K within about 3 mm. This strongly 
indicates a rather narrow arc cross section with temper-
atures that are high enough for significant contribution 
to the electrical conductivity of the arc. The used gas 
mixture and pressure causes strong constriction of the 
arc that is enhanced by the magnetic forces and fast 
movement. Comparing this result with the correspond-
ing values of voltage and considering the obtained re-
sults for other intervals of time, it becomes clear that 
the arc elongation is not the only one effect responsible 
for the increase of the voltage. The relatively low con-
ductivity due to moderate arc core temperature and 
small arc diameter must be considered. 
 

 

Fig. 7 a) 2D spectrum for a 80 A switching arc in 
H2/N2 mixture by 5 bar, b) spatially integrated radi-
ance, c) spectrally integrated radiance of the H-line, d) 
high-speed image of the arc corresponding to the ac-
quisition time of the spectrum along the line of sight 
between fixed contact and contact bridge.  

Whereas the above analysis was carried out for spectra 
that are dominated by the emission of hydrogen atoms, 
it should be mentioned that in some cases completely 
different spectra were observed. In particular, for the 
instants were the arc nears the chamber walls (Fig. 10), 
the H (486 nm) and eventually the H (434 nm) line 
emission is superimposed by the much stronger pattern 
of the Swan bands. This band structure is emitted by C2 
molecules and characterized by an increase towards 

higher wavelengths with a maximum and abrupt de-
crease of intensity at the band-heads at 438.2 nm, 
473.7 nm, 516.5 nm, and 563.6 nm. The Swan bands 
have been widely investigated by laser-induced optical 
breakdown spectroscopy (LIBS) of graphite targets 
[10,11] and can be applied to estimate (rotational) tem-
peratures of the gas by comparison with spectra simu-
lation. Recently it could be shown that both optical 
emission as well as absorption spectra of high-current 
arcs with strong wall erosion can be dominated by 
Swan band structures, depending on the energy input 
and gas flow [12]. In the example shown in Fig. 10, the 
arc profiles with Swan bands emission were found to 
be much broader than for the hydrogen-dominated 
arcs. 

a b 

Fig. 8 a) Spectrally integrated radiance of the H-
line 486 nm and fits for the right of the arc (red, dotted) 
and both sides (blue, dashed), b) Corresponding emis-
sion coefficient profiles after Abel inversion. 

 

Fig. 9 Determined temperature profiles for the two 
fits introduced in Fig. 8 for the 80 A switching arc in 
H2/N2 mixture by 5 bar. 

The radial profile of the arc temperature cannot be de-
termined yet due to necessity of two-dimensional in-
verse Abel transformation and limitations by signal-to-
noise ratio. However, from the spectra it can be as-
sumed that the core temperatures probably will be 
lower. Estimations concerning the electrical conductiv-
ity lack of composition calculation for this plasma. 
Here, the production of different carbon-containing 
molecules like C3, C4 that are known to be responsible 
for the C2 production by photo defragmentation [10] 
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have to be taken into consideration as well as oxygen-
containing molecules, atoms, and ions. 

 

Fig. 10 Spatially integrated radiance profile for the 
80 A switching arc in H2/N2 by 5 bar showing the typ-
ical spectral profile of Swan bands. 

4 Summary 

The radiative characteristic of DC switching arcs in 
H2/N2 mixtures by 5 bar filling pressure in a switch 
model was investigated. 
In order to allow for the observation of the arc dynam-
ics and for the determination of the arc spectrum a con-
tainment of the filling gas for the model switch was re-
alized using a PMMA chamber. 
The spectrum of the switching arc in H2/N2 mixtures 
by 5 bar filling pressure shows dominating atomic line 
emission of hydrogen. The temperature profile for the 
80 A arc by 5 bar was determined using imaging spec-
troscopy around the H line at 486 nm. Narrow profiles 
with central temperatures of about 15 000 K and a de-
crease to 10 000 K within 1-2 mm were obtained. This 
strongly indicates a rather narrow arc cross section 
with temperatures that are high enough for significant 
contribution to the electrical conductivity of the arc.  
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higher wavelengths with a maximum and abrupt de-
crease of intensity at the band-heads at 438.2 nm, 
473.7 nm, 516.5 nm, and 563.6 nm. The Swan bands 
have been widely investigated by laser-induced optical 
breakdown spectroscopy (LIBS) of graphite targets 
[10,11] and can be applied to estimate (rotational) tem-
peratures of the gas by comparison with spectra simu-
lation. Recently it could be shown that both optical 
emission as well as absorption spectra of high-current 
arcs with strong wall erosion can be dominated by 
Swan band structures, depending on the energy input 
and gas flow [12]. In the example shown in Fig. 10, the 
arc profiles with Swan bands emission were found to 
be much broader than for the hydrogen-dominated 
arcs. 

a b 

Fig. 8 a) Spectrally integrated radiance of the H-
line 486 nm and fits for the right of the arc (red, dotted) 
and both sides (blue, dashed), b) Corresponding emis-
sion coefficient profiles after Abel inversion. 

 

Fig. 9 Determined temperature profiles for the two 
fits introduced in Fig. 8 for the 80 A switching arc in 
H2/N2 mixture by 5 bar. 

The radial profile of the arc temperature cannot be de-
termined yet due to necessity of two-dimensional in-
verse Abel transformation and limitations by signal-to-
noise ratio. However, from the spectra it can be as-
sumed that the core temperatures probably will be 
lower. Estimations concerning the electrical conductiv-
ity lack of composition calculation for this plasma. 
Here, the production of different carbon-containing 
molecules like C3, C4 that are known to be responsible 
for the C2 production by photo defragmentation [10] 
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Abstract 

Magnetic field measurements performed on a circuit breaker in order to study the switching arc processes are 
presented. Characteristic for these measurements is the spatial two-dimensional recording of the magnetic field 
with simultaneous high temporal resolution. A sensor head was developed for this purpose, which records the 
magnetic flux density in an area of 42 mm x 60 mm with a spatial resolution of 12 x 24 measuring points. A highly 
integrated sensor chip based on the Hall effect was used for the design. The configurability of this sensor chip 
makes it possible to adapt the time resolution to the measurement task, always in compromise with the amplitude 
resolution and the number of field components to be measured. Measurements with a sampling rate of 80 kHz 
were conducted. Also, with the sampling rate reduced to 25 kHz, three axis measurements could be performed. By 
combining two sensor heads into one measuring system, it was possible to perform simultaneous measurements at 
the two contacts of a low-voltage circuit breaker with double breaker. As a result, both slow and fast changes in 
the magnetic field caused by the arcing process were recorded and visualized. The changes in the field distribution 
measured with the two sensor heads correlated well with the respective arc voltage. With the help of such magnetic 
field measurements, study of the arcing processes in low-voltage switchgear should be made possible without 
interference of the arc itself.

1 Introduction 

Continuous development is required in the field of 
switchgears. The increasing demands of current and fu-
ture electrical distribution grids are driving this devel-
opment. To be mentioned here are the change from a 
purely unidirectional to a bidirectional supply struc-
ture, the increasing spread of direct current networks or 
the use of new storage technologies. Continuous im-
provement of the performance of protective devices 
such as low-voltage circuit breakers is essential to en-
sure that they meet upcoming challenges. The arc be-
haviour during the switching operation is crucial for 
the switching performance of a breaker. By modifying 
the contacts and the breaking chamber, the arc behav-
iour can be optimized. 
 
The use of a high-speed optical camera enables obser-
vation of the arc during a switching process lasting 
only a few milliseconds. This diagnosis method re-
quires an optical access into the breaking chamber. 
Since low-voltage circuit breakers are usually designed 
with a moulded case, modifications are necessary to 
gain optical access. Therefore special laboratory sam-
ples are used with housings that are transparent, have 
cut-outs [1], holes or optical fibres inserted into their 
housing wall [2]. 
 

Such modifications to the laboratory samples make it 
impossible to rule out influences on the arcing behav-
iour. Especially the application of other materials in the 
switching chamber can in turn influence the arcing pro-
cess. For example, the different gas emission charac-
teristics of the transparent material introduced can 
change the flow and pressure conditions inside the 
chamber and thus the behaviour of the arc. 

2 Literature on Magnetic 
Switchgear Diagnosis 

With magnetic field measurements, it is possible to test 
switching devices without influencing the switching 
behaviour itself. Blaise Pascal University in France 
published work on this subject between 1990 and 2008. 
Three different concepts were presented. First, they 
presented a method called "Magnetic Camera" [3] [4] 
[5]. Based on a simplified model switch, up to 88 
pickup coils attached to the outside of the switch detect 
the magnetic field. The arc was modelled as a polygon 
line between the electrodes divided into segments. A 
nonlinear system of equations based on the law of Biot-
Savart was established. The movement of the arc was 
be reconstructed by inversion and thus e.g. the re-igni-
tion of the arc could be investigated. In a more ad-
vanced method, referred to as "Inverse Method", up to 
14 Hall effect sensors were used instead of micro coils 
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to detect the magnetic field [6] [7]. The reconstruction 
was also based on a non-linear system of equations. 
The influence of the quenching plate configuration, the 
contact material and the circuit chamber material were 
investigated. In addition, the current commutation dur-
ing re-ignition was examined in more detail by model-
ling two arcs using two separate polygon lines. In a 
third method, called "Deconvolution Method", the arc 
was modelled as narrow volume elements between the 
electrodes instead of a polygon line [8]. The homoge-
neous current density in each of these elements was re-
constructed by inverting a linear system of equations. 
This method was combined with the "Inverse Method" 
to investigate the commutation of the current from the 
moving contact to the electrode. All three methods 
have in common the use of a simplified model switch, 
the restriction of the arc movement to two dimensions 
and the use of Biot-Savart not considering magnetic 
materials. 
 
Reichert and Berger [9] were also able to determine the 
arc root movement with pickup coils arranged along-
side arc rails. The influence of the current in the rails 
on the magnetic field measurement was excluded by 
the arrangement of the coils. 
 
Ghezzi et al [10] theoretically described the current 
density reconstruction in vacuum circuit breakers by 
magnetic field inversion. With the help of methods 
such as singular value decomposition, regularization 
and temporal filtering, the reconstruction was im-
proved. However, it turned out that this method is only 
capable of a rough reconstruction of the course of the 
arc. An exact determination of e.g. the shape of the arc's 
roots is therefore not possible. 
 
At Jiaotong University in Xi'an, China, a magnetic 
field sensor array with 8 x 8 Hall effect sensors was 
presented and used to investigate the influence of 
quenching plates and ferromagnetic inserts on the arc 
movement [11] [12]. The sampling rate of the sensors 
was 20 kHz. Further work describes the reconstruction 
of three-dimensional current density distributions from 
magnetic field measurements [13]. The model is based 
on a simplified switching chamber. A paramagnetic be-
haviour of the quenching plates and eddy currents in 
the quenching plates and busbars are considered. In ad-
dition, the influence of a real sensor on the reconstruc-
tion was examined [14]. The averaging of the magnetic 
field over the active sensor surface, the tilting and er-
rors in the sensor positioning are taken into account. 

3 Measuring System 

In order to be able to study fast arcing processes with 
the help of the magnetic field, a measuring system is 
required that combines a spatially resolved measure-
ment with a high temporal resolution. Due to the fast 

arcing process lasting only a few milliseconds, a sam-
pling rate of several kilohertz is required. Commercial 
measuring devices are available for spatially high-res-
olution two-dimensional measurements of magnetic 
fields [15] [16]. However, the sampling rates of about 
1 Hz to 100 Hz of these systems are too low for the in-
tended application. For this reason, we developed and 
built our own magnetic field measurement system par-
ticularly designed for this purpose. The developed 
measuring system consists of several sensor heads, for 
synchronous measurement at multiple positions. Cur-
rently five sensor heads are available to take the meas-
urements. Each sensor head records the magnetic field 
in a rectangular area, which is equipped with individual 
sensor ICs (integrated circuits). 

3.1 Sensor Technology 

For the measurement system, we use the highly inte-
grated sensor IC FH5401 from Fraunhofer IIS [17]. 
This sensor chip combines six Hall effect sensors, a 
temperature sensor, the analog and digital signal pro-
cessing and a sequence control in one IC package. The 
Hall effect sensors are arranged in two spatially sepa-
rated measuring points called pixel cells with three sen-
sors each for the three spatial directions as shown in 
Fig. 1. A vectorial detection of the magnetic field is 
therefore possible. The IC is controlled via a serial pe-
ripheral interface (SPI). Due to the configurable se-
quence control, adaptation to different measuring tasks 
is possible. For example, you can choose which of the 
integrated sensors are used and the sampling rate and 
resolution at which they operate. The integrated tem-
perature sensor allows compensation of the tempera-
ture-dependent gain of the Hall effect sensors. 

 
Fig. 1 Packaging of the FH5401 sensor IC. 

 
The two configurations "Single Axis" and "Three Axis" 
were used for the measurements shown in this paper. 
Table 1 lists the data of both configurations. Both use 
only one measuring point in the IC to achieve the high 
sampling rates. The "Single Axis" configuration uses 
only one Hall effect sensor in the IC, which allows a 
high sampling rate of 80 kHz. The "Three Axis" con-
figuration uses three Hall effect sensors in one measur-
ing point instead. This allows us to record the magnetic 
flux density in magnitude and direction. Further con-
figurations are possible. Considerable options include 
increasing the sampling rate to over 100 kHz or using 
both measuring points in the IC at a reduced sampling 
rate. 
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measured with the two sensor heads correlated well with the respective arc voltage. With the help of such magnetic 
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1 Introduction 
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opment. To be mentioned here are the change from a 
purely unidirectional to a bidirectional supply struc-
ture, the increasing spread of direct current networks or 
the use of new storage technologies. Continuous im-
provement of the performance of protective devices 
such as low-voltage circuit breakers is essential to en-
sure that they meet upcoming challenges. The arc be-
haviour during the switching operation is crucial for 
the switching performance of a breaker. By modifying 
the contacts and the breaking chamber, the arc behav-
iour can be optimized. 
 
The use of a high-speed optical camera enables obser-
vation of the arc during a switching process lasting 
only a few milliseconds. This diagnosis method re-
quires an optical access into the breaking chamber. 
Since low-voltage circuit breakers are usually designed 
with a moulded case, modifications are necessary to 
gain optical access. Therefore special laboratory sam-
ples are used with housings that are transparent, have 
cut-outs [1], holes or optical fibres inserted into their 
housing wall [2]. 
 

Such modifications to the laboratory samples make it 
impossible to rule out influences on the arcing behav-
iour. Especially the application of other materials in the 
switching chamber can in turn influence the arcing pro-
cess. For example, the different gas emission charac-
teristics of the transparent material introduced can 
change the flow and pressure conditions inside the 
chamber and thus the behaviour of the arc. 

2 Literature on Magnetic 
Switchgear Diagnosis 

With magnetic field measurements, it is possible to test 
switching devices without influencing the switching 
behaviour itself. Blaise Pascal University in France 
published work on this subject between 1990 and 2008. 
Three different concepts were presented. First, they 
presented a method called "Magnetic Camera" [3] [4] 
[5]. Based on a simplified model switch, up to 88 
pickup coils attached to the outside of the switch detect 
the magnetic field. The arc was modelled as a polygon 
line between the electrodes divided into segments. A 
nonlinear system of equations based on the law of Biot-
Savart was established. The movement of the arc was 
be reconstructed by inversion and thus e.g. the re-igni-
tion of the arc could be investigated. In a more ad-
vanced method, referred to as "Inverse Method", up to 
14 Hall effect sensors were used instead of micro coils 
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TABLE 1. USED CONFIGURATIONS FOR FH5401. 

 Single Axis Three Axis 
Axis: Bz  Bx, By and Bz 

Sampling rate: 80 kHz 25 kHz 
Range: ±50 mT ±50 mT 

Resolution: 160 µT 270 µT 

3.2 Sensor Head 

The main components of the sensor head are the sensor 
board and a control board. The sensor board is 
equipped with 288 FH5401 sensor ICs. These ICs are 
arranged in a rectangular 12 x 24 array. The sensor ar-
ray covers an area of 42 mm x 60 mm, resulting in spa-
tial resolution of 3.5 mm in x-direction and 2.5 mm in 
y-direction. The sensor board is connected to the con-
trol board via board-to-board connectors to form a sin-
gle unit. The main component of the control board is 
an FPGA (field programmable gate array), which sim-
ultaneously controls and reads out all sensor ICs and 
temporarily stores the measured data. A plastic housing 
ensures the targeted airflow from the mounted fan to 
the sensor board. The rear of the sensor board is cooled 
to prevent overheating of the sensor ICs on the front of 
the board. The complete sensor head can be positioned 
as a unit on the object to be measured. A PC controls 
the sensor head using a USB interface. 

3.3 Measuring Procedure 

A command sequence is loaded from the PC into the 
FPGA to prepare a reading. The command sequence is 
specific to a sensor IC configuration. Thus, separate se-
quences are required for the "Single Axis" and the 
"Three Axis" configurations. After the acquisition du-
ration has been set, you can start the measurement. An 
auxiliary board to which all camera heads are con-
nected synchronizes the start of the measurement. In 
addition, this board provides the connection of the pe-
ripherals for igniting a thyristor and the control of an 
auxiliary trigger. After completing the measurement, 
the magnetic field data temporarily stored in the FPGA 
is transferred to the PC. There the offset and tempera-
ture-dependent gain correction is carried out. 

4 Measurements on a Circuit 
Breaker 

4.1 Measurement Setup 

The arcing processes in a circuit breaker are studied by 
performing simulated switch-off operations of a de-
vice. The test specimen was a low-voltage circuit 
breaker with a rated current of 250 A and a rotary dou-
ble-breaker system. An outer phase of the three-phase 
device was tested. A test setup was built to conduct the 

measurements, which is shown in Fig. 2. With the con-
tact system initially closed, the switchgear is subjected 
to a semi-sinusoidal current waveform with an ampli-
tude of up to 3 kA and a duration of 10 ms. This is 
achieved by discharging a capacitor bank via a choke 
designed as an air-core coil. During this discharge, the 
circuit breaker is then remotely tripped by an auxiliary 
release and the contact system opens. The current flow, 
driven by the capacitor voltage and the choke, creates 
an electric arc between the contacts. The time at which 
the device is tripped can be varied according to the 
phase of the current.  

 
Fig. 2 Schematic of the test setup. 
 
During the arcing process, two sensor heads mounted 
on the outer wall of the switch detect the magnetic 
field. Fig. 3 shows the arrangement. The measuring 
plane is aligned parallel to the contact system. The two 
measuring areas are each positioned at the height of the 
quenching plate arrangement of the two breakers of the 
double breaker system, as shown in Fig. 4. This should 
allow observation of the arc interaction with the 
quenching plates, with the focus on the outward and 
inward movement of the arc. In addition to the flux 
density, the current and voltage are also measured. A 
tap on the moving contact piece measures the voltage 
for both breaker points.  

 
Fig. 3 Picture of the measurement setup. 
 

 
Fig. 4 Location of the measurement areas of the two 
sensor heads. 
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4.2 Single Axis Measurement 

Fig. 5 shows the current and voltage curve of a meas-
urement. The current reaches a maximum of 1.4 kA. 
The voltage was measured for both contacts of the dou-
ble breaker. At t = 1.3 ms the switch opens, which is 
indicated by an arising voltage across the contacts. The 
two voltage curves differ mainly by the many high-fre-
quency peaks and drops in the voltage across contact 2 
(u2). In contrast, only a few but larger voltage drops 
can be observed at contact 1 (u1). 
 
The magnetic flux density in the z-direction was meas-
ured with the single axis configuration at a sampling 
rate of 80 kHz during the entire simulated switch-off 
process. The lower part of Fig. 5 shows a section of the 
voltage waveforms. Here, the time points of the mag-
netic field measurements for a range of 225 µs are 
shown. Fig. 6 shows the recorded field distributions at 
these times for both sensor heads. Each pixel in the im-
ages represents the measured value of a sensor IC. The 
field distributions of the two heads show changes dur-
ing the observed period, each locally limited. The field 
changes result from the change of the current path 
within the switching device, which is generated by the 
opening of the contacts and by the arc movement. Sen-
sor head 1 shows a slow change in the field distribu-
tion, which is expressed by a one-time change in the 
sign of the flux density. A shift in the current density 
distribution within the switching chamber relative to 
the sensors can cause such a change in sign. Sensor 
head 2, on the other hand, detects many fast changes, 
each of them happening in a few samples. These find-
ings correlate well with the voltage curves, as sensor 
head 1 is positioned near contact 1 and head 2 near 
contact 2. Rapid changes in the field always occur with 
sudden voltage drops. 

 
Fig. 5 Current and voltage over contact 1 (u1) and 2 
(u2) during single axis measurement (rectangles on the 
t axis: investigated periods. bottom: detailed view with 
marked sampling points of the magnetic field). 

 
Fig. 6 Magnetic field distribution in z-direction of 
sensor head 1 and 2 from t = 3.5875 ms to t = 3.825 ms. 
 

TABLE 1. USED CONFIGURATIONS FOR FH5401. 

 Single Axis Three Axis 
Axis: Bz  Bx, By and Bz 

Sampling rate: 80 kHz 25 kHz 
Range: ±50 mT ±50 mT 

Resolution: 160 µT 270 µT 

3.2 Sensor Head 

The main components of the sensor head are the sensor 
board and a control board. The sensor board is 
equipped with 288 FH5401 sensor ICs. These ICs are 
arranged in a rectangular 12 x 24 array. The sensor ar-
ray covers an area of 42 mm x 60 mm, resulting in spa-
tial resolution of 3.5 mm in x-direction and 2.5 mm in 
y-direction. The sensor board is connected to the con-
trol board via board-to-board connectors to form a sin-
gle unit. The main component of the control board is 
an FPGA (field programmable gate array), which sim-
ultaneously controls and reads out all sensor ICs and 
temporarily stores the measured data. A plastic housing 
ensures the targeted airflow from the mounted fan to 
the sensor board. The rear of the sensor board is cooled 
to prevent overheating of the sensor ICs on the front of 
the board. The complete sensor head can be positioned 
as a unit on the object to be measured. A PC controls 
the sensor head using a USB interface. 

3.3 Measuring Procedure 

A command sequence is loaded from the PC into the 
FPGA to prepare a reading. The command sequence is 
specific to a sensor IC configuration. Thus, separate se-
quences are required for the "Single Axis" and the 
"Three Axis" configurations. After the acquisition du-
ration has been set, you can start the measurement. An 
auxiliary board to which all camera heads are con-
nected synchronizes the start of the measurement. In 
addition, this board provides the connection of the pe-
ripherals for igniting a thyristor and the control of an 
auxiliary trigger. After completing the measurement, 
the magnetic field data temporarily stored in the FPGA 
is transferred to the PC. There the offset and tempera-
ture-dependent gain correction is carried out. 

4 Measurements on a Circuit 
Breaker 

4.1 Measurement Setup 

The arcing processes in a circuit breaker are studied by 
performing simulated switch-off operations of a de-
vice. The test specimen was a low-voltage circuit 
breaker with a rated current of 250 A and a rotary dou-
ble-breaker system. An outer phase of the three-phase 
device was tested. A test setup was built to conduct the 

measurements, which is shown in Fig. 2. With the con-
tact system initially closed, the switchgear is subjected 
to a semi-sinusoidal current waveform with an ampli-
tude of up to 3 kA and a duration of 10 ms. This is 
achieved by discharging a capacitor bank via a choke 
designed as an air-core coil. During this discharge, the 
circuit breaker is then remotely tripped by an auxiliary 
release and the contact system opens. The current flow, 
driven by the capacitor voltage and the choke, creates 
an electric arc between the contacts. The time at which 
the device is tripped can be varied according to the 
phase of the current.  

 
Fig. 2 Schematic of the test setup. 
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Fig. 7 shows a different timeframe of the same single 
axis measurement. It is noticeable that the voltage 
across contact 1 now shows large drops. In the field 
distributions from sensor head 1 shown here, the volt-
age drops correlate well with changes in the field. In 
the magnetic field at T1 + 12.5 µs a strong deflection of 
some nearby sensors is noticeable, which occurs at the 
time of a sudden voltage drop. This voltage drop indi-
cates a very fast arcing process. Therefore, it is possible 
that sensor IC internal effects or interactions with the 
circuit board cause the deflections shown in the field. 
Further investigations are necessary to investigate this. 
 

 
Fig. 7 Magnetic field distribution Bz of sensor 
head 1 from t = 4.150 ms to t = 4.3375 ms. 

4.3 Three Axis Measurement 

Fig. 8 and Fig. 9 show the result of a second measure-
ment. The use of the three axis configuration enables 
the magnetic flux density to be measured in all direc-
tions in space. Here the sensor ICs read the field with a 
sampling rate of 25 kHz. Fig. 8 shows current and volt-
age. Larger peaks and dips in the voltages are limited 
temporally to about 500 µs each. Fig. 9 shows the field 
distribution at four successive points in time for each 
spatial direction, for both sensor heads. A larger 
change, happening abruptly between two samples, can 
only be observed on sensor head 1. The two samples 
were taken once before and once after a drop of voltage 
u1. 
 

 
Fig. 8 Result of the three axis measurement (current 
and voltage). 
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Fig. 9 Result of the three axis measurement (mag-
netic flux density distribution for the three directions 
and the two sensor heads). 

4 Conclusion 

Magnetic field measurements on a circuit breaker dur-
ing a simulated switch-off process are shown. We used 
a specially developed magnetic field measuring sys-
tem. The system is able to detect a field distribution lo-
cally resolved with a high sampling rate. Fast as well 
as slow events showed up in the visualized field distri-
butions. An adaptation of the measuring system to the 
specific task is possible by using different sensor IC 
configurations. As shown, a reduction of the sampling 
rate to 25 kHz allows three axis magnetic field meas-
urements. Using two sensor heads allowed measure-
ments near each contact of the double breaker. The two 
field distributions measured, correlate well with the 
corresponding voltage of the contact.  
 

The next step will be a simultaneous measurement of 
the electric arc with a high-speed optical camera and 
the magnetic field with the measuring system presented 
here. Therefore, the presented measuring system shall 
be verified, supported by numerical magnetic field 
simulations. 
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head 1 from t = 4.150 ms to t = 4.3375 ms. 

4.3 Three Axis Measurement 

Fig. 8 and Fig. 9 show the result of a second measure-
ment. The use of the three axis configuration enables 
the magnetic flux density to be measured in all direc-
tions in space. Here the sensor ICs read the field with a 
sampling rate of 25 kHz. Fig. 8 shows current and volt-
age. Larger peaks and dips in the voltages are limited 
temporally to about 500 µs each. Fig. 9 shows the field 
distribution at four successive points in time for each 
spatial direction, for both sensor heads. A larger 
change, happening abruptly between two samples, can 
only be observed on sensor head 1. The two samples 
were taken once before and once after a drop of voltage 
u1. 
 

 
Fig. 8 Result of the three axis measurement (current 
and voltage). 
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Abstract 

Powder metallurgical manufactured CuCr electrodes made from materials with different Cr morphology have been 
studied under the AC current load up to 6.5 kA. Special attention was paid to the appearance of various anode 
modes. Arc dynamics has been acquired by high-speed camera. NIR spectroscopy was used for determination of 
the time- and space-resolved anode surface temperature. Broadband absorption spectroscopy was applied for 
determination of the vapour density with respect to different anode modes. Existence ranges of various anode 
modes, as well as the results of anode surface temperature and Cr I density measurements for two electrode 
materials are presented and discussed. 

1 Introduction 
Vacuum interrupters (VI) are environmental friendly 
alternative to SF6 switches at medium and high-voltage 
levels. Applications of this type of circuit breakers are 
permanently growing and give a rise for continuing 
research.  The high-current operation of VI is 
accompanied by remarkable metal vapour generation, 
which can occur also after the current interruption 
when the electrode surface temperature is high enough. 
Sufficiently high vapour density promotes the arc 
reignition in the presence of transient recovery voltage. 
Control over the density of neutral species close to the 
current zero crossing is, therefore, of great importance. 
The anode is the main source of neutral vapour in case 
of switching vacuum arcs. The anode activity is 
especially high when the high-current anode modes 
occur.  Figure 1 presents the typical anode modes 
observed in the experiment [1, 2]. The appearance of 
those modes depends on the electrode distance, arc 
current, arc duration and anode surface temperature [1, 
2, 3]. Thus, the intense mode usually is typical for arc 
ignition stage, the diffuse mode occurs at comparably 
low currents and the anode spot (type 1 or type 2) has 
been obtained when the anode surface becomes melted. 
The last anode mode, the anode plume, was found at 
the conditions of significant anode melting and appears 
usually close to the current zero crossing. The plume 
consists of neutral vapour [2, 4] and moves toward the 
cathode creating a conducting channel. Therefore, it is 
highly desirable to avoid the anode spot mode. This 

could be achieved by the choice of electrode material, 
which provides for example lower surface temperature 
or decreased vapour density.  
 

Fig. 1 Images of vacuum arc discharge during 
different high-current anode modes: (a) intense, (b) 
diffuse, (c) footpoint, (d) anode spot, (e) anode plume. 
Anode on the top, cathode on the bottom. 
 
Some research work was done in the past to identify 
the optimized parameters such as Cr content [5, 6, 7] 
and particle size [5, 8, 9]. However, the results are not 
directly comparable due to the differences in both 
manufacturing parameters and experimental 
conditions. In order to get a full picture about possible 
switching behaviour of certain contact material, as 
much parameters as possible have to be acquired 
simultaneously. 

 
 
 
 
 
 
        (a)       (b)   (c) 
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Powder metallurgical manufactured CuCr electrodes 
made from materials with different Cr morphology 
have been studied under typical switching operation 
conditions. Special attention was paid on the 
appearance of various anode modes. Existence ranges 
of various anode modes, as well as the results of anode 
surface temperature and Cr I density measurements for 
various electrode materials are presented and 
discussed.  
The comprehensive characterization of high-current 
anode phenomena was done by simultaneous 
application of electrical and optical diagnostics which 
comprises registration of  arc voltage and current 
behaviour, observation of anode mode transitions, 
measurements of anode surface temperature, as well as 
determination of vapour density after current 
interruption. Details are given in Section 2. 

2 Experimental setup and 
diagnostics 

2.1 Studied materials  

 
Fig. 2 Images of material structure top – Material I, 
bottom - Material II, magnification 200x. Grey spots -
Chromium, black- Alumina  
 
Two different materials with 25 wt% Cr, but different 
Cr particle size distributions further denoted as 
Material I and Material II have been studied. Both 

materials are aluminothermic Chromium – material I is 
a standardised medium grain size powder whereas 
material II is a finer sieving fraction with a 
significantly higher level of alumina impurities related 
to the brittle behaviour of the ceramic component 
(Figure 2). The contact materials were manufactured 
by powder metallurgy at Plansee Powertech AG. Cu- 
and Cr-powders were mixed, cold compacted and 
subsequently sintered under protective atmosphere, 
slightly below the melting point of Cu. 
The electrodes had a diameter of 20 mm and a height 
of 10 mm. 

2.2 Power source 

The current pulses were provided by a high-current 
generator [10]. AC operation with a current range 380 
A- 6500 A has been used. The arc duration was varying 
between 3 and 9 ms.  
 
2.3 Vacuum chamber 

A vacuum chamber with optical access described in 
[10] has been used in the experiments. It contains four 
optical viewports allowing for simultaneous 
acquisition of several optical signals. As in the real 
applications, the electrodes are moved by an actuator 
with an opening speed of about 1 m/s. For 
simplification of optical diagnostics the fixed electrode 
was powered as the anode and the grounded cathode 
was moving. 

Fig. 3 Schematic representation of experimental 
setup with a vacuum chamber VC, electrode system 
(A- anode, C- cathode) and used optical diagnostics: 
compact NIR spectrometer (NIR) with optical fibre and 
collimator (OS NIR), system for absorption 
measurements – Xenon flash lamp (Xe L) and optical 
emission spectroscopy system (OES), high-speed 
camera (HSC). 

2.3 Applied diagnostics 

Electrical and optical diagnostics has been applied for 
characterisation of arc behaviour. Arc dynamics has 
been acquired by high-speed camera (Figure 3). NIR 
spectroscopy was used for determination of the time- 

NIR
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A
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and space-resolved anode surface temperature. 
Broadband absorption spectroscopy was applied for 
determination of the vapour density with respect to 
different anode modes.  

2.3.1 Electrical diagnostics 

Arc current and arc voltage have been measured by 
corresponding probes. Pearson current monitor model 
1330 was used for determination of current evolutions. 
The arc voltage was acquired by Tektronix high voltage 
probe P6015A. The signals have been registered by the 
transient recorder HBM GEN7t. 

2.3.2 Arc images 

The arc dynamics has been registered by high-speed 
camera IDT Motion Pro Y4 with  a frequency of 10000 
fps and exposure time between 2 µs for high currents 
and 5 µs for low currents. Typical arc images are shown 
in Figure 1.  

Fig. 4 Example of temperature evaluation using NIR 
spectrum. 

2.3.3 Techniques for surface temperature 
determination 

Determination of the anode surface temperature has 
been performed by two complementary methods. The 
NIR spectroscopy was used for measurements of the 
cooling dynamics after current zero. Using the optical 
system (OS NIR in Fig. 3) the measuring spot of ca 
1 mm in diameter was adjusted to the supposed 
position of highest temperature. Hamamatsu NIR 
spectrometer   C1142GA with the spectral range 900 – 
1650 nm and temporal resolution of 1.5 ms (exposure 
time 200µs) have been used for spectra registration. 
After the acquisition the spectra have been processed 
according to the routine presented in [11] in order to 
determine the temperature. An example of temperature 
evaluation is shown in Figure 4. During the active 
phase the enhanced high speed camera techniques has 
been used to acquire the qualitative evolution of the 
surface temperature. A metal interference filter with the 
central wavelength of 891 nm and FWHM of 10 nm 
has been used to block the plasma radiation. The anode 
surface images were acquired than by a second high-
speed camera (IDT MotionPro Y4) with 10000 fps at 
an exposure time of 100 µs. The absolute temperature 

was calculated by calibration at the position of NIR 
measurements at the instant close to current zero 
crossing. More details about used diagnostic 
techniques can be found in [2]. 

2.3.4 Absorption spectroscopy 

Broadband optical absorption spectroscopy (OAS) was 
used for determination of chromium vapour density  
after extinction of arc plasma (after current zero). This 
technique is based on evaluation of absorption spectra 
in the wavelength range where the resonance lines of 
material of interest are present. 

 
Fig. 5 OAS evaluation position. Anode on the top, 
cathode at the bottom. The dashed line marks the 
projection position of spectrograph slit. 

Fig. 6 Signal sequence for OAS diagnostics. 

Fig. 7 2D image of the spectrograph in the range of 
Cr I resonance lines (top) and averaged absorption 
spectrum (bottom). Cr I lines (from the left to the right) 
425.43, 427.78, and 428.97 nm. 
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A rectangular-shape pulsed high-intensity Xenon lamp 
is used as a background radiation source. It emits a 
Planck-like radiation of 12 000 K with a maximum 
power of 1MW [12]. The Xenon lamp is positioned on 
the right side window of the vacuum chamber (Fig. 2). 
Its radiation is directed through the electrode system on 
the optical axis and coupled to the spectrometer 
entrance slit that is placed at the opposite window. By 
using a deflecting and a focusing mirror, the electrode 
gap is observed along a line perpendicular to the 
electrode surfaces. The radiation is spectrally dispersed 
using the Andor Technology Ltd. Shamrock 750 
spectrograph (Czerny–Turner type) with a 0.75m focal 
length equipped by an intensified charge coupled 
device camera (Andor iStar). The position of the 
spectrograph slit is presented by dashed-dotted line 
shown in Figure 5. 
The method and corresponding theory together with 
the experimental setup are described in more detail in 
[2] and [13]. Spectral interval 423–431 nm was chosen 
to study the Cr I density, which contains spectral lines 
of different resonance transitions of 425.43, 427.78, 
and 428.97 nm [14]. 

Fig. 8 Example of Cr I 428.9 nm line fit procedure. 
 
Figure 6 shows the operation sequence applied for 
OAS measurements. Absorption spectra have been 
acquired immediately after current zero crossing with 
a delay about 100 µs, which was necessary for plasma 
decay. Xe lamp started about 9.5 ms and reached its 
maximum intensity close to the instant of acquisition 
time. An example of high-resolution spectra is 
presented in Figure 7. The anode and cathode are at the 
top and bottom of the figure, respectively. The light 
grey background corresponds to the continuum 
radiation emitted by the Xenon lamp. Three darker 
narrow vertical lines shown on the top of Fig. 4 
correspond to the absorption by three resonance lines 
of Cr I at 425.43, 427.78, and 428.97 nm. The relative 
intensities of the plasma transmission and the 
background light source integrated along the 
wavelengths are shown in Fig. 6 (bottom). The signal 
is averaged over a horizontal stripe of approximately 5 
mm in the axial direction in the front of anode. 
 

Figure 8 presents an example of data processing for the 
Cr I line 428.9 nm. The preparation routine includes 
dark signal correction and Lorentzian fit of obtained 
signal. Finally, the area under the absorption signal was 
determined, which gives the value of optical depth . 
The lower state population density Nl in the absence of 
plasma radiation (after current zero) can be determined 
from the optical depth as follows [2]: 

 (1) 

Here, ε0 is the permittivity of free space, me is the 
electron mass, c is the speed of light in vacuum, e is the 
elementary charge,  flu is the oscillator strength, λ0 is 
the center wavelength of the considered transition, I0 
denotes  undisturbed radiation the background light 
source, I is the radiation measured after absorbing 
material and D is the absorption length. 
Detailed information regarding the broadband 
absorption spectroscopy method and spectroscopic 
constants for the selected lines, including wavelength, 
transition probability, and oscillator strength can be 
found in [2]. 

  2.4 Electrode surface conditioning 

Fig. 9 Example of arc current and voltage behaviour 
during the conditioning cycle. Top – new electrodes, 
bottom - conditioned electrodes. 
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Prior to the measurements the electrode surface must 
be cleaned from adsorbed particles, the lubricant rests 
of machining processing, dielectric layers, water etc. 
The cleaning procedure was performed in several 
steps. First, the electrodes  were processed in ultrasonic 
bath with distilled water and grease removing fluid. In 
the next step, the surface was cleaned by acetone and 
isopropanol. Finally, after the mounting inside the 
vacuum chamber, low-current arc discharges were 
applied for conditioning of the surface.  

Fig. 10 Characteristic voltage behaviour in case of 
diffuse anode attachment (top), footpoint or anode spot 
1 mode (middle) and anode spot type 2 (bottom). 
 
Figure 9 shows the temporal evolution of the current 
and voltage during the conditioning cycle. The 
stepwise increase of the arc voltage denotes the instant 
of the electrode separation (arc ignition). Typical arc 
duration was between 6.5 and 9 ms. First shots with the 
new electrodes show certain instabilities in the voltage 

behaviour which are connected with stochastic spot 
formation on the electrode surface at the positions of 
adsorbed impurities. The high-speed videos  confirm 
the unstable arc root positions in this case. After 
typically 10 shots the voltage curve becomes more 
smooth indicating the end of conditioning process. The 
arc glow becomes more diffuse and the cathode spots 
are uniformly distributed over the surface.  

3 Results and discussion 

3.1 Anode modes existence range 
Distinguishing between different high current anode 
modes is based on evaluation of the arc images and the 
shape of the arc voltage. Figure 10 shows three 
characteristic cases of arc voltage A diffuse arc 
attachment is accompanied by a stable voltage course. 
Small voltage fluctuations (form instants after 6 ms in 
Fig. 10 middle) point to appearance of localized arc 
attachment, which is characteristic for footpoint mode 
or anode spot type 1. Finally, a pronounced voltage 
jump occurs when an anode spot of type 2 is formed 
(instant of 4.3 ms in Fig. 10 bottom). 

Fig. 11 Anode mode existence diagrams for Material I 
(top) and Material  II (bottom). Dashed curves show 
supposed boundary between different modes: diffuse , 
footpoint/anode spot 1 (FP/AS 1), anode spot type 2 
(AS 2). 
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Fig. 12 Evolution of anode surface temperature 
obtained from NIR measurements for Material I (top) 
and Material  II (bottom). 
 
The electrodes made of both materials and conditioned 
according to the routine described in Sec. 2.4 have been 
loaded by variable current in the range 380 A – 6500 A 
between 1 and 3 times. During the analysis of high 
speed images and voltage courses the time of first 
appearance of corresponding mode after the arc 
ignition and related current have been evaluated. Since 
during a single shot various modes transition can occur, 
some shots give the information for several pairs 
current/arc duration. The results of this analysis are 
presented in Figure 11. The footpoint mode is usually 
a forerunner for the anode spot type 1 mode. In many 
cases, it is also difficult to identify the exact instant 
(and current) of mode transition between footpoint and 
anode spot type 1. Therefore, corresponding cases are 
summarized together in the diagrams, so that three 
typical existence ranges are distinguished. The diffuse 
attachments occurs when the current is rather low at 
long arc duration or also in the cases when the arc 
duration is short and the current is high. An increase of 
the current is accompanied by a mode change to 
footpoint or anode spot type 1 mode. In the case of 
Material II this transition takes place at lower current 
values when the arc duration is long. Furthermore, in 
the experiments with a short arc duration the diffuse arc 
for Material II was never obtained for the currents 
higher than 3000 A. Also, the transition to the anode 
spot type 2 mode requires less current at the same arc 

duration in case of Material II. In general, the arc 
constriction occur at lower current resp. lower arc 
duration for Material II comparing to Material I. 

3.2 Surface temperature 

Temporal evolutions of anode surface temperature after 
current zero crossing are presented in Figure 12. Initial 
temperature varies between about 1300 K and 1700 K. 
Its value increases when the maximum arc current is 
higher. Material I shows higher starting temperatures at 
comparable experimental conditions. In case of 
Material II the temperature decay is nearly linear with 
time. The signals for Material I exhibit a strong noise 
for currents higher than 3300 A due to significant anode 
activity in form of anode plume. The anode plume was 
not obtained in case of Material II at the present 
experimental conditions. Despite to lower initial 
temperature Material II needs longer time for cooling. 
After about 10 ms the temperature decreases by about 
25% of its value at current zero. Thus, the expected 
predicted time to reach the room temperature is about 
20 - 30 ms in case of Material I and about 35 - 45 ms 
in case of Material II. 

 
Fig. 13 2D surface temperature plots for the instant 
7.25 ms in case of maximum current of 6500 A. Top – 
anode made from Material I, bottom –  Material II. 
 
Figure 13 presents a comparison of 2D anode surface 
temperature distribution at the instant 7.25 ms in case 
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of maximum current of 6500 A for both studied 
materials. In general, the temperature in case of 
Material II was lower also during the active phase of 
the discharge. For the presented instant, the maximum 
temperatures were about 2430 K and 2280 K for case 
of Material I and Material II correspondingly. Such 
behaviour could be partially explained by increased 
spot area in comparison to Material I. The anode spots 
on the anode made from Material II tends to occupy the 
lateral surface, while the spot in case of Material I had 
the position, which approximately coincides with the 
ignition point of the arc. 

3.3 Vapour density after CZ 

Results of absorption measurements for Cr I vapour 
density after current zero crossing are shown in 
Figures 14 and 15.  
 

Fig. 14 Cr I density close to the instant of current zero 
crossing in case of maximum current of 6500 A. Empty 
symbols – single shot results; full symbols - from 
several measurements. 

 
Fig. 15 Dependence of Cr I density close to the instant 
of current zero crossing on the maximum arc current. 
 
Due to low spectral intensity the acquisition of only 
one spectrum per shot was possible. Therefore, several 
measurements at similar experimental conditions have 
been performed. 

Despite the lower surface temperature, the vapour 
density is higher in case of Material II. It amounts to 
about 1018 m-3, while the value for Material I is about 
7.41017 m-3. 
The vapour density remains higher for Material II in 
the current range 3500 – 6500 A (Figure 15). For the 
lower current values the sensitivity of AOS system was 
not enough to resolve the absorption spectra. Higher 
evaporation rate in case of Material II is probably 
caused by finer Cr grain structure and lower thermal 
conductivity which is influenced by smaller Cr and 
alumina particles distributed in the copper matrix [15, 
16] promoting a thinner and broader melting bath. 

4 Conclusions 
Powder metallurgical manufactured CuCr electrodes 
made from materials with different Cr morphology 
have been studied under typical switching conditions. 
Existence ranges of various high-current anode modes 
were determined.  Material I shows a broad range of 
diffuse attachment, while the arc constriction and 
formation of anode spots in case of Material II takes 
place at lower currents and shorter arc duration. 
Anodes made from Material I show higher surface 
temperature and more constricted anode spots. The 
surface temperature in case of Material II is lower, but 
the parameters as spot area, cooling time and Cr I 
vapour density after current interruption are higher, 
which make this material less favourite for switching 
applications at considered experimental conditions. 
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Abstract 

Single phase short time current test at 40 kA were performed on various vacuum interrupters with different test 
parameters. Welding force between contact was measured by tensile test means. The influence of contact material 
process and contact structure were investigated. Furthermore, the influence of certain test parameters link to the 
circuit breaker design were also analysed.  
. 

1 Introduction 

Vacuum interrupters are used in the whole range of me-
dium voltage switchgear. The used contact material de-
pends mainly on the application (i.e. contactor, switch, 
circuit breaker). For circuit breaker application Cu-Cr 
pseudo alloy are used with a Cr content between 25 and 
50 wt%. Cu-25wt%Cr is commonly known for its very 
good short circuit performances [1] [2] [3]. However, 
materials with such amount of copper have a rather 
high welding tendency due to low melting point of cop-
per compared to temperature encountered during arc-
ing phase. Therefore, vacuum circuit breaker drive 
should deliver a shock energy high enough to break all 
type of welds. Welding can occur on two type of tests: 

- Making on short circuit current. The prearc 
before contact touch creates liquid copper that 
will solidify once contact are closed and can 
create strong welds 

- Short time current test (STC) where short cir-
cuit current is maintained for several seconds 
(between 2 and 4 s depending on the stand-
ards). During the first ms, there is a first high 
peak current that could reach 2.5 to 2.6 times 
the short circuit current. During this peak the 
current constriction at contact spot location 
(Figure 1) creates a repulsion force. This re-
pulsion force is well known and considering 
the simplified geometry of Figure 1, it is given 
by [4] [5] : 

𝑭𝑭𝑩𝑩 = 𝝁𝝁𝟎𝟎𝐢𝐢𝟐𝟐
𝟒𝟒𝟒𝟒 𝐥𝐥𝐥𝐥𝐥𝐥(𝑹𝑹𝒂𝒂) 

 

(1) 

 
Where µ0 is the permeability of vacuum, i the cur-
rent, R the contact radius and a, the estimated spot 

radius. This spot radius can be calculated from 
Holms contact law [6] and gives:  

𝒂𝒂 = √ 𝑭𝑭
𝑯𝑯𝑯𝑯 

 

(2) 

Where F is the applied contact force and H the ma-
terial hardness.  
This model gives a first rough estimation of repul-

sion force. However, this simple model doesn’t 
consider the effect of some parameters. For exam-
ple, Kulas et al. estimated the effect of an off-cen-
tre contact spot on the repulsion force [7]. Ap-
proaching the conductor edge, the calculated re-
pulsion force increases up to more than 15 % of 
the value in the centre. Other parameters such as 
the contact materials nature and the contact geom-
etry to magnetically influence the arc behaviour 
can also have significant effect on this value.  
This work focusses on the experimental study of 
several key parameters of the Vacuum Circuit 
Breaker (VCB) design on this repulsion force. The 
effect of the contact manufacturing process, the 
arc control type (Axial Magnetic Field: AMF vs 

Figure 1 Illustration of a simplified model of two cylin-
drical conductor of radius R in contact with the force F 
applied creating the central contact spot of radius a 
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Radial Magnetic Field: RMF) and the use of a 
damping system on the test bench were analysed, 
discussed and compared to the above-mentioned 
simple model (equation (1)).  

2 Materials and method 

2.1 Contacts and vacuum interrupter 
(VI) preparation 

Two type of electrical contacts with same composition 
(25wt%Cr, rest Cu) were obtained from two processes: 

- Solid state sintering (SSS) 
- Vacuum casting (VC) 

Those processes lead to different microstructures and 
properties (Figure 2 and Table 1) 
Solide state sintering consist in powder mix compres-
sion and sintering close to copper melting point (< 
1358 °K). The Cu matrix and the Cu/Cr interphase con-
tain some porosity. Vacuum casted microstructure con-
sists in dendritic formations of Cr inside a Cu matrix. 
The Cr grain size is quite smaller (around 20 µm) com-
pared to the one of sintered Cu/Cr contacts (50 to 100 
µm). Its porosity level is very low as casting defects are 
well controlled.  

 SSS VC 
Porosity (%) 2 < P < 5 < 1 
Conductivity 
(MS/m) 

30  30 

Hardness (Hv) 60-80 90-100 
Table 1 Material properties of solide state sintered and vac-
uum casted electrical contacts 

Vacuum interrupters (VI) used for the test campaign are 
commercial references for 31,5 kA Isc/17,5 kV Ur. VIs 
with radial magnetic field (RMF) and axial magnetic 
fields (AMF). Contacts diameter is 60 mm for both 
cases. Figure 3 shows the geometry of both types of 

AMF and RMF contacts. VI were assembled by braz-
ing in a vacuum furnace. The contact surfaces were 
subsequently conditioned by doing several low volt-
age/3 kA breaking operations. No voltage conditioning 
was applied as no high voltage withstand is required 
during STC tests.  
 
2.2 Power test conditions 

A low voltage capacitor bench was used to generate the 
95 kA of the test at 50 Hz. 
 
2.3 Test bench 

VIs were mounted on a specific test bench shown in 
Figure 5. Current conduction is done using sliding con-
tacts not inducing any additional electrodynamic force 
during peak current tests. Contact force is applied with 
a mechanical jack and controlled with a piezoelectric 
stress sensor ranging between -1000 daN (traction) and 
+1000 daN.(compression). A contact pressure spring is 
used to be in mechanical conditions close to the one 
encountered in vacuum circuit breakers. The voltage 
drop on the VI is measured during the current flow. 

Any contact separation can be detected as the arc re-
sistance is much higher than contact resistance. There-
fore, during the repulsion, a voltage pulse can be ob-
served as shown in Figure 4.  
 
2.4 Tensile measurement 

Tensile measurements were done using the piezoelec-
tric stress sensor on the test bench. Tensile force was 
applied using the mechanical jack.  

Figure 3 Contact designs a) RMF with helix shape contac tip 
and contact screens, b) AMF with disk contact ship and 
"coil" to create the axial magnetic field 

a) 

b) 
Figure 2 Microstructure of Cu25%Cr contact materials a) 
solid state sintered; b) vacuum casted 
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3 Results and discussion 

Test were done three time at each contact force value 
starting by the higher value (i.e. lower risk of repul-
sion) and decreasing of 50 daN until popping was de-

tected or welding force was over 1000 N (sensor limit). 
Repulsions is indicated by a cross while no repulsion is 
indicated by a dot (Figure 6). We can observe that no 
repulsion occurred at contact force above FB (FB~2300 
daN for 95 kA). First welding and repulsion occurred 
at 200 daN. This is in accordance with the estimated 
repulsion force from the model mentioned in the intro-
duction.  
 
3.1 Effect of contact material 

Comparing contact materials, we could expect larger 
repulsion force with casted contact than with sintered 
one as its hardness is 20-40 % lower and FB is propor-
tional to log(𝐻𝐻). First welding occurred at the same 
contact force value. However, repulsion occurred at 
higher contact force with casted contact compared to 
sintered (Figure 6). This is therefore in accordance with 
our expectations. Welding force was much higher for 
sintered contact, but this is due to a longer repulsion 
time (3,8 ms vs 1,0 ms). Indeed, we could also expect 

a higher unwelding force of casted contact. Due to its 
porosity content and bad interface between Cu and Cr, 
sintered contact should have a lower fracture strength 
than casted contact. Therefore, when a strong weld oc-
cur, sintered contact requires less energy to create a 
fracture in the bulk than casted contact. Microstructure 
of broken welds in the bulk of sintered materials and in 
the welding interface of casted materials can be found 
on Böhm et al. work [8] which is in accordance with 
this expectation.  
 
3.2 Effect contact geometry  

From Figure 6, we can see that VI using AMF arc con-
trol show no repulsion at 200 daN. Repulsion and weld-
ing only occur at 150 daN. This can be explained by 
the attraction of the coils which increase the contact 

pressure during peak current. FEA transient simula-
tions were done at peak current in order to estimate the 
difference of repulsion force between AMF and RMF. 
Simulations were done with supposed same contact 
spot size calculated with Holm formula. However, dif-

ferent spot location (edge for AMF vs close to centre 
for RMF) were used as arc control geometry are differ-
ent. Repulsion force was found around 15 % inferior 
with AMF compared to RMF. Therefore, the repulsion 
force for AMF is just below 200 daN which is in ac-
cordance with our experimental observations.  
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Figure 5 Picture of the test bench used for the two test cam-
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Figure 4 Example of oscillogram of peak current test where 
repulsion occurred 

Figure 6 Unwelding force vs contact force of RMF Cu25Cr 
contact from two process and of AMF contact 

Figure 2 Unwelding force vs contact force of VIs with RMF 
arc control with and without shock absorber 
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Solide state sintering consist in powder mix compres-
sion and sintering close to copper melting point (< 
1358 °K). The Cu matrix and the Cu/Cr interphase con-
tain some porosity. Vacuum casted microstructure con-
sists in dendritic formations of Cr inside a Cu matrix. 
The Cr grain size is quite smaller (around 20 µm) com-
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AMF and RMF contacts. VI were assembled by braz-
ing in a vacuum furnace. The contact surfaces were 
subsequently conditioned by doing several low volt-
age/3 kA breaking operations. No voltage conditioning 
was applied as no high voltage withstand is required 
during STC tests.  
 
2.2 Power test conditions 

A low voltage capacitor bench was used to generate the 
95 kA of the test at 50 Hz. 
 
2.3 Test bench 

VIs were mounted on a specific test bench shown in 
Figure 5. Current conduction is done using sliding con-
tacts not inducing any additional electrodynamic force 
during peak current tests. Contact force is applied with 
a mechanical jack and controlled with a piezoelectric 
stress sensor ranging between -1000 daN (traction) and 
+1000 daN.(compression). A contact pressure spring is 
used to be in mechanical conditions close to the one 
encountered in vacuum circuit breakers. The voltage 
drop on the VI is measured during the current flow. 

Any contact separation can be detected as the arc re-
sistance is much higher than contact resistance. There-
fore, during the repulsion, a voltage pulse can be ob-
served as shown in Figure 4.  
 
2.4 Tensile measurement 

Tensile measurements were done using the piezoelec-
tric stress sensor on the test bench. Tensile force was 
applied using the mechanical jack.  

Figure 3 Contact designs a) RMF with helix shape contac tip 
and contact screens, b) AMF with disk contact ship and 
"coil" to create the axial magnetic field 
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Figure 2 Microstructure of Cu25%Cr contact materials a) 
solid state sintered; b) vacuum casted 
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3.3 Effect of bench mechanical damper 

Two configurations of test bench were also compared. 
One with a shock absorber (10 mm thick rubber plate 
as shown in Figure 5) placed between the top of the 
bench and the columns, initially used to reduce bounc-
ing. The other configuration without shock absorber. 
From Figure 2, repulsion is observed at higher contact 
force and above the calculated repulsion force. High-
speed camera was used to detect bench deformation 
during the test. Deformation of the rubber was ob-
served during the peak current allowing a gap between 
contacts and leading to contact repulsion. The repul-
sion force is supposedly not above the 300 daN applied 
contact force but it is high enough to deform the rubber 
and create a gap between the contact. The contact force 
where repulsion is observed is here twice the value 
without absorber. Its effect is therefore larger that the 
one of contact material or arc control type. It shows that 
the circuit breaker should be rigid enough to avoid this 
phenomenon at high contact force.  

4 Conclusion 

This study focused on the effect of several parameters 
on the repulsion force during peak current. It appeared 
that with the same material composition, there is only 
a slight difference of behaviour between vacuum 
casted and solid-state sintered Cu-25wt%Cr materials. 
However sintered material might be a better choice as 
they require a slightly lower contact force and mainly 
because the unwelding force should be lower that with 
casted material.  
It was also observed that using RMF arc control is lead-
ing to a higher repulsion force that AMF arc control 
with embodied coils. Those coils are attracting each 
other during the peak current which increases the con-
tact force.  
The most noticeable effect was finally the mechanical 
properties of the CB. A large rigidity is needed to avoid 
any deformation that could lead to contact separation. 
However, this goes against the required damping of the 
circuit breaker structure in order to limit contact bounc-
ing during CB closing. Therefore, developing a vac-
uum circuit breaker is a matter of finding the good bal-
ance between those parameters.  
Despite its simplifying assumptions, the model men-
tioned in the introduction is in accordance with the ex-
perimental observation of this work. It is therefore a 
useful tool to estimate the needed contact force depend-
ing on the short circuit current rating.  
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Abstract 

Vacuum contactors often employ tungsten carbide-silver (WC/Ag) contact materials due to their low chopping 
currents and high welding resistance. For cost reasons, it would be desirable to replace silver by copper or other 
metals with high electrical conductivity. This, however, decreases the vapor pressure of the contact material which 
generally results in increased chopping currents. In this work, various material compositions with lower silver 
contents were prepared and their current chop behaviour was tested inside commercial vacuum interrupters. Sta-
tistical evaluation of the test results shows that material compositions with increased tungsten carbide content or 
containing a finely dispersed additive present lower chopping currents than expected based on their silver contents. 
Vacuum interrupter resistivity measurements suggest that the tested contact material formulations do not impact 
contact resistance significantly. These findings show that clever material design enables silver-reduced WC/Ag 
materials which still provide the low chopping currents necessary for application in vacuum contactors. 

1 Introduction 

Vacuum contactors are typically used to switch electric 
motors and to control electrical circuits with a high 
number of operations. Unlike vacuum interrupters (VI) 
for circuit breakers, this application requires a much 
larger number of operational cycles. WC/Ag composite 
materials are typically used as contact materials, in 
which WC provides the high welding resistance and Ag 
the low contact resistance required for the long device 
lifetimes [1]. 

A typical phenomenon in vacuum interruption is cur-
rent chopping: when the AC current approaches current 
zero, the vacuum arc becomes unstable and then extin-
guishes suddenly. In vacuum contactors, large chop-
ping currents Ic are undesirable as they can induce large 
voltage surges that may cause dielectric failure of 
downstream motors or transformers in the grid. Actual 
chopping currents Ic depend heavily on the contact ma-
terial and vary with current level and the surge imped-
ance of the circuit [2]. In addition, they are statistically 
distributed. 

WC/Ag contacts exhibit very low Ic, enabling vacuum 
contactors to switch loads without any additional surge 
protection devices. It is well established that this fa-
vourable performance originates from low thermal 
conductivity and high vapor pressure of the material 
[3] [4]. 

In contact materials with a low thermal conductivity, 
the arcing heat is dissipated from the cathode spot more 
slowly, providing more evaporated contact material to 
keep the low current arc stable. In WC/Ag contacts, 
WC exhibits the lower thermal conductivity. Thus, in-
creasing the WC:Ag ratio in VI contacts was observed 
to correlate with a lower chopping current [5] [6]. 

Similarly, high vapor pressure materials stabilize low 
current arcs by providing evaporated contact material 
at lower temperatures. Thus, pure Ag metal exhibits 
much lower Ic than Cu metal due to its higher vapor 
pressures, while thermal conductivities are similar [7] 
[8].  

However, due to the high and volatile price of silver, 
more cost-effective alternatives to WC/Ag are being 
considered. From a technical and economic perspec-
tive, only Cu is suitable as a conductive alternative for 
Ag. Thus, WC/Cu contacts have been tested in vacuum 
contactors by Behrens and Temborius [6] [9]. They 
both found that WC/Cu exhibits significantly larger 
chopping currents that WC/Ag due to the lower vapor 
pressure of Cu compared to Ag.  

We have now studied the chopping currents of WC/Ag-
type contacts with lower Ag contents. The latter was 
achieved by partially replacing Ag by Cu and other 
metals or by increasing the WC:Ag ratio. In addition, 
the effect of a finely dispersed additive in WC/Ag-type 
contacts was investigated. 

3.3 Effect of bench mechanical damper 

Two configurations of test bench were also compared. 
One with a shock absorber (10 mm thick rubber plate 
as shown in Figure 5) placed between the top of the 
bench and the columns, initially used to reduce bounc-
ing. The other configuration without shock absorber. 
From Figure 2, repulsion is observed at higher contact 
force and above the calculated repulsion force. High-
speed camera was used to detect bench deformation 
during the test. Deformation of the rubber was ob-
served during the peak current allowing a gap between 
contacts and leading to contact repulsion. The repul-
sion force is supposedly not above the 300 daN applied 
contact force but it is high enough to deform the rubber 
and create a gap between the contact. The contact force 
where repulsion is observed is here twice the value 
without absorber. Its effect is therefore larger that the 
one of contact material or arc control type. It shows that 
the circuit breaker should be rigid enough to avoid this 
phenomenon at high contact force.  

4 Conclusion 

This study focused on the effect of several parameters 
on the repulsion force during peak current. It appeared 
that with the same material composition, there is only 
a slight difference of behaviour between vacuum 
casted and solid-state sintered Cu-25wt%Cr materials. 
However sintered material might be a better choice as 
they require a slightly lower contact force and mainly 
because the unwelding force should be lower that with 
casted material.  
It was also observed that using RMF arc control is lead-
ing to a higher repulsion force that AMF arc control 
with embodied coils. Those coils are attracting each 
other during the peak current which increases the con-
tact force.  
The most noticeable effect was finally the mechanical 
properties of the CB. A large rigidity is needed to avoid 
any deformation that could lead to contact separation. 
However, this goes against the required damping of the 
circuit breaker structure in order to limit contact bounc-
ing during CB closing. Therefore, developing a vac-
uum circuit breaker is a matter of finding the good bal-
ance between those parameters.  
Despite its simplifying assumptions, the model men-
tioned in the introduction is in accordance with the ex-
perimental observation of this work. It is therefore a 
useful tool to estimate the needed contact force depend-
ing on the short circuit current rating.  
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2 Contact Materials 

2.1 Compositions 

As a reference, we chose commercial contacts 1 with a 
composition of 60 wt. % WC and 40 % Ag that are 
widely used in vacuum contactors. To analyze the ef-
fect of changing the vapor pressure of the contact ma-
terials, different fractions of Ag were replaced by Cu in 
compositions 2-5 while keeping the mass ratio refrac-
tory material:conductor constant at 60:40. To evaluate 
the impact of changing thermal conductivity, a WC-
rich composition 6 with 70 % WC was chosen. Further-
more, we prepared contact material 7 containing a 
finely dispersed additive in addition to the WC/Ag-
base composition. All selected material compositions 
are listed in Table 1. 

The limited densification of WC/Ag based materials 
when manufactured by liquid phase sintering is im-
proved by the addition of 3 wt. % Co to the materials 
from this process. Since Co is barely soluble in Ag or 
Cu, this addition does not have drastic effects on elec-
trical conductivity.  

WC/Ag-type contacts were produced by powder met-
allurgical processes, starting from powders of the con-
tact material components. Some contacts were pre-
pared by liquid infiltration, others using a simple liquid 
phase sintering process [10]. The sintered materials 
were machined to the required contact shape and fi-
nally assembled inside commercial vacuum interrupt-
ers. 

2.2 Characterization 

Different contact material compositions do not only af-
fect chopping currents in the vacuum interrupter but 
can also have effects on contact resistance. Thus, ma-
terial hardness (Emco test M1C010 hardness tester) 
and bulk conductivity (Institut Dr. Förster Sigmatest 
2.069 eddy current probe) were measured to verify that 
the selected compositions are suitable for contact ma-
terial application. The results of these measurements 
are listed in Table 1. 

The effect of contact resistance was additionally esti-
mated by measuring vacuum interrupter resistivities  
after each of 50 switching operations, using a Micro 
ohmmeter MO 2A (Rasmus & Kühne, Dresden, Ger-
many).  

3 Chopping Current Testing 

Chopping currents of vacuum interrupters containing 
the experimental contact materials were measured us-
ing a dedicated test setup pictured in Figure 1. It was 
designed for high test repetition rates to be able to ac-
count for the statistical distribution of chopping cur-
rents. 

Fig. 1 Circuit diagram of the setup used for Ic testing. 
TO indicates the test object which is located in a cur-
rent path parallel to the main circuit. 

The test setup is similar to the one described in [11] and 
is based on a synthetic circuit. A capacitor bank C1 
charged to 400 V is used as the power source. When 
the thyristor is switched on, it discharges the stored en-
ergy through L1 and R1 and produces a resonance cir-
cuit with 50 Hz sine voltage and the corresponding cur-
rent, supplying one halfwave of a total current Itot of 1.7 
kA. With a parallel current path containing an addi-
tional inductance L2 and the test object, the test current 
ITO was tuned to a peak of 65 A, corresponding closely 
to the root mean square current of 45 A as used by Czar-
necki et al. [11]. Although current and voltage are sim-
ilar to their setup, our setup exhibits a smaller parallel 
capacitance of 5 nF (vs. 26 nF in [11]), so that we can 
expect slightly larger chopping currents for comparable 
materials. The parallel metal oxide varistor (clipping 
voltage of 1.8 kV) is used as a safety element in case 
of major faults in the test objects and stayed passive 
during the investigations. 

 
Table 1 Contact materials used to investigate the effects of material composition on chopping currents. 

Material Composition (wt.%) conductivity 
(MSm-1) 

hardness 
(HV10) production technique 

1 WC60 Ag40 19.0 250 infiltration, commercial reference 
2 WC60 Ag37 Co3 14.1 324 liquid phase sintering 
3 WC60 Ag32 Cu5 Co3 13.1 304 liquid phase sintering 
4 WC60 Ag27 Cu10 Co3 12.7 300 liquid phase sintering 
5 WC60 Ag10 Cu30 19.6 387 infiltration 
6 WC70 Ag27 Co3 11.2 405 liquid phase sintering 
7 WC60 Ag17 Cu20 Co3 add. 0.1 12.1 308 liquid phase sintering 
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For accurate measurements of Ic, the current and volt-
age across the test object were measured using a Pear-
son 110A probe (Pearson Electronics, Palo Alto, US) 
and a differential probe with a ratio of 1:200 and a max-
imum bandwidth of 25 MHz (Teledyne LeCroy), re-
spectively. 

Initial testing with several VIs containing commercial 
contact materials showed high reproducibility between 
different devices. Each contact material was tested re-
peatedly to ensure reasonable statistics with at least 92 
valid measurements observed for every material (cf. 
Table 2).  

4 Results and Discussion 

4.1 Contact Resistance 

Bulk conductivity and hardness of the materials can be 
considered to gauge effects on contact resistance. Ac-
cording to Table 1, bulk conductivity is highest for ma-
terials 1 and 5 that were produced by infiltration, 
whereas the materials produced by liquid phase sinter-
ing exhibit lower bulk conductivities. 

Soft surfaces are beneficial for contact resistance as 
they facilitate deformation of surface asperities, lead-
ing to larger contact surfaces. Here, the commercial 
reference material 1 is most promising, while WC-rich 
material 6 shows the highest surface hardness values. 

In an attempt to quantify the effects of contact re-
sistance, the resistivities of several vacuum interrupters 
containing experimental materials were measured. Fig-
ure 2 shows that VI resistivities can vary significantly 
between different VIs assembled with the same contact 
material. These variations are often larger than those 
between VIs with two different contact materials. 

Fig. 2 Experimental resistivities of two vacuum in-
terrupters containing contact material 1 and two de-
vices containing contact material 3. 
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taining experimental materials exhibited dramatically 

increased resistivity, we do not expect large issues re-
garding contact resistance from any of the materials. 
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terials and suggests that the compositions of the contact 
materials remain unchanged during Ic testing (cf. inset 
in Figure 4). 

Fig. 3 Chopping currents for one experimental con-
tact material. 

Figure 4 shows that the distribution of Ic is typically 
rather smooth and asymmetric. Thus, we performed χ2 
tests on the experimental datasets for four different ma-
terial compositions to identify a suitable probability 
function for modelling the statistical distribution of 
chopping currents. The χ2 tests revealed that log-lo-
gistic distribution functions best fit the experimental 
data. 

Fig. 4 Representative probability density function 
(bottom) found for one type of material in one vacuum 
interrupter. Inset: photograph of an experimental con-
tact after chopping current testing.
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from this process. Since Co is barely soluble in Ag or 
Cu, this addition does not have drastic effects on elec-
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fect chopping currents in the vacuum interrupter but 
can also have effects on contact resistance. Thus, ma-
terial hardness (Emco test M1C010 hardness tester) 
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2.069 eddy current probe) were measured to verify that 
the selected compositions are suitable for contact ma-
terial application. The results of these measurements 
are listed in Table 1. 

The effect of contact resistance was additionally esti-
mated by measuring vacuum interrupter resistivities  
after each of 50 switching operations, using a Micro 
ohmmeter MO 2A (Rasmus & Kühne, Dresden, Ger-
many).  

3 Chopping Current Testing 

Chopping currents of vacuum interrupters containing 
the experimental contact materials were measured us-
ing a dedicated test setup pictured in Figure 1. It was 
designed for high test repetition rates to be able to ac-
count for the statistical distribution of chopping cur-
rents. 

Fig. 1 Circuit diagram of the setup used for Ic testing. 
TO indicates the test object which is located in a cur-
rent path parallel to the main circuit. 

The test setup is similar to the one described in [11] and 
is based on a synthetic circuit. A capacitor bank C1 
charged to 400 V is used as the power source. When 
the thyristor is switched on, it discharges the stored en-
ergy through L1 and R1 and produces a resonance cir-
cuit with 50 Hz sine voltage and the corresponding cur-
rent, supplying one halfwave of a total current Itot of 1.7 
kA. With a parallel current path containing an addi-
tional inductance L2 and the test object, the test current 
ITO was tuned to a peak of 65 A, corresponding closely 
to the root mean square current of 45 A as used by Czar-
necki et al. [11]. Although current and voltage are sim-
ilar to their setup, our setup exhibits a smaller parallel 
capacitance of 5 nF (vs. 26 nF in [11]), so that we can 
expect slightly larger chopping currents for comparable 
materials. The parallel metal oxide varistor (clipping 
voltage of 1.8 kV) is used as a safety element in case 
of major faults in the test objects and stayed passive 
during the investigations. 
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(HV10) production technique 
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Table 2 Parameters describing the statistical distribution of experimental chopping currents for the tested contact 
materials: Total number of measurements Ntot, average and median Ic as well as the number of chopping events 
with Ic > 3 A were determined directly from the experimental data, while the parameters α (median) and s (spread) 
were derived from the corresponding log-logistic probability functions. 

 Composition (wt. %) Ntot Average Ic (A) Median Ic (A) NIc > 3 A α (A) s (A) 
1 WC60 Ag40 400 0.938 0.913 0 0.874 0.276 
2 WC60 Ag37 Co3 376 1.380 1.348 1 1.297 0.244 
3 WC60 Ag32 Cu5 Co3 313 1.569 1.502 7 1.492 0.190 
4 WC60 Ag27 Cu10 Co3 188 1.666 1.586 0 1.594 0.174 
5 WC60 Ag10 Cu30 175 1.850 1.699 10 1.733 0.194 
6 WC70 Ag27 Co3 400 0.792 0.742 0 0.750 0.204 
7 WC60 Ag17 Cu20 Co3 add.0.1 92 1.335 1.326 0 1.295 0.174 

Log-logistic distribution functions are characterized by 
a rather heavy right tail, corresponding to significant 
probabilities of large chopping current events. This dis-
tribution is described by the following cumulative dis-
tribution function: 

𝐹𝐹 = 𝑥𝑥𝛽𝛽
𝛼𝛼𝛽𝛽 + 𝑥𝑥𝛽𝛽 

Here, the parameter α>0 is a scale parameter and the 
median of the distribution. The parameter β is a shape 
parameter signifying a unimodal distribution if β>1. β 
is the inverse of the spread of the distribution s, so that 
the dispersion of the distribution increases with in-
creasing s. Fitting the parameters of this function to the 
experimental results for all experimental materials, al-
lowed the determination of the parameters of the Ic dis-
tribution (Table 2). 

Fig. 5 Average (black) and median (dark grey) Ic 
from the experimental datasets of the tested contact 
materials compared to the scale parameter α of the cor-
responding probability density functions (light grey), 
also representing the median of the distributions. 

The average and median chopping currents as meas-
ured for materials 1-7 are plotted in Figure 5, along 
with the parameter α of the corresponding log-logistic 
distribution functions. Due to the asymmetric distribu-
tion of chopping currents, the median Ic of the experi-
mental datasets is always somewhat smaller than the 
average. The scale parameter α of the fitted probability 
density functions corresponds well to the medians of 

the experimental data, so that this value will be used 
for comparisons throughout this paper. 

Material 1 is the commercial WC60 Ag40 material and 
exhibits a comparatively low median Ic of 0.91 A in our 
test setup. From materials 1 to 5, where more and more 
Ag is replaced by Cu and Co, Ic increases gradually. 
Already the presence of the sintering aid Co (3 wt. %) 
in material 2 induces a significant increase in Ic. This 
behaviour can be explained by the lower vapor pres-
sures of Co and Cu. 

Material 7 exhibits a moderate median Ic of 1.33 A, 
comparable with that of material 2. This is quite sur-
prising, considering their very different compositions 
(cf. Table 1). Even though large amounts of Ag are re-
placed by Cu and Co in material 7, the additive-con-
taining contact material still performs similarly to Cu-
free material 2. 

The WC-rich material 6 exhibits the lowest chopping 
currents of all materials. Here, the high WC content is 
expected to lower the thermal conductivity of the con-
tact material, improving the chopping behaviour. 

4.3 Vapor Pressure Correlation 

The gradual replacement of Ag by Cu (and Co) in ma-
terials 1 to 5 enables a more quantitative understanding 
of the relationship between vapor pressure and Ic. Since 
the thermal resistances of Ag and Cu are comparable, 
the vapor pressures of these two elements should be the 
main cause for different chopping currents in the same 
test setup.  

Thus, we plotted chopping currents against estimated 
vapor pressures at 2400 K (close to the boiling point of 
Ag) for all materials (Figure 6). Assuming ideal mix-
tures of the metal matrix elements in the liquid phase, 
the vapor pressures were calculated according to Ra-
oult’s law as the sum of the vapor pressures of the com-
ponents weighted by their respective mole fraction. 
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Fig. 6 Median chopping current (from the distribu-
tion functions) against estimated vapor pressure at 
2400 K: Except for materials 6 and 7, all data points 
were fitted with an exponential function that shows 
good agreement with the experimental data. 

Figure 6 shows an exponential correlation of median Ic 
to vapor pressure for materials 1 to 5. This relation is 
rather unfavourable for vacuum contactor applications, 
as slight deviations from the reference WC60 Ag40 
compositions towards cheaper components already 
have a large detrimental effect on chopping current. 

The chopping currents for materials 6 and 7 clearly de-
viate from the exponential correlation, presenting op-
tions for decreasing chopping currents independent of 
changing vapor pressures. 

For material 6 (WC70 Ag27 Co3) this is easily ex-
plained by the WC-rich composition that is expected to 
increase the thermal resistance of the material. How-
ever, the high WC content also makes for harder con-
tact materials with lower bulk electrical conductivity 
(cf. Table 1). Thus, the improved chopping behaviour 
of material 6 likely comes at the cost of increased con-
tact resistance inside VIs. Consequently, the optimum 
balance of chopping current and contact resistance can 
be obtained by adjusting the WC:Ag ratio in electrical 
contacts for vacuum contactors accordingly. 

For material 7, the case is not so clear. This material 
contains small amounts of a finely dispersed additive, 
which might affect thermal resistance or other proper-
ties like the work function, which have been proposed 
to impact the chopping currents of contact materials [7] 
[12]. If this is the case, then the addition of such finely 
dispersed material presents a way to reduce chopping 
currents of Ag-reduced contact materials. 

4.4 Probability of Large Chopping 
Currents 

For application in vacuum contactors, individual cur-
rent chops with very high Ic are most problematic as the 
induced voltage surges can damage downstream loads. 
Consequently, the suitability of a contact material for a 

specific contactor application does not depend on its 
average or median Ic, but on the probability of chops 
occurring above a certain, potentially damaging chop-
ping current. 

Thus, the suitability of different contact materials 
should not only be evaluated using average, median or 
even maximum Ic from a limited number of tests. Ide-
ally, one would evaluate the probability of current 
chops with damagingly large Ic for the specific appli-
cation to select an appropriate contact material. Exem-
plarily, the obtained probability density functions for 
materials 1, 2 and 7 are plotted in Figure 7.  

Fig. 7 Log-logistic probability density functions for 
the chopping currents of materials 1 (solid line), 2 
(dashed line), and 7 (dotted line) as determined from 
the experimental datasets. 

For our materials evaluation, we arbitrarily selected 
3 A as a cut-off for allowable Ic. Using the probability 
density functions of the tested materials, the probabil-
ity for critical chopping currents above 3 A can now be 
determined (s. Figure 8). 

Fig. 8 Probability of current chops with Ic > 3 A for 
VIs containing the tested contact materials. Error bars 
signify 95 % confidence intervals. The data was calcu-
lated from the respective probability distributions. 

The confidence intervals for the probability of large 
current chops are rather large, so that an unambiguous 
ranking of the tested contact materials is not reasona-
ble. However, it is obvious that partial substitution of 
Ag by Cu and Co in materials 2-5 increases the likeli-
hood of critical current chops significantly. The lowest 

Table 2 Parameters describing the statistical distribution of experimental chopping currents for the tested contact 
materials: Total number of measurements Ntot, average and median Ic as well as the number of chopping events 
with Ic > 3 A were determined directly from the experimental data, while the parameters α (median) and s (spread) 
were derived from the corresponding log-logistic probability functions. 

 Composition (wt. %) Ntot Average Ic (A) Median Ic (A) NIc > 3 A α (A) s (A) 
1 WC60 Ag40 400 0.938 0.913 0 0.874 0.276 
2 WC60 Ag37 Co3 376 1.380 1.348 1 1.297 0.244 
3 WC60 Ag32 Cu5 Co3 313 1.569 1.502 7 1.492 0.190 
4 WC60 Ag27 Cu10 Co3 188 1.666 1.586 0 1.594 0.174 
5 WC60 Ag10 Cu30 175 1.850 1.699 10 1.733 0.194 
6 WC70 Ag27 Co3 400 0.792 0.742 0 0.750 0.204 
7 WC60 Ag17 Cu20 Co3 add.0.1 92 1.335 1.326 0 1.295 0.174 

Log-logistic distribution functions are characterized by 
a rather heavy right tail, corresponding to significant 
probabilities of large chopping current events. This dis-
tribution is described by the following cumulative dis-
tribution function: 

𝐹𝐹 = 𝑥𝑥𝛽𝛽
𝛼𝛼𝛽𝛽 + 𝑥𝑥𝛽𝛽 

Here, the parameter α>0 is a scale parameter and the 
median of the distribution. The parameter β is a shape 
parameter signifying a unimodal distribution if β>1. β 
is the inverse of the spread of the distribution s, so that 
the dispersion of the distribution increases with in-
creasing s. Fitting the parameters of this function to the 
experimental results for all experimental materials, al-
lowed the determination of the parameters of the Ic dis-
tribution (Table 2). 

Fig. 5 Average (black) and median (dark grey) Ic 
from the experimental datasets of the tested contact 
materials compared to the scale parameter α of the cor-
responding probability density functions (light grey), 
also representing the median of the distributions. 

The average and median chopping currents as meas-
ured for materials 1-7 are plotted in Figure 5, along 
with the parameter α of the corresponding log-logistic 
distribution functions. Due to the asymmetric distribu-
tion of chopping currents, the median Ic of the experi-
mental datasets is always somewhat smaller than the 
average. The scale parameter α of the fitted probability 
density functions corresponds well to the medians of 

the experimental data, so that this value will be used 
for comparisons throughout this paper. 

Material 1 is the commercial WC60 Ag40 material and 
exhibits a comparatively low median Ic of 0.91 A in our 
test setup. From materials 1 to 5, where more and more 
Ag is replaced by Cu and Co, Ic increases gradually. 
Already the presence of the sintering aid Co (3 wt. %) 
in material 2 induces a significant increase in Ic. This 
behaviour can be explained by the lower vapor pres-
sures of Co and Cu. 

Material 7 exhibits a moderate median Ic of 1.33 A, 
comparable with that of material 2. This is quite sur-
prising, considering their very different compositions 
(cf. Table 1). Even though large amounts of Ag are re-
placed by Cu and Co in material 7, the additive-con-
taining contact material still performs similarly to Cu-
free material 2. 

The WC-rich material 6 exhibits the lowest chopping 
currents of all materials. Here, the high WC content is 
expected to lower the thermal conductivity of the con-
tact material, improving the chopping behaviour. 

4.3 Vapor Pressure Correlation 

The gradual replacement of Ag by Cu (and Co) in ma-
terials 1 to 5 enables a more quantitative understanding 
of the relationship between vapor pressure and Ic. Since 
the thermal resistances of Ag and Cu are comparable, 
the vapor pressures of these two elements should be the 
main cause for different chopping currents in the same 
test setup.  

Thus, we plotted chopping currents against estimated 
vapor pressures at 2400 K (close to the boiling point of 
Ag) for all materials (Figure 6). Assuming ideal mix-
tures of the metal matrix elements in the liquid phase, 
the vapor pressures were calculated according to Ra-
oult’s law as the sum of the vapor pressures of the com-
ponents weighted by their respective mole fraction. 
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probability for large current chops is observed for the 
WC-rich material 6. These results follow the trend ob-
served for the respective average chopping currents.  

Interestingly, the probability of critical current chops in 
VIs with contact material 7 is also very low, compara-
ble to that of reference material 1. For our scenario, 
material 7, which contains only 17 wt. % Ag, would 
thus be as suitable as the commercial WC60 Ag40 ma-
terial. This promising result originates from the rather 
narrow distribution of chopping currents (s. inset in 
Figure 7). 

5 Conclusions 

The chopping currents of different WC/Ag-type con-
tact materials in vacuum interrupters were evaluated to 
identify opportunities to reduce the content of expen-
sive Ag. Partial replacement of Ag by Cu (and small 
amounts of Co) increases Ic significantly, observing an 
exponential correlation to estimated vapor pressures. 
Cu-containing materials with lower vapor pressures 
could however exhibit better interruption capability 
[6], allowing a contact material selection according to 
an optimal balance of chopping current and interrup-
tion capability. 

Two of the tested materials present possible strategies 
towards Ag-reduced contact materials with low chop-
ping currents. Increasing the WC:Ag ratio decreases 
the thermal conductivity of the material and thus lead 
to lower Ic. As this compositional change comes at the 
expense of poorer contact resistance, this approach is 
limited. Nevertheless, adjusting the WC:Ag ratio to-
wards an optimal balance of chopping current and con-
tact resistance may be worthwhile. 

A WC:Ag-type contact material containing a finely dis-
persed additive also presented surprisingly low chop-
ping currents. Further investigations are necessary to 
clarify which mechanism enables this behaviour. Alt-
hough the average chopping current of the latter mate-
rial is still significantly higher than that of standard 
WC60 Ag40 contacts, a statistical analysis of the ex-
perimental results shows that the probability for the oc-
currence of critically large chopping currents is similar. 
Our results suggest that vacuum contactors containing 
a contact material with a Ag content of only 17 wt. % 
could exhibit the same low risk for damaging surge 
voltages as traditional WC60 Ag40. 
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Abstract 

This paper proposes and discusses a method of fast quenching of arc faults, inside the switchgear, by forced trans-
formation into solid three-phase faults with earth. This is achieved through the use of an independent system of 
three open vacuum chambers connected in an earthed star and included in the medium voltage network. This 
system is activated (closed) under the influence of the increased internal gas pressure of the switchgear (due to the 
electric arc) over the respective value. The results of laboratory tests of the effectiveness of such a system during 
simulated arc faults in a medium voltage network of 6kV are presented and discussed. Appropriate practical con-
clusions are formulated. 

1 Introduction 

Medium voltage switchgear belong to the most widely 
used power equipment in industry, municipal services 
and transport. There has been a tendency for several 
years to build them in metallic housing to meet the 
electric arc protection requirements [1]. Due to eco-
nomic reasons they are currently made as hermetic and 
compact small sized. The small dimensions reduce the 
costs of the structure and allow for location the switch-
gear inside much smaller and therefore cheaper space. 
The small size of the modern switchgear structure re-
sults from the much smaller geometrical dimensions of 
the basic components and the denser filling of the space 
with apparatus (busbars, disconnectors, current and 
voltage transformers as well as fuses, earthing 
switches, support and bushing insulators, drives, etc.). 
However, high density of electrical apparatuses inside 
individual shielding compartments, can lead, under 
some conditions, to an increased probability of high-
current internal short circuits. The most common rea-
sons are due to: 
- human errors (prefabrication stage, tools left after 
maintenance and/or repairing), 
- design errors, 
- structural defects of the apparatus as a result of both 
aging and insulation degradation, 
- long-lasting overloads, 
- internal and/or external (atmospheric) overvoltages, 
- unintentional leaving of the loosed electrical connec-
tions after measuring on cables, 
- animals  
It should be underlined that for such compact structure 
of the switchgear bay the increased heat generation and 
internal gas pressure under internal arc faults are key 

factors [2-5]. However, for correctly designed structure 
and carefully selected equipment the damage during in-
ternal solid faults is not dangerous. But, such faults are 
seldom and are quickly switched off due to high short 
circuit current value. Besides, switchgear are subjected 
to short-circuit capacity tests according to standards 
[6]. Their ability to conduct short-time withstand cur-
rent (thermal resistance) and peak rated withstand cur-
rent in anticipated operating conditions (dynamic 
strength) are checked. The most serious problems oc-
cur during transient faults with intermittent arcs (e.g. 
earth faults) [7-10]. The thermal damage and /or de-
struction of the bay can occur along with the dynamic 
damage of the switchgear housing. It is of course re-
lated to value and time of the short-circuit current flow 
therefore, on amount of energy released in the arc col-
umn. This usually results in long-term shutdown of the 
bay or switchgear from operation. In recent years, 
many ways have been developed to reduce the effects 
of the internal short-circuit with electric arc. Of course, 
they usually come down to shortening the short-circuit 
current flow time and limiting its value. The use of the 
common circuit breakers results in long duration of the 
internal faults (protection operation time + circuit 
breaker time) of around 60-100 ms, despite the use of 
optoelectronic arc detection. It doesn’t live up to ex-
pectations. So, a more effective and faster solution is 
needed. 
This paper proposes and discusses a method of fast 
quenching of an arc fault ,inside the switchgear, by 
transforming it into a solid three-phase fault with earth. 
This is achieved through the use of an independent sys-
tem of three open vacuum chambers connected in an 
earthed star and joined to medium voltage networks. 
The system has been developed using vacuum cham-
bers for a required MV value and is activated (closed) 

probability for large current chops is observed for the 
WC-rich material 6. These results follow the trend ob-
served for the respective average chopping currents.  

Interestingly, the probability of critical current chops in 
VIs with contact material 7 is also very low, compara-
ble to that of reference material 1. For our scenario, 
material 7, which contains only 17 wt. % Ag, would 
thus be as suitable as the commercial WC60 Ag40 ma-
terial. This promising result originates from the rather 
narrow distribution of chopping currents (s. inset in 
Figure 7). 

5 Conclusions 

The chopping currents of different WC/Ag-type con-
tact materials in vacuum interrupters were evaluated to 
identify opportunities to reduce the content of expen-
sive Ag. Partial replacement of Ag by Cu (and small 
amounts of Co) increases Ic significantly, observing an 
exponential correlation to estimated vapor pressures. 
Cu-containing materials with lower vapor pressures 
could however exhibit better interruption capability 
[6], allowing a contact material selection according to 
an optimal balance of chopping current and interrup-
tion capability. 

Two of the tested materials present possible strategies 
towards Ag-reduced contact materials with low chop-
ping currents. Increasing the WC:Ag ratio decreases 
the thermal conductivity of the material and thus lead 
to lower Ic. As this compositional change comes at the 
expense of poorer contact resistance, this approach is 
limited. Nevertheless, adjusting the WC:Ag ratio to-
wards an optimal balance of chopping current and con-
tact resistance may be worthwhile. 

A WC:Ag-type contact material containing a finely dis-
persed additive also presented surprisingly low chop-
ping currents. Further investigations are necessary to 
clarify which mechanism enables this behaviour. Alt-
hough the average chopping current of the latter mate-
rial is still significantly higher than that of standard 
WC60 Ag40 contacts, a statistical analysis of the ex-
perimental results shows that the probability for the oc-
currence of critically large chopping currents is similar. 
Our results suggest that vacuum contactors containing 
a contact material with a Ag content of only 17 wt. % 
could exhibit the same low risk for damaging surge 
voltages as traditional WC60 Ag40. 
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under the influence of the increased internal gas pres-
sure of the switchgear (due to the electric arc) over the 
respective value. This solid 3-phase fault can be then 
effectively detected by protections (including optoelec-
tronic) and quickly tripped by switches. The results of 
laboratory tests of the effectiveness of such a system 
during simulated arc faults in a medium voltage net-
work (6 kV) are presented and discussed. Appropriate 
practical conclusions are formulated. 

2 Study of the effects of the  
internal faults in distribution 
switchgear at permanent and 
heavy arc short circuits 

2.1 High current solid faults 

High-current solid short-circuits, that are relatively 
rare, create, for correctly selected apparatus for short-
circuit conditions, a relatively low danger. Of course, 
provided that they are turned off in a sufficiently short 
time by circuit protections and switches. The threat for 
the switchgear is mainly related to thermal and dy-
namic strength [4,11]. Before commissioning, the 
switchgear is subjected to appropriate short-circuit ca-
pacity tests [6,12]. The authors for testing selected a 
switchgear with the following rated data Un=12 kV, 
In=1250 A. For solid short-circuits the withstand short-
circuit current is equal to 25 kA for 3 s. Whereas, dur-
ing the heavy arcing faults duration of the flow time of 
the same (25 kA) current value is reduced to 0.3 s. View 
of an example switchgear selected for testing on the 
test stand is shown in Figure 1.  

Fig. 1 View of distribution switchgear on the test 
stand 

Electrical diagram of the system for testing the ability 
of the switchgear to conduct short-time withstand cur-
rent and withstand peak short-circuit current is shown 
in Figure 2. 
During the tests, currents in the main circuits were 
measured and recorded. After tests, the state of the 
main elements, equipment and the circuit breaker was 
inspected. Examples of the measured short-circuit cur-
rent waveforms when checking the ability of the 

switchgear to conduct short-time short-circuit current 
and withstand peak current are shown in Figure 3. The 
proper selection of apparatus for short-circuit condi-
tions and a small amount of heat released in the main 
current circuit during permanent short circuits testify 
that the switchgear is not damaged and is suitable for 
further operation. 

Fig. 2 Diagram of the test circuit to check the ability 
of the switchgear to conduct short-time withstand cur-
rent and withstand peak short-circuit current (TO-
tested object, G-generator 350 MVA, PT-transformer) 

 

 

 

Fig. 3 Registered short-circuit currents under testing 
the ability to conduct short-time withstand current and 
withstand peak current 

2.2 Heavy current arc short-circuits 

The effects of internal arc faults are much more dan-
gerous. As a result, the short-circuit current duration 
must be significantly reduced. The degradation of the 
switchgear and its components results from both the 
high arc temperature and the increase in pressure of the 
surrounding gas (usually air). Therefore, thermal dam-
age/destruction of the insulation, evaporation of metal-
lic parts, perforation of the casing or its deformation 
(especially in switchgear with a high degree of IP pro-
tection) apparatus damage, etc. may occur. This usually 
leads to long-term shutdown of the switchgear. There-
fore, there is an urgent need to limit these effects by 
reducing the amount of thermal energy released in the 
arc column. Shortening of the arc duration by quick 
shutdown using the circuit breakers, gives poor results. 
It is due to a rather long tripping resultant time. This 
time consists of a short-circuit protection operation 
time of 20-40 ms, the operating time of the circuit 
breaker 40-100 ms and additional time due to grading 
of short-circuit protection what is from several hundred 
ms to 1 s. In extended power systems can reach up to 
2.5 s. Under these conditions, the total breaking time 
of the arc fault can reach several hundred ms and even 
more. Thus, the arc energy can lead to irreversible dam-
age of the switchgear. For this reason, it is so important 
to know the phenomenon of electric arc so that you can 
effectively counteract this damage. 

i 
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The most common switchgear use so-called solid-air 
insulation. According to the literature, an arc burning 
in these conditions is a free arc. Its parameters are in-
fluenced by environmental conditions (air) and elec-
trode material [4,9,13]. 
Ignition of the arc requires a sufficient number of elec-
tric charge carriers (electrons, ions) inside the inter-
electrode space. In order for the electric discharge to 
take the form of an electric arc, the conditions for min-
imum voltage and current must be met. Therefore, the 
voltage must be higher than ignition value (u > uz) and 
the current –over the discharge limit current (I > ig). For 
example, these values are as follows [4,13]: 
- for iron electrodes (Fe) uz = 13-15 V, ig = 0.3-0.5 A, 
- copper (Cu) uz = 12 V, ig = 0.4 A, 
- silver (Au) uz = 12 V, ig = 0.4 A. 
The radial temperature distribution in the arc column 
for two different gases is shown as an example in Fig-
ure 4 [3]. The outer surface of the arc column is called 
the covering. Its temperature is around 1000C (this is 
the value at which gas dissociation practically disap-
pears). 

Fig. 4 Radial temperature distribution in an arc col-
umn [7] 

Fig. 5 Current and arc voltage waveforms (in resis-
tive circuit), Uz-ignition value, (tz-tg)-power-off time 

Fig. 6 Dynamic characteristics of the AC arc 

For example, Figure 5 shows the current and arc volt-
age waveforms, whereas, Figure 6 - the dynamic char-
acteristics of the AC arc respectively. 
The arc column composed of a core and a covering for 
analytical purposes, is most often represented in the 
form of a cylinder whose diameter results from the bal-
ance of forces acting inside it. The discharge environ-
ment is a plasma consisting of electrons and ions (usu-
ally positive) and non-ionized particles (atoms, mole-
cules and macromolecules of the substance). Outside, 
the plasma remains an inert gas. This environment can 
be analyzed in scales: 
- microscopic, 
- macroscopic. 
For a microscopic scale, the analysis concerns the 
properties of particles and their interactions, taking into 
account the electric and magnetic fields. The purpose 
is to describe the paths of particle movement, their col-
lisions and the energy processes that occur at the time, 
which makes it possible to determine the statistical dis-
tribution of the degree of dissociation, recombination 
ionization and the emission of spot components. 
Whereas, for a macroscopic scale, the analysis con-
cerns observation of the gas in an average way because 
the plasma is treated as a continuous medium for which 
the equations of mass, momentum and energy conser-
vation of particles [2,8,9,13] are valid. After consider-
ing the interaction of electric and magnetic fields, such 
models are called magnetohydrodynamic models. The 
physical processes occurring in the arc column in the 
gas are determined by the electrical, thermal and flow 
properties of the gas. They are characterized by the 
concentration of "n" ions, density "ρ", free path "l", 
electrical conductivity "Ga", thermal conductivity "λ", 
specific heat "cp" and "cv" (at constant pressure and vol-
ume), specific enthalpy "h", dynamic viscosity "η", and 
sound speed "Vd", which depend on the pressure "p" 
and temperature "Θ". Most gases, including nitrogen 
and oxygen, which are the main components of air, oc-
cur in the form of diatomic molecules (N2, O2). 
Diffusion occurs when at ambient temperature during 
collisions of molecules instead of elastic collisions, the 
molecules break down into atoms, (if the kinetic energy 
of the molecule is greater than the chemical bonding 
energy). The degree of gas dissociation Xd and the de-
gree of ionization of gas Xj are determined by the Saha 
equations. 

- gas dissociation degree: 
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- gas ionization degree: 
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under the influence of the increased internal gas pres-
sure of the switchgear (due to the electric arc) over the 
respective value. This solid 3-phase fault can be then 
effectively detected by protections (including optoelec-
tronic) and quickly tripped by switches. The results of 
laboratory tests of the effectiveness of such a system 
during simulated arc faults in a medium voltage net-
work (6 kV) are presented and discussed. Appropriate 
practical conclusions are formulated. 

2 Study of the effects of the  
internal faults in distribution 
switchgear at permanent and 
heavy arc short circuits 

2.1 High current solid faults 

High-current solid short-circuits, that are relatively 
rare, create, for correctly selected apparatus for short-
circuit conditions, a relatively low danger. Of course, 
provided that they are turned off in a sufficiently short 
time by circuit protections and switches. The threat for 
the switchgear is mainly related to thermal and dy-
namic strength [4,11]. Before commissioning, the 
switchgear is subjected to appropriate short-circuit ca-
pacity tests [6,12]. The authors for testing selected a 
switchgear with the following rated data Un=12 kV, 
In=1250 A. For solid short-circuits the withstand short-
circuit current is equal to 25 kA for 3 s. Whereas, dur-
ing the heavy arcing faults duration of the flow time of 
the same (25 kA) current value is reduced to 0.3 s. View 
of an example switchgear selected for testing on the 
test stand is shown in Figure 1.  

Fig. 1 View of distribution switchgear on the test 
stand 

Electrical diagram of the system for testing the ability 
of the switchgear to conduct short-time withstand cur-
rent and withstand peak short-circuit current is shown 
in Figure 2. 
During the tests, currents in the main circuits were 
measured and recorded. After tests, the state of the 
main elements, equipment and the circuit breaker was 
inspected. Examples of the measured short-circuit cur-
rent waveforms when checking the ability of the 

switchgear to conduct short-time short-circuit current 
and withstand peak current are shown in Figure 3. The 
proper selection of apparatus for short-circuit condi-
tions and a small amount of heat released in the main 
current circuit during permanent short circuits testify 
that the switchgear is not damaged and is suitable for 
further operation. 

Fig. 2 Diagram of the test circuit to check the ability 
of the switchgear to conduct short-time withstand cur-
rent and withstand peak short-circuit current (TO-
tested object, G-generator 350 MVA, PT-transformer) 

 

 

 

Fig. 3 Registered short-circuit currents under testing 
the ability to conduct short-time withstand current and 
withstand peak current 

2.2 Heavy current arc short-circuits 

The effects of internal arc faults are much more dan-
gerous. As a result, the short-circuit current duration 
must be significantly reduced. The degradation of the 
switchgear and its components results from both the 
high arc temperature and the increase in pressure of the 
surrounding gas (usually air). Therefore, thermal dam-
age/destruction of the insulation, evaporation of metal-
lic parts, perforation of the casing or its deformation 
(especially in switchgear with a high degree of IP pro-
tection) apparatus damage, etc. may occur. This usually 
leads to long-term shutdown of the switchgear. There-
fore, there is an urgent need to limit these effects by 
reducing the amount of thermal energy released in the 
arc column. Shortening of the arc duration by quick 
shutdown using the circuit breakers, gives poor results. 
It is due to a rather long tripping resultant time. This 
time consists of a short-circuit protection operation 
time of 20-40 ms, the operating time of the circuit 
breaker 40-100 ms and additional time due to grading 
of short-circuit protection what is from several hundred 
ms to 1 s. In extended power systems can reach up to 
2.5 s. Under these conditions, the total breaking time 
of the arc fault can reach several hundred ms and even 
more. Thus, the arc energy can lead to irreversible dam-
age of the switchgear. For this reason, it is so important 
to know the phenomenon of electric arc so that you can 
effectively counteract this damage. 
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where: p - gas pressure, wd - dissociation energy (9.78 
eV for N2), Θ - temperature, k - Boltzman constant 
(1.38 x 10-23Ws/K), Θd = 7000 K for N2, Θd = 4000 K 
for O2. 
Power delivered to the electric arc: 
  

 (3) 
 
 
Energy provided to the electric arc: 
  

 (4) 
 
 
Iar – average arc current value, Uav – equivalent arc 
voltage, where: 
  
 

 (5) 
 
 
 
 
The energy processes in the arc are described by equa-
tions (3) - (5) [2,4,7]. 
When considering air as a perfect gas enclosed in a 
sealed compartment of the switchgear in which an arc-
ing short circuit can be expected, the air temperature 
will increase approximately [2,13]: 
  

 (6) 
 

where: 
cv - specific heat of an air in a constant volume, γ - air 
density. 
This increase of temperature dθ results in the increased 
gas pressure Δp by about 
  

 (7) 
 

where: 
kt - heat transfer coefficient depending on the electrode 
material [4], κ - adiabate coefficient, Vg - volume of the 
compartment, Wa (t) - energy generated in the arc ac-
cording to (4). 
Tests of resistance to internal arc faults were performed 
for the same 12 kV switchgear. Arc faults were initiated 
as in Figure 8. Due to the safety of the personnel in the 
switchgear a special shield called the arc flash indicator 
as seen in Figure 7 was used. 
The effect of an internal arc fault in the tested 12 kV 
switchgear can be observed in Figure 9 whereas the 
measured current waveforms in Figure 10. 
 
 

 

Fig. 7 View of the arc flash indicators used for the 
test 

Fig. 8 View of the modelled arc initiation 

Fig. 9 View of the switchgear during internal arc 
fault test 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Current and voltage waveforms during a 
three-phase internal arc fault in a distribution switch-
gear (25 kA, tz = 300 ms) 
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3  Proposed method to reduce 
the effects of the heavy cur-
rent internal arcing 

Analyzing the effects of internal short-circuits in me-
dium voltage distribution switchgear under solid (me-
tallic) and arc short-circuits, it was found that short-
term metallic short circuits implemented in laboratory 
conditions, do not cause significant damage to the 
switchgear. The rated duration of the short circuit dur-
ing these tests did not exceed tz≤3 s. According to [7] 
for LV switchgear, the extent of damage under heavy 
current internal arcing should be considered as depend-
ent on the value and duration of the short-circuit cur-
rent (energy generated in the arc). The scope of neces-
sary repair work due to this is also specified. For the 
arc duration below 100 ms (with energy released in the 
arc up to 100 kJ), no significant damage was found ex-
cept this of sooting. To bring the switchgear back to 
service only cleaning the apparatus from sediment is 
required. Considering the above statements, one should 
strive to quickly eliminate arc faults or to transform 
them into short-lasting solid short circuits with a small 
amount of released energy. The quick-disconnection 
methods known from the literature, apart from the rel-
atively long operation time of the circuit breakers, re-
quire constant monitoring of the circuit by various 
types of protections and triggering systems as well as 
maintaining them in continuous efficiency and periodic 
control. 
In this paper is recommended a very fast passive sys-
tem for converting an arc fault, especially phase-to-
phase, into the solid fault. For this purpose, a system of 
3 fast earthing devices connected in a star was used. 
They are based on appropriately adapted vacuum cir-
cuit breaker chambers whose view for one phase is il-
lustrated in Figure 11. After the quick earthing switch 
is activated (under the influence of an increased gas 
pressure inside the switchgear volume) the electric arc 
is extinguished. The flowing solid earth fault current 
gives long enough time to switch it off by short-circuit 
overcurrent protection and circuit breaker. This solu-
tion is approved for use by international regulations 
[14].  

Fig. 11 View of one phase of a fast earthing device; 1-
cylinder with spherical surface, 2-return spring, 3-
movable contact, 4-stationary contact, 5-insulating 
sleeve, 6-metal shield, 7-bellows 

The vacuum switch chamber used was placed inside 
the insulating sleeve 5. The movable contact of the vac-
uum chamber 3 is normally kept in the open position 
by the pulling spring 2. This spring rests on one end 
with the insulating body of the vacuum chamber 5 and 
the other with the nut on the end of the rod being the 
moving contact extension. The movable contact is con-
nected by a flexible cable to the respective phase. Ter-
minal of the stationary contact 4 is connected to a 
grounding rail. The stationary and movable contacts 
are located inside a metallic sleeve connected to the 
elastic sealing bellows. The metallic sleeve protects the 
walls of the vacuum chamber against direct deposition 
of metal vapours from the contacts. The increase in the 
gas pressure under an arc fault (according to (7)) results 
in a shock wave, which gives the force closing the con-
tacts. To obtain the appropriate axial contact force, a 
cylinder closed on one side with a spherical surface 1 
(piston effect) was mounted on the plunger. The spher-
ical surface of this cylinder makes it possible to provide 
a closing force value capable to overcome the re-
sistance of the back pulling spring of the movable con-
tact. It is performed. Regardless the direction from 
which the shock wave originates, i.e. regardless of 
where the short circuit occurs inside the switchgear. 
Compared to earlier solutions, this system is much sim-
pler in structure and cheaper to operate. Appropriate 
tests were performed to check the effectiveness of the 
proposed system. The arc fault in the switchgear was 
initiated by means of the arc initiation wire as shown 
in Figure 8. Short-circuit currents and voltages in all 
phases as well as the gas pressure occurring in the con-
nection compartment of the switchgear were measured 
and recorded. The results are shown for the example in 
Figure 12.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 Current and voltage waveforms as well as the 
gas pressure inside the connecting compartment under 
three-phase arc fault inside the switchgear equipped 
with an earthing device 

The arc fault was transformed into a metallic fault and 
quickly tripped by the circuit breaker. The whole pro-
cess took less than 100 ms. During the switchgear in-
spection, no damage to the electrical apparatus and ca-
bles was found except for weak, easy to remove soot-
ing at the fault initiation site. 
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where: p - gas pressure, wd - dissociation energy (9.78 
eV for N2), Θ - temperature, k - Boltzman constant 
(1.38 x 10-23Ws/K), Θd = 7000 K for N2, Θd = 4000 K 
for O2. 
Power delivered to the electric arc: 
  

 (3) 
 
 
Energy provided to the electric arc: 
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Iar – average arc current value, Uav – equivalent arc 
voltage, where: 
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The energy processes in the arc are described by equa-
tions (3) - (5) [2,4,7]. 
When considering air as a perfect gas enclosed in a 
sealed compartment of the switchgear in which an arc-
ing short circuit can be expected, the air temperature 
will increase approximately [2,13]: 
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cv - specific heat of an air in a constant volume, γ - air 
density. 
This increase of temperature dθ results in the increased 
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where: 
kt - heat transfer coefficient depending on the electrode 
material [4], κ - adiabate coefficient, Vg - volume of the 
compartment, Wa (t) - energy generated in the arc ac-
cording to (4). 
Tests of resistance to internal arc faults were performed 
for the same 12 kV switchgear. Arc faults were initiated 
as in Figure 8. Due to the safety of the personnel in the 
switchgear a special shield called the arc flash indicator 
as seen in Figure 7 was used. 
The effect of an internal arc fault in the tested 12 kV 
switchgear can be observed in Figure 9 whereas the 
measured current waveforms in Figure 10. 
 
 

 

Fig. 7 View of the arc flash indicators used for the 
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Fig. 8 View of the modelled arc initiation 

Fig. 9 View of the switchgear during internal arc 
fault test 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Current and voltage waveforms during a 
three-phase internal arc fault in a distribution switch-
gear (25 kA, tz = 300 ms) 
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4  Conclusions 

The proposed method in the paper to reduce the effects 
of internal arc faults inside medium voltage switch-
gears by transforming them into solid earth faults and 
clearing by commercial protections and switches has 
proved to be very effective. As a result the irreversible 
damages to electrical apparatus by an electric arc are 
eliminated. Fast clearing of the effects of short-term arc 
faults allows also to avoid power outages and elimi-
nates therefore financial losses related to the costs of 
replacement / repair of electrical apparatus and due to 
interruptions in power supply to consumers. 
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Abstract 

Medium voltage load break switches are required to perform a number of making operation while passing of short 
circuit current that could be more than tens of kiloamperes. Using air-filled devices as an alternative to SF6, which 
is a high impact greenhouse gas, makes the switch more environmentally friendly but leads to more challenging 
making operation due to higher arcing times and dissipated energies between the contacts. In this case, the pre-
strike arc could lead to contacts welding and degradation, which is highly undesirable. This paper reports on an 
investigation of the pre-strike arc impact on erosion and welding of copper/tungsten (20/80) arcing contacts during 
short-circuit making operations. For this purpose, a synthetic test circuit consisting of a high current source in 
combination with a high voltage one is used. Experiments are conducted for different operation voltages, while 
the short circuit current is kept constant at 22 kA. Mass loss measurement and visual inspection of eroded/welded 
contacts are examined with regard to pre-strike arc impact on their degradation. The contacts are welded by three 
times repeating the test at operation voltage of 20 kV and short-circuit current of 22 kA and failed to re-open. 
Besides, an increase in the contacts’ mass loss with arcing time is observed while the making current is constant. 
This is an indication that the pre-strike arc energy highly impacts the switch reliability and service life. 
 

 

1 Introduction 

Considering the crucial role of Load Break Switches 
(LBS) in Medium Voltage (MV) distribution networks, 
high reliable operation of MV-LBS is required [1, 2]. 
An MV-LBS must be able to interrupt load currents and 
close under fault conditions. Making of short circuit 
current results in fault current flow through the contacts 
while closing. Although MV-LBS are designed to carry 
fault currents of tens of kiloamperes up to few seconds 
in the closed position, we should consider that the cur-
rent flow starts before contacts full touch moment 
when arc formation makes a bridge between the con-
tacts, which will deteriorate the contacts’ surfaces. The 
local electric field strength between the contacts in-
creases while closing, which causes a breakdown in the 
insulation gas and arc burning before contacts’ touch. 
The short circuit current flows through the pre-strike 
arc causes high energy dissipation between the con-
tacts, which are partly absorbed by contact surfaces 
leading to their melting and evaporation. Closing the 
contacts with melted surfaces could lead to welding the 
contacts to each other and failure to re-open, which is 

one of the main reasons for failure in this type of 
switches. The stresses applied to the contact are ex-
pected to be higher during making operation compared 
to current interruption because of higher arc energy dis-
sipation between the contacts [3]. The dissipated en-
ergy between contacts could be limited by arcing time, 
which is dependent on the dielectric strength of the in-
sulation gas. Although SF6 supports the design of com-
pact, low cost, and reliable MV-LBS due to high die-
lectric strength, it has a high environmental impact, 
which put an end to using SF6 in gas-insulated switch-
gear. Regarding cost-effective and environmentally 
friendly insulation gas, air or air mixtures could be an 
alternative to SF6 [4]. However at the pressure of one 
bar, air with dielectric strength of 3 kV/mm causes 
higher arcing time compared to SF6 with dielectric 
strength of 8.9 kV/mm at same making test condition 
which makes the switch operation even more challeng-
ing.  
From the aspect of arcing contact erosion, several 
theoretical and experimental investigations have been 
done [5-7]. Simulation models have been developed 
based on arc-metal contacts interface to explain arc 
behavior under the injection of particles and metal 
vapors [8, 9]. Several parameters have been calculated, 

4  Conclusions 

The proposed method in the paper to reduce the effects 
of internal arc faults inside medium voltage switch-
gears by transforming them into solid earth faults and 
clearing by commercial protections and switches has 
proved to be very effective. As a result the irreversible 
damages to electrical apparatus by an electric arc are 
eliminated. Fast clearing of the effects of short-term arc 
faults allows also to avoid power outages and elimi-
nates therefore financial losses related to the costs of 
replacement / repair of electrical apparatus and due to 
interruptions in power supply to consumers. 
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such as contacts surface temperature, material transfer 
rate, arc temperature, thermal and electrical 
conductivity [10, 11].  
It has been shown that the erosion mechanism at high 
current is different from the low current. Several 
factors affect the electrical contacts erosion in 
switching operation such as arc energy, arcing time, 
gap distance, closing velocity, contacts shape, and 
material properties [12]. Besides, there is still a lack of 
understanding of the impact of pre-strike arc on 
contacts erosion during making operation in fault 
conditions.  
In this work, we focus on the impact of the pre-strike 
arc on the contacts degradation during making 
operation. A spring-type drive test object and a 
synthetic test circuit are employed. Arc electrical 
characterizations and mass loss measurement are used 
to find a meaningful relationship between the pre-strike 
arc parameters and the contacts degradation. 

2 Experimental set-up 

For the test type switch, the stationary contact is a pin 
with a diameter of 10 mm, and the dynamic one is a 
split tulip with an outer diameter of 20 mm and an inner 
diameter slightly less than 10 mm. The contacts are 
shown in figure 1. The pin is the anode and the split 

ring is the cathode with an inner diameter slightly 
smaller than the pin to provide fully touch of the con-
tacts in closed position. The contacts are made of cop-
per-tungsten (20/80), and the closing velocity is 3 m/s. 
The closing speed and the material type are chosen not 
to differ too much from the commercial product. The 
test circuit is a synthetic making circuit based on the 
IEC 62271 standard [13]. The circuit includes two 
parts; high current and high voltage sources. The high 
voltage circuit supplies the test voltage for dielectric 
breakdown while the switch is closing. Once the break-
down happens, a signal is sent to the high current 
source to initiate the flow of the transient making cur-
rent. A schematic of the synthetic circuit is shown in 
figure 2 (a). The test object is a spring-type switch with 
axisymmetric arcing contacts. The synchronization be-
tween the time of breakdown by the synthetic circuit 
and closing the test object is achievable through the 
time setting for the release of the dynamic contact by a 
solenoid magnet (figure 2 (b)) A sensor records the po-
sition of the dynamic contact over time, making it pos-
sible to record the arcing time and length while con-
tacts are closing. A Pearson current probe measures the 
arc current and a 6015A Tektronix voltage probe 
measures the arc voltage. To avoid the interference of 
electromagnetic noises, an optical system transmits the 
measured data to record them. 

Fig 3. Arc voltage at 20 kV test voltage(a) and 50 Hz 
half-cycle short circuit current (b). 

Fig 2. Schematic of the synthetic circuit (a), and the 
test-object. 

Fig 1. Electrical contacts made of W/Cu (80/20). Pin 
is the fixed contact (cathode) and split tulip is the dy-
namic one (anode). 
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To make different arcing times to investigate the im-
pact of pre-strike arcing on the contacts erosion and 
welding, two test voltages of 10 kV and 20 kV are ap-
plied to the test object with a short circuit current of 
22kA. The fault currents duration has a tolerance of one 
to two milliseconds because of inaccuracy in the con-
trol system for the synthetic circuit. The difference 
does not make significant changes in the pre-strike arc 
current since di/dt is approximately constant in all the 
tests.  
In order to figure out how long the eroded contacts can 
withstand fault conditions, each test has been repeated 
on the same set of samples until they weld to each 
other. The arcing time and mass loss are measured after 
each test. Figure 3 shows a typical arc voltage and cur-
rent waveforms. The voltage waveform shows a sharp 
fall from the dielectric breakdown voltage at 20 kV to 
arc voltage, which is in the order of tens of volts. The 
first 50𝜇𝜇s of the voltage fall is neglected due to inter-
ference with electromagnetic noises caused by air 
breakdown. Because of limitation on oscilloscope 
bandwidth, the arc voltage is measured for the first mil-
lisecond of arc burning while expecting to decay 
slightly to 13 V, which is the minimum voltage drop 
across the plasma sheath in front of the contacts [12, 
14]. Figure 3 (b) shows the 50 Hz half-cycle of 
sinusoidal current with an amplitude of 22 kA. The 
waveform is divided into two parts. The pre-strike arc 
burns for 2.2 ms, while the current rises to ~9 kA. The 
rest of the current passes through the contacts when 
they are in touch.  
For the sake of accuracy in the obtained results, each 
test has been repeated for three different samples. The 
contacts were cleaned after each test, and the mass loss 
was measured with an accuracy of 0.00001 gr.  

3 Results 

A summary of results including number of tests at two 
test voltages of 10 and 20 kV with constant fault cur-
rent of 22 kA is shown in Table 1. The results show an 
increase in mass loss with pre-strike arcing time by re-
peating the test at each specific sample. The highest 
arcing time is measured for samples 02 and 03 for the 
third time of repeating the test (3rd-Table 1), which is 
about four milliseconds and resulted in welding of the 
contacts. The pre-strike arcing current rises to ~20 kA 
before the contacts’ touch. 
At the test voltage of 10 kV, the results show the mass 
loss is higher for the second time of repeating the test 
than the third time. Even for the test voltage of 20 kV, 
there is a slight difference between the mass loss for the 
second and third times of repeating the tests. This is an 
indication of arc ignition at different spot of the 
contact’s surface.  
Visual inspection of the pin's eroded area at different 
test conditions is taken to clarify the difference in mass 
loss changes. Figure 4 shows the pin's eroded surface 

for the first and the second samples of each test voltage. 
The arc ignites at a random spot on the contact’s 
surface by air breakdown. At the test voltage of 10 kV, 
arc hits the same spot in case of sample one, while for 
sample two at the second time of repeating the test, two 
spots close to each other are observed in the side view 
of the contacts, and eroded surface is larger compared 
to sample one at the second time of repeating the test. 
Therefore, hitting at the same spot for arc ignition 
causes higher mass loss, which could be a reason for 
electric field enhancement at sharp points or more 
conductive area due to aggregated molten copper 
compared to the rest of the contact's surface. 
For the test voltage of 20 kV, the contact is eroded for 
more than 50 % of the first test's surface area. The mass 
loss at this test condition is more than ten times higher 
than the test voltage of 10 kA. For the second time of 
repeating the test, the erosion almost covered the whole 
contact’s surface. After the third time, the contact’s 
surface is totally burnt for sample one, and some 
deformation on the contact’s shape is observed on the 
side view of the pin. The third time of repeating the test 
for sample two at test voltage of 20 kV and short-circuit 
current of 22 kA, causes the contacts to weld and fail 
to re-open.  
Table 1. The arcing time and mass loss for each test 
and repeated for three times for test voltage of 10 kV 
and 20 kV with constant fault current of 22 kA. 

Breakdown Voltage: 
10 kV 

Number of tests 
1st 2nd 3rd 

Sa
m

pl
e 

01
 Arcing time 

(ms) 1.13 1.37 1.37 

Mass loss 
(mg) 6.62 35.19 32.08 

Sa
m

pl
e 

02
 Arcing time 
(ms) 1.15 1.32 1.37 

Mass loss 
(mg) 7.32 13.99 24.08 

Sa
m

pl
e 

03
 Arcing time 

(ms) 0.98 1.41 1.47 

Mass loss 
(mg) 3.96 53.28 28.64 

 
Breakdown Voltage: 

20 kV 
Number of tests 

1st 2nd 3rd 

Sa
m

pl
e 

01
 Arcing time 

(ms) 2.5 3.35 2.855 

Mass loss 
(mg) 67.44 203.68 104.59 

Sa
m

pl
e 

02
 Arcing time 

(ms) 2.18 2.73 4.45 

Mass loss 
(mg) 69.71 86.8 334.47 

Sa
m

pl
e 

03
 Arcing time 

(ms) 2.62 2.62 3.58 

Mass loss 
(mg) 65.46 128 336.01 
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4 Discussion 
 
Making operation of MV-LBS under fault condition is 
the main failure reason of the switch. The switching 
behavior at different pre-strike arcing times with the 
same short circuit current has shown the interaction 
between the arc and the contacts could have a 
deteriorating impact on switch service life by heating 
up the contacts surfaces to melting and evaporation 
points and occasionally welding them to each other in 
the closed position, as has occurred after three times of 
repeating the test at the voltage of 20 kV and fault 
current of 22 kA. At test voltage of 10 kV, although the 
contacts could withstand a couple of times more than 
the eroded contacts at 20 kV, we should take into 
account that gradual erosion of the contacts could lead 
to shortening the length of the contacts that would 
cause failure in current interruption. 
Mass loss measurement is a proper method to get an 
approach on the contacts' erosion and prediction of the 
switch failure, though it needs a dedicated assessment 
of the results. At test voltage of 10 kV, the second time 
of repeating the test shows higher mass loss compared 
to the third time. It can be seen in figure 4 for the 
contacts surface erosion at 10 kV that the arc did not 
ignite at same spot by dielectric breakdown. For 
contacts with smaller front area, the arc could initiate 
from the same spot each time, enhancing the erosion 
and shortening the switch service life. Therefore, the 

size of the contacts plays a crucial role in enduring 
longer under fault conditions.  
Regardless of the eroded area impact on pre-strike 
arcing time, the mass loss for different arcing time is 
plotted in figure 5. The results show an increase in pre-
strike arcing time causes higher mass loss and erosion 
of the electrical contacts. Higher arcing time does not 
necessarily lead to higher energy dissipation between 
the contacts since the increase in arc current in the 
order of kiloampers follows by a slight decrease in arc 
voltage. However, higher arcing time means more time 
for heat conduction between the arc and the contacts to 
melt and evaporate the metal surfaces. In the closed 
position, the melted metals cool down and could weld 
the contacts to each other.  
The obtained results indicate that the rate of contact 
erosion caused by making operation is increasing with 
increasing arcing time which is mainly because of 
partly absorption of dissipated arc energy by contacts’ 
surfaces. Therefore, if the contacts are in full-touch in 
the closed position, the erosion only depends on the 
pre-strike arc time and energy, not the amount of short-
circuit current. Therefore, the influential factors and 
involved parameters in the switch operation should be 
designed to decrease the impact of pre-strike arc to 
improve the switch service life. 

Fig 4. Eroded contacts’ surface after each three times repeating the test at test voltage of 10 kV and 20 kV when 
a short circuit current of 22 kA passed through the contacts. 
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5 Conclusion 

The electrical arcing contacts erosion/welding in an 
MV-LBS during making operation was investigated to 
understand the impact of the pre-strike arc before the 
contacts touch on switch failure. Experiments were 
conducted for test voltages of 10 kV and 20 kV, while 
the 50 Hz half-cycle sinusoidal short circuit current 
with peak of 22 kA was kept constand.  
The results showed switch failure to re-open after three 
times repeating the test on the same set of contacts at 
test voltage of 20 kV. Further, an increase in mass loss 
with arcing time at the same current proved the impact 
of pre-strike arc on the contacts erosion/welding. 
This work should be continued by further studies on 
optimizing the switch design and finding the 
interrelation between different parameters involved in 
switch operation like the speed of closing and the 
contacts material to minimize the impact of pre-strike 
arc on the contacts welding. 
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Abstract 

In recent years, the new energy fields such as electric vehicles, photovoltaic power generation and electric 
aircraft develop so rapidly that DC contactor demand has been increasing dramatically. Under the development 
trend of high voltage and large current for contactor, it is more difficult to improve the arc extinguishing perfor-
mance only from the structural design. It is necessary to study the performance and selection of different arc 
extinguishing gas. However, the various arc extinguishing gases, their mixing ratio and their arc quenching char-
acteristics are not quite clear. In this paper, the arc properties of insulation gases such as H2, N2, CO2, air, and 
different mixture ratio of N2-H2 have been researched through experimental tests. The results are as follows: The 
thermal conductivity of H2 arc is high, which is good for energy dissipation when small current, however, the N2 
arc is more unstable, which is benefit for dissipation when large current. Better comprehensive 20%N2 has better 
comprehensive properties including arcing time, heat dispersion and heat recovery rate than others. 

1. Introduction 

The new energy fields such as electrical vehicles，
photovoltaic power generation and electric aircraft, re-
quire greater electrical power for their increasing direct 
current (DC) loads and drive, therefore, the high volt-
age cables and electrical devices up to 500VDC are re-
considered and redesigned. In the future even higher 
supply voltage, as high as 1000VDC, will be used in 
electrical system for higher energy efficiency and 
lighter weight. The DC high voltage contactors and 
protector devices are necessary components in the sys-
tem to carry out the distribution and the protection of 
the electrical energy. 

The increasing voltage has serious influence on the 
interrupting capability and electrical life of contactor 
and circuit breaker. As the voltage increases, the arc is 
difficult to extinguish so that contact erosion even 
contact welding will be more severe [1]-[4]. It is diffi-
cult to be extinguished for DC arc for its property of 
no natural zero. It is of great significance to extin-
guish the arc and shorten the arc time as soon as pos-
sible to protect load and whole electrical system.  

 Usually, the lengthening of the arc and increasing 
the arc voltage are main effective methods to shorten 
arc duration and extinguish arc. In DC contactor, the 
bridge-type contact system to double the arc voltage 
and applying a magnetic field near the electrodes to 
drive and bend the arc are widely used in the industry. 
Liu XY et al. researched the influence of external trans-
verse magnetic field on the characteristics of the low 
pressure direct current arc [2]. Sekikawa et al. meas-
ured the breaking arc duration in a 450VDC/10A resis-
tive circuit when driven by transverse magnetic field 

with permanent magnets [3]. X. Zhou et al. presented 
arc behavior of three kinds of bridge-type contacts 
switched at resistive load in range of 300VDC to 
750VDC and their experimental research [6]-[8]. Be-
sides, high power DC contactors are always sealed with 
different arc extinguishing gas for cooling arc and in-
creasing arc voltage. Yuji Shiba et al. tested the arc 
break characteristics at voltage 25VDC-600VDC, current 
30A-250A, gas pressure 0.1Mpa, in sealed inflatable 
equipment, and got conclusion that the H2 had higher 
arc voltage and 80%H2-20%N2 was most effective 
mixture ratio [9]. Niu CP et al. researched different 
gases and gas pressure through setting a test equipment 
of DC contactor, and got variation patterns of arc volt-
age, arc current, duration time and arc energy of differ-
ent gas and pressure to arc characteristics [10]. Wu J et 
al. made transparent sealed arc extinguishing device to 
simulate interrupting tests at 270VDC filling H2-N2 mix-
ture, and got result that the interrupting capability of H2 
mixture was better than N2 mixture [11]. Bo Kai et al. 
researched arc dwelling and restriking characteristics 
in DC high power relay, simulated arc dwelling behav-
iour during bridge type contacts opening process for 
high power relays [12]-[13].  

However, the previous research did not give more 
kinds of gases for arc extinguishing, the arc physical 
parameters of gases used in DC high power contactors 
were less analyzed comparatively. In this paper, the arc 
characteristics of the arc extinguishing gases: air, N2, 
He, H2-N2 mixture, N2, have been researched. The arc 
voltage, arc current, arc duration, arc current peak, arc 
heat flux and arc extinction voltage are comparatively 
analyzed. The most effective mixture and proper ratio 
for DC high power contactor arc extinguishing are sug-
gested. This research paper will be helpful for under-
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standing arc extinguishing mechanism and arc charac-
teristics of different gases filled in DC high power con-
tactors. It is also helpful for designing higher voltage 
and current rating DC contactors. 

2. Experimental Methods  

The simplified equipment for tests consists of 
sealed cavity, gas filling devices, DC high power con-
tactor and measuring equipment, power supply and 
load. The DC high power contactor consists of one 
movable contact and two static contacts that are all 
made from pure copper, and control structure by speed 
motor. The contactor is no sealable case in this research 
which is different from commercial products. Because 
more kinds of gases for arc extinguishing can be filled 
easily into cavity surrounding the contacts. Because 
this paper is focused on arc characteristics of different 
gases when breaking, then the LC power is used for its 
simple and adjustable properties. The arc voltage is 
measured by using a high voltage probe, the arc current 
is sensed by current sensor, and the data is recorded by 
an oscilloscope. Arc images are taken by using high-
speed camera. Figure 1 shows the arrangement of the 
experimental devices.  

The high speed camera used in experiments is 
Photron’s FASTCAM Mini AX100 with performance 
1024*1024 pixels at 4,000fps.  

 
Figure 1 Simplified experimental devices 

3. Experiment Results and Analysis  

In order to analyze arc characteristics of DC high 
power contactors in several kinds of gases, firstly their 
arc shapes are taken by High speed camera when con-
tactor being opened; secondly the arc voltage and cur-
rent data is acquired by oscilloscope and then analysed 
comparatively. 

3.1 Arc shape in different gases 

The arc extinguishing gases include air, N2, H2, 20% 
H2-80%N2, 50% H2-50%N2, 80%H2-20%N2, 50%He-
50%N2. Their various arc shapes are taken by the high 
speed camera when contactors being opened. The 
images of the arc shapes captured at the same time are 
shown as in Figure 2. The arc shapes and arc stability 
of several gases are different from each other through 
comparing the images, and the gases have influence on 
arc voltage and heat dissipation performance. From the 
whole arc behavior comparison, the dynamic arc 
behavior including arc starting, arc elongating and arc 
extinguishing can be observed clearly. 

The sealed DC high power contactor was uncased, 
then put into the sealed cavity. Different gases includ-
ing air, N2, H2, 20%H2-80%N2, 50%H2-
50%N2,80%H2-80%N2 and 50%He-50%N2 were filled 
into cavity after vacuum. Arc characteristics tests were 
carried out breaks, their arc voltage and current data 
was acquired with probe and current sensor then rec-
orded by oscilloscope.  
 

Figure 2 Several gases arc shapes when contactors 
being open(a)air, (b)N2, (c)H2, (d)20%H2-80%N2, 
(e)50%H2-50%N2, (f)80%H2-20%N2, (g)50%He-

50%N2 

3.2 Arc characteristic analysis of different 
gases 

Then the test data is drawn as Figure 3 and Figure 
4. From the Figure 3, the arc voltage and current wave-
forms are quite similar, which indicates the arc extin-
guishing property is almost the same. The arc charac-
teristics of 50%He-50%N2 and 50%H2-50%N2 are dif-
ferent, because the 50%H2-50%N2 has higher arc exit-
voltage as shown in circle in Figure 3, which is helpful 
for increasing the probability of successful interruption. 
The He is an inert gas, which has stable property and 
poor ionization capacity, therefore, the arc extinguish-
ing performance of 50%H2-50%N2 is better than that 
of 50%He-50%N2. The Figure 4 is shown arc voltage 
and current of different mixing ratios of H2 and N2. By 
contrast, the peak of arc extinguishing exit-voltage in-
creases with the H2 ratio goes up. Accordingly, the arc 
duration is also gradually shortened. 
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Abstract 

In recent years, the new energy fields such as electric vehicles, photovoltaic power generation and electric 
aircraft develop so rapidly that DC contactor demand has been increasing dramatically. Under the development 
trend of high voltage and large current for contactor, it is more difficult to improve the arc extinguishing perfor-
mance only from the structural design. It is necessary to study the performance and selection of different arc 
extinguishing gas. However, the various arc extinguishing gases, their mixing ratio and their arc quenching char-
acteristics are not quite clear. In this paper, the arc properties of insulation gases such as H2, N2, CO2, air, and 
different mixture ratio of N2-H2 have been researched through experimental tests. The results are as follows: The 
thermal conductivity of H2 arc is high, which is good for energy dissipation when small current, however, the N2 
arc is more unstable, which is benefit for dissipation when large current. Better comprehensive 20%N2 has better 
comprehensive properties including arcing time, heat dispersion and heat recovery rate than others. 

1. Introduction 

The new energy fields such as electrical vehicles，
photovoltaic power generation and electric aircraft, re-
quire greater electrical power for their increasing direct 
current (DC) loads and drive, therefore, the high volt-
age cables and electrical devices up to 500VDC are re-
considered and redesigned. In the future even higher 
supply voltage, as high as 1000VDC, will be used in 
electrical system for higher energy efficiency and 
lighter weight. The DC high voltage contactors and 
protector devices are necessary components in the sys-
tem to carry out the distribution and the protection of 
the electrical energy. 

The increasing voltage has serious influence on the 
interrupting capability and electrical life of contactor 
and circuit breaker. As the voltage increases, the arc is 
difficult to extinguish so that contact erosion even 
contact welding will be more severe [1]-[4]. It is diffi-
cult to be extinguished for DC arc for its property of 
no natural zero. It is of great significance to extin-
guish the arc and shorten the arc time as soon as pos-
sible to protect load and whole electrical system.  

 Usually, the lengthening of the arc and increasing 
the arc voltage are main effective methods to shorten 
arc duration and extinguish arc. In DC contactor, the 
bridge-type contact system to double the arc voltage 
and applying a magnetic field near the electrodes to 
drive and bend the arc are widely used in the industry. 
Liu XY et al. researched the influence of external trans-
verse magnetic field on the characteristics of the low 
pressure direct current arc [2]. Sekikawa et al. meas-
ured the breaking arc duration in a 450VDC/10A resis-
tive circuit when driven by transverse magnetic field 

with permanent magnets [3]. X. Zhou et al. presented 
arc behavior of three kinds of bridge-type contacts 
switched at resistive load in range of 300VDC to 
750VDC and their experimental research [6]-[8]. Be-
sides, high power DC contactors are always sealed with 
different arc extinguishing gas for cooling arc and in-
creasing arc voltage. Yuji Shiba et al. tested the arc 
break characteristics at voltage 25VDC-600VDC, current 
30A-250A, gas pressure 0.1Mpa, in sealed inflatable 
equipment, and got conclusion that the H2 had higher 
arc voltage and 80%H2-20%N2 was most effective 
mixture ratio [9]. Niu CP et al. researched different 
gases and gas pressure through setting a test equipment 
of DC contactor, and got variation patterns of arc volt-
age, arc current, duration time and arc energy of differ-
ent gas and pressure to arc characteristics [10]. Wu J et 
al. made transparent sealed arc extinguishing device to 
simulate interrupting tests at 270VDC filling H2-N2 mix-
ture, and got result that the interrupting capability of H2 
mixture was better than N2 mixture [11]. Bo Kai et al. 
researched arc dwelling and restriking characteristics 
in DC high power relay, simulated arc dwelling behav-
iour during bridge type contacts opening process for 
high power relays [12]-[13].  

However, the previous research did not give more 
kinds of gases for arc extinguishing, the arc physical 
parameters of gases used in DC high power contactors 
were less analyzed comparatively. In this paper, the arc 
characteristics of the arc extinguishing gases: air, N2, 
He, H2-N2 mixture, N2, have been researched. The arc 
voltage, arc current, arc duration, arc current peak, arc 
heat flux and arc extinction voltage are comparatively 
analyzed. The most effective mixture and proper ratio 
for DC high power contactor arc extinguishing are sug-
gested. This research paper will be helpful for under-



118

3 
 

Figure 3 Arc Voltage and Current of air, N2, 50%He-50%N2 
and 50%H2-50%N2 

Figure 4 Arc Voltage and Current of 20%He-80%N2 and 
50%H2-50%N2, 80%He-20%N2 and H2 

The arc duration is critical for breaking and electrical 
life. The arc duration comparison of these gases as 
shown in Figure 5. As H2 ratio goes up, the arc duration 
of H2-N2 mixture gas reduces obviously as black line. 
By contrast, the He-N2 mixture gas has longest arc 
duration, followed by the N2. Even if air, its arc 
duration is shorter than He-N2 mixture gas. 

The arc current peaks comparison of these gases are 
shown as Figure 6. The peak of air is minimum, and 
followed by N2, the main reason is related to the 
conductivity and physical parameters. The heat 
flux(Joule Integral,I2t) of these gases has a similar 
pattern as arc current peak, which both reveals the arc 
extinguishing properties and gases limiting capacity.In 
addition, the heat flux has closely related with motion 
feature of drive speed. 

Figure 5 Arc duration comparison of different 
gases  

Figure 6 Arc current peak comparison of different 
gases 

 

Figure 7 Arc heat flux of different gases 

The arc exit-voltage comparison of these gases as 
show in Figure 8. With the H2 ratio goes up, the arc 
exit-voltage of H2-N2 mixture gas increases obviously, 
it has an opposite pattern with arc duration. The air, N2 
and He-N2 mixture have lowest arc exit-voltage. And 
the arc exit-voltage characterizes the thermal recovery 
property of the gas.  

The first peak of arc voltage first decreases and 
then increases with H2 ratio increasing. And there is a 
minimum value at 50%H2-50%N2. The He-N2 mixture 
and H2 have a maximum value of first  arc voltage peak. 
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The arc time constant of different gas has great 
dispersion as in Figure 9, and it is difficult to 
distinguish the difference between gases. 
 

Figure 8 Arc exit-voltage of different gases 

Figure 9 First voltage peak of different gases 

The arc energy dissipation coefficient comparison  
of these gases is shown as Figure 10. When the 
conductance increases, the arc energy dissipation 
coefficient grows significantly. The H2 has highest arc 
energy dissipation coefficient, He-N2 mixture has  
lowest arc energy dissipation coefficient, followed by 
N2. 

Figure 10 Arc time constant of different gases 
 

Figure 11 Arc energy dissipation coefficient of 
different gases 

4. Conclusion 

The arc characteristics of different gases in DC high 
power contactors through a simplified equipment, have 
been investigated. The gases used for extinguishing arc 
include air, N2, H2, 20%H2-80%N2, 50%H2-50%N2, 
80%H2-20%N2, 50%He-50%N2. The parameters of arc 
voltage, arc current, arc duration, arc current peak, arc 
heat flux, arc exit-voltage, first voltage peak, arc time 
constant and arc energy dissipation coefficient have 
been analyzed, whose variation is revealed among 
several gases. The main conclusions are listed as fol-
lows: 

1) The arc shapes of different gases have large 
difference, and their stability has obvious 
variation, which will have influence on arc 
voltage and heat dissipation. 

2) As the H2 ratio goes up, the arc duration of H2-
N2 mixture gas decreases obviously, and the 
He-N2 has longest arc duration, followed by N2. 

3) As the H2 radio goes up, arc exit-voltage of H2-
N2 mixture gas increases significantly, the arc 
energy dissipation coefficient increases 
obviously, H2 is the highest, He-N2 is the worst, 
followed by N2. 

4) In general, the performance of H2 and 80% H2-
20%N2 is the best in terms of heat dissipation 
capacity, heat recovery rate and arc duration. 
However, considering that the insulation 
strength of H2 is relatively low and N2 is 
relatively high, it is recommended to select a 
mixture ratio 80%H2-20%N2 for commonly 
used DC high power contactors. That is con-
sistent with the research of SHIBA Y in paper 
[9]. 

In future, with energy storage industry, electrical 
truck and bus, and photovoltaic power generation de-
veloping, the higher power and voltage DC contactors 
increase rapidly in demand. The ratio of the N2 of H2-
N2 mixture gas helps to improve the voltage level 
accordingly, for example, 1000VDC and 1500VDC high 
power contactors. The contactor with higher voltage 
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Figure 3 Arc Voltage and Current of air, N2, 50%He-50%N2 
and 50%H2-50%N2 

Figure 4 Arc Voltage and Current of 20%He-80%N2 and 
50%H2-50%N2, 80%He-20%N2 and H2 

The arc duration is critical for breaking and electrical 
life. The arc duration comparison of these gases as 
shown in Figure 5. As H2 ratio goes up, the arc duration 
of H2-N2 mixture gas reduces obviously as black line. 
By contrast, the He-N2 mixture gas has longest arc 
duration, followed by the N2. Even if air, its arc 
duration is shorter than He-N2 mixture gas. 

The arc current peaks comparison of these gases are 
shown as Figure 6. The peak of air is minimum, and 
followed by N2, the main reason is related to the 
conductivity and physical parameters. The heat 
flux(Joule Integral,I2t) of these gases has a similar 
pattern as arc current peak, which both reveals the arc 
extinguishing properties and gases limiting capacity.In 
addition, the heat flux has closely related with motion 
feature of drive speed. 

Figure 5 Arc duration comparison of different 
gases  

Figure 6 Arc current peak comparison of different 
gases 

 

Figure 7 Arc heat flux of different gases 

The arc exit-voltage comparison of these gases as 
show in Figure 8. With the H2 ratio goes up, the arc 
exit-voltage of H2-N2 mixture gas increases obviously, 
it has an opposite pattern with arc duration. The air, N2 
and He-N2 mixture have lowest arc exit-voltage. And 
the arc exit-voltage characterizes the thermal recovery 
property of the gas.  

The first peak of arc voltage first decreases and 
then increases with H2 ratio increasing. And there is a 
minimum value at 50%H2-50%N2. The He-N2 mixture 
and H2 have a maximum value of first  arc voltage peak. 
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(1000VDC)will be deeply researched. And the arc 
characteristics at inductive and capacitive loads will 
also be studied. 
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Abstract 

The global photovoltaic (PV) power capacity is growing exponentially. However, the undetected arc faults would pose a severe 
fire hazard to PV systems, so various advanced diagnosis techniques have been proposed especially in the last few years. This talk 
presents a comprehensive review of state-of-the-art techniques for arc fault diagnosis and modeling methods in PV systems, and 
the development trend of future diagnosis methods is also discussed. Diagnosis methods viewed from physical and electrical 
signals of PV arc faults have been proposed for a few decades. Their capabilities and limitations are discussed, compared, and 
summarized in detail. By acquiring electromagnetic radiation and sound characteristics of arc faults, diagnosis methods based on 
physical signals have the advantage of the accurate identification. However, these methods show limitations for large-scale PV 
systems due to the increasing interference factors in the exposed environment. Through signal processing methods such as time-
domain methods, fast Fourier transform and time-frequency transforms, much more works focus on diagnosis methods based on 
electrical signals. Recently, diagnosis methods with good switching noise and system transition immunity have been introduced. 
For instance, the existing Db9-based features would cause nuisance trip for the arc fault detection in grid-connected PV systems. 
The Rbio3.1-based features are proposed to achieve better arc fault recognition ability. Since the field testing is costly and time 
consuming, precisely modeling arc faults becomes more critical. Different types of arc fault models including dynamical state 
model, stationary state model, and high-frequency component model have been reviewed and compared. In addition, future trends 
about PV arc fault diagnosis methods are outlined. It is predicted that facing more complex arc fault conditions, the data 
processing chip development and machine learning based classifier are of great significance to improve the detection accuracy of 
diagnosis methods. Also, the detection reliability of diagnosis methods would be significantly improved without increasing the 
computation time significantly. 

1 Introduction 
The renewable energies have drawn a great attention recently. 
Many researches prove that photovoltaic (PV) energy power 
systems occupy an important share in the future electricity for 
the unlimited and clean features of the solar power [1][2]. The 
Paris agreement and the large-scale installed PV capacity 
around the world fully demonstrate the powerful driving force 
for PV power generation system [3][4]. In order to ensure the 
electrical safety of new energy dc system, American electrical 
law NEC690.8 stipulates that PV system voltage greater than 
80V must be equipped with the arc fault circuit interrupter 
(AFCI) [5]. In 2011, underwriters laboratories developed the 
corresponding standard UL1699B for evaluating the 
effectiveness of dc arc fault detection methods in PV systems 
[6][7]. In 2013, the international electrotechnical commission 
formulated IEC 62606 named an international standard for dc 

arc faults detection of electrical appliances [8][8]. The 
European Union proposed to achieve zero energy consumption 
in commercial buildings by 2020. It set up a project "DC 
Components and Grid" (DCC+G) in 2012, including arc faults 
protection within the ±380V grid [9][3]. Under this 
background, the PV arc fault detection has become one of the 
hot issues to be studied. 

There are two common types of arcs in life. One is called 
normal arc, usually occurring in the plug or the normal circuit 
break. The duration of these operations is relatively short. 
Besides, the time and location of the normal arc could be 
predicted with the known installation location. Therefore, the 
normal arc usually would not cause damage to the line or 
equipment, nor would it easily cause electrical fire. The other 
one is arc fault, which is almost irregular and damaged. 
Because the location and time of arc faults occurred in the 
system cannot be determined in advance, the arc faults have 
the characteristics of randomness, chaos and intermittently, 
which increases the difficulty of detection. 
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Arc faults are classified according to their topological 
relationship with the PV system shown in 0. Factors such as 
internal aging or external wear and tear could lead the obvious 
break to the current path by loosening the connector or 
damaging the insulation. However, traditional protection 
devices like circuit breakers or fuses are not able to trip the 
fault and isolate the faulty loop facing this kind of smaller 
faulty current. In this case, the arc fault occurs as a part of the 
path, called the series arc fault. Due to the numerous 
connectors in PV systems, series arc faults occur more 
frequently than other kinds of arc fault. Factors such as 
internal thermal cycling or external animal bite lead to brittle 
fracture to form additional independent discharge paths. This 
kind of arc fault is called the parallel arc fault as an additional 
load in the circuit. However, due to the inherent safety 
distance between the PV panels and strings, the generation 
probability of parallel arc faults is small. Besides, the current 
generated by this kind of arc fault usually could be protected 
by traditional protection devices such as the overcurrent 
protection device and residual current device. 
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Figure 1.1 Arc fault classification in photovoltaic systems (In some PV 
systems, DC/DC converters are connected to PV modules to achieve the 
maximum power output) 

Because the series arc fault cannot be detected by the existing 
protection devices, the developed high temperature ionized 
gas exists continuously. The released heat can ignite the 
combustible material around and spread to burn the system 
components, eventually causing the power failure and fire 
accidents [10][11]. Most of PV systems are installed on the 
roofs of buildings, occurred fire becomes even dangerous 
when the heat stored in ordinary PV system polymers such as 
polycarbonate, nylon 6.6 and PET is enough [12]. Due to the 
large number of components, connectors and cables existing in 
PV systems, the duration, propagation speed and occurrence 
scale of PV arc faults are not easy to control. Moreover, the 
existence of outdoor irradiance makes PV array continuously 
inject energy into arc faults. Under the joint action of 
photocurrent independence, PV arc faults have stable 
combustion environment. Therefore, the fire prevention of PV 
arc faults is difficult. The occurred fire accident is easy to 
destroy all the PV modules on the power station and buildings 
completely. In addition, arc faults also consume the output 
power of the system, reducing the operation efficiency of the 
system. And they can transmit the electricity to the system 
device and support electrification, causing electric shock even 
life threats to personnel in contact with the device. In addition 
to the thermal damage, arc fault can also cause different kinds 

of damages to the human body, such as the explosion pressure 
damage, hearing damage, radiation damage [13]. 

This paper focuses on PV arc faults viewed from their 
diagnosis and modeling methods. In section II, diagnosis 
methods are summarized from their sampling signal type in 
detail. In section III, arc fault models are reviewed from the 
model extracting idea. In section IV, future diagnosis methods 
are discussed due to the rapid development of data processing 
chip and machine learning technology. 

2 Diagnosis methods of PV arc faults 

2.1 Physical signal based PV arc fault 
diagnosis method 

Based on the multi-dimensionality of the arc fault emission, a 
dual-sensor system consisting of electromagnetic and sound 
sensors is used. In addition, the time of arrival (TOA) to each 
sensor is also obtained through the signal processing method, 
so that the precise identification of the arc fault is achieved in 
PV systems [14]. 

A fourth-order Hilbert curve fractal antenna is used to detect 
the electromagnetic radiation (EMR) characteristics of PV arc 
faults. Viewed from the spectrum of electromagnetic radiation 
signal, the characteristic frequency of PV arc fault is around 
39 MHz. Compared with the switch operation, PV arc fault 
behaves higher characteristic frequency and longer pulse 
interval [15]. Another advantage of EMR based detection 
method is that malfunctions of fault-like conditions would be 
effectively avoided. Steady patterns such as the structural 
similarity index (SSIM) and 6-dB bandwidth bins (6-dB 
BWBs) are proposed to extract PV arc fault features, 
accurately distinguishing PV arc faults from fault-like 
operations [16].  

2.2 Electrical signal based PV arc fault 
diagnosis method 

Based on physical signal of arc faults, arc fault detection 
algorithm is able to be simplified for decreasing fault-like 
interference consideration. Relying on the special sensor, 
physical signal based arc fault detection methods have 
shortcomings such as limited detection range and narrow 
application scope. However, interference factors are extremely 
increased in PV systems for their exposed environment [17]. 
Therefore, the electrical characteristics are chosen as the 
sampling signal in most PV arc fault researches. 

2.1.1 Time-domain based arc fault diagnosis 
method  

Time-domain diagnosis methods are usually described as a 
mathematical equation, directly outputting one-dimensional 
detection variable value.  

PV arc faults would distort the loop current signal in time 
domain including sudden changes and irregular fluctuations, 
which are obtained by the Euler method and variance analysis 
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[18][19]. Euler method focuses on current changes between 
two adjacent time windows while variance analysis focuses on 
the current fluctuation in a certain time window. In the steady-
burning arc stage with the constant arc gap length, the 
variance analysis could still show arc fault differences for the 
arc instability nature. Involving the calculation of the time 
window, Euler method and variance analysis could be turned 
into the current change rate and range value [20][21]. In grid-
connected PV systems with a single-phase inverter, the Tsallis 
entropy is applied to analyze the arc fault current. Focusing on 
the time-domain randomness nature of arc faults, the arc fault 
occurrence is identified as soon as arc fault periods are found 
over 3 times within 0.5s [22].  

2.1.2 FFT based arc fault diagnosis method 

To improve the arc fault detection accuracy, the arc fault 
spectrum is conduced to acquire more useful information in 
most literatures.  

Fast Fourier transform (FFT) is a basic spectrum analysis 
method. Belonging to the frequency-domain method, the FFT 
analysis should be conducted for the normal and arc fault 
current separately. In PV resistive systems without extra 
strong switching noises, arc fault noises are relatively pure. 
After the arc fault occurrence, the amplitude of arc fault 
current spectrum would increase compared with that of normal 
current [23].  

In grid-connected PV systems, the arc fault spectrum also 
generally shows an increased amplitude pattern. However, the 
arc fault and normal state would display the serious overlap in 
the frequency band of switching frequency and its related 
harmonics for inverter interferences. While containing these 
information, the detection variable would become insignificant 
so that the misoperation would appear [24]-[27]. Compared 
with normal current sensors including current probe, current 
transformer and hall sensor, the magnetoresistance (TMR) 
sensor is designed to acquire more obvious arc fault spectrum 
under many influence factors [28].  

The determination of the arc fault occurrence time is the key 
task for the arc fault detection algorithm. But FFT is a global 
transformation, only giving a kind of information before or 
after the transform. Then it cannot reflect the time-varying 
changes of the PV arc fault spectrum. Therefore, the FFT 
analysis is destined to failure of grasping when PV series arc 
fault occurs, which cannot be used directly for the arc fault 
detection.  

2.1.3 Time-frequency-domain based arc fault 
diagnosis method  

It is necessary to consider the time-frequency-domain analysis 
methods to simultaneously obtain both time and frequency 
information of the PV arc fault current. Most decomposition 
coefficients cannot be directly used as arc fault characteristics. 
Besides, clear detection variables are also required to reduce 
the two-dimensional result. Then the extracted detection 
variables could achieve the state judgment process. Therefore, 

it is necessary to extract detection variables to process the 
time-frequency coefficient. 

Accompanied with the Rectangular window, the FFT analysis 
analyzes the input current signal window by window, turning 
into the STFT analysis. Involving the transient arc state, it is 
possible for the STFT analysis to identify the arc fault as 
earlier as possible. All-phase FFT (APFFT) is applied to 
acquire the frequency response of arc fault current in a certain 
cycle [29]. Then a window by window mode is used to obtain 
the whole analyzed results for different current states. 
Detection variables including average value, maximum value, 
addition value are combined with the STFT analysis [29][31]. 
Before conducting the transform analysis, some software 
based filter methods including Kalman filter are recommended 
to improve the detection accuracy [32]. After the filter effect 
of the Hamming window, more obvious arc fault features and 
better detection results could be acquired [2].  

The STFT analysis with the rectangular window based arc 
fault detection algorithm is implemented by using DSP. The 
PV current signal is obtained by a high frequency current 
transformer, filtered by a band-pass infinite impulse response 
(IIR) digital filter. After analyzing the characteristics of the 
signal frequency band, the arc fault state is identified by 
comparing the threshold value. It is pointed out that the fault-
like malfunctions of commercial detection devices could be 
conquered [33][34].  

The basic idea of short time Fourier transform (STFT) is to 
acquire locally stationary current signal for the FFT analysis. 
Through a time window sliding on the time axis, the local 
analysis in the time domain is realized. However, it’s found 
that the window function limits the time width and frequency 
width, leading to difficulties of achieving the optimal time 
resolution and frequency resolution at the same time. Wavelet 
transform (WT) also has good time-frequency localization 
properties, which can convert the time-domain current to 
plenty information in the time-frequency domain. It has a 
higher frequency resolution and a lower time resolution in the 
low frequency part while it has a higher time resolution and a 
lower frequency resolution in the high frequency part. In the 
arc fault detection field, two kinds of WT analysis are often 
used. As shown in 02.1, discrete wavelet transform (DWT) 
uses low-pass and high-pass filters to divide only the 
approximate signal decomposed by the original current. 
Wavelet packet decomposition (WPD) simultaneously applies 
two filters to divide the approximate and detail signals 
obtained by the previous layer. For the WPD analysis, the 
high-frequency information has higher resolution and more 
appropriately divided information [35]. 

Selecting a proper mother wavelet is the most difficult 
problem, which is a key factor affecting the PV arc fault 
detection effectiveness. In the research of the arc fault 
detection, Daubechies wavelet family have the outstanding 
performance in detecting the discontinuity of arc fault signals 
[36][37]. Most existing arc fault detection researches usually 
use it as the mother wavelet in PV resistive systems. Db4 
wavelet is used to extract three detection variables, realizing 
the parallel arc fault detection in PV resistive systems [38]. 
The optimization of the Daubechies wavelet family is 

Arc faults are classified according to their topological 
relationship with the PV system shown in 0. Factors such as 
internal aging or external wear and tear could lead the obvious 
break to the current path by loosening the connector or 
damaging the insulation. However, traditional protection 
devices like circuit breakers or fuses are not able to trip the 
fault and isolate the faulty loop facing this kind of smaller 
faulty current. In this case, the arc fault occurs as a part of the 
path, called the series arc fault. Due to the numerous 
connectors in PV systems, series arc faults occur more 
frequently than other kinds of arc fault. Factors such as 
internal thermal cycling or external animal bite lead to brittle 
fracture to form additional independent discharge paths. This 
kind of arc fault is called the parallel arc fault as an additional 
load in the circuit. However, due to the inherent safety 
distance between the PV panels and strings, the generation 
probability of parallel arc faults is small. Besides, the current 
generated by this kind of arc fault usually could be protected 
by traditional protection devices such as the overcurrent 
protection device and residual current device. 
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Because the series arc fault cannot be detected by the existing 
protection devices, the developed high temperature ionized 
gas exists continuously. The released heat can ignite the 
combustible material around and spread to burn the system 
components, eventually causing the power failure and fire 
accidents [10][11]. Most of PV systems are installed on the 
roofs of buildings, occurred fire becomes even dangerous 
when the heat stored in ordinary PV system polymers such as 
polycarbonate, nylon 6.6 and PET is enough [12]. Due to the 
large number of components, connectors and cables existing in 
PV systems, the duration, propagation speed and occurrence 
scale of PV arc faults are not easy to control. Moreover, the 
existence of outdoor irradiance makes PV array continuously 
inject energy into arc faults. Under the joint action of 
photocurrent independence, PV arc faults have stable 
combustion environment. Therefore, the fire prevention of PV 
arc faults is difficult. The occurred fire accident is easy to 
destroy all the PV modules on the power station and buildings 
completely. In addition, arc faults also consume the output 
power of the system, reducing the operation efficiency of the 
system. And they can transmit the electricity to the system 
device and support electrification, causing electric shock even 
life threats to personnel in contact with the device. In addition 
to the thermal damage, arc fault can also cause different kinds 

of damages to the human body, such as the explosion pressure 
damage, hearing damage, radiation damage [13]. 

This paper focuses on PV arc faults viewed from their 
diagnosis and modeling methods. In section II, diagnosis 
methods are summarized from their sampling signal type in 
detail. In section III, arc fault models are reviewed from the 
model extracting idea. In section IV, future diagnosis methods 
are discussed due to the rapid development of data processing 
chip and machine learning technology. 

2 Diagnosis methods of PV arc faults 

2.1 Physical signal based PV arc fault 
diagnosis method 

Based on the multi-dimensionality of the arc fault emission, a 
dual-sensor system consisting of electromagnetic and sound 
sensors is used. In addition, the time of arrival (TOA) to each 
sensor is also obtained through the signal processing method, 
so that the precise identification of the arc fault is achieved in 
PV systems [14]. 

A fourth-order Hilbert curve fractal antenna is used to detect 
the electromagnetic radiation (EMR) characteristics of PV arc 
faults. Viewed from the spectrum of electromagnetic radiation 
signal, the characteristic frequency of PV arc fault is around 
39 MHz. Compared with the switch operation, PV arc fault 
behaves higher characteristic frequency and longer pulse 
interval [15]. Another advantage of EMR based detection 
method is that malfunctions of fault-like conditions would be 
effectively avoided. Steady patterns such as the structural 
similarity index (SSIM) and 6-dB bandwidth bins (6-dB 
BWBs) are proposed to extract PV arc fault features, 
accurately distinguishing PV arc faults from fault-like 
operations [16].  

2.2 Electrical signal based PV arc fault 
diagnosis method 

Based on physical signal of arc faults, arc fault detection 
algorithm is able to be simplified for decreasing fault-like 
interference consideration. Relying on the special sensor, 
physical signal based arc fault detection methods have 
shortcomings such as limited detection range and narrow 
application scope. However, interference factors are extremely 
increased in PV systems for their exposed environment [17]. 
Therefore, the electrical characteristics are chosen as the 
sampling signal in most PV arc fault researches. 

2.1.1 Time-domain based arc fault diagnosis 
method  

Time-domain diagnosis methods are usually described as a 
mathematical equation, directly outputting one-dimensional 
detection variable value.  

PV arc faults would distort the loop current signal in time 
domain including sudden changes and irregular fluctuations, 
which are obtained by the Euler method and variance analysis 
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conducted to obtain better arc fault detection results in the PV 
resistive system. Compared with Db3, the frequency response 
of Db9 has a more pronounced cut-off frequency. Although 
Db19 has more wavelet coefficients, it does not provide the 
same significant improvement compared with Db9. 
Considering better approximation results and fewer 
mathematical operations, Db9 is recommended as the eclectic 
mother wavelet in the Daubechies family [39]. Capacitors are 
brought to the PV system as a current sensor. For the high-
pass effect of capacitors, the high frequency components of 
the arc fault current could be directly acquired to detect the PV 
arc faults. Through the DWT analysis based on Db9, the time-
frequency distribution of the capacitor current is acquired. 
Then the polarities, amplitudes, and integrals of the 
distribution are used as the key attributes to distinguish PV 
series arc faults from fault-like conditions [40]. However, the 
arrangement and cost of extra capacitors are a difficult 
problem in the large-scale PV power station.  
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Figure 2.1  Different analysis architectures between DWT and WPD [35] 

From the above time-frequency distribution results in PV 
resistive systems, the arc fault would show the increased 
spectrum amplitude. However, different arc fault behaviors 
would appear in PV systems with the inverter or dc-dc 
converter operating. In frequency bands containing the 
switching frequency and its harmonics, the relatively weak arc 
fault noise would be interfered by the strong switching noise. 
Then the arc fault spectrum amplitude shows the similar level 
to the normal spectrum, forming the constant amplitude 
pattern shown in Fig. 2.2. While these frequency bands are 
adopted, which would lead to the failure problem of the arc 
fault detection in grid-connected PV systems. While the angle 
between the injected switching noise and the arc fault signal is 
proper, Db9 wavelet based detection variables begin to show a 
decreasing amplitude pattern shown in Fig. 2.2. These 
seriously overlapping detection variables would appear in 
higher frequency bands, eventually causing failure tripping 
under arc fault conditions. Therefore, a proper mother wavelet 
is investigated for PV systems with the power electronic 
equipment. 

The precise arc fault occurrence time and the obvious arc fault 
state separation are the key factors for the accurate arc fault 
detection. The symmetric property of the mother wavelet is 
beneficial to the singularity detection of arc faults. The 

biorthogonality property and vanishing moment could display 
the arc salient disturbances more clearly. Having better 
performance in these three properties, the Rbio3.1-based 
features are recommended to achieve the PV arc fault 
detection. Then the Rbio3.1 is able to give more arc fault 
occurrence time discovery pulses and better arc fault 
separation degree. As shown in Fig. 2.3, Rbio3.1 can achieve 
the significant improvement in arc fault detection effects 
compared with the same calculation process of Db9. For 
different factors such as switching frequencies, inverter types, 
and inverter stages, Rbio3.1 successfully changes the constant 
or even decreasing amplitude pattern to the desired increasing 
amplitude pattern. Meanwhile, this feature improvement 
ability may not appear under fault-like conditions. Therefore, 
the Rbio3.1 wavelet can grasp more obvious arc fault features, 
which would significantly improve the detection accuracy of 
arc faults [41].  
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Figure 2.2  Detection variable results using the Db9-based WPD analysis [35] 
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Figure 2.3  The effectiveness improvements of the detection variable result 
using the Rbio3.1-based WPD analysis [35] 

For both two linear time-frequency transforms, corresponding 
parameters including the window type, mother wavelet type 
and the time window length are demanded to be optimized, 
achieving the best identification results. The STFT analysis 
has the less calculation load than the WT analysis. Therefore, 
most signal processing chips choose the STFT analysis to 
implemented. It is also found that the low-frequency 
characteristics of the STFT analysis is better while high-
frequency characteristics of the WT analysis is better [42]. 
There are many other kinds of the time-frequency-domain 
analysis methods except two transforms claimed above. For 
instance, the variational mode decomposition (VMD) is 
adopted to extract the characteristic frequency band of the PV 
arc current, which could conquer the modal aliasing and 
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endpoints effects. Then the detection variable based on 
Shannon entropy is used as a combination [43]. 

3 PV arc fault models 
Since the field testing is costly and time consuming, precisely 
modeling arc faults becomes more critical. In addition, the 
establishment of the arc model is very important to grasp the 
relationship between the arc faults and the system, to simulate 
the electrical signals of the arc faults under special conditions, 
to elaborate the essential characteristics and generation 
mechanism of the arc faults, and to explain the macroscopic 
phenomena of the arc faults. Because the characteristics of the 
arc faults may be affected by the fault location and current 
level, the arc fault data obtained from the real system is 
limited. Therefore, a more complete arc fault database can be 
established by using arc fault model for simulation analysis, 
and diverse arc fault conditions can be developed to help 
develop arc fault detection algorithm. 

For the arc fault modeling, it is difficult to obtain helpful 
electrical signals from magnetic field simulation [44]. The 
simulation from the circuit angle could obtain the relevant 
electric signals of arc fault directly. The arc fault could be 
modeled as a circuit component in PV system, which gives 
satisfactory fitting results with the current less than 10A [45]. 
Erhard divided the arc faults into three parts including anode 
fall region, cathode fall region and arc column. Results show 
that a series arc fault could influence the operating point of the 
PV system [46]. At present, there are mainly three following 
types of arc fault models. 

3.1 Dynamical state model 

Mayr model assumes that the arc is a cylindrical gas channel 
with a constant diameter, and the energy dissipation from the 
arc gap is constant [47]. Energy dissipation depends on the 
effect of heat conduction and radial diffusion. In other words, 
the temperature of the arc changes with the radial distance and 
time from the arc axis. The expression for Mayr model is as 
follows: 

 
2

( 1)arci1 dg 1= -
g dt P

 (1) 

where g is arc conductance, iarc is arc current, τ is arc time 
constant, P is static cooling power. And the Mayr model is 
suitable for the case of small current, and it is used to analyze 
the dynamic characteristics of current crossing zero. 

Cassie model assumes that the shape of an arc is a cylinder of 
highly ionized gas and free electrons [48]. The arc column has 
a constant temperature and current density, and its diameter 
varies with the change of current. It assumed that the arc 
voltage was constant, and the energy dissipation was caused 
by forced convection. In addition, the power loss of the arc 
was proportional to the cross-sectional area of the arc column. 
Based on the above assumptions, the following formula is 
obtained: 
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where g is arc conductance, τ is arc time constant, uc is  
constant arc voltage, u is the arc voltage. Cassie arc model is 
more suitable for high levels of current. 

In addition, some other physical-based arc model such as 
improved Cassie and Mayr models can also be used for arc 
simulation of PV systems [49]-[51]. But the parameters 
selection of physical-based arc model is a difficult problem, 
complex models are often difficult to simulate. A black-box 
parameter determination method is proposed. Its effectiveness 
is verified by the Schwarz model in experiments [52]. The 
non-linear least squares is proposed to identify the parameters 
and optimize the arc model [53]. The Cassie model is used to 
simulate the arc fault in the DC resistive system. However, 
this study only displays the simulated arc fault noise below 5 
kHz, which does not involve the simulation of high-frequency 
arc fault characteristics [39]. 

3.2 Stationary state model 

The V-I model considers the static characteristics of the air arc. 
This model is described by the empirical model obtained by 
fitting a large amount of experimental arc voltage and current 
data. The applicable range of arc current and gap is different 
for each V-I model [54]-[56]. In terms of the arc fault current 
and gap range specified in UL1699B, the Paukert model is an 
acceptable choice. Moreover, the arc gap was added to the 
Paukert model, realizing the better fitting performance. 

In 1993, Paukert proposed an arc model with the arc current 
ranged from 0.3A to 100kA and the electrode gap widths 
ranged from 1 to 200mm [57]. This model is divided into two 
equations, one is for arc current less than 100A and the other 
is for arc current greater than 100A. In 2014, considering the 
influence from the arc gap length, modified Paukert arc model 
is proposed with the electrode gap widths ranged from 
1.016mm to 3.048mm [58]. This model gives a more accurate 
description of the arc with small gap widths, the modified 
equation is as follows: 

 arc +C DL
arc

A BLV
I


  (7) 

where A, B, C, D are constants, L is the gap widths. 

In recent years, there are also some models to describe the 
behavior of arc voltage and current by using equations. Uriarte 
found that the arc voltage and current are approximated with 
the hyperbola, so an arc model suitable for dc microgrid is 
proposed [59][58]: 
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conducted to obtain better arc fault detection results in the PV 
resistive system. Compared with Db3, the frequency response 
of Db9 has a more pronounced cut-off frequency. Although 
Db19 has more wavelet coefficients, it does not provide the 
same significant improvement compared with Db9. 
Considering better approximation results and fewer 
mathematical operations, Db9 is recommended as the eclectic 
mother wavelet in the Daubechies family [39]. Capacitors are 
brought to the PV system as a current sensor. For the high-
pass effect of capacitors, the high frequency components of 
the arc fault current could be directly acquired to detect the PV 
arc faults. Through the DWT analysis based on Db9, the time-
frequency distribution of the capacitor current is acquired. 
Then the polarities, amplitudes, and integrals of the 
distribution are used as the key attributes to distinguish PV 
series arc faults from fault-like conditions [40]. However, the 
arrangement and cost of extra capacitors are a difficult 
problem in the large-scale PV power station.  
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From the above time-frequency distribution results in PV 
resistive systems, the arc fault would show the increased 
spectrum amplitude. However, different arc fault behaviors 
would appear in PV systems with the inverter or dc-dc 
converter operating. In frequency bands containing the 
switching frequency and its harmonics, the relatively weak arc 
fault noise would be interfered by the strong switching noise. 
Then the arc fault spectrum amplitude shows the similar level 
to the normal spectrum, forming the constant amplitude 
pattern shown in Fig. 2.2. While these frequency bands are 
adopted, which would lead to the failure problem of the arc 
fault detection in grid-connected PV systems. While the angle 
between the injected switching noise and the arc fault signal is 
proper, Db9 wavelet based detection variables begin to show a 
decreasing amplitude pattern shown in Fig. 2.2. These 
seriously overlapping detection variables would appear in 
higher frequency bands, eventually causing failure tripping 
under arc fault conditions. Therefore, a proper mother wavelet 
is investigated for PV systems with the power electronic 
equipment. 

The precise arc fault occurrence time and the obvious arc fault 
state separation are the key factors for the accurate arc fault 
detection. The symmetric property of the mother wavelet is 
beneficial to the singularity detection of arc faults. The 

biorthogonality property and vanishing moment could display 
the arc salient disturbances more clearly. Having better 
performance in these three properties, the Rbio3.1-based 
features are recommended to achieve the PV arc fault 
detection. Then the Rbio3.1 is able to give more arc fault 
occurrence time discovery pulses and better arc fault 
separation degree. As shown in Fig. 2.3, Rbio3.1 can achieve 
the significant improvement in arc fault detection effects 
compared with the same calculation process of Db9. For 
different factors such as switching frequencies, inverter types, 
and inverter stages, Rbio3.1 successfully changes the constant 
or even decreasing amplitude pattern to the desired increasing 
amplitude pattern. Meanwhile, this feature improvement 
ability may not appear under fault-like conditions. Therefore, 
the Rbio3.1 wavelet can grasp more obvious arc fault features, 
which would significantly improve the detection accuracy of 
arc faults [41].  
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Figure 2.2  Detection variable results using the Db9-based WPD analysis [35] 
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Figure 2.3  The effectiveness improvements of the detection variable result 
using the Rbio3.1-based WPD analysis [35] 

For both two linear time-frequency transforms, corresponding 
parameters including the window type, mother wavelet type 
and the time window length are demanded to be optimized, 
achieving the best identification results. The STFT analysis 
has the less calculation load than the WT analysis. Therefore, 
most signal processing chips choose the STFT analysis to 
implemented. It is also found that the low-frequency 
characteristics of the STFT analysis is better while high-
frequency characteristics of the WT analysis is better [42]. 
There are many other kinds of the time-frequency-domain 
analysis methods except two transforms claimed above. For 
instance, the variational mode decomposition (VMD) is 
adopted to extract the characteristic frequency band of the PV 
arc current, which could conquer the modal aliasing and 
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where vgap is the arc voltage, vq is the hyperbolic–tangent 
component, egap is the electromotive force (EMF) pulse term, 
Vdc is the average dc voltage before fault,α is a variable related 
to the slope of vq, a, b, λ are the variables related to egap, xgap is 
the electrodes width when the arc quench, x is the electrodes 
width. There's a similar equation for arc current igap in the 
model. According to the experimental and simulation results, 
this model is suitable for transient simulations of the arc 
voltage, current and power. 

3.3 High-frequency component model 

The V-I characteristic model only shows the evolution of the 
dc component, without the unique high-frequency arc 
behavior. However, the plasma discharge process in the arc 
fault channel will cause the high frequency components in the 
arc fault current signal. The collision between molecules in the 
plasma channel and coulomb shows the randomness of the arc 
faults, forming the high frequency components dominated by 
molecular collision. At present, there are many arc fault 
detection methods based on frequency domain characteristics. 
Thus it is of great significance to establish an accurate high-
frequency variation arc model. 

Zero-mean noise is added to the arc model to describe the 
frequency characteristics of the arc [60]-[62]. The arc noise 
equation is as follows: 
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where σ is the standard deviation. Terzija verified the 
feasibility of using gaussian distribution to describe the 
randomness of arc current. Furthermore, the distribution was 
proved to be quantitatively correlated with the level of dc 
component of arc current [63]. 

It is found that PV arc faults have broadband characteristics 
[24]. Random functions are used to describe the frequency 
characteristics of an arc [64]. Researchers found that the 
frequency characteristic of the arc was similar to pink noises 
[65]. And pink noise was added to the arc simulation of the 
PV system [22][66]. Because the power spectral density of the 
pink noise is inversely proportional to the frequency of the 
signal, a high-frequency variation arc model based on pink 
noise is proposed [42]. A digital filter is designed to generate 
pink noise from white noise, the equation is as follows: 
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A modified pink noise is used to describe the arc noise, the 
equations are proposed as [67]: 
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where fc is the cut-off frequency, w is the white noise, S(f) is 
the magnitude of the power spectral density (PSD) curve, c1 
and c2 are the parameters associated with the cut-off frequency 
and DC value of the PSD, a2 is the parameter associated with 
the steepness of the slope before the cut-off frequency, b2 is 
the parameter associated with the moving tendency of the 
modified pink noise, v is the slope at frequencies before the 
cut-off frequency. This high-frequency variation arc model 
could change the slope and cut-off frequency of the PSD and 
other parameters to generate several different arc fault noise 
characteristics. 

4 Discussion and conclusion 
Nowadays, rapid developments of the PV industry make the 
PV system more complex, which poses new challenges to the 
arc fault detection. Many system factors including switching 
noises, branch connection form, cable length would affect the 
PV arc fault detection, forming various PV arc fault conditions 
[68][69]. Then the obtained arc fault conditions are limited 
from the experiments. Considering the accurate detection of 
the unknown arc fault and fault-like conditions, the future 
algorithm is recommended to adopt machine learning based 
fusion methods. Then this arc fault detection algorithm could 
achieve more applicable scenarios and higher detection 
accuracy. 

In the future. the frequently-used data processing chip may 
have lager data storage capacity and higher calculation speed. 
Then this kind of chip could realize the fast calculation of the 
complex time-frequency transform and machine learning 
methods. Then the detection accuracy and application scope of 
PV arc faults could be significantly improved. Without 
increasing computation time, the detection reliability of the 
designed hardware is highly enhanced.  
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where vgap is the arc voltage, vq is the hyperbolic–tangent 
component, egap is the electromotive force (EMF) pulse term, 
Vdc is the average dc voltage before fault,α is a variable related 
to the slope of vq, a, b, λ are the variables related to egap, xgap is 
the electrodes width when the arc quench, x is the electrodes 
width. There's a similar equation for arc current igap in the 
model. According to the experimental and simulation results, 
this model is suitable for transient simulations of the arc 
voltage, current and power. 

3.3 High-frequency component model 

The V-I characteristic model only shows the evolution of the 
dc component, without the unique high-frequency arc 
behavior. However, the plasma discharge process in the arc 
fault channel will cause the high frequency components in the 
arc fault current signal. The collision between molecules in the 
plasma channel and coulomb shows the randomness of the arc 
faults, forming the high frequency components dominated by 
molecular collision. At present, there are many arc fault 
detection methods based on frequency domain characteristics. 
Thus it is of great significance to establish an accurate high-
frequency variation arc model. 

Zero-mean noise is added to the arc model to describe the 
frequency characteristics of the arc [60]-[62]. The arc noise 
equation is as follows: 
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where σ is the standard deviation. Terzija verified the 
feasibility of using gaussian distribution to describe the 
randomness of arc current. Furthermore, the distribution was 
proved to be quantitatively correlated with the level of dc 
component of arc current [63]. 

It is found that PV arc faults have broadband characteristics 
[24]. Random functions are used to describe the frequency 
characteristics of an arc [64]. Researchers found that the 
frequency characteristic of the arc was similar to pink noises 
[65]. And pink noise was added to the arc simulation of the 
PV system [22][66]. Because the power spectral density of the 
pink noise is inversely proportional to the frequency of the 
signal, a high-frequency variation arc model based on pink 
noise is proposed [42]. A digital filter is designed to generate 
pink noise from white noise, the equation is as follows: 
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A modified pink noise is used to describe the arc noise, the 
equations are proposed as [67]: 
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where fc is the cut-off frequency, w is the white noise, S(f) is 
the magnitude of the power spectral density (PSD) curve, c1 
and c2 are the parameters associated with the cut-off frequency 
and DC value of the PSD, a2 is the parameter associated with 
the steepness of the slope before the cut-off frequency, b2 is 
the parameter associated with the moving tendency of the 
modified pink noise, v is the slope at frequencies before the 
cut-off frequency. This high-frequency variation arc model 
could change the slope and cut-off frequency of the PSD and 
other parameters to generate several different arc fault noise 
characteristics. 

4 Discussion and conclusion 
Nowadays, rapid developments of the PV industry make the 
PV system more complex, which poses new challenges to the 
arc fault detection. Many system factors including switching 
noises, branch connection form, cable length would affect the 
PV arc fault detection, forming various PV arc fault conditions 
[68][69]. Then the obtained arc fault conditions are limited 
from the experiments. Considering the accurate detection of 
the unknown arc fault and fault-like conditions, the future 
algorithm is recommended to adopt machine learning based 
fusion methods. Then this arc fault detection algorithm could 
achieve more applicable scenarios and higher detection 
accuracy. 

In the future. the frequently-used data processing chip may 
have lager data storage capacity and higher calculation speed. 
Then this kind of chip could realize the fast calculation of the 
complex time-frequency transform and machine learning 
methods. Then the detection accuracy and application scope of 
PV arc faults could be significantly improved. Without 
increasing computation time, the detection reliability of the 
designed hardware is highly enhanced.  
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Fig. 1 Circuit diagram of a hybrid DC switch. 
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Abstract 

Hybrid DC switches (HDCSs) have attracted considerable attention due to the low on-state loss and fast current 
interruption. With low current interruption, there is no arc generation between the contacts. However, arc discharge 
occurs between the contacts after the contact opens for a high circuit current. Arc discharge erodes the surface of 
the contacts and decreases the insulation strength between the contacts. This paper presents a new configuration 
of contacts that can increase the threshold current for arc-free commutation. The contact has a cuboid shape with 
a join of copper and carbon. When the contacts are in the closing position, the copper and carbon materials of the 
contacts come in contact. When the contacts start opening, the contact spots of the copper start decreasing until 
rupture, but carbon, which has a higher resistivity than copper, still remains in contact. With a higher resistance of 
the contacts, the current is further commutated to the semiconductor device until the current at the contacts be-
comes low. After the contacts rupture, the low surge voltage from the inductance in the circuit cannot ignite arc 
discharge. Thus, arc-free commutation can be achieved. 

Keywords– Hybrid DC switch, coper-based carbon contact, arc discharge, threshold current, arc-free commuta-
tion. 

1 Introduction 

 Arc can be longer for DC interruption than AC inter-
ruption [1], [2], [3]. Arc discharge in electric contact is 
a harmful phenomenon which erodes the surface of 
contacts and decreases the insulation strength between 
the contacts [1-3]. The arc discharge from DC current 
interruption can be longer than that of AC current in-
terruption [4-5].  Hybrid DC switches (HDCSs) com-
prising of a parallel connection with contacts serving 
as mechanical switch (MS) and a semiconductor device 
are an effective solution due to the low on-state loss 
and rapid current interruption [6-7]. HDCSs overcomes 
the drawbacks of conventional mechanical switches 
(MSs) and semiconductor devices. The HDCSs is used 
with microgrid with voltage level of a few kV. MSs 
have a low contact resistance but suffers from long-du-
ration arc when the contact opens, which results in se-
rious contact erosion and a short lifespan. Semiconduc-
tor switching devices interrupt the current rapidly with-
out an arc, but they have a high on-state resistance and 
low thermal capacity. This causes considerable power 
loss and requires a greater amount of space.  
 
Figure 1 shows the circuit diagram of an HDCS that is 
used DC voltage distribution below 2 kV. The HDCS 
has a mechanical switch (MS) connected in parallel 
with a SiC-MOSFET and a metal-oxide varistor 
(MOV). Figure 2 shows the effect of current interrup-
tion in the HDCS. During normal operation, a  
circuit current from the DC source flows through MS 
to the load at position (1). When the current needs to  

 
 
 
 
be interrupted in the case of faults, the contacts are sep-
arated, and simultaneously, the SiC-MOSFET turns on 
at position (2). Then, the current is commutated to the 
SiC-MOSFET, the commutated from the contacts to 
the SiC-MOSFET device. After the entire SiC-
MOSFET carries the current for a while so that the con-
tact has enough gap to prevent breakdown caused by 
the surge voltage after the SiC-MOSFET turns off at 
position (3).  The surge voltage occurs between the 
contacts and potentially leads to breakdown between 
the contacts if the dielectric strength of the gap is not 
enough. Then, the surge decreases to the system volt-
age because the MOV absorbs the remaining current in 
the circuit.  
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Fig. 3 Experimental circuit diagram of hybrid DC 
switch.  
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In previous researches, the contact material was found 
to have an influence on the arc-free commutation in the 
hybrid DC switch [8-10]. For experiment on the effect 
of the contact material, the authors compared the 
threshold current of arc-free commutation of a pair of 
copper contacts with a pair of tungsten contacts. The 
copper and tungsten contacts could commutate the cur-
rent up to 120 A and 300 A, respectively, without arc 
discharge. Copper-based tungsten (Cu-W) contacts that 
had tungsten material on top of the copper contact 
could commutate current up to 400 A without arc dis-
charge. The current was fed by voltage up 20 V. Alt-
hough Cu-W contacts showed threshold current up to 
400 A with arc-free commutation, the contact re-
sistance at the closing contacts was high compared to 
that of copper contacts. This results in power loss dur-
ing normal operation of the switch. Therefore, we pro-
pose a new design of the contact, which has low contact 
resistance during normal operation and increases the 
threshold current of arc-free commutation. 

2 Experimental Setup 

Figure 3 shows a circuit diagram of the HDCS used in 
the experiments. A DC power supply was connected in 
parallel with a switch S, a SiC-MOSFET (Cree, 
CAS325M12HM2), and a MOV (Panasonic, 
ERZE14A431). The circuit current was generated from 
a DC power supply having a current rate of 800 A. In 
the experiment, we used a pair of contact as shown in 
Fig. 4. The left contact was made from a copper cuboid, 
and a joint of carbon plate was inserted on top of the 
cuboid as shown in Fig. 4(a). The join was made by a 
high conductive paste (Cr-3520, KAKEN TECH) under 
cueing of 150 °C for 30 minutes and 180 °C for 60 
minutes. The thickness of the carbon plate was 1 mm. 
The right contact was made from copper and had the 
same shape as that shown in Fig 4(b). The upper side of 
the right contact had a hole 3 mm in diameter. The right 
contact was fixed by a tungsten rod that was inserted 
into the hole of the right contact. The lower side of the 
right contact was attached to a coil compression spring 
(AP065-010-0.9, Showa Spring) with maximum force 
of 26 N. The maximum load of the spring was 26 N. 
The direction of spring force was leftward. The right 

contact was the ground and was moveable. The left con-
tact was the anode, and it was fixed with a stepping mo-
tor as shown in Fig. 5. The left contact was moved by 
the stepping motor towards the right for closing the con-
tact and towards the left for opening the contact. The 
spring force could push the lower part of the right con-
tact by 15° in the clockwise. A direct current of up to 
800 A was fed through the circuit. The closing force 
was 40 N. For the contact opening operation, we turned 
on the SiC-MOSFET at the same time when the left 
contact started moving to the left direction at a speed of 
200 mm/s. When the contacts started separating, the 
contact area between the copper material of the left con-
tact and the right contact decreased, but the carbon ma-
terial still remained in contact due to the force of the 
spring. When the left contact moved further, the contact 
area of the carbon decreased and was completely rup-
tured. Then, we turned off the SiC-MOSFET after the 
contact opened for 20 ms.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Configuration of the right and left contacts.  
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Fig. 2 Operating diagram of a hybrid DC switch. 
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Fig. 5 Actual experimental setup of hybrid DC 
switch.  
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Fig. 6 Contact resistance of tungsten, Cu-W, and Cu-
C contacts [12].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 Experimental Results 

3.1 Contact Resistance 

Figure 6 shows the average value of contact resistance 
in this work (Cu-C contacts) with tungsten (W) con-
tacts and copper-tungsten (Cu-W) contacts for currents 
from 100 to 400 A with closing force of 47 N for all 
currents.  The contact resistance of tungsten contacts is 
the highest for all currents. The contact resistance of 
Cu-W is between the contact resistances of tungsten 
and Cu-C contacts, and it decreases with increasing 
current due to the softening and expand of the contact 
a-spots when a large current and contact closing force 
were applied in the contacts. For Cu-C contacts, the 
contact resistance was low for all values of current be-
cause the current flows through the copper of the left 
contact, which has low resistivity.  

 
 

 
 
 
 
 
 
 
 
 
 
 

3.2 Threshold Current for Arc-Free Com-
mutation 

Figure 7 shows the voltage and current waveforms with 
arc-free commutation for 700 A. Before the contact 
separation at approximately 2 ms, the circuit current 

flowing through the contacts is 700 A, and the contact 
voltage is slightly above 0 V. After the contacts starts 
separating, the contact voltage increases with time, and 
the contact current decreases accordingly. The decrease 
in contact current indicates that a partial current is 
flowing to the SiC-MOSFET. Then, a pulse suddenly 
occurs at approximately 7.6 ms, and the contact current 
drops rapidly. After the pulse, the contact voltage in-
creases further and the contact current decreases to zero 
at 11 ms. The main cause of current commutation is the 
increase in contact resistance. Fig. 8 shows the image 
of contacts during separation in the commutation phase 
from Fig. 7. During the initial contact closing, the cop-
per and carbon materials of the left contacts are in con-
tact with the right contact as shown in Fig. 8(a). The 
contacts have much lower resistance than that of the 
SiC-MOSFET. Therefore, almost all of the circuit cur-
rent flows through the contacts. After the contacts start 
separating, the contact force is released and the contact 
area of the copper material of the left contact decreases 
with time but this does not happen for the carbon ma-
terial. Then, the copper in the left contact ruptures at 
7.6 ms as shown in Fig. 8(b). Owing to the large differ-
ential resistivity of carbon and copper as shown in Ta-
ble 1, the resistance of the contact in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Image of contact opening in commutation 
phase.  
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Fig. 7 Contact voltage and current waveforms of the 
arc-free commutation of copper-carbon contact for 
700 A.  
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of the contact material, the authors compared the 
threshold current of arc-free commutation of a pair of 
copper contacts with a pair of tungsten contacts. The 
copper and tungsten contacts could commutate the cur-
rent up to 120 A and 300 A, respectively, without arc 
discharge. Copper-based tungsten (Cu-W) contacts that 
had tungsten material on top of the copper contact 
could commutate current up to 400 A without arc dis-
charge. The current was fed by voltage up 20 V. Alt-
hough Cu-W contacts showed threshold current up to 
400 A with arc-free commutation, the contact re-
sistance at the closing contacts was high compared to 
that of copper contacts. This results in power loss dur-
ing normal operation of the switch. Therefore, we pro-
pose a new design of the contact, which has low contact 
resistance during normal operation and increases the 
threshold current of arc-free commutation. 

2 Experimental Setup 

Figure 3 shows a circuit diagram of the HDCS used in 
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into the hole of the right contact. The lower side of the 
right contact was attached to a coil compression spring 
(AP065-010-0.9, Showa Spring) with maximum force 
of 26 N. The maximum load of the spring was 26 N. 
The direction of spring force was leftward. The right 

contact was the ground and was moveable. The left con-
tact was the anode, and it was fixed with a stepping mo-
tor as shown in Fig. 5. The left contact was moved by 
the stepping motor towards the right for closing the con-
tact and towards the left for opening the contact. The 
spring force could push the lower part of the right con-
tact by 15° in the clockwise. A direct current of up to 
800 A was fed through the circuit. The closing force 
was 40 N. For the contact opening operation, we turned 
on the SiC-MOSFET at the same time when the left 
contact started moving to the left direction at a speed of 
200 mm/s. When the contacts started separating, the 
contact area between the copper material of the left con-
tact and the right contact decreased, but the carbon ma-
terial still remained in contact due to the force of the 
spring. When the left contact moved further, the contact 
area of the carbon decreased and was completely rup-
tured. Then, we turned off the SiC-MOSFET after the 
contact opened for 20 ms.   
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Fig. 10 Circuit diagram of loop circuit between the 
contacts and the SiC-MOSFET. 

Table 1. 
Properties of contact materials [11] 

Material Resistivity (Ω.m) Temp. Coeff. (K-1) 

Copper 1.8 × 10-8 4 × 10-3 

Carbon 3.5 × 10-5 -5 × 10-13 

 
creases significantly and commutates the circuit cur-
rent to the SiC-MOSFET. The entire current is not 
commutated to the SiC-MOSFET; a partial current still  
Flows through the carbon, which is still in contact with 
the right contact due to force of the spring as shown in 
Fig. 8(c). Afterward, the contact current drops further 
when the contact area of the carbon decreases until rup-
ture, and the current at the contact is almost zero. After 
the rupture, there is no surge voltage because of the 
small L(di/dt). 
Figure 9 shows the contact resistance calculated from 
equation (1). 

c
C SiC

C

I I
R R

I
−

      (1) 

where RSiC is the resistance of the SiC-MOSFET, and 
I and IC are the circuit current and contact current, re-
spectively.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We simplified the calculation of the contact resistance 
by neglecting the inductance in the circuit. In our ex-
periment, RSiC is 4 mΩ. The values of circuit current 
and contact current are taken from Fig. 7. From Fig. 9, 
the calculated contact resistance is about 0.2 mΩ, and 
it increases up to 0.8 mΩ at 7.6 ms when the copper of 
the left contact ruptures. Then, the resistance promptly 
increases to 40 mΩ. The prompt increase in resistance 
causes the contact current to decrease rapidly, which 
creates the pulse at 7.6 ms. The pulse was due to the 
inductance and derivation of current with respect to 
time, L(di/dt) in the loop circuit between the contacts 
and the SiC-MOSFET as shown in Fig. 10. However, 
the surge does not cause arc generation because the 
surge voltage does not reach the critical voltage to gen-
erate arc discharge. When the carbon is absent, the cur-
rent drop at the contacts is larger, which causes a larger 
surge voltage that can generate an arc discharge. To 
generate arc discharge, a contact voltage of at least the 
minimum arc voltage is required. The minimum arc 
voltage of copper is 12.19 V [13]. When we increased 
the circuit current to 800 A, the surge voltage reached 
the critical voltage, generating an arc discharge. Fig. 11 
shows an example of the current commutation with an 
arc discharge of 800 A. With increase in current to 800 
A, the current drop is higher than 700 A, at the copper 
ruptures. Then, the L(di/dt) generates a high surge volt-
age that generates an arc discharge at 8.67 ms. A light 
emission from the arc discharge was found between the 
contacts. The arc trace is found at the copper part of the 
left contact as shown in Fig. 12 
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Fig. 12 Arc traces from experiment of Cu-C contacts. 

Fig. 11 Current commutation of copper-caron contact 
for 800 A.  
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Fig. 9 Contact resistance calculated from Fig. 7.  
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Fig. 14 Voltage and current waveforms for closing 
contacts.  

3.3 Current Interruption  

Figure 13 shows the contact voltage and current wave-
forms for 700 A current interruption. The contact opens 
at approximately 15 ms, and the entire circuit current 
is transferred to the SiC-MOSFET at 22 ms. Afterward, 
we turned off the SiC-MOSFET at 35 ms. After turning 
off, the circuit current dropped to zero, while a pulse 
voltage of approximately 300 V was induced. The 
pulse is caused by the rapid drop in the circuit current. 
However, this voltage does not ignite an 
arc or cause a breakdown because the SiC-MOSFET 
can withstand a voltage of up to 1.2 kV and the contacts 
have an air gap of approximately 2 mm, which has 
enough dielectric strength to prevent arc discharge or 
breakdown. The interruption time can be shortened by 
decreasing the degree of inclination of the right con-
tact, separation speed, and turning-off time of the SiC-
MOSFET. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4 Current Interruption  

Figure 14 shows the voltage and current waveforms for 
the contact closing at 700 A. From 0–4 ms, the contacts 
were in separated position, and the SiC-MOSFET was 
turned on. Therefore, approximately 300 A flows 
through the SiC-MOSFET. From 4 ms, the carbon ma-
terial of the contact starts to come in contact with the 
right contact. The circuit current increases with time 
because the contact area of carbon increases with in-
creasing contact force when the left contact moves to-
ward the right. From 16.5 ms, the copper material of 
the left contact is in contact with the right contact. Ow-
ing to the low resistivity of copper, majority of the cir-
cuit current flows through the contacts. Although the 
current increases rapidly, a surge voltage was not found 
between the contacts.  In a conventional switch, arc dis-
charges are found due to the bouncing contact when a 
strong contact force is applied to close the contacts 
[14]. With an additional spring, the contacts do not 
bounce and an arc discharge is not found. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4 Conclusion 

A join of copper and carbon contact can interrupt cur-
rent up to 700 A with arc-free commutation. Because 
the copper and carbon of the left contact are in contact 
with the right contact during normal operation, the con-
tact resistance is low. The copper-carbon contact can 
commutate current up to 700 A without arc discharge 
because the carbon material of the left contact has a 
high resistance to commutate almost the entire current 
to the SiC-MOSFET.  However, an arc discharge is 
found at the copper material of the left contact when 
we increase the current higher than 700 A due to the 
current drop at the contact is large that causes large dif-
ference between the copper and carbon materials. To 
increase further threshold current for arc-free commu-
tation, A material having a resistivity between that of 
copper and carbon should be inserted to prevent rapid 
drop in contact current. Although the interruption time 
is about 20 ms, the interruption time can be improved 
by increasing the separation speed of the contact driven 
by the stepping motor, the inclination of the right con-
tact, or the turning-off time of the SiC-MOSFET. With 
a spring force, the bouncing arc does not occur.  

ACKNOWLEDGEMENT 
This work was supported by JSPS KAKENHI Grant Num-
ber JP18H01420. The authors would like to thank Japan In-
ternational Cooperation Agency – JICA. 
 
 

REFERENCES 
[1] Z. Zaluchi and J. Kutzner, “Dielectric strength of a vacuum 

interrupter contact gap after making current operations,” 
IEEE Trans on Diel. and Elec. Insu., vol. 10, no. 4, pp. 583–
589, Aug. 2003. 

[2] C. Ou, R. Nakayama, S. Zen, K. Yasuoka, “Influence of a 
short-duration arc on the erosion and dielectric strength of 
narrow air gap contacts in a hybrid Dc switch,” IEEE Trans. 
on Comp., Pack. and Manu. Tech., vol. 9, no. 6, pp. 1068 –
1074, June 2019. 

Fig. 13 Contact voltage and current during current in-
terruption of Cu-C at 700 A.  

𝑉𝑉c 

𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐 𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑃𝑃𝑆𝑆𝑆𝑆 

𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑃𝑃𝑆𝑆𝑆𝑆 

𝐼𝐼𝐼𝐼:  circuit current 

𝑖𝑖𝑖𝑖 

Fig. 10 Circuit diagram of loop circuit between the 
contacts and the SiC-MOSFET. 

Table 1. 
Properties of contact materials [11] 

Material Resistivity (Ω.m) Temp. Coeff. (K-1) 

Copper 1.8 × 10-8 4 × 10-3 

Carbon 3.5 × 10-5 -5 × 10-13 

 
creases significantly and commutates the circuit cur-
rent to the SiC-MOSFET. The entire current is not 
commutated to the SiC-MOSFET; a partial current still  
Flows through the carbon, which is still in contact with 
the right contact due to force of the spring as shown in 
Fig. 8(c). Afterward, the contact current drops further 
when the contact area of the carbon decreases until rup-
ture, and the current at the contact is almost zero. After 
the rupture, there is no surge voltage because of the 
small L(di/dt). 
Figure 9 shows the contact resistance calculated from 
equation (1). 
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      (1) 

where RSiC is the resistance of the SiC-MOSFET, and 
I and IC are the circuit current and contact current, re-
spectively.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We simplified the calculation of the contact resistance 
by neglecting the inductance in the circuit. In our ex-
periment, RSiC is 4 mΩ. The values of circuit current 
and contact current are taken from Fig. 7. From Fig. 9, 
the calculated contact resistance is about 0.2 mΩ, and 
it increases up to 0.8 mΩ at 7.6 ms when the copper of 
the left contact ruptures. Then, the resistance promptly 
increases to 40 mΩ. The prompt increase in resistance 
causes the contact current to decrease rapidly, which 
creates the pulse at 7.6 ms. The pulse was due to the 
inductance and derivation of current with respect to 
time, L(di/dt) in the loop circuit between the contacts 
and the SiC-MOSFET as shown in Fig. 10. However, 
the surge does not cause arc generation because the 
surge voltage does not reach the critical voltage to gen-
erate arc discharge. When the carbon is absent, the cur-
rent drop at the contacts is larger, which causes a larger 
surge voltage that can generate an arc discharge. To 
generate arc discharge, a contact voltage of at least the 
minimum arc voltage is required. The minimum arc 
voltage of copper is 12.19 V [13]. When we increased 
the circuit current to 800 A, the surge voltage reached 
the critical voltage, generating an arc discharge. Fig. 11 
shows an example of the current commutation with an 
arc discharge of 800 A. With increase in current to 800 
A, the current drop is higher than 700 A, at the copper 
ruptures. Then, the L(di/dt) generates a high surge volt-
age that generates an arc discharge at 8.67 ms. A light 
emission from the arc discharge was found between the 
contacts. The arc trace is found at the copper part of the 
left contact as shown in Fig. 12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Arc trace 

Fig. 12 Arc traces from experiment of Cu-C contacts. 

Fig. 11 Current commutation of copper-caron contact 
for 800 A.  
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Fig. 9 Contact resistance calculated from Fig. 7.  
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Abstract 

For DC switches, the most promising topology is the hybrid DC switch, in which the circuit current commutates 
from mechanical contacts to a semiconductor device after the opening of the contacts. During the commutation 
period the contact temperature continues to increase, and once the temperature exceeds the boiling temperature of 
the contact metal, metal vapor generates between the contacts and hence leads to arc discharge. The threshold cur-
rent of arc-free commutation can be increased by using tungsten contacts, however, a concentration of the con-tact 
current limits the maximum arc-free current. A new structure of four-block contacts has been developed to avoid 
the current concentration by splitting the contact current and heat. With heat being distributed, the temperature on 
the surface of the contact is lowered significantly, this will provide the contact with a larger arc-free current. We 
evaluated the four-block structure of contacts by numerical simulations and experiments up to DC 400 A. 

Key words – Hybrid DC switch, arc-free commutation, Cu-W clad electrical contact 

1 Introduction 

Recently, the DC system has been intensively 
studied due to the increasing requirement of renewable 
energy such as solar and wind power. Those needs for 
load supplied by direct currents such as electric cars 
and electric trains are also showing significance [1]. 
One of the key components of the DC system is the 
circuit breaker because the direct current has no regu-
larly zero crossing, and the arc generated between the 
mechanical contacts cannot be easily eliminated com-
paring to alternating current. In order to solve this prob-
lem, the most frequently used structure is the hybrid 
DC circuit switch, which contains a mechanical switch 
for on-state and a solid-state semi-conductor switch for 
commutation, as shown in Fig. 1. In recent year, the 
researches on hybrid DC switch are making progress. 
A DC hybrid circuit breaker with ultra-fast contact 
opening and integrated gate-commutated thyris-
tors(IGCTs) was designed to interrupt 1.5 kV/ 4 kA 
within 300 s [2], a 270 V hybrid DC switch with ca-
pability of arc free commutation up to 100 A has been 
designed [3]. 

Fig. 1 Configuration of hybrid DC switch 

One promising semiconductor device that could 
be applied in the hybrid DC circuit breaker is a SiC 
(Silicon-Carbide) MOSFET, which has a low on-state 
resistance. Its characteristic makes the current commu-
tate at a lower voltage, and hence possible to commu-
tate with no arc generation within a certain value of 
current, which is determined by the specific value of 
the contact material. The previous experiment has in-
dicated an arc-free commutation of DC 300 V, 200 A, 
using tungsten contacts [4]. The contact erosion by arc 
can be avoided with arc-free commutation, therefore, 
the life of the contact greatly increases. However, in 
order to face the actual application in the DC system, a 
larger current limit is of vital importance. 

To increase the current limit, the contact material 
of higher boiling temperature is required to raise the 
arc-free commutation current. Tungsten is a promising 
material that can sustain 2.1 V of contact voltage with-
out arc generation. This value is largest among all 
metal materials, and the relation between the contact 
voltage and the maximum surface temperature is given 
as the following equation [5].  
 

𝑇𝑇��� = �𝑉𝑉�
�

4𝐿𝐿
+ 𝑇𝑇�� 

 
, where the highest temperature in the contact area 
𝑇𝑇���  [K], the voltage between contacts 𝑉𝑉� [V], Lorenz 
number 𝐿𝐿, the room temperature 𝑇𝑇�. 
However, the resistance of tungsten is relatively large 
comparing to the normally used contact material cop-
per, this can cause large on-state energy losses.  
In Fig. 2, the waveforms of contact voltage in the pre-
vious experiment for arc-free commutation with differ-
ent contact designs are given. 
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In Fig. 2, the contact voltage increased as the contacts 
began to separate, arc discharges during this period was 
indicated by surges of current. Therefore, according to 
Fig. 2, the maximum no arc commutation current of Cu, 
W, and Cu-W contacts are 120A, 300A, 400A respec-
tively. 

In this paper, a new structure of the Cu-W contacts 
is introduced, comparing to the previous contact using 
copper as substrate and a thin, flat tungsten clad as the 
contact area, the new structure of the con-tact separated 
the flat tungsten clad to four small blocks with each 
block shaped as square of 1.5 mm of length. This new 
structure allows current to conduct at multiple points 
rather than concentrate at one point. With current being 
separated, the temperature on the surface of the contact 
can be lowered significantly, thus, this will provide the 
contact with a larger on-state current limit and ability 
to achieve the commutation without arc generation un-
der larger current. 

 
Fig. 3 Structure of Hybrid DC switch for experiment 

2 Experimental methods 

2.1 Hybrid DC switch and contacts 

The hybrid DC switch used in the experiment is 
shown in Fig. 3. The mechanical part of the hybrid DC 
switch used the copper-clad contact and a magnified 
piezoelectric actuator to exert the movement of the 
contact. The actuator model APF710 manufactured by 
Thorlabs, controlled by 150 V of voltage and applies 
force to the contact of approximately 50N. 

The model of SiC-MOSFET used in the hybrid 
DC switch is CAS325M12HM2 made by Wolfspeed, 
Inc., 1200 V, 444 A, 3.7mΩ of on-state resistance ac-
cording to its date sheet. The model of varistor used is 
ERZV20D391, which has a varistor voltage of 390 V 
and maximum clamping voltage is 650 V. The experi-
ment focused mostly on the commutation, therefore the 
varistor used has a relatively low clamping voltage. 

The figure of contact is shown in Fig. 4 where Fig. 
4a shows the previous Cu-W clad structure and Fig. 4b 
shows the new designed Cu-W 4-block structure. Both 
structures have a cylinder shape copper with a 10 mm 
diameter and a 14 mm length as the substrate. However, 
the previous Cu-W clad contact has a flat 1 mm length 
cylinder tungsten as the top layer while the new Cu-W 
block structure replaces the top layer with 4 small 
blocks. The Cu-W clad contacts were manufactured by 
Metal Technology Company by using the brazing 
method, the new Cu-W block structure contacts are 
made by using wire electrical discharge machining 
(WEDM). 
 

 
Fig. 4a Previous Cu-W clad structure 
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Fig. 2    Contact voltage in commutation phase [6] 
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Fig. 4b New Cu-W block structure 
 
2.2 Simulation method 

The simulation was achieved by COMSOL mul-
tiphysics 5.4 with the three-dimensional joule heating 
time-dependent study, including the heat transfer, elec-
tric potential, electric magnetic heating, and other 
physics. Two types of contacts have been put into the 
simulation as shown in Figs. 5a and b. 

Determining the exact contact area is difficult by 
experiment so the solution used is to estimate the con-
tact area by contact voltage in the experiment which is 
0.41 V [6], and therefore apply the same contact area 
to the simulation. The contact area in the simulation 
was approximately 0.027 𝑚𝑚𝑚𝑚� for the previous Cu-W 
clad structure shown in Fig. 4a. For the new designed 
Cu-W 4-block structure, the total contact area remained 
unchanged as 0.027 𝑚𝑚𝑚𝑚�  except for separated into 
four same parts with 0.006 𝑚𝑚𝑚𝑚� each and distributed 
at the same distance. This simulation is the ideal model 
of the new Cu-W block structure shown in Fig. 5b as it 
assumed the contact area of each block are completely 
the same and the current flows through each block’s 
contact area averagely. 

The mesh has been refined in the contact area spe-
cifically to acquire better results as well as fitting the 
small contact area. To compare the characteristic of 
each structure, the other parameters are set as the same. 

 

 
Fig. 5a Cu-W clad geometry and contact area mesh 
 

 
Fig. 5b Cu-W block geometry and contact area mesh 

Fig. 6 Commutation experimental circuit 
 
2.3 Experimental circuit 

The commutation experimental circuit is shown in 
Fig. 6. The circuit includes a DC power source with 
current can be ranged from 0 to 800 A, the maximum 
output voltage was 20 V. The power source was con-
nected to the DC switch through a resistor of 20 mΩ. 
The DC switch used in the experiment is the one shown 
in Fig. 3 with the varistors were removed since only the 
commutation phrase is of interest. 

3 Experimental results and     
discussion 

3.1 Contact resistance 
The contact resistance of on-state was calculated 

by four-terminal sensing by using the circuit of Fig. 6, 
 

Fig. 7 Contact voltage detected under 300 A 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Fig. 2, the contact voltage increased as the contacts 
began to separate, arc discharges during this period was 
indicated by surges of current. Therefore, according to 
Fig. 2, the maximum no arc commutation current of Cu, 
W, and Cu-W contacts are 120A, 300A, 400A respec-
tively. 
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separated, the temperature on the surface of the contact 
can be lowered significantly, thus, this will provide the 
contact with a larger on-state current limit and ability 
to achieve the commutation without arc generation un-
der larger current. 
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and maximum clamping voltage is 650 V. The experi-
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The figure of contact is shown in Fig. 4 where Fig. 
4a shows the previous Cu-W clad structure and Fig. 4b 
shows the new designed Cu-W 4-block structure. Both 
structures have a cylinder shape copper with a 10 mm 
diameter and a 14 mm length as the substrate. However, 
the previous Cu-W clad contact has a flat 1 mm length 
cylinder tungsten as the top layer while the new Cu-W 
block structure replaces the top layer with 4 small 
blocks. The Cu-W clad contacts were manufactured by 
Metal Technology Company by using the brazing 
method, the new Cu-W block structure contacts are 
made by using wire electrical discharge machining 
(WEDM). 
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while the SiC-MOSFET was turned off and the con-
tacts were closed by a contact force of 50 N. The volt-
age probe was attached to the copper part of the contact 
near the through hole in Fig.4b. A current probe was 
also placed to monitor the contact current. 

The result of the new designed 4-block structure 
contacts is shown in Fig. 7. The current increased to 
300 A at around 0.15 s and kept almost constant. The 
contact voltage was approximately 200 mV at under 
300A. The time of current conducting was short, 
therefore, the resistance influence by heat can be 
ignored. The voltage probe was attached to the copper 
and is close to the contact area, so the voltage drop by 
the probe connection was also small enough to be 
ignored as well. As a result, the contact resistance was 
roughly 0.67 mΩ, which was the same value as the 
value measured with the previous Cu-W clad structure 
contact. 

Considering the contact force is certain, the total 
contact area of the 4-block structure and the Cu-W clad 
structure should be the same. In case of a clean metal 
contact, contact resistance Rc is simply considered as a 
constriction resistance, which is calculated by the 
equation below, where ρ is resistivity, and a is the 
radius of contact area [5]. 

𝑅𝑅� =
𝜌𝜌
2𝑎𝑎

 

     As a result of the contact resistance experiment, it 
showed that the total resistance of the new Cu-W 4-
block contacts have the same contact area as the 
previous Cu-W clad structure and the resistance is 
basically the same. 

3.2 Simulation results 

The simulation result was carried out by using 
COMSOL, including the comparison of the 4-block 
Cu-W contact with the previous Cu-W clad contact 
under the same current value and with the same contact 
area, the temperature of the 4-block Cu-W contact 
under different current value. In addition, a model of 4-
block Cu-W contact with only 2 points conduct was 
made to study the relationship between the maximum 
temperature and the number of conduct points. 

The heat distribution simulation result of the pre-
vious Cu-W clad contact, the 4-block Cu-W contact 
with 2 points connected and the 4-block Cu-W contact 
with all four points connected under 450 A of current 
are shown in Fig. 8.  The simulation was time-depend-
ent and the figure was taken 1 s after the current started 
conducting.  

As shown in Fig. 8, for the Cu-W clad contact, the 
temperature of the contact area reached 1600 K after 1 
s passed. For the new 4-block structure contact with 
two points conducted, the peak temperature was 533 K 
by the simulation with all conditions were set the same 
as the previous Cu-W clad contact and the total contact  

 

 
Fig. 8 Heat distribution simulation under 450 A 
area was the same as well. The 4-block structure with 
four points conducted had a temperature of 375 K with 
all conditions unchanged and the total contact area the 
same as well. 

The comparison of maximum contact temperature 
of different types of contact under the current of 450 A 
is shown in Fig. 9. It shows that the temperature 

(a) Cu-W clad contacts 

(b) Cu-W 4-block contacts 
two points conduct 

(c) Cu-W 4-block contacts 
four points conduct 
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Fig. 9 Comparison of contact area temperature  

Fig. 10 Contact temperature under different current 
 
decreased significantly as the points of contact in-
creased with the total contact area unchanged. As a re-
sult, if the total contact area can be divided into multi-
ple parts and all the parts are distributed with no heat 
interference to each other, the contact temperature can 
be decreased significantly. 

If the contact temperature can be decreased, the 
contact would be able to sustain higher current and the 
arc ignition can be supressed by paralleling with SiC-
MOSFET. The simulation result of the 4-block contact 
under higher current is shown in Fig. 10. The result 
shows the contact temperature under the current of 450 
A, 600 A, and 800 A. The temperature of the 4-block 
contact reached the same level as the previous Cu-W 
clad contact under 450 A when the current was over 
800 A, the current limit of the 4-block contact was sig-
nificantly higher. This result shows that with the 4-
block structure contact, a higher no arc generation cur-
rent limit level can be expected. 

Fig. 11 Commutation experiment contact voltage 

3.3 Commutation experiment result 

The result of the commutation experiment using 
the experiment circuit shown in Fig. 6 is shown in Fig. 
11. During the on-state, the current flowed through the 
contact and the SiC-MOSFET was off. The com-muta-
tion started as the SiC-MOSFET was on and the con-
tact began separating, the current commutated gradu-
ally from the contact to SiC-MOSFET as the contact 
area became smaller and the contact voltage increased. 
The commutation phrase was complete after the con-
tacts were completely separated, and the current com-
mutated completely from the contact to SiC-MOSFET. 
If there is no arc generation during the commutation, 
the no arc commutation is realized. 

Fig. 11 shows no surge of arc as a result of current 
of 300 A and 400 A, however, the arc was observed as 
the current exceeded 400 A and arc erosion was 
observed on the surface of the contact. The result of the 
no arc current limit level is similar to the previous Cu-
W clad contact as it also has a no arc commutation limit 
level of over 400 A. 

The arc erosion as the current exceeded 400 A was 
observed at only one block out of four, which indicated 
that the current only conducted in one during the 
commutation instead of all four blocks.There were two 
reasons for this phenomenon. Firstly, the total contact 
area of the Cu-W clad was not separated into four 
averagely which led to different resistance of each 
block and hence the current was conducted majorly in 
one block. The second reason is that the separation time 
of each block is not the same which means that three 
blocks separated prior to the separation of one block, 
this focused the current at one point instead of four 
during the commutation. 

4 Conclusion 

In this study, the Cu-W clad structure contact and 
its new design, as well as the application in DC switch 
were investigated. The results were carried out by 
simulation and experiment. The simulation used 
COMSOL multiphysics with the joule-heating model. 
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Cu-W clad contact 

Cu-W 4-block structure 2 points 
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Cu-W 4-block structure 4 points 

while the SiC-MOSFET was turned off and the con-
tacts were closed by a contact force of 50 N. The volt-
age probe was attached to the copper part of the contact 
near the through hole in Fig.4b. A current probe was 
also placed to monitor the contact current. 

The result of the new designed 4-block structure 
contacts is shown in Fig. 7. The current increased to 
300 A at around 0.15 s and kept almost constant. The 
contact voltage was approximately 200 mV at under 
300A. The time of current conducting was short, 
therefore, the resistance influence by heat can be 
ignored. The voltage probe was attached to the copper 
and is close to the contact area, so the voltage drop by 
the probe connection was also small enough to be 
ignored as well. As a result, the contact resistance was 
roughly 0.67 mΩ, which was the same value as the 
value measured with the previous Cu-W clad structure 
contact. 

Considering the contact force is certain, the total 
contact area of the 4-block structure and the Cu-W clad 
structure should be the same. In case of a clean metal 
contact, contact resistance Rc is simply considered as a 
constriction resistance, which is calculated by the 
equation below, where ρ is resistivity, and a is the 
radius of contact area [5]. 
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𝜌𝜌
2𝑎𝑎

 

     As a result of the contact resistance experiment, it 
showed that the total resistance of the new Cu-W 4-
block contacts have the same contact area as the 
previous Cu-W clad structure and the resistance is 
basically the same. 

3.2 Simulation results 

The simulation result was carried out by using 
COMSOL, including the comparison of the 4-block 
Cu-W contact with the previous Cu-W clad contact 
under the same current value and with the same contact 
area, the temperature of the 4-block Cu-W contact 
under different current value. In addition, a model of 4-
block Cu-W contact with only 2 points conduct was 
made to study the relationship between the maximum 
temperature and the number of conduct points. 

The heat distribution simulation result of the pre-
vious Cu-W clad contact, the 4-block Cu-W contact 
with 2 points connected and the 4-block Cu-W contact 
with all four points connected under 450 A of current 
are shown in Fig. 8.  The simulation was time-depend-
ent and the figure was taken 1 s after the current started 
conducting.  

As shown in Fig. 8, for the Cu-W clad contact, the 
temperature of the contact area reached 1600 K after 1 
s passed. For the new 4-block structure contact with 
two points conducted, the peak temperature was 533 K 
by the simulation with all conditions were set the same 
as the previous Cu-W clad contact and the total contact  

 

 
Fig. 8 Heat distribution simulation under 450 A 
area was the same as well. The 4-block structure with 
four points conducted had a temperature of 375 K with 
all conditions unchanged and the total contact area the 
same as well. 

The comparison of maximum contact temperature 
of different types of contact under the current of 450 A 
is shown in Fig. 9. It shows that the temperature 

(a) Cu-W clad contacts 

(b) Cu-W 4-block contacts 
two points conduct 

(c) Cu-W 4-block contacts 
four points conduct 
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The Cu-W clad structure and the new Cu-W 4-block 
structure were compared by simulation, the simulation 
result shows a promising advance of the new structure, 
and the potential to increase the no arc commutation 
current limit level. The experiment of the contact used 
in DC switch for commutation was also introduced, the 
Cu-W clad structure was able to sustain a current of 
over 400 A with no arc generation during the 
commutation, the new 4-block structure made no 
significant difference comparing to this value due to 
the different time of separation of each block and the 
different contact area of each block. The study showed 
that if the contact is manufactured ideally and the 
separation time of each block is completely the same, 
a higher arc-free commutation current can be expected.  
The WEDM method was used for the manufacture of 
the contact in our study and the cost and difficulty were 
relatively large. However, it’s possible to simply joint 
the copper with the small tungsten block to achieve the 
manufacturing in real industry production with low 
cost and difficulty. 
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Abstract 

In previous investigations the result was found that the hybrid switch is the most suitable switchgear topology for 
low- and medium voltage DC-grids. The hybrid switch has the best performance in all operation modes except in 
the short circuit range. The investigations are part of the research project Smart-Modular-Switchgear-II. In this 
contribution the focus is set to the optimization of the hybrid switching performance. Therefore, the switch-off 
behaviour of two types of hybrid switches were investigated to determine the optimization potential. The hybrid 
switches were investigated in a current range from 10 A up to 600 A and three ohmic-inductive time constants 
were used: 0 ms, 1 ms and 3 ms. The highest optimization potential was detected in the improvement of the actu-
ator. The new actuator causes a reduction of the switch-off time from 30 ms to 8 ms. Further results of the switch-
off performance will be discussed in detail to describe the impacts to the switching process.

1 Introduction 

1.1 Motivation  

DC-Systems in all voltage levels are an essential part 
of research projects for years. Main topics are clearing 
of a fault, multi terminal DC-Grids, insulation proper-
ties. The focus in the high voltage level is on the energy 
transmission on land or sea. In the low and medium 
voltage sections the focus is on the efficiency to con-
nect renewable energy sources and industrial applica-
tions, for example electrical drives. Here sources and 
loads often use a common DC-Bus [1]. The connection 
points and transmission to the AC-Grid is centralized 
and minimized. As a result the effectiveness of the 
whole system increases. [1–4] 
This publication is based on results of the project Smart 
Modular Switchgear-II (SMS-II). In SMS-II three main 
research topics are focussed: DC-Grids, Switchgear 
and grid protection coordination. In SMS-II a multi-
level DC-Grid with a 3 kV medium voltage (MVDC) 
and two low voltage levels (LVDC) (380 V, 1 kV) are 
installed. The modular grid design enables different ex-
perimental setups in accordance to the common DC-
Grid applications. The grid protection coordination de-
tects, characterizes, localizes and generates the switch-
ing commands. The switchgear interrupts nominal 
loads, overloads and clears short circuit current faults 
on each voltage level in the DC-Grid. The switching 
process mainly determines the duration of the interrup-
tion process. The duration of fault detection, character-
isation and localization is 2 ms. This is short in com-
parison to the switchgear delay time (DT) and the cur-
rent interruption time. Furthermore, low power 
dissipation (closed contacts) and high number of 

switching cycles are important properties of DC-
Switchgear (DCS). Therefore, the optimization of a 
Hybrid Circuit Breaker (HCB) is addressed in this pub-
lication. Few publications deal with the optimization of 
HCBs. In [5, 6] the interaction of the power electronic 
(PE) with the other switchgear components are im-
proved and a method to run the control unit and the PE 
without an external supply is presented. In [7] the im-
provement of the mechanical switchgear is shown, 
which limits the maximum fault current and reduces 
the stress of the PE. In order to the mentioned works, 
this publication determines further optimization poten-
tials and focuses the actuator delay time.  

1.2 Process of Hybrid Circuit Breaker 
optimization  

The HCB optimization process is displayed in Fig-
ure 1. Simultaneously the V-model shows the structure 
of this publication. The solid line of the key points de-
scribes finished process steps, the dashed lines repre-
sents the development tasks discussed in this publica-
tion and the chain-dotted line the planned future pro-
cess. The first step in this contribution is the 

 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1 Switchgear investigation process of SMS-II 

The Cu-W clad structure and the new Cu-W 4-block 
structure were compared by simulation, the simulation 
result shows a promising advance of the new structure, 
and the potential to increase the no arc commutation 
current limit level. The experiment of the contact used 
in DC switch for commutation was also introduced, the 
Cu-W clad structure was able to sustain a current of 
over 400 A with no arc generation during the 
commutation, the new 4-block structure made no 
significant difference comparing to this value due to 
the different time of separation of each block and the 
different contact area of each block. The study showed 
that if the contact is manufactured ideally and the 
separation time of each block is completely the same, 
a higher arc-free commutation current can be expected.  
The WEDM method was used for the manufacture of 
the contact in our study and the cost and difficulty were 
relatively large. However, it’s possible to simply joint 
the copper with the small tungsten block to achieve the 
manufacturing in real industry production with low 
cost and difficulty. 
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switchgear requirement analysis. The second step is 
the determination of the optimal switchgear topol-
ogy. The results are given in a previous publication of 
the project SMS-II [8]. The result is that the HCB is the 
most suitable switchgear topology for the application 
in this project. Based on this result two HCB’s for 
LVDC (1 kV) grids are developed (Chapter 2). In the 
third step of the investigation process the optimization 
of the determined topology is conducted. Therefore, 
both types of HCBs are investigated in the laboratory 
and the results are analyzed and compared (Chapter 3). 
The highest optimization potential is detected in the 
contact actuator. Based on that result the V-model is 
designed for the actuator optimization. Fourth step is 
the development and investigation of an actuator 
prototype. Chapter 4 shows the preliminary investiga-
tions and the development of the new actuator concept. 
The process step actuator performance investiga-
tions includes the investigation of the new actuator 
connected to the contact system without electrical load 
(Chapter 4.2). In Chapter 5 the following part of the V-
model investigation of the switch-off performance, 
the impact of the new actuator concept to the switch-
off performance is investigated and compared with the 
investigations in optimization of the determined to-
pology. The switchgear integration in low and me-
dium voltage DC Grids conclude the HCB optimiza-
tion process. The last process step is not part of this 
publication, but will be presented in future contribu-
tions. 

2 DUTs and test set up 

2.1 DUTs 

2.1.1 Hybrid Universal Power Switch 

The Hybrid Universal Power Switch (HUPS) was de-
veloped in the research project Universal Power Switch 
(UPS). There the mechanical switching chamber and 
the power electronic of HUPS were connected to real-
ize the hybrid switchgear concept. Due to new refer-
enced requirements of SMS-II the concept was im-
proved on the basis of UPS for the application in SMS-
II. The switch-off performance of the mechanical 
switching chamber of the HUPS in short circuit current 
faults is investigated and the results are shown in [9] 
and [10]. In Figure 2 the construction of the HUPS is 
shown. The detection unit verifies, whether an arc is 
existing. In case of an arc the control unit is enabled. 
The performance data of the HUPS are given in Ta-
ble 1. In Table 1 is given, that the maximum switching 
capacity of the power electronics is 600 A. The mini-
mum current to guarantee the full function of the me-
chanical switching chamber is > 400 A. In this case the 
power electronics is the switching element if 
0 A < I < 600 A and the mechanical is active if I > 
600 A. Finally, there is an adequate overlap considered 

Fig. 2 Construction design of the HUPS [9]: 
a.) Circuit diagram HUPS 
b.) 3D-Model of the HUPS switch part S1   

 
Parameter Value 
Nominal voltage UN 500 V DC 
Nominal current IN 100 A 
Switch off capability 3 kA, UN = 550 V, 

τ = 1 ms 
Polarity Bidirectional 
Contact resistance < 400 µΩ 
Contact Material AgSnO2 
Actuator delay time Max. 28,23 ms 
Plasma ejection observed  
Hybrid switching limit Max. 600 A (bidirectional) 
Over voltage protection Varistor (1 mA, 510 V) 

Table 1: Performance data HUPS 
 
The actuator delay time is defined as the time delay be-
tween setting the switching command until the first ac-
tuator movement. 

2.1.2 High Voltage Relays 10 

The High Voltage Relay 10 (HVR10) was developed 
by the project partner Elektro Technische Apparate (E-
T-A), it has only a power electronic switch. The 
HVR10 is currently tested in the 1kV SMS-II DC-Grid. 
The mounted mechanical switching chambers only 
provide the commutation process (S1), ensure the gal-
vanic disconnection in the currentless state (S2) and 
ensure the efficient current flow (S1), when the con-
tacts are closed (Figure 3). The mechanical switches 
are not able to switch currents in the SMS-II DC-Grid. 
The detailed performance data are in given in Table 2. 
 
 
 

a.) 
 
 
 
 
 
 
 
        

 
b.) 
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Parameter Value 
Nominal voltage UN 1000 V DC 
Nominal current IN 300 A 

Switch off capability 1 kA, UN = 1000 V, 
τ = 0,3 ms 

Polarity Bidirectional 
Contact resistance 359,39 µΩ 
Contact Material AgSnO2 
Actuator delay time Max. 8,14 ms 
Plasma ejection Not observed  
Hybrid switching limit Max. 1000 A (bidirec-

tional) 
Over voltage protection Varistor (1 mA, 1200 V) 

Table 2: Performance data HVR10 

2.2 Test setup 

The switch-off investigations to optimize the deter-
mined hybrid topology (see Fig. 1) are conducted in the 
DC laboratory of the TU Braunschweig. In Figure 4 
the electrical circuit is given.  
 

Instrument Data 
Transient recorder HBM Gent3 
Measurement  
satellite 

HBM HV6600 

Probe (DC-voltage) Tek P5100 100x 
Probe (arc voltage) PMK PHV 100:1 
Shunt (Itotal) HILO TEST ISM 200/0,25 mΩ 
Shunt (PE current) HILO TEST ISM 50/5 5 mΩ 
Linear potentiome-
ter 

Novotechnik T75  

Table 3: Measurement equipment 

The test setup supplies a maximum voltage of 
561 V(RMS) and a maximum current of 4,6 kA(RMS). 
Different AC voltage levels can be adjusted with the 
transformer windings on the secondary stage. The fir-
ing angle of the rectifier is α = 5°. With the adjustable 
components R and L the test current and time constant 
can be varied. The switches Q2 and Q3 are used to start 
and stop the experiments. The performance data of the 
applied measurement instruments is shown in Table 3. 
The sampling rate was 1 MS/s.  
In Figure 5 the measurement equipment of table 3 is 
assigned to the measurement positions. 

3 Determination of the Optimi-
zation potential 

3.1 Design of Experiments 

The determination of the optimization potential is 
based on the comparison of the HUPS and the HVR10 
in all operating modes of DC- Grids. The open circuit 

a.) 
 

 
 
 
 
 

 
 

 
b.) 
 
 
 
 
 
 
 
 

 
 

 
Fig. 3 Construction of the HVR10: 

a.) Circuit diagram HVR10 
b.) Photograph of the HVR10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 Diagram of the DC laboratory 
 

 
 
 
 
 
 
 
 

 
Fig. 5 Measurement equipment assigned to the 
measurement positions 
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test voltage in all investigations is 500 V. Investiga-
tions in the 1 kV SMS-II test grid show, that short cir-
cuit currents do not exceed 600 A, when the system 
power is limited to 150 kW [11]. The conclusion that 
fault currents in the given DC-grid will be switched ex-
clusively in hybrid mode is in a first approach allowed. 
Therefore, high short circuit currents in the kilo ampere 
range are no part of this research. The 10 A test sce-
nario represent the part load operation mode. The 
100 A test current represents the nominal operation 
mode in DC-Grids. The 400 A and 600 A tests repre-
sent the overload and the beginning of the short circuit 
current range. The ohmic-inductive time constant is 
chosen in orientation to Koepf and Boesche [12, 6]. 
The reliability of the statistical analysis is secured with 
ten measurements each test case. The complete design 
of experiments is given in Table 4. 
 

Prospective test current 
IP in A 

Time constant  
τ = L/R in ms 

10 0, 1 
100 0, 1, 3 
400 0, 1, 3 
600 0, 1, 3 

Table 4: Design of experiments 

3.2 Results and Comparison 

In Figure 6 a switch-off oscillogram of the HUPS is 
given. The displayed measured values are given in the 
circuit diagram of Figure 5. The current interruption 
process is divided in five phases, which are described 
in Figure 6. The phases are connected with following 
transition effects (see Table 5):  
 

Transition Effect 
I-II Arc formation 
II-III Switch on PE 
III- IV Switch off PE 

IV-V Complete dissipation of the inductive en-
ergy 

Table 5: Transitions effects 
 
The switch-off oscillograms of the HVR10 can be clas-
sified with the same procedure. 
Based on the oscillorgram different properties of the 
switch-off process are analysed to determine the opti-
mization potentials. Properties are the maximum arc 
voltage, arc power, arc and PE energy consumption and 
the switch-off time (SOT). In Figure 7 the SOT and 
their subdivisions are displayed. The actuator DT is ex-
cluded. The HVR10 interrupts the current in all test 
cases faster than the HUPS. The differences are also 
visible in the colorized subdivisions. The conductivity 
time (Phase IV) of the varistor of HUPS is in all inves-
tigations longer. The reason is given in the different 
varistor properties of the HUPS and the HVR10 (Table 
1 and 2). The varistor of the HVR10 dissipates the in-

ductive energy faster. Within the phases II-III the fol-
lowing discrepancies were found. The duration of 
phase II of the HUPS is 2,5 ms. In comparison the pe-
riod of phase II of the HVR10 is only few micro sec-
onds. The reason is the difference of the power supply 
of the switchgear control unit. The HVR10 uses an ex-
ternal 24 V power supply. In contrast the HUPS uses 
the arc energy [5]. The inductive coupling and energy 
transmission cause the time difference. Furthermore, 
the parallel mechanical switch S1 of HVR10 is a double 
breaker. In consequence the necessary commutation 
voltage is reached earlier. The duration of phase III is 
determined of the minimum deionization time (DI) of 
the parallel switch S1. Arc restrikes caused by the die-
lectric stress in phase IV have to be avoided. The de-
ionization process is currently a subject in different 
switchgear projects. The power electronic on-time of 
the investigated switchgear is predefined and obvi-
ously higher than the DI. The DI of the HVR10 is 
1,2 ms and of the HUPS is 1,29 ms. Finally, there is a 
further discrepancy between the switchgear, but simul-
taneously an optimization potential, too. The differ-
ences summed up result in a difference in the SOT of 
4 ms. The last and powerful difference is the actuator 
DT. The HVR10 show an actuator DT of 8,14 ms and 
the HUPS a time of 28,23 ms, all previous mentioned 
differences and optimization potentials have a small 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6 Switch-off oscillogram HUPS; IP = 600 A, 
UDC = 460 V, τ = 1 ms 

 
 
 
 
 
 
 
 
 
 

 
Fig. 7 Comparison of the switch-off time 
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impact in comparison to the actuator DT. The reduction 
of the actuator DT has the highest optimization poten-
tial. 

4 Development and investiga-
tion of an actuator prototype 

4.1 New Actuator and functional con-
cept 

Thomson coil actuators are fast actuators, their appli-
cation in switchgear is introduced in [13]. The concept 
enable high accelerations and low DTs. In contrast to 
the referenced publication, there is no attempt to design 
a new actuator, instead the application of the principle 
to already existing actuators should be clarified. In Fig-
ure 8 the test setup for actuator tests is shown. The de-
velopment is performed in orientation to [13].  

 
In Table 6 the functional principle is presented.  

Process step Action 
I All switches and IGBT open 

Charging of Csource to the test voltage 
II IGBT turned on 

Discharge of Csource to the DUT 
DUT is active 
S2 is moved 

III IGBT turned off 
Varistor active 

IV All switches open 
Grounding of the test setup with Sdis 

Table 6: Functional principle of the actuator test setup 
 
The test set up enables different actuator voltages. The 
actuator is determined from the difference between the 
control signal to the IGBT and the change of the arc 
voltage Uarc. It should be mentioned, that the output 
current of the source Q2 is limited to 0,1 A. In conse-
quence the influence of arc effects in the switchgear S1 
can be neglected.  
Different available actuator types were investigated in 
the test setup. In Figure 9 a comparison of two actuator 
types is given. The DT of both actuators are plotted 
over the actuator voltage. The actuator of the HVR10 

is a bistable actuator. The actuators only consume en-
ergy during the position change process. The steady po-
sition is ensured with a magnetic circuit. Details are 
given in [14]. The actuator of the right diagram in Fig-
ure 9 is a solenoid actuator. The open position is held 
by a return spring. For the movement and to hold the 
closed position of the actuator energy is necessary.  
The DT of the actuator of HVR10 is shortest at 24 V, 
which corresponds to the nominal drive voltage. 
Higher and lower voltages result in longer DTs. Volt-
ages higher than 35 V cause a dielectric failure in the 
insulation. In comparison the DT for the solenoid actu-
ator decreases with increasing actuator voltage. The 
maximal dielectric strength is reached at 160 V. The 
conclusion that solenoid actuators show the best prop-
erties under high actuator voltages and high actuator 
pulse currents to reduce the DT is valid.  

4.2 Investigation of the actuator delay 
time and velocity  

Based on the result of 4.1 a solenoid actuator with a 
higher dielectric strength is chosen. In Table 7 the 
properties of the tested actuator are given.  
 

Parameter Value 
Dielectric Strength 1000 V (VRMS) 
Nominal actuator  

voltage 24 V 

Coil Resistance 36,9 Ω 
Windings 2680 

Table 7: Properties solenoid acutator-282367-027 
Ledex [15] 
 
In Figure 10 the implementation of the new actuator is 
shown. 

 
 
 
 
 
 
 
 
 
 

 
Fig. 10 Implementation of the new actuator in the 
existing HUPS arrangement  

 
 
 
 
 
 
 
 
 
 

 
Fig. 8 Actuator test setup 

 
 
 
 
 
 
 
 

 
Fig. 9 Comparison of two actuator types 
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The switchgear actuator combination is connected to 
the actuator test circuit (Figure 8). The actuator delay 
is investigated under different actuator voltages. In 
Figure 11 the results are displayed.  

 
Based on the mentioned fact, that arc effects can be ne-
glected in the given actuator test setup, the initial open-
ing marks the start of the contact movement. Further 
on, the DT for a travel of 0,2 mm is visualized, because 
that opening distance is necessary to generate a suffi-
cient arc voltage to activate the PE and guarantee the 
commutation process of the HUPS. The travel 12,6 mm 
is equal to 90 % of the maximum lift. The 90 % travel 
is chosen, because the measurement signal of the linear 
potentiometer is overlaid with mechanical ocszillations 
in the end position. The 90% measuring point ensures 
comparable results. The results show that the DT de-
creases in all analysed positions with increasing volt-
ages. The rate of change reduces in the range of higher 
voltages. Therefore, actuator voltages higher than 
600 V are not investigated. Finally, the new actuator is 
successfully implemented in the switchgear and the ad-
vantage of the optimization are validated. The new ac-
tuator is faster than the actuators of HVR10 and HUPS 
in Chapter 2. The mentioned DTs in Chapter 2 corre-
spond to the measuring curve initial opening of Figure 
11. The new actuator is five times faster than the 
HVR10 and almost twenty times faster than the pneu-
matic actuator of the HUPS.  

5 Investigation of the switch-off 
performance 

5.1 Selection of the appropriated ac-
tutator parameters 

In this chapter the impact of the new actuator to the 
switching performance is presented. First the appropri-
ated actuator parameters are declared. As mentioned in 
the previous chapter the rate of change is reduced for 
high actuator voltages. Therefore, the actuator voltage 
is set to 500 V. The DT is only 0,2 ms higher compared 
to 600 V actuator voltage. 500 V are chosen, because 

the supply of the actuator out of the grid is possible. In 
Figure 12 a proposal is given. 

 
The dotted line frame reprensents the DC-Laboratory 
shown in Figure 4. The Diode D prevents that the Ca-
pacitor CSource injects a current in the fault current, 
which was detected in the DUT. The actuator, the IGBT 
and Varistor have the same function as shown in Figure 
8. Finally, that equivalent circuit diagram is a proposal 
and is not tested yet. The principle is probably applica-
ble to all DC-Grids. The requirement is, that the grid 
voltage does not exceed the dielectric strength of the 
actuator. Therefore, in this publication 500 V actuator 
voltage is chosen.  

5.2 Investigation of the switch off be-
haviour 

The test currents are 100 A and 600 A with ohmic-in-
ductive time constants of 0 ms and 3 ms. The 10 A 
study is excluded. The arc sometimes extinguished 
caused by energy consumption of the control electron-
ics. The function of the control electronics is described 
in 2.1.1. The 400 A test is neglected, because the as-
sumption was made, that if the 100 A and 600 A tests 
are successful the 400 A test is probably, too. Finally, 
the nominal current (100 A) and the maximum hybrid 
switch capacity (600 A) are determined.  
In Figure 13 a switch-off oscillogram of the HUPS 
with the new actuator is given. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 13 Switch-off oscillogram HUPS with new ac-
tuator; IP = 600 A, UDC = 460 V, τ = 3 ms 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11 Investigation of the actuator DT of the new 
solenoid actuator 
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Fig. 12 Proposal of a direct supplement of the ac-
tuator out of the DC  
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The HUPS in addition with the new actuator inter-
rupted the shown test load and all other test loads suc-
cessfully. The mentioned phases of the hybrid switch-
ing process exist and are visible (Table 5). In Table 8 
the means of the maximum arc voltages and the arc and 
PE energies of all test cases are summarized.  
 

Table 8: Means of Earc, EPE and Uarcmax 

 
The arc energies of the 100 A investigations are similar 
and independent of the time constant. The difference of 
the arc energies within the 600 A investigations is al-
most 10%. That is caused by a floating potential inside 
the control electronics. After the investigations the root 
cause of the difference is solved. The energy consump-
tion of the power electronics and the varistor is increas-
ing with rising currents and time constants. Further-
more, the voltage increases due to the reasons men-
tioned above. Finally, it can be noted that the 
implementation of the new actuator is functional. 

5.3 Comparison of the Hybrid Switch-
gear topologies 

In the previous section the successful implementation 
of the new actuator concept is shown. In this section 
the comparison of the new results with the previous re-
sults of Chapter 3.2 is shown. In Figure 14 the SOTs 
in connection with the DTs are compared. 

The HUPS with the new actuator is marked with the 
abbreviation HUPS_act. The HUPS_act is the here 
tested fastest switchgear. The main impact is the short 
DT. The time Phase: II-IV of the HVR10 is the shortest 
in all test cases. Especially the divergence is evident in 
the ohmic-inductive investigations. The main reason is 
the different varistors used. Finally, the objective is to 
shorten the DT and in order to reduce the whole inter-
ruption time. The comparison shows that this intention 

is successfully realized. Simultaneously it has to be 
recognized that there is no positive influence to the hy-
brid switching process (Phase I-V). The influence is 
shown in Figure 15.  

The figure comparing the section times of the HUPS 
and HUPS_act during the current interruption. The DT 
is neglected in the figure. The comparison shows that 
the HUPS interrupts the current faster than the 
HUPS_act. The case 100 A and 3 ms is an exception. 
The case is part of ongoing research. In all test cases it 
is recognisable, that the arc time of the HUPS_act is 
longer in comparison to the arc time of the HUPS. The 
reason of the difference is visible in Figure 16 and 
marked with the numeration 1.  

The phase II is extended in the zoom window. The arc 
voltage of the HUPS and arc voltage of the HUPS_act 
are visible. The arc voltage of the HUPS rises faster. 
Therefore, the HUPS reached phase III earlier, because 
the condition is an arc voltage above 15 V. The 15 V 
condition is marked with the red vertical lines in the 
zoom window. The different rising speeds are caused 
by the different initial speeds of the actuators. The ini-
tial actuator speed of the HUPS is higher in comparison 
to the HUPS_act. The initial speed of the in the 
HUPS_act tested solenoid actuator is lower, because 
the active force is small with extended anchor [15]. In 
consequence of the different arc time the energy entry 
is also different. The second reason for the elongated 
SOT, which based on the described phenomenon is the 

Test case Earc  
in J 

EPE + Var  

in J 
Uarcmax 
in V 

100 A, 0 ms 1,91 1,47 804,74 
100 A, 3 ms 1,87 100,05 823,37 
600 A, 0 ms 9,60 32,40 861,64 
600 A, 3 ms 10,44 593,74 917,61 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 14 Comparison of the SOTs and DTs 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 15 Comparison of the section times HUPS 
and HUPS_act 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 16 Comparison of Phase I-V in an osclillo-
gram IP = 100 A, UDC = 460 V, τ = 0 ms 
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difference in the minimum PE on-time. The section and 
the on-times are marked with 2 in Figure 13. The PE 
minimum on-time to avoid arc restrikes of the 
HUPS_act is 1,01 ms. The PE on-time of the HUPS is 
0,25 ms shorter. As also mentioned the reason is the 
lower energy entry. Remarkable is that the relation of 
the times which is needed to reach the 15 V and the PE 
on times is the same. In both cases the relation is 0,75. 
The correlation has to be investigated detailed in fu-
ture. Finally, the two delays extend the SOT of the 
HUPS_act. In Table 9 the advantages and the disad-
vantages of the new actuator are summarized.  
 

Table 9: Dis- and advantages of the new actuator 

6 Summary and Outlook  

The publication presents a method to optimize a hybrid 
circuit breaker. The approaches and results are given 
and explained. The comparison of two hybrid switch-
gear show, that the highest optimization potential is the 
improvement of the actuator delay time. The applica-
tion of the thomson coil principle to solenoid actuators 
show a remarkable reduction of the delay time. The 
short delay time reduces the overall interruption time 
as shown in the switch off performance investigations. 
Nevertheless, it must be noted that there are disad-
vantages. The higher power electronic on time and the 
lower initial velocity are detected in the switch off os-
cillograms. Simultaneously these points are new opti-
mization potentials, which are investigated in future. 
Further on, a procedure to determine the minimal nec-
essary power electronics on time effectively and the 
connection of the actuator speed and the power elec-
tronics on time will be investigated. Finally, all optimi-
zation potentials and new findings should be consid-
ered in the design process of the 3 kV switchgear of 
SMS-II. 
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Abstract 

This paper discusses hybrid switching technology in general and the practical implementation in particular. A novel 
low voltage DC hybrid circuit breaker (HCB) and its components are introduced. The HCB is rated for up to 
100 A / 700VDC and can interrupt currents with a rise rate up to 5 A/µs. Particular attention was given to the 
power stage of the HCB including the ultra-fast bypass relay and the semiconductor switch. Its design considera-
tions are discussed. The mechanical construction of the bypass relay and the current commutation process from 
the bypass relay to the semiconductor switch are emphasized. Short circuit interruption and selectivity test results 
which were performed at an industrial DC model installation in the course governmental funded DC-Industrie 
project are discussed.  

1 Introduction 
Several pilot projects and plants in the field of industry, 
infrastructure and commercial building showed suc-
cessfully that the utilization of DC micro grids has pro-
gressed beyond the nursery stage [1], [2], [3]. The ben-
efits compared to AC are obvious: improved reliability 
due to easier implementation of distributed energy gen-
eration such as photovoltaics (PV), chemical storage 
and capacitors; improved efficiency due to elimination 
of rectifiers on every single appliance and simple use 
of energy recuperation; cost savings due to reduced 
conductor cross section (higher nominal voltage, no re-
active power losses), and enhanced flexibility due to 
micro energy management control. Energy manage-
ment demands monitoring and remote-control func-
tions which traditional electromechanical circuit break-
ers, do not provide or only at prohibitive costs. The 
time has therefore come for new concepts for switching 
and protection devices. There are basically two tech-
nologies known that meet these requirements: solid 
state switching and hybrid switching. The paper focus-
ses on the hybrid switching technology. 

2 Hybrid Switching Technology 
The hybrid switching technology has already been 
known for a long time [4] but has been limited to indi-
vidual concept studies, prototypes and special applica-
tions. Due to the evolution of power semiconductor 
technologies regarding reduced power losses, in-
creased current carrying capacity, as well as reduced 
size and cost, hybrid switching becomes attractive 
from a commercial point of view.  

2.1 Introduction to hybrid switching 
Basically, a hybrid switch or hybrid circuit breaker is 
made up of an electro-mechanical relay connected in 
parallel with a semiconductor switch such as IGBTs 
and, MOSFETs. The basic schematic of such a hybrid 
switch is shown in Figure 1. Besides the electro-me-
chanical relay – hereafter called bypass relay –, the 
semiconductor switch and the overvoltage protection 
device, a galvanic separation relay is connected in se-
ries to establish isolation between line- and load-side if 
required. 
 

 
During normal on-state operation both relays are 
closed, and the semiconductor is switched off so that 
the load current flows via the mechanical contacts. 
Only during switching the semiconductor takes over 
the load current. At switch-on operation the semicon-
ductor is switched on first, taking over the current flow. 
Subsequently the bypass relay is closed, and the cur-
rent commutates to this parallel branch avoiding elec-
trical stress on the contacts; the semiconductor is 
switched off once the bypass relay is closed. 

Fig. 1 Basic schematic of a hybrid breaker. The cur-
rent I1 to I4 correspond to the total current through the 
hybrid breaker, current through bypass relay, current 
through semiconductor switch and current through 
overvoltage protection device as shown in Figure 2. 
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However, at switching off operation the situation is dif-
ferent, especially at fault (overload and short circuit) 
condition as indicated in Figure 2 Here, the current 
through the hybrid circuit breaker I1 and its compo-
nents (I2 -I4) as well as the voltage across the hybrid 
breaker (U1-U2) are shown. Assuming the breaker is in 
on-state and is to be switched off due to a short circuit 
event. At the beginning the nominal current flows via 
the bypass relay with its contact resistance of about 
100 µΩ to 200 µΩ. Therefore, the voltage drop across 
the breaker is very small. At t1 a short circuit event oc-
curs, the current increases rapidly with a rise rate de-
pending on the internal and line inductance (one to 
double-digit A/µs). For DC applications, due to the re-
sistive-capacitive nature of DC grids, an additional in-
ductance (air coil) is usually connected in series to the 
hybrid switch/breaker to limit the rise rate of the cur-
rent to a maximum allowable limit. The current still 
flows via the contacts of the bypass relay and is limited 
by the external and internal line impedance as well by 
the contact resistance only. A certain time period (t1 – 
t2) is needed to analyse the current, whether there is a 
fault event (short circuit or overload) or a transient 

(short term) inrush current event. The breaker shall 
only interrupt for fault events. If a short circuit is de-
tected (t2) the bypass relay driver applies a trigger sig-
nal to the relay. Since the bypass relay is an electro-
mechanical system it is subject to intrinsic delays due 
to mass inertia of moving parts. Hence, the contact 
bridge of the relay starts to move a certain delay time 
(t2 – t3) after being energized. At the same time (t2) the 
semiconductor is switched on. Because the On-re-
sistance RON of the semiconductor is approx. 10 – 1000 
time higher than the resistance of an electromechanical 
contact, almost the whole current flows via the contacts 
of the bypass relay during this period. RON depends 
mainly on the semiconductor technology, the max. al-
lowed supply voltage and the number of parallel con-
nected semiconductor devices. 
The contacts of the bypass relay eventually separate 
(t3), and a molten metal bridge is drawn between them 
[5]. This bridge represents an additional serial re-
sistance so that the voltage across the bypass relay in-
creases. As the bridge is elongated further it becomes 
unstable. At the moment of bridge rupture an arc is 
formed, and the cathode-anode-fall voltage is added to 
the voltage across the bypass relay [6]. The commuta-
tion of the current from the bypass relay to the semi-
conductor becomes significant once the voltage across 
the relay (i.e. the arc voltage Uarc) is in the same order 
of magnitude as the voltage drop caused by the On-re-
sistance (saturation voltage).  
Between times t4 and t5 the full current flows via the 
semiconductor and the contacts of the bypass relay sep-
arate further. Once the contacts have gained a sufficient 
distance (t5) to establish the necessary dielectric 
strength to avoid a dielectric break down caused by the 
recovery voltage, the semiconductor is switched off. 
The current commutates to the overvoltage protection 
device which can be a MOV (Metal-Oxide Varistor) or 
a TVS (Transient Voltage Suppressor) diode. It limits 
and dissipates any overvoltage originating from energy 
stored in line and stray inductances. Finally, after the 
current was driven to zero, the galvanic separation re-
lay opens and establishes isolation between the line and 
the load side. This sequence is also performed at nor-
mal switch-off operation. The switch-on sequence is in 
reverse order, meaning the galvanic separation relays 
are closed first (current-less). Afterwards the semicon-
ductor is turned on so that the load current flows. At the 
same time the bypass relay is switched on, but due to 
the mass inertia it takes some time before the current 
commutates to the relay. 

2.2 Practical implementation 
The practical implementation of the hybrid switch as 
depicted in Figure 1 (excluding the galvanic separation 
relay) is shown in Figure 3. It features the bypass relay 
placed on top of the IGBT module and two MOVs con-
nected sideways next to the relay. This assembly unit 
shown, hereafter called power stage, was designed for 
DC application with rated voltages of 650 VDC, rated 

Fig. 2 Typical current-voltage waveforms of a hy-
brid circuit breaker during switch off operation. Here, 
t1 indicated the start of the short circuit, t2 is the detec-
tion time, t3…start of commutation, t4…end of com-
mutation, t5…semiconductor switches off, t6…short 
circuit is cleared 
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currents up to 45 A and a maximum allowed current 
rise rate of 5 A/µs. This corresponds approximately to 
a 50 Hz sinusoidal short circuit current of 15 kA peak. 
It is also applicable to 230/400 VAC. 
 

 
Special care must be taken when designing the me-
chanical and electrical parallel connection of the IGBT 
module, bypass relay and MOV about minimizing the 
loop inductance since this determines the commutation 
time [7]. Therefore, the bypass relay was mounted di-
rectly on the output terminals of the IGBT module and 
the MOVs were connected to it with the shortest 
achievable lead lengths in order to minimize the area 
of the commutation loop. 
The limiting factor of this hybrid switching technology 
to be applicable for circuit protection is the maximum 
current carrying capacity of the bypass relay and the 
maximum forward surge (on-state) current (IFSM) of the 
semiconductor switch during short circuit condition. It 
is directly related to the switch-off time (t1 – t5, see Fig-
ure 2). The faster the breaker can be switched off, the 
lower is the current at switch-off.  
The fault detection time (t1 – t2) can be reduced to a 
limited extent only, because a certain time is needed to 
analyse the current characteristics in order to distin-
guish between an inrush current and a short circuit 
event. Otherwise misinterpretation will lead to nui-
sance tripping. 
The contact opening time (t2 – t5) of the bypass-relay 
has the most significant impact on the IFSM of the sem-
iconductor. It depends mainly on the mechanical de-
sign of the bypass relay. Since commercial relays with 
the required nominal current and voltage reach at best 
a minimal contact opening time of greater than 5 ms, 
which is too slow to be used for hybrid switching, a 
new superfast bypass relay design, capable of fully 
opening its contacts within 500 µs, was developed. 

2.2.1 Bypass Relay 

The bypass relay was designed not only to carry the full 
nominal current of up to100 A but also temporary over-
loads according to the IEC60898-1 tripping character-
istic B and C. Therefore, an appropriate contact area 
and contact forces had to be considered for its design. 
On the other hand, the mass moment of inertia of the 
moving part (armature, contact bridge) was minimized 

to maximize the contact opening speed and thus de-
crease the contact opening time. A rotational symmet-
ric design of the contact bridge is the most appropriate 
choice as illustrated in Figure 4. It shows a double 
break system with two contacts per pole in a) closed 
and b) open position. The relay was designed as a mag-
netically latched, bi-stable system, meaning that no en-
ergy is needed to keep the relay in the two stable end 
positions (on/off). Only during the switching process 
power is needed, thus saving energy and reducing the 
relay temperature. In a first step a bypass relay with a 
nominal current of 45 A was developed and tested. In 
a second phase a 100 A relay was developed. Due to 
the higher current carrying capacity, the contact bridge 
was designed in a more massive way. Thus, the contact 
opening time increased to 320µs compared to 200µs of 
the 45 A relay. 

It was also designed to allow a high number of electri-
cal switching cycles, a necessary feature for every-day 
power switching in a power management application. 
The general requirements of the bypass relay are listed 
in Table 1. 
 

Parameter Value 
Nominal voltage 400VAC/700VDC 
Nominal current 45 A 100 A 
Contact resistance < 200 µΩ 
Delay time  < 200 µs < 325 µs 
Contact opening time < 320 µs < 500 µs 
Electrical lifetime @ In > 10000 cycles 
Mechanical lifetime > 100000 cycles 

Table 1: Technical specification bypass relay 
 
To demonstrate the superfast contact opening, the con-
tact bridge movement as a function of time is shown in 
Figure 5. Here, the coils of the relay are energized at 
𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡µs. After a delay time of about 190 µs the con-
tacts start to separate. This time is needed for accelera-
tion of the moveable masses and to overcome the over-
travel of the contacts. The distance needed to establish 
the required dielectric strength of 1 mm total contact 
gap (0,5 mm per pole) is reached at 𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡µs (i.e. 
the contact opening time). An overshoot of about 37% 

IGBT module 

Bypass relay  

MOV 

Copper 
lead 

Fig. 3 Practical implementation of the hybrid switch

stationary 
contact 

stationary 
contact 

contact 
bridge 

b) a) 

Fig. 4 Mechanical layout of the bypass relay a) in 
closed position and b) in open position 
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in respect to the contact end position of 0,7 mm can be 
observed. The contact motion is not axially symmetric, 
as indicated by the two different gap measurements. 
This is because the pivot point of the armature is not 
rigidly mounted. The average opening speed of the 
contacts was 4.5 m/s during the first 200 µs after con-
tact separation (from t = 200 µs to 400 µs). First elec-
trical endurance tests (acc. to EN60947-2) reveal that 
the delay time remains stable at (200 ± 10) µs for the 
entire life time of 10000 switching cycles. As the delay 
time critically influences the short circuit behaviour, 
these results also indicate a stable interruption capabil-
ity over the observed life time. 
 

 

2.2.2 Semiconductor Switch 

Since this hybrid switching technology requires the 
semiconductor to be activated during the switching 
process only, focus in selecting the semiconductor 
technology was put on the surge current carrying ca-
pacity rather than on the on-state resistance/losses. 
Thus, the IGBT technology is the most appropriate 
choice. An IGBT module from Semikron [8] was se-
lected. It is not only more tolerant against overloads but 
also features a higher collector-to-emitter voltage, re-
quired for future-proof DC applications (up to 1400V), 
compared to power MOSFETs. The schematics of the 
module in Figure 6 shows two Trench IGBTs including 
fast, soft freewheeling diodes connected back-to-back. 
It can be used in AC grids as well as in DC grids with 
interconnected prosumers (feed & back-feed). 

2.2.3 Current commutation 

The process of current commutation from the bypass 
relay to the IGBT is shown in Figure 7. The short cir-
cuit is initiated at 𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡𝑡ms. The current increases 
with a rate of approximately 5 A/µs and is mainly car-
ried by the bypass relay. The IGBT is already switched 
on. At 𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡ms commutation takes place. The cur-
rent is transferred to the IGBT. For another 100 µs the 
IGBT carries the full short circuit current before it is 
switched off. The peak current, the IGBT was sub-
jected to, was about 1700 A.  

 

 
A detailed view of the commutation process at t ≈ 3 ms 
is shown in Figure 8. Additionally, to the currents 
through the bypass relay and the IGBT, the voltage 
across the hybrid power stage is illustrated. The sepa-
ration of the first contact pair occurs at 𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡𝑡ms 
indicated by the step in the voltage across the power 
stage of about 10 V. This voltage step marks the start 
of commutation. The current through the relay de-
creases simultaneously with increasing current through 
the IGBT. Such a voltage step after contact separation 
usually represents the ignition of an arc and is mainly 
caused by the cathode- and anode-fall voltage [9]. Ac-
cording to literature, the expected cathode-anode-fall 
voltage at a given contact material (here Ag) is between 
18 to 20 V [10]. This is almost double the measured 
voltage step of 10 V. Therefore, an arc phenomenon ap-
pears unlikely at present. Another explanation of the 
voltage step may be a molten metal contact bridge 
drawn between separating contacts. The voltage drop 
then depends on the boiling voltage of the contact ma-
terials involved. 
However, the voltage stays relatively stable for about 
1 µs. An elongating contact bridge would cause voltage 
increase due to increasing length of the bridge with 
simultaneous decrease of the bridge cross section re-
sulting in a continuous increase of the bridge resistance 
and voltage drop respectively.  

Fig. 5  Contact opening of the bypass relay 

Fig. 7 Schematics of the IGBT module 

Fig. 6 Current commutation at a short circuit inter-
ruption 
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Whether the elongation of approx. 4,5 µm within this 
1 µs period has an influence on the bridge resistance or 
an arc phenomenon causes the step voltage will be part 
of further investigations. The second contact separation 
can be observed 1 µs after the first, indicated by an-
other voltage step of about 10 V. Again, the voltage re-
mains relatively stable at about 22 V for 5µs. Due to 
the increased voltage across the power stage, the slew 
rate of the currents increases, accelerating the commu-
tation. It is mainly limited by the loop inductance of the 
power stage. At 𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡ms the commutation is 
completed. The total commutation time is 7 µs. 

3 Hybrid Switching Technology 
The Hybrid circuit breaker was designed for up to 
45 A/700 VDC. The block diagram of the complete hy-
brid circuit breaker (HCB) is shown in Figure 9. The 
power stage connected in series with a monostable gal-
vanic separation relay protects the plus pole against 
overload and short circuit events. The minus pole pro-
vides galvanic separation by a monostable relay only. 
The relays and IGBT module are controlled via ade-
quate divers by a processing unit. It also controls the 
user interface (display and operating elements) and the 
communication interface for remote control. A fault de-
tection unit identifies abnormal grid conditions and 
switches off the breaker accordingly. The external 
powered power supply generates the different required 
voltage levels. 
Like a conventional low voltage circuit breaker, the 
HCB primarily serves to protect electrical power sys-
tems in the case of fault event. Besides the overload 
and short circuit protection with adaptive and current 
depending tripping characteristic, it features also un-
dervoltage (< 400 V) and overvoltage (> 800 V) pro-
tection. Due to the hybrid switching concept the HCB 
allows an improved switching behaviour compared to 

state-of-the art electromechanical circuit breaker de-
signs (e.g. 10000 operations under load). After further 
system optimizations it could possibly exhibit a con-
tactor-like switching function at nominal current.  
 

 
The complete assembled hybrid circuit breaker is illus-
trated in Figure 10. Here, only the IGBT module of the 
power stage can be seen because the bypass relay is 
covered by the IGBT. Two isolation relays for galvanic 
separation, the electronic PCBs of the power supply, 
measurement unit and micro controller are shown as 
well. On the top of the housing a manual ON/OFF 
switch and a display, can be found. 
 

 

The top view of the hybrid breaker is given in Figure 
11. It has two dedicated power connectors, one for the 
DC bus and one connected to the load. The current 
flows, indicated by the dashed red line, from the bus 
connector via the current measurement shunt, the 
power stage and the isolation relay to the load con-
nector. At the minus pole only, the current flows from 
the bus side via the galvanic separation relay to the load 
side (indicated by the solid black line). 

Fig. 9 Block diagram of hybrid circuit breaker 
(HCB). Fig. 8 Detailed view of the current commutation 

Fig. 10 Hybrid circuit breaker 
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4 “DC-Industrie” 
The development of the hybrid circuit breaker was part 
of a German governmental funded project called “DC-
Industrie” where about 20 companies and research in-
stitute joined forces to establish an open DC-Grid con-
cept for industrial facilities. Goal of the project was to 
demonstrate smart DC-grids in industrial model appli-
cations which were previously powered by AC.  
Figure 12 shows the block diagram of the industrial 
DC grid. Devices and applications which form a logical 
unit are grouped to into load zones (LZ). A bidirec-
tional active frontend rectifier (LZ1) serves as link to 
the AC grid and provides a nominal system voltage of 
650 V on the DC bus side. Additional load zones are an 
electrical storage unit (LZ2), and different electric 
drives (LZ3 – LZ5). All load zones are connected to the 
DC bus via a so-called DC-branch. 

4.1 DC-branch 
The DC-branch combines the functionality of fault pro-
tection, load isolation, monitoring, communication and 
pre-charging. The detailed block diagram of the DC-
branch is shown in Figure 13. The fault protection, 
fault isolation and monitoring are taken over by the 
HCB. Communication is provided by the HCB in com-
bination with a ProfiNet gateway (not shown in the fig-
ure). A 140 µH inductance connected at the plus side of 
the bus limits the current rise rate to a maximum of 
4,6A/µs at 650V bus voltage. A manual service switch 
(required under IEC 60947-3) decouples the load side 
from the DC Bus in case of maintenance work.  
A pre-charging unit, consisting of a contactor and a 
PTC resistor (RV), charges back-up and input capaci-
tors of a load zone. If the bus voltage is reached, the 
hybrid breaker is closed bypassing the pre-charging 
unit and directly connecting the zone to the DC bus. A 
PLC (not shown in the figure) provides the sequence 
control of the pre-charging process. 

 

 
These DC branches have been developed in close col-
laboration with project partner Weidmüller [11], (pre-
charging, further measurement and communication 
functions). The circuit breaker functionality was pro-
vided by Eaton.  
 

 

 
The concept of the DC-branch enables full control of 
the DC production grid by a SCADA system allowing 
smart grid applications, such as real-time energy flow 
management, demand side management, load shading, 
identifying location and extent of power losses, outage 
prevention, condition- and performance-based mainte-
nance, to be implemented. 

Fig. 13 Block diagram of the DC branch 

Fig. 11 Top view of the hybrid circuit breaker 
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Fig. 12 Block diagram of the DC Industrie grid to-
pology [1] 
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4.2 Selectivity test  
By means of a model installation the selectivity perfor-
mance of the DC production grids shall be demon-
strated. The model installation is a woodworking ma-
chine from Homag [12] where all the drives were mod-
ified for DC operation. The block schematics of the 
model installation is shown in figure 12. A 50 kW AFE 
serves as a power feed (LZ1). In addition, a 21 kWh 
Li-NMC battery storage (LZ2) is connected to the DC 
bus. LZ3 represents a 15 kW spindle/drilling motor 
drive, LZ4 a 12 kW vacuum pump drive and LZ5 rep-
resents the CNC-axes drives (31 kW in total).  
A selectivity test is performed as follows: In a load 
zone, for example LZ4 (see Figure 12) a short circuit is 
intentionally created causing the corresponding DC-
branch (HCB) to interrupt the fault current. During the 
fault all unaffected load zones feed into the faulty load 
zone meaning that a rather high current can flow in re-
verse direction out of the load zone. Selectivity is 
achieved if a fault in the load zone LZ4, is cleared by 
the upstream DC-branch, while all other load zones re-
main unaffected. Figure 14 shows the voltages (upper 
graph) and currents (lower graph) measured at the DC 
branch of LZ1, LZ2, LZ3 and LZ4 during a selectivity 
test. No measurements were taken from LZ5. LZ4 is 
protected with a 20 A nominal current HCB. The pro-
spective short circuit current was set to 600 A (30 time 
the nominal current). The fault current in LZ4, indi-
cated by the red line in the lower graph, starts to flow 
at t0 and rises within 1,05 ms to 320 A. At that time (t1) 
the HCB clears the fault indicated by the drop of the 
current to zero within 65 µs. Note, that a current flow 
into a load zone is defined as positive whereas a current 
flow out of the load zone is defined negative. As ex-
pected, the major portion of the fault current originates 
from the AFE (LZ1) and the battery storage (LZ2). A 
negative current was measured at LZ3 (green line, 
lower graph) indicating a reverse current out of the 
zone, feeding the faulty zone. During this period (t0 – 
t1) the voltage in LZ4 decreases from initially 600 V to 
450 V. Afterwards, it decreases further due to the dis-
charge of the input capacitors. The voltage measure-
ment reveals that other load zone voltages were only 
influenced insignificantly by the fault event. A voltage 
drop of max. 10 % of the DC bus voltage (600 V) was 
observed. This result proves that selectivity is achieved 
because none of the other load zones were discon-
nected from the DC bus due to the fault event.  
In conclusion, in 80 % of the test cases selectivity was 
achieved. In other cases, the short-circuit current was 
60 times the nominal current of the HCB. It causes the 
DC bus voltage to breakdown below the minimum bus 
voltage of 400 V so that all load zones switched off due 
to undervoltage detection. This failure mode empha-
sized the importance of back-up capacitors with low 
internal inductance which are capable to stabilize the 
bus voltage by providing enough energy fast. 
  

5 Conclusion 
The results of the research clearly demonstrate the 
functionality and feasibility of an innovative power 
electronics-based circuit breaker with enhanced feature 
set. By using a hybrid switching approach with a dedi-
cated superfast bypass relay, which enables a current 
commutation to a power electronic switch in case of a 
fault and also provides low power dissipation during 
normal operation, an excellent DC switching behaviour 
could be proven. Integrated galvanic separation relays 
provide the required safety related functions needed for 
maintenance purposes. An off-the-shelf IGBT module 
was deployed for hybrid circuit breaker (HCB) proto-
types leaving room for future miniaturization efforts. 
The HCB prototypes have been implemented into a 
novel DC grid for industrial production/assembly ap-
plication at a bus voltage of 650 VDC. Testing within 
a dedicated demo-grid ensured that selectivity between 
different parallel load zones could be established in 
case of a fault at branch level, increasing the energy 
availability within the full industrial application. 
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Abstract 

The article presents the combination of a low-voltage fuse with a pyrotechnic switch in a compact design. Different 
circuit concepts will be discussed, and their scope of application demonstrated with the aid of simulations and 
experiments based on two sample arrangements. Besides having a passive over-current protective characteristic, 
both arrangements allow active triggering and fast disconnection. The protective behaviour of both variants from 
the over-current to the short-circuit range is described for purely passive behaviour and especially for active trig-
gering.  

1 Introduction 

The massive modification of power supply networks, 
which is currently underway among other places new 
demands on over-current protective devices. As numer-
ous power generators feed electricity into the grid, the 
flow of power in the distribution network is no longer 
just unidirectional, but frequently bidirectional. The 
source characteristics of numerous electricity genera-
tors and new regulating mechanisms for controlling 
power flow reduce short-circuit currents in the grid. 
Both effects influence the tripping conditions for over-
current protective devices in the power grid.  

Fuses have the advantage over switches of being 
smaller whilst possessing a very high short-circuit 
breaking capacity, strong current limitation as well as a 
corresponding low total clearing integral. Both, ambi-
ent temperature and the installation conditions are im-
pacting the tripping behaviour of fuses, especially un-
der small over-currents. This effect may yield to critical 
clearing times in modern networks with high content of 
renewables producing low short circuit currents. 
Koprivsek [1] proposed a short circuiter integral to the 
fuse to enhance the maximum fault current. However, 
this requires conventional networks with a high short-
circuit power. A summary of different approaches is 
provided in [2]. 

Switches, on the other hand, generally have the ad-
vantage that the over-current characteristics are easily 
adjusted and can be remotely controlled. However, in 
networks with active power control, the passive protec-
tive characteristic of over-current protective devices 
often only plays a role when this control function fails. 
This means that in such cases, similar to with high 
short-circuit currents, the one-off switching function in 
combination with external controllability is adequate. 

The design targets for our own concept of a simple 
“one-off switching device” for low-voltage applica-
tions (nominal voltage 230 V AC) were: 

a) high passive short-circuit breaking capacity 
b) full-fledged time/current characteristic of an 

over-current protective device 
c) additional external triggering feature with a 

disconnection time less than 30 ms 
d) high dielectric strength after disconnection 
e) high capacity to carry impulse current, espe-

cially lightning currents (25 kA 10/350 µs) 
f) nominal current up to approx. 250 A 

A simple series connection of a fuse and a switch was 
selected for the test arrangement. The switch is inte-
grated into the fuse.  

In the first experiments, this basic concept is examined 
in detail in two different test arrangements. The two 
test arrangements differ, especially with regard to the 
function and arrangement of the switches. 

2 Configuration and compo-
nents of the test arrangements 
examined 

Both test arrangements were set up on the basis of the 
individual parts of a capsule fuse size 22 x 58. The arc 
quenching medium selected was conventional com-
pacted silica sand. To achieve the desired high impulse 
current resistance, two parallel copper fuse elements 
with modulation were routed, as far as possible, 
straight through the housing. The nominal current of 
the double fuse element is 250 A. The fuse can carry 
lightning impulse currents with an amplitude of 25 kA 
(impulse shape 10/350 μs with I²t = 156 kA²s). Thus, a 
configuration was selected by which the nominal cur-
rent and impulse current are at the upper limit, resulting 



158

in maximum requirements on the switching capacity. 
Realisation of the active switching function was 
achieved by integrating a very simple pyrotechnic 
switch in a fuse filled with silica sand. 

2.1 Structure and description of the 
test samples according to test ar-
rangement 1 

Figure 1 shows the principle structure of a test sample 
according to test arrangement 1. The pyrotechnic 
switch for radially cutting the fuse element with the aid 
of an insulated cutting blade is located in the middle of 
the fuse. The sand-filled part of the fuse link (fuse part) 
is split into two sections. Each of the two fuse parts 
holds half the restricted sections of the fuse element re-
quired to disconnect the short-circuit current. 

Fig. 1 Test sample according to test arrangement 1 

Between the fuse parts a1 is a hollow space a2 through 
which the fuse elements b are guided. In this chamber, 
the fuse elements have an additional restricted section, 
which is dimensioned in such a way that it does not 
trigger at the usual total clearing integral of the fuse 
when short-circuit currents are interrupted. A single 
fuse element with such a restricted section in the centre 
is shown in Figure 2a. This special restricted section 
does not melt in the entire time/current range with the 
usual passive function of the fuse. It merely reduces the 
power required for cutting. 

The time/current behaviour of the sample arrangement 
was simulated with FEM calculations of transient im-
pulse current loads up to 1 h current. Figure 2b shows 
the temperature rise of the fuse element when impulse 
current flows through it [3]. A simple simulation model 
for optimising the cutting blade, the force required and 
the stroke path is shown in Figure 2c. To determine the 

separation distance, the model is supplemented with 
the walls of the hollow space a2 in addition to the blade 
and the fuse element. 

An insulated cutting blade is guided in the hollow 
space between the two fuse parts and cuts through the 
special restricted section when the electric match is ac-
tuated. The fuse parts with silica sand filling are sepa-
rated from the hollow space by a wall thinner than 
1 mm in such a way that no quenching agent can pene-
trate the hollow space. This ensures that the force re-
quired to operate the cutting blade is low. The total 
width of the hollow space is narrower than 5 mm. 
When the cutting device is actuated, the severed fuse 
elements are crushed between the insulated blade and 
the walls made of insulating material which separate 
the fuse parts. This results in the arrangement of an iso-
lating gap switch for the arc that may arise. If the in-
trinsic switching capacity of the pyrotechnic switch is 
exceeded, an arising arc can extend along the fuse ele-
ment to the fuse parts filled with silica sand. In this 
case, the arc is also safely quenched. 

Fig. 2 a) Fuse element with additional restricted
 section 

 b) Calculated maximum temperature at
 25 kA, pulse shape 10/350 µs 

 c) Simulation model of the cutting process 

2.2 Structure and description of the 
test samples according to test ar-
rangement 2 

The housing of the sample fuses was split into two cav-
ities. In the first cavity of the switching chamber, the 
fuse elements are surrounded by silica sand. All the re-
stricted sections of the fuse elements can also be found 
in this cavity. There is no silica sand in the second cav-
ity and the cross-section of the fuse elements there is 
undiminished. The two cavities are separated by a plate 
through which the fuse elements are loosely routed. In 
the cavity with no silica sand, the fuse elements are 

a)  

b)  

c)                   
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fixed to a moving piston. The piston can be moved ax-
ially by several millimetres within the housing by an 
internal electric match. When the piston moves, both 
fuse elements break, and a separation point is formed 
in the fuse element within the switching chamber 
which equals the stroke length of the piston and is sur-
rounded by silica sand. The parts of the fuse elements 
moved by the piston are deformed in the cartridge with-
out silica sand. 

Fig. 3 Sample fuse according to test arrangement 2 
a) in normal state  

 b) after active disconnection 

The arrangement in the cavity without silica sand thus 
corresponds to a switching mechanism. The fuse and 
the interruption section of the "one-off switch" are both 
located in the cavity filled with silica sand. Figure 3a 
shows such a basic arrangement in the conductive, or 
rather, normal state. Figure 3b shows the state after 
movement and breaking of the fuse elements following 
an active actuation of the electric match. Several 
measures are necessary to achieve a defined separation 
point and a defined isolating distance in minimal space. 
The tensile force acts on all restricted sections of the 
entire fuse element. Taking into account the heating up 
of the fuse element at nominal current and overcurrent, 
there is a considerable expansion in the order of several 
millimetres before the fuse element interrupts. The in-
terruption takes place at one of the defined restricted 
sections of the fuse element. Figure 4a shows the elon-
gation (> 6 mm) calculated for one of the two fuse ele-
ments with restricted sections without a temperature 
rise before breaking.  If, for example, an isolating dis-
tance of 6 mm is to be reliably achieved in addition to 
tearing, a linear stroke of more than 12 mm is required. 
To combat these disadvantages, a further restricted sec-
tion is introduced in the fuse elements, see Figure 4b. 
This additional restricted section has a much lower re-
sidual cross-section than the other restricted sections. 
It is, however, very short. This design means that the 
elongation required to break the fuse element under 
force is very small and is almost entirely limited to the 
additional restricted section. The stroke of the piston is, 

therefore, almost identical with the minimum isolating 
distance.  
 
The force required to break the restricted section can 
be reduced by more than a third. The influence of the 
additional restricted section on the time/current charac-
teristic and the switching behaviour of the fuse is there-
fore imperceptible. 

Fig. 4 a) Calculated change in length up to
 elongation fracture 

 b) Calculated change in length up to
 elongation fracture with additional
 restricted sections 

Figure 5a, 5b show the rise in temperature in the re-
stricted section when loaded with impulse current in 
comparison to one of the other restricted sections. The 
characteristic allows this restricted section to be posi-
tioned almost anywhere in the fuse elements. However, 
the additional restricted section should be far enough 
away from the plate separating the cavities with and 
without silica sand to ensure that, when activated, the 
safe interruption of overload currents is possible in a 
single break. 

Fig. 5 a) Calculated temperature distribution (°C) at
 the fuse-element after 2 ms at 25 kA, pulse 
 shape 10/350 μs 

 b) Calculated temperature/time curve for
 points A and B 
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the fuse parts. This results in the arrangement of an iso-
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2.2 Structure and description of the 
test samples according to test ar-
rangement 2 

The housing of the sample fuses was split into two cav-
ities. In the first cavity of the switching chamber, the 
fuse elements are surrounded by silica sand. All the re-
stricted sections of the fuse elements can also be found 
in this cavity. There is no silica sand in the second cav-
ity and the cross-section of the fuse elements there is 
undiminished. The two cavities are separated by a plate 
through which the fuse elements are loosely routed. In 
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a)  
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3 Mode of operation 

3.1 Passive operation 

The time/current characteristic of the model configura-
tion according to test arrangements 1 and 2 was simu-
lated with FEM calculations of transient impulse cur-
rent loads of up to 1h current. Figure 6 shows the tem-
perature rise of the fuse element with the additional 
restricted section as per test arrangement 2 in case of 
an overload current with a pre-arcing time of approx. 
30 ms. 

Fig. 6 Calculated temperature rise (°C) after 30 ms 
at IP = 3 kA 

Figure 7 compares the calculated and experimentally 
determined time/current characteristic in the current 
range from approx. 600 A to 50 kA. The curves of 
time/current behaviour are almost identical for both 
test arrangements. Figure 7 also shows the time/current 
characteristic of a conventional NH fuse. 

Fig. 7 Comparison of the measured with the calcu-
lated passive time/current characteristic 

Fig. 8 Measured voltage/current curve at:               
a) IP = 3 kA (UC = 440 V; cos = 0.87) 

 b) IP = 50 kA (UC = 440 V; cos = 0.23) 

There is a sufficiently good congruence between simu-
lation and measurement in both test arrangements. The 
passive switching behaviour with test samples of test 
arrangements 1 and 2 was examined at 440 V in the 
current range of 600 A to 50 kA. Figure 8a shows the 
current and voltage curves at a prospective load of 3 kA 
and Figure 8b at 50 kA for test samples of test arrange-
ment 2. With regard to the passive switching behaviour, 
the two examined test arrangements 1 and 2 hardly dif-
fer, so that a separate representation has been omitted. 

3.2 Active operation 

In addition to the passive operation, the operation of 
functional samples of test arrangements 1 and 2 with 
active control of the pyrotechnic switch in the event of 
overload currents was also investigated. Here, the trig-
gering time TDelay and the time until both fuse elements 
break TPreArc are relevant. The sum of both times is the 
whole time delay TV. This time determines the maxi-
mum current load that must be mastered with active 
triggering. If the passive melting time is shorter than the 
delay time, the fuse switches purely passive. In the 
event of short-circuit currents, several or all restricted 
sections of the fuse elements respond. In this case, an 
active shutdown is not necessary and also not sensible. 
The triggering time   must therefore not be less than 20-
30 ms. At the same time, this enables safe fault detec-
tion and evaluation with a low error ratio and is fast 
enough for many applications. 

Fig. 9 a) Measured voltage/current curve at 
 IP = 600 A (UC = 440 V; cos = 0.92) 

 b) Burn-off area after disconnection 

Figure 9a shows the disconnection of a current of 
600 A for a sample of test arrangement 1. The current 
load of 600 A is switched off by the switch itself as a 
result of the current zero. In Figure 9b the burn-off area 
is small and without silica sand residue. Figure 10a 
shows the disconnection of a current of approx. 3 kA 
for a sample of test arrangement 2. 

 
 
 
 
 
 

a)  

b)   

 
 
 
 
 
 

a)   

b)  
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Fig. 10 a) Measured voltage/current curve at 
 IP = 3 kA (UC = 440 V; cos = 0.86) 

 b) X-ray photograph after disconnection 

As a basic principle, short-circuit currents of about 
3 kA and higher are only switched passively in the 
given test configuration. For the test in Figure 10a, the 
arrangement had already been modified to allow accel-
erated operation. The test current in Figure 10a and the 
switching capacity achieved for the sample fuse there-
fore exceed the maximum capacity required. The X-ray 
photograph in Figure 10b show the basic behaviour of 
the fuses in test arrangement 2. Due to the rapid pulling 
movement, an arc is only generated in the fuse element 
which disconnects last. This arc is also rapidly ex-
tended by the movement, whereby the fulgurite con-
tains few electrically conductive particles (bright). 

4 Discussion of the results 

In Figure 11 the realistic active curve of the model fuse 
alongside the passive time/current characteristic for 
both test arrangements is shown. This diagram clearly 
shows that safe disconnection is possible within a total 
current range more than 30 ms using the configuration 
examined. In case of a longer tripping delay or lack of 
activation / high short-circuit currents, the configura-
tion has the time/current behaviour of the fuse.  

Fig. 11 Time/current characteristic of the switch gear 
combination 

The switching capacity of the simple pyrotechnic 
switch and combination with the passive protec-
tive characteristic of the fuse thus allow safe and unin-

terrupted operation of the series connection in both ac-
tive and passive mode of operation in both arrangements. 

After the switching loads which were mastered by ac-
tive and passive functions, the rated impulse withstand 
voltage was tested for the model configuration [4]. This 
revealed that in case of active tripping the impulse with-
stand voltage was always more than 6 kV, regardless of 
the current load. The tested sample arrangement thus re-
liably prevents a renewed current flow through the fuse 
even at higher voltages after disconnection. 

A sufficiently precise simulation of the time/current 
characteristic of the fuse element could be achieved for 
both test arrangements examined. The mechanical in-
terruption at the additional narrow point of the fuse ele-
ment by cutting (arrangement 1) and pulling (arrange-
ment 2) can be optimized through simulation. The two 
test arrangements examined offer the opportunity to 
achieve the self-defined objectives a) to e) such as listed 
in section one (introduction).  

5 Summary 

It has been demonstrated that higher switching capaci-
ties and lower clearing integrals, similar to fuses of 
comparable size, can be achieved via the additional 
“triggering” function. The disconnection time when 
controlled externally is comparable with that of re-
motely operated switching devices. In case of failure of 
the triggering function, the fuse still at least fulfils the 
standard protective function of a normal passive fuse 
against over-current and short-circuits. In addition, the 
test arrangements can conduct high transient impulse 
current without interruption. Safe, active disconnection 
is independent of the current load, i.e. from zero current 
up to the short-circuit current range, whereupon a 
higher and more defined withstand voltage is achieved 
than with passive fuses. The active triggering function 
can be implemented using simple monitoring devices 
and without an additional power supply. 
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overload currents was also investigated. Here, the trig-
gering time TDelay and the time until both fuse elements 
break TPreArc are relevant. The sum of both times is the 
whole time delay TV. This time determines the maxi-
mum current load that must be mastered with active 
triggering. If the passive melting time is shorter than the 
delay time, the fuse switches purely passive. In the 
event of short-circuit currents, several or all restricted 
sections of the fuse elements respond. In this case, an 
active shutdown is not necessary and also not sensible. 
The triggering time   must therefore not be less than 20-
30 ms. At the same time, this enables safe fault detec-
tion and evaluation with a low error ratio and is fast 
enough for many applications. 

Fig. 9 a) Measured voltage/current curve at 
 IP = 600 A (UC = 440 V; cos = 0.92) 

 b) Burn-off area after disconnection 

Figure 9a shows the disconnection of a current of 
600 A for a sample of test arrangement 1. The current 
load of 600 A is switched off by the switch itself as a 
result of the current zero. In Figure 9b the burn-off area 
is small and without silica sand residue. Figure 10a 
shows the disconnection of a current of approx. 3 kA 
for a sample of test arrangement 2. 
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Design of an electromechanical relay for 5G power supply
application which withstand high lightning surge current

Maosong Zhang, Yiqing Zhu, Xiamen Hongfa Electroacoustic Co.,ltd, Xiamen, China, tech@hongfa.com

Abstract

Electromechanical relay which connect 5G base station with the power supply should have DC load switching
ability and be able to withstand the impact of lightning surge current. Based on the theoretical analysis this paper
introduces the principle of how to break the arc in the contact system of a relay, the principle of how to protect
the application when the lightning current occurred and the description of overall design of relay, especially the
design of the contact system. The design of the electromechanical relay can meet the requirement of main tech-
nical performance of 5G power supply applications, and be able to withstand 10kA lightning surge current in se-
ries and 20 kA lightning surge current in parallel shown in the design validation.

1 Introduction

With the development of mobile communication
technology, the fifth generation mobile communica-
tion technology (5G) has been commercialized. Com-
pared with 4G, the number of 5G base stations is
greatly increased and widely distributed. Because of
the efficiency, the power supply voltage increased
from 48Vdc to 240Vdc, which will be even higher in
the future. Due to the outdoor working characteristics
of most base stations, they have to withstand a lot of
lightning strikes, which will be a great impact on the
power supply.

The relay which connecting the power supply to the
base station, the load switching capacity must be in-
creased to 240 Vdc. Apart from that it must be able to
withstand the impact of lightning surge current, fulfill
reliable insulation between the base station and the
power supply, protect the power supply and the base
station when necessary.

The traditional electromechanical relay can only break
the DC load of about 3A/48Vdc, and explosion or
contact welding failure may occur when lightning cur-
rent pass through. In order to meet the application re-
quirements of 5G power supply, it requires high
power electromechanical relay with higher voltage
DC load switching ability and lightning protection
function.

2 Design principles of switching
Higher Voltage DC load

When the relay breaks the DC circuit in the atmos-
phere and the voltage exceed 10V, the arc will be gen-
erated between the contacts. The AC circuits can natu-
rally extinguish arcs because of zero crossing. But the

DC circuit can only wait for the arc to be long enough
to break it, the relationship between DC current and
voltage corresponding to different contact gaps which
can extinguish the arc reliably[1] is as figure 1. For ex-
ample, it needs more than 20 mm contact gap to break
the 240Vdc and 5A circuit. That large contact gap
couldn’t be achieved by traditional electromechanical
relay.

Fig. 1 The relationship between DC current and
voltage corresponding to different contact gaps [1]

There are some typical methods to help to break the
arc.
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Encapsulate the contact parts of relay in a closed cav-
ity, which is vacuum or filled with SF6 gas. The SF6
gas and high vacuum have high insulation and strong
arc extinguishing ability. But it is cost intensive to
seal the contact parts for lifetime.

By designing the arc extinguishing chamber with
about 15 metal blades the arc voltage will be in-
creased - due to several shorter arcs between the metal
blades, adding the anode and cathode voltage (about
20Vdc) for each metal blade – till it exceeds the level
of the power supply voltage. This design needs a lot
of space, which will enlarge the size of the relay.

Lengthening the arc by using additional walls out of
insulation material can bend and extend the arc till it
extinguishes. This design also needs some extra space.

Using an additional magnet will lengthen the arc and
move the arc from the contact area cooling it down
rapidly through the electrodynamic effect of external
magnetic field. Compare with other methods it is eas-
ier to realize at a limited space.

3 Design principles of handling
Lightning surge Current

3.1 Theoretical analysis

When a current pass through the conductor, a mag-
netic field is created around it, and other current-
carrying conductors in the magnetic field are sub-
jected to generate an electrodynamics force. The
magnitude of the force is related to the spacing be-
tween the current-carrying conductors and the magni-
tude of the current. Because the electrodynamics force
is proportional to the square of the current, when
lightning surge current occurs, the electrodynamics
force will be as much as tens times or even hundreds
of times as much as that of the normal operation,
which will cause mechanical damage to the equip-
ment.

The main electrodynamics force acting on relay con-
tacts are Lorentz force[2] and Holm force[3]. From the
basic principle of the electromagnetic field, when cur-
rent flows through a "U" shape circuit, the opposite
direction of the current carrying conductor generates a
repulsive force, that is called Lorentz force. As shown
in figure 2.

Fig. 2 Schematic diagram of Lorentz force

The Holm force is due to the constriction of the elec-
trical current when being forced through a small, ef-
fective contact area. The contacts do not touch over
the entire apparent contact area but in fact, due to the
rough and uneven surface of the contacts, touch only a
few relatively small points. When the contacts are
separated, the Holm force disappears. As shown in
figure 3.

Fig. 3 The principle of Holm force

3.2 Design principles of handling
Lightning surge Current

By changing the shape of the current loop, the force
generated by the current itself acts as an additional
contact force in closing direction, see Figure 4. This
“reverse loop contact” principle is well known for the
contact design in high voltage disconnectors.[4][5]

Fig. 4 Design of the contact system to a “U” shape
to generate an additional contact force
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4 Design of the electromechani-
cal relay applied to 5G power
supply

4.1 Technical requirements of 5G power
supply:

2 poles normally open contacts;

Contact gap≥2.6 mm;

Lightning-proof current capability: In series contact
10 kA; In parallel contact 20 kA; (according to IEC
61000-4-5:2005[6])

Load capacity: 25 A 225 Vdc ;14 A 400 Vdc

4.2 Design Principles

4.2.1 Overall design structure of the relay

Overall structure of the electromechanical relay
against lightning surge current is show in Figure.5.

Fig. 5 Overall structure of high power electrome-
chanical relay against lightning surge current (release
position)

The above figure is the inside structure of an electro-
mechanical relay. It is composed of magnetic circuit
system, contact system and base. The contact system
including the following parts:

- The movable contact is fixed on the movable contact
spring. The movable contact spring can rotate around
its axis.

- The rigid movable spring and the rigid movable con-
tact terminal were connected by the soft copper wire
make it a “U” shape circuit.

- The reaction spring is mounted on the back of the
rigid movable spring to generate the contact force
when moved by the armature.

- The reset spring opens the contacts when the coil
voltage is below the release voltage.

4.2.2 Design principles of handling
higher voltage DC current load by
using magnetic blow-out

A magnet is placed under the contact system. The DC
current flows in the direction shown in figure 6, an arc
will occur when the movable and static contacts are
separated. According to the left hand rule, the arc will
move outside under the magnetic field of the magnet,
thus prolonging the arc and extinguishing the arc.

Fig. 6 Magnetic blow-out

4.2.3 Design of contact system for Light-
ning-proof current

When the lightning surge current occurs, the Holm
force will be produced and will cause the contacts to
be disconnected, which may impact the electrodynam-
ics stability of the electromechanical relay. As show
as figure.7 when the lightning surge current pass
through the “U” shape movable contact parts, the
Lorentz force (increasing the pressure of the movable
contact on the static contact) will counteract the Holm
force, so that the contacts can maintain close status.[7]

Fig. 7 The schematic of the Holm force and the
Lorentz force

Holm force Lorentz force
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The Lorenz force generated by the peak current of
lightning surge current is very large, which may cause
the permanent deformation of the spring. To avoid this
kind of failure, the movable spring is set to be rigid,
use pure copper material with excellent performance
of electrical and thermal conductivity. Because the
rigid movable spring couldn’t be deformed, the reac-
tion spring is designed to provide contact force. The
reaction spring does not participate in the conductive
heat conduction circuit and will not overheat or lose
its elasticity. So it can provide a stable contact force
during the long-term operation of the relay.

4.3 Experimental verification

4.3.1 Lightning current experiment

Ambient temperature : room temperature

Energized condition : initially energized by rated volt-
age, and reduce to 50% rated voltage after 100 ms

Contact load: waveform as shown in figure 8, 2 poles
in series connection 10 kA, forward and reverse 5
times; 2 poles in parallel connection 20 kA, forward
and reverse 5 times, totally20 times.

Fig. 8 Lightning current waveform

Failure criterion: contact welding is not allowed dur-
ing the experiment, and the functional parameters is
within the specification.
Test Result: Pass.

4.3.2 Electrical endurance test

Sample after lightning surge current experiment

Ambient temperature: 85 ℃

Energized condition: rated coil voltage

Load 1: 2 poles in series connection, 225 Vdc 25 A, 1
s on, 9 s off, 5000 cycles

Load 2: 2 poles in series connection, 400 Vdc 14 A, 1
s on, 9 s off, 5000 cycles

Failure criterion: contact welding is not allowed dur-
ing the experiment, and the functional parameters is
within the specification.

Test Result: Pass.

5 Conclusion

This paper introduces the structure of an electrome-
chanical relay. Base on theoretical analysis, design an
“U” shape circuit by connecting the rigid movable
spring and the rigid movable contact terminal to cre-
ate the Lorentz force, which can counteract the Holm
force due to the huge lightning surge current. Use
magnetic blow-out structure to switch the higher volt-
age DC current. According to the experiment result,
this relay can withstand 10kA lightning surge current
in series and 20 kA lightning surge current in parallel,
and it is reliable to switch 25 A225 Vdc and 14 A 400
Vd.c, it can meet the main technical requirements for
5G power supply. This paper has reference value for
the design of high power electromechanical relay
which is used to withstand short circuit current.
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Failure- and degradation mechanisms in plug connectors 
Jacob, Peter, Empa Duebendorf, Switzerland 

Abstract 

Plug connectors are frequently the root cause of failures on system level. The spectrum of failures include con-
nector weakness , surface contaminations, fretting, arcing, isolation problems and a series of secondary failures 
especially on printed circuit boards (PCBs) like bending,  heat transfer to PCB lines and  also borderline specifi-
cation issues. When discussing about plug connector failures, the electrical and physical environment of the con-
nector needs to be included into root cause investigation, since the amount of damage significantly depends on 
these "secondary" factors, too. 

1 Introduction 

In many cases, failures in plug connectors end up in 
catastrophic burning damage. In the recent years and 
under a certain pressure of miniaturization in the whole 
scope of electronics, many connectors were specified 
in a rather borderline manner. On the user side, at the 
same time no or only few derating has been designed 
in the connector applications – driven by competition- 
and cost reasons. In consequence, failures root-caused 
by plug connectors got more and more into the focus 
of failure analysis and failure anamnesis on system 
level. This paper is an updated and extended version of 
a former paper on the topic, which I have published in 
2016 [1] (but not dealing with the relay sections in the 
abovementioned paper). 

2 Failure signatures 

Like a transistor in on-state, a contact has a power loss, 
too - resulting from the voltage drop on the contact 
multiplied with the current flow. If a plug connector 
suffers degradation, the voltage drop will increase and 
with it, the power loss, too. This power converts di-
rectly to a very locally "point shape" heat source which 
initiates various degradation mechanisms, which have 
all one subject in common: They accelerate themselves 
and initiate further failure mechanisms needing higher 
activation energy by further increasing the voltage drop 
and the power loss. Fig. 1 shows the most frequent 
ways of failure development in plug connectors as an 
overview. It highlights, that at the end of the failure de-
velopment, either a complete open results or the situa-
tion escalates in arcing and/ or burning – at least, as 
long as no electric fuse stops the ongoing supply of en-
ergy.  
As an example for PCB connectors, fig. 2 shows a prin-
ciple drawing indicating the most frequent potential 
failure root causes. 
 

 
 
 

Fig. 1 Development of failures in plug connectors 
 

 
Fig. 2 Frequent failure types in a PCB connector 
 
2.1 Arcing 

Another issue that applies especially to connectors on 
PCBs is the narrow layout at the connector, where the 
neighbourhood between PCB lines become closest. For 
instance, in case of electronic switching power sup-
plies, high voltage lines sometimes are not kept in 
enough distance to ground or low-voltage lines. If in 
such case, additional heating applies by any reason (in-
cluding wearout of the connector), the PCB starts to 
become locally dark (and carbonized) – resulting in a 
loss of isolation capability. Then, subsequent arcing is 
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only a question of time. Therefore, already in the de-
sign phase, not only the current and voltage load capa-
bility needs to be obeyed but the pin-to-pin and line-to-
line (on PCB) isolation need to be considered.  
Once the ignition of arcing has happened, a plasma dis-
charge based on ionized gas molecules applies which 
needs by far less voltage than it was needed for igni-
tion: only about 10 V are enough to maintain the arcing. 
Arcing is not only limited to a missing distance be-
tween high- and low-potential PCB lines and connector 
pins but may also apply as a late secondary effect of 
heat generation due to contact degradation: If, for in-
stance the solder joint of a related pin is circular bro-
ken, the small gap may be "bridged" by arcing (fig. 3). 
The same may apply if the isolation between two pins 
of a connector starts to melt and deforms the pin ar-
rangement towards shorting. Finally yet importantly, 
any thermal stress-induced deformation of the con-
nector that results in a small gap disconnection may be-
come a source of arcing. 

Fig.3 Arcing damage in the PCB at the connector 
 
2.2 Contact degradation by chemistry 

In some applications, electronics is hermetically sealed 
in a small cabinet and the cabinet is exposed to extreme 
sunshine and other climatic changes. Under such cir-
cumstances, the inner temperature may reach even 
100°C. Already above 80°C, outgazing of chemistry 
starts for instance from lacquers of wires from trans-
formers, relays or coils, outgazing from plastics and 
component housing can start and provide isolating 
nanolayers on relay contacts and connectors. The pres-
ence of additional humidity may even generate aggres-
sive and/ or corrosive chemistry as for instance sul-
phuric acid. While in relays or switches, such effects 
provide a rapid degradation or even functional failures, 
plug connectors usually don't fail rapidly from these ef-
fects but suffer significant long-term degradation. This 
applies especially for low signal appliances with only 
few mA or less of current at low voltage. 
Beyond this, it needs to be mentioned that connectors, 
relays and switches provide an ideal microclimate in-
cubator [2] 
The use of contact chemistry as contact spray, grease 
etc. may also become a basis of chemical induced deg-
radation processes [3]. 
 

2.3 Degradation of contact pressure 

This is one of the most frequent beginnings of contact 
degradation in plug connectors. The construction char-
acteristics of a female plug connector with respect to 
the generation of contact pressure is one of the most 
important topics, which, however, frequently is not 
taken into account. 
Cheap constructions use simply bended fork female 
contacts as shown in fig. 4. Such contacts are not useful 
if a plug connector is connected and disconnected fre-
quently or when it is used for high power applications. 
In case of frequent plugging/ unplugging, a beginning 
contact pressure degradation accelerates itself rapidly: 
When reaching high temperature, the contacting metal 
may start to glow slightly. This heating reduces both 
contact pressure and the elastic recovery of the contact 
forks significantly and irreversibly. 

Fig. 4 Fork contacts of a connector (X-ray image). The 
fork material itself makes the contact pressure. 
 
A better, but more expensive solution is the use of sep-
arate spring clips around the contacting forks or cylin-
drical contact systems with pressure-enhancing spring 
mechanisms. Advantages of such solutions are multi-
ple contact points, a better heat distribution and a more 
constant contact pressure over long times. Fig. 5 shows 
a frequent and simple example of such solution, the 
4mm banana plug connector. 

 
Fig. 5 Banana plug connector with an integrated con-
tact spring in the male plug (arrow). It provides a multi-
contacting in the cylindrical female connector at the 
right hand side. 

2.4 Contact metal degradation 

In this chapter, we discuss degradation mechanisms of 
the contact metal surface. Usually the contact surfaces 
are coated by metals like e.g. gold, silver or nickel in 
order to make the contacts more robust against chemi-
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cal attacks and to reduce the contact resistance. How-
ever, this is not always an effective resp. sufficient pre-
caution, as we will see in the next two subchapters. 

2.4.1 Corrosion 

The presence of humidity promotes corrosion and elec-
trolytic transfer of materials. Fig. 6 gives an overview  

Fig. 6 Galvanic corrosion risk of different metal con-
tacting partners. Graphic from [6] 

Fig. 7 Less noble metal surfaces suffer enhanced cor-
rosion attacking. Top scale: Volt vs std. hydrogen sat. 
Cu/CuSO4,Calomel electrode (proportional to Gal-
vanic Series of Metals) 
 
on galvanic corrosion in connectors, showing the com-
patibility of various contact metallization surfaces. In 

general, less noble metal surfaces suffer enhanced cor-
rosion attack by environmental impacts as humidity or  
aggressive gases (but of course some have other disad-
vantages), see fig.7. 
 
Many connectors are chemically coated with oxide in-
hibitors or anti-oxidant coatings in order to protect the 
contact partners when they are stored for a long time 
before first field application. The compatibility of such 
chemistry with the contact finish metal should be care-
fully reviewed with respect to their potential to pro-
mote chemical or electrolytic attacks to contacting sur-
faces. 

2.4.2 Fretting 

Fretting is also a frequent failure mechanism in plug 
connectors. The initial triggering is a micro-vibration 
or repeating micro-movements between the contacting 
metal surfaces. Fig. 8 shows the steps of fretting deg-
radation: 
In a first step (a), the surface metal (and small surface 
nanolayers) are locally abraded. In consequence, an ox-
ide film grows on the underlying metal surface. The 
electric contact still exists, since continuous micro 
movements as described locally destroy the oxide film. 
In step (b), the non-oxidized parts of the surface suffer 
again oxidation, thus isolating the oxide gaps in the 
metal surface again. The electrical contact behaviour 
becomes intermitting and from the sides, the oxide un-
dergrows the contact points. 
Steps (c) and (d) show the ongoing of this process, end-
ing up in a closed oxide layer, so that no electric contact 
at all will exist anymore. 

Fig. 8 Fretting development steps. Image from [5] and 
[6] 
 
2.5 Plug connectors to flex prints 

These interconnects nearly include an own class of fail-
ures. In most applications, the flexprint frequently suf-
fers movements. In order to keep the resulting forces 
away from the plug connector itself, a kind of bending- 
and strain-relief is made by a stiff material, which 
strengthens the flexprint at its ends with the related 
connector plugs (usually made as simple contact 
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forks). This approach, however, shifts the bending 
stress during movements from the ends of the flexprint 
to the ends of the stiff material plates, to which the flex-
print is glued. At these positions and in priority at the 
end lines of the flexprint, the copper lines frequently 
suffer significant bending problems, which finally may 
result in copper line micro crack opens of the flexprint. 
(Fig. 9) 
 

Fig. 9 Cracks in flexprint, especially when leaving the 
stiff part of the connector and in priority at the end of 
the flexprint. Top X-ray view (left), side view (right) 
 
Another failure mechanism has been observed in flex 
print connector forks, which were mechanically fixed 
by a cement. This cement suffered some post vulcani-
sation, which included a small increase in cement vol-
ume, such pressing the contact fork away from the flex-
print surface. A total open resulted after the hardening 
as fig. 10 shows. 

 
Fig. 10 Flex print connector fork, lifted from the con-
tact tongue by cement post-vulcanization. Courtesy of 
RoodMicrotec 

 
Fig. 11 Plugged flex print connector (left); whisker 
short grown from footprint-to footprint on the tin part 

of the plug (grown when plugged into the female con-
nector under functional operation). Images: Courtesy 
of Gert Vogel 
In addition, short-circuiting tin-whiskers have been ob-
served on tin surfaces of flexprint connectors where the 
passivation ends. They are promoted by humidity and 
electric potential difference. In some cases, they start 
and end at contact footprints on the tin surface, as 
shown in fig. 11. 
 
 
2.6 Borderline specification and miss-

ing derating 

In nearly all electronic components, this topic is a high-
light in failure analysis root cause findings. Decades of 
miniaturization and economization steps in electronics 
didn't pass by traceless in the design and construction 
of plug connectors. However, the specifications were 
not adapted accordingly. Experienced electronic engi-
neers, even electronic hobbyists, and ham radio ama-
teurs have a good stomach feeling on cable cross sec-
tions and contact sizes and shapes versus current load 
capability. Plug connectors of the same size and class 
that once were specified for a continuous DC current 
load of 1A in the 1970ies are actually sometimes rated 
up to 4A continuous load. If this current applies for 
long time, the contact housing may begin melting and 
the ongoing disastrous degradation starts rather early. 
On top of this, sometimes specifications are written in 
a manner that supports misunderstanding. For instance, 
if we talk about the maximum current, we probably do 
not mean necessarily the same thing. It can mean also: 
-the peak current in extraordinary situations 
-the maximal allowed continuous current 
-the current which is only reached for a short time after 
switching on the equipment 
-the maximal allowed continuous current, but only if 
the connector is plugged/ unplugged few times 
-the maximal allowed continuous current, even if the 
connector is plugged/ unplugged frequently 
-one of the currents above, but with restrictions to en-
vironmental conditions as temperature, humidity, pres-
sure or vibration. 
Therefore, for industrial electronics, catalogues and 
specifications should only be a rough guideline for 
component selection. In case of industrial electronics 
component design-in, it becomes more and more man-
datory to have a previous, recorded and signed appli-
cation discussion with a qualified product application 
engineer of the vendor with respect to all specified (or 
non-specified but application-important) data of rele-
vance.  
On the other – the user's side – frequently any derating 
is frequently missing due to economic/ cost reasons or 
due to forces towards competitive-driven miniaturiza-
tion. In general, a 30% current derating should be de-
signed-in due to reliability reasons and – considering 
the operational voltage, including possible voltage 
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In step (b), the non-oxidized parts of the surface suffer 
again oxidation, thus isolating the oxide gaps in the 
metal surface again. The electrical contact behaviour 
becomes intermitting and from the sides, the oxide un-
dergrows the contact points. 
Steps (c) and (d) show the ongoing of this process, end-
ing up in a closed oxide layer, so that no electric contact 
at all will exist anymore. 

Fig. 8 Fretting development steps. Image from [5] and 
[6] 
 
2.5 Plug connectors to flex prints 

These interconnects nearly include an own class of fail-
ures. In most applications, the flexprint frequently suf-
fers movements. In order to keep the resulting forces 
away from the plug connector itself, a kind of bending- 
and strain-relief is made by a stiff material, which 
strengthens the flexprint at its ends with the related 
connector plugs (usually made as simple contact 
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spike amplitudes, useful distances and isolations be-
tween neighbour lines and pins need to be observed.  
 
2.7 Plug connector cable terminals 

In some cases, connector failures were based on the ter-
minal connect to related cables. The focal point here 
are non-soldered terminal joints. Fig. 12 and 13 show 
examples as insufficient crimping (where no micro 
welding has happened) and low-cost crimping through  

Fig. 12 Insufficient crimping. Image: Courtesy of 
RoodMicrotec 
 

Fig. 13 Cable crimping through the isolation. Image: 
courtesy of RoodMicrotec 
 
the cable isolation. The latter is used in most telecom-
munication connectors, where only low signal currents 
flow and no risk of arcing of fire exists. In some cases, 
insufficient pull-reliefs ended in a wearout of the ter-
minal joints or damaged cable isolations, finally ending 
up in plug-internal shorts or leakage – frequently in an 
intermitting manner.  
 
 
2.8 Other failure mechanisms 

Plug connectors on PCBs can introduce a bending 
stress onto PCBs, which frequently is not compatible 
with bending-sensitive components around. In princi-
ple, this applies for many components in SMT (surface 
mount technology), in special ceramic capacitors are at 
risk of suffering cracking-induced shorts and MLF/ 
QFN packages may suffer severe solder cracking. It 
has been frequently observed that ceramic capacitors 

were placed directly underneath terminal connectors in 
order to block RF ingress from outside. After cracking, 
ceramic capacitors need some time until an internal 
crack converts to an evident electric short. This ex-
plains why many related failures are root-caused at 
much earlier time than the failure appears. Fig. 14 
shows a typical example. Bending stress in assembly 
processes, excessive vibration loads during production 
or in dedicated application can cause field-failures at 
much later time. It is mandatory to strictly observe ce-
ramic capacitor placement rules as described in [4] and 
to prevent PCB-bending by plugging/ unplugging by 
using enough support- and fixing points. 

Fig. 14 Cracking of a ceramic capacitor, e.g. caused by 
PCB-bending when plugging a PCB connector. In most 
cases, the cracks are hidden under the solder caps, 
which need to be chemically removed (top image). 
Bottom image (courtesy of RoodMicrotec): Cross sec-
tional view of a hidden crack. 
 
A special attention should be paid to the plug con-
nector housing material. It needs not only to be stable 
enough to withstand forces during plugging or unplug-
ging but also to withstand thermal stress in case of a 
connector used for high current load. In many cases, 
the thermal-induced deformation of a plug-connector is 
the starting point of a degradation chain with the mile-
stones “housing deformation” – “contact bending” – 
“increased power loss” – “glowing contact springs” – 
“lack of isolation due to molten housing plastics” – 
“arcing” – “fire on PCB”. A heat-resisting housing ma-
terial would be useful for at least prevent from short-
ing, arcing and fire. 
A completely other, indirect failure mechanism is ESD 
(electrostatic discharge), which can be introduced via 
the plug connector. This happens frequently in the as-
sembly lines of big systems as cars, locomotives or 
power plants. Long cable trees with pre-confectioned 
plug connectors charge themselves by transportation 
processes and thereafter are plugged to ESD-sensitive 
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electronic circuitry, which thereafter suffers ESD dam-
age. Although this failure is not a real plug connector 
degradation, it needs to be listed here as a construction 
weakness: To prevent from this problem, the ground 
pin of the plug connector should be constructed in a 
manner that the ground pin of PCB and plug contact 
each other at first. If this is observed, any electrostatic 
charge is discharged to the ground without creating 
damage within the electronics attached to the other 
pins. To achieve, the most simplest approach is to make 
the ground pin a little bit longer than the other pins so 
that it will make the first contact in any case. 

3 Discussion 

The descriptions of the various failure mechanisms can 
be categorized into direct and indirect failure root 
causes. The direct ones deal with the connector itself as 
housing, contact metals, dimensioning/ rating & derat-
ing, construction issues etc. while the indirect ones deal 
with stress effects which are effective to neighboured 
bending-sensitive components as for instance ceramic 
capacitors, QFN-packaged devices etc. 
A reliable plug connector needs to observe both direct 
and indirect aspects. In addition, it needs to be consid-
ered how many plugging and unplugging cycles should 
be expected – and under which conditions (forces, PCB 
bending, ESD risks) this happens. 
However, the main point is that the specifications for 
plug connectors need to be critically scrutinized, espe-
cially in case of a planned current load close to the lim-
its of specification. At least in case applications with 
high reliability requests, a significant derating should 
take place and also the construction of the connector 
(contact pressure wearout) should be selected carefully. 
General hints for risk assessments, derating and their 
inclusion into standards (and including technical spec-
ifications) are provided in the IEC Guide 51 [7]. This 
effects both system users (derating!) as well as con-
nector manufacturers (specification guard band tests). 
However, in any case he final responsibility for the se-
lection of connectors is at the side of the system man-
ufacturer, who carefully needs to estimate whether 
type, size and construction of a plug connector copes 
with the application under worst case conditions. 

4 Conclusion 

This paper reached its goal if it has sensitized the reader 
to the fact that plug connectors deserve more attention 
with respect to reliability, current and/ or voltage over-
load, construction, critical viewing on specifications 
and taking derating into account. 
A variety of different failure mechanisms and their 
slow development have been described, highlighting 
that many of them may cause severe incidents up to a 
complete fire destruction of the whole system in which 

they are used. In case of low signal transmission 
through plug connectors, a useful material selection 
and a careful reviewing of the operational environment 
conditions are of high importance, since even small 
corrosion or isolation layers may suppress a proper 
contact. 
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An ultrasonic testing method was used to detect fretting wear behavior of electrical connectors. The specimens
used in this study were contacts of type-M round two-pin electrical connectors. The experiments consisted of
running a series of vibration tests at each frequency combined with one g levels. During each test run, by an
electrical connector fretting wear ultrasonic detection system, the attenuation of reflected wave energy of
ultrasound was monitored as a performance characteristic, which is induced by the wear debris generated by the
fretting wear of electrical connectors. The results exhibit that vibration frequency, vibration acceleration and
vibration times all have positive cumulative effect on debris generation on the contact surface of contacts. There
are more debris accumulated in the root area of the contact pin. The fretted surface is examined using SEM
analysis to assess the surface profile and extent of fretting damage, and the observed results are basically
consistent with the ultrasonic test results.
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1 Introduction

Electrical connector is one of the important interface
components used to realize electrical and signal on-
off. It is widely used in aerospace, national defense,
electronic communication and other fields. The
electrical connector is subject to various
environmental stresses during storage and use.
Various factors affect the contact pin and contact jack,
causing friction and relative displacement of the
contact parts. As a result, the performance of the
electrical connector is gradually degraded or even the
function fails.
Domestic and foreign scholars' research on the
fretting wear of electrical connectors mainly includes
three aspects: 1) In terms of testing, domestic and
foreign scholars mainly complete the high-precision
fretting test benches, such as the fretting test bench of
the Electrical Contact Teaching and Research Office
of Beijing University of Posts and
Telecommunications [1], Shin-ichi Wada's six-degree-
of-freedom vibration test system [2], micro-motion
test bench designed by scholars such as Ito [3]. 2) In
terms of performance degradation research, D.
Gagnon and other scholars studied fretting wear and
found that compared with contact materials, the
fretting amplitude has a more significant effect on the
contact failure of the contact. The contact resistance
of the contact material has the same variation law [4].

Tetsuya Ito and other scholars have obtained when
researching the influencing factors of fretting, the
contact resistance will change with the change of the
tin plating thickness and contact pressure of the
contact [5]. Ren Wanbin and others conducted fretting
wear tests using an electric shaker, studied the
changes in contact resistance and surface topography
under different fretting environments, and used the
fretting wear failure analysis method to derive the
fretting wear failure mechanism [6]. 3) In terms of
detection, most of them use the micro-range
measurement method to indirectly obtain the effect of
fretting wear on contact performance [7-9]. At the
same time, scholars performed simulation analysis on
electrical connectors. George T. Flowers and others
used ABAQUS simulation software to study the
fretting wear of electrical connectors. By establishing
a joint finite element model of fretting corrosion rate
and critical vibration level, correspondence between
the contact pressure and the fretting rate under fretting
conditions can be obtained [10]. Yasuyuki Ishimaru
carried out a simulation study on the contact
resistance of electrical connectors under fretting wear,
and found that the contact resistance increases with
the vibration times, which is basically consistent with
the experimental results [11]. In the micro-wear
detection of electrical connectors, most of them reflect
their wear by simulating or indirectly measuring their
contact pressure and contact resistance, while
ultrasonic testing shows the contact wear by visually
reflecting the size of the signal. Therefore, It is
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significant to carry out ultrasonic inspection of micro-
wear of electrical connectors.
Ultrasonic testing is a commonly used non-destructive
testing technology. It realizes the qualitative and
quantitative detection of internal or surface defects of
the test object based on the change of the acoustic
characteristics (absorption, scattering, reflection) after
the ultrasonic wave propagates in the test object [12-
14]. Ultrasonic testing technology has functions such
as defect location and distributed defect detection,
which can meet the requirements for the detection of
wear debris inside the electrical connector. Therefore,
this article chooses the ultrasonic method to detect the
fretting wear of the electrical connector [15-16].

2 Experimental details

2.1 Test Specimens

The Type-M circular double-pin electrical connector
in this study is a kind of cable connectors, used in
machine tool, their contacts are about 10mm in
diameter, made of brass (HPb59-1 grade: Cu, 60%; Pb,
1.9%; Ni, 1%; Fe, 0.5% and balance zinc) and plated
Au-Ni coating. The photo of the specimen can be seen
in Fig. 1.

Fig. 1 The contacts specimen of electrical connector

2.2 Test Device

As shown in Fig. 2, the electrical connector fretting
wear ultrasonic testing test device designed in this test
includes two parts: a fretting table driving mechanism
and a ultrasonic testing mechanism (Figs. Ⅰ and Ⅱ).

(a) Structure diagram

(b) Fretting drive platform

(c) Ultrasonic testing platform

Fig. 2 Schematic and physical diagram of the test
device

The driving mechanism applies the corresponding
control commands through the vibration controller,
and the control current is amplified by the power
amplifier to drive the vibration of the vibration table.
The acceleration sensor is used to monitor the
vibration acceleration and adjust it in real time. The
cooling fan is used for heat dissipation of the
vibration table and the power amplifier.
When the ultrasonic detection mechanism detects, the
signal of the controller drives the stepping motor to
run through the driver, which drives the ball screw
connected to it to rotate, so that the contact parts of
the electrical connector can rotate at a uniform speed
and move stepwise in the axial direction. The
ultrasonic probes fixed on both sides of the contact
are to test the electrical connector at different
positions, and the detected test data is transmitted to
the PC connected to it.
Due to the limitation of the size of the electrical
connector contacts and the ultrasound probe, the
probe can detect 4 positions while rotating the contact
once, and can detect 6 positions in the axial direction.
Expanding the outer surface of the contact can see
that the ultrasound probe detects a total of 24 areas.
The number is shown in Fig. 3. The split groove in the
middle of the pin divides the detected contact surface
into area A and area B.
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1 Introduction
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fretting wear of electrical connectors mainly includes
three aspects: 1) In terms of testing, domestic and
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fretting test benches, such as the fretting test bench of
the Electrical Contact Teaching and Research Office
of Beijing University of Posts and
Telecommunications [1], Shin-ichi Wada's six-degree-
of-freedom vibration test system [2], micro-motion
test bench designed by scholars such as Ito [3]. 2) In
terms of performance degradation research, D.
Gagnon and other scholars studied fretting wear and
found that compared with contact materials, the
fretting amplitude has a more significant effect on the
contact failure of the contact. The contact resistance
of the contact material has the same variation law [4].

Tetsuya Ito and other scholars have obtained when
researching the influencing factors of fretting, the
contact resistance will change with the change of the
tin plating thickness and contact pressure of the
contact [5]. Ren Wanbin and others conducted fretting
wear tests using an electric shaker, studied the
changes in contact resistance and surface topography
under different fretting environments, and used the
fretting wear failure analysis method to derive the
fretting wear failure mechanism [6]. 3) In terms of
detection, most of them use the micro-range
measurement method to indirectly obtain the effect of
fretting wear on contact performance [7-9]. At the
same time, scholars performed simulation analysis on
electrical connectors. George T. Flowers and others
used ABAQUS simulation software to study the
fretting wear of electrical connectors. By establishing
a joint finite element model of fretting corrosion rate
and critical vibration level, correspondence between
the contact pressure and the fretting rate under fretting
conditions can be obtained [10]. Yasuyuki Ishimaru
carried out a simulation study on the contact
resistance of electrical connectors under fretting wear,
and found that the contact resistance increases with
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the experimental results [11]. In the micro-wear
detection of electrical connectors, most of them reflect
their wear by simulating or indirectly measuring their
contact pressure and contact resistance, while
ultrasonic testing shows the contact wear by visually
reflecting the size of the signal. Therefore, It is
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Fig. 3 Division diagram of ultrasonic probe detection
area

2.3 Test scheme

The purpose of this test is to investigate the fretting
wear of electrical connectors under different vibration
conditions. The test excitation conditions in this paper
include vibration frequency, vibration acceleration,
and vibration times, as shown in Table 1. The test
consisted of 6 groups, with 4 specimens in each group.
The specimen is vibrated under different conditions.
The difference between the original ultrasonic value
and the detection signal value of each area when the
specimen vibrates 1,000,000 times and 600,000 times
is tested.
According to relevant standards, all tests are
performed under environmental conditions
(temperature: 15-35 ° C; relative humidity: 20% -80%;
atmospheric pressure: 73-106kpa).
After the test, in order to analyze the characteristics of
the wear area of the specimen and the distribution of
wear debris, the contact areas A and B of the
specimen pins and their ends, middle and roots were
respectively observed by SEM. The specific
observation locations are shown in Fig. 4.

Table 1 Vibration excitation conditions of electrical
connectors.

Test
group

Vibration
frequency

(Hz)

Acceleration
acceleration

(m/s2)

Specimen
No.

I
100

4g 1-4
II 8g 5-8
III 12g 9-12
IV

150
4g 13-16

V 8g 17-20
VI 12g 21-24

Fig. 4 Schematic diagram of SEM observation
position

3 Results and discussion

In this paper, ultrasonic testing is performed on the
electrical connectors that have not been subjected to
vibration. Because there is no fretting wear between
the pin and the jack, and the surface is in good contact,
the shape and amplitude of the ultrasonic signals in
each sub-region detected by the ultrasonic probe are
basically the same. The results show the various
positions have the same contact conditions before the
tests.

3.1 Effect of vibration frequency

Fig. 5 is a histogram of the changes in the detection
value of the 6# specimen (100Hz, 8g) and 19#
specimen (150Hz, 8g) after 600,000 vibrations. The
calculation shows that the relative change in the
detection value of the frequency from 100Hz to
150Hz is 48.46%.

(a) Area A1 (b) Area A2

(c) Area B1 (d) Area B2

Fig. 5 Ultrasonic detection values at various detection
points under different vibration frequencies

It can be seen from Fig. 5 that when the vibration
acceleration and vibration times are the same:
(1)With the increase of the vibration frequency, the
amount of wear debris accumulation between contact
surface of the pin and jack generally increases, and
only some areas have reduced wear debris, which may
be caused by the wear debris migration during the
fretting wear process.
(2) The rate of wear debris accumulation in different
parts of the contact area between the pin and the jack



175

is different. The wear debris accumulates fastest at the
root of the pin and the slowest at the end.
According to the theoretical analysis, an increase in
frequency will cause the surface temperature of the
contact to rise, promote the chemical reaction between
the surface metal and the atmosphere, and strengthen
the mechanism of action, thereby accelerating fretting
corrosion and fretting wear.

3.2 Effect of vibration acceleration

Fig. 6 is a histogram of the detection values of 3#
specimen (100Hz, 4g), 8# specimen (100Hz, 8g), and
10# specimen (100Hz, 12g) after 800,000 vibrations.
The calculation shows that the relative change of the
detected value of the acceleration from 4g to 12g is
81.35%.

(a) Area A1 (b) Area A2

(c) Area B1 (d) Area B2

Fig. 6 Ultrasonic detection values at various detection
points under different vibration accelerations

Fig. 6 shows that when the vibration frequency and
vibration times are the same:
(1) With the increase of vibration acceleration, the
accumulation of abrasive debris between contact
surface of the pin and jack generally increases
gradually.
(2) The degree of wear of the root area of the pin is
relatively serious, especially when the vibration
acceleration reaches 12g, a large amount of abrasive
debris is accumulated around the circumference of the
root of the pin, which affects the contact performance
of the electrical connector.
When the vibration acceleration increases, the
amplitude also increases, which causes the relative
movement amplitude of the pin and the jack to
increase, the form of material wear also changes from
adhesive wear to slip wear. The heat generation rate at
the center of the wear area increases significantly, and
thermal effect will soften the microscopic surface

coating and fall off from the base metal layer, forming
a tendency to accumulate to the edge of the wear scar,
the more severe the fretting wear.

3.3 Effect of vibration times

Fig. 7 shows the histogram of the detection value of
21# specimen (150Hz, 12g) under different vibration
times. The calculation shows that the relative change
in the detected value from 400000 to 600,000 times is
41.27%, and the relative change from the 600,000 to
1,000,000 times is 84.30%.

(a) Area A1 (b) Area A2

(c) Area B1 (d) Area B2

Fig. 7 Ultrasonic detection values at various positions
under different vibration times

Fig. 7 shows when the vibration frequency and
vibration acceleration are the same:
(1) As the vibration times increase, the total amount
of abrasive debris accumulated between the contact
area of contact pin and the jack gradually increases;
and the amount of abrasive debris accumulation in the
sub-regions (such as B25, A22, B11, etc.) increases or
decreases, it can be speculated that during the fretting
wear, the abrasive debris migrates.
(2) The accumulation of wear debris has a non-linear
relationship with the vibration times. From 200,000 to
600,000 times, the cumulative increase rate of wear
debris is slow. After 600,000 to 1,000,000 times, the
accumulation rate of wear debris is obvious faster.
According to the theoretical analysis, during the
vibration process, with the increase of the vibration
times, the stress relaxation phenomenon of the
electrical connector contacts will occur, and the
contact between the pin and the jack will also be
transformed from elastic deformation to plastic
deformation, and the contact surface will be broken.
Chips and abrasions gradually accumulate, resulting
in reduced electrical contact performance. Fig. 8
shows the pin surface topography of the B1 area of
21# specimen.

Fig. 3 Division diagram of ultrasonic probe detection
area
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Fig. 5 Ultrasonic detection values at various detection
points under different vibration frequencies

It can be seen from Fig. 5 that when the vibration
acceleration and vibration times are the same:
(1)With the increase of the vibration frequency, the
amount of wear debris accumulation between contact
surface of the pin and jack generally increases, and
only some areas have reduced wear debris, which may
be caused by the wear debris migration during the
fretting wear process.
(2) The rate of wear debris accumulation in different
parts of the contact area between the pin and the jack
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(a) Area B11 (b) Area B12 (c) Area B13

(d) Area B14 (e) Area A15 (f) Area A16

Fig. 8 Surface profile of the pin of the 21# specimen

Fig. 8 shows that the pins B11 and B12 of the 21#
specimen are basically free of impurities, while a
small amount of plating has fallen off in the areas B13

and B14. The contact surface has become uneven, and
the entire surface film layer has fallen off in the area
B15. There are both protrusions and pits on the
microscopic surface of the area B16. The protrusions
may be the film layer scraped off and accumulated on
the surface of the pin. The pits are caused by the
continuous grinding of abrasive debris on the surface
of the contact, which further causes the top surface of
the pin damage.
In general, the more abrasive debris accumulates
toward the root area of the pin, the gold-plated layer
on its contact surface comes off, and the base metal is
continuously oxidized when exposed to the air,
causing non-conductive substances to increase
between the contact areas, reducing the effective
conductive area, which may cause the contact
resistance exceeds the threshold and intermittent
failure occurs.

3.4 Effect of comprehensive factors

A comprehensive analysis of the effects of vibration
frequency and vibration acceleration on the fretting
wear performance of electrical connectors shows that
with increasing frequency and acceleration, the
accumulation of abrasive debris will increase, and the
fretting wear will become worse. When the vibration
frequency is increased from 100Hz to 150Hz, the
detection value does not change much, and the
fluctuation range remains below 10%. When the
vibration acceleration gradually increases, the
detection value changes significantly, and the
fluctuation amplitude can reach about 30%, especially
within the range of 8g to 12g, the amplitude of the
change reaches the maximum, which indicates that
the vibration acceleration has a great impact on the
fretting wear performance of the electrical connector,
and its impact is far greater than the vibration
frequency.
Table 2 shows the corresponding detection values
under different vibration conditions, and its value is
the average value of the detection values of the four

specimens in each group in the A16 area. Table 2
shows that the detection value is 0.31 at 100Hz and
12g, and the detection value is 0.27 at 150Hz and 8g.
The low-frequency and high-acceleration is more
abrasive than the high-frequency and low-acceleration
conditions, and the wear is more serious. The
influence of vibration acceleration is more significant
under multiple factors.
During the vibration process, the oxide film layer and
the contaminated film layer on the contact surface
tend to rub off, the conductive contact spots will be
extruded from the film layer and increase, but the
contact resistance will decrease. In the early stage of
vibration, the change of performance depends on the
reduction of contact pressure and the cleaning effect
of the contact surface film by the vibration. Their
influence on the contact resistance is opposite, and the
final effect depends on the contrast of their effects.
However, with the increase of vibration times or the
strengthening of the vibration force, the wear
phenomenon will become more and more serious, the
proportion of wear to promote the increase of contact
resistance will gradually increase, and the contact
performance will gradually degrade.

Table 2 Ultrasonic detection value of A16 area under
various vibration conditions

Frequency
（Hz）

Acceleration
（m/s2）

Detection
value
（mv）

100
4g 0.20
8g 0.24
12g 0.31

150
4g 0.23
8g 0.27
12g 0.34

4 Conclusion

This test analyzes the effects of the vibration times
and vibration conditions on the generation and
distribution of wear debris on electrical connector
contacts. The result shows:
(1) When the vibration conditions are the same, as the
vibration times increase, the degree of wear of the
electrical connector contacts will also increase, and
the changes in the contact areas A and B of the
electrical connector will be similar. During the
fretting wear process, the demarcation points of the
two stages of the abrasion of the electrical connector
contacts are 400,000 and 1,000,000 respectively.
(2) The abrasive debris will migrate between different
parts of the contact area. The vibration of high-
frequency and high-acceleration has a more
significant effect on the distribution of abrasive debris
in the electrical connector contacts. When the
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vibration times and the acceleration are the same, as
the vibration frequency increases, the degree of wear
between the contacts of the electrical connector also
increases. With the increase of the vibration frequency,
the difference in the wear debris distribution in the
contact area A and B of the contact also becomes
larger. When the vibration times and the frequency are
the same, as the vibration acceleration increases, the
degree of wear between the contacts of the electrical
connector also increases. With the increase of the
vibration acceleration, the wear debris distribution in
the contact area A and B of the contact is basically the
same. Therefore, it can be considered that vibrations
times, the vibration frequency and the vibration
acceleration all have a certain effect on the degree of
wear of the contact, and the vibration frequency has a
more significant effect on the wear debris distribution
of the contact. This is basically similar to the change
rule of SEM test results.
(3) The difference between △u on the sub-region can
reflect the distribution of wear debris in the contact
area to a certain extent, but cannot distinguish two
different states: large-area corrosion and large-scale
peeling of the coating. Compared with large-area
plating peeling, the value of △u is more sensitive to
the accumulation of abrasive debris, but the detection
accuracy of the ultrasonic detector is not high for
areas with slight wear or scattered debris distribution.
(4) The test results can well reflect the wear of the
contact pin, and the wear debris distribution in
different contact areas of the contact pins can be
identified. The ultrasonic fretting wear detection
method and device designed in this test can provide
certain research ideas for the prediction of the wear
debris distribution law of electrical connectors.
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Fig. 8 shows that the pins B11 and B12 of the 21#
specimen are basically free of impurities, while a
small amount of plating has fallen off in the areas B13

and B14. The contact surface has become uneven, and
the entire surface film layer has fallen off in the area
B15. There are both protrusions and pits on the
microscopic surface of the area B16. The protrusions
may be the film layer scraped off and accumulated on
the surface of the pin. The pits are caused by the
continuous grinding of abrasive debris on the surface
of the contact, which further causes the top surface of
the pin damage.
In general, the more abrasive debris accumulates
toward the root area of the pin, the gold-plated layer
on its contact surface comes off, and the base metal is
continuously oxidized when exposed to the air,
causing non-conductive substances to increase
between the contact areas, reducing the effective
conductive area, which may cause the contact
resistance exceeds the threshold and intermittent
failure occurs.

3.4 Effect of comprehensive factors

A comprehensive analysis of the effects of vibration
frequency and vibration acceleration on the fretting
wear performance of electrical connectors shows that
with increasing frequency and acceleration, the
accumulation of abrasive debris will increase, and the
fretting wear will become worse. When the vibration
frequency is increased from 100Hz to 150Hz, the
detection value does not change much, and the
fluctuation range remains below 10%. When the
vibration acceleration gradually increases, the
detection value changes significantly, and the
fluctuation amplitude can reach about 30%, especially
within the range of 8g to 12g, the amplitude of the
change reaches the maximum, which indicates that
the vibration acceleration has a great impact on the
fretting wear performance of the electrical connector,
and its impact is far greater than the vibration
frequency.
Table 2 shows the corresponding detection values
under different vibration conditions, and its value is
the average value of the detection values of the four

specimens in each group in the A16 area. Table 2
shows that the detection value is 0.31 at 100Hz and
12g, and the detection value is 0.27 at 150Hz and 8g.
The low-frequency and high-acceleration is more
abrasive than the high-frequency and low-acceleration
conditions, and the wear is more serious. The
influence of vibration acceleration is more significant
under multiple factors.
During the vibration process, the oxide film layer and
the contaminated film layer on the contact surface
tend to rub off, the conductive contact spots will be
extruded from the film layer and increase, but the
contact resistance will decrease. In the early stage of
vibration, the change of performance depends on the
reduction of contact pressure and the cleaning effect
of the contact surface film by the vibration. Their
influence on the contact resistance is opposite, and the
final effect depends on the contrast of their effects.
However, with the increase of vibration times or the
strengthening of the vibration force, the wear
phenomenon will become more and more serious, the
proportion of wear to promote the increase of contact
resistance will gradually increase, and the contact
performance will gradually degrade.

Table 2 Ultrasonic detection value of A16 area under
various vibration conditions

Frequency
（Hz）

Acceleration
（m/s2）

Detection
value
（mv）

100
4g 0.20
8g 0.24
12g 0.31

150
4g 0.23
8g 0.27
12g 0.34

4 Conclusion

This test analyzes the effects of the vibration times
and vibration conditions on the generation and
distribution of wear debris on electrical connector
contacts. The result shows:
(1) When the vibration conditions are the same, as the
vibration times increase, the degree of wear of the
electrical connector contacts will also increase, and
the changes in the contact areas A and B of the
electrical connector will be similar. During the
fretting wear process, the demarcation points of the
two stages of the abrasion of the electrical connector
contacts are 400,000 and 1,000,000 respectively.
(2) The abrasive debris will migrate between different
parts of the contact area. The vibration of high-
frequency and high-acceleration has a more
significant effect on the distribution of abrasive debris
in the electrical connector contacts. When the
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Abstract-- Fretting corrosion damage is caused by a 
relative motion of contact pairs surfaces subjected 
to external mechanical vibrations. Indeed, global 
mechanical excitation on a whole connector may 
cause relative displacement on contact area and 
then to fretting degradation. This work 
experimentally investigates the global relative 
motion in 1-way automotive connectors with many 
components (11 parts). Therefore, a methodology is 
presented, that allows to study the whole connector 
movement in order to analyze the relative influence 
on connector components.  To understand the 
fretting degradation at the actual contact interface, 
a test bench and a methodology were set up to 
perform these relative motion measurements using 
a 3D laser vibrometer. We first focus to understand 
induced motion through different connector 
components from wires to male and female 
terminals as well as male and female holdings 
motions caused by vibrations. Then the whole 
connector relative movements were deduced from 
the measured displacements in three-dimensions, on 
components such as housing, terminals and wire.  
Furthermore, the experiment results were 
compared with the frequency response, obtained 
from modal analysis modeling. So, from the 
previous comparison, the specific damaged 
frequencies domains were detected. Finally, the 
relative displacements of the electrical contact zone 
are deduced and if effectively fretting corrosion may 
appear. 
Keywords: Fretting corrosion, automotive 
connectors, vibration, modal analysis, modeling  
  
1. Introduction 
 
The automotive environment in which electrical 
connectors are located is characterized by high 
vibrations that can reach acceleration up to 80 g within 
the range from 5 Hz to 2 kHz frequency [1]. The 
vibration induced by automotive environment is 
transferred on different connectors [2], particularly on  

 
 
 
the wire and housing and then transferred to the 
terminals. This leads to relative micro displacements at 
the interface of male and female parts, inducing 
fretting-corrosion which strongly, influence its 
electrical conductance and then voltage fluctuation. 
Therefore, an increase in contact resistance is 
considered as an indication of the electrical contact 
failure [3]. 
To achieve a reliable device, electrical connector must 
meet certain vibration specifications requirements to 
ensure continuous conduction without being damaged 
by fretting corrosion [1], [4]. 
To minimize the relative displacement on electrical 
interface and so fretting corrosion, designers develop 
electrical connectors consisting of many components, 
with different mechanical properties. In fact, each 
component is meticulously chosen as it plays a specific 
role. For example, the female inner casing  component, 
that has loaded female terminal for limiting his 
movement, the silicone component for damping and 
absorbing vibration-induced, or the lock spring for 
mechanical interlock of connectors etc. [5]. 
Unfortunately, these connectors are not exempted from 
failure. 
The occurrence of fretting corrosion is difficult to 
predict. Many investigations have been done in order to 
determine a threshold fretting damage [6-9]. Bouzera 
[8],[10] concluded that the fretting is indeed worst 
when the relative displacement between the terminals,  
at contact point, reach a certain thershold value. Fu, et 
al. [11]  found that the relative displacement measured 
at the contact interface, increasing when the vibration 
amplitude increases. Park, et al. [12] review and 
summarize previous work on fretting corrosion in 
electrical contacts. They summarize and list the most 
important parameters for fretting corrosion. Besides, 
the motion of cables also may have an effect on the 
electrical contact during vibration test since it can 
induce additional stresses for such vibration test [13]. 
In 2017, Carvou and al. [2] proposed a new 
methodology for measuring relative displacement, 
inside a connector, by using a non-contact 3D laser 
vibrometer. This approach allows a better 
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understanding of dynamical behavior of electrical 
connector under vibration. They found that relative 
motions depend not only on the vibration of excitation, 
but also on the way these movements are mechanically 
transferred. Thus, proper instrumentation and testing 
methods are also inevitable for obtaining fretting 
corrosion conditions in experimental test [14]. 
This paper presents development of this previous 
investigation that consider the transfer of vibrations, at 
three dimensions, into the automotive connectors and 
cable which leads on fretting corrosion. 
To be sure, after attempting to design a mechanically 
stable connector, of its reliability, it is necessary to 
validate new designs by making qualification tests 
aimed to detecting if the connector is susceptible to 
present fretting corrosion during his lifetime.  
Combining various experimental test and modal 
analysis modeling, we will attempt to answer two 
fundamental questions: 
 
 How exactly is the vibration transferred on the 

contact zone, in three dimensions, for a given 
vibration excitation? 
 

 Which frequency domain will cause the maximum 
relative displacement between contact surfaces? 
 

A test bench was designed to measure the motions at 
various points of connector components and wire. 
Then, absolute and relative displacements were 
deduced at different frequencies. Furthermore, the 
experimental results were compared with the frequency 
response obtained from modal analysis modeling. 
Finally, specific damaged frequencies domains were 
determined.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: (a) Automotive connector, (b) Pin, (c) Socket  
 
1.1. The sample connector  
 
The connector to be tested is 1-way automotive 
connector manufactured by Aptiv. This connector 
consists of 11 parts were the main ones  are insulating 
housings, contact pair (pin and socket) and spring lock 
(see Figure 1). The female part consists of 12 contact 
points symmetrically distributed (Figure 1c). The 

contact force is between 20 – 30 N. This force is 
distributed on the two sides of the male part joining two 
female parts at 6 contact zones on each. 
The connector surface is plated with silver and the 
substrat connector material is copper, on which an 
electrolytic nickel interlayed was deposited in order to 
limit copper diffusion. Many works report that a 
connector with silver plating  coatings could make the 
fretting corrosion less significant [15], [16]. The table 
below provides more details about connector 
characteristics. 
 

Parts Thickness 
[mm] 

DDeennssiittyy  
[kg.m-3] 

E 
[GPa] 

 
Pin housing - 1470 2.7 - 9.2 

Female 
housing 

- 1470 2.7 - 9.2 
 

Male 
terminal 

1  8819 125 - 130 

Female 
terminal 

0.5  8819 125 - 130 
 

Cable  - 4157 4 - 56 

Seals - 1000 1 – 3 
 
Table 1: Material and dimensional proprieties of model 
components          

 
Fig. 2: Schematic diagram of the test bench (lateral 
view). 
 
2. Experimental set up  
 
In order to study the effects of vibration on the 
connector, a vibration bench test was built and set up 
with the aim of to be as close as possible of automotive 
vibrations environments conditions. The input 
vibration excitation is produced by using an 
electrodynamic shaker driven by an accelerometer. A 
schematic diagram of the experimental test setup is 
shown in Figure 2. A sample holder, on which the 
connector is mounted, was specially designed and 
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vibrations that can reach acceleration up to 80 g within 
the range from 5 Hz to 2 kHz frequency [1]. The 
vibration induced by automotive environment is 
transferred on different connectors [2], particularly on  

 
 
 
the wire and housing and then transferred to the 
terminals. This leads to relative micro displacements at 
the interface of male and female parts, inducing 
fretting-corrosion which strongly, influence its 
electrical conductance and then voltage fluctuation. 
Therefore, an increase in contact resistance is 
considered as an indication of the electrical contact 
failure [3]. 
To achieve a reliable device, electrical connector must 
meet certain vibration specifications requirements to 
ensure continuous conduction without being damaged 
by fretting corrosion [1], [4]. 
To minimize the relative displacement on electrical 
interface and so fretting corrosion, designers develop 
electrical connectors consisting of many components, 
with different mechanical properties. In fact, each 
component is meticulously chosen as it plays a specific 
role. For example, the female inner casing  component, 
that has loaded female terminal for limiting his 
movement, the silicone component for damping and 
absorbing vibration-induced, or the lock spring for 
mechanical interlock of connectors etc. [5]. 
Unfortunately, these connectors are not exempted from 
failure. 
The occurrence of fretting corrosion is difficult to 
predict. Many investigations have been done in order to 
determine a threshold fretting damage [6-9]. Bouzera 
[8],[10] concluded that the fretting is indeed worst 
when the relative displacement between the terminals,  
at contact point, reach a certain thershold value. Fu, et 
al. [11]  found that the relative displacement measured 
at the contact interface, increasing when the vibration 
amplitude increases. Park, et al. [12] review and 
summarize previous work on fretting corrosion in 
electrical contacts. They summarize and list the most 
important parameters for fretting corrosion. Besides, 
the motion of cables also may have an effect on the 
electrical contact during vibration test since it can 
induce additional stresses for such vibration test [13]. 
In 2017, Carvou and al. [2] proposed a new 
methodology for measuring relative displacement, 
inside a connector, by using a non-contact 3D laser 
vibrometer. This approach allows a better 
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afterwards it is rigidly fixed on shaker head which is 
displayed in Figure. 3. The connector fixed on sample 
holder is in testing equipped with a male and female 
housing and a cable length of 145 mm. the male 
housing was fixed to limit his movement in two 
directions perpendicular to electrical contact insertion. 
Furthermore, the cable was clamped. By doing so, the 
connector system will be able to follow the motion of 
the shaker head. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Fixture and vibration direction (front view) 
 
This fixation configuration is required by the 
automotive manufacturer in accordance to standard 
tests described in [1] and [4]. The excitation direction 
is axial (Y-axis), is chosen parallel to the direction of 
the electrical contact insertion as illustrated in Figure 3. 
The parts inside the housing are accessible by making 
holes, small enough in order to avoid modification of 
the mechanical properties of the connector [10]. 
Series of tests were done in order to investigate 
mechanical behavior of this automotive connectors 
subjected to axial vibration excitation. An acquisition 
data program has been developed on a computer to 
collect data from oscilloscope via GPIB bus. 
 

 
 
Fig. 4: Principle of measurement geometry by using 
CLV-3D laser vibrometer  
 
 
 
 

3. Measurement of displacements 
 
The displacement measurements of the different 
samples are carried out using one non-contacting 3D-
Laser vibrometer by reflecting laser beam on a 
specified target surface. This equipment allows 
measuring simultaneously, at a single-point targeted all 
three velocity components on a vibrating structure 
(Figure 4). The output is an analog voltage signal, 
which are proportional to the velocity amplitude of the 
target [10]. Figure 5 shows the measuring locations of 
the male and female parts through holes. The 
displacement measurements of the different parts are 
deduced by integrating the velocity measured by the 
vibrometer. 
 

 
Fig. 5: Located measuring displacement through the 
holes (red dots) 
 
For an axial vibration applied i.e. in the direction of the 
insertion of the connector (aka the Y-axis), the absolute 
displacements of the sample holder, female housing, 
female terminal, male terminal and the cable were 
measured in 3-axis. We assume that the sample holder 
movement amplitude is the reference movement with 
the respect to the movement amplitude of the other 
components. 
 
4. Measured relative displacement 
  
The fretting corrosion damage is governed by the 
relative displacement of the contact pairs. Ideally, the 
relative displacement between two contact points 
should be measured simultaneously but this requires 
duplicating expensive equipment (one 3D laser 
vibrometer per piece). Our experimental set-up consists 
of only one 3D laser vibrometer. This causes a phase‘s 
problem between two measurement points. To solve 
this issue, we used the signal phase of the accelerometer 
as reference time and we corrected our signal 
accordingly: 
 
i. By subtracting the reference phase from the phase 

of the measured signal 
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ii. Then we will hence extract from previous 
measurements the relative displacements of the 
male part with respect to the female part as 
described by Carvou et al. [2], Fu et al.[11]. 

 
5. Modeling and simulation of the 
frequency response of the connector 
system 
 
5.1 Modal analysis 

 
A modeling and simulation, with finite element analysis 
(FEA), for modal analysis, has been conducted on the 
connector (include the cable) in order to identify the 
terminal natural frequencies and its vibration modes. 
We assume that if one of these natural frequencies is 
close to the car engine frequencies, then there is a 
potential risk for the connector integrity [17]. Modal 
analysis is run with frequencies sweep from 5 Hz to 2 
kHz, by using LS-DYNA Software[18]. The modeling 
and FE simulation approach proposed in this paper is 
shown in Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: FEA Simulation process of modal analysis of 
electrical connector 
 
The material properties (such as Young's modulus E, 
and density) were given in Table 1. The connector is 
meshed using the hexahedral elements. The mesh is 
refined around the terminals contact interface. 

 
Fig.7: Views of connector with its finite element mesh 

6. Results and Discussion  
 

Using the test configuration described above, a series 
of experiments and modal analysis simulation were 
performed to investigate the dynamic behavior of the 
automotive connector subjected to axial vibration 
input. First, for characterizing experimentally the 
response of the sample during a vibration test, sine 
sweep is a fast and useful method for determining eigen 
or dominating frequencies of the connector [19]. We 
measured the transfer function of different components 
to determining resonant peak and vibration modes, seen 
in Figure 8. The transfer function of the connector 
sample is determined by comparing the output response 
at the component to the input vibration amplitude from 
the shaker head. 
 

 
Fig. 8.a: Experimental results showing the transfer 
function for the Female housing  
 

 
Fig. 8.b: Experimental results showing the transfer 
function for the Male housing  
 
A sine sweep applied on the connector/cable system 
produce a motion that will be transferred on electrical 
contact. The frequencies of he applied vibration ranges 
from 5 Hz to 2 kHz with a fixed acceleration 1 G (9.8 
m/s2) and the sweep rate is 0.1 oct/min. Figure 8.a and 
Figure 8.b show the transfer function that were 
obtained, in three axis, for different vibration amplitude 
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afterwards it is rigidly fixed on shaker head which is 
displayed in Figure. 3. The connector fixed on sample 
holder is in testing equipped with a male and female 
housing and a cable length of 145 mm. the male 
housing was fixed to limit his movement in two 
directions perpendicular to electrical contact insertion. 
Furthermore, the cable was clamped. By doing so, the 
connector system will be able to follow the motion of 
the shaker head. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Fixture and vibration direction (front view) 
 
This fixation configuration is required by the 
automotive manufacturer in accordance to standard 
tests described in [1] and [4]. The excitation direction 
is axial (Y-axis), is chosen parallel to the direction of 
the electrical contact insertion as illustrated in Figure 3. 
The parts inside the housing are accessible by making 
holes, small enough in order to avoid modification of 
the mechanical properties of the connector [10]. 
Series of tests were done in order to investigate 
mechanical behavior of this automotive connectors 
subjected to axial vibration excitation. An acquisition 
data program has been developed on a computer to 
collect data from oscilloscope via GPIB bus. 
 

 
 
Fig. 4: Principle of measurement geometry by using 
CLV-3D laser vibrometer  
 
 
 
 

3. Measurement of displacements 
 
The displacement measurements of the different 
samples are carried out using one non-contacting 3D-
Laser vibrometer by reflecting laser beam on a 
specified target surface. This equipment allows 
measuring simultaneously, at a single-point targeted all 
three velocity components on a vibrating structure 
(Figure 4). The output is an analog voltage signal, 
which are proportional to the velocity amplitude of the 
target [10]. Figure 5 shows the measuring locations of 
the male and female parts through holes. The 
displacement measurements of the different parts are 
deduced by integrating the velocity measured by the 
vibrometer. 
 

 
Fig. 5: Located measuring displacement through the 
holes (red dots) 
 
For an axial vibration applied i.e. in the direction of the 
insertion of the connector (aka the Y-axis), the absolute 
displacements of the sample holder, female housing, 
female terminal, male terminal and the cable were 
measured in 3-axis. We assume that the sample holder 
movement amplitude is the reference movement with 
the respect to the movement amplitude of the other 
components. 
 
4. Measured relative displacement 
  
The fretting corrosion damage is governed by the 
relative displacement of the contact pairs. Ideally, the 
relative displacement between two contact points 
should be measured simultaneously but this requires 
duplicating expensive equipment (one 3D laser 
vibrometer per piece). Our experimental set-up consists 
of only one 3D laser vibrometer. This causes a phase‘s 
problem between two measurement points. To solve 
this issue, we used the signal phase of the accelerometer 
as reference time and we corrected our signal 
accordingly: 
 
i. By subtracting the reference phase from the phase 

of the measured signal 
 

Target 

Non-contacting 3D 
Laser vibrometer 

Z 

Y 
X 

300mm 

Laser 
beams  

     Shaker  

Cable Sample 
holder  

Aiming point 
through hole  

Non-
contacting 
3D Laser 
vibrometer 

Z 
Y 

X 

. . 
300mm 

. 
Male 
housing 
clamping 

Female 
housing 

Socket 

Pin 

Aiming point 

Vibration  
direction  



182

for the female and male housing, respectively. We can 
observe that for the low frequency domain, the transfer 
function value is 1 in the vibration direction (aka Y) 
because the input amplitude is equal to the output 
amplitude. However, the transfer function value is 
around 0 for the perpendicular axis (X and Z axes) to 
the vibration direction. It is logical because the input 
amplitude in vibration direction is to larger than the 
output amplitude in X and Z axes. The value of transfer 
function has a significant change at the frequencies 
between 1600 Hz and 1800 Hz. For the female housing, 
two natural frequencies have been detected (Figure 
8.a). At 1650 Hz according Y and Z axes, and at 1770 
Hz according X-axis. Regarding the male housing, two 
natural frequencies were detected at 1700 Hz for the X 
and Y axes and at 1650 Hz for X-axis (Figure 8.a). 
 

 
Fig. 9.a: Experimental results showing the transfer 
function for the Female terminal 
 
 

Fig. 9.b: Experimental results showing the transfer 
function for the Male terminal 
 
Experimental results of transfer function measured on 
the terminals are illustrated in Figure 9.a and Figure 
9.b. For the female terminal (socket), the peak became 
more pronounced at approximately 600 Hz in the 
insertion direction of the connector (Y-axis) (Figure 
9.a). In fact, around 1600 Hz the peak is lower in Z and 

X axes. Regarding the male terminals (Pin), the natural 
frequencies were detected at 1650 Hz in Y-axis and at 
approximately 1770 Hz for Z and X axes. 
FEA simulation of modal analysis was carried out with 
the same boundaries conditions as the experimental 
fixing. LS-DYNA software was used with an implicit 
solver assuming that the problem was linear static. 
From simulation, two modes were extracted between 5 
Hz and 2 kHz to identify natural frequencies of the 
connector system. The table provides three modes from 
simulation and experiment results.  

 
Table 2: Identified natural frequencies between 5 Hz 
and 2 kHz 

Fig. 10: A standard vibration profile 
 
Thus, two natural frequencies were computed from 
modal analysis simulation, at 1568 Hz for mode 1 (Z-
axis) and at 1754 Hz for mode 2 (X-axis). We can 
observe a low difference between the results, of natural 
frequencies, obtained from experimental and 
simulation. Two reasons allow explaining this. First, it 
can be related to the difference between the mass of real 
connector and the 3D model’s mass used in simulation. 
Furthermore, it may due to the contact parameters 
defined between each component in FEA simulation. 
 
6.1 Effect of vibration with fixed acceleration with 

varying amplitudes and frequencies 
  

During this test, the vibration acceleration is fixed at 15 
G. The objective of this type of test was to highlight the 
most damaging domain for this connector. A standard 
vibration 15 G profile (Figure 10) is used to scan ranges 
of frequency with varying amplitude in order to 
determine the mechanical response of the system.  
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The vibration excitation was applied in inserting 
connector direction (aka Y-axis). The Figure 11 shows 
the absolute displacement, measuring in three axes, for 
different connector components.  

 
Fig. 11.a: Spectrum of the absolute displacement in 
X-axis  

 
Fig. 11.b: Spectrum of the absolute displacement in Y-
axis  

Fig. 11.c: Spectrum of the absolute displacement in Z-
axis  
 
The absolute displacement measurements of the 
different samples are deduced by integrating the 
velocity measured by the 3D vibrometer. As shown in 
Figure 11.a, 11.b and 11.c, all the components  present 
the same shape of the curve as the vibration profile, in 
three axes. For vibration in X-axis (Figure 11.a), the 
cable presents the highest displacement amplitude, and 

then the vibration is transferred from the cable to the 
socket. The pin follows the sample holder’s motion. 
Regarding vibrations in the direction of insertion (aka 
Y-axis), the Figure 11.b shows that the connector 
system follows exactly the vibration profile with the 
same input displacement amplitude. For vibration in Z-
axis, displacements follow each other in a rough way, 
seen in Figure.11.c. 
 
The relative displacement of the contact interface 
induced by engine vibration is one of the most 
significant causes for the fretting corrosion 
phenomenon. We will thus extract from previous 
measurements the relative displacements of the male 
part with respect to the female part. The results are 
presented in Figure 12 for the three axes, X, Y and Z. 

             
Fig. 12: Spectrum of the relative displacement 

 
For the three axes, X, Y and Z, the relative 
displacements between pin/socket are relatively 
important in low frequency domain (between 100 Hz 
and 300 Hz) for the highest applied amplitude. 
However, the relative motions measuring at high 
frequency domain are relatively small for X and Y axes. 
For Z-axis, we can see that the relative motion is around 
18 µm greater than the fretting damage threshold [9]. 
We therefore see that the measurements of the relative 
motion between the connector components allow us to 
determine the vibration conditions for which relative 
motion of contact zone is greater than 5 μm, then to 
avoid a critical frequency range when using connectors 
[10], [7]. 
 
To summarize, the methodology and the vibration 
amplitude used in this paper for this type of connectors, 
made it possible to determine the frequency domains of 
vibration to avoid. First the low frequencies, due to 
their very large vibration amplitude. But also the high 
frequencies, which have been identified as the natural 
frequencies for these types of connectors. Outside these 
domains, whatever the amplitude of vibration, there is 
a good probability that relative displacement at the 
contact interface of Pin / socket will remain less than 5 
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for the female and male housing, respectively. We can 
observe that for the low frequency domain, the transfer 
function value is 1 in the vibration direction (aka Y) 
because the input amplitude is equal to the output 
amplitude. However, the transfer function value is 
around 0 for the perpendicular axis (X and Z axes) to 
the vibration direction. It is logical because the input 
amplitude in vibration direction is to larger than the 
output amplitude in X and Z axes. The value of transfer 
function has a significant change at the frequencies 
between 1600 Hz and 1800 Hz. For the female housing, 
two natural frequencies have been detected (Figure 
8.a). At 1650 Hz according Y and Z axes, and at 1770 
Hz according X-axis. Regarding the male housing, two 
natural frequencies were detected at 1700 Hz for the X 
and Y axes and at 1650 Hz for X-axis (Figure 8.a). 
 

 
Fig. 9.a: Experimental results showing the transfer 
function for the Female terminal 
 
 

Fig. 9.b: Experimental results showing the transfer 
function for the Male terminal 
 
Experimental results of transfer function measured on 
the terminals are illustrated in Figure 9.a and Figure 
9.b. For the female terminal (socket), the peak became 
more pronounced at approximately 600 Hz in the 
insertion direction of the connector (Y-axis) (Figure 
9.a). In fact, around 1600 Hz the peak is lower in Z and 

X axes. Regarding the male terminals (Pin), the natural 
frequencies were detected at 1650 Hz in Y-axis and at 
approximately 1770 Hz for Z and X axes. 
FEA simulation of modal analysis was carried out with 
the same boundaries conditions as the experimental 
fixing. LS-DYNA software was used with an implicit 
solver assuming that the problem was linear static. 
From simulation, two modes were extracted between 5 
Hz and 2 kHz to identify natural frequencies of the 
connector system. The table provides three modes from 
simulation and experiment results.  

 
Table 2: Identified natural frequencies between 5 Hz 
and 2 kHz 

Fig. 10: A standard vibration profile 
 
Thus, two natural frequencies were computed from 
modal analysis simulation, at 1568 Hz for mode 1 (Z-
axis) and at 1754 Hz for mode 2 (X-axis). We can 
observe a low difference between the results, of natural 
frequencies, obtained from experimental and 
simulation. Two reasons allow explaining this. First, it 
can be related to the difference between the mass of real 
connector and the 3D model’s mass used in simulation. 
Furthermore, it may due to the contact parameters 
defined between each component in FEA simulation. 
 
6.1 Effect of vibration with fixed acceleration with 

varying amplitudes and frequencies 
  

During this test, the vibration acceleration is fixed at 15 
G. The objective of this type of test was to highlight the 
most damaging domain for this connector. A standard 
vibration 15 G profile (Figure 10) is used to scan ranges 
of frequency with varying amplitude in order to 
determine the mechanical response of the system.  
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μm. Subsequently, it will be difficult to be able to 
trigger the fretting corrosion mechanisms. 

7. Conclusions 
 

This study shows how the vibration is transferred to the 
different connector parts. It may thereby induce motion 
and fretting damage to the contact interface. The main 
results are as follows. 
 
1) An experimental methodology has been proposed, 
allowing for in-situ measurement through a 1-way 
connector under range of vibration.  This methodology 
is generalizable for another type of connector. 
 
2) For the transfer function, the peak of natural 
frequencies was only found at the high frequency 
domain, in the three axes X, Y and Z. The transfer 
function values were smaller at the low frequency 
domain.  
 
3) The simulation results are correlated with the 
experimental behavior of the connector parts. Two 
mode shapes were detected between the results 
obtained with the FEA simulation of modal analysis 
and experimental test. A slight difference was observed 
between the results of natural frequency obtained in 
simulation and experiment test. 
 
4) Hence, the important conclusion is that fretting 
corrosion may appear in both low frequency and high 
frequency domains.   

 Future work will include 
 
 Establish a correlation between previous results and 

the contact resistance changes under the most 
dominating frequencies 

 Investigation of fretting corrosion in low frequency 
and high frequency domains, over long operating 
time. 

 Investigate relative motion by using FEA 
simulation of vibration for validating the model 
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Abstract 

The influence of PTFE-additivated PFPE-based lubricants on tribology, contact resistance and wear behaviour of 
tin surfaces was examined. For this purpose, different modifications of PFPE lubricants were systematically in-
vestigated in a comparative manner, whereby both macro- and microtribological tests were carried out.  
The results prove a significant reduction of the friction coefficients as well as of the macro-tribological wear in the 
contact area by the use of the examined lubricants, so that a higher lifetime and reliability of the contact system 
can be achieved. The micro-tribological tests showed a significant reduction and delay of friction corrosion effects. 
Overall, however, differences between variants of the lubricants can be demonstrated. The results clearly show 
that when selecting a suitable lubricant, not only the value of the friction coefficient and the contact resistance 
must be considered as target values, but also, for example, wear volumes, wear mechanisms and the resulting 
appearance of the contact areas. 

1 Introduction 

1.1 Motivation  

Due to constantly growing tribo-electrical require-
ments for industrial connectors, their suppliers are 
challenged to continuously improve the performance 
of contact systems. The ongoing miniaturization of 
connectors leads to an increasing spatial density of 
contacts and correspondingly to an increasing power 
density, while the requirements for mechanical proper-
ties such as contact forces as well as both insertion and 
withdrawal forces often remain almost unchanged. 
Overall, a low contact resistance remaining constant 
over time and a high wear resistance over the lifetime 
of the contact system are also required. This makes it 
necessary to optimize the tribology of contact systems 
while maintaining electrical properties in order to keep 
insertion and withdrawal forces at a low level over the 
lifetime of a contact system and to prevent wear defects 
as far as possible. A central role of the solution ap-
proaches is played by the contact surface of the contact 
partners, whose tribological and electrical behaviour 
has a significant influence on the performance of an 
electrical contact. The use of Ag or Au as contact sur-
face is often not economically viable due to the high 
and volatile noble metal prices, so that a tribological 
optimization of Sn contact surfaces comes into focus. 
This optimization can be realized by micro-alloying or 
micro-structuring Sn surfaces [1], new coating systems 
such as Ni-Ag-Sn with a specifically adjusted interme-
tallic Ag3-Sn phase [2][3] or the usage of lubricants 
[4][5]. 

1.2 Fundamentals 

Lubrication of electrical contacts has been used almost 
since the emergence of electrical contacts in order to 
meet the above-mentioned various requirements in an 
economically viable and technically applicable ap-
proach. The application of lubricants can reduce both 
friction and wear mechanisms resulting in higher life-
time of electrical contacts. In addition, suitable lubri-
cants can protect the electrical contact against environ-
mental influences and contamination due to reduced re-
action rates, thus further increasing performance. 
However, it should always be noted that a lubricant 
shall not deteriorate the mechanical, electrical and ma-
terial properties of the electrical contact system. All in 
all, this results in a wide requirement profile which 
must be taken into account when investigating and se-
lecting lubricants:  
low volatility in application / thermal and chemical re-
action stability against environment (liquids and gases) 
and materials in the contact system / good adhesion 
with adequate wetting behaviour / protection of the 
electrical contact area against environment and wear / 
no significant impairment of electrical contact or elec-
trical properties by friction polymerisation, separation 
of contacts or embedding of wear particles / non-toxic 
/ low costs / detectability[4][5] 
 
The friction coefficient of a lubricated contact system 
mainly depends on the viscosity of the lubricant η, the 
relative speed v and the contact pressure of the contact 
partners ρ, whereby these influencing variables can be 
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summarized as so-called Stribeck parameter ηvρ-1. Ba-
sically, three qualitative functional areas can be identi-
fied using this parameter. Area A in Fig. 1 corresponds 
to low values of the Stribeck parameter and is charac-
terized by high friction coefficients with dominating 
interface effects, since the lubricant cannot separate the 
contact partners sufficiently. For high values of the 
Stribeck parameter (area C), hydrodynamic effects pre-
dominate, resulting in comparatively low friction coef-
ficient. The transition area B between interfacial and 
hydrodynamic effects is called elastic-hydrodynamic 
or mixed friction area. It can easily be seen that at given 
pressures and speeds, viscosity in particular is the de-
cisive influencing variable for optimizing the tribolog-
ical performance of a contact system [6]. 
 
 
 
 
 
 
 
 
 

Fig. 1 Dependency of friction coefficient and 
Stribeck parameter [8]. 

In addition to the tribological behaviour of a contact 
system, the contact resistance is a decisive target vari-
able. For lubricated contacts, three areas can also be 
identified here, which are determined by the character-
istics of the microscopic interface. For area A, the lub-
ricant is displaced from the contact area so that a me-
tallic contact is present resulting in the smallest possi-
ble contact resistance. Within area C the contact areas 
of both partners completely separated by a (thin) lubri-
cant film, so that the flow of electrical current can only 
take place via tunnel effects. Thus, significantly higher 
contact resistances than for area A can be observed, 
whereby the resistances increase exponentially with 
the thickness of the lubricant film.  
The transition area B is characterized by the fact that 
the contact area contains both metallic contacts and ar-
eas with a thin lubricant film resulting in intermediate 
contact resistance values. Detailed theoretical consid-
erations of the contact resistances of the described ar-
eas can be found in [7]. 
The correlation of the areas A to C for the friction co-
efficient and the contact resistance is obvious. The cen-
tral aim of the systematic investigation of lubricants for 
electrical contact systems is therefore to select a suita-
ble combination of viscosity, contact pressure and 
speed in order to minimize both the contact resistance 
and the friction coefficient as far as possible, consider-
ing the other requirements mentioned above. 

2 Experimental 

2.1 Specimens 

Subject of the investigations is a tin contact system 
from an existing connector family of the Weidmüller 
Group. Both flat (contact blade) and rider (contact arm 
of a socket contact) have a tin surface with a thickness 
of 1.9±0.10 µm on a Cu base material. The normal 
force is about 2 N per contact arm. The contact area of 
the rider has an elliptical geometry with radia of 1 mm 
in the mating direction and 1.5 mm transverse to the 
mating direction. 
 
For the contact system under investigation, the lubri-
cant group of PTFE (polytetrafluoroethylene) - addi-
tivated PFPE (perfluoropolyethers) has already been 
identified as the most suitable and implemented in the 
production process (medium 0). This is due to its chem-
ical inertness, excellent temperature stability and good 
tribological behaviour [7]. In the past, intense system-
atic studies on PFPE-lubricated tin surfaces have been 
carried out, in particular by S. Noël et al. [9,10,11].  
 

Name PTFE 
system 

base oil 
viscosity 
[mm²/s] 

base oil 
structure 

medium 0 reference (o) 400 (o) branched (x) 
medium 1 reduced (↓) 400 (o) branched (x) 
medium 2 reference (o) 200 (↓) branched (x) 
medium 3 reference (o) 200 (↓) linear (l) 
medium 4 reference (o) 600 (↑) linear (l) 
medium 5 reference (o) 600 (↑) branched (x) 

Tab. 1 Properties overview of the tested lubricants 

Within the scope of the present study, the influence of 
varying PTFE additivation, base oil viscosities and 
base oil structures on the triboelectric properties in the 
fields of micro- and macro-friction was systematically 
investigated in order to optimize the tribological and 
electrical behaviour in the best possible way. For this 
purpose, the current series status (medium 0) and five 
alternative lubricants (media 1 to 5) were investigated 
(Tab. 1), whereas contact pressures and speeds were 
kept constant for each tribological testing collective. 

2.2 Tribological tests 

The tribological investigations were carried out on a 
self-designed tribometer, which under control of the 
normal force allows the simultaneous measurement of 
friction force, relative displacement and contact re-
sistance by means of the dry circuit method. Rider and 
flat were loaded by means of "soft touch" starting from 
a normal force of 400 mN in order to avoid damage to 
the contact partners by the loading process.  
For each friction path, the average values of both fric-
tion coefficient and contact resistance were calculated 
for the sliding friction area, providing the data for the 
comparative analysis. 
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Abstract 

The influence of PTFE-additivated PFPE-based lubricants on tribology, contact resistance and wear behaviour of 
tin surfaces was examined. For this purpose, different modifications of PFPE lubricants were systematically in-
vestigated in a comparative manner, whereby both macro- and microtribological tests were carried out.  
The results prove a significant reduction of the friction coefficients as well as of the macro-tribological wear in the 
contact area by the use of the examined lubricants, so that a higher lifetime and reliability of the contact system 
can be achieved. The micro-tribological tests showed a significant reduction and delay of friction corrosion effects. 
Overall, however, differences between variants of the lubricants can be demonstrated. The results clearly show 
that when selecting a suitable lubricant, not only the value of the friction coefficient and the contact resistance 
must be considered as target values, but also, for example, wear volumes, wear mechanisms and the resulting 
appearance of the contact areas. 

1 Introduction 

1.1 Motivation  

Due to constantly growing tribo-electrical require-
ments for industrial connectors, their suppliers are 
challenged to continuously improve the performance 
of contact systems. The ongoing miniaturization of 
connectors leads to an increasing spatial density of 
contacts and correspondingly to an increasing power 
density, while the requirements for mechanical proper-
ties such as contact forces as well as both insertion and 
withdrawal forces often remain almost unchanged. 
Overall, a low contact resistance remaining constant 
over time and a high wear resistance over the lifetime 
of the contact system are also required. This makes it 
necessary to optimize the tribology of contact systems 
while maintaining electrical properties in order to keep 
insertion and withdrawal forces at a low level over the 
lifetime of a contact system and to prevent wear defects 
as far as possible. A central role of the solution ap-
proaches is played by the contact surface of the contact 
partners, whose tribological and electrical behaviour 
has a significant influence on the performance of an 
electrical contact. The use of Ag or Au as contact sur-
face is often not economically viable due to the high 
and volatile noble metal prices, so that a tribological 
optimization of Sn contact surfaces comes into focus. 
This optimization can be realized by micro-alloying or 
micro-structuring Sn surfaces [1], new coating systems 
such as Ni-Ag-Sn with a specifically adjusted interme-
tallic Ag3-Sn phase [2][3] or the usage of lubricants 
[4][5]. 

1.2 Fundamentals 

Lubrication of electrical contacts has been used almost 
since the emergence of electrical contacts in order to 
meet the above-mentioned various requirements in an 
economically viable and technically applicable ap-
proach. The application of lubricants can reduce both 
friction and wear mechanisms resulting in higher life-
time of electrical contacts. In addition, suitable lubri-
cants can protect the electrical contact against environ-
mental influences and contamination due to reduced re-
action rates, thus further increasing performance. 
However, it should always be noted that a lubricant 
shall not deteriorate the mechanical, electrical and ma-
terial properties of the electrical contact system. All in 
all, this results in a wide requirement profile which 
must be taken into account when investigating and se-
lecting lubricants:  
low volatility in application / thermal and chemical re-
action stability against environment (liquids and gases) 
and materials in the contact system / good adhesion 
with adequate wetting behaviour / protection of the 
electrical contact area against environment and wear / 
no significant impairment of electrical contact or elec-
trical properties by friction polymerisation, separation 
of contacts or embedding of wear particles / non-toxic 
/ low costs / detectability[4][5] 
 
The friction coefficient of a lubricated contact system 
mainly depends on the viscosity of the lubricant η, the 
relative speed v and the contact pressure of the contact 
partners ρ, whereby these influencing variables can be 
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Macro-tribological tests were carried out over 100 
paths with a friction path of 2 mm at a speed of 
24 mm/min, considering both standards and product 
requirements. Five tests were carried out for each lub-
ricant. Micro-tribological tests were carried out over 
10.000 paths with a friction path of 100 µm at a fre-
quency of 2 Hz. Here, three tests were carried out for 
each lubricant. 

2.3 Analysis of contact areas 

Both the optical appearance and the topography of the 
contact areas was examined by means of confocal 3D 
laser scanning microscopy, whereby, in addition to the 
optical and topographical appearance, the wear volume 
and wear area were also analysed. The ratio between 
wear volume and wear area was calculated, which cor-
responds to the average wear depth. 

3 Results and discussion 

3.1 Macro-tribology 

For the medium 0 (Fig. 2) the friction track width is 
about 250 µm, whereby abrasive wear is visible. At the 
ends of the friction paths, tin deposits can be seen, an 
alternating transfer of wear material is not visible. The 
contact area of the rider appears to be covered by tin 
oxides.   
During an initial phase, which is characterized by flat-
tening effects of the contact partners and running-in be-
haviour of the lubricant, the friction coefficient drops 
from 0.30 to less than 0.20 within five friction paths.  
The friction coefficient then remains at a level of be-
tween 0.20 and 0.25. The contact resistance increases 
successively starting after 5 friction paths from approx. 
3 mΩ to approx. 10 mΩ. This course is due to the initial 
metallic contact and the subsequently increasing dis-
turbance of the electrical contact through the formation 
of wear particles, embedding of PTFE particles in the 
tin matrix and the transition to mixed friction. Based on 
wear volume and wear area an average wear depth of 
approx. 1.1 µm has been calculated (see Fig. 8). 
 
Medium 1 (Fig. 3Fig. 3) corresponds to medium 0 in 
terms of base oil type and base oil viscosity but has a 
reduced PTFE additivation. 
Both the wear mechanisms and courses of contact re-
sistance as well as friction coefficient are similar to me-
dium 0. During the initial 10 friction paths the friction 
coefficient reduces from 0.30 to a constant level of 
about 0.25. After approx. five friction paths the contact 
resistance increases successively, caused by the same 
effects as explained before for medium 0. Both wear 
volume and wear area as well as the resulting average 
wear depth are similar to medium 0 (see Fig. 8). 
All in all, medium 1 can practically be considered to be 
identical to medium 0, so that no tribo-electric differ-
ences result from the different PTFE additivation.  

Medium 2 (Fig. 4) differs from medium 0 solely in its 
reduced base oil viscosity. The type of base oil and the 
PTFE additivation are identical to medium 0. 
The friction track width is slightly reduced to 200 µm, 
As seen at medium 0 abrasive wear is also visible, but 
the abrasion appears more pronounced in the form of 
individual paths. Both tin deposits at the ends of the 
friction paths and a coverage of the rider by oxides are 
detectable, too. The initial friction coefficient of 0.30 
reduces significantly to a low and almost constant level 
of 0.15 within five friction paths. Subsequently the 
contact resistance rises to a local maximum of approx. 
14 mΩ after 40 paths and then decreases again to ap-
prox. 8 mΩ. This course is due to the disturbance of the 
initial metallic contact by the formation of wear parti-
cles. Most probably the less base oil viscosity leads to 
a smaller lubricant film thickness, which results in in-
creased wear and thus in a more pronounced increase 
of contact resistance by wear particles present in the 
contact area. The better flow characteristic of the base 
oil then supports the transportation of wear particles 
out of the contact area after approx. 40 paths, and con-
sequently the contact resistance decreases.  
Compared to medium 0 the wear area is reduced by ap-
prox. 10 %, while the wear volume is approx. 30 % 
more (see Fig. 8), resulting in an average increase of 
the wear depth by approx. 50 % up to 1.6 µm.  
The reduced base oil viscosity of medium 2 shows a 
worse tribo-electric behaviour compared to medium 0. 
The smaller lubricant film thickness causes more wear 
particles to emerge, which reduce the friction coeffi-
cient, but increase the tendency to abrasive wear and 
leads to contact resistances that vary over the friction 
cycles. 
 
Medium 3 (Fig. 5) differs from medium 0 in its re-
duced base oil viscosity and different, linear base oil 
structure. The PTFE additivation is identical. 
The friction track width is again reduced to approx. 
200 µm. Both tin deposits at the ends of the friction 
paths and a coverage of the rider by oxidation products 
are also present. During the initial five friction paths 
the friction coefficient drops significantly from 0.20 to 
an almost constant, low level of about 0.10. Compared 
to medium 2, the additional reduction in the friction co-
efficient by the changed base oil structure can be seen. 
The contact resistance increases successively to a local 
maximum of approx. 20 mΩ between 30 and 60 paths 
and then decreases to approx. 10 mΩ. The first increase 
of the contact resistance can be explained by the same 
effects as for the previous media (initial metallic con-
tact and subsequent formation of wear particles). Due 
to the reduced base oil viscosity and the linear base oil 
structure, the wear is increased compared to media 0 
and 2 since a poorer spatial separation of the contact 
partners occurs, resulting in a more pronounced in-
crease of contact resistance.   
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Fig. 2 Test results for medium 0 showing both light 
microscopy and topography images with 
-7.5/+7.5 µm scaling (black/white) as well as courses 
of friction coefficient and contact resistance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Test results for medium 1 showing both light 
microscopy and topography images with 
-7.5/+7.5 µm scaling (black/white) as well as courses 
of friction coefficient and contact resistance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Test results for medium 2 showing both light 
microscopy and topography images with 
-7.5/+7.5 µm scaling (black/white) as well as courses 
of friction coefficient and contact resistance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Test results for medium 3 showing both light 
microscopy and topography images with 
-7.5/+7.5 µm scaling (black/white) as well as courses 
of friction coefficient and contact resistance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Test results for medium 4 showing both light 
microscopy and topography images with 
-7.5/+7.5 µm scaling (black/white) as well as courses 
of friction coefficient and contact resistance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Test results for medium 5 showing both light 
microscopy and topography images with 
-7.5/+7.5 µm scaling (black/white) as well as courses 
of friction coefficient and contact resistance.  
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Macro-tribological tests were carried out over 100 
paths with a friction path of 2 mm at a speed of 
24 mm/min, considering both standards and product 
requirements. Five tests were carried out for each lub-
ricant. Micro-tribological tests were carried out over 
10.000 paths with a friction path of 100 µm at a fre-
quency of 2 Hz. Here, three tests were carried out for 
each lubricant. 

2.3 Analysis of contact areas 

Both the optical appearance and the topography of the 
contact areas was examined by means of confocal 3D 
laser scanning microscopy, whereby, in addition to the 
optical and topographical appearance, the wear volume 
and wear area were also analysed. The ratio between 
wear volume and wear area was calculated, which cor-
responds to the average wear depth. 

3 Results and discussion 

3.1 Macro-tribology 

For the medium 0 (Fig. 2) the friction track width is 
about 250 µm, whereby abrasive wear is visible. At the 
ends of the friction paths, tin deposits can be seen, an 
alternating transfer of wear material is not visible. The 
contact area of the rider appears to be covered by tin 
oxides.   
During an initial phase, which is characterized by flat-
tening effects of the contact partners and running-in be-
haviour of the lubricant, the friction coefficient drops 
from 0.30 to less than 0.20 within five friction paths.  
The friction coefficient then remains at a level of be-
tween 0.20 and 0.25. The contact resistance increases 
successively starting after 5 friction paths from approx. 
3 mΩ to approx. 10 mΩ. This course is due to the initial 
metallic contact and the subsequently increasing dis-
turbance of the electrical contact through the formation 
of wear particles, embedding of PTFE particles in the 
tin matrix and the transition to mixed friction. Based on 
wear volume and wear area an average wear depth of 
approx. 1.1 µm has been calculated (see Fig. 8). 
 
Medium 1 (Fig. 3Fig. 3) corresponds to medium 0 in 
terms of base oil type and base oil viscosity but has a 
reduced PTFE additivation. 
Both the wear mechanisms and courses of contact re-
sistance as well as friction coefficient are similar to me-
dium 0. During the initial 10 friction paths the friction 
coefficient reduces from 0.30 to a constant level of 
about 0.25. After approx. five friction paths the contact 
resistance increases successively, caused by the same 
effects as explained before for medium 0. Both wear 
volume and wear area as well as the resulting average 
wear depth are similar to medium 0 (see Fig. 8). 
All in all, medium 1 can practically be considered to be 
identical to medium 0, so that no tribo-electric differ-
ences result from the different PTFE additivation.  

Medium 2 (Fig. 4) differs from medium 0 solely in its 
reduced base oil viscosity. The type of base oil and the 
PTFE additivation are identical to medium 0. 
The friction track width is slightly reduced to 200 µm, 
As seen at medium 0 abrasive wear is also visible, but 
the abrasion appears more pronounced in the form of 
individual paths. Both tin deposits at the ends of the 
friction paths and a coverage of the rider by oxides are 
detectable, too. The initial friction coefficient of 0.30 
reduces significantly to a low and almost constant level 
of 0.15 within five friction paths. Subsequently the 
contact resistance rises to a local maximum of approx. 
14 mΩ after 40 paths and then decreases again to ap-
prox. 8 mΩ. This course is due to the disturbance of the 
initial metallic contact by the formation of wear parti-
cles. Most probably the less base oil viscosity leads to 
a smaller lubricant film thickness, which results in in-
creased wear and thus in a more pronounced increase 
of contact resistance by wear particles present in the 
contact area. The better flow characteristic of the base 
oil then supports the transportation of wear particles 
out of the contact area after approx. 40 paths, and con-
sequently the contact resistance decreases.  
Compared to medium 0 the wear area is reduced by ap-
prox. 10 %, while the wear volume is approx. 30 % 
more (see Fig. 8), resulting in an average increase of 
the wear depth by approx. 50 % up to 1.6 µm.  
The reduced base oil viscosity of medium 2 shows a 
worse tribo-electric behaviour compared to medium 0. 
The smaller lubricant film thickness causes more wear 
particles to emerge, which reduce the friction coeffi-
cient, but increase the tendency to abrasive wear and 
leads to contact resistances that vary over the friction 
cycles. 
 
Medium 3 (Fig. 5) differs from medium 0 in its re-
duced base oil viscosity and different, linear base oil 
structure. The PTFE additivation is identical. 
The friction track width is again reduced to approx. 
200 µm. Both tin deposits at the ends of the friction 
paths and a coverage of the rider by oxidation products 
are also present. During the initial five friction paths 
the friction coefficient drops significantly from 0.20 to 
an almost constant, low level of about 0.10. Compared 
to medium 2, the additional reduction in the friction co-
efficient by the changed base oil structure can be seen. 
The contact resistance increases successively to a local 
maximum of approx. 20 mΩ between 30 and 60 paths 
and then decreases to approx. 10 mΩ. The first increase 
of the contact resistance can be explained by the same 
effects as for the previous media (initial metallic con-
tact and subsequent formation of wear particles). Due 
to the reduced base oil viscosity and the linear base oil 
structure, the wear is increased compared to media 0 
and 2 since a poorer spatial separation of the contact 
partners occurs, resulting in a more pronounced in-
crease of contact resistance.   



190

 
 
 
 
 
 
 
 
 

Fig. 8 Comparative illustration of values regarding wear volume, wear area and ratio of both values (corresponds 
to the average wear depth) for the investigated lubricants. Beside the individual data their respective distribution 
is indicated. The presented data were acquired for the flats. 

 
The ongoing abrasive wear and the displacement of the 
wear particles out of the contact area causes the contact 
resistance to drop again after approx. 60 paths, while 
the friction coefficient gradually increases with the 
wear.   
The wear area is approx. 10 % less than with me-
dium 0, while the wear volume is approx. 25 % more. 
This results in a 40% increase of the average wear 
depth to 1.5 µm. The reduced base oil viscosity and the 
changed base oil structure of medium 3 shows a worse 
tribo-electric behaviour compared to medium 0. The 
friction coefficient might be reduced by increased for-
mation of wear particles, but this leads to an increased, 
significantly varying contact resistance. Especially in 
comparison to medium 2 the influence of the changed 
base oil structure on the formation of wear particles 
(which disturb the electrical contact) is clearly recog-
nisable by the height of the resistance maximum. 
 
Medium 4 (Fig. 6) differs from medium 0 in its linear 
base oil structure as well as in an increased viscosity 
level, while the PTFE additivation is identical.  
The friction track width is reduced to approx. 110 µm. 
The abrasive wear appears to be significantly concen-
trated to a small area compared to medium 0. Both tin 
deposits at the ends of the friction paths and a coverage 
of the rider by oxidation products are detectable, too. 
The initial friction coefficient drops from 0.20 to an al-
most constant and low level of 0.07 within five friction 
paths. This extremely low level in particular is due to 
the changed base oil structure (compare to medium 5 
below). The contact resistance rises abruptly from ap-
prox. 4 mΩ to more than 20 mΩ during five friction 
paths and remains at a high level. After initial flattening 
of the micro-roughness, the changed base oil structure 
leads to an increased formation of wear particles, 
which, as third bodies, together with the more pro-
nounced hydrodynamic frictional conditions of the 
higher base oil viscosity, then hinder the electrical con-
tact. No decrease of the contact resistance could be de-
tected, since the wear particles are not displaced from 
the contact area because of the high viscosity of the 
base oil. 

The wear area is reduced by approx. 57 % compared to 
medium 0, while the wear volume is reduced by ap-
prox. 75 %. As a result, the average wear depth de-
creases by approx. 40 % to 0.6 µm (see Fig. 8).  
The increased base oil viscosity in combination with 
the linear base oil structure of medium 4 shows a sig-
nificantly worse electrical behaviour compared to me-
dium 0. Although the wear is spatially reduced, more 
wear particles appear to be produced which cannot be 
displaced from the contact area and subsequently cause 
massively increased contact resistances. 
 
Medium 5 (Fig. 7) differs from medium 0 by an in-
creased viscosity level, while both the PTFE additiva-
tion and the base oil structure are identical. 
The wear mechanisms are comparable to medium 1. 
Besides tin deposits at the end of the friction paths tin 
oxides can be found on the rider. Due to flattening ef-
fects of the contact partners and the running-in behav-
iour of the lubricant, the friction coefficient drops 
within 5 friction paths from 0.30 to an almost constant 
level of about 0.20. Even though the base oil viscosity 
of medium 5 is higher compared to medium 0, the fric-
tion coefficient behaves identically. By direct compar-
ison to medium 4 (Fig. 6), the influence of the base oil 
structure to the friction coefficient can be recognized: 
despite comparable base oil viscosities and PTFE addi-
tivation, there are massive differences in the friction 
coefficient for media 4 and 5. The contact resistance 
increases successively from about 5 friction paths from 
approx. 3 mΩ to approx. 10 mΩ. This course is due to 
the metallic contact initially present as a result of the 
flattening effects and the successively increasing dis-
turbance of the electrical contact through the formation 
of wear particles, embedding of PTFE particles in the 
tin matrix and the transition to mixed friction. The wear 
area is reduced by approx. 34 % compared to me-
dium 0, while the wear volume is reduced by approx. 
40 %. As a result, the average wear depth decreases by 
approx. 5 % to 1.0 µm (see Fig. 8). 
Despite the increased base oil viscosity, the triboelec-
tric behaviour of medium 5 is identical to that of both 
medium 0 and medium 1. 
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3.2 Micro-tribology 

For medium 0, the contact area of the flat still appears 
metallic after 10,000 frictional movements (Fig. 9). 
Fretting corrosion products can be detected around 
both the contact areas of flat and rider. The appearance 
of the contact partners after the micro-friction tests 
demonstrates that the formation of fretting corrosion is 
inhibited by the lubricant, although instable contact re-
sistance is noted from about 5,000 frictional paths on-
wards. This can be attributed to the ongoing formation 
of wear particles in the contact area. The friction coef-
ficient initially rises to over 0.2, which is due to the 
flattening of roughness peaks and the running-in pro-
cess of the contact area. Due to the successive for-
mation of wear particles as third bodies as well as the 
embedding of PTFE particles in the tin matrix, the fric-
tion coefficient then decreases to approx. 0.1. 
 
Medium 1 (Fig. 10) corresponds to medium 0 in terms 
of base oil type and base oil viscosity but has a reduced 
PTFE additivation.  
The optical appearance of the contact areas for me-
dium 1 is identical to medium 0. The contact area of 
the flat appears metallic after 10,000 frictional move-
ments. Fretting corrosion products can be detected 
around the contact area of both flat and rider. Due to 
the modified PTFE additivation the inhibition of the 
emergence of fretting corrosion products appears to be 
enhanced for medium 1, resulting in an electrical con-
tact without obvious disturbances. Due to the running-
in of the contact partners and embedding of PTFE par-
ticles into the tin matrix, the friction coefficient de-
creases at the beginning of the tests. The contact re-
sistance is stable with only a slight increase. caused by 
the formation of fretting corrosion products as third 
bodies in the contact area, which simultaneously re-
duces the friction coefficient. 
 
Medium 2 (Fig. 11) differs from medium 0 solely in its 
reduced base oil viscosity. The type of base oil and the 
PTFE additivation are identical to medium 0. 
As for medium 0, for both rider and flat fretting corro-
sion products can be found around a metallic contact 
area, here with a circular shape of the representative 
specimen. Due to running-in of the surfaces and initial 
embedding of PTFE particles in the tin matrix, the fric-
tion coefficient drops at the beginning of the tests. The 
ongoing increase in contact resistance and the decrease 
of the friction coefficient is more pronounced than for 
medium 1, since a thinner lubricating film is formed 
because of the reduced base oil viscosity. This favours 
the formation of wear particles that as a result reduce 
the friction coefficient as third bodies and simultane-
ously increase the contact resistance. 
 
Medium 3 (Fig. 12) differs from medium 0 in its lower 
base oil viscosity and linear base oil structure. The 
PTFE additivation is identical. 

Contact partners are showing an increased coverage 
with fretting corrosion products. The formation of fret-
ting corrosion products is much less inhibited com-
pared to media 1 and 2. By direct comparison these me-
dia, this can be mainly traced back to the linear base oil 
structure, which encourages the formation of fretting 
corrosion products (compare section 3.1). As a result, 
after running-in of the contact partners and the initial 
embedding of PTFE particles in the tin matrix, the fric-
tion coefficient quickly reaches a low level due to the 
presence of wear particles as third bodies in the contact 
area. Due to precisely these fretting corrosion products, 
the contact resistance of the sliding friction area in-
creases progressively. 
 
Medium 4 (Fig. 13) differs from medium 0 regarding 
the linear base oil structure as well as an increased vis-
cosity level, while the PTFE additivation is identical. 
As seen at medium 3 the coverage with fretting corro-
sion products in the contact areas is increased. Again, 
the formation of fretting corrosion products is poorly 
inhibited compared to media 1 and 2. This is especially 
due to the linear base oil structure, which encourages 
the formation of fretting corrosion products. Also, the 
friction coefficient drops quickly to a low value after 
running-in of the contact partners and embedding of 
PTFE particles in the tin matrix, due to the presence of 
third bodies in the contact area. But these fretting cor-
rosion products also lead to a progressive increase of 
the contact resistance. The increase is more pro-
nounced compared to medium 3, since medium 4 has a 
higher base oil viscosity, which makes it less probable 
to displace the wear particles out of the contact area 
(compare section 3.1). 
 
Medium 5 (Fig. 14) differs from medium 0 by an in-
creased viscosity level, while both PTFE additivation 
and base oil structure are identical. 
The appearance of the contact areas for medium 5 is 
identical to medium 0. For both flat and rider, a metal-
lic contact area can be found which is surrounded by 
wear particles. The lubricant inhibits fretting corrosion 
within the contact area, whereas the inhibition is more 
pronounced than for medium 0 due to the increased 
base oil viscosity. Because of the running-in of the con-
tact partners, the friction coefficient initially decreases. 
The contact resistance remains stable. Due to the for-
mation of fretting corrosion products as third bodies in 
the contact area, only a slight increase of the contact 
resistance with a simultaneous reduction of the friction 
coefficient is present. 
 
Overall, the triboelectric behaviour in the field of mi-
cro-friction is primarily determined by the formation 
and retention of fretting corrosion products in the con-
tact area, whereby clearly different characteristics of 
the triboelectric behaviour of the lubricants can be ob-
served.  

 
 
 
 
 
 
 
 
 

Fig. 8 Comparative illustration of values regarding wear volume, wear area and ratio of both values (corresponds 
to the average wear depth) for the investigated lubricants. Beside the individual data their respective distribution 
is indicated. The presented data were acquired for the flats. 

 
The ongoing abrasive wear and the displacement of the 
wear particles out of the contact area causes the contact 
resistance to drop again after approx. 60 paths, while 
the friction coefficient gradually increases with the 
wear.   
The wear area is approx. 10 % less than with me-
dium 0, while the wear volume is approx. 25 % more. 
This results in a 40% increase of the average wear 
depth to 1.5 µm. The reduced base oil viscosity and the 
changed base oil structure of medium 3 shows a worse 
tribo-electric behaviour compared to medium 0. The 
friction coefficient might be reduced by increased for-
mation of wear particles, but this leads to an increased, 
significantly varying contact resistance. Especially in 
comparison to medium 2 the influence of the changed 
base oil structure on the formation of wear particles 
(which disturb the electrical contact) is clearly recog-
nisable by the height of the resistance maximum. 
 
Medium 4 (Fig. 6) differs from medium 0 in its linear 
base oil structure as well as in an increased viscosity 
level, while the PTFE additivation is identical.  
The friction track width is reduced to approx. 110 µm. 
The abrasive wear appears to be significantly concen-
trated to a small area compared to medium 0. Both tin 
deposits at the ends of the friction paths and a coverage 
of the rider by oxidation products are detectable, too. 
The initial friction coefficient drops from 0.20 to an al-
most constant and low level of 0.07 within five friction 
paths. This extremely low level in particular is due to 
the changed base oil structure (compare to medium 5 
below). The contact resistance rises abruptly from ap-
prox. 4 mΩ to more than 20 mΩ during five friction 
paths and remains at a high level. After initial flattening 
of the micro-roughness, the changed base oil structure 
leads to an increased formation of wear particles, 
which, as third bodies, together with the more pro-
nounced hydrodynamic frictional conditions of the 
higher base oil viscosity, then hinder the electrical con-
tact. No decrease of the contact resistance could be de-
tected, since the wear particles are not displaced from 
the contact area because of the high viscosity of the 
base oil. 

The wear area is reduced by approx. 57 % compared to 
medium 0, while the wear volume is reduced by ap-
prox. 75 %. As a result, the average wear depth de-
creases by approx. 40 % to 0.6 µm (see Fig. 8).  
The increased base oil viscosity in combination with 
the linear base oil structure of medium 4 shows a sig-
nificantly worse electrical behaviour compared to me-
dium 0. Although the wear is spatially reduced, more 
wear particles appear to be produced which cannot be 
displaced from the contact area and subsequently cause 
massively increased contact resistances. 
 
Medium 5 (Fig. 7) differs from medium 0 by an in-
creased viscosity level, while both the PTFE additiva-
tion and the base oil structure are identical. 
The wear mechanisms are comparable to medium 1. 
Besides tin deposits at the end of the friction paths tin 
oxides can be found on the rider. Due to flattening ef-
fects of the contact partners and the running-in behav-
iour of the lubricant, the friction coefficient drops 
within 5 friction paths from 0.30 to an almost constant 
level of about 0.20. Even though the base oil viscosity 
of medium 5 is higher compared to medium 0, the fric-
tion coefficient behaves identically. By direct compar-
ison to medium 4 (Fig. 6), the influence of the base oil 
structure to the friction coefficient can be recognized: 
despite comparable base oil viscosities and PTFE addi-
tivation, there are massive differences in the friction 
coefficient for media 4 and 5. The contact resistance 
increases successively from about 5 friction paths from 
approx. 3 mΩ to approx. 10 mΩ. This course is due to 
the metallic contact initially present as a result of the 
flattening effects and the successively increasing dis-
turbance of the electrical contact through the formation 
of wear particles, embedding of PTFE particles in the 
tin matrix and the transition to mixed friction. The wear 
area is reduced by approx. 34 % compared to me-
dium 0, while the wear volume is reduced by approx. 
40 %. As a result, the average wear depth decreases by 
approx. 5 % to 1.0 µm (see Fig. 8). 
Despite the increased base oil viscosity, the triboelec-
tric behaviour of medium 5 is identical to that of both 
medium 0 and medium 1. 
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Fig. 9 Test results for the medium 0 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Test results for the medium 1 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Test results for the medium 2 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Test results for the medium 3 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 Test results for the medium 4 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 Test results for the medium 5 showing both 
light microscopy and courses of friction coefficient and 
contact resistance  
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4 Conclusion 

The test results show that for an optimization of the tri-
boelectric performance of the contact system using 
PTFE-additivated PFPE media, a detailed, comparative 
investigation of different modifications and their re-
sulting effects is necessary. A suitable combination of 
the investigated lubricant properties cannot only re-
duce the friction coefficients and thus the insertion and 
withdrawal forces in the application, but also reduce 
wear, especially for macro-friction, thus increasing the 
lifetime and reliability of the contact system. Regard-
ing micro-friction, a significant reduction or delay of 
frictional corrosion effects can be achieved.  
 
Overall, dependencies of the triboelectric behaviour of 
the contact system on the base oil viscosity, the base oil 
structure and the PTFE additivation can be recognized 
(Tab. 2).  
Based on the macro- and micro-tribological investiga-
tions, the main improvements compared to medium 0 
can be achieved either via  
(I) a change in the PTFE additivation 

with both identical base oil viscosity and base 
oil structure (medium 1), or alternatively 

(II) an identical PTFE additivation and base oil 
structure with an increase of the base oil viscos-
ity (medium 5) 

For these variations, wear can be reduced with simul-
taneously improved tribological and comparable elec-
trical behaviour.  
 
A change in base oil structure (media 3 and 4) shows to 
be disadvantageous regarding the contact resistance 
due to an increased formation of wear particles. Addi-
tionally, a reduction of the base oil viscosity (media 2 
and 3) shows to be disadvantageous regarding average 
wear depths due to thinner lubricant films. The charac-
teristic conflict of interests between tribological and 
electrical optimization of a contact system becomes ap-
parent: A low friction coefficient results from a high 
spatial separation of the contact partners through 
thicker lubricant films and/or third bodies, but simulta-
neously the contact resistance increases because of the 
very same influencing factors.  
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0 o o x o o o 
1 ↓ o x o o + 
2 o ↓ x + - o 
3 o ↓ l + - - 
4 o ↑ l ++ + -- 
5 o ↑ x o o + 

Tab. 2 Qualitative overview of the test results with 
qual. evaluations + (better) / o (similar) / - (worse). The 
lubricant properties are characterized qualitatively, too. 

Overall, the results of the investigations confirm the 
necessity of a differentiated and comparative investiga-
tion of the properties of lubricating media and their in-
fluence on the tribo-electric properties of an electrical 
contact system. It is not advisable to change or imple-
ment a lubricant without the need to do so, since the 
influence on the decisive target variables such as con-
tact resistance for different tribological stresses must 
be considered in order to avoid undesired performance 
loss. 
 
When introducing or changing the lubrication of a con-
tact system, steps beyond the basic investigations are 
also necessary. Besides, the application of the lubricant 
and its detectability has to be considered. Furthermore, 
product tests must be carried out to ensure the success-
ful functioning of the lubrication, considering environ-
mental influences and ageing. 
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Fig. 9 Test results for the medium 0 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Test results for the medium 1 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Test results for the medium 2 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Test results for the medium 3 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 Test results for the medium 4 showing both 
light microscopy and courses of friction coefficient and 
contact resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 Test results for the medium 5 showing both 
light microscopy and courses of friction coefficient and 
contact resistance  
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Abstract 

Reliability of connectors is still a major concern for end users in many applications. One way to improve it is to 
optimize the surface coatings deposited on base substrates. Although gold remains the most widely used contact 
plating material, many alternative coatings have been developed in the past or recent years. Among these 
alternatives are silver final coatings and gold flash over palladium-nickel plated alloy. The properties of these two 
platings have been mainly investigated in symmetrical configurations where male and female contacts have similar 
deposits. In this work, asymmetrical configurations - where platings on male and female contacts are dissimilar - 
are studied. Wear behaviour was investigated with friction and fretting tests. The aim was to characterize the role 
of the various layers on the wear performances of contacts. Contact resistance behaviours were measured and 
correlated to the wear tracks investigated with various techniques such as SEM, EDS and 3D-Profilometry. It is 
shown that in some cases dissimilar final coatings on male and female contacts can significantly improve 
durability.

1. Introduction  

The development of electrification and of connected 
consumer devices is causing an exponential rise of 
the number of connectors used and produced 
worldwide. Historically gold has been the best metal 
to meet all connector needs. However in view of its 
cost other alternatives have been developed, such as 
various palladium alloys [1] [2] in the 80s and hard 
silver [3]. The concerns were mainly frictional 
polymer and tarnish film formation for these two 
types of coatings respectively. 

Numerous studies have been done to determine the 
performance in terms of fretting and wear resistance 
of all the coatings used in the connector industry, 
such as the study of the fretting and wear resistance 
of nickel [4], tin coatings [5] or a new alternative, 
gold capped silver (GCS) [6]. Gold flash over 
palladium nickel and the hard silver with (or without 
surface post-treatment and lubrication) have been 
used successfully for particular applications. 
Literature shows that in general palladium nickel 
alloy has good wear resistance [7] but low fretting 
resistance [8], while silver coatings have good 
fretting resistance [9] but low wear resistance. 
Antler’s seminal work on connectors has shown in 
[10] that dissimilar contact pairs could be very 
detrimental to wear and fretting behaviour. More 
recently in [11] Lin et al. have shown that the fretting 

resistance of PdNi is improved when in an 
asymmetric Au (1.2 µm) versus PdNi contact. 

In this paper the wear and fretting resistance of two 
multilayer plating systems are studied: hard pure 
silver plating on nickel and a gold flashed palladium-
nickel on a nickel layer. The four possible 
configurations were tested for friction and fretting 
properties since the degradation modes are known to 
be different. The aim of the study is to bring some 
insight on the wear mechanisms and to determine if 
it is possible to improve the performance of each 
coating by using asymmetrical contacts. 

2. Samples and experimental set-ups 

2.1 Samples 

A hemisphere (cap) of 1.4 mm radius was stamped 
on CuSn6 substrates before the electrodeposition of 
the coating. All the samples (caps and flats) were 
plated on industrial reel-to-reel plating lines in order 
to obtain a better reproducibility and all had a 1.3-
1.6 µm nanocrystalline Ni first coating. The 
multilayers studied are described in Table 1. The 
PdNi alloy coating is called GXTTM; it consists of 
80% w/w Pd and 20% w/w Ni deposited from a low 
ammonia plating bath. A cobalt hardened gold flash 
of about 50 to 80 nm was deposited on the top. The 
hardness was measured with a nanoindentation tester 
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at 0.1 gf and found to be between 400 HV and 
420 HV. The GXTTM coatings will be referred to as 
GXT for simplicity. Care was taken in the 
measurement with the X Ray fluorescence 
spectroscopy (XRF Fisher XDVµ model) of the Pd 
and Ni concentrations in the PdNi coatings. A low 
free cyanide silver plating bath with no alloying was 
used for the silver coatings. Plating parameters were 
adapted to obtain hard silver deposit with average 
hardness between 120 and 130 HV. These AGT® 
coatings will be referred to as nAGT because they 
are not lubricated. All the hardness measurements 
were carried out under 0.1 g load with a NHT3 Anton 
Paar nanoindenter. The CuSn6 substrates hardness 
was 230 HV with a Young modulus of 120 GPa. 

GXT  nAGT 
Thickness (µm)  Thickness (µm) 
Au 0.05 - 0.08  

Ag  
Cap 4.5 - 5.0 

PdNi 0.70 - 0.80  Flat 2.5 - 3.0 
Ni 1.30 - 1.50  Ni 1.3 - 1.5 

CuSn6 350  CuSn6 350 
Table 1 : Thickness and composition of the GXT and nAGT 
plating systems. 

2.2 Experimental set-ups 

Contacts were submitted to durability tests. The 
evaluation of a coating pair was based on the 
electrical properties (contact resistance Rc), the 
friction properties (friction coefficient µ not shown 
here) and wear properties after several numbers of 
cycles. 

2.2.1 Durability and fretting tests 

The durability testing was done with a Bruker UMT3 
universal tester fitted with a mechanical 
reciprocating module. The stroke was set at 2 mm 
(peak to peak) under a 1 N normal load and a speed 
of 125 mm/min (0.53 Hz). The contact resistance and 
the tangential force were measured continuously 
every 0.1 s. The mean values of 10 measurements 
were calculated. 

The fretting tests were performed with a dedicated 
device (electro-dynamic shaker [4]) working at 
constant displacement. The conditions were: 
d=50 µm peak to peak displacement, 10 Hz and 
normal load 1 N. The contact radius calculated with 
the Hertz formulation is 25µm for the studied 
substrate. The tests were carried out at ±25µm, in 
order to be in fretting gross slip mode and not in 
reciprocating sliding mode. During the test, the 
voltage drop in the contact was measured with an 
acquisition card (333 103 samples/s), the DC current 
value set at 20 mA and voltage limit at 250 mV. The 

mean values of 500 measurements per cycle were 
calculated. All experiments were done at room 
temperature (23°C) and 55% relative humidity. 

Contacts will be referred to as coating1/coating2, the 
first being the cap and the second the flat through all 
the paper. 

2.2.2 Characterizations 

3D images, profiles and wear volumes were 
measured by a Bruker Contour GT-X 3D Optical 
Profiler. The wear volumes calculations took into 
account positives volumes due to transfer and 
negative ones due to deformation and particles 
ejection; the following formula was used: 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 =  |𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐
− − 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐

+  | 𝑎𝑎𝑎𝑎𝑎𝑎 𝑉𝑉𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓 =  |𝑉𝑉𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓
− − 𝑉𝑉𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓

+  | 
 

𝑉𝑉𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤 =  |𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐
− − 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐

+  | + |𝑉𝑉𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓
− −  𝑉𝑉𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓

+  | 
Scanning electron microscope (SEM) images were 
obtained with a ZEISS EVO MA10 microscope 
fitted with an Oxford Instruments Xmax probe for 
Energy Dispersive X-ray Scanning (EDS) analysis 
for the identification of the chemical elemental 
composition of selected surfaces. The analyses were 
done at 15 KeV, the depth of analysis was therefore 
less than 1 µm. 

3. Results and discussion 

3.1 Durability experiments 

3.1.1 Symmetrical contacts 

The evolution of Rc and of the wear were studied as 
a function of number of friction cycles n. Figure 1 
shows Rc(n) curves for the symmetrical contacts 
nAGT/ nAGT and GXT/GXT up to 1200 cycles. All 
the experiments were performed several times and 
were repeatable; a representative curve is giving in 
the following text for all the runs.  

Fig. 1: Durability of nAGT/nAGT and GXT/GXT contacts 
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The behaviour of the nAGT/nAGT contacts is 
described first. An initial contact resistance (Rc1) of 
2.4 mΩ is measured, the values then remain low and 
stable during the first 400 cycles (~ 2 mΩ). After 
these 400 cycles there is a rapid increase of Rc to a 
value of about 30 mΩ at 480 cycles. This indicates 
the beginning of a degradation of the silver layer; 
after a decrease Rc drastically increases over a value 
of 1 Ω. 

The composition of the wear tracks were analysed 
for different numbers of cycles 150, 250, 430 and 
1200 cycles. Figure 2 shows the EDS chemical maps 
of the wear tracks pasted over the SEM images of the 
contact. The compositions calculated for the 
depicted wear tracks are plotted in figure 3. At 150 
friction cycles the wear track is still fully covered 
with silver ([Ag]=96 and 88 at% for the cap and flat). 
At 250 cycles Ni starts to be exposed ([Ni]=21 and 
46 at% for the cap and flat) and becomes more 
predominant at 430 cycles ([Ni]=25 and 55 at% for 
the cap and the flat). The atomic percentage of O is 
also more important (32 and 14 at% for the cap and 
flat), which correlated to the beginning of the 
electrical disturbances. Finally, at 1200 cycles the 
cap and flat are worn and oxidized through to the 
copper substrate ([Cu]=14 and 7 at%; and [O]=38 
and 19 at% for the cap and flat respectively) while 
Rc values are very high (~ 100 mΩ). 

EDS images :  
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Fig. 2: EDS composition images of nAGT/nAGT 
contacts for different numbers of friction cycles. Left 
nAGT caps, right nAGT flats. The white line shows the 
region used for the composition calculation.  

Profilometric measurements and wear volume 
calculations showed there was a small transfer of 
silver from the flat to the cap at 150 friction cycles. 
Beyond that, the cap and the flat are more and more 

worn out and at 1200 friction cycles, the wear depth 
reach 4 µm for the flat and 10 µm for the cap. 

Fig. 3: Chemical composition (%at) of the wear tracks 
showed in figure 2 : caps A) and  flats B) 

The beginning of the increase of Rc at 430 cycles 
corresponds to the thinning of Ag and exposure of 
Ni. The experiments show that as long as the surface 
of contact involves an average composition of 
57 at% of Ag, the contact resistance remains stable. 

The second multilayer studied is a symmetrical 
GXT/GXT contact. Figure 1 shows the variation of 
Rc as a function of durability friction cycles. Rc 
values are low and stable (~ 2.5 mΩ) till 500 cycles, 
they start to increase slowly up to 850 cycles 
(10 mΩ). After 850 cycles the values vary between 
5 mΩ and 40 mΩ. The durability properties of 
GXT/GXT is thus observed to be better than that of 
nAGT/nAGT  
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Fig. 4: EDS composition images of GXT/GXT contacts 
for different numbers of friction cycles. Left GXT caps, 
right GXT flats 
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The SEM images in figure 4 show the composition 
of the wear tracks for the friction tests of GXT/ GXT 
contacts stopped at different numbers of cycles. 

During the first 150 cycles Au is not removed. As the 
number of cycles increases, the percentage of gold 
decreases ([Au]=7 and 10 at% at 600 cycles for the 
cap and the flat respectively) and PdNi is more 
exposed ([Pd]=26 and 41 at% for the cap and the flat 
respectively (figure 5). 

Fig. 5: Chemical composition (%at) of the wear tracks 
shown in figure 4: caps A) and flats B) 

The composition graphs of figure 5 can be correlated 
to the Rc evolution: Rc values remain stable and low 
as long as the mean interface composition involves 
more than 20 at% of Au. As this percentage 
decreases, PdNi and Ni are exposed and Rc values 
start to increase. 

Comparing the size of the wear tracks on the caps 
after 150 cycles for the two types of contacts shows 
that the nAGT/nAGT track is 14 times larger than the 
GXT/GXT one due to the difference in hardness 
(125HV/ 420 HV respectively) and the following 
wear modes. 

For the two symmetrical contacts studied we have 
two totally different wear modes. The multilayer 
nAGT/nAGT shows adhesive wear with a more 
severe degradation. When the silver in the wear track 
is removed and displaced to the edges of wear area, 
the nickel underlayer is exposed and the contact 
resistance increases from 2 mΩ to 1 Ω after nearly 
480 cycles. For the GXT/GXT multilayer there is 
abrasive wear, with a much smaller worn surface 
with a contact resistance that gradually increases but 
without ever reaching 50 mΩ.  

3.1.2 Asymmetrical contacts 

For an applicative point of view it was important to 
investigate the behaviour of contacts with dissimilar 
platings involving the two described above. 

Fig. 6: Durability of nAGT/GXT and GXT/nAGT contacts 

The behaviour of GXT/nAGT is described first. 
Figure 6 shows the initial Rc value is 2.9 mΩ, it stays 
stable for the first 120 cycles (~ 2 mΩ) and then 
increases drastically after 300 cycles (Rc=1 Ω at 
320 cycles).  
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Fig. 7: EDS composition images of GXT/nAGT contacts 
for different numbers of friction cycles. Left GXT caps, 
right nAGT flats 

Figure 7 shows the composition maps of nAGT flats 
and GXT caps. After 30 cycles Ag is transferred from 
the flat to the cap while the flat remains covered with 
57 at% Ag. At 300 cycles the flat is mostly composed 
of Ni which is also detected on the cap in an oxidised 
form. Figure 8 confirms that there is 18 at% of Ni 
and 52 at% of O on the cap and 60 at% of Ni and 
8 at% of O on the flat. At that stage a drastic change 
of Rc is observed. The percentage of gold on the cap 
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has decreased to 1 at%: the contact is no longer Ag-
Ni vs. Au-PdNi but Ni vs. PdNi. 

Fig. 8: Chemical composition on the wear tracks shown 
in figure 7: caps A) and flats B) 

Figure 9 shows the 2D profiles of the flats at the 
corresponding wear stages and the maximum wear 
depths dz. After 30 cycles dz. = 2.8 µm which is about 
the thickness of the Ag layer; at 300 cycles dz. =3 µm 
and for 600 cycles dz. = 4 µm. The wear volumes 
calculated from the 3D measures (not shown here) 
showed that the wear volume on the caps were 
always positive. 

Fig. 9: 2D profiles of the nAGT flats after 30, 150, 300, 
600  cycles (GXT/nAGT contacts) 

The beginning of the increase of Rc at 300 cycles 
corresponds to the thinning of Ag and exposure of Ni 
on the flat. Experiments show that as long as the 
contact surface involves an average composition of 
at% Ag higher than that of Ni, the contact resistance 
remains stable. 

The behaviour of the nAGT/GXT contact shown in 
figure 6 is very different. After an initial Rc value of 
1.9 mΩ a small peak at around 7 mΩ is recorded 
followed by a stabilized value of 2.5 mΩ. After 850 
friction cycles the Rc increases, but remains below 

10 mΩ. For all the experiments carried out this peak 
was present during the first 40 cycles; it corresponds 
to the beginning of Ag transfer on the flat. 3D 
profiles of the GXT flats (not shown here) stopped 
during the peak showed that Ag is first transferred to 
the top of the delamination waviness of the flat. After 
90 cycles Ag is spread homogeneously on the flat 
and Rc=2 mΩ. 

EDS images :  
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Fig. 10: EDS composition images of nAGT/GXT 
contacts for different numbers of friction cycles. Left 
nAGT caps, right GXT flats 

The compositions maps of figure 10 shows that at 90 
cycles Ag the cap is worn and that Ni is exposed on 
the cap. At 850 cycles a zone in the middle of the cap 
seems to be composed of Ni on the outside and a 
mixture of Cu, Au and Ag in the middle. 

Fig. 11: Chemical composition on the wear tracks shown 
in figure 10: caps A) and flats B) 

From the compositions of figure 11 a wear 
mechanism can be proposed. At the very beginning 
of the friction test (6 cycles) some Au of the GXT 
flat is transferred to the cap but mainly Ag form the 
cap is transferred to the flat ([Ag]=36 at% at 90 
cycles). Then the concentration of Ag decreases with 
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the number of cycles on the cap and flat. After 
850 cycles [Cu] reaches 11 and 6 at% for the cap and 
flat respectively. An analysis focussed on the centre 
of the cap wear scar did not show any O. It can be 
observed that at all the stages the GXT flat wear 
tracks show some Au (probably located on the side 
on the wear tracks). These two observations are 
correlated to the stable and low values of Rc 
measured during the 850 cycles. 

3.2 Fretting experiments 

Fretting behaviour of Ag/Ag contacts has been 
described in several works [9] [12] as well as that of 
Au flashed PdNi [8] [1] [13]. The first type of 
contacts (soft/soft) shows minor fretting degration 
while the second one (hard/hard) shows a severe one; 
the severity of this latter one depends of  the 
thickness of the gold flash and the contact pressure.  

The same four pairs have been submitted to fretting 
tests (described above) in order to investigate the 
fretting behaviour of hard/soft and soft/hard 
contacts. 

3.2.1 Dissymmetric contacts  

Figure 12 shows the electrical behaviour during 
150 000 cycles for the two asymmetrical pairs.  

Fig. 12: Fretting behaviours of nAGT/GXT and 
GXT/nAGT contacts 

The behaviour of the GXT/nAGT contacts is 
described first. For 600 cycles the Rc values stay 
constant and low (~ 3mΩ); they then increase and 
vary strongly. 

Figure 13 shows the EDS images in the wear scars 
and figure 14 the compositions of this wear tracks. 
At 200 cycles (during the low Rc plateau) Ag from 
the flat is transferred to the cap; Ni is exposed on the 
flat and becomes lightly oxidized.  

After 1000 cycles the compositions of the tracks are 
similar to those after 200 cycles. The strong increase 

in Rc has started but the values are still below 
10 mΩ. For higher numbers of cycles less Ag is 
observed inside the wear tracks of the cap and flat. 
Rc values are high and fluctuate. After 60 000 cycles 
severe wear is observed and both cap and flat tracks 
are composed of O, Ni, Cu and small amounts of Ag. 

Comparing the wear scars after 10 000 fretting 
cycles (corresponding to a distance of 1m) to those 
after 300 friction cycles (distance 1.2m) it can be 
seen that the wear of the fretting test is more severe. 
Cu starts to be exposed for the fretting test, while for 
the friction test flat and cap are still coated with Ag 
at more than 25 at%.  

Fig. 14: Chemical composition (%at) of the wear tracks 
shown in figure 13: caps A) and flats B) 

Although Rc values increase rapidly and vary 
widely, they are lower than with GXT/GXT contacts 
due to the presence of Ag in the interface. The 
beginning of the increase of Rc corresponds to an 
[Ag] below 25 at% on average. 
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Fig. 13: EDS images of GXT/nAGT for different numbers 
of fretting cycles. Left GXT caps, right AGT flats 
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Finally the most interesting case is the nAGT/GXT 
contact. Figure 12 shows that during the whole test 
the contact resistance values never reach 10 mΩ. Rc 
starts at 2.1mΩ, then during 1 400 cycles there is a 
plateau at 1.5mΩ, then an increase to about 2 mΩ 
and finally a plateau of stable values lasting 150 000 
cycles. 

EDS images :  
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Fig. 15: EDS images of nAGT/GXT for different numbers 
of fretting cycles. Left nAGT caps, right GXT flats. 

The EDS images in figure 15 show that Ag from the 
cap is transferred to the flat, exposing Ni. The 
compositions in figure 16 indicate that th e 
percentage of Ag remains between 36 and 52 at% on 
the cap and between 40 and 76 at% on the flat during 
21 000 cycles. After 150 000 cycles the wear tracks 
of both the cap and the flat are composed of Cu, O 
and some Ag. 

Fig. 16: Chemical composition (%at) of the wear tracks 
shown in figure 15: caps A) and flats B) 

Figure 17 displays the 2D profiles of the nAGT cap 
and the GXT flat after 150 000 cycles. The cap has 
been worn by the hard GXT flat and the remaining 
scar is 5 µm deep. Transferred material 5µm high can 
be seen on the flat. Oxygen is detected in rather high 
quantities on the cap and the flat due to the presence 
of Cu and Ni. Nevertheless at this stage the measured 
contact resistance is 2.8 mΩ probably due to the 
presence of Ag on the periphery of the wear scars. 

Fig. 17: 2D profiles of the nAGT/ GXT contact after 
150000 fretting cycles 

Figure 18 shows the wear volumes of the cap and 
flat. Negative volumes represent displaced matter 
and ejected matter and positive ones represent 
displaced matter and transfer. These wear volumes 
are almost constant during the first 100 000 cycles. 
After that a very large increase of the cap wear 
volume (900 103 µm3) is observed. It is due to the 
filing of the Ag top of the cap by the hard flat. 
Simultaneously some transfer of silver on the flat 
occurs as seen in figure 17. 

Fig. 18: Wear volumes of the caps and flats for 
nAGT/GXT contacts 

The fretting results have shown that dissimilar 
contacts involving one Ag and one GXT contact 
behave differently whether the Ag or the GXT is on 
the cap. In the conditions of this study, an Ag coating 
on the cap allows very low and stable Rc values 
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because of the beneficial transfer of the silver from 
the cap to the flat. 

4. Conclusion 

 Durability tests of four configurations of 
contacs were investigated. Soft (AGT) cap on soft 
(AGT) flat, hard (GXT) cap on hard (GXT) flat and 
mixing the two for disymetric contacts. It was shown 
that: 

- With the soft/soft configuration strong 
wear of the soft Ag coating occurred, leading to an 
Ag/Ni contact interface, the beginning of Rc increase 
and finally to a Cu/Ni interface giving high Rc. 

- With the hard/hard configuration the 
50 nm flashed Au remained long enough in the 
interface for the Rc to increase slowly with Rc < 
10mΩ after more than 800 cycles. 

- For the hard cap on soft flat strong wear is 
recorded, Ag transferred to the cap and finally the 
contact interface becomes Ni/Cu leading to a very 
fast Rc increase. This is the worse case of the study. 

- Finally the soft/hard configuration gave 
very long lasting low Rc because of low wear with 
some transfer of the flashed Au on the cap and some 
tranfer of the Ag to the flat. An unexpected “alloy-
type” Ag-Au-Cu acted as a third body during 
friction. 

These results were compared to fretting experiments 
and summarized in table 2. 

 
N friction 
cycles for 

Rc > 10mΩ 

N fretting cycles 
for 

Rc > 10mΩ 
nAGT/nAGT 450 1800 

GXT/GXT 850 1000 
GXT/nAGT 220 1200 
nAGT/GXT - - 

Table 2: Number of friction and fretting cycles for 
Rc>10 mΩ. 

Friction of GXT/GXT contacts lasts twice longer 
than nAGT/nAGT. Using a GXT cap on nAGT 
(asymmetrical GXT/AGT) degrades the behaviour 
as compared to the symmetrical contacts. Using a 
nAGT cap on GXT flats ensures low Rc values. 
Fretting duration of GXT/GXT is 1.8 smaller than 
that of nAGT/nAGT. Using a GXT cap on AGT 
multiplies by 1.3 the fretting duration as compared 
to GXT/GXT contacts. Finally using a nAGT cap on 
GXT (asymmetrical nAGT/GXT) no Rc increase 
due to fretting was recorded for 150 000 cycles. This 
study has shown that the transfer of a soft relatively 

“noble” metal such as silver on a hard surface acted 
as a solid lubricant diminishing fretting degradation. 
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Abstract 

The hardness of coating materials such as tin or gold is temperature-dependent, so the contact area and thus the 
contact resistance change depending on the temperature. Contact resistance measurements are carried out on 
hard gold- and tin-coated connector contacts at elevated temperatures. It is shown that the contact resistance de-
creases significantly with increasing temperature. Tests are also being carried out with solid and stranded copper 
wires. In addition to the hardness, foreign layers on the copper conductors have a further influence on the contact 
resistance. 

1 Theoretical background 

The contact resistance depends on the real contact ar-
ea. The contact area in turn is a function of the contact 
force and the hardness of the surface. [1] Because the 
hardness of metals decreases with increasing tempera-
ture (Fig. 1) there is also a temperature-dependence 
between contact resistance and temperature. 
 

 
Fig. 1 Change in the hardness of tin depending on 
the temperature. (left) [2] Change in the hardness of 
aluminium, silver and gold depending on the tempera-
ture. (right) [3] 

 
Foreign layers lead to a reduction in the real contact 
area and thus to an increase in the contact re-
sistance. [1] With regard to bare copper conductors, it 
is obvious that copper forms an oxide layer in the 
presence of air. Apart from the oxide layer, there are 
other foreign layers on copper conductors that origi-
nate from the production process. Copper strands are 
drawn to the required diameter using drawing emul-
sions. Dispersing agents are used when the insulation 
is extruded. Also ingredients of the wire insulation 
like plasticizers can evaporate [4] and even form oily 
residues [5]. 

Microscopic examinations of copper conductors show 
transparent contamination layers on the surface 
(Fig. 2). With the use of IR spectroscopy substances 
like phthalate esters, amide waxes and plasticizers can 
be detected. [6,7] 
 

 
Fig. 2 Micrograph of inhomogeneous distributed 
contaminations on a conductor surface. [6] 

2 Experimental setup 

 
2.1 Connector investigations 

For the experimental investigations copper contacts 
with hard gold and tin coatings are used (Fig. 3 and 
Tab. 1). A contact force of 3 N is used for all tests. 
The test setup is shown in Fig. 4 and Fig. 5. 

Because tin forms thin oxide layers, which can influ-
ence the contact resistance, tests are also carried out 
with wear stressed contacts (Tab. 1). This is done by 
performing one wear cycle with a track length of 

10 µm
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10 mm after applying the contact force of 3 N. After 
the wear cycle the contacts are separated from each 
other for a short moment to release the cold-welded 
contacts. The separation and subsequent contacting 
takes place within a few seconds in order to avoid re-
oxidation of the contact surfaces. The electrical meas-
urement takes place in the middle of the wear track. 
 

 
Fig. 3 Photograph of gold- and tin-coated contact ge-
ometries. The spherical radius of the connector con-
cats is 1.5 mm, the contact radius of the wire contact 
is 1.0 mm. The base material is Cu-HCP. 

 
For reaching the target temperature of about 100 °C, 
in addition to the contact resistance there are two fur-
ther heat sources installed by placing steel plates be-
tween the contacts and the supply lines (Fig. 4). The 
connection resistances are about 10 mOhm and the 
contact resistance about 1 mOhm, so that most of the 
heat is generated at the feed-in points (Fig. 4). Indirect 
heating should prevent the contact point from over-
heating. 
During the experiment the current is increased in 5 A 
steps (0.1 A, 5.0 A, 10.0 A … 25 A) and is held for 
900 seconds for each step. The voltage drop is meas-
ured as a four-wire measurement (Fig. 4). 
The following instruments and sensors are used for all 
measurements: A data acquisition system Keithley 
DAQ6510 / 7700 is used for measuring the voltage 
drop. As power source a TOELLNER TOE 8951-40 is 
used. For the temperature measurement thermocou-
ples type J (Fe-CuNi) are used. 

 

Tab. 1 Test plan for investigations with connector 
contacts. A contact force of 3 N is used. For each pa-
rameter combination five measurements are carried 
out. 

Coating Preparation Current range 

1.2 µm AuCo / 2.2 µm Ni Unstressed 0.1 – 25 A 

11.1 µm Sn (matte) Unstressed 0.1 – 25 A 

11.1 µm Sn (matte) Stressed 0.1 – 25 A 

 
Fig. 4 Schematic representation of the test setup for 
carrying out contact resistance measurements at ele-
vated temperatures for connector contacts. 

 

 
Fig. 5 Photo of the experimental setup for the in-
vestigation of connector contacts. The clamping de-
vices are made of polyamide. The contact force is set 
by a screw mechanism and measured by a force sen-
sor. The wear cycles are carried out manually. 

2.2 Wire terminal investigations 

The wire terminal investigations (Tab. 2) are per-
formed with solid and stranded wires with a cross-
section of 6 mm² (Fig. 6) and with gold- and tin-
coated contacts (Fig. 3). The test setup is shown in 
Fig. 7 and Fig. 8. A contact force of 10 N is applied, 
which is generated by a steel weight (Fig. 8). 
For tests with cleaned wires (Tab. 2) the conductor is 
abraded and wiped off with an ethanol-impregnated 
fiber cloth. The experiments are started immediately 
after cleaning the conductor. 
The current is increased in 5 A steps (0.1 A, 5.0 A, 
10.0 A … 35 A) during the experiment. For each step 
the set current is held for 900 seconds. The voltage 
drop is measured as a four-wire measurement (Fig. 7). 
 

 
Fig. 6 Photograph of wire samples (6 mm²). The ends 
of the stranded wire (top) are crimped and in the mid-
dle a defined length is stripped. The solid conductor 
(bottom) is stripped over the entire length. 
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Abstract 

The hardness of coating materials such as tin or gold is temperature-dependent, so the contact area and thus the 
contact resistance change depending on the temperature. Contact resistance measurements are carried out on 
hard gold- and tin-coated connector contacts at elevated temperatures. It is shown that the contact resistance de-
creases significantly with increasing temperature. Tests are also being carried out with solid and stranded copper 
wires. In addition to the hardness, foreign layers on the copper conductors have a further influence on the contact 
resistance. 

1 Theoretical background 

The contact resistance depends on the real contact ar-
ea. The contact area in turn is a function of the contact 
force and the hardness of the surface. [1] Because the 
hardness of metals decreases with increasing tempera-
ture (Fig. 1) there is also a temperature-dependence 
between contact resistance and temperature. 
 

 
Fig. 1 Change in the hardness of tin depending on 
the temperature. (left) [2] Change in the hardness of 
aluminium, silver and gold depending on the tempera-
ture. (right) [3] 

 
Foreign layers lead to a reduction in the real contact 
area and thus to an increase in the contact re-
sistance. [1] With regard to bare copper conductors, it 
is obvious that copper forms an oxide layer in the 
presence of air. Apart from the oxide layer, there are 
other foreign layers on copper conductors that origi-
nate from the production process. Copper strands are 
drawn to the required diameter using drawing emul-
sions. Dispersing agents are used when the insulation 
is extruded. Also ingredients of the wire insulation 
like plasticizers can evaporate [4] and even form oily 
residues [5]. 

Microscopic examinations of copper conductors show 
transparent contamination layers on the surface 
(Fig. 2). With the use of IR spectroscopy substances 
like phthalate esters, amide waxes and plasticizers can 
be detected. [6,7] 
 

 
Fig. 2 Micrograph of inhomogeneous distributed 
contaminations on a conductor surface. [6] 

2 Experimental setup 

 
2.1 Connector investigations 

For the experimental investigations copper contacts 
with hard gold and tin coatings are used (Fig. 3 and 
Tab. 1). A contact force of 3 N is used for all tests. 
The test setup is shown in Fig. 4 and Fig. 5. 

Because tin forms thin oxide layers, which can influ-
ence the contact resistance, tests are also carried out 
with wear stressed contacts (Tab. 1). This is done by 
performing one wear cycle with a track length of 
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Tab. 2 Test plan for contact resistance with wire 
terminals. A contact force of 10 N is used. For each 
parameter combination three measurements are car-
ried out. 

Coatings Wire type Preparation Current 

1.0 µm AuCo    
/ 3.1 µm Ni 

and 

8.2 µm Sn 
(matte) 

6 mm² solid Uncleaned 
and cleaned 

0.1 A 

6 mm² solid Uncleaned 
and cleaned 

0.1 A – 35 A 

6 mm² 
stranded 

Crimped, 
uncleaned 

0.1 A 

6 mm² 
stranded 

Crimped, 
uncleaned 

0.1 A – 35 A 

 

 
Fig. 7 Schematic representation of the test setup for 
carrying out contact resistance measurements at ele-
vated temperatures for wire terminals. [7] 

 

 

Fig. 8 Photograph of the experimental setup for the 
investigation of wire terminals. Two thermocouples 
are placed directly under the contact. The higher tem-
perature is used for the evaluation. Alligator clips are 
used to contact the conductor and the wire terminal. 

3 Results und discussion 

3.1  Experimental investigation of   
connector contacts 

The effect of a decreasing hardness of the coating on 
the contact resistance is examined by carrying out 
tests at elevated temperatures. The result for a 1.2 μm 
AuCo / 2.2 μm Ni coating (Fig. 9) shows that the con-
tact resistance decreases with increasing temperature. 
The average from five measurements is 0.31 mOhm 
for the initial value (at ambient temperature) and for 
the final value 0.22 mOhm (at 100-110 °C). The con-
tact resistance at maximum temperature is on average 
71 % of the initial value at ambient temperature. 

With the 11.1 μm Sn (matte) coating (Fig. 10) the 
contact resistance already decreases significantly de-
pending on the time, even at low temperatures 
(< 40 °C). This behavior can be explained by the flow 
of the tin and the existing tin oxide layer. Since the 
oxide layer was not penetrated by a relative move-
ment, the existing oxide layer leads to higher initial 
values compared to the gold coating (Fig. 9). After the 
contact force is applied, the tin begins to flow and the 
oxide layer is penetrated depending on the time. With 
increasing temperature the contact resistance contin-
ues to decrease because, on the one hand, the contact 
area increases, on the other hand, the oxide layer is 
penetrated further. The average of five measurements 
is for the initial value 1.56 mOhm and for the final 
value 0.21 mOhm (at 104-120 °C). The contact re-
sistance value at maximum temperature is on average 
13 % of the initial value at ambient temperature. 

Another experiment was carried out with the 11.1 μm 
tin coating (Fig. 11), whereby the contacts are stressed 
by one wear cycle before starting the measurement. 
The wear cycle simulates a mating cycle of a con-
nector and leads to a removal of the oxide layer. 
The behavior is now comparable to that of the gold 
plating. The average from five measurements is for 
the initial value 0.23 mOhm and for the final value 
0.14 mOhm (at 97-111 °C). The contact resistance at 
maximum temperature is on average 61 % of the ini-
tial value at ambient temperature. The change in re-
sistance is solely due to the decreasing hardness of the 
tin and the increasing real contact area. 
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Fig. 9 Test result of the temperature and time-
dependent contact resistance behaviour of 1.2 μm 
AuCo / 2.2 μm Ni coated contacts (unstressed). Cur-
rent: 0.1 – 25 A. Contact force: 3 N. 

Fig. 10 Test result of the temperature and time-
dependent contact resistance behaviour of 11.1 μm Sn 
(matte) coated contacts (unstressed). Current: 0.1 – 
25 A. Contact force: 3 N. 

Fig. 11 Test result of the temperature and time-
dependent contact resistance behaviour of 11.1 μm Sn 
(matte) coated contacts (stressed). Current: 0.1 – 
25 A. Contact force: 3 N. 

 
 

3.2 Discussion of the contact physical 
effects 

In the following the temperature-dependent contact 
resistance behavior for oxide-free contacts should be 
explained using an analytical approach. 

The constriction resistance Rc depends on the specific 
electrical resistance of the contact material ρ and the 
contact radius a (Eq. 1). [1] 
 

𝑅𝑅𝑐𝑐 = 𝜌𝜌
2𝑎𝑎 (1) 

 
The contact area A is calculated with the hardness H 
of the contact material and the contact force F (Eq. 2). 
 

𝐴𝐴 = 𝐹𝐹
𝐻𝐻 (2) 

 
Because the radius of the contact geometry a is much 
larger than the thickness of the coating, the real con-
tact area can be simplified to a circular area (Eq. 3). 
 

𝐴𝐴 = 𝑎𝑎²𝜋𝜋 (3) 
 
With Eq. 2 and Eq. 3 there is a dependence of the con-
tact radius a on the contact force F and the hardness H 
(Eq. 4). 
 

𝑎𝑎 = √ 𝐹𝐹
𝐻𝐻𝜋𝜋 (4) 

 
If now Eq. 1 and Eq. 4 are used, an expression for the 
constriction resistance Rc dependent on the specific 
electrical resistance of the contacting material ρ, the 
contact force F and the hardness H is obtained 
(Eq. 5). 
 

𝑅𝑅𝑐𝑐 = 𝜌𝜌

2√ 𝐹𝐹
𝐻𝐻𝜋𝜋

 
(5) 

 
With Eq. 5 and the available temperature-dependent 
hardness values for gold and tin (Fig. 1) now should 
be estimated how much a hardness change affects the 
contact resistance. When interpreting, it must be taken 
into account that the hardness values are measured on 
a pure gold layer and not on a hard gold layer. It is 
also possible that the coating thickness and the sub-
strate material influence the temperature-dependent 
development of the hardness. 

The calculated results (Tab. 3) are in good agreement 
with the test results (Fig. 9 and Fig. 11). Experimental 
for the gold-coated contacts a change in contact re-
sistance of 15-36 % (calculated: 20 %) was measured. 
For the tin-coated contacts with one wear cycle for 
removal of the oxide-layer a change of 31-47 % (cal-
culated: 30 %) was measured. 
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Tab. 2 Test plan for contact resistance with wire 
terminals. A contact force of 10 N is used. For each 
parameter combination three measurements are car-
ried out. 

Coatings Wire type Preparation Current 

1.0 µm AuCo    
/ 3.1 µm Ni 

and 

8.2 µm Sn 
(matte) 

6 mm² solid Uncleaned 
and cleaned 

0.1 A 

6 mm² solid Uncleaned 
and cleaned 

0.1 A – 35 A 

6 mm² 
stranded 

Crimped, 
uncleaned 

0.1 A 

6 mm² 
stranded 

Crimped, 
uncleaned 

0.1 A – 35 A 

 

 
Fig. 7 Schematic representation of the test setup for 
carrying out contact resistance measurements at ele-
vated temperatures for wire terminals. [7] 

 

 

Fig. 8 Photograph of the experimental setup for the 
investigation of wire terminals. Two thermocouples 
are placed directly under the contact. The higher tem-
perature is used for the evaluation. Alligator clips are 
used to contact the conductor and the wire terminal. 

3 Results und discussion 

3.1  Experimental investigation of   
connector contacts 

The effect of a decreasing hardness of the coating on 
the contact resistance is examined by carrying out 
tests at elevated temperatures. The result for a 1.2 μm 
AuCo / 2.2 μm Ni coating (Fig. 9) shows that the con-
tact resistance decreases with increasing temperature. 
The average from five measurements is 0.31 mOhm 
for the initial value (at ambient temperature) and for 
the final value 0.22 mOhm (at 100-110 °C). The con-
tact resistance at maximum temperature is on average 
71 % of the initial value at ambient temperature. 

With the 11.1 μm Sn (matte) coating (Fig. 10) the 
contact resistance already decreases significantly de-
pending on the time, even at low temperatures 
(< 40 °C). This behavior can be explained by the flow 
of the tin and the existing tin oxide layer. Since the 
oxide layer was not penetrated by a relative move-
ment, the existing oxide layer leads to higher initial 
values compared to the gold coating (Fig. 9). After the 
contact force is applied, the tin begins to flow and the 
oxide layer is penetrated depending on the time. With 
increasing temperature the contact resistance contin-
ues to decrease because, on the one hand, the contact 
area increases, on the other hand, the oxide layer is 
penetrated further. The average of five measurements 
is for the initial value 1.56 mOhm and for the final 
value 0.21 mOhm (at 104-120 °C). The contact re-
sistance value at maximum temperature is on average 
13 % of the initial value at ambient temperature. 

Another experiment was carried out with the 11.1 μm 
tin coating (Fig. 11), whereby the contacts are stressed 
by one wear cycle before starting the measurement. 
The wear cycle simulates a mating cycle of a con-
nector and leads to a removal of the oxide layer. 
The behavior is now comparable to that of the gold 
plating. The average from five measurements is for 
the initial value 0.23 mOhm and for the final value 
0.14 mOhm (at 97-111 °C). The contact resistance at 
maximum temperature is on average 61 % of the ini-
tial value at ambient temperature. The change in re-
sistance is solely due to the decreasing hardness of the 
tin and the increasing real contact area. 
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Tab. 3 Calculation of constriction resistances de-
pending on the hardness of gold and tin (Fig. 1). 

Coating Hardness Constriction resistance 
Gold 𝐻𝐻(100 °𝐶𝐶)

≈ 2
3 𝐻𝐻(20 °𝐶𝐶) 

𝑅𝑅𝑐𝑐(100 °𝐶𝐶) ≈  √6
3 𝑅𝑅𝑐𝑐(20 °𝐶𝐶)

≈ 0.8 𝑅𝑅𝑐𝑐(20 °𝐶𝐶) 
Tin 𝐻𝐻(110 °𝐶𝐶)

≈ 1
2 𝐻𝐻(20 °𝐶𝐶) 

𝑅𝑅𝑐𝑐(110 °𝐶𝐶) ≈  √2
2 𝑅𝑅𝑐𝑐(20 °𝐶𝐶)

≈ 0.7 𝑅𝑅𝑐𝑐(20 °𝐶𝐶) 
 

3.3  Experimental investigation of wire 
terminals 

3.3.1 Measurements with gold-coated     
contacts and uncleaned solid wires 

The results for uncleaned solid conductors on a 
1.0 µm AuCo / 3.1 µm Ni coated contact at ambient 
temperature (Fig. 12)  show a wide spread of the ini-
tial values (3-11 mOhm). The reason are inhomoge-
neous distributed foreign layers on the surface of the 
conductor (Fig. 2) [6,7]. The contact resistances de-
crease over time, since the displacement of the foreign 
layers from the contact area is presumably time-
dependent. The contact resistance after a time of 120 
minutes is on average 3.24 mOhm and 51 % of the 
initial value (6.33 mOhm). 

At elevated temperatures and the same test time of 
120 minutes, there is a significantly greater drop in 
contact resistance (Fig. 13). The contact resistance 
after a period of 120 minutes / at the highest tempera-
ture is on average 0.45 mOhm and 5 % of the initial 
value (9.22 mOhm). 

In order to eliminate the influence of the time-
dependent plastic deformation of the roughness peaks 
and other temperature-independent effects in the first 
seconds of contacting, the change in the contact re-
sistance can be examined from a defined point in time 
or a defined temperature. In this case (Fig. 13) the av-
erage contact resistance at maximum temperature is 
about 11 % of the contact resistance at 30 °C. 

Compared to the experiment with the gold-coated 
connector contacts (Fig. 9), the change in resistance is 
much more pronounced. The cause for the higher ini-
tial resistances compared to the gold on gold contact 
situation are foreign layers on the copper conductor. 
The reason for the greater reduction in contact re-
sistance is only to a small extent the change in the 
hardness of the coating; the main cause is probably a 
temperature-dependent change of the foreign layers, 
e.g. changes in viscosity, decomposition or evapora-
tion. It can be concluded that with uncleaned conduc-
tors, the time and temperature each have an important 
influence on the contact resistance. 

Fig. 12 Test results for uncleaned solid copper wires 
(6 mm²) with 1.0 µm AuCo / 3.1 µm Ni coated con-
tacts. Current: 0.1 A. Contact force: 10 N. 

 
Fig. 13 Test results for uncleaned solid copper wires 
(6 mm²) with 1.0 µm AuCo / 3.1 µm Ni coated con-
tacts. Current: 0.1 – 35 A. Contact force: 10 N. 

3.3.2 Measurements with gold-coated      
contacts and cleaned solid wires 

In another test series with gold-coated contacts, 
cleaned conductors are used. 
The initial contact resistances for cleaned conductors 
(Fig. 14) are significantly lower than for uncleaned 
conductors (Fig. 12). A significant decrease in the 
values can be observed just within the first seconds 
(Fig. 14), which can be explained by a time-
dependent plastic deformation of the roughness and 
thus an increase in the real contact area. The average 
initial contact resistance is 0.29 mOhm and after a 
time of 120 minutes 0.19 mOhm. 

For elevated temperatures (Fig. 15) the average con-
tact resistance at maximum temperature is about 92 % 
of the contact resistance at 30 °C. The effect is proba-
bly weaker than with the gold on gold contact situa-
tion (Fig. 10), mainly because the contact force is sig-
nificantly higher at 10 N. With the higher contact 
force, the initial contact area is already relatively large 
and the potential for growth of the area is lower due to 
the decreasing hardness of the coating. 
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Fig. 14 Test results for abraded and ethanol cleaned 
solid copper wires (6 mm²) with 1.0 µm AuCo / 
3.1 µm Ni coated contacts. Current: 0.1 A. Contact 
force: 10 N. 

Fig. 15 Test results for abraded and ethanol cleaned 
solid copper wires (6 mm²) with 1.0 µm AuCo / 
3.1 µm Ni coated contacts. Current: 0.1 – 35 A. Con-
tact force: 10 N. 

3.3.3 Measurements with tin-coated        
contacts and uncleaned solid wires 

For another test series 8.2 µm Sn (matte) coated con-
tacts are used (Fig. 3). The same conductors are used 
as in the previous series of tests, so that the results are 
comparable. 

The test results at ambient temperature for tin-coated 
contacts and uncleaned conductors (Fig. 16) show dif-
ferences and similarities in comparison with the re-
sults of gold-coated contacts (Fig. 12). First of all, it 
should be noted that the initial values  are significant-
ly lower (on average 0.85 mOhm). This is probably 
due to the fact that the real contact area is significant-
ly larger than that of the gold-coated contacts due to 
the low hardness of tin and the higher layer thickness. 
In addition, there is also a time-dependent drop in the 
contact resistance, so that the values  after 
120 minutes are on average 53 % (0.45 mOhm) of the 
initial contact resistance. The results largely corre-
spond to those of the gold-coated contacts. 

When heated by current (Fig. 17), the contact re-
sistance decreases with increasing temperature, simi-
lar to the tests with gold-coated contacts (Fig. 13). 
The average contact resistance at maximum tempera-
ture (0.21 mOhm) is about 24 % of the initial contact 
resistance (0.87 mOhm) and 48 % of the contact re-
sistance at 30 °C (0.44 mOhm). 

Fig. 16 Test results for uncleaned solid copper wires 
(6 mm²) with 8.2 µm Sn (matte) coated contacts. Cur-
rent: 0.1 A. Contact force: 10 N. 

Fig. 17 Test results for uncleaned solid copper wires 
(6 mm²) with 8.2 µm Sn (matte) coated contacts. Cur-
rent: 0.1 – 35 A. Contact force: 10 N. 

3.3.4 Measurements with tin-coated        
contacts and cleaned solid wires 

The experiment with cleaned conductors and tin-
coated contacts (Fig. 18) shows very low contact re-
sistances from the beginning. There is no significant 
change in contact resistance during the test period. 
After a test time of 120 minutes, the mean value is 
0.16 mOhm and thus in the same range as in the tests 
with the gold-coated contacts (Fig. 14). To a certain 
extent, this result contradicts the statement from the 
previous investigations that the size of the contact ar-
ea is the cause of the significantly lower initial values 
of tin coatings. The advantage of the tin coatings 
seems to be particularly evident in the case of contam-
inated conductors. However, there may be an interac-
tion between the soft tin layer and the foreign layers 
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Tab. 3 Calculation of constriction resistances de-
pending on the hardness of gold and tin (Fig. 1). 

Coating Hardness Constriction resistance 
Gold 𝐻𝐻(100 °𝐶𝐶)

≈ 2
3 𝐻𝐻(20 °𝐶𝐶) 

𝑅𝑅𝑐𝑐(100 °𝐶𝐶) ≈  √6
3 𝑅𝑅𝑐𝑐(20 °𝐶𝐶)

≈ 0.8 𝑅𝑅𝑐𝑐(20 °𝐶𝐶) 
Tin 𝐻𝐻(110 °𝐶𝐶)

≈ 1
2 𝐻𝐻(20 °𝐶𝐶) 

𝑅𝑅𝑐𝑐(110 °𝐶𝐶) ≈  √2
2 𝑅𝑅𝑐𝑐(20 °𝐶𝐶)

≈ 0.7 𝑅𝑅𝑐𝑐(20 °𝐶𝐶) 
 

3.3  Experimental investigation of wire 
terminals 

3.3.1 Measurements with gold-coated     
contacts and uncleaned solid wires 

The results for uncleaned solid conductors on a 
1.0 µm AuCo / 3.1 µm Ni coated contact at ambient 
temperature (Fig. 12)  show a wide spread of the ini-
tial values (3-11 mOhm). The reason are inhomoge-
neous distributed foreign layers on the surface of the 
conductor (Fig. 2) [6,7]. The contact resistances de-
crease over time, since the displacement of the foreign 
layers from the contact area is presumably time-
dependent. The contact resistance after a time of 120 
minutes is on average 3.24 mOhm and 51 % of the 
initial value (6.33 mOhm). 

At elevated temperatures and the same test time of 
120 minutes, there is a significantly greater drop in 
contact resistance (Fig. 13). The contact resistance 
after a period of 120 minutes / at the highest tempera-
ture is on average 0.45 mOhm and 5 % of the initial 
value (9.22 mOhm). 

In order to eliminate the influence of the time-
dependent plastic deformation of the roughness peaks 
and other temperature-independent effects in the first 
seconds of contacting, the change in the contact re-
sistance can be examined from a defined point in time 
or a defined temperature. In this case (Fig. 13) the av-
erage contact resistance at maximum temperature is 
about 11 % of the contact resistance at 30 °C. 

Compared to the experiment with the gold-coated 
connector contacts (Fig. 9), the change in resistance is 
much more pronounced. The cause for the higher ini-
tial resistances compared to the gold on gold contact 
situation are foreign layers on the copper conductor. 
The reason for the greater reduction in contact re-
sistance is only to a small extent the change in the 
hardness of the coating; the main cause is probably a 
temperature-dependent change of the foreign layers, 
e.g. changes in viscosity, decomposition or evapora-
tion. It can be concluded that with uncleaned conduc-
tors, the time and temperature each have an important 
influence on the contact resistance. 

Fig. 12 Test results for uncleaned solid copper wires 
(6 mm²) with 1.0 µm AuCo / 3.1 µm Ni coated con-
tacts. Current: 0.1 A. Contact force: 10 N. 

 
Fig. 13 Test results for uncleaned solid copper wires 
(6 mm²) with 1.0 µm AuCo / 3.1 µm Ni coated con-
tacts. Current: 0.1 – 35 A. Contact force: 10 N. 

3.3.2 Measurements with gold-coated      
contacts and cleaned solid wires 

In another test series with gold-coated contacts, 
cleaned conductors are used. 
The initial contact resistances for cleaned conductors 
(Fig. 14) are significantly lower than for uncleaned 
conductors (Fig. 12). A significant decrease in the 
values can be observed just within the first seconds 
(Fig. 14), which can be explained by a time-
dependent plastic deformation of the roughness and 
thus an increase in the real contact area. The average 
initial contact resistance is 0.29 mOhm and after a 
time of 120 minutes 0.19 mOhm. 

For elevated temperatures (Fig. 15) the average con-
tact resistance at maximum temperature is about 92 % 
of the contact resistance at 30 °C. The effect is proba-
bly weaker than with the gold on gold contact situa-
tion (Fig. 10), mainly because the contact force is sig-
nificantly higher at 10 N. With the higher contact 
force, the initial contact area is already relatively large 
and the potential for growth of the area is lower due to 
the decreasing hardness of the coating. 
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on the copper conductors. It is conceivable that when 
the conductor penetrates the tin layer due to the rela-
tive movement between the conductor and the tin ma-
terial, foreign layers are displaced from the contact 
area and thus the conductor is “cleaned”. Further in-
vestigations are necessary at this point in order to ex-
plain the processes exactly. 

At elevated temperatures (Fig. 19) there is after the 
initial phase even a slight increase in the values com-
pared. The decreasing conductivity of the tin layer 
predominates the growing contact area, since the rela-
tively high contact force of 10 N has largely exhaust-
ed the potential for growth of the contact area. Further 
investigations are also necessary here. 

 
Fig. 18 Test results for abraded and ethanol cleaned 
solid copper wires (6 mm²) with 8.2 µm Sn (matte) 
coated contacts. Current: 0.1 A. Contact force: 10 N. 

Fig. 19 Test results for abraded and ethanol cleaned 
solid copper wires (6 mm²) with 8.2 µm Sn (matte) 
coated contacts. Current: 0.1 – 35 A. Contact 
force: 10 N. 

3.3.5 Measurements with gold-coated      
contacts and stranded wires 

Tests are carried out with stranded wires. Cleaning of 
the conductors was not carried out in all experiments. 
With gold-coated contacts there is a time-dependent 
reduction in contact resistance at ambient temperature 
(Fig. 20). So far, the behavior is the same as solid 
conductors. However, the curves are less smooth (see 

Run 2 in Fig. 20). This can be explained by the fact 
that during the test individual strands of the wire reor-
ient. The reorientation creates new contact points that 
may initially have foreign layers, which is why the 
contact resistance increases. Because the distribution 
of the contact force within the contact system is more 
favorable after the reorientation, a resistance level is 
reached after a certain time, which is below the level 
before the reorientation. The average values after 120 
minutes are 60 % (2.24 mOhm) of the initial values 
(3.77 mOhm). The time-dependent change is compa-
rable to that of the solid uncleaned conductors 
(Fig. 12 and Fig. 17). 

At elevated temperatures (Fig. 21) the contact re-
sistance decreases significantly. The average value at 
maximum temperature is 16 % (0.60 mOhm) of the 
initial value (3.70 mOhm) and 36 % of the value at a 
temperature of 30 °C (1.65 mOhm). In summary, 
there is also for stranded conductors a time- and tem-
perature-dependence of the contact resistance. 

Fig. 20 Test results for stranded (crimped) copper 
wires (6 mm²) with 1.0 µm AuCo / 3.1 µm Ni coated 
contacts. Current: 0.1 A. Contact force: 10 N. 

Fig. 21 Test results for stranded (crimped) copper 
wires (6 mm²) with 1.0 µm AuCo / 3.1 µm Ni coated 
contacts. Current: 0.1 – 35 A. Contact force: 10 N. 
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3.3.6 Measurements with tin-coated         
contacts and stranded wires 

According to the results for solid conductors, also for 
stranded wires the initial values for tin-coated con-
tacts (Fig. 22 and Fig. 23) are much lower than for 
gold-coated contacts (Fig. 21 and Fig. 22). The con-
tact resistance decreases with time at ambient temper-
ature (Fig. 22). The average final value is 60 % 
(0.58 mOhm) of the initial value (0.96 mOhm). It ap-
pears that in the tests carried out at ambient tempera-
ture (Fig. 22) there was no strong reorientation of the 
individual strands, since the curves are smooth. 

At elevated temperatures (Fig. 23) the average contact 
resistance at maximum temperature is 60 % 
(0.52 mOhm) of the initial value (0.86 mOhm) and 
68 % of the value at a temperature of 30 °C 
(0.77 mOhm). The change in resistance due to the ef-
fect of temperature hardly differs from the change at 
ambient temperature (Fig. 22). Because the tin layer 
may “clean” the contaminated copper wires, the tem-
perature influence is significantly less pronounced 
than with a gold coating (Fig. 21). With gold-plated 
contacts the current heating in turn leads to a dis-
placement of the foreign layers from the contact area. 

Fig. 22 Test results for stranded and crimped copper 
wires (6 mm²) with 8.2 µm Sn (matte) coated con-
tacts. Current: 0.1 A. Contact force: 10 N. 

Fig. 23 Test results for stranded and crimped copper 
wires (6 mm²) with 8.2 µm Sn (matte) coated con-
tacts. Current: 0.1 – 35 A. Contact force: 10 N. 

4 Summary 

It could be shown for connector contacts that the con-
tact resistance decreases significantly with increasing 
temperature (Fig. 9-11). In the case of tin coatings, the 
oxide layer must be taken into account. If the oxide 
layer is not initially penetrated by wear or high con-
tact forces, the drop in contact resistance is particular-
ly strong. The decrease in contact resistance can be 
explained by the fact that the hardness of the coating 
material decreases (Fig. 1). The test results could be 
confirmed by calculations (Tab. 3). The calculations 
could be improved by taking into account the temper-
ature-dependent specific electrical resistance of the 
coating material and the change in the layer thickness. 

In addition, tests for the contact resistance at wire 
connections were carried out (Fig. 12-23). Tin-coated 
contacts show significantly lower initial values at am-
bient temperature for uncleaned solid and stranded 
conductors. With gold-coated contacts and uncleaned 
conductors, the temperature-dependent drop in contact 
resistance is particularly pronounced. The foreign lay-
ers on the copper conductor presumably have a par-
ticularly strong effect and there may be an interaction 
between the foreign layer and the coating. In order to 
better understand the temperature-dependent effects, 
further investigations are needed. 
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on the copper conductors. It is conceivable that when 
the conductor penetrates the tin layer due to the rela-
tive movement between the conductor and the tin ma-
terial, foreign layers are displaced from the contact 
area and thus the conductor is “cleaned”. Further in-
vestigations are necessary at this point in order to ex-
plain the processes exactly. 

At elevated temperatures (Fig. 19) there is after the 
initial phase even a slight increase in the values com-
pared. The decreasing conductivity of the tin layer 
predominates the growing contact area, since the rela-
tively high contact force of 10 N has largely exhaust-
ed the potential for growth of the contact area. Further 
investigations are also necessary here. 

 
Fig. 18 Test results for abraded and ethanol cleaned 
solid copper wires (6 mm²) with 8.2 µm Sn (matte) 
coated contacts. Current: 0.1 A. Contact force: 10 N. 

Fig. 19 Test results for abraded and ethanol cleaned 
solid copper wires (6 mm²) with 8.2 µm Sn (matte) 
coated contacts. Current: 0.1 – 35 A. Contact 
force: 10 N. 

3.3.5 Measurements with gold-coated      
contacts and stranded wires 

Tests are carried out with stranded wires. Cleaning of 
the conductors was not carried out in all experiments. 
With gold-coated contacts there is a time-dependent 
reduction in contact resistance at ambient temperature 
(Fig. 20). So far, the behavior is the same as solid 
conductors. However, the curves are less smooth (see 

Run 2 in Fig. 20). This can be explained by the fact 
that during the test individual strands of the wire reor-
ient. The reorientation creates new contact points that 
may initially have foreign layers, which is why the 
contact resistance increases. Because the distribution 
of the contact force within the contact system is more 
favorable after the reorientation, a resistance level is 
reached after a certain time, which is below the level 
before the reorientation. The average values after 120 
minutes are 60 % (2.24 mOhm) of the initial values 
(3.77 mOhm). The time-dependent change is compa-
rable to that of the solid uncleaned conductors 
(Fig. 12 and Fig. 17). 

At elevated temperatures (Fig. 21) the contact re-
sistance decreases significantly. The average value at 
maximum temperature is 16 % (0.60 mOhm) of the 
initial value (3.70 mOhm) and 36 % of the value at a 
temperature of 30 °C (1.65 mOhm). In summary, 
there is also for stranded conductors a time- and tem-
perature-dependence of the contact resistance. 

Fig. 20 Test results for stranded (crimped) copper 
wires (6 mm²) with 1.0 µm AuCo / 3.1 µm Ni coated 
contacts. Current: 0.1 A. Contact force: 10 N. 

Fig. 21 Test results for stranded (crimped) copper 
wires (6 mm²) with 1.0 µm AuCo / 3.1 µm Ni coated 
contacts. Current: 0.1 – 35 A. Contact force: 10 N. 
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Abstract 

With electromechanical devices as connectors and switchgear, the contact material used is a crucial component to 
fulfill technical and commercial requirements. With connectors and switches for information technology, contact 
surface layers with thicknesses in the µm range are used in very most cases. Due to arcing with switching opera-
tions in power engineering applications, thin layers are not sufficient – thus, contact material thicknesses ranging 
from some hundred µm up to some cm are applied. The present paper gives an overview regarding different contact 
material families for power engineering as silver/nickel, silver/refractory, copper/tungsten, silver/metal oxide, and 
silver graphite, including the different physical mechanisms leading to their specific switching behavior. On the 
background of climate change and measures to reduce greenhouse gas emissions, the generation and use of elec-
trical power undergo remarkable changes. Thus, switching devices have to meet modified or new tasks as switch-
ing of highly energy-efficient electric motors, more demanding DC applications, and combinations of electrome-
chanical and solid-state switching devices. This paper discusses possible consequences for contact materials to fit 
better to these changing requirements. 

 

1 Introduction 

Electromechanical switching devices have to manage 
different tasks – in the closed condition, they have to 
carry the current, they open the electric circuit with a 
break operation, ensure galvanic isolation between the 
voltage source and load in off state, and close the elec-
tric circuit with a make operation.  
Switching for power engineering is associated with the 
formation of arcs on make and break. There is a re-
markable diversity of switching devices in the field as 
contactors, relays, disconnectors, load switches, or cir-
cuit breakers. They are designed for specific needs in 
the transmission, distribution, or use of electrical en-
ergy. Their design is tailored to meet the requirements 
of the electric circuit defined by the main parameters 
voltage (AC or DC, rated voltage, and surge), current 
(on make, rated current, break current, overcurrent, and 
short circuit current), and AC power factor or DC time 
constant. From the application side and the standards 
there are additional requirements as frequency of oper-
ations, service life, environmental conditions, and legal 
restrictions.  
Accordingly, there are various contact materials with 
tailored properties to fulfill these devices' specific tasks 
in their appropriate applications. [1, 2, 3] 
With the very most low voltage power engineering 
switching devices the contact system works in ambient 
air. Additionally, the contact system has to manage 
make and break operations with arcing, current con-
duction in the closed condition, and insulation in open 

condition. In other words, contact tips are exposed to 
oxygen from the ambient air, to elevated temperatures 
in the a-spots during steady state current, and to high 
temperatures due to arcing causing melting, splashing, 
and evaporation of contact material on make as well as 
on break operations. 
Silver (Ag) is a primary compound for electrical con-
tacts because of its excellent electrical conductivity 
combined with its precious metal property resulting in 
no formation of stable silver oxide layers during 
switching operations in the air. 
But pure silver and silver alloys show disadvantages 
especially with arcing contacts: 

• silver is soft. Thus the mechanical impact on 
make operations can cause severe defor-
mation. 

• due to the low viscosity of the molten silver 
and silver alloys droplets can be splashed eas-
ily, resulting in high material loss and thus re-
duced service life 

• arcing on make due to bouncing or pre-igni-
tion can cause severe contact welding 

To solve these disadvantages, dispersion of non-solu-
ble particles in the silver or silver alloy matrix as a sec-
ond phase is commonly applied. Due to dispersion 
hardening, these particles increase the hardness of the 
contact material as manufactured as well as after arc-
ing, they increase the viscosity of the molten contact 
surface by the action of the arc, and they reduce the 
forces required to break sticking contacts due to em-
brittlement of the contact material.    



211

A wide variety of dispersion particles are used as addi-
tives to silver to tailor contact materials (CM) to fulfill 
specific requirements in switching applications. 
Among them are metal particles as nickel (Ni), tung-
sten (W), or molybdenum (Mo), oxide particles as tin 
oxide (SnO2), zinc oxide (ZnO) or cadmium oxide 
(CdO), carbide particles as tungsten carbide (WC) or 
molybdenum carbide (Mo2C), and carbon (C) in differ-
ent allotropes. As a consequence of their physical and 
chemical properties at temperatures present at the arc 
foot points, their reactions with the ambient air and 
molten silver, their interaction with the switching arc, 
and other properties, a wide variety of silver-based het-
erogeneous contact material is achieved. 
The composite contact material families in the field of 
low voltage power engineering are 

• Silver / Nickel (Ag/Ni) 
• Silver / Tungsten (Ag/W) and Silver / Tungs-

ten Carbide (Ag/WC) 
• Silver / Metal Oxide (Ag/MeO): 

  Silver / Tin Oxide (Ag/SnO2) 
  Silver / Zinc Oxide (Ag/ZnO) 
  Silver / Cadmium Oxide (Ag/CdO) 

• Silver / Graphite (Ag/C) 
• Silver with combinations of additives,  

e.g., Ag/WC/C, Ag/Ni/C 
In addition, in low voltage applications with pretravel 
contact systems tungsten-based contact materials as 
pure tungsten or tungsten/copper (W/Cu) can be used 
[4]. 
To prevent global climate change from reaching tip-
ping points, it needs to substantially reduce anthropo-
genic carbon dioxide (CO2) emissions [5]. Measures 
required include the transformation of electrical power 
generation from power plants using fossil fuels to re-
newable power production as photovoltaic (PV) and 
wind turbines, increased efficiency in power transmis-
sion and power consumption, and reduction of CO2 
emissions with industrial production, mobility, and 
heating. 
The task of decarbonization will expand electricity's 
role in our lives as we see it for example with e-mobil-
ity, PV, and local DC networks. These changes require 
overall a huge amount of innovations and optimiza-
tions - including switching devices. 
This paper deals with the question whether these 
changes can affect the use of state-of-the-art contact 
materials and trigger further development. 
 

2 Contact Materials (CM) 

Powder metallurgy (p.m.) techniques are applied to 
manufacture very most heterogeneous contact materi-
als [6]. There different technologies starting with pow-
der production, powder conditioning, blending tech-
niques, and compaction to manufacture the CM. 

With silver/metal oxide CM, there is an additional pro-
duction technique based on internal oxidation (i.o.) of 
non-precious additives in silver alloys [7, 8, 9]. 
 
2.1 Silver / Nickel (Ag/Ni)  

For most switching applications exceeding currents in 
the range of 5 A fine silver or silver alloys as fine-grain 
silver (AgNi 0,15) are not recommended because of 
contact sticking on make. To overcome this issue 
Ag/Ni CM is a well-established solution for switching 
currents in the range of 5 to 200 A. 
Ag and Ni are two metals with very low mutual solu-
bility in solid state and a clear difference in melting 
temperature (Ag: 962 °C, Ni: 1455 °C) [10]. Under arc-
ing conditions this difference leads to solid Ni particles 
dispersed in the molten silver pool in a wide tempera-
ture range. This mechanism increases the viscosity of 
the melt and in turn, reduces contact material losses. 
The other important mechanism with Ag/Ni contact 
material is related to the constitution of the phase dia-
gram Ag and Ni, see fig. 1 . While the maximum solu-
bility of Ni in solid Ag is limited to 0.15 % by weight 
(wt.%), the solubility of Ni in molten Ag increases with 
temperature as shown in the Ag-Ni phase diagram (fig. 
1, phase L2 indicated by a circle).  
As the maximum temperature of molten silver is lim-
ited by boiling (2212 °C), it can be estimated that the 
maximum solubility of Ni in molten silver is in the 
range of 15 wt.%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Phase diagram of Silver – Nickel [10] 

The p.m. manufacturing technique most applied for 
Ag/Ni contact material is blending Ag and Ni powders, 
followed by compaction of a billet and extrusion to get 
a wire or a strip [11, 12]. This deformation leads to an 
elongation of Ni particles to Ni fibers and thus to ani-
sotropic microstructure of Ag/Ni. 
For that, it is needed to differentiate Ag/Ni CM proper-
ties depending on the orientation of said Ni fibers rela-
tive to contact tip surface ( parallel (||) or perpendicular 
(⊥⊥) ). 

 

solid Ag + solid Ni 

liquid Ag (L2) + solid Ni 
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Fig. 2 and 3 show etched microsections of Ag/Ni10 af-
ter electrical test in a model switch (1000 break opera-
tions, I=115A, U=230V AC) with Ni fiber orientations 
⊥⊥ and || respectively [11]. Switching surface and thus 
the thermal impact of the arc is on top, numbers indi-
cate different areas: (1) material as manufactured; (2) 
material next to switching surface molten by the arc 
and re-solidified; (3) Ni fibers due to extrusion process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Microsection of Ag/Ni 10 ⊥ after model switch test 
[11], for details refer to the text. 

It is interesting to see that with extrusion direction ⊥⊥ 
the Ni fibers stay rooted in the solid matrix while the 
top protrudes into the melt. This slows down the solu-
tion of Ni in the Ag melt while Ni fibers with extrusion 
direction || (fig. 3) are easily stirred in the melt and 
solved. Moreover the difference in Ni content solved in 
liquid Ag affects the directional re-solidification: there 
are columnar Ag crystals with fig. 2 while Ag grains in 
fig.3 are more irregular. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Microsection of Ag/Ni 10 || after model switch test 
[11], details see text 

After the extinction of the arc the molten contact mate-
rial cools down rapidly with the precipitation of fine Ni 
particles. As Ni is a non-precious metal and switching 
occurs in ambient air, Ni particles oxidize and form 
NiO particles. This leads to some increase in contact 
resistance [11, 12] with service life. 
Increasing the Ni content in Ag/Ni exceeding 10 wt.% 
leads to changes in electrical properties. Ag/Ni15 
shows only a slight increase in contact resistance but 

advantages with erosion and welding forces, while fur-
ther increase leads to substantially higher contact re-
sistances [13]. Increasing Ni content to 20 wt.% or 
more has a severe impact on contact resistance. Molten 
silver cannot solve all of the Ni. Consequently, the for-
mation of larger Ni (and after oxidation NiO) areas and 
NiO surface layers appear as shown in Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Microsection of Ag/Ni 20 || after service life test 
(fluorescence lamp load) in a wall switch [14]. 
  (1): Ag/Ni20 material as manufactured  
  (2): molten material with Ni precipitation  
  (3): as (2) with subsequent oxidation of Ni 
  (4): Ni area due to Ni content exceeding the solubility limit 
  (5): NiO layer at the contact surface 

Typical Ag/Ni 10 to Ag/Ni 20 contact material applica-
tions are relays, switches, and small contactors with 
rated currents up to app. 10 to 20 A. The limiting 
switching property of Ag/Ni contact material at higher 
currents is sticking forces exceeding the device's open-
ing forces.  
Application of Ag/Ni with Ni contents in the range of 
30 to 40 wt.% is in circuit breakers as mating contact 
materials to Silver/Graphite (Ag/C). 
From the commercial side Ag/Ni contact material has 
the advantage of good workability and can be brazed 
or welded directly to contact carriers [3]. 
To reduce the welding force of Ag/Ni CM for relay or 
small switches to a certain extent, a small amount of 
graphite in the range up to 0.5 wt% can be added. 
 

2.2 Silver / Tungsten (Ag/W) 

As with Ag/Ni CM, silver/tungsten (Ag/W) uses metal 
as an additive to improve the switching properties of 
pure silver. But comparing Ag/W with Ag/Ni there are 
three essential differences.  

a. Ag and W have no mutual solubility, neither 
in solid nor in liquid phase [10]. 

b. The melting temperature of W (3422 °C) ex-
ceeds the boiling temperature of Ag (2212 °C) 
[15] by far. 

c. As Ni, W is oxidized in the air. But in contra-
diction to NiO, tungsten oxide (WO3) contin-
ues to react with Ag and O forming silver 
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tungstates [16].  
    (1)      2 W +  3 O2  2 WO3  

    (2)      WO3 + 2 Ag + ½ O2  Ag2WO4  
These differences between Ag/Ni and Ag/W result in 
remarkable differences in switching behavior.  
With that, the arc burning on the contact surface leads 
to boiling Ag while W is still solid. Because boiling is 
a process consuming most of the arc foot energy, W is 
cooled and thus protected from severe erosion in the 
initial erosion phase. This mechanism leads to low con-
tact erosion rates of Ag/W contact materials even at 
high short circuit currents [17].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5  Microsection of Ag/W 50 contact material after 
7000 operations (200 A at 230 V AC) [18] 
  (1) Ag/W 50 as manufactured 
  (2) pure W, molten and re-solidified 
  (3) remaining porosity from boiling silver 
  (4) surface layer of WO3 and silver tungstates 
 
Fig. 5 shows this surface layer formation. 
Despite WO3 loss due to evaporation caused by its high 
vapor pressure, silver tungstate formation leads to 
heavy non-conductive surface layers after arcing and is 
responsible for high contact resistance.  
The effect of tungsten cooling by boiling matrix metal 
without additional oxidation can be observed with 
tungsten/copper (W/Cu) contact material when used 
under a protective atmosphere as sulfur hexafluoride 
(SF6). The primary erosion mechanism is quite similar 
to Ag/W as the boiling temperature of copper (app. 
2400°C) is also substantially below the tungsten's melt-
ing temperature [19]. Fig. 6 shows a microsection of 
W/Cu25 after short circuit arcing in a High Voltage Cir-
cuit Breaker (HVCB). Note the dense tungsten surface 
layer caused by a small Ni additive in this W/Cu CM 
facilitating W particles' sintering. 
Typical applications of Ag/W with W contents ranging 
from 40 to 80 wt.% are different types of low voltage 
circuit breakers.  
The manufacturing technique for Ag/W material is 
p.m. of individual tips based on blending, pressing a 
green, sintering, and subsequent infiltration with silver. 
Several countermeasures are in the field to overcome 
high contact resistance and associated high over-
temperatures under steady state current conditions. 

These are from the breaker design side sufficient high 
contact forces, high mechanical impact on make and 
sliding movement during make operation to break the 
brittle non-conductive surface layers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 W/Cu 25 after short circuit arcing in a HVCB with 
SF6 atmosphere.  
  (1) W/Cu contact material as manufactured  
  (2) high porosity area due to partial evaporation of Cu,  
       the remaining W forms a skeleton  
  (3) W surface layer formed by W melting and re-solidifica- 
        tion after evaporation of most of Cu at the very surface 
 
An asymmetric contact material combination with sil-
ver/graphite (Ag/C) on the stationary contact is also of-
ten applied. 
Using silver/tungsten carbide (Ag/WC) instead of 
Ag/W leads in many applications to reduced contact 
erosion, especially with high short circuit currents. WC 
grain size and additives like Fe, Co, and Ni are im-
portant factors to optimize Ag/WC contact material. 
Manufacturing and joining techniques of Ag/WC are 
basically the same as with Ag/W [20]. 
Contact material somehow between Ag/WC and Ag/C 
are combinations of all three components: silver / tung-
sten carbide / graphite (Ag/WC/C) [21]. Due to the 
graphite content, neither the process step infiltration 
nor direct welding or brazing to the contact carrier are 
possible. Thus manufacturing technique is a two-layer 
contact tip with a silver backing. After blending the 
compounds Ag + WC + graphite, the two-layer green 
is pressed (die compaction), followed by sinter and re-
press steps. 
Despite substantial differences in switching properties 
arc erosion and contact resistance, the two silver/metal 
contact materials Ag/Ni and Ag/W have a similar issue: 
a limited resistance against sticking and welding. 
Especially with Ag/Ni in contactors, relay, and 
switches sticking and welding defines the application 
limit with higher currents and triggers to step forward 
to another family of contact materials: silver plus metal 
oxide. 
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2.3 Silver / Metal Oxide 

With relay, switches, and contactors designed for rated 
currents exceeding 20 A and switching currents ex-
ceeding 200 A, using Ag/Ni contact material is often 
not possible due to sticking forces between contacts 
caused by make operation. For these applications, sil-
ver with metal oxide additives is used widely. Metal 
oxides added are tin oxide (SnO2), zinc oxide (ZnO), 
cadmium oxide (CdO), and more seldom Fe2O3.  
Among the silver/metal oxide contact material family, 
the replacement of Ag/CdO for environmental reasons 
is a long-lasting story since the 1970s. While most of 
Ag/CdO has been substituted in Europe, it is still used 
in Asia and the Americas [8, 22].  
Particles from metal oxides mentioned above are hard, 
brittle, and not soluble, neither in solid nor in molten 
silver. Compared to silver/metal contact material, the 
adhesion forces between silver matrix and oxide parti-
cle are lower, leading to embrittlement of silver/metal 
oxide composite material. As a consequence, opening 
forces required to break welded contacts are reduced. 
This mechanism allows higher make currents for a 
given switch design with silver metal oxide contact 
material instead of Ag/Ni. 
On the other hand, oxide particles' behavior in the mol-
ten silver pool during arcing needs special attention. 
The main influencing properties of oxide particles are 
thermal stability, decomposition and evaporation tem-
perature, wettability by molten silver, and the tendency 
for oxide agglomeration and coagulation forming ox-
ide layers in or on the contact surface after arcing.  
To prevent oxide agglomeration, the formation of ox-
ide layers and associated oxide depleted regions at con-
tact surfaces after arcing a sufficient wettability of ox-
ide particles by molten silver is required. Especially for 
Ag/SnO2 contact material, various oxide additives such 
as CuO, MoO3, WO3, Bi2O3, and Ag2MoO4 are ap-
plied to ensure good contact properties [23, 24, 25].  
For DC applications, two other switching properties 
are essential: low DC material transfer [26] and good 
arc running behavior [27, 28]. 
While most Ag/SnO2 materials are manufactured by 
p.m. technique applying extrusion to get strip or wire 
material also die compaction is in the field. With this 
technique, sintering additives can contribute to gain 
sufficient final density [29].  
To braze or weld silver/metal oxide tips on a contact 
carrier, a silver underlayer is required. With extruded 
material, this underlayer can be applied by cladding or 
co-extrusion, with die-compaction two-layer press-sin-
ter-repress technology is used.  
 
Applying die compaction enables Ag/SnO2 material 
with higher total oxide contents compared to extruded 
Ag/SnO2. Ag/SnO2 with oxide contents exceeding 20 
wt.% leads to CM with low welding forces suitable for 
CB applications [18]. 
 

Silver zinc oxide (Ag/ZnO) material is used for smaller 
switches as wall switches. As with Ag/SnO2, additives 
can be used to tailor Ag/ZnO switching properties [14]. 
Oxide particles in the silver matrix in the 100 nm and 
below size range are gained by applying the internal 
oxidation technique instead of p.m. . To make this pro-
cess work, in most cases the addition of indium is 
needed leading to a final composition Ag/SnO2/In2O3. 
Compared to p.m. Ag/SnO2 i.ox. material can show ad-
vantages with inductive automotive DC loads [9]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7 Microsection of Ag/CdO 10 contact material after 
100 operations at 1460 A / 115 V AC revealing the formation 
of oxide agglomeration due to arcing [30]  
  (1) contact material as manufactured  ..(2) oxide agglomer- 
   ation         (3) oxide depleted region  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Microsection of Ag/SnO2 12 with Ag2MoO4 addi-
tive with stable microstructure at the surface after arcing, 
same conditions as fig. 7 [30]. 

(1) contact material as manufactured   (2) contact surface 
region after melting and re-solidification 

 
Limitation for silver/metal oxide contact material in re-
gard to make currents is typically in the range of 5 to 8 
kA. Thus especially for circuit breakers, as molded 
case circuit breaker (MCCB) contact material with bet-
ter resistance against contact welding is required. 

1 

2 

3 

1 

2 
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2.4 Silver / Carbon (Ag/C) 

Silver with carbon addition is a family of contact ma-
terials tailored for applications in circuit breakers with 
safety functionality. With these switching devices as 
MCB, MCCB, and RCCB, welding of contacts is inad-
missible. Thus contact material with the lowest weld-
ing forces is needed. Due to nihil adhesion forces be-
tween solid silver and carbon and no carbon wetting by 
molten silver, Ag/C is a brittle material with low hard-
ness. 
As carbon has different allotropes as charcoal, coal, 
carbon black, natural and artificial graphite, carbon and 
graphite fibers, carbon nanotubes (CNT), and gra-
phene, there are many different species of Ag/C contact 
material in the field [31].  
 
 
2.4.1 Silver / Graphite 

In most commercial Ag/C contact material, graphite or 
mixtures of different graphite types are used [32]. 
The excellent low welding forces are attributed to the 
material as manufactured and become even better after 
arcing in air. The reasons are chemical reactions of C 
with oxygen (O2) and nitrogen (N2) leading to C parti-
cles burn out. These reactions lead to gaseous reactants 
as CO and CO2 blowing out of the contact surface. 
Thus the remaining Ag/C surface after arcing consists 
of pores and pure silver [33, 34]. This mechanism leads 
to very low welding forces due to the high porosity in 
the contact surface and excellent low contact re-
sistances due to soft and pure silver. But this blowout 
mechanism also causes disadvantages of the Ag/C con-
tact material family. Contact erosion is high leading to 
reduced service life, and contact material vapor con-
densation on walls needs countermeasures in device 
design against low dielectric strength. 
Manufacturing technology for Ag/C material is powder 
metallurgy applying die compaction or, in most cases 
extrusion technology. As with silver metal oxide CM, 
Ag/C cannot be brazed or welded directly to a contact 
carrier. Again an additional back layer of silver is re-
quired. Two-layer die compaction, strip surface decar-
bonization after extrusion, or co-extrusion with Ag/C 
on a silver backing are wide-spread technologies. 
Like Ag/Ni, the extrusion process with Ag/C leads to 
an elongation of C and Ag particles resulting in aniso-
tropic material and properties.  
The formation of porosity in the Ag/C contact surface 
due to arcing reflects the original grain orientation 
leading to pore orientation perpendicular (⊥) or parallel 
(ǁ) to the contact surface. Figures 9 and 10 show this 
for silver graphite contact material with 3 wt.% of 
graphite. Fig. 9 is a microsection of extruded Ag/C con-
tact tips with the extrusion direction perpendicular to 
the contact surface, and pores accordingly orientated 
perpendicular to the surface with columns of molten 

and re-solidified silver. Silver columns are well at-
tached to Ag/C original material. 
Fig. 11 shows a similar situation for extruded Ag/C ma-
terial with the extrusion direction parallel to the switch-
ing surface. Here silver columns and pores are oriented 
parallel to the contact surface – and with silver columns 
just slightly connected to the Ag/C original material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Microsection of extruded Ag/C 3 after arcing (peak 
current 1,1 kA, 230 V AC), extrusion direction perpendicular  
(⊥) to contact surface [35]  

(1) Ag/C contact material as manufactured, tiny black 
dots are graphite particles 

(2) Contact surface area after arcing with silver columns 
and pores (black areas between silver columns, filled 
with plastic mounting material) 

 

 
Fig. 10 Microsection of extruded Ag/C 3 after arcing (peak 
current 1,1 kA, 230 V AC), extrusion direction parallel (ǁ) to 
contact surface [35]  

(1) Ag/C contact material as manufactured, tiny black 
dots are graphite particles 

(2) Contact surface area after arcing with silver columns 
and pores (black areas between silver columns, filled 
with plastic mounting material) 

 
As a consequence of these mechanisms, extrusion ori-
entation relative to the switching surface has a substan-
tial influence on the switching behavior of Ag/C mate-
rial. Ag/C ⊥ has the advantage of lower contact ero-
sion, while Ag/C ǁ has lower welding forces.  

1 

2 

1 

2 
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C content, allotrope and C particle size, and manufac-
turing parameters as deformation ratio also substan-
tially influence Ag/C contact performance [31, 36]. 
 
As contact erosion of Ag/C is high compared to other 
CM, Ag/C is often used on the stationary contact in cir-
cuit breakers, while for the movable contact more ero-
sion-resistant materials as Ag/Ni, Ag/SnO2, Ag/W, or 
Ag/WC are applied. 
Fig. 11 shows such an asymmetric contact material 
combination in an RCCB. Ag/C contact material with 
its porous surface structure after arcing enabled the CB 
to break the weld.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Microsection of a broken weld in an RCCB after 
short circuit make test with asymmetric contact material 
combination [35] 

(1) Ag/Ni40 
(2) Ag/C 3,8, graphite content consists of fine graphite 

powder and coarse graphite fibers 
(3) Brocken weld 

 
 
2.4.2 Ag/C with CNT and Graphene 
With the discovery and technological production of 
carbon allotropes as carbon nanotubes (CNT) and gra-
phene, these substances gained a lot of R&D attention 
for electrical and energy-related R&D [37]. 
The excellent electrical conductivity of CNT and gra-
phene can be an advantage for power engineering elec-
trical contact materials.  
Thus, Ag/C material based on or with the addition of 
CNT or graphene found some attention [31, 38, 39, 40] 
in the field of arcing contacts. As new research showed 
improvements to overcome the issue of inhomogene-
ous distribution of CNT in a metal matrix [41, 42] it 
will be interesting to see how these allotropes can con-
tribute to Ag/C contact material optimization for com-
mercial applications. 
 
 
2.4.3 Ag/Ni/C and Ag/WC/C 
Three-component contact materials try to combine the 
specific advantages of binary CM. With the addition of 

graphite to Ag/Ni or Ag/WC, the resistance against 
welding of these materials is reduced substantially, 
while the contact erosion is reduced compared to the 
equivalent Ag/C material. Typical applications are 
MCCB and ACB. Due to graphite content, Ag/WC/C 
cannot be manufactured by die compaction with subse-
quent infiltration process as Ag/WC. The typical man-
ufacturing technique of these p.m. composite materials 
is die compaction with press-sinter-repress operations. 
A silver backing as a second layer for brazing or weld-
ing is needed for these tips. 
As with Ag/C and Ag/WC, contact and switching prop-
erties can be adjusted by varying powder properties 
and manufacturing parameters [21]. 
 

3 Some ideas on future CM optimi-
zations and developments 

State-of-the-art contact materials are highly sophisti-
cated functional materials that fulfill today's require-
ments for power engineering switching tasks in an ex-
cellent way. Nevertheless - contact material develop-
ment or optimization will continue driven by different 
tasks as 
 

1. manufacturing cost reduction for CM 
2. evaluation of cost reduction potentials from 

reduced CM silver content  
3. Environmental concern and legal restrictions 

regarding hazardous substances in CM 
4. CM optimization to enable cost reduction for 

the switching device 
5. Shifting or new requirements for switching 

devices due to changing electrical loads and 
requirements 

 
Topics 1. and 2. are just daily business and are not dis-
cussed here.  
Topic 3 was an important motivation for CM innova-
tions over the past 30 years to replace Ag/CdO. Today, 
many commercial and approved Ag/SnO2 and Ag/ZnO 
species are well established in the market. Thus no or 
just minor adaptions are expected in the future. 
Reduction of the total cost of switching devices (topic 
4) includes decreasing the size while maintaining tech-
nical properties as rated current. In turn, overtempera-
ture during steady state current becomes more critical. 
As the voltage drop over the closed contact is a signif-
icant heating source, CM with low/optimized contact 
resistance while maintaining other required switching 
properties can lead to advantages. 
With topic 5, there are different shifts in the application 
requirements for switching devices on hand. 
For most of them, only little is known up to now re-
garding the detailed load parameters and requirements. 
In addition, the performance and possible limitations of 

1 

2 

3 
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state-of-the-art CM in said applications are to be eval-
uated.  

a. LED loads   
Loads with LED lamps show increased inrush 
currents leading to higher sticking and weld-
ing probabilities of contacts. Details of LED 
loads in the field show substantial scatter and 
experience with CM in the market for these 
applications just started to rise [43].    
Silver/metal oxide contact material with re-
duced welding forces could be advantageous. 

b. A demand for CM with improved anti-weld-
ing behavior could also rise for DC-DC power 
converters. 

c. The use of high-efficiency motors leads to in-
creased inrush currents [44], and therefore 
could be advantageous for contact materials 
with reduced welding forces. 

d. Using electromechanical contactors com-
bined with solid-state contactors or variable 
frequency drives leads to short arcing, espe-
cially with break. Thus the contact surface is 
affected differently compared to conventional 
motor loads. This difference in arc impact on 
the contact surface could lead to differences 
in surface microstructure evolution and could 
foster CM optimization.   
On the other hand, CM erosion could be re-
duced substantially leading to reduced contact 
material volumes for these applications. 

e. Increasing use of DC switching devices and 
DC circuit breakers with voltage up to 1500 V 
DC will rise the demand for CM with excel-
lent arc running behavior. It is possible that 
CM with a shorter time of reduced arc motion 
(TRM) and improved arc running velocity can 
contribute to decrease DC break arc duration. 

f. The potential of CNT and graphene additives 
to silver or silver-based CM is not evaluated 
in depth up to now. It would be interesting to 
learn whether or not these carbon allotropes 
can contribute to future improvements of CM. 

 

4 Literature 

[1] P. Slade (ed.), Electrical Contacts: Principles and 
Applications, 2nd edition, CRC Press, Boca Ra-
ton, 2014. 

[2] E. Vinaricky (ed.), Elektrische Kontakte, Werk-
stoffe und Anwendungen, 3rd edition, Springer, 
Berlin, Heidelberg, 2016. 

[3] Doduco GmbH: Data Book of Electrical Con-
tacts, 3rd edition, Stieglitz Verlag, Mühlacker, 
2012.  

[4] E.Johansson, A.Andersson, G.Johansson, and M. 
Johansson: ‘Breaking Performance of a Novel 

DC Contactor’, Proc. 29th ICEC, Albuquerque, 
2018, pp. 483-487. 

[5] Intergovernmental Panel on Climate Change 
(IPCC): 5th Assessment Report (2013/2014),   
 5th AR, Synthesis Report (2014)  
  https://www.ipcc.ch/site/assets/up-
loads/2018/02/SYR_AR5_FINAL_full.pdf  
 5th AR, WG 1: The Physical Science Basis (2013) 
  https://www.ipcc.ch/site/assets/up-
loads/2018/02/WG1AR5_all_final.pdf  

[6] V.Behrens and W.Weise, Contact Materials, in: 
Landolt-Börnstein, Group VIII, Vol. 2, Subvol. A, 
Part 1: Metals and Magnets, Springer Verlag, Hei-
delberg, Berlin, 2003, pp. 10-1 – 10-29. 

[7]  A. Shibata, “Silver-Metal Oxide Contact Material 
by Internal Oxidation Process,” Proc. 7th ICEC, 
Paris (1974), pp 214-220. 

[8] Ch.Leung and V.Behrens: ‚A review of Ag/SnO2 
Contact Material and Arc Erosion’, Proc. 24th 
ICEC, St.Malo (2008), pp. 82-87. 

[9]  O.Lutz, V.Behrens, S.Franz, Th.Honig, J.Hein-
rich, I.Aichele. and B.Benedikt, Silber/Zinnoxid-
Kontaktwerkstoffe auf Basis der inneren Oxida-
tion für AC- und DC Anwendungen, VDE-Fach-
bericht 65, VDE Verlag, 2009, pp. 167-176. 

[10] T.B.Massalski (ed.): Binary Alloy Phase Dia-
grams, II Ed., 1990, 1. 

[11] V.Behrens, R.Michal, N.Minkenberg, K.E.Sae-
ger, B.Liang, and W.Zhang: Erosion Mechanisms 
of Different Types of Ag/Ni 90/10 Materials, 
Proc. 14th ICEC, Paris (1988), pp. 417-422. 

[12]  V.Behrens, R.Michal, J.N. Minkenberg, and K.E. 
Saeger: Abbrand und Kontaktwiderstandsverhal-
ten von Kontaktwerkstoffen auf Basis von Silber-
Nickel, e&i 107 (1990), pp. 72-77. 

[13] H.Wang and H.Yuan: ‘Investigation on the Elec-
trical Properties of AgNi Contact Materials with 
Various Ni Content’, Proc. 63rd IEEE Holm Conf., 
Denver (2017), pp. 221-224. 

[14] O.Lutz, V.Behrens, M.Finkbeiner, Th.Honig, and 
D.Späth: ‚Ag/CdO-Ersatz in Lichtschaltern‘, 
VDE Fachbericht 61 (2005), pp. 165-173. 

[15]  W.M.Haynes (ed.): Handbook of Chemistry and 
Physics, 95th Edition, CRC Press, Boca Raton, 
London, New York, 2014. 

[16]  P.Slade, “Variations in Contact Resistance Result-
ing from Oxide Formation and Decomposition in 
Ag-W and Ag-WC-C Contacts Passing Steady 
Currents for Long Time Periods”, Proc. 31st IEEE 
Holm Conf., Boston (1985), pp. 3-17. 

[17] Walczuk, E., Borkowski, P., Kaliszuk, K. and 
Frydman, K.: “Effect of composition and micro-
structure on the arc erosion and contact resistance 
of W-Ag composite materials at high currents”, 
Proc. 20th ICEC, Stockholm (2000), pp. 259-266. 

[18] J.Röhberg, Th.Honig, N.Witulski, M.Finkbeiner, 
and V.Behrens, Performance of Different Sil-
ver/Tin Oxide Contact Materials for Applications 



218

in Low Voltage Circuit Breakers, Proc. 55th IEEE 
Holm Conf., Vancouver (2009), pp. 187-194. 

[19]  J.Tepper, M.Seeger, T.Votteler, V.Behrens, and 
Th.Honig: Investigation on Erosion of Cu/W 
Contacts in High Voltage Circuit Breakers, IEEE 
Trans. CPT, vol. 29 (2006), pp. 658-665. 

[20] T.Mützel, B.Kempf: ‚Neue Erkenntnisse zum 
Schaltverhalten von SilberWolframkarbid Kon-
taktwerkstoffen‘, VDE Fachbericht 69, VDE Ver-
lag, Berlin, 2013, pp. 35-42. 

[21] S.Allen, E.Streicher, C.Leung: Electrical Perfor-
mance of Ag-W-C and Ag-WC-C Contacts in 
Switching Tests, Proc. 20th ICEC, Stockholm 
(2000), pp. 109 - 114.  

[22] V.Behrens, Th.Honig, O.Lutz, and D.Späth: Sub-
stitute Contact Material for Silver/Cadmium Ox-
ide in AC Applications in the Low Current Range, 
Proc. 23rd ICEC, Sendai (2006), pp. 294-299. 

[23] Bourda C; Jeannot D; Pinard J; Ramoni P.: Prop-
erties and Effects of Doping Agents used in 
AgSnO Contact Materials, Proc. 16th  ICEC, 
Loughborough (1992), pp. 377-382. 

[24]  F. Heringhaus, P. Braumann, A. Koffler, E. 
Susnik, and R.Wolmer, “Quantitative Correlation 
of Additive Use and Properties of Ag-SnO2-
based Contact Materials“, Proc. 21st ICEC, Zürich 
(2002), pp. 443-446. 

[25] A. Koffler, P. Braumann, B. Kempf, “The influ-
ence of manufacturing process, metal oxide con-
tent, and additives on switching behavior of 
Ag/SnO2 in DC- and AC relays (2)”, Proc. 23rd 
ICEC, Sendai (2006), pp. 288-293. 

[26] Th.Schöpf, V.Behrens, Th.Honig, and A.Kraus: 
‘Substitude for Palladium Copper in DC Flasher 
Relay’, Proc. 48th Int. Relay Conf., Lake Buena 
Vista (2000), pp. 5.1 – 5.6 . 

[27]   H.Manhart, W.Rieder, and C. Veit: ‘Arc Mobility 
on New and Eroded Ag/CdO and Ag/SnO2 Con-
tacts’, Proc. 34th IEEE Holm Conf., San Francisco 
(1988), pp. 47-56. 

[28] M.Ommer, U.Klotz, D.Gonzales, F.Berger, and 
B.Wielage: ‘Arc behaviour and material deterio-
ration of silver based composites used for electri-
cal contacts’, Proc. 56th IEEE Holm Conf., 
Charleston (2010), pp. 494-503. 

[29] E.Streicher, C.Leung, R.Bevington, and S.Allen: 
Press-Sinter-Repress Ag/SnO2 contacts with 
Lithium and Copper Sintering Additives for Con-
tactor Applications,“ Proc. 47th IEEE Holm Conf., 
Montreal (2001), pp. 27-34. 

[30] C.Bernauer, T.Kuntze, V.Behrens, T.Honig: Sub-
stitution of Silver/Cadmium Oxide in High Volt-
age Disconnentors, Proc. 51st IEEE Holm Conf., 
Chicago (2005), pp. 42 – 47. 

[31] P. Borkowski, E. Walczuk, D. Wojcik-Grzybek, 
K. Frydman, D. Zasada: Electrical Properties of 
Ag-C Contact Materials Containing Different Al-
lotropes of Carbon,  Proc. 56th IEEE Holm Conf., 
Charleston (2010), pp. 167-175. 

[32]  V.Behrens, T.Honig, A.Kraus, E.Mahle, R.Mi-
chal, K.Saeger: Test Results of Different Sil-
ver/Graphite Contact Materials in Regard to Ap-
plications in Circuit Breakers, Proc. 41st IEEE 
Holm Conf., Montreal (1995), pp. 393–397. 

[33] E.Vinaricky and V.Behrens, Switching Behavior 
of Silver/Graphite Contact Material in Different 
Atmospheres in Regard to Contact Erosion, Proc. 
44th Holm Conf., Arlington (1998), pp. 292-300. 

[34] E.Vinaricky and V.Behrens, “ Welding Behaviour 
of Closed Contact Material Combinations of Sil-
ver/Graphite against Copper with and without 
Electrodynamic Lift off in Different Atmos-
pheres”, Proc. 19th ICEC, Nürnberg (1998), pp. 
301-305. 

[35] V.Behrens, Silber/Nickel und Silber/Grafit – zwei 
Spezialisten auf dem Gebiet der Kontaktwerk-
stoffe, METALL 61 (2007), pp. 308-312. 

[36] T.Mützel and R.Niederreuther: Development of 
Contact Material Solutions for Low-Voltage Cir-
cuit Breaker Applications (2), Proc. 57th IEEE 
Holm Conf., Minneapolis (2011), pp. 117-122. 

[37]  Rdest, M. and Janas, D.: Carbon Nanotube Films 
for Energy Applications. Energies 2021, 14, 
1890. https://doi.org/10.3390/en14071890  

[38] J.Jaćimović, L.Felberbaum, E.Giannini, and 
J.Teyssier: Electromechanical properties and 
welding characteristics of Ag/MoS2, Ag/WS2, 
Ag/CNTs and Ag/CdO materials for high-DC cur-
rent contact applications, Proc. 27th ICEC, Dres-
den (2014), pp. 132-137.  

[39] P.Wang, Z.Wei, M.Shen, H.Pan, J.Fu, and 
L.Chen: In-situ Synthesized Silver-graphene 
Nanocomposite with Enhanced Electrical and 
Mechanical Properties, Proc. 63rd IEEE Holm 
Conf., Denver (2017), pp. 225-228. 

[40] H.Chen, P.Weng, and J.Hernandez: Study of Sil-
ver-graphene Tungsten Material For Low Voltage 
Electrical Contact, Proc. 65th IEEE Holm Conf., 
Milwaukee (2019), pp. 142-148. 

[41] K.Aristizabal; A.Katzensteiner, A.Bachmaier, 
F.Mücklich, and S.Suarez: Microstructural evolu-
tion during heating of CNT/Metal Matrix Com-
posites processed by Severe Plastic Deformation-
www.nature.com/scientificreports/(2020)10:857, 
https://doi.org/10.1038/s41598-020-57946-3 8 

[42] .S.Suarez, R.Puyol, Ch.Schäfer, and F.Mücklich: 
Carbon Nanotube-reinforced Metal Matrix Com-
posites as Novel Electrodes for Low-voltage 
Switching Applications: A Surface Degradation 
Analysis, Proc. 65th IEEE Holm Conf., Milwau-
kee (2019), pp. 135-140. 

[43] T.Mützel and Ch.Hubrich: ‘Contact Material So-
lutions for LED Lamp Applications’, Proc. 64th 
IEEE Holm Conf., Albuquerque (2018), pp. 159-
165. 

[44] A.Krätzschmar: Update der Anforderungen an 
Motorstarter aus normativer Sicht, VDE Fachbe-
richt 73, 2017, VDE Verlag, Berlin, pp. 201-216. 



219

The Development of Sputtered Contact Systems Replacing 
Electroplated Systems in Reed Switch Applications 

Philip Lees, Littelfuse, Boston, MA, USA PLees@Littelfuse.com 
Eric Hafenstein, Littelfuse, Lake Mills, WI, USA, EHafenstein@Littelfuse.com 

Joshua Koeppel, Littelfuse, Lake Mills, WI, USA, JKoppel@Littelfuse.com 
Tony Spies, Littelfuse, Lake Mills, WI, USA, TSpies@Littelfuse.com 

Abstract 

The application of materials to contact areas of reed switches is accomplished by either electroplating or sputtering 
techniques. In general, electroplated contact materials have been used for higher voltage and higher power (30-
100 watts) applications and sputtered coatings for lower voltage and lower power, (5-20 watts) applications. The 
material stack for electroplated reed switch contacts was a top layer of ruthenium (Ru), an intermediate layer of 
rhodium (Rh) and a base layer of gold (Au). This base layer of gold is plated from a cyanide bath. Safety, 
regulatory and environmental concerns, surrounding the cyanide bath prompted the exploration of sputtered 
material stacks to replace the electroplated stacks. It was found that traditional material stacks of Ru over 
molybdenum (Mo) could not meet the performance characteristics of the electroplated stack whereas substituting 
copper (Cu) for gold (Au) showed promising results. The introduction of a Cu base layer under an intermediate 
Mo layer or directly under a top layer of Ru significantly improved life expectancy for all but the most demanding 
electrical loads. 

Key Words: Reed switch, switching contact materials, electroplating, sputtering 

1 Introduction 

The components of a reed switch are reeds and a 
glass tube. The reed is manufactured from a low 
expansion magnetic alloy integrating the flexing 
member or web with a solderable lead. The contact 
material is selectively applied to the contact areas on 
the tip of the web. A glass enclosure is either 
evacuated or filled with an inert gas and sealed 
around the leads. Reed switches are actuated by a 
magnetic field. Reed switch designs are 
characterized by narrow contact gaps (5-50 
micrometers) and light contact loads. A picture of a 
reed switch and the details of a reed are shown in 
Figure 1.  

The selective application of materials to contact 
areas of reed switches is accomplished by either 
electroplating or sputtering techniques. The material 
stack for electroplated reed switch contacts is a top 
layer of ruthenium (Ru), an intermediate layer of 
rhodium (Rh) and a base layer of gold (Au). 

 

Fig. 1. Reed switch and closeup of a reed. 

The plating sequence is gold strike, functional gold, 
rhodium and ruthenium. The gold strike promotes 
adhesion of subsequent deposits through prevention 
of immersion plating. Immersion plated deposits 
from electrolytic solutions are loosely adhered to the 
substrate material. The thicker, functional gold layer 
protects the reed material from corrosive attack by 
the fumes from the rhodium bath. The rhodium layer 
provides a hard surface forestalling wear and 
ruthenium is the contact material. 

The material stack for sputtered reed switch contacts 
is a thin adhesion layer to promote adhesion between 
the intermediate layer and the reed, intermediate 
layer and the contact material. A typical stack would 
be a titanium adhesion layer, a molybdenum 
intermediate layer and a ruthenium contact layer. 
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Figure 2 contains representations of the plated and 
sputtered material stacks. 

 

Fig. 2. Representations of plated and sputtered 
material stacks. 

Reed Switches fail in one of two ways: the switch 
will fail to open when expected (stick) or it will fail 
to close when expected (miss).  For the evaluations 
conducted in this study, a stick is defined as the 
voltage across the switch, when it should be open, ≤ 
½ of the open circuit voltage or 0.7V, whichever is 
less.  A miss is defined as the contact resistance 
across the switch, when the switch is closed; either 
2% of load resistance or 2 Ω whichever is greater 
[1].  The first failure, stick or miss, for each switch 
is recorded and then analyzed.  To generate 
acceptable reliability predictions testing is 
conducted until at least 50% or more of the sample 
group has failed. 

2 Material Design and Sample 
Preparation 

2.1 Material Design 

The first stack consideration was the production 
standard of Ru over Mo. Variations of this stack are 
used for the preponderance of reed switches 
produced by Littelfuse. The Ru layer ranges from 
0.5 to 1.1 microns and the Mo layer is determined 
by subtracting the Ru thickness from the required 
magnetic gap.   

A sputtered stack analogous to the electroplated 
Au/Rh/Ru was developed substituting Cu for Au and 
Mo for Rh. The primary consideration was 
improved thermal conductivity for the high-power 
applications. Individual layer thicknesses from the 
electroplated Au/Rh/Ru system were mirrored in the 
sputtered Cu/Mo/Ru stack for the initial screening 
tests. 

Ru only samples, sputtered at various thicknesses 
were included for both conductivity and durability 
considerations. 

Finally, as a contingency plan, an electroplated, 
cyanide free Au/Rh/Ru stack was evaluated in case 
the sputtered systems did not meet the electroplated 
system parametric and/or expected life 
requirements. 

2.2 Test Vehicles 

The test vehicles were production switches with 10 
W and 100 W ratings. The switches are structurally 
and mechanically different. The 10W switch has a 
beam length of about 7 mm and the length of the 
glass tube about 20 mm [2]. The 10W switch will 
close when the applied magnetic field is in the range 
of 20-25 Ampere-turns (AT). The 100W switch has 
a beam length of about 19 mm and the length of the 
glass tube is about 50 mm [3]. The 100W switch will 
close when the applied magnetic field is in the range 
of 60-70 AT. Nitrogen was introduced during  
sealing as the inert gas. 

2.3 Sample Preparation  

All samples were prepared on production equipment 
using DC Magnetron sputtering.  A KDF Model 
954i four target machine was used [4]. Layer 
thickness was controlled using a calibration program 
that calculates sputter time based on thickness 
results from individual targets processed at a 
specific traverse speed and a defined number of 
passes. A Bowman model BA100 XRF coating 
thickness measurement system was used to 
determine individual layer thicknesses [5]. After 
sputtering the switches were assembled on 
automatic assembly machines to the targeted AT 
values. The glass enclosure was filled with nitrogen 
during sealing. 

3 Results and Discussion 

3.1 Life Test Evaluation 

Two-parameter Weibull distributions were used to 
analyze the sample failure data. [6,7] The two 
parameters obtained from the regression fit are: the 
Weibull Scale parameter – Eta (η) and the Weibull 
Shape parameter – Beta (β).  The Weibull scale 
parameter is a measurement of the spread in the 
distribution of the data analyzed.  It is also known as 
the characteristic life of the data analyzed and 
corresponds to the time at which 63.2% of the 
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samples have failed. In this study, the screening 
criteria for life is the predicted number of cycles at 
which 10% of the product should fail: B(10). The 
Weibull shape parameter is a measurement of the 
slope or failure rate of the data.  A slope less than 
1.0 indicates that the product has a decreasing failure 
rate, typical of infant mortality or a product failing 
during “burn-in” period.  A slope equal to 1.0 
indicates that the product has a constant failure 
rate.  A slope greater than 1.0 indicates an increasing 
failure rate, typical of products that are wearing out.   

Figure 3 depicts Weibull plots for the 100W switch 
at rated power. Fig. 3(a) is the plot for the 
electroplated stack and Fig 3(b) the sputtered stack 

The calculated B(10) life for the electroplated stack 
was 590 cycles and the sputtered stack 9,100. The 
slope for the electroplated stack is less than one 
indicating a decreasing failure rate and typical of 
infant mortality. The slope for the sputtered stack is 
greater than 1, indicating an increasing failure rate 
and typical of wear. 

3.2 Electrical Test Parameters 

Initial life test screening was conducted using 
20VDC and 500mA for the 10W switch and 33V DC 
and 3 A for the 100W switch. All loads, AC and DC 
were resistive. Littelfuse has found that testing 
switches at rated power enables the reduction of a 
large sample matrix to the most promising within a 
few weeks.  

3.3 Life Test Results 

The sample matrix consisted of electroplated 
controls for 10W and 100W switches, Cu-Ru stack 
for both power ratings, standard Mo-Ru, Ru only 
and Cu-Mo-Ru for the 10W switch and cyanide free 
Au electroplated for the 100W switch. 

 All failures, regardless of stack coating process, 
were “sticks.” No contact resistance failures were 
recorded.   

The complete sample matrix and life test results are 
contained in Table I. The results in Table I indicate 
that electroplated coating on the 10W switch has a 
B(10) life three times that for the best sputtered 
stacks.  

 

The opposite is true for the 100W switch. The B(10) 
life of the sputtered stack is nearly three times that 
of the electroplated stack. 

 

(a) Electroplated 

 

             (b) Sputtered 

Fig. 3. Weibull plots for 100W switch at rated 
power. Fig. 3 (a) electroplated stack. B(10) = 590 
cycles and β = 0.72. Fig. 3 (b) sputtered stack.  
B(10) = 9,100 and β =3.04. 
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Table I. Initial Sample Stacks for Screening.  10 W Switch 
B(10) Life 

100 W Switch 
B(10) Life 

Standard Electroplated: 0.8µ Au / 1.4µ Rh / 0.5µ Ru 3,115,000  
Standard Electroplated: 1.15µ Au / 1.27µ Rh / 0.5µ Ru  3,600 
0.08µ Ti / 2.29µ Cu / 0.08µ Ti / 0.5µ Ru 46,000 10,800 
0.15µ Ti / 1.5µ Mo / 2.0µ Ru 650,000  
0.5µ Ti / 2.5µ Ru 376,000  
0.5µ Ti / 3.8µ Ru 1,042,000  
Cyanide-Free Electroplated: 1.15µ Au / 1.27µ Rh / 0.5µ Ru  12,100* 
0.08µ Ti / 0.66µ Cu / 0.08µ Ti / 1.4µ Mo / 0.5µ Ru 1,015,000  

*Replicate run failed due to poor adhesion between cyanide free Au and the reed 

One of the advantages of the cyanide based Au 
plating bath is that the cyanide gold strike bath 
prevents immersion plating and thus promotes 
excellent adhesion. The cyanide free electroplated 
system relies on additives to prevent immersion 
plating. These additives have a limited bath life. The 
effect of additive bath life manifested during a 
replicate plating run. The gold would not adhere to 
the nickel-iron reeds. Consequently, the cyanide free 
Au electroplated system was eliminated from further 
consideration.  

As stated above, all failures were “sticks.” To 
combat stickiness, the thickness of web in the 10W 
switch was increased from 262 microns to 287 
microns. This increase in stiffness counters the 
stick adhesion force opposing the opening the 
switch. Samples switches with the thicker reed web 
were manufactured to the specified 20-25 AT range 
in order to maintain the same contact force. Both 
the Mo / Ru and Cu / Mo / Ru stacks were 
evaluated. The life test results are contained in 
Table II.

Table II. Modified Beam Sample Stacks for Screening. Web thickness 
was increased from 262 to 287 microns. 

10 W Switch 
B(10) Life 

0.15µ Ti / 1.5µ Mo / 2.0µ Ru 1,279,000 
0.08µ Ti / 0.66µ Cu /0.08µ Ti / 2.0µ Mo / 0.5µ Ru 2,988,000 
0.08µ Ti / 0.66µ Cu / 0.08µ Ti / 1.4µ Mo / 1.0µ Ru 2,589,000 

Looking at both Tables I and II reveals some trends 
for the 10W switch. First, increasing the beam 
thickness significantly increased mean life. Second, 
Mo under Ru is more beneficial than just increasing 
Ru. Finally, Cu under Mo / Ru is more beneficial 
that just Mo under Ru. Based on the initial results in 
Tables I and II, additional voltage-current 
combinations were evaluated for the 0.66µ Cu / 2.0µ 
Mo / 0.5µ Ru stack and thicker beam for the 10W 
switch and 2.29µ Cu / 0.5µ Ru for the 100W switch. 
Electroplated switches were run as controls. The 
material stack for the 10W switch was 0.8µ Au / 
1.4µ Rh / 0.5µ Ru and that for the 100W switch was 
1.15µ Au / 1.27µ Rh / 0.5µ Ru. Life test results are 
summarized in Table III. Data represent averages of 
at least 2 runs.  

All failures, regardless of stack coating process, 
were “sticks.” No contact resistance failures were 
recorded.  

 

 

3.3.1 10 W Switch Trends 

 In DC testing the B(10) life for both electroplated 
and sputtered switches decreased as the voltage 
increased and current decreased. In general, the 
characteristic life of electroplated switches exceeded 
that of sputtered switches. In AC testing, the 
characteristic life of electroplated switches was an 
order of magnitude larger than that of the sputtered 
switches. None the less, the B(10) life of the 
sputtered switch met design criteria. 
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Table III. Specified B(10) life targets and calculated results from expanded testing of electroplated and 
sputtered stacks. 
10W Results 
 

20VDC, 500mA  1000VDC, 
1mA 

120VAC, 
100mA 

240VAC, 
50mA 

Target ≥2,000,000  ≥1,000,000 ≥2,000,000 ≥2,000,000 
Electroplated 2,900,000  1,200,000 24,600,000 14,900,000 
Sputtered 2,400,000  868,800 2,800,000 2,400,000 
      
100W Results 33VDC 

3A 
400VDC 

2mA 
 120VAC 

1A 
240VAC 
200mA 

Target ≥9,000 ≥7,000,000  ≥20,000 ≥5,000,000 
Electroplated 590 6,500,000  34,300 5,500,000 
Sputtered 9,600 5,600,000  48,600 5,900,000 

3.3.2 100 W Switch Trends  

In DC and AC testing, the B(10) life of the 
electroplated switches increased as voltage 
increased and current decreased. A similar trend was 
observed for the sputtered switches. The B(10) life 
for the sputtered switches was comparable to that of 
the electroplated switches. As with the 10W 
switches, the B(10) life of the sputtered switches met 
design criteria. 

3.3.3 Weibull Slope Features 

Figure 4 depicts Weibull plots for the 10W switches 
tested at 20VDC and 500mA.  

The B(10) life for both electroplated and sputtered 
stacks was approximately 1.5 million cycles. The 
average slope for the electroplated stack is 1.6 and 
that for the sputtered 1.4 indicating an increasing 
failure rate. Closer examination of Fig 4(a) reveals 
three distinct regions with two different slopes. It 
appears that the initial slope based on the first three 
points, is less than one, indicating infant mortality. 
The slope abruptly changes to a value much greater 
than one indicating a change in failure mechanism 
from infant mortality to wear. Conversely, in Fig. 
4(b), the data points around the extrapolation line 
appear to be randomly located above and below the 
line. The average slope is greater than one, 
indicating that wear is the primary failure 
mechanism. A detailed examination of the 
behavioral differences between electroplated and 
sputtered stacks is beyond the scope of this paper. 

 

 

(a) Electroplated 

 

(a) Sputtered 

Fig. 4. Typical Weibull plots for 10w switch. Fig. 4 
(a) electroplated stack with an initial slope of less 
than 1 (red line) and Fig. 4 (b) sputtered stack with 
initial points randomly dispersed around the 
calculated slope line. 
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Table IV summarizes the slopes obtained from 
Weibull plots for both power ratings and coating 
process. 

The data in Table IV indicate that after DC testing 
the Weibull slopes for electroplated stacks are less 
than those for the sputtered stacks. Further, the 
slopes for both coating technologies decreased as the 
voltage increased. After AC testing, the Weibull 
slopes for both electroplated and sputtered stacks 
increased as the voltage increased. The proportional 
increase for the electroplated stacks was much larger 
than that for the sputtered stacks; 10W switch, 3.1 
for the electroplated compared to 1.36 for the 
sputtered and 100W switch, 5.71 for the 
electroplated compared to 1.61 for the sputtered. 
Additional investigations are necessary to determine 
the mechanisms supporting these behaviors. 

 

 

3.4 Contact Resistance Results 

Sticking behavior and contact resistance levels were 
examined for the sputtered 10W switch exhibiting 
early sticks during switching a resistive load at 20V 
and 500mA. Typical results are shown in Figure 5. 
Each interval corresponds to 10,000 operations. The 
partial graph was extracted from test data to 
demonstrate effects just before, during and after the 
first stick. Initially, contact resistance fluctuated 
between 60 mΩ and 170 mΩ until the onset of 
sticking. After the onset of sticking, the contact 
resistance rose to about 350 mΩ and remained at this 
level for the duration of the test. The reed switch was 
torn down after testing and the reed contact areas 
were examined using both light microscopy and 
SEM with EDS. A pip and corresponding crater, 
typical of DC switching, were detected on opposing 
reeds. The pip corresponds to the cathode and the 
crater the anode. SEM micrographs of the pip and 
crater are shown in Figure 6.  

 

 

Fig. 5. Contact resistance just before, during and 
after the first stick for sputtered 10W switch tested 
at 20VDC and 500mA.  

 

 

EDS analysis revealed that the composition at the 
peak of the pip and bottom of the crater were that of 
the Ni-Fe expansion alloy. No Ru, Mo, Cu or Ti 
were detected in these areas. At the end of test the 
material on both contact surfaces was the Ni-Fe 
alloy. The electrical resistivity of Ru is reported by 
Johnson Matthey [8] as 6.16 µΩ cm. National 
Electronic Alloys [9] reports that the electrical 
resistivity of Alloy 52 Ni-Fe is 260 Ohm-cir-mil/ft 
which converts to 43 µΩ cm. The contact resistance 
changes illustrated in Fig. 5 are readily explained in 
terms of EDS results and electrical resistivity values.  

As wear progressed, the composition of the contact 
surfaces changed causing an increase in contact 
resistance. Once the contact surface composition 
stabilized to Ni-Fe, the contact resistance stabilized, 
albeit at a higher level, for the remainder of the test. 
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Table IV. Weibull slopes for 10W and 100W, electroplated and sputtered switches 
10W Switch 

 20VDC, 500mA 1000VDC, 1mA 120VAC, 100mA 240VAC, 50mA 
Electroplated ≈ 0.50* <<0.50* 0.73 2.30 
Sputtered 3.00 0.92 2.80 3.80 

100W Switch 
 33VDC, 3A 400VDC, 2mA 120VAC, 1A 240VAC, 200mA 
Electroplated 0.80 0.25 2.80 16.0 
Sputtered 3.90 1.04 2.80 4.60 

*Slope estimated by graphical methods using initial failure data. 
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Fig. 6. SEM micrographs of the pip (upper) and 
crater (lower) developed after testing a 10W 
sputtered switch at 20VDC and 500mA. 

 

4 Conclusions 

1. Electroplated switches for the most part 
exhibited early failures.  

2. Sputtered switches for the most part, 
exhibited “wear out” failures. 

3. For the 10W switch, the calculated life of 
the electroplated switches was greater than 
that of the sputtered switches. The 
differences were much greater after AC 
testing. 

4. For the 100W switch, the calculated life for 
both electroplated and sputtered switches 
were of the same order of magnitude and 
comparable. 

5. During DC testing, the 10W switch 
displayed decreasing life with increasing 
voltage and decreasing current.  

6. During DC testing the 100W switch 
displayed increasing life with increasing 
voltage and decreasing current. 

7. Given the different geometries of the two 
test vehicles, the differences in DC 
switching behavior suggest an interaction 
between mechanical design and contact 
material microstructure. Further study is 
required to understand this implied 
interaction.  

8. During AC testing both the 10W and 100W 
switches displayed increasing life with 
increasing voltage and decreasing current. 

9. For the 10W switch, increasing the web 
thickness by about 10% minimized early 
sticks, allowing for the development of a 
sputtered Cu/Mo/Ru stack to replace the 
electroplated Au/Rh/Ru stack. 

10. For the 100W switch, no modifications 
were required and a sputtered Cu/Ru stack 
was developed to replace the electroplated 
Au/Rh/Ru stack.  

11. Both the sputtered 10W stack and the 
100W stack met specified life targets after 
a battery of AC and DC life tests. 
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Abstract 

Increasing electrical contact performance requirements in the Automotive industry, especially with respect to vi-
bration resistance, mating force levels, mating cycle durability, and temperature exposure stability lead to a need 
to develop new contact finishes that exhibit performance qualities superior to that of the standard contact finishes 
available in the market. A newly developed high-performance selective AgCu contact finish appropriate for copper 
alloy substrates is presented here which is made using a non-aqueous physical application process. This selective 
AgCu finish exhibits a low coefficient of friction of 0.2-0.3, excellent wear resistance, enhanced vibration stability 
performance, an absence of cold-welding effects, and exceptional resistance to delamination; all while maintaining 
a stable and reliable electrical contact resistance. Analyses will be presented that show that these enhanced func-
tional contact properties are based on the Ag/Cu gradient composition and the fine-grained crystalline nature of 
the finish material. Product level testing demonstrates the advantages of the new finish, compared side-by-side 
with standard electroplated silver finishes. 

1 Introduction 

Ever present increases in precious metal prices and en-
vironmental performance requirements push the limi-
tations of contact material performance and cost. With 
industry design requirements trending towards contin-
ued miniaturization and increasing pin counts, meeting 
connector mating force limitations and greater temper-
ature and vibration requirements will only become 
more difficult. Contact finishes with properties exceed-
ing that of the existing standard ones will be needed. 

Today, standard electroplating processes are widely 
used for applying contact finishes to separable con-
nector contact interfaces [1]–[3]. While overall very 
successful, electroplating processes involve the use of 
aqueous chemistries and impose limitations of material 
choices and compositions. Physical vapor deposition 
(PVD) techniques offer a viable alternative process 
method to electroplating methods for applying contact 
finishes [4]. With PVD, multiple layers can be applied 
using a great variety of chemical compositions, such as 
mixtures of non-alloying elements or as amorphous 
layers [1]. This high degree of freedom with respect to 
composition and structure allows new strategies to 
overcome the inherent limitations of existing finishes. 
However, high deposition rates and selectivity are dif-
ficult to achieve with PVD techniques. 

Regarding contact materials, besides hot-dipped Sn, 
electroplated Au, Ni, Sn finishes, electroplated Ag 
based finishes are commonly used in the automotive 

industry, especially for applications which require 
greater current carrying capabilities, higher operating 
temperatures, and/or more severe vibration levels [5]. 
However, using electroplated Ag finishes can have 
some inherent disadvantages in that they typically ex-
hibit high mating force, limited mating cycle durability, 
and can require passivation/environmental protection. 
Potential cold-welding effects and extended excessive 
thermal exposure delamination effects can occur. If re-
quired by the application specifics, these shortcomings 
can be mitigated by applying one of a few available 
specific Ag alloy electroplatings, e.g. AgPd [6], [7].  

Another approach was followed here where a high-per-
formance Ag based finish is created and selectively ap-
plied to a copper alloy base metal substrate using a 
physical deposition process, which consists of two 
steps: application of material by a printing process and 
fast melting of the applied material [8].  

In the first part of this paper, the structure and compo-
sition of this finish are introduced and discussed. The 
second part directly compares the connector level func-
tionality of this new finish to a benchmark electro-
plated silver finish. The connectors used for this com-
parison were designed specifically for a high-tempera-
ture and high-vibration environment automotive 
application. 
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2 Finish Composition and 
Structure 

2.1 Materials 

The selective AgCu contacts were produced using both 
CuNiSi and CuSn0.15 base metal contact strip. 
CuSn0.15 substrate material was used to make the lab 
testing geometry samples to execute lab level evalua-
tions.  CuNiSi substrate material was selected because 
that is the substrate material specified for the recepta-
cles chosen for the product evaluations. This alloy is 
required to be able to meet the electrical and mechani-
cal connector performance requirements of the con-
nector geometries.  

The contact surface materials were directly applied to 
the base material using this physical deposition tech-
nique. Fig. 1 shows a photograph of such a sample with 
selectively deposited contact and crimp finishes, only 
applied to the regions where they are functionally 
needed in the targeted product (areas 1 (separable in-
terface) and 3 (crimp area)). This coated contact strip 
can then be post-formed into an electrical receptacle 
contact. The greyscale image shows clearly the rectan-
gular areas, where the finishes were selectively ap-
plied. The remaining area of the surface remains with-
out finish and shows the copper alloy base material ap-
pearance (area 2). 

 

Fig. 1 Sample material with applied contact finish: 
(1) silver contact finish with an area of approxi-
mately 1.5 x 3.0 mm², (2) CuNiSi base material, 
(3) tin finish for the crimp area. 

2.2 Composition and Structure 

Scanning Electron Microscope (SEM) images taken at 
a higher magnification of the selective AgCu contact 
area are shown in Fig. 2. While the edges appear 
uneven in places, the middle of the contact finish zone 
is homogenous and smooth. The surface roughness of 
the finish is Ra = 0.2 µm which is comparable to that of 
the substrate material. The backscattered contrast 
image 2 b) shows the micrometer and sub-micrometer 
sized structures at the surface.  

 
More detailed information about the specific structure 
of the finish can be seen in Fig. 3. The ion-polished 
cross-section image shows the three main phases of the 
finish: a nano-crystalline top layer with a thickness of 
about 2-3 µm, an intermediate layer with a larger grain 
structure morphology, and in this case, the CuSn0.15 
base layer. The backscattered contrast shows the 
distinct concentration profile of the selective AgCu 
contact material through the thickness of the deposit 
which has a high silver concentration near the surface 
which transitions to a lower silver concentration  
adjacent to the substrate bulk material.  

 
This finding is corrobarated by the glow discharge 
optical emission spectroscopy (GDOES) results shown 
in Fig. 4. At the surface, the finish has a silver 
concentration of about 65 % and a copper 
concentration of about 25 %. In a transition between 
the surface and a depth of about 5 µm, the silver 
concentration continously decreases and the copper 
concentration continuously increases until a > 95 % 
copper level is measured, as would be expected for the 
CuSn0.15 base material. Small amounts of carbon and 
oxygen are also detected, especially near the surface. 
While the oxygen originates from formation of thin 
surface oxides, the carbon was added intentionally to 
the material formulation.   

 
Fig. 3 Structure of the finish shown in cross-section 
images: a) Ion-polished cross-section imaged in 
SEM backscattered mode. b) Transmission electron 
microscope picture of the structure of the top layer. 

Fig. 2 Scanning electron microscope (SEM) pictures 
of the contact finish: a) overview of the whole con-
tact area, b) magnified SEM picture in backscattered 
mode of the finish surface. 

(2)(1)

a) b)

a) b)
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The cross-section and GDOES data show that the 
finish is not deposited as a traditional layered structure 
with clear interfaces, but that considerable mixing 
between the copper alloy base material and the applied 
silver material is introduced and a gradient 
composition is created by the process. The near-surface 
layer has a fine-grain structure which is fine enough to 
be hard to resolve in the ion-polished cross-section 
image in Fig. 3 a). This is clearly shown in the high-
resolution TEM image in Fig. 3 b) which shows that its 
fine grained structure is significantly smaller than the 
100 nm image scale bar. Nano-indentation measure-
ments reveal a hardness of the selective AgCu finish of 
HV 200-240, compared to HV 80-110 for the reference 
electroplated Ag finish. 

Overall, the finish is composed of a nano-scale struc-
tured silver-copper (AgCu) mixture near the surface 
with a larger grain structure transition zone adjacent to 
the bulk of the base material. The overall elemental 
composition is similar to that of powder metallurgy 
processed AgCu contact material. The difference is 
that it has a much smaller grain structure than any pow-
der-metallurgy generated AgCu material. This small 
grain structure results in a significantly higher hardness 
of the finish, compared to standard electroplated Ag. 

3 Contact Properties 

The composition and microstructure of this selectively 
applied AgCu material determines its resistivity and 
wear properties and thus the performance as an electri-
cal contact material. Its performance was first tested 

using standard interface geometry test samples: 
AgNi10 contact rivet probes versus the AgCu finished 
30x30 mm² CuSn0.15 flat contact surfaces. After that 
testing, connector product samples were built for test-
ing. Fig. 5 shows samples with different sized AgCu 
contact areas in three different states:  the as-depos-
ited/untreated state, after 1000 h of 150 °C temperature 
exposure, and after Mixed Flowing Gas (MFG) expo-
sure -as per DIN IEC 60068-2-60: 0.2 ppm SO2, 
0.01 ppm H2S, 0.2 ppm NO2, 0.01 ppm Cl2, 25 °C, rel-
ative humidity 75%, 21 days. Compared to the un-
treated sample in Fig. 5 a), the high-temperature ex-
posed sample in Fig. 5 b) shows discoloration of the 
copper base material. The 21 day MFG sample in Fig. 
5 c) shows slight discoloration of the copper base ma-
terial and the finish areas. 

 
3.1 Static Contact Resistance 

Fig. 6 shows curves of the normal force dependent 
static (no wipe) contact resistance (CR), compared 
side-by-side with a comparable 3 µm electroplated Ag 
over CuSn0.15 finished flat. The contact resistance of 
the AgCu finish is inherently higher than that of the 
standard electroplated Ag finish, e.g. 0.42 mΩ vs. 
0.12 mΩ at a normal force of 5 N. In the same graph, 
static resistances after mixed flowing gas exposure is 
also shown. Due to formation of surface films (see the 
color change in Fig. 5 c) the static CR values are 
slightly higher than in the initial as-deposited state, but 
still functional like the pre-exposed surface static CR. 

3.2 Coefficient of Friction 

In addition to the contact resistance, the coefficient of 
friction (COF) of the AgCu finish was measured. The 
graph in Fig. 7 shows measured COF values of ~0.2 for 
the AgCu finished samples which is much lower than 
the value of the standard electroplated Ag sample with 
COF values of 0.7-0.9. Even after thermal aging and 
MFG exposure, the samples have low COF values of 
< 0.4. In comparsion, the standard Ag electroplated 
sample shows only lower values after temperature 
exposure due to the formation of lubricious silver-
sulfide films [5]. 

Fig. 4 Glow discharge optical emission spectros-
copy (GDOES) data of the finish composition, 
measured across a 5 mm circular spot diameter of 
the sample. The inset graph shows the increased car-
bon and oxygen concentrations near the surface. 
 

Fig. 5 Photographs of 30x30 mm² samples with con-
tact coating areas between 0.5x0.5 mm² and 
3x10 mm² for a) an untreated freshly coated sample, 
b) a sample after temperature exposure and c) a sam-
ple after mixed flowing gas (MFG) test.  
 

0
10
20
30
40
50
60
70
80
90

100

0 2 4 6 8

El
em

en
ta

l C
on

ce
nt

ra
tio

n 
(w

t-%
)

Depth (µm)

Cu
Ag
C
O

0

2

4

0 1 2

(w
t-%

)

Depth (µm)

a) untreated b) 1000 h at 150 C c) 21d MFG



229

3.3 Temperature Stability 

The stability of the selective AgCu contact finish upon 
temperature exposure was tested by exposing the finish 
to 180 °C for 1000 h. Fig. 8 shows side by side, surface 
and cross-section SEM image taken before and after 
this thermal exposure. After exposure, a discontinuous 
partial dark surface film forms on the surface which 
can be identified as a thin copper oxide layer. This film 
migrates across the surface laterally from the edges of 
the finish. This copper oxide layer can also be seen in 
the cross-section view and has a thickness of 0.1-
0.3 µm. The structure of the finish itself does not 
change considerably with the thermal exposure. Light 
microscopy analysis of the finish and wear tracks 
reveal no signs of delamination of the finish.  

Contact resistances were measured before exposure 
(1.5 mΩ at 2 N normal force), after exposure in the 
mated state (1.1 mΩ at 2 N normal force), and after 
exposure after a disturbance wipe of 0.1 mm was done  
(1.5 mΩ at 2 N normal force). The lack of the 
resistance increase in the mated state shows that no 
excessive copper oxide layer builds up at this interface 
and that the contact areas are protected against 
oxidation in the mated state to a certain extend. 
Additionally, the formed copper oxide layer can be 
easily displaced by a wiping motion, allowing a 
metallic contact even after oxide growth. In addition, 
the AgCu structure does not show indications of copper 
diffusion through the fine-grain AgCu top layer. There 
was no significant increase of the grain size observed. 
A possible explanation for that is that the added small 
amounts of carbon stabilize the small-size grain 
structure.  

Fig. 8 Cross section SEM images of the selective 
AgCu contact finish before (left) and after exposure 
to 180 °C, 1000 h (right). The dark areas in the sur-
face SEM image and the light grey coloured layer 
which are indicated by the arrows shows copper ox-
ide layers. 

Fig. 6 Static contact resistance measurements from 
a probe/flat test sample geometry. AgNi10 rivets 
were used as probe contacts. The curves display me-
dian values of 5 measurements which were per-
formed on different spots on the samples using dry-
circuit conditions (max. 20 mV, 100 mA). Electro-
plated Ag contact resistances are shown as refer-
ence.  

Fig. 7 COF data for the AgCu finish and standard 
Ag electroplated silver samples in the as-deposited 
state and after mixed flowing gas and high-temper-
ature exposure. The coefficient of friction was meas-
ured for 5 back and forth motion cycles over a dis-
tance of 1 mm with an applied normal force of 2 N. 
The probe contact was an AgNi10 relay contact 
rivet. 
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The cross-section and GDOES data show that the 
finish is not deposited as a traditional layered structure 
with clear interfaces, but that considerable mixing 
between the copper alloy base material and the applied 
silver material is introduced and a gradient 
composition is created by the process. The near-surface 
layer has a fine-grain structure which is fine enough to 
be hard to resolve in the ion-polished cross-section 
image in Fig. 3 a). This is clearly shown in the high-
resolution TEM image in Fig. 3 b) which shows that its 
fine grained structure is significantly smaller than the 
100 nm image scale bar. Nano-indentation measure-
ments reveal a hardness of the selective AgCu finish of 
HV 200-240, compared to HV 80-110 for the reference 
electroplated Ag finish. 

Overall, the finish is composed of a nano-scale struc-
tured silver-copper (AgCu) mixture near the surface 
with a larger grain structure transition zone adjacent to 
the bulk of the base material. The overall elemental 
composition is similar to that of powder metallurgy 
processed AgCu contact material. The difference is 
that it has a much smaller grain structure than any pow-
der-metallurgy generated AgCu material. This small 
grain structure results in a significantly higher hardness 
of the finish, compared to standard electroplated Ag. 

3 Contact Properties 

The composition and microstructure of this selectively 
applied AgCu material determines its resistivity and 
wear properties and thus the performance as an electri-
cal contact material. Its performance was first tested 

using standard interface geometry test samples: 
AgNi10 contact rivet probes versus the AgCu finished 
30x30 mm² CuSn0.15 flat contact surfaces. After that 
testing, connector product samples were built for test-
ing. Fig. 5 shows samples with different sized AgCu 
contact areas in three different states:  the as-depos-
ited/untreated state, after 1000 h of 150 °C temperature 
exposure, and after Mixed Flowing Gas (MFG) expo-
sure -as per DIN IEC 60068-2-60: 0.2 ppm SO2, 
0.01 ppm H2S, 0.2 ppm NO2, 0.01 ppm Cl2, 25 °C, rel-
ative humidity 75%, 21 days. Compared to the un-
treated sample in Fig. 5 a), the high-temperature ex-
posed sample in Fig. 5 b) shows discoloration of the 
copper base material. The 21 day MFG sample in Fig. 
5 c) shows slight discoloration of the copper base ma-
terial and the finish areas. 

 
3.1 Static Contact Resistance 

Fig. 6 shows curves of the normal force dependent 
static (no wipe) contact resistance (CR), compared 
side-by-side with a comparable 3 µm electroplated Ag 
over CuSn0.15 finished flat. The contact resistance of 
the AgCu finish is inherently higher than that of the 
standard electroplated Ag finish, e.g. 0.42 mΩ vs. 
0.12 mΩ at a normal force of 5 N. In the same graph, 
static resistances after mixed flowing gas exposure is 
also shown. Due to formation of surface films (see the 
color change in Fig. 5 c) the static CR values are 
slightly higher than in the initial as-deposited state, but 
still functional like the pre-exposed surface static CR. 

3.2 Coefficient of Friction 

In addition to the contact resistance, the coefficient of 
friction (COF) of the AgCu finish was measured. The 
graph in Fig. 7 shows measured COF values of ~0.2 for 
the AgCu finished samples which is much lower than 
the value of the standard electroplated Ag sample with 
COF values of 0.7-0.9. Even after thermal aging and 
MFG exposure, the samples have low COF values of 
< 0.4. In comparsion, the standard Ag electroplated 
sample shows only lower values after temperature 
exposure due to the formation of lubricious silver-
sulfide films [5]. 

Fig. 4 Glow discharge optical emission spectros-
copy (GDOES) data of the finish composition, 
measured across a 5 mm circular spot diameter of 
the sample. The inset graph shows the increased car-
bon and oxygen concentrations near the surface. 
 

Fig. 5 Photographs of 30x30 mm² samples with con-
tact coating areas between 0.5x0.5 mm² and 
3x10 mm² for a) an untreated freshly coated sample, 
b) a sample after temperature exposure and c) a sam-
ple after mixed flowing gas (MFG) test.  
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4 Performance in Connector 
Applications 

In addition to testing of the selective AgCu contact 
finish in the probe/flat test geometry, material strip for 
socket contacts was coated and the samples were tested 
side-by-side with reference standard eletroplated Ag 
production samples as a benchmark. Two automotive 
contact receptacle contact geometries were selected for 
these evaluations:  
 

a) a 1.2 mm wide tab receptacle contact (10 N 
nominal normal force per contact) where the 
standard contact finish is electroplated Ag 
over Ni, with passivation 

b) a 0.5 mm wide tab receptacle contact (2 N 
nominal normal force per contact) where the 
standard product contact finish is an 
electroplated hard AgSb2 over Ni 

 
In the case of the selective AgCu material, the finish is 
deposited prior to the stamping and forming of the 
contact geometries. In contrast, the standard 
electroplated contacts require electroplating to be done 
after the contact geometries are formed. Both these two 
types of receptacle connectors were tested using their 
respective standard electroplated Ag header type tabs. 
 
4.1 Insertion and Withdrawal Forces 

The comparatively low COF of this selective AgCu 
finish makes it a capable candidate for low insertion 
force/higher pin count applications. Therefore, the 
receptacle contacts with this finish were tested for up 
to 20 mating/durability cycles as mated to standard 
electroplated silver counter contacts, and compared to 
the performance of the standard electroplated silver 
finished receptacles and header tab combination.  
Contrasting 20 cycle contact interface testing results 
(selective AgCu vs. electroplated Ag receptacle finish 
mated to standard electroplated Ag tabs) for the 1.2 mm 
tab contact interfaces are shown in Fig. 9. Clearly, the 
lower COF of the selective AgCu finish results in lower 
insertion and extraction forces than the electroplated 
Ag finish. In addition, the mating forces are more 
stable across the 20 mating cycles.  
 
Similar data is shown in Fig. 10 as a function of the 
maximum mating force per cycle.  The selective AgCu 
receptacle results stay constant over 20 cycles. 
Conversely, the higher values of the standard 
electroplated Ag receptacle show insertion forces that 
increase from the first cycle to the second cycle. The 
decreasing forces after the second cycle are an 
indication of progressing wear damage.  

Fig. 10 Maximum values of the insertion and with-
drawal forces per cycle from Fig. 8 using the 1.2 mm 
mating tab width receptacle contact. The contact 
normal force of two contact points was 10 N each. 

 

Fig. 9 Insertion and withdrawal forces of the first 20 
mating cycles for the selective AgCu contact finish 
and the standard electroplated Ag finish using a 
1.2 mm mating tab width receptacle contact.  
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Similar contrasting data is shown in Fig. 11 for the 
0.5 mm tab width receptacle contact for 50 mating 
cycles, comparing receptacle performance of selective 
AgCu to the standard elecroplated hard AgSb2 contact 
finish. In this case, the hard nature of both finishes 
exhibits similar maximum forces for the first cycle. 
The selective AgCu finish, however, exhibits constant 
forces up to 25 cycles before evidence of progressive 
wear becomes evident. Conversely, indications of wear 
damage initiation is exhibited by the electroplated hard 
AgSb2 finish just after the first cycle.  

Fig. 11 Maximum values of the insertion and with-
drawal forces per cycle for the 0.5 mm tab width re-
ceptacle contact system. The contact normal force of 
one contact point was 2 N. 

 
This finding is corroborated by an analysis of the 
contact points after 50 mating cycles, as depicted in 
Fig. 12. The dark area in the middle of the image of the 
AgSb2 receptacle contact surface shows wear-through 
to the nickel underplating. In contrast, the image of the 
selective AgCu receptacle contact surface does not 
show any wear-through and the contact surface finish 
remains intact through the 50 cycles. Furthermore, 
though the opposing electroplated Ag tab contact 
surfaces have clear wear tracks, the they do not show 
wear through to the Ni underplate. 
 
Surface analysis of the contact surfaces of the 1.2 mm 
receptacles and tabs show comparable results: partial 
wear-through on the reference electroplated Ag 
receptacle contact surface and no wear-through on the 
selective receptacle contact AgCu surface and on the 
tab surfaces. 

4.2 Cross-Compatibility with Standard 
Platings 

Comparable mating cycling have also been done for 
these receptacles as mated to electroplated hard Au and 
hot-dipped Sn tabs to evaluate the cross-compatibility 
of the selective AgCu finish with these other standard 

finishes. For the case of the 1.2 mm receptacle, they 
exhibited a maximum mating forces of 9-11 N, when 
mated with the hard Au finished tabs (comparable to 
the values in Fig. 10). No wear-through of the finishes 
was detected even after 50 mating cycles. When mated 
with hot-dipped tin coated tab contacts, the 
performance was comparable to a hot-dipped tin coated 
receptacle/tab combination. 

4.3 Vibration and Micromotion Tests 

The mechanical stability of the finish was further 
evaluated using vibration testing. Generally, the 
selective AgCu finish exhibited improved vibration 
resistance and showed no, or at least less, wear damage 
than the standard electroplated finishes.  

Micromotions at the contact interface, such as is 
induced by mechanical vibrations or thermal cycling, 
were tested using a driven micromotion test method for 
mated 0.5 mm tab/receptacle interfaces. The evaluation 
of the contact resistance over the cycles is shown in 
Fig. 13. While the CR of the selective AgCu contact 
finish stays constant over 1500 tested cycles, the CR of 
the electroplated AgSb2 sample already starts to 
increase after < 100 cycles.  

Fig. 12 Elemental contrast SEM images of the con-
tact surfaces after 50 mating cycles. The contact 
point on the receptacle side (top pictures) is indi-
cated by the oval dashed line. The bottom pictures 
show the 0.5 mm electroplated silver tab contact af-
ter 50 cycles. 
 

-8

-6

-4

-2

0

2

4

6

8

0 10 20 30 40 50

M
ax

im
um

 F
or

ce
 (N

)
W

ith
dr

aw
al

In
se

rti
on

Mating Cycle

Hard AgSb2
Selective AgCu

Progressing wear damage

Progr. wear damage

Hard AgSb2 Selective AgCu

Electroplated Ag Electroplated Ag

4 Performance in Connector 
Applications 

In addition to testing of the selective AgCu contact 
finish in the probe/flat test geometry, material strip for 
socket contacts was coated and the samples were tested 
side-by-side with reference standard eletroplated Ag 
production samples as a benchmark. Two automotive 
contact receptacle contact geometries were selected for 
these evaluations:  
 

a) a 1.2 mm wide tab receptacle contact (10 N 
nominal normal force per contact) where the 
standard contact finish is electroplated Ag 
over Ni, with passivation 

b) a 0.5 mm wide tab receptacle contact (2 N 
nominal normal force per contact) where the 
standard product contact finish is an 
electroplated hard AgSb2 over Ni 

 
In the case of the selective AgCu material, the finish is 
deposited prior to the stamping and forming of the 
contact geometries. In contrast, the standard 
electroplated contacts require electroplating to be done 
after the contact geometries are formed. Both these two 
types of receptacle connectors were tested using their 
respective standard electroplated Ag header type tabs. 
 
4.1 Insertion and Withdrawal Forces 

The comparatively low COF of this selective AgCu 
finish makes it a capable candidate for low insertion 
force/higher pin count applications. Therefore, the 
receptacle contacts with this finish were tested for up 
to 20 mating/durability cycles as mated to standard 
electroplated silver counter contacts, and compared to 
the performance of the standard electroplated silver 
finished receptacles and header tab combination.  
Contrasting 20 cycle contact interface testing results 
(selective AgCu vs. electroplated Ag receptacle finish 
mated to standard electroplated Ag tabs) for the 1.2 mm 
tab contact interfaces are shown in Fig. 9. Clearly, the 
lower COF of the selective AgCu finish results in lower 
insertion and extraction forces than the electroplated 
Ag finish. In addition, the mating forces are more 
stable across the 20 mating cycles.  
 
Similar data is shown in Fig. 10 as a function of the 
maximum mating force per cycle.  The selective AgCu 
receptacle results stay constant over 20 cycles. 
Conversely, the higher values of the standard 
electroplated Ag receptacle show insertion forces that 
increase from the first cycle to the second cycle. The 
decreasing forces after the second cycle are an 
indication of progressing wear damage.  

Fig. 10 Maximum values of the insertion and with-
drawal forces per cycle from Fig. 8 using the 1.2 mm 
mating tab width receptacle contact. The contact 
normal force of two contact points was 10 N each. 

 

Fig. 9 Insertion and withdrawal forces of the first 20 
mating cycles for the selective AgCu contact finish 
and the standard electroplated Ag finish using a 
1.2 mm mating tab width receptacle contact.  
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Fig. 13 Micromotion measurement of the 0.5 mm 
wide tab selective AgCu vs. standard AgSb2 finished 
receptacles. The contacts were displaced 0.1 mm 
with a frequency of 1.5 Hz and the contact resistance 
was monitored continuously. 

 

4.4 Contact Resistance and Current 
Carrying Capability 

The resistance of the 1.2 mm receptacle-tab connection 
(1.15 mΩ for two parallel contact points, including the 
bulk structure of the connector) was just slightly higher 
than the contact resistance of 1.04 mΩ of a comparably 
measured standard electroplated mated interface. Even 
after temperature exposure to 180 °C for 3000 h, the 
resulting contact resistance of 3.8 mΩ was still in an 
acceptable range. The higher contact resistance of the 
selective AgCu finish resulted in a 3 % smaller current 
carrying capability of the connector compared to the 
electroplated silver finish. 

5 Conclusions 

The composition and structure of the selective AgCu 
contact finish are the foundation for the enhanced per-
formance as a contact material. The fine-grain structure 
of the mixed Ag and Cu and the added small amount of 
carbon form a durable and hard material which is espe-
cially well-suited for applications with high mechani-
cal load. The contact resistance is slightly higher than 
that of pure Ag due to the hardness of the material and 
the Cu within the layer. The nature of the bonding of 
the contact material with the substrate material results 
in great resistance to delamination. The fine grain 

structure is resistant to recrystallization with tempera-
ture exposure.  

Overall, there are performance advantages inherent to 
using this finish for connector application receptacles 
as mated to standard electroplated Ag tabs: 

- A low coefficient of friction of 0.2 – 0.3 

- Improved mating cycle durability as com-
pared to standard electroplated Ag, e.g. up to 
50 cycles with 10 N normal force vs. 10 cycles 
for the reference electroplated Ag receptacles 

- Suitability for high vibration environments  

- Hardness in the range of HV 200-240 

- No passivation required 

- No cold-welding 

- No delamination at high temperatures 

- Suitable for temperatures of 180 °C up to 
1000 h 

- Survives forming operation without cracking 
(no pre-forming and post plating required) 

- Cross-compatible to standard electroplated 
Sn, HAL-Sn, Ag, Au finishes 

- Highly selective contact surfaces possible 

 

In conclusion, this contact material produced using a 
non-aqueous physical deposition process exhibits su-
perior performance to available standard finishes. This 
is due to the well-engineered composition and struc-
ture.  
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An innovative silver-based coating system with high wear re-
sistance for electrical connectors 

Dr. Frédéric Hilty, Collini AG, Dübendorf, Switzerland, fhilty@collini.eu 
Dr. Johannes Herrmann, Collini AG, Dübendorf, Switzerland, jherrmann@collini.eu                                                                         

Abstract 

Due to the very high electrical and thermal conductivity, silver-plated materials are widely used as electronic con-
tact materials with medium corrosion resistance. Silver is typically applied on plug-in connectors with a thickness 
of 2 -5 µm with or without an intermediate nickel layer. However, the number of mating cycles is limited due to 
the low wear resistance, which needs to be improved. This publication describes a novel coating system consisting 
of a wear- and corrosion-resistant base layer with a thin silver top-coating. This layered structure shows a clearly 
improved sliding and wear resistance behavior with a low contact resistance. At the same time, cost reduction is 
achieved by significantly reducing the use of precious metals. In this paper, the performance and limitations of this 
silver coating system compared with classic soft and hard silver coatings will be shown. 
 

1 Introduction 

Silver has the best electrical and thermal conductivity 
of all metals and has therefore become very important 
in electrical engineering. Silver-plated materials are 
used as contact materials with medium corrosion re-
sistance [1]. However, the number of mating cycles is 
limited due to the low wear resistance, which needs to 
be improved. In addition, silver surfaces tend to tarnish 
on contact with various harmful gases (SO2, H2S, HCl). 
Silver sulphide or silver chloride is formed on the sur-
face [2,3]. AgCl is an electrical insulator and therefore 
massively increases the contact resistance. Ag2S, on the 
other hand, is a semiconductor and has almost no influ-
ence on the electrical resistance but can impair solder-
ability. In addition, silver surfaces show a tendency to 
cold welding, which can lead to the contacts getting 
stuck. To avoid the problems mentioned above, silver 
surfaces have been provided with passivation layers for 
many years. These are either organic (often thiol com-
pounds) or inorganic (e.g. Sn or Cr) based. By selecting 
a suitable passivation, the coefficient of friction 
through sliding can be reduced and thus increase the 
wear resistance. However, for reasons of contact re-
sistance, this protective layer is so thin that it is already 
worn through after a few mating cycles. Nevertheless, 
it supports the running-in of the plug contact in the crit-
ical first cycle, which is of decisive importance for its 
service life.  
Additionally, base materials are usually copper-based. 
This element is well known for its ability to diffuse into 
silver, which impairs the solderability and bondability 
of the contact layer. In order to minimize this behav-
iour, an intermediate layer is deposited as a diffusion 
barrier. This is usually Ni with a layer thickness of 2-4 
µm.  

The aim of this study is to identify and test silver coat-
ing systems with the following properties: (1) Compa-
rable contact properties such as the standard silver 
coating for plug-in contacts (2-4 µm nickel / 2-5 µm 
silver), (2) improved wear resistance due to lower co-
efficient of friction in the contact pairing and (3) lower 
precious metal usage (costs). A known possibility to re-
alize a better wear resistance is to use hard silver in-
stead of soft silver with similar coating thickness. An-
other approach is the combination of the soft silver 
with a hard barrier layer such as nickel phosphorus, 
which is known to significantly improve the wear be-
haviour of corresponding contact layer systems with 
AuCo [4]. These non-magnetic intermediate layers can 
be applied at similar costs to nickel [5] and have a high 
resistance to wear and corrosion with a phosphorus 
content > 11% [6]. The nickel phosphorus layer there- 
 

Fig. 1 Layer structure of various silver contact 
systems for plug-in contacts 

fore serves as corrosion, diffusion and wear protection. 
Silver ensures low contact resistance even at layer 
thicknesses < 1 µm. This can also significantly reduce 
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the amount and therefore the costs of the precious 
metal. The layer structure of the coating system in com-
parison with classical silver and hard silver coatings is 
shown in Figure 1. 

2 Experimental 
The wear behaviour of real plug-in contacts is simu-
lated using the pin-on-disc method. As shown in Fig-
ure 2, a ball is moved linearly back and forth on a plate 
under the influence of the contact force from above. 
This is done on a fixed path with a defined path length 
and a certain speed. 
 
 
 
 
 
 
 

Fig. 2 Schematic setup for ball-on-plate 

The wear resistance of a material equals to the number 
of wear cycles before the contact layer is worn through. 
At this point, the contact system is considered to have 
failed according to IEC 62271-1. The layer thickness 
therefore represents a wear buffer. Besides this param-
eter, the wear resistance additionally depends on the 
contact force as well as the contact radius of the mate-
rial. 

2.1 Experimental setup 

The tribological examination was carried out on a spe-
cially designed tribometer [7] as shown in Figure 3. 
The contact plates are mounted on a table, which is 
moved linearly back and forth by a motor. The contact 
partner (ball or bar) is fixed to a nickel-plated stainless-
steel holder.  

Fig. 3 Tribometer for experimental setup  

 
 

The contact force can be variably adjusted from 1 to 10 
N by means of weights. In this test apparatus, 3 contact 
pairs can be examined simultaneously, whereby the 
friction force is measured independently of each other 
using separate force sensors. For the measurement of 
the contact resistance, the current flows serially 
through the 3 measuring positions and the potential is 
tapped by a 4-point measurement directly at the contact 
plate and the contact ball or bar. The coefficient of fric-
tion is measured continuously as the ratio of normal 
force to friction force and the contact resistance is 
measured with a short stop after every 10 cycles to en-
sure perfect contacting. The measuring current is 10 
(ball) or 50 A (bar), respectively. The samples tested 
are listed in Table 1. Both contact partners (plate and 
ball) were made of brass and coated with the same layer 
system.  Hard silver is an alloy of silver with approx. 
1% antimony. The hardness depends on the Sb content 
and is in the range of 140-200 HV. 
 

Tab. 1 List of tested samples 

Sample name Coating system Passivation 
Silver Standard 2 µm Ni / 2 µm 

Ag 
Thiol-based 

Silver Hard 2 µm Ni / 2 µm 
Ag 

Thiol-based 

Silver New 
 

2 µm NiP / 0.5 
µm Ag 

Thiol-based 

 
The samples were examined at contact forces ranging 
from 1 to 7 N with or without lubricant. To show the 
influence of the contact geometry, different con-
tacts (ball or bar) with contact diameter or width rang-
ing from 1 to 3 mm were tested. The material wear was 
determined after 100, 500, 1000 and 3000 cycles. The 
evaluation of the wear tracks on the plate was carried 
out using a laser profile meter. The maximum track 
depth was examined and the cross-sectional area of the 
respective friction track evaluated. Thus, with the 
known track length, the wear volume (mm3) can be cal-
culated. Since both the contact force and the total path 
length (which equals to the number of cycles multi-
plied by the ball displacement per cycle) are known, 
the wear coefficient (mm3/Nm) can be determined. As 
shown in Figure 4, the diameter of the ablated spheri-
cal surface was visualized under the Keyence VHX-
6000 light microscope and determined as a circle by 
means of approximation. 
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worn through after a few mating cycles. Nevertheless, 
it supports the running-in of the plug contact in the crit-
ical first cycle, which is of decisive importance for its 
service life.  
Additionally, base materials are usually copper-based. 
This element is well known for its ability to diffuse into 
silver, which impairs the solderability and bondability 
of the contact layer. In order to minimize this behav-
iour, an intermediate layer is deposited as a diffusion 
barrier. This is usually Ni with a layer thickness of 2-4 
µm.  

The aim of this study is to identify and test silver coat-
ing systems with the following properties: (1) Compa-
rable contact properties such as the standard silver 
coating for plug-in contacts (2-4 µm nickel / 2-5 µm 
silver), (2) improved wear resistance due to lower co-
efficient of friction in the contact pairing and (3) lower 
precious metal usage (costs). A known possibility to re-
alize a better wear resistance is to use hard silver in-
stead of soft silver with similar coating thickness. An-
other approach is the combination of the soft silver 
with a hard barrier layer such as nickel phosphorus, 
which is known to significantly improve the wear be-
haviour of corresponding contact layer systems with 
AuCo [4]. These non-magnetic intermediate layers can 
be applied at similar costs to nickel [5] and have a high 
resistance to wear and corrosion with a phosphorus 
content > 11% [6]. The nickel phosphorus layer there- 
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Fig. 4 Exemplary wear of the contact ball under 
the microscope. 

According to Figure 5, The wear depth h can be calcu-
lated as follows using the sphere equation: 
 

ℎ = 𝑟𝑟 − √𝑟𝑟2 −  𝑎𝑎2    (1) 
 
Here, a represents the calotte radius and r the contact 
radius. At this point it should be mentioned that the 
evaluation under the microscope takes place with a cer-
tain uncertainty. Often the wear surface cannot be 
clearly defined and is also not perfectly round. These 
results should be evaluated with caution. 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Sphere model 

In order to test the corrosion resistance of the contact 
system, the samples underwent 100 wear cycles and 
were afterwards exposed to 10 ppm H2S for 4 days ac-
cording to EN 60068-2-43:2003. The samples were 
then again subjected to 100 wear cycles and the meas-
urement progress of the contact resistance and the co-
efficient of friction was monitored in order to see if 
there was a significant increase of these parameters. 
 
 
 
 
 
 
 

3 Results and Discussions 

The wear resistance of the novel coating system over 
1000 wear cycles at a Force F of 1 N is shown in Fig-
ure 6. The measurement was performed at room tem-
perature with a contact diameter d of 3 mm and a wear 
track l of 4 mm, therefore 1 cycle equals 8 mm. The 
initially low coefficient of friction of approx. 0.3 re-
mains constantly low at 0.4-0.5 after a slight increase 
over the entire measurement period. Due to the hard 
barrier layer, this value is lower compared to the pair-
ing of soft silver contacts [8]. The contact resistance at 
the beginning is approx. 2 mΩ and remains constantly 
low with a value smaller than 3 mΩ through the whole 
measurement. The slightly increased electrical re-
sistance compared to the standard silver coating (2 µm 
Ni / 2 µm Ag) is due to the nickel phosphorus barrier 
layer. This nickel alloy has a significantly lower spe-
cific electrical conductivity than nickel or silver, re-
spectively. This circumstance needs to be taken into ac-
count when replacing silver coatings for high voltage 
applications. 

 

Fig. 6 Contact resistance and coefficient of fric-
tion of the investigated novel coating system as a 
function of the number of wear cycles at a contact 
force of 1 N, a contact diameter of 3 mm (ball) and 
a wear track of 4 mm. 

The comparison of the wear resistance of different sil-
ver coating systems is shown in Figure 7. Due to the 
higher wear load, the ball (shown as circle) was always 
worn through before the plate (shown as square), there-
fore becoming the limiting factor. The standard silver 
coating was worn through after approx. 20-50 and hard 
silver after approx. 100 cycles. The alloy with anti-
mony therefore provides an increased wear resistance, 
which can also be found in the literature [9]. The inves-
tigated contact system, on the other hand, was worn 
through after approx. 500 cycles despite the lower layer 
thickness. This corresponds to a factor of 10 compared 
to the standard silver coating for plug-in contacts. 
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Fig. 7 Wear resistance of various silver coating 
systems at a contact force of 1 N, a contact diameter 
of 3 mm (ball) and a wear track of 4 mm. 

In all samples, the diffusion barrier (nickel or nickel 
phosphorus) is significantly harder than the silver 
layer. The soft silver is displaced into the recesses of 
the harder material, thus acting as a lubricant and sim-
ultaneously maintaining a low contact resistance. With 
a higher precious metal layer thickness, this effect lasts 
longer because more silver is present. On the other 
hand, it has been shown that this effect was already ob-
served for the targeted layer build-up with a very low 
silver layer thickness of 0.5 µm. 
The dependence of the wear resistance from the contact 
radius is shown for the investigated contact system in 
Figure 8. A smaller contact radius leads to a faster in-
crease of the ratio between the diameter of the removed 
calotte and the contact ball, resulting in a higher wear 
depth. Additionally, the friction track on the plate be-
comes narrower and correspondingly deeper. Both ef-
fects lead to an earlier abrasion of the contact layer. 
 

Fig. 8 Wear resistance of the novel coatings sys-
tem as a function of contact diameter at a contact 
force of 1 N, a temperature of 20 °C and a wear 
track of 4 mm (1 cycle = 8 mm). 

According to Holm, a higher contact force leads to a 
lower contact resistance due to the higher surface pres-

sure [10]. At the same time, a higher contact force re-
sults in increased abrasion, which leads to lower wear 
resistance of the novel coating system as shown in in 
Figure 9.  

 
Fig. 9 Wear resistance of the novel coating system 
as a function of contact force at a temperature of 20 
°C, a wear track of 4 mm (1 cycle = 8 mm) and a 
fixed contact diameter of 3 mm. 

3.1 Influence of lubrication 

In the following chapter, the influence of lubrication on 
the wear behaviour will be shown. The use of a lubri-
cant reduces the coefficient of friction and, due to the 
gentle sliding motion, also the wear coefficient. Both 
factors lead to an increase of the wear resistance by at 
least a factor of 100. The influence of the lubricant on 
the examined novel coating system regarding the coef-
ficient of friction and the contact resistance as a func-
tion of wear cycles is shown in Figure 10. In this ex-
perimental setup, a plate was paired with a contact bar, 
which has a sliding length of 4 mm and a contact width 
of 1 mm at the relevant contact surface. Thus, this con-
tact partner experiences a cylindrical abrasion.  

Fig. 10 Contact resistance and coefficient of fric-
tion of the investigated novel coating system with 
lubricant as a function of the number of wear cycles. 
The measurement was performed at a contact force 
of 7 N, a wear track of 30 mm and with a contact 
bar as counterpart to the plate (instead of a ball). 
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Fig. 4 Exemplary wear of the contact ball under 
the microscope. 

According to Figure 5, The wear depth h can be calcu-
lated as follows using the sphere equation: 
 

ℎ = 𝑟𝑟 − √𝑟𝑟2 −  𝑎𝑎2    (1) 
 
Here, a represents the calotte radius and r the contact 
radius. At this point it should be mentioned that the 
evaluation under the microscope takes place with a cer-
tain uncertainty. Often the wear surface cannot be 
clearly defined and is also not perfectly round. These 
results should be evaluated with caution. 
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In order to test the corrosion resistance of the contact 
system, the samples underwent 100 wear cycles and 
were afterwards exposed to 10 ppm H2S for 4 days ac-
cording to EN 60068-2-43:2003. The samples were 
then again subjected to 100 wear cycles and the meas-
urement progress of the contact resistance and the co-
efficient of friction was monitored in order to see if 
there was a significant increase of these parameters. 
 
 
 
 
 
 
 

3 Results and Discussions 

The wear resistance of the novel coating system over 
1000 wear cycles at a Force F of 1 N is shown in Fig-
ure 6. The measurement was performed at room tem-
perature with a contact diameter d of 3 mm and a wear 
track l of 4 mm, therefore 1 cycle equals 8 mm. The 
initially low coefficient of friction of approx. 0.3 re-
mains constantly low at 0.4-0.5 after a slight increase 
over the entire measurement period. Due to the hard 
barrier layer, this value is lower compared to the pair-
ing of soft silver contacts [8]. The contact resistance at 
the beginning is approx. 2 mΩ and remains constantly 
low with a value smaller than 3 mΩ through the whole 
measurement. The slightly increased electrical re-
sistance compared to the standard silver coating (2 µm 
Ni / 2 µm Ag) is due to the nickel phosphorus barrier 
layer. This nickel alloy has a significantly lower spe-
cific electrical conductivity than nickel or silver, re-
spectively. This circumstance needs to be taken into ac-
count when replacing silver coatings for high voltage 
applications. 

 

Fig. 6 Contact resistance and coefficient of fric-
tion of the investigated novel coating system as a 
function of the number of wear cycles at a contact 
force of 1 N, a contact diameter of 3 mm (ball) and 
a wear track of 4 mm. 

The comparison of the wear resistance of different sil-
ver coating systems is shown in Figure 7. Due to the 
higher wear load, the ball (shown as circle) was always 
worn through before the plate (shown as square), there-
fore becoming the limiting factor. The standard silver 
coating was worn through after approx. 20-50 and hard 
silver after approx. 100 cycles. The alloy with anti-
mony therefore provides an increased wear resistance, 
which can also be found in the literature [9]. The inves-
tigated contact system, on the other hand, was worn 
through after approx. 500 cycles despite the lower layer 
thickness. This corresponds to a factor of 10 compared 
to the standard silver coating for plug-in contacts. 
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The measurement was carried out at 20 °C and at a con-
tact force of 7 N. The wear track was 30 mm. Therefore 
1 cycle equals to 60 mm, at an average speed of 20 
mm/s. The coefficient of friction remains constantly 
low throughout the entire measurement at a value of 
approx. 0.2. The same behaviour also applies to the 
contact resistance, which has not increased signifi-
cantly even after 10000 cycles. The average value is 
approx. 0.5 mΩ. 
By evaluating the abrasion on the plate and the bar, the 
wear coefficient for the novel coating system with lub-
ricant can be calculated, which is in the range of 1 to 4 
times 10-15 m3/Nm. Assuming a constant coefficient of 
wear, the wear resistance for real plug-in contacts can 
be estimated. 

 

Fig. 11 Estimation of the wear resistance of the 
novel coating system with lubricant at a high con-
tact force of 7 N, a contact diameter of 3 mm (ball) 
and a wear track of 4 mm. 

Fig. 12 Estimation of the wear resistance of the 
novel coating system with lubricant compared to 
samples without lubricant at a contact force of 1 N, 
a contact diameter of 3 mm (ball) and a wear track 
of 4 mm. 

A wear track of 4 mm with a contact diameter of 3 mm 
is assumed. The wear resistance at high  (7 N) and low 
contact force (1 N) is shown in Figure 11 and Figure 
12, respectively. The use of a lubricant therefore in-
creases the wear resistance of the examined novel coat-
ing system by almost a factor of 100. 

3.2 Crossability 

As a rule of thumb, the pairing of contact systems with 
the same or similar hardness leads to a higher wear re-
sistance. This is achieved by equal wear of both contact 
partners. In order to verify this statement, the wear be-
havior of a contact pairing of the investigated coating 
system with the soft silver was investigated. The con-
tact partner to the plate was coated with 12 µm soft sil-
ver without a nickel barrier layer. All samples were  
provided with a lubricant. The measurement was per-
formed with a contact diameter of 3 mm, a contact 
force of 7 N, a wear track of 4 mm and at a temperature 
of 20 °C. The wear resistance of this pairing is shown 
in Figure 13. In this test arrangement, soft silver with 
a coating thickness of 12 µm provided the same re-
sistance of the contact ball as 2.5 µm of the new coating 
system. However, this was only possible due to the 
much higher layer thickness as a buffer for wear. Re-
garding the plate, the contact pairing of different coat-
ings leads to a slightly lower wear resistance. This is 
due to the pairing of two contact systems with different 
hardness. 
 

Fig. 13 Comparison of the wear resistance of soft 
silver combined with the new coating system against 
the homogeneous contact pairing of the latter. All 
samples were provided with a lubricant. The meas-
urement was performed at a contact force of 7 N, a 
contact diameter of 3 mm (ball) and a wear track of 
4 mm. 
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3.3 Corrosion resistance 

The measurement progress of the contact resistance 
and the coefficient of friction for the novel coating sys-
tem before and after ageing in H2S gas (10 ppm for 4 
days) are shown in Figure 14. The wear measurement 
was performed at a temperature of 20 °C, with a wear 
track of 30 mm and at a contact force of 1 N. The di-
ameter of the ball was 3 mm. 

 

 

 

 

 

 

 

 

Fig. 14 Contact resistance and coefficient of fric-
tion of the novel contact system before (cycles 1 to 
100) and after ageing in H2S gas (cycles 101 to 200). 
The wear measurement was performed at a contact 
force of 1 N, a contact diameter of 3 mm (ball) and 
a wear track of 30 mm. 

In the first cycles after exposition to the harmful gas, a 
slightly increased contact resistance is observed, which 
is caused by the formation of sulphides. However, this 
sulphide layer is already removed after a few wear cy-
cles and the contact resistance decreases again. This 
measured quantity does not exceed the limit value of 
5 mΩ at any time, so that a perfect contact is always 
available. The coefficient of friction, on the other hand, 
decreases drastically after exposition to H2S. This is 
due to the sliding effect of the formed sulphides 
(Ag2S). Additionally, it should be noted that the initial 
coefficient of friction was higher than expected (ap-
prox. 0.4), which is believed to be caused by a rougher 
sample surface. 

4 Conclusions 

Compared to standard silver coatings, the wear re-
sistance of the investigated contact system has been in-
creased by a factor of 10. Depending on the contact ge-
ometry, this equals up to approx. 500 and with lubrica-
tion up to approx. 30000 plug-in cycles. This is 
achieved with good corrosion resistance and up to 75% 
reduced precious metal usage at the same time. How-
ever, the inclusion of a nickel phosphorus base layer 
also has some side effects. There is a slightly increased 
overall electrical resistance due to the lower electrical 

conductivity of this nickel alloy. This effect is espe-
cially crucial when replacing silver coatings in high 
voltage applications. In addition, nickel phosphorus is 
much harder and more rigid than nickel or silver, re-
spectively. Therefore, the overall ductility of the con-
tact system is lowered.  
At this point it must be mentioned that the tribometric 
experiments can only be regarded as a model of reality 
and are not able to reproduce it completely. On one 
side, vibrations in the apparatus (especially at the 
mounting of the contact ball) promote wear, on the 
other hand there is a delayed increase of the contact re-
sistance due to the short test duration. The increase of 
this measured quantity occurs multiple wear cycles 
later after the failure of the contact system, since the 
oxidation of the base material (copper or copper alloy) 
also takes some time. The wear resistance of different 
coating systems should therefore be mainly rated rela-
tive to each other. In practice, it has been shown, that 
this novel layer combination can deliver 1000 mating 
cycles with low contact resistance and without system 
failure. The contact geometry naturally plays an im-
portant role here, especially the contact radius in par-
ticular is decisive for wear resistance. With a constant 
wear coefficient, the wear track is narrower and deeper 
with smaller radii. The contact layer is therefore worn 
through earlier and the wear resistance decreases. 
In summary, this novel coating system shows a signif-
icantly improved sliding and wear behaviour than con-
ventional silver coatings with a low contact resistance. 
At the same time, costs can be reduced by significantly 
reducing the use of precious metals. This coating sys-
tem therefore represents an attractive alternative with 
high wear resistance compared to classical soft and 
hard silver coating systems. 
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The measurement was carried out at 20 °C and at a con-
tact force of 7 N. The wear track was 30 mm. Therefore 
1 cycle equals to 60 mm, at an average speed of 20 
mm/s. The coefficient of friction remains constantly 
low throughout the entire measurement at a value of 
approx. 0.2. The same behaviour also applies to the 
contact resistance, which has not increased signifi-
cantly even after 10000 cycles. The average value is 
approx. 0.5 mΩ. 
By evaluating the abrasion on the plate and the bar, the 
wear coefficient for the novel coating system with lub-
ricant can be calculated, which is in the range of 1 to 4 
times 10-15 m3/Nm. Assuming a constant coefficient of 
wear, the wear resistance for real plug-in contacts can 
be estimated. 

 

Fig. 11 Estimation of the wear resistance of the 
novel coating system with lubricant at a high con-
tact force of 7 N, a contact diameter of 3 mm (ball) 
and a wear track of 4 mm. 

Fig. 12 Estimation of the wear resistance of the 
novel coating system with lubricant compared to 
samples without lubricant at a contact force of 1 N, 
a contact diameter of 3 mm (ball) and a wear track 
of 4 mm. 

A wear track of 4 mm with a contact diameter of 3 mm 
is assumed. The wear resistance at high  (7 N) and low 
contact force (1 N) is shown in Figure 11 and Figure 
12, respectively. The use of a lubricant therefore in-
creases the wear resistance of the examined novel coat-
ing system by almost a factor of 100. 

3.2 Crossability 

As a rule of thumb, the pairing of contact systems with 
the same or similar hardness leads to a higher wear re-
sistance. This is achieved by equal wear of both contact 
partners. In order to verify this statement, the wear be-
havior of a contact pairing of the investigated coating 
system with the soft silver was investigated. The con-
tact partner to the plate was coated with 12 µm soft sil-
ver without a nickel barrier layer. All samples were  
provided with a lubricant. The measurement was per-
formed with a contact diameter of 3 mm, a contact 
force of 7 N, a wear track of 4 mm and at a temperature 
of 20 °C. The wear resistance of this pairing is shown 
in Figure 13. In this test arrangement, soft silver with 
a coating thickness of 12 µm provided the same re-
sistance of the contact ball as 2.5 µm of the new coating 
system. However, this was only possible due to the 
much higher layer thickness as a buffer for wear. Re-
garding the plate, the contact pairing of different coat-
ings leads to a slightly lower wear resistance. This is 
due to the pairing of two contact systems with different 
hardness. 
 

Fig. 13 Comparison of the wear resistance of soft 
silver combined with the new coating system against 
the homogeneous contact pairing of the latter. All 
samples were provided with a lubricant. The meas-
urement was performed at a contact force of 7 N, a 
contact diameter of 3 mm (ball) and a wear track of 
4 mm. 
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Abstract 

Unintended cold welding of contact spots as well as galling are frequent issues for electrical connectors, leading 
to very high disengagement forces and damage of platings when connectors are disconnected. Particularly silver-
plated connectors are affected by these phenomena. Thus, a test bench has been developed in order to investigate 
the cold welding and galling behaviour of various connector platings. The test bench consists of contacts with ball-
on-flat geometry that can be loaded with various normal forces. The contacts are moved against each other in order 
to determine the displacement force as a function of the displacement distance. Therefore, both static friction as 
well as dynamic friction can be investigated with this test bench. Furthermore, the experimental setup can also be 
subjected to accelerated aging tests. Initial results for the frictional behaviour of various connector platings are 
presented. 

1 Introduction 

Adhesive wear caused by cold welding and galling is a 
serious problem for electric connectors. Particularly 
silver-plated connectors are strongly affected by these 
phenomena, leading to very high disengagement forces 
and damage of connector platings when being un-
mated.  
Cold welding is a form of adhesive wear. It is caused 
by the localized formation of bonds between the solid 
contact surfaces. The formation of cold welds is pro-
moted by the presence of pristine metal surfaces with-
out oxide layers or contaminations. On the one hand, 
cold welds are desirable for closed contacts as they de-
crease the contact resistance, while on the other hand 
they are undesired if the contact should be discon-
nected, as they lead to high disengagement forces and 
damage of the contact surface. 
Similarly, galling is considered as a form of nonabra-
sive adhesive surface damage, characterized by protru-
sions raising above the original surface. In most cases, 
it includes material transfer from one surface to the 
other, extensive plastic deformation, and the presence 
of torn material on at least one surface [1]. According 
to the ASTM Technical Committee on Wear and Ero-
sion, galling is defined in the ASTM standard G40 as 
“a form of surface damage arising between sliding sol-
ids, distinguished by macroscopic, usually localized, 
roughening and creation of protrusions above the orig-
inal surface; it often includes plastic flow, material 
transfer or both” [2]. 
These processes are particularly critical for silver-
plated contacts, where wear phenomena associated 
with cold welding and similar processes have been 

studied extensively under fretting conditions [3, 4]. In 
this study, we investigate the displacement force as a 
function of the displacement distance under conditions 
which resemble the unmating process of a connector. 
In contrast to other studies, special emphasis is put on 
a spatially resolved measurement of the displacement 
force, enabling the differentiation between static and 
dynamic effects. 

2 Experimental 

2.1 Test bench design 

A new test bench has been developed in order to inves-
tigate cold welding and galling behaviour of individual 
contact spots. The test bench is shown in Figure 1. 
The test bench has a star-like design, enabling the ex-
amination of 20 individual contact spots within one test 
run, and it is rotatable around its central axis. It consists 
of a lower part, where displaceable disc-shaped sam-
ples with knobs (base material CuZn37, 14 mm diam-
eter, 0.8 mm thickness), plated with different platings, 
are placed on immobile PTFE blocks. The displaceable 
disc-shaped samples protrude the PTFE blocks on the 
exterior side. The immoveable PTFE blocks (which are 
screwed onto the base plate) are arranged in two differ-
ent levels in order to facilitate the spatial arrangement. 
The upper part of the test bench contains the counter 
contacts, i.e. plated spheres (base material CuSn6, 
three mm diameter), which are fastened by a nut and 
connected to leaf springs that are assembled to a central 
axis. Thus, the contact situation resembles a ball-on-
flat geometry. The contact force is applied by using 
weights which are put onto the central axis; the force is 
passed to individual contact spots via leaf springs. 

 [7]  Hagen, B.; Kufner, T.; Freudiger, G.; Basic Inves-
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mization of connectors in electrical power engi-
neering; Karlsruhe, 24. Albert-Keil-Kontaktsemi-
nar 2017. 

[8]  Vinaricky, E.; Elektrische Kontakte, Werkstoffe 
und Anwendungen; Berlin, Springer-Verlag, 
2002. 

[9]  Krastev, I.; Petkova, N.; Zielonka, A.; J. Appl. 
Electrochem. 32, 2002, 811. 

[10]  Holm, R.; Electrical Contacts; Berlin, Springer-
Verlag, 2000.  



242

Fig. 1 Test bench. a) Schematic view of complete 
test bench; b) cross section; c) cross section detail of 
contact spot with plated sphere contacting disc-shaped 
sample. 

The operating principle of the test bench is schemati-
cally illustrated in Figure 2, representing the lower 
level. For the radial displacement of the plated disc-
shaped samples towards the central axis, a step motor 
with an integrated load cell is placed on a mounting ad-
jacent to the star-shaped test bench. The disc-shaped 
samples, which are contacted by the immovable 
spheres and protrude the fixed PTFE block, are moved 
towards the centre of the desk bench, i.e. in radial di-
rection, with a speed of 1 mm/s. Simultaneously, the 
tangential force required for the movement, further-
more referred to as displacement force, is measured by 
a load cell and recorded with a frequency of 2400 Hz; 
thus, it is possible to determine the static friction force 

as well as the dynamic friction force as a function of 
the displacement distance. It has to be noted that the 
displacement force is the sum of the frictional force be-
tween the immobile sphere and the displaceable disc-
shaped sample (FR_Contact) plus the frictional force be-
tween the disc-shaped sample and the immobile PTFE 
block (FR_Disc_PTFE). For the investigation of the cold 
welding and galling behaviour of contacts, mainly the 
frictional force between the fixed sphere and the dis-
placeable disc-shaped sample (FR_Contact) is of interest. 
The contribution of FR_Disc_PTFE to the total displace-
ment force is discussed in section 4. 

Fig. 2 Schematic illustration of the operating  
principle of the test bench. 

 
2.2 Samples 

Disc-shaped samples with knobs (base material 
CuZn37, 14 mm diameter, 0.8 mm thickness) as well 
as bronze spheres (base material CuSn6, three mm di-
ameter) have been plated with common connector fin-
ishes by barrel plating. Silver plated samples have re-
ceived an anti-tarnish post-treatment by a Sn immer-
sion process. The different layer systems including 
their nominal layer thicknesses are shown in Table 1.  
 

System Base 
Layer 

Underplate Top  
Layer 

Gold-
Flashed 
Nickel 

Cu (2 µm) Electroless 
Ni High-
Phos (2 µm) 

Hard Au 
(0.1 µm) 

Nickel Cu (2 µm) - Duplex Ni  
(4 µm) 

Tin Cu (2 µm) Ni  
(2 µm) 

Sn  
(4 µm) 

Silver Cu (2 µm) - Ag  
(4 µm) 

Tab. 1 Plating layer systems investigated in this 
study 

 

2.3 Experimental conditions 

In this study, only homogeneous contact material pair-
ings have been investigated. 
Samples have been installed in the setup by placing the 
disc-shaped samples on the PTFE blocks and mounting 
the spheres in the sample holder. Afterwards, the star-
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shaped upper part has been put gently on the lower part 
in a way that the spheres contact the discs without any 
wiping motion. Finally, a defined load has been put on 
the central axis in order to apply a normal force on the 
contact. In this study, all contacts were affected by a 
normal force of 1 N. Unless otherwise stated, the meas-
urement of the displacement force has been carried out 
immediately after assembling. In order to test all 20 
samples of an individual setup, the test bench has been 
rotated carefully in order to move every sample to the 
step motor without inducing any unintended displace-
ment of individual contacts before the measurement. 
The experimental setup, assembled with silver-plated 
samples (with Sn immersion anti-tarnish post-treat-
ment), has also been subjected to an accelerated aging 
test in mated condition by uninterrupted storing in a 
heating chamber at 175°C for 250 h, 500 h, and 1000 h, 
respectively. Individual experiments for different expo-
sure durations have been performed independently. For 
each experiment, new samples have been used. The test 
setup has been allowed to cool down in the heating 
chamber to ambient temperature. Afterwards, the 
measurement has been performed in the heating cham-
ber carefully without moving the test bench in order to 
avoid any disturbance of the closed contacts. 
After the displacement force of all samples had been 
measured, the upper part was lift-off vertically without 
any lateral movement. On both sides of the contacts, 
the wear tracks resulting from the experiment have 
been examined by confocal laser scanning microscopy 
(Keyence VK-X 100 series). 

3 Results 

For all contact pairs investigated, characteristic  
measurements displaying the displacement force as a 
function of the displacement distance are shown below. 
In addition, Table 2 provides an overview about the 
median values of the static friction (i.e. the maximum 
of the displacement force at the initial phase of move-
ment) as well as the dynamic friction (average of the 
displacement force after passing the initial maximum 
caused by static friction). 
A boxplot displaying the summaries of static displace-
ment forces (static displacement forces of individual 
measurements, 20 samples per experiment) and dy-
namic displacement forces (dynamic displacement 
forces of individual measurements, 20 samples per ex-
periment) of investigations on gold-flashed nickel con-
tacts, nickel-plated contacts and tin-plated contacts is 
shown in Figure 3. 
Again it is pointed out that these values are not equiv-
alent to the coefficient of friction of contact materials, 
as the displacement force does not only include friction 
resulting from displacement of the mated samples (i.e. 
friction between plated spheres and plated discs), but 
also friction resulting from the movement of the disc-
shaped samples on the PTFE block. 

Contact Pair 
Displacement Force [N] 

Static  
Friction 

Dynamic  
Friction 

Gold-flashed Nickel 0.39 0.31 
Nickel 0.30 0.25 
Tin 1.32 0.89 
Silver before aging 0.42 0.30 
Silver - 175°C/250h 1.58 1.37 
Silver - 175°C/500h 1.64 1.73 
Silver - 175°C/1000h 2.07 1.69 

Tab. 2 Static and dynamic friction values (medians 
of 20 individual samples for each plating) of various 
connector platings derived from the measurement 
setup described above at a normal force of 1 N 
 

Fig. 3 Boxplot showing displacement forces for both 
static and dynamic friction of individual measurements 
of contact arrangements with various platings. 
 
 
3.1 Gold-flashed nickel samples 

For gold-flashed samples with nickel high-phos plat-
ing, the static friction showed an average of 0.39 N 
(median), while the median of dynamic friction was 
around 0.31 N, being relatively constant over the whole 
sliding distance. A typical graph of the displacement 
force versus the displacement distance for gold-flashed 
nickel samples is shown in Figure 4. No distinct wear 
tracks were observed under the microscope. 
 

Fig. 4 Representative graph showing displacement 
force vs. displacement distance for a gold-flashed 
nickel contact arrangement. 
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Fig. 1 Test bench. a) Schematic view of complete 
test bench; b) cross section; c) cross section detail of 
contact spot with plated sphere contacting disc-shaped 
sample. 

The operating principle of the test bench is schemati-
cally illustrated in Figure 2, representing the lower 
level. For the radial displacement of the plated disc-
shaped samples towards the central axis, a step motor 
with an integrated load cell is placed on a mounting ad-
jacent to the star-shaped test bench. The disc-shaped 
samples, which are contacted by the immovable 
spheres and protrude the fixed PTFE block, are moved 
towards the centre of the desk bench, i.e. in radial di-
rection, with a speed of 1 mm/s. Simultaneously, the 
tangential force required for the movement, further-
more referred to as displacement force, is measured by 
a load cell and recorded with a frequency of 2400 Hz; 
thus, it is possible to determine the static friction force 

as well as the dynamic friction force as a function of 
the displacement distance. It has to be noted that the 
displacement force is the sum of the frictional force be-
tween the immobile sphere and the displaceable disc-
shaped sample (FR_Contact) plus the frictional force be-
tween the disc-shaped sample and the immobile PTFE 
block (FR_Disc_PTFE). For the investigation of the cold 
welding and galling behaviour of contacts, mainly the 
frictional force between the fixed sphere and the dis-
placeable disc-shaped sample (FR_Contact) is of interest. 
The contribution of FR_Disc_PTFE to the total displace-
ment force is discussed in section 4. 

Fig. 2 Schematic illustration of the operating  
principle of the test bench. 

 
2.2 Samples 

Disc-shaped samples with knobs (base material 
CuZn37, 14 mm diameter, 0.8 mm thickness) as well 
as bronze spheres (base material CuSn6, three mm di-
ameter) have been plated with common connector fin-
ishes by barrel plating. Silver plated samples have re-
ceived an anti-tarnish post-treatment by a Sn immer-
sion process. The different layer systems including 
their nominal layer thicknesses are shown in Table 1.  
 

System Base 
Layer 

Underplate Top  
Layer 

Gold-
Flashed 
Nickel 

Cu (2 µm) Electroless 
Ni High-
Phos (2 µm) 

Hard Au 
(0.1 µm) 

Nickel Cu (2 µm) - Duplex Ni  
(4 µm) 

Tin Cu (2 µm) Ni  
(2 µm) 

Sn  
(4 µm) 

Silver Cu (2 µm) - Ag  
(4 µm) 

Tab. 1 Plating layer systems investigated in this 
study 

 

2.3 Experimental conditions 

In this study, only homogeneous contact material pair-
ings have been investigated. 
Samples have been installed in the setup by placing the 
disc-shaped samples on the PTFE blocks and mounting 
the spheres in the sample holder. Afterwards, the star-
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3.2 Nickel-plated samples 

Nickel-plated samples plated with a duplex nickel sys-
tem revealed a static friction of 0.30 N (median) and a 
dynamic friction of 0.25 N (median). A typical graph 
of the displacement force versus the displacement dis-
tance for nickel samples is shown in Figure 5. Similar 
to gold-flashed nickel-plated samples, no distinct wear 
tracks were observed during confocal laser scanning 
microscopy. 
 

 
Fig. 5 Representative graph showing displacement 
force vs. displacement distance for a nickel-plated con-
tact arrangement. 

 

3.3 Tin-plated samples 

In contrast to the samples mentioned above, tin-plated 
samples show drastically higher friction, with a pro-
nounced maximum at the initial stage of the displace-
ment that can be attributed to static friction (median 
1.32 N), followed by a plateau representing dynamic 
friction with a median of 0.89 N, as shown in Figure 6. 
Confocal laser scanning microscopy showed pro-
nounced wear tracks on the disc-shaped samples with 
numerous protrusions above the original surface within 
the wear track, which is considered as characteristic 
feature of galling. A typical wear track of a tin-plated 
sample is shown in Figure 7 and Figure 8. Further-
more, significant wear has also been observed on the 
rider, i.e. on the plated sphere.  
 

 
Fig. 6 Representative graph showing displacement 
force vs. displacement distance for a tin-plated contact. 

Fig. 7 Topography model of the wear track on a tin-
plated disc-shaped sample (400% vertical exaggera-
tion). 
 

 
Fig. 8 Topography model of the terminal point of a 
wear track on a tin-plated disc-shaped sample (400% 
vertical exaggeration). 

 

3.4 Silver-plated samples 

3.4.1 Measurements performed immediately 
after mating 

Fresh silver-plated samples with tin immersion anti-
tarnish post treatment revealed a static friction of 
0.42 N (median) and a dynamic friction of 0.30 N. A 
typical graph of the displacement force versus the dis-
placement distance for silver-plated samples is shown 
in Figure 9. While wear tracks on the flat sample were 
only weakly pronounced, distinct cold welding and 
galling features have been found on the spheres, see 
Figure 10, as well as on the terminal point of the wear 
track, where the contact has been unmated by a vertical 
lift-off. 
 

 
Fig. 9 Representative graph showing displacement 
force vs. displacement distance for a silver-plated con-
tact arrangement. 
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Fig. 10 Topography model of wear on a silver-plated 
sphere (400% vertical exaggeration). 
 
3.4.2 Measurements performed after accel-

erated aging of mated contacts 

Accelerated aging of silver-plated samples with tin im-
mersion anti-tarnish post treatment in mated condition 
has been performed by storing the assembled setup at 
175°C for 250 h, 500 h, and 1000 h, respectively. The 
measurements have been performed on individual sam-
ples, i.e. measurements after different exposure dura-
tions have not been performed on the same sample sur-
face, as the contact spot would have been disturbed by 
the measurement. The accelerated aging led to a  
significant increase of the displacement force as well 
as to a notable change of the general shape of the curve 
displaying the displacement force vs. displacement dis-
tance. 
After 250 h exposure at 175°C with a load of 1 N per 
contact spot, the static friction increased to 1.58 N (me-
dian), while the dynamic friction was around 1.37 N 
(median). After 500 h, the median values of static and 
dynamic friction increased to 1.64 N and 1.73 N, re-
spectively; and after 1000 h, the median values of static 
and dynamic friction were around 2.07 N and 1.69 N, 
respectively. A boxplot displaying the summaries of 
static displacement forces (static displacement forces 
of individual measurements, 20 samples per experi-
ment) and dynamic displacement forces (dynamic dis-
placement forces of individual measurements, 20 sam-
ples per experiment) of experiments with silver-plated 
contacts is shown in Figure 11. 
 

Fig. 11 Boxplot showing displacement forces (both 
static and dynamic friction) of individual samples for 
silver-plated contacts before and after aging in mated 
condition for 250 h, 500 h, and 1000 h, respectively. 

In contrast to other measurements, the highest dis-
placement forces after aging are not at the beginning of 
the movement (i.e. at the initial phase, caused by static 
friction), but rather randomly distributed over the 
movement phase. The graph of the displacement force 
vs. displacement length shows several individual max-
ima and an irregular shape of the curve, without fea-
tures like a dominant static friction peak at the begin-
ning followed by a rather constant displacement force 
during the movement. Typical curves for 250 h, 500 h, 
and 1000 h are shown in Figure 12, Figure 13, and 
Figure 14, respectively. 
Surfaces of samples that have been subjected to accel-
erated aging by storage at 175°C show features that in-
dicate signs of aging. Confocal laser scanning  
microscopy showed the presence of wear tracks on 
both contact partners. Contrary to tin-plated samples, 
protrusions within the wear track were less pro-
nounced, but there was a notable material transfer to 
the terminal point of the wear track, see Figure 15. 
 

 
Fig. 12 Representative graph showing displacement 
force vs. displacement distance for an arrangement 
with silver-plated contacts after exposure to 175°C for 
250 h in mated condition. 
 

 
Fig. 13 Representative graph showing displacement 
force vs. displacement distance for an arrangement 
with silver-plated contacts after exposure to 175°C for 
500 h in mated condition. 
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3.2 Nickel-plated samples 

Nickel-plated samples plated with a duplex nickel sys-
tem revealed a static friction of 0.30 N (median) and a 
dynamic friction of 0.25 N (median). A typical graph 
of the displacement force versus the displacement dis-
tance for nickel samples is shown in Figure 5. Similar 
to gold-flashed nickel-plated samples, no distinct wear 
tracks were observed during confocal laser scanning 
microscopy. 
 

 
Fig. 5 Representative graph showing displacement 
force vs. displacement distance for a nickel-plated con-
tact arrangement. 

 

3.3 Tin-plated samples 

In contrast to the samples mentioned above, tin-plated 
samples show drastically higher friction, with a pro-
nounced maximum at the initial stage of the displace-
ment that can be attributed to static friction (median 
1.32 N), followed by a plateau representing dynamic 
friction with a median of 0.89 N, as shown in Figure 6. 
Confocal laser scanning microscopy showed pro-
nounced wear tracks on the disc-shaped samples with 
numerous protrusions above the original surface within 
the wear track, which is considered as characteristic 
feature of galling. A typical wear track of a tin-plated 
sample is shown in Figure 7 and Figure 8. Further-
more, significant wear has also been observed on the 
rider, i.e. on the plated sphere.  
 

 
Fig. 6 Representative graph showing displacement 
force vs. displacement distance for a tin-plated contact. 

Fig. 7 Topography model of the wear track on a tin-
plated disc-shaped sample (400% vertical exaggera-
tion). 
 

 
Fig. 8 Topography model of the terminal point of a 
wear track on a tin-plated disc-shaped sample (400% 
vertical exaggeration). 

 

3.4 Silver-plated samples 

3.4.1 Measurements performed immediately 
after mating 

Fresh silver-plated samples with tin immersion anti-
tarnish post treatment revealed a static friction of 
0.42 N (median) and a dynamic friction of 0.30 N. A 
typical graph of the displacement force versus the dis-
placement distance for silver-plated samples is shown 
in Figure 9. While wear tracks on the flat sample were 
only weakly pronounced, distinct cold welding and 
galling features have been found on the spheres, see 
Figure 10, as well as on the terminal point of the wear 
track, where the contact has been unmated by a vertical 
lift-off. 
 

 
Fig. 9 Representative graph showing displacement 
force vs. displacement distance for a silver-plated con-
tact arrangement. 
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Fig. 14 Representative graph showing displacement 
force vs. displacement distance for an arrangement 
with silver-plated contacts after exposure to 175°C for 
1000 h in mated condition. 
 

 
Fig. 15 Topography model of the terminal point of the 
wear track on a silver-plated disc-shaped sample after 
aging for 1000 h at 175°C in mated condition (400% 
vertical exaggeration). 

4 Discussion 

For gold-flashed nickel, nickel, tin, and silver contacts 
before aging, the shapes of the curves illustrating the 
displacement force as a function of the displacement 
distance are well in accordance with the widely ac-
cepted model, displaying an initial friction maximum 
due to static friction, followed by a +/- constant plateau 
at a lower displacement force that can be attributed to 
dynamic friction. Confocal laser scanning microscopy 
of tin-plated samples show distinct features of galling 
and cold welding that were not observed for other sam-
ples. It stands to reason that the comparatively soft tin 
plating facilitates the formation of such phenomena. 
Silver-plated samples that have been subjected to an 
accelerated aging in mated condition show a very in-
teresting feature. It is well-known that connectors 
where both contact partners are plated with silver can 
show very high unmating forces, particularly if the 
contacts have been mated for a longer time and/or been 
exposed to elevated temperatures. In this study it was 
shown that the friction of such contacts is not only high 
at the very beginning of the movement, i.e. where a 
high coefficient of friction due to cold welds that 
formed between mated contacts might be expected. In-
stead, the friction remains high or even increases dur-
ing the movement, so the dynamic friction during the 

displacement might be even higher than the static fric-
tion at the beginning of the movement. For silver-
plated contacts that have been subjected to accelerated 
aging in mated condition, the maximum values of the 
displacement force are observed frequently not at the 
beginning of the movement. In this case, the shape of 
the graph of the displacement force versus displace-
ment length resembles a stick-slip movement. This 
phenomenon has already been mentioned in literature, 
stating that a sliding movement between two metallic 
surfaces is in most cases not a steady motion, but it is 
rather divided into more or less pronounced phases of 
adhesion and sliding, resulting in a stick-slip motion [5, 
6]. 
As cold welding is particularly promoted by the pres-
ence of pristine metal surfaces without oxide layers or 
other contaminations, noble metals such as silver are 
particularly affected by this phenomenon. The influ-
ence of the anti-tarnish post-treatment prevents the for-
mation of notable cold welds in the beginning, but after 
storage, the protective effect disappears. 
It has already been mentioned that the values for static 
and dynamic friction, derived from displacement 
forces shown above, are not equivalent to coefficients 
of friction for contact materials shown in literature, as 
in this study, also the friction between the PTFE block 
and the disc-shaped samples has to be taken into con-
sideration. Test measurements with silver-plated disc-
shaped samples on PTFE blocks (i.e. without the upper 
part of the test bench, thus, only representing the fric-
tional force between the moveable disc-shaped sample 
and the immobile PTFE block) revealed a coefficient 
of friction of ~0.12 for silver-plated samples on PTFE. 
Additional experiments showed that the coefficient of 
friction between other platings and PTFE is similar. 
Furthermore, the difference between static and dy-
namic friction is <0.05. If the contribution of friction 
between the disc-shaped samples and the PTFE block 
is taken into account (i.e. considering FR_Disc_PTFE as an-
notated in section 2.1), the resulting coefficients of fric-
tion for the metal/metal contacts are well in accordance 
with characteristic values for individual contact mate-
rial pairings. 

5 Conclusions 

It was shown that the new test bench design presented 
in this study is capable to investigate the cold welding 
and galling behaviour of different connector platings. 
It particularly enables the analysis of the displacement 
force (i.e. friction) as a function of the displacement 
distance in order to study the friction properties of con-
nector platings with model geometries. Furthermore, 
the test bench can be subjected to elevated tempera-
tures, enabling the application of accelerated aging 

0.00

0.50

1.00

1.50

2.00

250 500 750

D
is

pl
ac

em
en

t F
or

ce
 [N

]

Displacement Distance [µm]

Silver after 175°C/1000h



247

tests for the investigation of the friction properties of 
aged connector platings in mated condition. 
Initial results on the cold welding and galling behav-
iour of different connector platings revealed notable re-
sults particularly for silver-plated contacts subjected to 
aging in mated condition. It was shown that the friction 
increases drastically after aging and the maximum fric-
tion of such samples does not occur at the beginning of 
the movement, but rather a high coefficient of friction 
is present during the whole movement. These results 
support the need of further investigations with this kind 
of test setup. 
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Abstract 

A plating is generally applied on the base material of electrical contacts, in order to extend their lifetime and 
achieve higher performance. Tin is a widely used plating material because of its good corrosion resistance and 
commercial benefit. However, the tin plating can also be oxidized. If relative motion is inevitable, a thick oxide 
layer can form, causing electrical failure after long-term operation. In order to extend the application of tin 
platings in electrical contacts, an inexpensive method regarding lifetime extension is much in demand. In this 
paper, a system with a Cu/Sn multilayer, fabricated with a galvanic process, is developed to prolong the lifetime 
of tin plated electrical contacts. With the assistance of design of experiments (DoE), the influence of the number 
of Cu/Sn layers, the plating time of the Cu and Sn layer and the use of the Ni layer as an underlayer on the 
lifetime of the electrical contacts is investigated. It is revealed that the lifetime of the multilayer system is 
significantly improved compared to the conventional single layer tin plating. Consequently, application range of 
tin platings can be greatly extended. 

1 Introduction 

The development of cyber-physical systems, such as 
autonomous and networked vehicles and smart 
factories, increases the demands on highly reliable 
and long-lifetime electrical contacts to connect the 
large quantity of terminals in the system. Initially, 
gold was used as the plating material for electrical 
connectors, because it can provide a low and stable 
contact resistance for the majority of applications 
during their service life [1]. However, since the mid 
1970’s, the price of gold has not only increased but 
also become unstable, which has led to the 
consideration about the necessity of using gold and 
the development of alternatives [2]. Tin or tin alloy 
plating is thought to be a good candidate [2-6]. 
However, the tin surface can also be oxidized. 
Fretting corrosion is one of the critical failure 
mechanisms of tin plated electrical contacts, if relative 
motion between the contact parts is inevitable during 
the operation. As a result, the lifetime of tin plated 
electrical contacts is much shorter than gold plated 
electrical contacts [7]. In order to extend the 
application of tin plating, it is of great importance to 
develop an inexpensive method to fabricate tin plating 
which has a long lifetime. 
In our previous study, it was found that a longer 
lifetime in the fretting corrosion test can be more 
feasibly achieved with thinner tin plating [8] and bare 
copper base material has a longer lifetime in the 
fretting corrosion test than tin plated electrical 
contacts under certain operating conditions [9]. 
However, bare copper has an insufficient corrosion 
resistance, and thus tin plating is used as a passivating 

layer to provide a good protection against corrosion 
[10]. This initiates the design of a Cu/Sn multilayer 
system to take advantage of the Sn and Cu surfaces 
for better performance against corrosion and fretting 
corrosion. The basic concept is to repeat the thin 
layers of copper and tin to form a multilayer system. 
By generating this kind of multilayer system, Cu-Sn 
intermetallic compound can be formed, and the 
hardness of the plating can be increased [11]. The 
wear of the surface will be slowed down, and the wear 
debris is as a result reduced. If there is less wear 
debris in the contact interface, the oxidation of the 
wear debris will also be inhibited. As each layer of the 
plating is thin, the amount of intermetallic compound 
is also controlled, so that the negative influence of too 
thick intermetallic compounds on the contact 
resistance can be limited. Moreover, introducing a 
nickel underlayer can assist in obtaining a smoother 
surface, it is also involved in the plating system, and 
the influence of the nickel underlayer is investigated. 
In this paper, the fabrication of the Cu/Sn multilayer 
system is realized with a galvanic process. The scopes 
of this study are: 

 If a Cu/Sn multilayer system could improve 
the fretting corrosion performance 

 If the copper or tin layer should be used as 
the first layer 

 The optimum combination of parameters: the 
number of Cu/Sn layers, the use of a Ni 
underlayer and the plating duration of the Cu 
and Sn layers  

For the purpose of a systematic study, the design of 
experiments (DoE) is employed. In this study, the 
potential of prolonging the lifetime of non-noble 
materials plated electrical contacts using the 
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multilayer system is demonstrated. The average 
lifetime of the multilayer systems is compared to the 
single tin plating. Based on this study, the preferred 
multilayer systems are recommended for the future 
study. 

2 Experimental  

2.1 Samples 

The samples consist of a sphere/plane configuration. 
The radius of the spherical parts is 4.5 mm. The base 
material is stamped from copper sheets. The total 
surface of a contact pair is approx. 0.012 dm2. The 
plating is fabricated with a galvanic process as 
demonstrated in Section 2.4. 

2.2 Preliminary experiment 

The aim of the preliminary experiment is to determine 
the first deposition layer for the Cu/Sn layers. Two 
tests are conducted to find out, whether the tin layer 
or the copper layer should be used as the first 
deposition layer. These plating systems with the same 
number of tin layers are listed in Table 1. The results 
are demonstrated in Section 3.1. Based on the result 
of the preliminary experiment, the copper layer is 
used as the first deposition layer, since a longer mean 
lifetime is achieved. Further experiments will use the 
copper layer as the first layer to start the Cu/Sn layers 
in the multilayer plating. 

Table 1 Plating systems to determine the first 
deposition layer 

Plating 
system 

Plating time for 
Cu layer [s] 

Plating time for 
Sn layer [s] 

Cu/Sn/Cu/Sn 60 88 
Sn/Cu/Sn 60 88 

2.3 Design of parameter matrix for 
fabrication 

The parameter matrix to fabricate the multilayer 
system is designed with the assistance of the DoE to 
conduct a systematic investigation of the influence of 
the parameters on the lifetime of the produced 
electrical contacts. The Taguchi algorithm is used. 
The parameters are the number of Cu/Sn layers, the 
plating time for each nickel layer, for each copper 
layer and for each tin layer. The resultant plating 
systems are listed in Table 2. 

2.4 Plating procedure 

The plating procedure is schematically illustrated in 
Fig. 1. During one implementation of the plating 
process, three contact pairs are clamped to the sample 
holder. In order to prepare for galvanic plating, the 

samples are firstly degreased in an alkaline bath to 
remove the oil on the sample surfaces applied during 
the stamping of the samples. Then a pickling process 
in a sulfuric acid solution is used to neutralize the 
remaining alkaline substances, followed by rinsing in 
water. 
Afterwards, the layers are deposited according to the 
parameter matrix in Table 2. The nickel plating is 
plated in the bright nickel bath manufactured by 
Katewe. The electrolyte is heated to 35 °C and the 
temperature is maintained during the plating process. 
The current density is 1.5 A/dm2, corresponding to a 
current input of 55 mA. The copper plating is 
deposited in a copper bath SLOTOCOUP CU 50 
manufactured by Dr.-Ing. Max Schlötter GmbH & Co. 
KG. The Cu plating is fabricated at room temperature. 
The current density is 2 A/dm2, resulting in a current 
input of 74 mA. The tin layer is galvanically plated in 
the electrolyte tin bath SLOTOTIN 60 manufactured 
by Dr. Ing. Max Schlötter GmbH & Co. KG. The 
electrolyte is heated to 35 °C and the temperature is 
kept stable during the plating process. The current 
density is 2 A/dm2, corresponding to 74 mA current 
input. After each deposition, the surface is rinsed in 
distilled water for 30 s. 
By varying the plating time, different plating 
thickness can be obtained. Experiments were 
conducted to obtain the build-up rate of each layer. 
The build-up rate for the nickel, copper and tin layers 
is about 0.17 µm/min, 0.3 µm/min and 0.34 µm/min, 
respectively. Thus, the thickness of nickel, copper and 
tin layers should be in the range of 0.5~1 µm, 0.1 ~ 
0.5 µm and 0.1 ~ 0.5 µm, respectively. As a reference, 
samples with single tin plating of 1 µm on the copper 
base material are fabricated. 
 
 
 

Fig. 1 Schematic illustration of the plating 
procedure to fabricate the multilayer system 
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debris in the contact interface, the oxidation of the 
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plating is thin, the amount of intermetallic compound 
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thick intermetallic compounds on the contact 
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surface, it is also involved in the plating system, and 
the influence of the nickel underlayer is investigated. 
In this paper, the fabrication of the Cu/Sn multilayer 
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Table 2 Plating systems according to DoE 

Variation 
Number 
of Cu/Sn 
layer 

Plating time for 
each Ni layer [s] 

Plating time for 
each Cu layer [s] 

Plating time for 
each Sn layer [s] Plating system 

1 2 - 20 18 Cu/Sn 
2 2 173 60 53 Ni/Cu/Sn 
3 2 347 100 88 Ni/Cu/Sn 
4 4 - 60 88 Cu/Sn/Cu/Sn 
5 4 173 100 18 Ni/Cu/Sn/Cu/Sn 
6 4 347 20 53 Ni/Cu/Sn/Cu/Sn 
7 6 - 100 53 Cu/Sn/Cu/Sn/Cu/Sn 
8 6 173 20 88 Ni/Cu/Sn/Cu/Sn/Cu/Sn 
9 6 347 60 18 Ni/Cu/Sn/Cu/Sn/Cu/Sn 

 
 

 

2.5 Wear and fretting corrosion test 

The wear and fretting corrosion test device illustrated 
in Fig. 2 is used to measure the lifetime of the 
electrical contacts. The normal force in the test is 2 N; 
the peak to peak fretting amplitude is 50 µm. The 
temperature is room temperature, and the fretting 
frequency is 1 Hz. The termination criterion is the 
electrical contact resistance reaching 300 mΩ. For 
each variation of plating, three pairs of specimens are 
tested. 
 

 

Fig. 2 Schematic illustration of the wear and 
fretting corrosion test device 

 

2.6 Characterization of the element 
distribution of the multilayer 

After the wear and fretting corrosion test, the element 
distribution on the cross-section of the layers is 
analyzed. The samples are cut by a focused ion beam 

(FIB) outside of the wear scar, and the cross-section 
of the multilayer system is observed using a scanning 
electron microscope (SEM), Zeiss NEON® 40. The 
element distribution on the cross-section is measured 
with an energy-dispersive X-ray spectroscopy (EDS), 
UltraDry EDS Detector from Thermo Fisher 
Scientific, using the X-ray Linescans mode. 

3 Results and Discussion 

3.1 Preliminary experiments for the 
determination of the first layer 

In Fig. 3 the mean lifetime of the plating system 
“Cu/Sn/Cu/Sn” and “Sn/Cu/Sn” with the plating 
parameters in Table 1 is illustrated. With the Cu as the 
first deposition layer, a longer mean lifetime is more 
likely obtained. Thus, Cu is used as the first layer in 
the stack of Cu/Sn layers. 
 

 
Fig. 3 Comparison of the mean lifetime of plating 
system “Cu/Sn/Cu/Sn” and “Sn/Cu/Sn” with the same 
plating parameters in Table 1 
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3.2 Potential of improving lifetime 
using multilayer system 

The potential of improving lifetime using multilayer 
system is shown in Fig. 4. The lifetime of the 
multilayer system increases greatly compared to that 
of the conventional single tin layer on the same base 
material of copper. Considering the costs and the 
performance, the best results are achieved with the 
Variation 4 (Cu/Sn/Cu/Sn) and Variation 5 
(Ni/Cu/Sn/Cu/Sn) structures. It should be noticed that 
the scattering of the lifetime is large, but it can be 
reduced by optimization and stabilization of the 
galvanic process. For this purpose, a large number of 
plated samples are required, which is beyond the 
scope of this study. 
 

 

Fig. 4 Comparison of the mean lifetime of 
multilayer systems and the lifetime of conventional 
single tin plating 

3.3 Element distribution of the 
multilayer 

The element distribution of multilayer Variation 4 
(Cu/Sn/Cu/Sn) is measured on the cross-section of the 
multilayer with EDS. The result is illustrated in Fig. 5. 
Two tin content peaks are found along the measuring 
line, corresponding to the tin layers. Meanwhile 
copper content valleys can be observed. The 
simultaneous presence of tin and copper indicates the 
formation of the Cu-Sn intermetallic compound. The 
Linescan shows the variation of copper and tin 
content on the multilayer, but it cannot characterize 
the thickness of the multilayer. The reason for this is 
the Linescan measurement spot is larger than the 
thickness of the layer. Based on the EDS result, the 
multilayer system is successfully fabricated. 
 
3.4 Wear scars of the multilayer 

system 

The wear scars of the multilayer system from the 
Variation 4 (Cu/Sn/Cu/Sn) are observed with a digital 
microscope. As a reference, the tin single layer plating 

of 1 µm is also analyzed. The wear scars are shown in 
Fig. 6. According to the microscopies, the size of the 
wear scars does not show large difference. The single 
tin plating is totally black and no color from the base 
material of copper is observed. This is the typical 
indication for the fretting oxidation of tin. The edge of 
the wear scar is smooth. On the contrary, though the 
most part of wear scar of the multilayer system 
Variation 4 (Cu/Sn/Cu/Sn) is black, the color from 
copper can be observed, indicating the mixture of tin 
and copper and their oxides in the contact area. The 
edge of the wear scars is no longer smooth. 
 

 
Fig. 5 Element distribution on the cross-section of 
the multilayer Variation 4 (Cu/Sn/Cu/Sn, Sn is the top 
layer), measured by EDS in X-ray Linescans mode 
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UltraDry EDS Detector from Thermo Fisher 
Scientific, using the X-ray Linescans mode. 

3 Results and Discussion 

3.1 Preliminary experiments for the 
determination of the first layer 

In Fig. 3 the mean lifetime of the plating system 
“Cu/Sn/Cu/Sn” and “Sn/Cu/Sn” with the plating 
parameters in Table 1 is illustrated. With the Cu as the 
first deposition layer, a longer mean lifetime is more 
likely obtained. Thus, Cu is used as the first layer in 
the stack of Cu/Sn layers. 
 

 
Fig. 3 Comparison of the mean lifetime of plating 
system “Cu/Sn/Cu/Sn” and “Sn/Cu/Sn” with the same 
plating parameters in Table 1 
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(c) 

(d) 
 

Fig. 6 Wear scars of multilayer system and the 
single layer tin plating: (a) wear scar on the spherical 
part Variation 4 (Cu/Sn/Cu/Sn); (b) wear scar on the 
flat part Variation 4 (Cu/Sn/Cu/Sn); (c) wear scar on 
the spherical part with 1 µm single tin plating; (d) 
wear scar on the flat part with 1 µm single tin plating 

 
3.5 Influence of plating parameters in 

the galvanic process on the lifetime 
of electrical contacts 

In this study, the mean lifetime of each plating system 
is used to find the influence of the plating parameters 
of the plating system on the lifetime of the electrical 
contacts and to provide the directions for further 
investigation. The influence of the number of Cu/Sn 
layers, along with the plating time for the nickel layer, 
the copper and the tin layer on lifetime is analyzed 
and illustrated in Fig. 7. Based on the mean lifetime 
of each plating system, it is found that an increase in 
the number of Cu/Sn layers can assist in prolonging 
the lifetime of the electrical contacts; however, after 
the number of Cu/Sn layers exceeds four, the lifetime 
of electrical contacts with six Cu/Sn layers is not 
further improved compared to the lifetime of the four-
layer-system. The use of nickel as the underlayer and 
the plating time for the nickel layer in the testing 
range do not show clear influence on the lifetime of 

the electrical contacts. At a moderate plating time for 
the copper layer and a short plating time for the tin 
layer in the testing range, a longer lifetime is more 
likely to be achieved. The influence grade of each 
plating parameter is ranked in Table 3. As a 
consequence, it is recommended to optimize the 
plating time of tin layer at first, in order to obtain a 
longer lifetime. The long lifetime is achieved with 
both four-layer-system and six-layer-system. Since 
the cost for the galvanic process is roughly 
proportional to the number of layers, four-layer-
system is preferred. 
 

 

Fig. 7 Influence of plating parameters on the 
lifetime of the multilayer system 

 

Table 3 Ranking of the influence of the plating 
parameters in the fabrication on the average lifetime 
of the multilayer system  

 Number 
of 
Cu/Sn 
layers 

Plating 
time of 
nickel 
layer 

Plating 
time of 
copper 
layer 

Plating 
time of 
tin 
layer 

Ranking 3 4 2 1 
 

4 Conclusion and Outlook 

In this paper, a novel Cu/Sn multilayer system is 
developed using the galvanic process in order to 
combine the good fretting corrosion behavior of 
copper and high corrosion resistance of tin. The 
potential to improve the lifetime of electrical contacts 
with non-noble plating by applying a multilayer 
system is investigated and validated by the results. 
The influence of the plating parameters in the 
galvanic process on the lifetime of the multilayer 
system is examined. Based on the results, by using a 
short plating time for the tin layer and a moderate 
plating time for the copper layer in the testing range, 
it is more likely to obtain a plating system with a 
longer lifetime. With a higher number of Cu/Sn layers, 
it is possible to achieve a longer lifetime; however, 
when exceeding four Cu/Sn layers, the lifetime of 
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electrical contacts does not increase further. 
Considering that the cost for the galvanic process is 
roughly proportional to the number of layers, four-
layer-system is preferred. The use of nickel as an 
underlayer and the plating time for the nickel layer in 
the testing range do not show clear influence on the 
lifetime of the electrical contacts. Since the plating 
time for the tin layer has the greatest influence on the 
lifetime of the multilayer system, it is recommended 
to optimize the plating time of tin at first in order to 
achieve a long lifetime for the multilayer system. 
We have observed that some variations of the 
multilayer systems display a large scatter with regard 
to lifetime in the wear and fretting corrosion tests. 
Thus, it would be worthwhile to carry out further 
research on the production of multilayer systems in 
order to optimize their stability. A corrosion test is 
also planned to examine, whether the developed 
multilayer system has a sufficient corrosion resistance.  
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Abstract 

Silver is the final finish material for connectors when transmission of either high current densities or frequencies 
is paramount. Its unmatched conductivity and comparable moderate price make it a viable alternative to Nickel 
Gold or Palladium finishes. Silver deposits must achieve certain requirements. The contact resistance of the deposit 
should be close to pure silver but hardness values should be significantly larger than pure silver and ideally not 
degrade during thermal budget as most Ag deposits do. Ag layers should not contain poisonous or harmful addi-
tives at best 
We are presenting in this paper a combination of a newly modified non-cyanide Ag electrolyte Argalux NC mod 
with selected anti tarnishes based on either organic additives or Cr(III) solutions.  
. 

1 Introduction 
 

Silver is the metal finish of choice for many upcoming 
connector applications e.g. for hybrid electric vehicles.  
This is the consequence of the excellent thermal and 
electrical conductivity and the price evolution of alter-
native materials as Au and Pd (see Fig 1). Silver is cur-
rently about a 100 times cheaper than Pd and 80 times 
cheaper than Au [1]. 

Fig. 1 Price evolution in of connector metals: Prices 
are given for fabricated materials in €/1 g except for Ag 
€/100 g.   

 
Silver finishes are being used for battery chargers, bat-
tery connections to converters etc.. and must withstand 
high temperatures, vibration and corrosive media and 
exhibit certain physical properties as low contact re-
sistance and high hardness over the time. Since pure 

Ag layers do not fulfil all these requirements it is nec-
essary to either modify the Ag layers either by adding 
certain additives or by using specific anti-tarnishes to 
protect them.  
Thus, it is essential to choose the right Anti-tarnish for 
silver. This paper will discuss the influence and the de-
cision criteria on both the Ag layer and the Anti-tarnish 
including a newly developed Anti-tarnish based on Cr.  
Fig. 2 demonstrates the schematic built-up of a typical 
connector, which complies of Ni diffusion barrier   
on the Cu ally base material, a relatively thick silver 
layer of varying thickness and three different anti-tar-
nishes.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Typical built up for a connector with 3 differ-
ent anti-tarnishes i) organic ad layer based on a self as-
sembled monolayer, ii) organic multilayer and iii) a 
chromium adlayer.. 
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2 Silver plating  
2.1 Electrolyte systems 

The majority of commercialized Ag electrolytes is 
based on Ag-Cyanide. Ag-Cyanide is readily soluble in  
contrast to other Ag-salts, prevents Ag from precipita-
tion and enables extremely high current densities of 
more than 100 A/cm2. As a consequence, these electro-
lytes are used for high throughput manufacturing in 
Reel-to-Reel plating lines. These electrolyte can be ap-
plied for semi bright to mirror bright depositions cov-
ering a variety of applications such as lead frame plat-
ing, LED plating [2] and connector plating [3,4].  
On the other hand there are only a few non-cyanide Ag 
electrolytes on the market based on Ag nitrate with re-
duced Ag concentration, thus reduced current densities 
of about 0.5-1 A/dm2.   Consequently these electrolytes 
are mainly used in barrel and rack plating machines. 
Target for us was to increase the productivity of this 
electrolyte type.  
 
2.2  Test results  

We improved our latest non-cyanide Ag electrolyte and 
managed to increase the Ag content from just 15 g/l Ag 
to 30 g/l. This in turn allows to double the applied CD 
from 0.5-1.0 ASD up to about 2 ASD. This converts to 
a plating speed of 1.2-1.5 µm/min.  The improved elec-
trolyte has no restrictions in the Ag thickness, 30 µm or 
more are accessible. Table 1 summarises the old and 
the modified version  
 

Topic Cyanide free 
Ag electrolyte 

Modified cya-
nide free Ag 
electrolyte  

Ag content g/l 15 30 
CD  A/cm2 0.5 -1.0 1.0-2.0 
Deposition speed 
µm/min 

0.62 at 1 ASD 1.25 at 2 ASD 

Max Thickness 6 µm >30 µm 
Table 1: comparison between the old and the modified 
NC Ag electrolyte (AgNO3 based). 
  
The deposition properties of the cyanide and non-cya-
nide based electrolytes differ significantly.  
Table 2 gives an overview on the different properties  
Main difference between a non-cyanide and cyanide 
electrolyte is the inherent hardness. This is one of the 
key factors for the usage of Ag electrolytes.   
The modified CN free electrolyte has a constant and 
stable hardness of > 130 HV, independent of the bath 
age and storage time. Samples measured after half a 
year exhibit the same hardness values as freshly pre-
pared ones. This is significantly higher than the pure or 
high speed versions of Ag hardness showing just about 
70 HV which is in line with previous results docu-
mented in [3]. Hardness has been measured according 

to ISO 14577-1 as indentation hardness and calculated 
to Vickers hardness.  
Contact resistance tests have been conducted according 
to EN IEC 512 with parameters 10 mA/20 mV/5cN.   

Table 2: Comparison between different Ag electro-
lytes.  
 
The hardness values can be modified with the help of 
specific hardeners as it is done for the hard Ag electro-
lyte in table 2.  This comes on cost of an increase of the 
contact resistance. Moreover, the hardener type depos-
its tend to recrystallize already at moderate temperature 
of about 120°C and hardness may decrease [3].  
The Cyanide free Ag deposit does not have a hardener 
component inside.  
The purity of the Cyanide free deposit is as follows:  
 

Mass fraction % Car-
bon 

Sulfur  Nitro-
gen 

Mod. CN free Ag 
No hardener 

0.087 <0.0005 0.020 

CN electrolyte 
No hardener  
Pure Ag  

0.009 <0.0005 <0.0005 

The mod Cyanide free containing electrolyte is rated as 
ASTM B700 type 2B whereas  a CN containing elec-
trolyte without hardener is rated as ASTM B700 type 
1A.  
 
The difference is mainly based on the different crystal  
structure as can be seen from fig 3.  
 

Fig. 2 SEM pictures of Ag plated layers from cya-
nide and CN free electrolytes (mid) 
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Both cyanide based system show a regular polygonal 
structure with comparably large crystallites, whereas 
the cyanide free Ag deposit shows a nanocrystalline  
structure with crystallites <100nm  The increasing 
hardness from the cyanide deposits to the non cyanide 
electrolyte is in line with the reduction of crystal size 
observations from other authors and fits well to the 
general Hall-Petch relationship [5,6]   
 
The combination of a high inherent hardness, the low 
contact resistance, improved productivity and the non-
hazardous character of the formulation is standing out 
to our knowledge and should make this Ag process a 
very interesting alternative to the standard cyanide type 
systems. 
 

3  Anti-tarnishes 

3.1 Tarnishing 
Tarnishing of silver surface starts immediately after 
deposition and is strongly depending on the corrosive 
environment. Typical tarnishes effects are visible as 
colour changes to yellow or even black and are the con-
sequence of sulphide or sulfur dioxide exposition. Thin 
layers of the semiconducting Ag2S may not harm the 
technical properties but thicker sulphide layer may lead 
to enhanced corrosion, degrading solderability and an 
increase in contact resistance [7]. Effective anti-tar-
nishes have to minimize the formation of Ag2S or 
AgSO4 layers.   Thus, we applied in the following tests 

• K2S Test (2 %) 
• Thioacetamide test (DIN EN ISO 4538) 
• Kesternich test (DIN EN ISO 6988) 
• Contact resistance measurement (EN IEC 

512) 
with and without heat treatment of 1 h at 200°C.  
 

3.2 Anti-tarnish Processes 

The following anti-tarnishes have been tested (see table 
3). There are 3 organic anti-tarnishes included two of 
which are based on thiols known to form self assem-
bled mono or multilayers [8] and two chromium anti-
tarnishes. The system plated from a Cr(VI) electrolyte 
has been used as a reference system. The system based 
on a Cr(III) electrolyte has been newly developed. 
Reach and RoHS conformity of that process and de-
posit has been confirmed.    
All test have been done with a CuSn base material 
plated with a 5 µm thick layer of Ag from the non-cy-
anide electrode mentioned in Chapter 2.2 without any 
Ni intermediate layer.    
 

 

 

Tab. 3   Overview about tested anti-tarnishes AT-1-5 
All proprietary anti-tarnishes were used according to 
their data sheet.   

3.3 Test results 

3.3.1 Tarnishing test  

Thioacetamide TAA test were performed acc. to DIN 
EN ISO 4538 in a 20l Glass desiccator at RT for 24 h 
with sodium-acetate 70% humidity and 50 mg/dm2 
Thioacetamide.  
K2S test were performed with a 2 % solution of K2S 
and parts were dipped in for 15 min before and after 
heat treatment for 1 h at 200°C. 
Kesternich test were done after RT storage and storage 
at 110° and 200 °C for one hour.   
All test were optically evaluated. Colour change to 
slight yellowish has been rated as pass whereas as col-
our changes to yellow, red, brown or even black were 
rated as fail.  
 
Example for test results are given in fig 3 and 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3     Silver parts after TAA tests treated without 
Anti-tarnish, with AT-3 and with AT-5  
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Fig. 4       Silver parts after K2S test without Anti-tarnish 
(l) and with AT-5 (r) after 1 h at 200°C 
 

Tab. 4   Results from TAA, K2S and Kesternich test 
for different anti-tarnishes. 

Tab. 4 summarizes the test results with the different 
anti-tarnishes and its reference without any anti-tar-
nish. The silicon based anti-tarnish and the reference 
failed in all tests.  

The multilayer thiol AT-1 gives a better performance 
than the monolayer thiol type AT-2 but fails at elevated 
temperatures. This is in line with Thermal Gravimetric 
Analysis TGA we performed on AT 1- and AT-2 layers 
which show that decomposition of the organic thiol 
adlayers starts at 160 °C.  

Fig. 5 TGA from the thiol monolayer based anti-tar-
nish showing decomposition at 160°C  

Only the chromium based anti-tarnishes AT-4 and AT-
5 pass all tests without any discoloration or stains. 
Kesternich tests results are reported after storage at 
200°C since here significant differences were visible.  

The results from table 4 do not mean that AT-3, the sil-
icon based AT-3 does not have any tarnishing effect. 
AT-3 covered Ag surfaces survives milder sulphide test 
5 min in 5% Na2S (not shown here) at RT and the TAA 
test for 2 h where none treated silver fails. A ranking 
based on the anti-tarnish effectivity would result in:  

Anti-tarnish effectivity:  
Chromium based Anti-tarnish > Thiol Multilayer >> 
Thiol Monolayer >Si- Polymer > none   

3.3.2 Contact Resistance test   

Contact resistance tests have been conducted according 
to EN IEC 512 with parameters 10 mA/20 mV/5cN, 8 
measurement points from each sample. Measurements 
were conducted with sample storage at both at RT and 
1h at 200°C storage. For most samples additional tests 
after Pressure Cooker Test PCT have also been per-
formed.  

 
Fig. 6    Contact resistance of Ag plated parts treated 
with different Anti-tarnishes.  
 
For some samples there is a significant difference be-
tween the RT and the 1h at 200°C storage, esp. for the 
Chromium treated samples.  
Samples treated with Chromium from Cr (VI) show a 
significantly higher contact resistance even after heat 
treatment in contrast to the samples treated with the 
Cr(III) electrolyte.  The samples with the Cr(III) treat-
ment show a comparable contact resistance to the or-
ganic Anti-tarnishes after a short exposure to heat 
which has been confirmed by independent test from 
customers.  
The difference between the two different Cr anti-tar-
nishes is yet not fully understood and subject to further 
investigations. There is no thickness difference be-
tween the two Cr anti-tarnishes in this experiment, both 
system deliver a mean Cr thickness of only 2 nm (cal-
culated from the Ah and an assumed current yield of 
25%). Structural investigations on both systems will 
follow.  
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There is also a slight difference between the Multilayer 
thiol and the monolayer thiol based anti-tarnish.  
The multilayer based anti-tarnish shows a slightly 
higher contact resistance if stored at RT but declines 
after heat treatment probably due to partial decomposi-
tion.   

3.3.3 Solderability test   

The solderability performance of the two best perform-
ing ant-tarnishes has been investigated by the wetting 
performance of the different anti-tarnish covered Ag 
samples  
Samples were silver plated with the non-cyanide ver-
sion without a Nickel intermediate and test done ac-
cording to IPC/EIA J-STD-003 WAM1&2:  wetting of 
>95 % of the area is rated as good.    
Solder bath: Sn96.5Ag3.0Cu0.5 
Flux: Flux for lead-free soldering according to 
IPC/EIA J-STD-003C WAM1&2 
Dipping device: Dip tester LPK 
Fluxing time: 10 s 
Soldering time: 10 s 
Immersion rate: 25 mm/s 
 

Sample Wetting Performance 

Not treated  Good 
AT-1 Multilayer thiol  Good 
AT-5   Cr from Cr(III)  Dewetting 

 
Tab. 5   Wetting performance of Ant-tarnished Ag lay-
ers  
 
The good results for the thiol covered surface is in line 
with wetting balance measurements [9] with a lead free 
SnAgCu solder (SAC) at 245°C and R-flux.   
Measured is the time to zero T(0) and the max-.force  
F(max) that is attained to the sample. For the multi-lay-
ered thiol  AT-1 we measured a T(0) to 0.3 sec and 
F(max)  to 0.55 mN/mm  whereas the Chromium type 
anti-tarnish showed a similar value for T(0) of 0,33 s 
and a slightly lower but still acceptable F(max) of 0,44 
mN/mm.  
  
More investigations on solderability of chromium anti-
tarnishes are under way to better understand significant 
factors that influence the solderability performance on 
the anti-tarnish.   
 

3.4 Comparison  

The choice of the right anti-tarnish for silver depends 
on a mixture of environmental requirements, tarnishing 
effectivity, solderability and contact resistance de-
mands.    
 
 

Tab. 6  Comparison between different types of anti-tar-
nishes 
 
An anti-tarnish based on a monolayer of Thiol is the 
choice for an in-process protection during manufactur-
ing and short storage times with a focus on good sol-
derability. The next level would be achievable with a 
multilayer thiol on cost of a slight increase of the con-
tact resistance. Self-assembled layers of thiols are 
known to change the coefficient of friction [3] [10][11] 
depending on factors as monolayer vs multilayer, mo-
lecular structure and humidity and this has to be taken 
into account for the application. 
   

4   Summary 
We have shown that only the combination of the silver 
electrolyte and the subsequent anti-tarnish will result in 
the desired performance. A modified cyanide free Ag 
electrolyte with an inherent high hardness and low con-
tact resistance has been presented as well as the most 
effective anti-tarnish based on RoHS compatible 
Cr(III) system.  
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Plating systems of electrical contacts are key technologies for connectors in terms of electrical and  
mechanical reliability performance. Au/Ni is historically the reference plating system and Au/PdNi/Ni is widely 
used since 1986. More recently, plating systems like Au/Ag/Ni, Au/NiW, AgPd/Ni and AgSb/Ni were also intro-
duced. Nevertheless, published scientific literature, concerning tribological compatibility of these various plating 
systems, is limited. This research work is a simplified approach to study compatibility, in terms of durability & 
wear, between Au/Ni, AuPdNi/Ni, Au/Ag/Ni and AgSb/Ni under different contact pressures or normal forces. 
Durability and frictional wear testing were performed. Various surface analysis techniques were used to analyze 
wear tracks and investigate wear mechanisms as well as their impact on contact resistance. Results show that 
terminal contact pressure range is a key parameter to take into account when mating two different platings. 

1 Introduction 

Electronic connectors and overall interconnect  
applications have historically used gold plating 
(Au/Ni) as the main plating for male/female  
interfaces. Gold presents the advantages of being an 
excellent conductive material, of being a noble metal 
with excellent corrosion resistance and of presenting 
naturally a very low coefficient of friction making it 
an excellent solid lubricant. Nevertheless, the  
economical constraints and sometimes, some tech-
nical limitations have lead, widely, to the develop-
ment and use of alternative platings. Gold Flash over 
Palladium-Nickel (GF-PdNi) was developed in the 
late 1970’s [1] and commercialized starting 1986 [2] 
in order to obtain a much lower cost plating as well as  
a higher durability (resistance to mating and unmating 
cycles) metallic layer. GF-PdNi presented also the ad-
vantage of being a lower porosity deposit showing 
better resistance to corrosion and showed better com-
patibility for high temperature applications. All these 
advantages offset its lower resistance to fretting cor-
rosion compared to gold and final connector users had 
the choice of these two platings according to their 
technical requirements. These two platings are con-
sidered fully compatible:  This means that when a 
connector is plated with Au/Ni, it can be mated to its 
counterpart which is plated with GF-PdNi, without 
excessive wear-through precious metal layer. In the 
mid 1990’s the Automotive industry started develop-
ing conventional silver plating especially for some 
power applications. Although conventional silver is 
known to have a low hardness, low young modulus 
and a poor coefficient of friction, its excellent conduc-
tivity (it has practically the lowest resistivity among 

precious metals) and its moderate cost offset all its 
disadvantages. Silver plated connectors were histori-
cally rated for 50 mating/unmating cycles only. A lot 
of development work followed in the mid 2000’s and 
new silver plating stacks and deposits were developed 
with pure silver showing much higher hardness and 
Young moduli. Several alloyed silver processes were 
also developed with deposits showing relatively very 
high hardness such as silver-antimony (AgSb) and 
silver-palladium (AgPd) [3,4]. Researchers developed 
improved organic or inorganic anti-tarnishing solu-
tions as silver is naturally subject to sulfidation. Im-
proved post-treatments were also developed such as 
new contact lubricants or low coefficient of friction 
grafted molecules. The objective was to extend silver 
usage to electronic connectors where more than 50 
mating/unmating cycles are required, as gold and pal-
ladium prices have shown to be extremely volatile 
and unpredictable. We have seen, for example, AgSb 
plated connectors developed and commercialized, by 
several connector manufacturers, for Hybrid and Elec-
trical vehicles where several thousands of mat-
ing/unmating cycles are required. This was unimagi-
nable initially when considering silver plating. We 
have also seen gold over hard silver (GCS) plated 
electronic and power connectors [5,6] commercial-
ized, when gold plated over silver engineering usage 
was limited, for decades, to special electrical switches 
[7] applications and special aerospace connectors. 
 
1.1 Compatibility of various plating 

systems  

Now that all these different plating systems are on the 
market, we are facing many cases where these plating 
systems are mated to each other on the same type of 
connectors. As already mentioned, conventional gold 
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plating (Au/Ni) is known to be compatible with GF-
PdNi and it has been produced and used since nearly 
35 years for billions of connectors. Thus, it was im-
portant to study further the compatibility of these dif-
ferent platings especially when Au/Ni and GF-PdNi 
are mated with GCS (Au/Hard Pure Silver/Nickel) 
and GCSb (Gold over Hard Silver-Antimony Al-
loy/Nickel). In the remainder of this article, GCS and 
GCSb acronyms will be used to designate these alter-
native plated stacks. From one side, silver based plat-
ings were historically used in Automotive connectors, 
where we have usually relatively large connector con-
tacts with relatively high normal forces. From another 
side, Au/Ni and GF-PdNi are historically mainly used 
for relatively mid-size and low size connectors con-
tacts with relatively moderate or much lower normal 
forces. We have examined the contact pressure (Hertz 
Stress) for 88 connector families commercialized by 
the top twenty connector manufacturers. These 88 
connectors families mean in practice thousands of 
connector models as usually every connector family 
could cover up to twenty+ versions of connectors 
which all use the same contact system and the same 
contact constriction model between male and females. 
The output of this preliminary statistical examination, 
shown in Table 1, should not be considered exhaus-
tive, but simply to identify trends. The result was very 
interesting as most (> 75%) of automotive connectors 
are using electrical contacts with a Hertz stress rang-
ing between 200 MPa and 700 MPa while the abso-
lute majority of electronic connectors (> 90%) are us-
ing contacts with Hertz stress ranging between 600 
MPa and 1400 MPa.  
So, we need to validate that the plating systems which 
are proven systems in automotive, are compatible, in 
terms of resistance to wear, with electronic applica-
tions where contact pressures are quite different. Alt-
hough some scientists believe that contact pressure 
complexity is a barrier to its usage as a parameter in 

contact design [8,9], today the digital computing and 
numerical simulation capabilities are enormous and 
allow us to bypass these limitations. We also need to 
determine the conditions where these different plating 
systems perform the best (compatibility) when cross-

mated, avoiding excessive precious metals wear of 
plated  headers or receptacles. 
 
1.1.1 Connector contact pressure calcula-

tion background 

In practice, the huge development of digital electronic 
applications coupled to miniaturization requirements, 
have lead connector designers to reduce regularly the 
geometrical dimensions of electrical contacts while 
keeping constant the normal forces which are recom-
mended by international standards. Most of these 
normal forces were specified in 1980’s when there 
was much less miniaturization. The electronic  
connectors application went through highly accelerat-
ed miniaturization in the past 15 years while for au-
tomotive industry, this miniaturization was much 
slower. The current development of autonomous vehi-
cles will probably change this quite quickly. In all 
cases, we can say that we are using today electronic 
connectors with much higher contact pressures com-
pared to the 1970’s and 1980’s, while the trend in 
plating is to reduce the plating thicknesses for pre-
cious metals. Gold thickness of 1.27µm (50µin) and 
2.0µm (80µin) were a standard in the early 1990’s 
while today we use gold thicknesses ranging between 
0.25µm (10µin) and 0.76µm (30µin) most of the time. 
So, this is another reason to validate compatibility be-
tween different plating systems under different con-
tact pressures. This work shows the compatibility be-
tween Au/Ni, GF-PdNi, GCS and GCSb to ensure up 
to 250 mating cycles of intermateability, without ex-
cessive wear, under Hertz Stress ranging between 400 
and 1300 MPa.  
 
1.1.2 Contact pressure calculation 

The Hertz theory is used to calculate the apparent 
contact area when two solids are pressed one against 
the other, provided the part geometries as well as the 
Young modulus and the Poisson coefficient are 
known. The Hertz theory assumes that the material 
deformations are elastic, and the contact area is small 
compared to the size of the solids. Without going 
deeply into Hertz theory it is important to note the 
fundamental equations. If we have two solid spheres 
having an elastic contact under a normal force (F), the 
spheres are characterized by their radii (R1) and (R2), 
their Young moduli (E1) and (E2) and Poisson  
coefficients (ν1) and (ν2). The contact area is a disc of 
radius “a”. From a mathematical point of view, the 
problem is equivalent to the case of a sphere of radius 
R and Young modulus E pressing onto a plane of  
infinite rigidity, R and E being given by:  
 
 
 
The calculation was published 
by Hertz in 1882 where “a” is : 

Fig.1 : Distribution of electrical contacts Hertz stress 
for 88 connectors families (2011-2019)  

(EQ1) 

(EQ2) 
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Young moduli. Several alloyed silver processes were 
also developed with deposits showing relatively very 
high hardness such as silver-antimony (AgSb) and 
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improved organic or inorganic anti-tarnishing solu-
tions as silver is naturally subject to sulfidation. Im-
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new contact lubricants or low coefficient of friction 
grafted molecules. The objective was to extend silver 
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ized, when gold plated over silver engineering usage 
was limited, for decades, to special electrical switches 
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Now that all these different plating systems are on the 
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The local contact 
pressure at a distance 
“r” from the centre of 
the disc is given by:  
 
The average 
contact pres-
sure is:  

The maximum 
stress within the mate-
rial is in the range of:  
 
Those calculations assume that the deformation of the 
materials are purely elastic, which is not always  the 
case in real world applications, especially for normal 
forces and contact geometries generating very high 
contact pressures. These equations consider that the 
surface state is perfect while in real contacts we have 
always certain level of roughness although it could be 
extremely low. Plated layers could also go through 
partial plastic deformation during mating and un-
mating cycles [10]. Thus, it is commonly noted that a 
contact pressure calculation for connectors is valid for 
a certain specific moment and certain surface state. In 
other words, the contact pressure we are calculating is 
between male and female contacts before durability 
testing. We call that the nominal initial contact pres-
sure. During durability cycles, wear occurs in the con-
tact area resulting in Hertz stress variation, probably 
due to modifications in contacts spot size because of 
elasto-plastic or, eventually, plastic deformation 
[10,11]. For simplification, we always refer to the ini-
tial nominal contact pressure. Finally, Hertz stress 
equations consider only the 2 solids which are homo-
geneous material with well-defined Young Modulus. 
For connectors, we use plated base material and to be 
more representative of reality, we measure and calcu-
late the composite Young Modulus of the total plated 
stack using a nanoindentation technique [11]. This 
methodology is commonly used as it gives more accu-
rate Hertz stress values, which takes into account the 
barrier underlayer plating (nickel in our case) as well 
as the final precious metal(s) layers. 

2 Experimental 

Durability testing was simulated in the laboratory  
using a tribometer and validated, in most of cases, on 
real connector contacts. The tribometer with continu-
ous low-level electrical contact resistance (LLCR) 
measurements is a Bruker UMT3 universal mechani-
cal tester equipped with a mechanical reciprocating 
module. A flat real connector header contact or a flat 
plated specimen were fixed on this lower module. The 
upper module has special hemispherical coupon with 
different radii (between 0.8mm and 1.6mm)  
allowing to simulate different connector terminals re-
ceptacle geometries under different contact pressures. 

A 4-wire system was used to measure ‘dry circuit’ 
contact resistance (Rc). A typical plated hemisphere 
and a schematic representation of the Rc measurement 
principle are shown in Figure 2. All durability tests 
were done according to EIA-364-09C standard. A 
stroke length of ±2mm and a sliding speed of 
25mm/min were used. All platings were deposited us-
ing reel-to-reel plating lines including the flat and the 
hemispherical lab samples. 

  

 

Fig.2 : Typical plated hemipshere used for 
durabllity simulations and wiring setup 

The base material used was a commonly used C70250  
(CuNiSiMg) alloy with 43% IACS conductivity. All 
samples and contacts went through electrochemical 
alkaline degreasing followed by electropolishing be-
fore plating a ductile (26%) 1.5µm ±0.25µm nano-
crystalline nickel. All gold layers used an electroplat-
ed cobalt-hardened gold. Thick gold (Au/Ni) layer 
thicknesses were nominally 0.76µm ±0.1µm while 
flash gold layer thicknesses were 0.07µm ± 0.015µm. 
The Palladium-Nickel (PdNi) layer was plated using a 
low ammonia plating bath to ensure low stress PdNi 
layer, containing 80%Pd and 20%Ni nominal. The 
PdNi layer thickness was 0.69µm ± 0.16µm on con-
tact area. The hard pure silver layers had a thickness 
of 3.2µm ± 0.7µm. The silver-antimony (AgSb) layers 
thicknesses were 2.9µm ±0.4µm and were plated at 10 
A/dm² current density.  They contained ~3% of Anti-
mony (Sb). A Fischer XDV-µ polycapillary X-Ray 
fluorescence spectrometer (XRF) with 25µm spot di-
ameter, was used to measure all plating thicknesses 
and verify base material composition. All samples 
were lubricated using a PerFluoroPolyEther (PFPE) 
lubricant. Scanning Electronic Microscopy (SEM) 
morphological analyses were performed using a 
ZEISS EVO MA-10 SEM at 15 kV operating voltage, 
equipped with an Oxford Instruments XMax EDS 
probe fitted with a 50mm² detector. Plated stack com-
posite Young modulus and composite hardness were 
determined using an Anton Paar NHT3 nanoindenter. 

3 Results 

In this paper we have included the compatibility be-
tween Au/Ni and GF-PdNi as reference systems. We 
have performed 250 mating/unmating simulation  
cycles on hemisphere/flat setup under different  
contact pressures. The compatibility between these 
two plating systems with GCS and GCSb plating  
systems were studied. We provide typical observa-
tions, analysis and SEM micrographs to illustrate the 
methodology of investigation, but we cannot show 
each individual result in this short article, given the 
large number of plating combinations evaluated. 

(EQ3) 

(EQ4) 

(EQ5) 
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3.1 GF-PdNi and Au/Ni platings 

Typical results under 700 MPa are shown in table 3.1 
where we can see the optical images of the interface 
surfaces as well as the SEM/EDS elemental mapping 
of gold and palladium. After 250 mating cycles, when 
0.76µm of Au/Ni plated on flat, we can see gold  
transfer to the 0.76µm GF-PdNi plated hemisphere. 
This local over-thickness of gold explains the dark 
area in the palladium elemental map at the center of 
hemisphere where Pd is masked by Au. We can see 
clearly that no excessive wear is observed and no 
nickel underlayer is exposed, demonstrating in this 
case the full compatibility and intermateability of the 
these two plating systems.   
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Table 3.1: GF-PdNi compatibility with Au/Ni at 
700 MPa of contact pressure 

 
In practice, we always notice that, when hemispheres 
are plated with 0.76µm GF-PdNi and flats are plated 
with 0.76µm of Au/Ni, these two systems are perfect-
ly compatible even at extremely high contact pressure 
such as 1300 MPa or even 1400 MPa. This is what is 
expected of such high durability GF-PdNi plating. To 
illustrate an incompatible case, table 3.2 shows the 
surface wear after 250 durability cycles for a hemi-
sphere plated with Au/Ni and a flat sample plated with 
GF-PdNi, under 1300 MPa, which is a very high nom-
inal initial contact pressure. Visually speaking, we 
could say that surfaces are acceptable as optically we 
still observe the golden color on the hemisphere. But 
we start seeing some greyish shades. That indicates 
that we are close to the nickel underlayer. EDS ele-
mental mapping shows that the remaining yellow 
golden color is the result of an extremely thin layer of 
gold, probably less than 15~20nm thickness. In fact, 

we are starting to expose the nickel underlayer that is 
quite visible with EDS mapping. A quick examination 
of the flat samples shows that we have gold transfer 
from the hemisphere to the flat GF-PdNi surface 
which shows gold over-thickness in some areas on the 
wear track. The exposed nickel underlayer, calculated 
using an image treatment software, is less than 10% 
of the total contact area. This value of 10% of  
exposure is the maximum limit defined by Telcordia 
GR-CORE-1217 standard concerning the wear-
through of contacts noble metallization of separable 
contact interfaces [12]. 
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 Table 3.2 : GF-PdNi compatibility with Au/Ni at 
1300 MPa of contact pressure 

 
Mechanically speaking, we can say that at 1300MPa 
of nominal Hertz stress, the 0.76µm Gold plating on 
female contact is incompatible with 0.76µm GF-PdNi 
for 250 mating/unmating cycles. Indeed, we are start-
ing to have excessive wear. One could argue that re-
maining excessively thin gold layer could be accepta-
ble, because if we examine the evolution of contact 
resistance (Rc) during these 250 mating cycles, shown 
in Figure 3, we can notice that Rc is extremely stable 
and quite low during the entire experiment.  This is a 
positive element in favor of accepting a final residual 
gold layer of a few nm of thickness. Nevertheless we 
can also estimate that such final thin gold layer is not 
enough to protect the electrical contacts against  
corroding and aggressive atmospheric contaminants 
or pollution gases. Consequently, we can consider that 
under 1300MPa of Hertz stress, these two platings are 
incompatible, or, 1300MPa is the maximum contact 
pressure for compatibility. To re-establish this com-
patibility, we should either reduce the maximum 

The local contact 
pressure at a distance 
“r” from the centre of 
the disc is given by:  
 
The average 
contact pres-
sure is:  

The maximum 
stress within the mate-
rial is in the range of:  
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and a schematic representation of the Rc measurement 
principle are shown in Figure 2. All durability tests 
were done according to EIA-364-09C standard. A 
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durabllity simulations and wiring setup 

The base material used was a commonly used C70250  
(CuNiSiMg) alloy with 43% IACS conductivity. All 
samples and contacts went through electrochemical 
alkaline degreasing followed by electropolishing be-
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of 3.2µm ± 0.7µm. The silver-antimony (AgSb) layers 
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morphological analyses were performed using a 
ZEISS EVO MA-10 SEM at 15 kV operating voltage, 
equipped with an Oxford Instruments XMax EDS 
probe fitted with a 50mm² detector. Plated stack com-
posite Young modulus and composite hardness were 
determined using an Anton Paar NHT3 nanoindenter. 

3 Results 

In this paper we have included the compatibility be-
tween Au/Ni and GF-PdNi as reference systems. We 
have performed 250 mating/unmating simulation  
cycles on hemisphere/flat setup under different  
contact pressures. The compatibility between these 
two plating systems with GCS and GCSb plating  
systems were studied. We provide typical observa-
tions, analysis and SEM micrographs to illustrate the 
methodology of investigation, but we cannot show 
each individual result in this short article, given the 
large number of plating combinations evaluated. 
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number of mating/unmating cycles (durability limits), 
change connector contact design to reduce nominal 
contact pressure, reduce normal loads if this is possi-
ble or increase the precious metal layer thicknesses. 

3.2 Au/Ni and GCS platings 

To illustrate the wear behavior of a hard pure silver 
based plating system, we used the GCS plating which 
has a gold flash layer on top surface to protect silver. 
It is important to note that the Young modulus for a 
GCS plating is around 110~115 GPa which is much 
higher than the Young modulus of pure soft silver 
plating which is in the range of 85~90 GPa. We  
expect better shear resistance of GCS plating during 
durability cycling. But GCS still has a lower Young 
modulus than Au/Ni plating which is in the range of 
160~170 GPa. It is also much lower than the modulus 
of GF-PdNi plating which is between 245 and 255 
GPa.  Consequently, for a constant normal force, 
when using a gold plated hemisphere,  replacing the 
GF-PdNi on the flat surface by GCS plating will re-
duce the contact pressure by 200~300 GPa. This 
means, that it is extremely difficult to reach, in real 
GCS plated connectors, such 1300 MPa of Hertz 
stress. In practice, a contact pressure of 1000 MPa is 
considered as extremely high for a silver based plat-
ing system. This is also what explains that for auto-
motive silver plated connectors, we use high normal 
forces which are practically not allowed to be used for 
gold plating. These high normal forces provide 
enough contact pressure to break the blackish silver 
sulfides (Ag2S), formed on silver surface, and retrieve 
the excellent electrical conductivity of silver plating. 
Table 3.3 shows the results, after 250 durability  
cycles, between a hemisphere plated with 0.76µm of 
Au/Ni and a flat plated with GCS, at 700 MPa. Visu-
ally we see significant wear tracks and quite large 
contact area on the gold plated hemisphere. When 
performing elemental mapping on the hemisphere, we 
can notice silver transfer from the flat surface, which 
is expected knowing that silver plating is usually sub-

jected to galling. The presence of a contact lubricant 
has significantly reduced such galling in this case, 
compared to what is historically observed with non-
lubricated silver plating. This silver transfer on the 
hemisphere partially masks the signal of the gold lay-
er where we can see a non-yellow (black) spot. We 
say partially, because EDS mapping of elemental 
nickel shows few nickel spots from the nickel under-
layer 
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  Table 3.3 : Au/Ni compatibility with GCS at  
700 MPa of contact pressure 

 
This limited worn gold zone constitutes less than 5% 
of the total measured contact area and it was not  
systematically observed. We have shown, on purpose, 
the worst case for pedagogical illustration. A quick 
examination of the flat sample shows that we are still 
on the hard silver layer, in all cases, and there is never 
wear-through to the nickel underlayer. A silver layer 
thickness measurement using micro-XRF shows that 
only 60% to 70% of silver was worn after 250 mating 
cycles at 700 MPa. Using GCS and Au/Ni plating 
seems to be a robust option provided that we respect 
certain Hertz stress rules. In other experiments, mat-
ing GF-PdNi to GCS has shown also to give excellent 
results, even better than traditional Au/Ni plating, en-
suring a very high durability plating couple. In prac-
tice, we notice that mating a silver plating contact to a 
non-silver plated contact gives better durability results 

Fig.3 : Contact resistance and coefficient of friction 
evolution during 250 durability cycles between  Au/Ni 
hemisphere and PFPE lubricated GF-PdNi flat under 
1300 MPa of contact pressure. 
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than when it is mated to itself because we have less 
galling and more abrasion [13], which is the most fre-
quent wear mechanism of silver. 
 
3.3 Au/Ni and GCSb platings 

GCSb in this study is a variant of GCS plating. We 
use a silver-antimony (AgSb) alloy instead of pure 
hard silver. This AgSb alloy is known to have much 
higher composite hardness up to 180 Vickers com-
pared to hard pure silver limited to 120~135 Vickers. 
We measured its Young modulus and it is in the range 
of 150 GPa. The presence of an alloying element will 
slightly increase the silver electrical resistivity but we 
still observe very low electrical contact resistance be-
tween hemisphere & flat, as shown in Fig.4 under dif-
ferent contact pressures. Rc remains stable and very 
low at 900 MPa while at 400 MPa and 700 MPa, we 
notice a 3 mΩ average increase, as we have fewer 
contact spots when we reduce Hertz stress. These 
3mΩ could be significant for some power connector 
applications. This is an additional reason to study and 
select the appropriate contact pressure when using dif-
ferent plating systems on male and female contacts.     

This GCSb variant indeed provides better durability in 
several cases given that we have better resistance to 
shear vs. pure silver, as well as higher hardness silver. 
It has been proven that the ratio between hardness and 
Young Modulus is much more correlated to wear ex-
tent than hardness alone [14,15] and consequently this 
is an important difference with GCSb. Table 3.4 pre-
sents the surface wear after 250 durability cycles, at 
900 MPa of Hertz stress between a hard Au/Ni plated 
hemisphere and a GCSb plated flat. The optical high 
resolution photo of hemisphere shows that gold plat-
ing is almost not scratched and the little whitish color 
is the result of silver transfer from flat to hemisphere. 
Concerning flat GCSb plating, the elemental analysis 
micrograph shows that gold is removed but the AgSb 
layer is practically intact and no wear-through is ob-
served to the nickel underlayer. We may think, at this 
stage, that with a harder Silver alloy with superior 
Young modulus, we may be able to use very high con-
tact pressures, observed in many miniaturized con-
nectors nowadays. 
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Table 3.4 : Au/Ni compatibility with GCSb  
(Au/AgSb/Ni) at 900 MPa of contact pressure 

Unfortunately, even when alloying silver (Ag) with 
antimony (Sb), we still observe silver galling occur-
ring, if we try to work in such high Hertz stress range. 
Table 3.5 shows the SEM micrograph of the GCSb 
surface after 250 mating cycles under nominal contact 
pressure of 1200 MPa. 
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Table 3.5 : Au/Ni compatibility with GCSb (Au/ 
AgSb/Ni) at 1200 MPa of contact pressure 

We notice significant silver wear on the track. EDS 
mapping shows that nickel underlayer is exposed. 
Given the limited number of wear debris around the 
wear track, we are probably again under a galling 
wear mechanism coupled to limited abrasion. We 
have flakes of Silver detached from the surface of flat. 

Fig.4 : Contact resistance evolution vs. durability 
cycles between Au/Ni hemispheres & GCSb flats  

number of mating/unmating cycles (durability limits), 
change connector contact design to reduce nominal 
contact pressure, reduce normal loads if this is possi-
ble or increase the precious metal layer thicknesses. 

3.2 Au/Ni and GCS platings 

To illustrate the wear behavior of a hard pure silver 
based plating system, we used the GCS plating which 
has a gold flash layer on top surface to protect silver. 
It is important to note that the Young modulus for a 
GCS plating is around 110~115 GPa which is much 
higher than the Young modulus of pure soft silver 
plating which is in the range of 85~90 GPa. We  
expect better shear resistance of GCS plating during 
durability cycling. But GCS still has a lower Young 
modulus than Au/Ni plating which is in the range of 
160~170 GPa. It is also much lower than the modulus 
of GF-PdNi plating which is between 245 and 255 
GPa.  Consequently, for a constant normal force, 
when using a gold plated hemisphere,  replacing the 
GF-PdNi on the flat surface by GCS plating will re-
duce the contact pressure by 200~300 GPa. This 
means, that it is extremely difficult to reach, in real 
GCS plated connectors, such 1300 MPa of Hertz 
stress. In practice, a contact pressure of 1000 MPa is 
considered as extremely high for a silver based plat-
ing system. This is also what explains that for auto-
motive silver plated connectors, we use high normal 
forces which are practically not allowed to be used for 
gold plating. These high normal forces provide 
enough contact pressure to break the blackish silver 
sulfides (Ag2S), formed on silver surface, and retrieve 
the excellent electrical conductivity of silver plating. 
Table 3.3 shows the results, after 250 durability  
cycles, between a hemisphere plated with 0.76µm of 
Au/Ni and a flat plated with GCS, at 700 MPa. Visu-
ally we see significant wear tracks and quite large 
contact area on the gold plated hemisphere. When 
performing elemental mapping on the hemisphere, we 
can notice silver transfer from the flat surface, which 
is expected knowing that silver plating is usually sub-

jected to galling. The presence of a contact lubricant 
has significantly reduced such galling in this case, 
compared to what is historically observed with non-
lubricated silver plating. This silver transfer on the 
hemisphere partially masks the signal of the gold lay-
er where we can see a non-yellow (black) spot. We 
say partially, because EDS mapping of elemental 
nickel shows few nickel spots from the nickel under-
layer 
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  Table 3.3 : Au/Ni compatibility with GCS at  
700 MPa of contact pressure 

 
This limited worn gold zone constitutes less than 5% 
of the total measured contact area and it was not  
systematically observed. We have shown, on purpose, 
the worst case for pedagogical illustration. A quick 
examination of the flat sample shows that we are still 
on the hard silver layer, in all cases, and there is never 
wear-through to the nickel underlayer. A silver layer 
thickness measurement using micro-XRF shows that 
only 60% to 70% of silver was worn after 250 mating 
cycles at 700 MPa. Using GCS and Au/Ni plating 
seems to be a robust option provided that we respect 
certain Hertz stress rules. In other experiments, mat-
ing GF-PdNi to GCS has shown also to give excellent 
results, even better than traditional Au/Ni plating, en-
suring a very high durability plating couple. In prac-
tice, we notice that mating a silver plating contact to a 
non-silver plated contact gives better durability results 

Fig.3 : Contact resistance and coefficient of friction 
evolution during 250 durability cycles between  Au/Ni 
hemisphere and PFPE lubricated GF-PdNi flat under 
1300 MPa of contact pressure. 
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Unfortunately, alloying Ag with Sb and applying a 
lubricant does not completely offset the galling mech-
anism. Under such high contact pressures, the lubri-
cant layer between male and female contacts becomes 
extremely thin and inefficient to reduce the intrinsi-
cally high coefficient of friction. The flash gold on top 
of AgSb is playing the role of a solid lubricant, same 
as for GF-PdNi, but it is gradually worn during the 
250 durability cycles. The maximum durability cycles 
before wear-through, under different contact pres-
sures, will be published separately. 
 
3.4 Compilation of results & discussion 

After showing above several examples of the investi-
gation methodology, tables 3.6, 3.7 and 3.8 show the 
compilation of all obtained results from a wear com-
patibility point of view. When the intermateability re-
sult case is highlighted in green, this means that no 
wear-through of noble metal layer down to the nickel 
underlayer was observed on both flat and hemisphere 
contacts. When the case is highlighted in red,  it is not 
advised to mate these 2 plating systems together un-
der the specific mentioned contact pressure given we 
have significant wear down to non-noble barrier un-
derlayer. When the intermateability case is highlight-
ed in dual green-orange color or only in orange, it 
means that we have slight wear, less than or close to 
the tolerable 10% of contact area, specified by the 
Telcordia standard. We consider that this is the maxi-
mum contact pressure which we could adopt accord-
ing to application specifications. Table 3.6 shows that 
0.76µm Au/Ni plating is fully compatible with GF-
PdNi up to 1200 MPa of contact pressure, and we 
start seeing wear-through down to the Ni layer of 
Au/Ni plated hemisphere starting 1300 MPa.  

In practice, this value shows also to be the limit for 
250 mating cycles intermateability for Au/Ni plating 
with itself. It is interesting to note that when the flat is 
plated with GF-PdNi, this plating did not show any 
damage as we have gold transfer from the 0.76µm 
thick layer on hemisphere to the flat. When the flat is 
plated with similar Au/Ni plating, the gold transfer is 
mutual and we could observe Nickel exposed spots 
randomly on both hemisphere and flat. This is a 
known electroplated gold wear mechanism but in our 
case, the transfer phenomena seems to be significantly 
increased under high contact pressures. When mating 
a Au/Ni plated hemisphere to a GCS plated flat, the 
compatibility of these two systems is limited up to 
700MPa only and 800MPa is considered as the inflec-

tion point where we should not mate these plating sys-
tems together. We have significant silver transfer from 
flat to hemisphere. What was not expected is the 
transfer of gold from hemisphere to GCS plated flat 
and we observed the first significant nickel underlayer 
exposure of Au/Ni layer at 800 MPa. Lubricant is 
known to reduce galling and flaking extent for metal-
lic coatings, but it seems that gold and silver solid so-
lution is formed under the pressure accelerating the 
transfer (wear) of gold on hemisphere. When plating 
GCSb, these two systems are compatible till 900MPa. 
Nevertheless, we observe in this case more conven-
tional debris on both sides, showing that we have dif-
ferent wear mechanisms between GCS and GCSb. Al-
loying silver with 3% of Sb (Antimony) is generating 
quite a different plating system. When examining Ta-
ble 3.7, we immediately notice that when using a GF-
PdNi plated hemisphere vs. Au/Ni plated flat, we have 
an improvement in wear compatibility between these 

platings. GF-PdNi vs. GF-PdNi shows in this case its 
higher durability, technically speaking, compared to 
other plating systems. Using GF-PdNi plating on 
hemispheres allows us to use GCS plating on flats up 
to 1000 MPa before we observe adhesive wear on the-
se flats. When plating the flat with GCSb, compatibil-
ity with GF-PdNi is up to 1100 MPa and then we start 
observing abrasive wear. Above 1200MPa, we ob-
serve additional oxidation wear beyond abrasion de-
bris which may be the result of localized frictional 
heat generation [13] at such high Hertz stress for these 
two high stiffness platings. Nevertheless, this remains 
a hypothesis as durability tests were conducted at 
moderate sliding speed of 25mm/min and frictional 
heat generation is theoretically minimized. Further 
investigations are ongoing to understand the mecha-
nisms of such oxidation. The results in table 3.8 show 
that when using GCS on the hemisphere, the maxi-
mum contact pressure which can be used is 1000MPa 
when mating to a 0.76µm Au/Ni plating or GCSb on 
flat samples. This is already a very high contact pres-
sure for a silver based plating. It is interesting to no-
tice that when using GF-PdNi flat samples vs. GCS 

Table 3.6 : Compatibility of Au/Ni when plated on 
hemisphere with 3 other plating systems according to 
various contact pressures 

Table 3.7 : Compatibility of GF-PdNi when plated on 
hemisphere with 3 other plating systems according to 
various contact pressures 

Table 3.8 : Compatibility of GCS when plated on 
hemisphere with 3 other plating systems according to 
various contact pressures 
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on hemisphere, we have much less wear, for GCS ev-
idently, compared to the opposite configuration dis-
cussed above. When the flat is plated with GF-PdNi, 
the maximum contact pressure to be used is 800MPa 
while it was 1000MPa in the opposite case. The con-
tinuous solicitation of GCS plating, during 250 dura-
bility cycles, when plated on hemisphere (simulating 
female contacts), leads to continuous galling and 
transfer of silver from hemisphere to flat, resulting in 
faster nickel underlayer exposure which is not desira-
ble for corrosion resistance issues. Another important 
observation is the maximum 700MPa contact pressure 
when GCS is mated to itself. We have in this case 
maximum galling, although attenuated by lubrication. 
Nevertheless, 700MPa with both parts plated with 
GCS is obtained with normal forces which could gen-
erate a contact pressure higher than 1000MPa if the 
plating would have been GF-PdNi or Au/Ni on both 
parts. In other words, using GCS as a plating system 
is still very interesting from an electrical and econom-
ical point of view, provided that connector contact de-
signer would forecast this since the beginning. All the 
plating systems investigated above have various hard-
ness and Young moduli and many results were unex-
pected. All this suggests and confirms that hardness is 
not the main major parameter influencing wear evolu-
tion [16]. Again, it seems that the ratio of hardness to 
Young’s modulus correlates much more accurately to 
the wear behaviour on multi-layered coatings. The 
existing mathematical relationship between this ratio 
(hardness/Young Modulus) and the wear observed on 
our real connectors and the tribological hemi-
sphere/flats will be presented elsewhere. 

4 Conclusions 

We have presented in this investigation work, the  
compatibility ranges for different plating systems ac-
cording to the nominal initial contact pressure of 
sphere/flat contact configuration, up to 250 durability 
(mating/unmating) cycles. The objective was to offer 
connector designers some guidance when developing 
a connector with several plating options, as compati-
bility, in terms of wear resistance, will vary according 
to defined normal force and thus contact pressure. 
This work covered traditional gold plating, the histor-
ical GF-PdNi alternative plating, as well as 2 other 
silver based platings which are used now in the indus-
try. Using asymmetrical platings (different platings on 
male and female contacts) allows higher performance 
and in some cases it can simultaneously reduce plat-
ing costs.           

5  Further inquiries 
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Unfortunately, alloying Ag with Sb and applying a 
lubricant does not completely offset the galling mech-
anism. Under such high contact pressures, the lubri-
cant layer between male and female contacts becomes 
extremely thin and inefficient to reduce the intrinsi-
cally high coefficient of friction. The flash gold on top 
of AgSb is playing the role of a solid lubricant, same 
as for GF-PdNi, but it is gradually worn during the 
250 durability cycles. The maximum durability cycles 
before wear-through, under different contact pres-
sures, will be published separately. 
 
3.4 Compilation of results & discussion 

After showing above several examples of the investi-
gation methodology, tables 3.6, 3.7 and 3.8 show the 
compilation of all obtained results from a wear com-
patibility point of view. When the intermateability re-
sult case is highlighted in green, this means that no 
wear-through of noble metal layer down to the nickel 
underlayer was observed on both flat and hemisphere 
contacts. When the case is highlighted in red,  it is not 
advised to mate these 2 plating systems together un-
der the specific mentioned contact pressure given we 
have significant wear down to non-noble barrier un-
derlayer. When the intermateability case is highlight-
ed in dual green-orange color or only in orange, it 
means that we have slight wear, less than or close to 
the tolerable 10% of contact area, specified by the 
Telcordia standard. We consider that this is the maxi-
mum contact pressure which we could adopt accord-
ing to application specifications. Table 3.6 shows that 
0.76µm Au/Ni plating is fully compatible with GF-
PdNi up to 1200 MPa of contact pressure, and we 
start seeing wear-through down to the Ni layer of 
Au/Ni plated hemisphere starting 1300 MPa.  

In practice, this value shows also to be the limit for 
250 mating cycles intermateability for Au/Ni plating 
with itself. It is interesting to note that when the flat is 
plated with GF-PdNi, this plating did not show any 
damage as we have gold transfer from the 0.76µm 
thick layer on hemisphere to the flat. When the flat is 
plated with similar Au/Ni plating, the gold transfer is 
mutual and we could observe Nickel exposed spots 
randomly on both hemisphere and flat. This is a 
known electroplated gold wear mechanism but in our 
case, the transfer phenomena seems to be significantly 
increased under high contact pressures. When mating 
a Au/Ni plated hemisphere to a GCS plated flat, the 
compatibility of these two systems is limited up to 
700MPa only and 800MPa is considered as the inflec-

tion point where we should not mate these plating sys-
tems together. We have significant silver transfer from 
flat to hemisphere. What was not expected is the 
transfer of gold from hemisphere to GCS plated flat 
and we observed the first significant nickel underlayer 
exposure of Au/Ni layer at 800 MPa. Lubricant is 
known to reduce galling and flaking extent for metal-
lic coatings, but it seems that gold and silver solid so-
lution is formed under the pressure accelerating the 
transfer (wear) of gold on hemisphere. When plating 
GCSb, these two systems are compatible till 900MPa. 
Nevertheless, we observe in this case more conven-
tional debris on both sides, showing that we have dif-
ferent wear mechanisms between GCS and GCSb. Al-
loying silver with 3% of Sb (Antimony) is generating 
quite a different plating system. When examining Ta-
ble 3.7, we immediately notice that when using a GF-
PdNi plated hemisphere vs. Au/Ni plated flat, we have 
an improvement in wear compatibility between these 

platings. GF-PdNi vs. GF-PdNi shows in this case its 
higher durability, technically speaking, compared to 
other plating systems. Using GF-PdNi plating on 
hemispheres allows us to use GCS plating on flats up 
to 1000 MPa before we observe adhesive wear on the-
se flats. When plating the flat with GCSb, compatibil-
ity with GF-PdNi is up to 1100 MPa and then we start 
observing abrasive wear. Above 1200MPa, we ob-
serve additional oxidation wear beyond abrasion de-
bris which may be the result of localized frictional 
heat generation [13] at such high Hertz stress for these 
two high stiffness platings. Nevertheless, this remains 
a hypothesis as durability tests were conducted at 
moderate sliding speed of 25mm/min and frictional 
heat generation is theoretically minimized. Further 
investigations are ongoing to understand the mecha-
nisms of such oxidation. The results in table 3.8 show 
that when using GCS on the hemisphere, the maxi-
mum contact pressure which can be used is 1000MPa 
when mating to a 0.76µm Au/Ni plating or GCSb on 
flat samples. This is already a very high contact pres-
sure for a silver based plating. It is interesting to no-
tice that when using GF-PdNi flat samples vs. GCS 

Table 3.6 : Compatibility of Au/Ni when plated on 
hemisphere with 3 other plating systems according to 
various contact pressures 

Table 3.7 : Compatibility of GF-PdNi when plated on 
hemisphere with 3 other plating systems according to 
various contact pressures 

Table 3.8 : Compatibility of GCS when plated on 
hemisphere with 3 other plating systems according to 
various contact pressures 
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Abstract 

The natural oxide film that forms on tin is approximately 20 nm at most, but it may be less than 10 nm on a newly 
plated surface. Basically, knowledge of the characteristics of oxide films is a prerequisite for calculating the elec-
trical contact resistance. However, for most real connectors, the initial film structure is broken during the connect-
ing action. Therefore, knowledge of the exact characteristics of oxide films has not been considered to be an 
important factor when designing connectors. An attempt was made to calculate the electrical contact resistance of 
tin-plated terminals using analytical models. The construction of such computational analytical models requires 
knowledge of the exact properties of the oxides. In our previous paper, the electronic structure of natural oxide 
films was investigated using soft X-ray absorption near-edge structure (XANES) spectroscopy. In this paper, the 
gradient composition of natural oxide films is mainly described by the depth profile of the natural oxide films on 
the tin-plated layer. The depth profiles were investigated by X-ray photoelectron spectroscopy (XPS). It was as-
sumed that oxides of valence II and IV were the main inclusions in the film. XPS results showed that there was 
much more SnO2 than SnO near the surface at the initial stage.

1 Introduction 

The need to understand the altering state about the ter-
minal surfaces that affect the contact resistance moti-
vated this study. This knowledge is required for com-
putational analysis.  As fretting degradation advances 
in the contact area on the surface of connector termi-
nals, the percentage of the oxide increases. Although 
the sizes and volume of the wear particles change, the 
main cause of the contact resistance seems to be the 
volume fraction of the oxides [1-3]. On the other hand, 
the thickness of the natural oxide film exposed to air 
increase without touching or sliding. While the thick-
ness change was measurable, the composition of the 
film was not clear. It may be altered as a function of 
depth because the diffusion of oxygen is supposed to 
make a ramped composition. Thus, it is hard to define 
the thickness of the films. The measured results indi-
cate just the amount of oxides.  
Several analysis methods were used to investigate the 
composition of the plated tin surface. In previous pa-
pers, the valence of SnOx at the surface of plating at the 
initial stage and the sputtered SnO2 film were measured 
using XPS [4] and Mössbauer spectroscopy [5], re-
spectively. In those cases, at least two valences (II and 
IV) of oxygen were included in the oxide films. In 
those papers, the depth profiles of the oxide films with 
respect to the valences were not performed. Another 
paper previously published describes the inside of the 
fretting debris after sliding, SnO was dominant [1].  
This result was analyzed with scanning transmission 
electron microscope (STEM) and electron diffraction. 
In general, these results were not sufficiently  
 

 
accurate for the computational analytical models. In 
the previous methods (with small scale laboratory size 
facilities), the peak separation of valences II and IV 
was not perfect due to the insufficient amount of oxides. 
We also decided to use a synchrotron radiation beam 
for soft X-ray absorption near-edge structure (XANES) 
spectroscopy which is usually in large scale facilities. 
From the XANES data, the valence state and symmetry 
of the atomic level in the specimens were obtained [6-
13].  Although the method was expected to be highly 
accurate, applying it to thin natural oxide films is still 
challenging [14]. In this paper, the depth profiles of 
XPS analysis were performed. The gradient composi-
tion of SnOx was detected. Basically, the valence II and 
valence IV of SnOx is mixed. Near the surface, the for-
mer ingredient increases and the latter one decreases as 
depth increase. 
 
2 Experimental Methods 

2.1 Prepared specimens 

Three specimens with different aging periods after the 
plating process were prepared: twelve-year-old (No.1), 
two-year-old (No.2) and one-week-old (No.3). A sche-
matic view of the specimens is shown in Fig. 1. The 
backing plate was Cu-alloy which is undercoated with 
Cu. After the plating process, a post-heating process 
(reflow) was applied.  The samples were kept in a la-
boratory. In the area where the lab is located, the aver-
age outdoor ambient temperature and relative humidity 
is around 7 ° C and 75%, respectively. The minimum 
and maximum temperatures were around −15 °C and 
30 °C, respectively. The temperature and humidity in 
the laboratory were not accurately controlled. However, 
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in the day time, the room temperature was controlled at 
around 18 °C–26 °C. 

 

 

 

Fig. 1 Cross-sectional view of the specimens. 

 

2.2 XPS Setups 

The specification of the XPS setups is as follows. The 
X-ray source used was a monochromatic Al-Ka line. It 
can be applied for Li to U atoms. Its accuracy is 0.1 
atomic % minimum. The x-ray spot has a diameter of 
100 µm. The XPS measurement was combined with ar-
gon ion sputtering for depth profiling. 

3 Results and Discussions 

3.1 Measured Spectra 
Figures 2 to 4 show the measured Sn 3d spectra with 
various sputtering cycles. The pseudo-Voikt function 
was used for curve fitting.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 2 XPS of Sn 3d spectra for specimen No. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 XPS of Sn 3d spectra for specimen No. 2. 
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SnOx Gradient Composition Inside Tin-oxide Layer 
Keiji Mashimo 1, Atsushi Shimoyamada 1 and Hirokazu Sasaki 1 

1Furukawa Electric, Advanced Technologies R&D Laboratories. 

Abstract 

The natural oxide film that forms on tin is approximately 20 nm at most, but it may be less than 10 nm on a newly 
plated surface. Basically, knowledge of the characteristics of oxide films is a prerequisite for calculating the elec-
trical contact resistance. However, for most real connectors, the initial film structure is broken during the connect-
ing action. Therefore, knowledge of the exact characteristics of oxide films has not been considered to be an 
important factor when designing connectors. An attempt was made to calculate the electrical contact resistance of 
tin-plated terminals using analytical models. The construction of such computational analytical models requires 
knowledge of the exact properties of the oxides. In our previous paper, the electronic structure of natural oxide 
films was investigated using soft X-ray absorption near-edge structure (XANES) spectroscopy. In this paper, the 
gradient composition of natural oxide films is mainly described by the depth profile of the natural oxide films on 
the tin-plated layer. The depth profiles were investigated by X-ray photoelectron spectroscopy (XPS). It was as-
sumed that oxides of valence II and IV were the main inclusions in the film. XPS results showed that there was 
much more SnO2 than SnO near the surface at the initial stage.

1 Introduction 

The need to understand the altering state about the ter-
minal surfaces that affect the contact resistance moti-
vated this study. This knowledge is required for com-
putational analysis.  As fretting degradation advances 
in the contact area on the surface of connector termi-
nals, the percentage of the oxide increases. Although 
the sizes and volume of the wear particles change, the 
main cause of the contact resistance seems to be the 
volume fraction of the oxides [1-3]. On the other hand, 
the thickness of the natural oxide film exposed to air 
increase without touching or sliding. While the thick-
ness change was measurable, the composition of the 
film was not clear. It may be altered as a function of 
depth because the diffusion of oxygen is supposed to 
make a ramped composition. Thus, it is hard to define 
the thickness of the films. The measured results indi-
cate just the amount of oxides.  
Several analysis methods were used to investigate the 
composition of the plated tin surface. In previous pa-
pers, the valence of SnOx at the surface of plating at the 
initial stage and the sputtered SnO2 film were measured 
using XPS [4] and Mössbauer spectroscopy [5], re-
spectively. In those cases, at least two valences (II and 
IV) of oxygen were included in the oxide films. In 
those papers, the depth profiles of the oxide films with 
respect to the valences were not performed. Another 
paper previously published describes the inside of the 
fretting debris after sliding, SnO was dominant [1].  
This result was analyzed with scanning transmission 
electron microscope (STEM) and electron diffraction. 
In general, these results were not sufficiently  
 

 
accurate for the computational analytical models. In 
the previous methods (with small scale laboratory size 
facilities), the peak separation of valences II and IV 
was not perfect due to the insufficient amount of oxides. 
We also decided to use a synchrotron radiation beam 
for soft X-ray absorption near-edge structure (XANES) 
spectroscopy which is usually in large scale facilities. 
From the XANES data, the valence state and symmetry 
of the atomic level in the specimens were obtained [6-
13].  Although the method was expected to be highly 
accurate, applying it to thin natural oxide films is still 
challenging [14]. In this paper, the depth profiles of 
XPS analysis were performed. The gradient composi-
tion of SnOx was detected. Basically, the valence II and 
valence IV of SnOx is mixed. Near the surface, the for-
mer ingredient increases and the latter one decreases as 
depth increase. 
 
2 Experimental Methods 

2.1 Prepared specimens 

Three specimens with different aging periods after the 
plating process were prepared: twelve-year-old (No.1), 
two-year-old (No.2) and one-week-old (No.3). A sche-
matic view of the specimens is shown in Fig. 1. The 
backing plate was Cu-alloy which is undercoated with 
Cu. After the plating process, a post-heating process 
(reflow) was applied.  The samples were kept in a la-
boratory. In the area where the lab is located, the aver-
age outdoor ambient temperature and relative humidity 
is around 7 ° C and 75%, respectively. The minimum 
and maximum temperatures were around −15 °C and 
30 °C, respectively. The temperature and humidity in 
the laboratory were not accurately controlled. However, 
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Fig. 4 XPS of Sn 3d spectra for specimen No. 3. 

In particular, the Sn (IV) peak was prominent near the 
surface of the No. 3 sample. On the other hand, the 
maximum of Sn (II) peaks in all samples was observed 
at a depth of approximately 1 nm (equivalent to SiO2).  
The O 1s spectra were also measured (See Fig. 5). In 
this case, an additional component was indicated by a 
peak at 532 eV. According to Akgul et al, (2013) [15], 
this component is due to the absorbed OH# group. The 
532 eV peaks were prominent only at the surface in all 
cases. The other two peaks corresponded to the peaks 
of the Sn 3d spectra. Precisely, several amounts of Sn 
(II) and/or Sn (IV) at the surface in these fitting must 
be due to the hydroxides of tin.  
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 XPS of O 1s spectra for specimen No. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Raw profile of Sn 3d spectra  

for specimen No. 3. 
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3.2 Depth Profiles 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 7 XPS depth profile (No.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 XPS depth profile (No.2). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Fig. 9 XPS depth profile (No.3). 

 
The depth profiles of valence II and IV tin oxides are 
shown in Figs. 6 to 9. In Fig. 6, raw intensity is used. 
The values of depth are converted values equivalent to 
SiO2. 
The differences between the old (No.1 and No.2) sam-
ples and the new sample (No.3) are as follows. First, 
the former has a plateau for the SnOx profile, but the 
latter does not. Second, the volume of Sn (IV) is larger 
near the surface of the latter sample than the former.  
The hydroxide profile is not significantly different 
among all samples.  

3.3 Discussions 

In this study, the native oxide films before contact ac-
tion were investigated by XPS. In the practical use of 
connectors, the oxide films are repeatedly destroyed 
and reformed. The sliding action induces plastic flow 
[16], and as fretting progresses, the volume of oxide in 
the plating layer increases. Figure 10 shows the esti-
mated mean value of the native oxide composition in 
each specimen. After fretting degradation has pro-
gressed, the ratio of SnO1-x and SnO2-x is most likely to 
have these values (4:1 to 6:1).   
In practical situations, oxides are continuously pro-
duced as fretting degradation progresses. The growth 
rate of SnO1-x is slow. Therefore, the aging effect does 
not directly affect the material. In other words, the use 
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Fig. 4 XPS of Sn 3d spectra for specimen No. 3. 

In particular, the Sn (IV) peak was prominent near the 
surface of the No. 3 sample. On the other hand, the 
maximum of Sn (II) peaks in all samples was observed 
at a depth of approximately 1 nm (equivalent to SiO2).  
The O 1s spectra were also measured (See Fig. 5). In 
this case, an additional component was indicated by a 
peak at 532 eV. According to Akgul et al, (2013) [15], 
this component is due to the absorbed OH# group. The 
532 eV peaks were prominent only at the surface in all 
cases. The other two peaks corresponded to the peaks 
of the Sn 3d spectra. Precisely, several amounts of Sn 
(II) and/or Sn (IV) at the surface in these fitting must 
be due to the hydroxides of tin.  
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 XPS of O 1s spectra for specimen No. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Raw profile of Sn 3d spectra  

for specimen No. 3. 
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of aged materials does not make a significant differ-
ence in the electrical properties related to the contact 
resistance profile. This scenario is true as long as the 
aging condition is mild enough to prevent matrix dam-
age.  
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Mean value of the oxide composition. 

4 Conclusion 

Native oxide films on plated tin were investigated by 
XPS spectra. The measured results indicate that the 
samples aged at room temperature from 1 week to 12 
years are composed of SnO2−x and SnO1−x mixture. 
From the depth profile of Sn 3d and O 1s spectra, the 
difference between the old and new samples was de-
tected.  The hydroxide profiles among the three sam-
ples were similar to each other. The compositions of 
SnO2-x and SnO1-x were estimated from the depth pro-
files. In the aged samples, the ratio of SnO1-x increases 
(0.15 to 0.20 approximately).  
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Abstract 

In recent years a new high throughput alloy development method based on diffusion couples has been introduced 
[1]. Based on the findings of an extensive study on 35 Cu-based alloy systems, the ternary alloy system Cu-Ni-
Al has been identified as a promising base for the development of new high strength materials with possible 
applications as contact materials. On bulk materials samples, the precipitation hardening process was studied in 
detail and revealed peak hardness values of more than 300 HV. Tensile tests have shown that the material reaches 
more than 10 % strain to rupture. Ongoing research now focuses on improving the alloy composition in order to 
enhance the electric conductivity by fine tuning the Ni : Al ratio and by introducing further alloying elements 
and, thus, a second species of precipitates in the hardening mechanism. 

1 Introduction

Precipitation hardenable Cu-alloys often show an 
excellent combination of hardness and electric 
conductivity. This is based on the combination of the 
particle strengthening mechanism and a relatively 
pure copper matrix with only a small amount of 
residual dissolved alloying elements. Their 
application is widespread. The Cu-Be alloying system 
comprises materials with a particularly beneficial 
combination of high strength and high conductivity. 
Since the application of Cu-Be alloys warrants certain 
precautions during manufacturing in order to prevent 
possible health hazards for human workers, the 
development of new alloys with comparable 
characteristics is imperative. 
In recent years, a new alloy development strategy was 
introduced that provides an alloy screening method 
based on diffusion couples [1]. The method uses base 
alloys which can be solution annealed at a certain 
high temperature. The diffusion-welded couples are 
kept at high temperature for a period of time, e.g. 2 
weeks, until a broad chemical diffusion zone is 
established. The samples are then quenched from the 
solution annealing temperature and subsequently heat 
treated at temperatures between 350 and 500 °C, 
which is a typical temperature range for precipitation 
hardening in copper alloys. The samples are 
subsequently investigated with EDS and micro-
hardness measurements resulting in alloy libraries 
with information on hardenability as a function of 
chemical composition. 35 Cu-based systems have 
been evaluated using this method. 

The systems Cu-Al-Sn-Ti, Cu-Mn-Sn-Ti as well as 
Cu-Co-Fe-Ti [1] [2] [3] have been published so far 
based on this method. One particularly interesting 
alloying system that emerged from these efforts is the 
Cu-Ni-Al system [4]. 
Since diffusion couples only reveal limited 
information on mechanical properties and electric 
conductivity, bulk sample material was cast and 
thermo-mechanically treated to test the macroscopic 
and microscopic properties of individual alloy 
compositions. To this end, ternary Cu-Ni-Al alloys as 
well as quaternary compositions were chosen. The 
latter alloy compositions were engineered with a 
fourth metallic element “Me” partially substituting the 
aluminum content in the base Cu-Ni-Al alloy 
following the formula CuNi15Al(5-X)Me(X) (at.%). 
The elements chosen in this study were Me = Si, Sn, 
Ge, Ti, Zn. The alloying compositions are henceforth 
given in weight %. The ternary alloys comprised a Ni 
content of between 8 % and 18 % and an Al content 
of 1 % to 3 % (rounded to integers). The molar 
Ni : (Al+Me) ratio has been kept as constant as 
experimentally possible. The following Table 1 lists 
the chemical composition of the alloys as determined 
by Glow Discharge Optical Emission Spectroscopy 
(GDOES) analysis. Each value is given as a mean 
value of two individual measurements, taken at both 
ends of the cast bolt. The Ni : (Al+Me) ratio is given 
in atom-% to reflect the stoichiometric ratio of 
possible precipitates. 
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Table 1: Chemical composition of the investigated alloys as measured by GDOES 

Alloy  Ni [wt.%] Al [wt.%] Me [wt.%] Cu [wt.%] Ni/(Al+Me) [at.%] 
CuNi14Al1Si0.6 14.12 1.30 0.62 balance 3.42 
CuNi14Al1Sn3.4 13.73 1.28 3.34 balance 3.09 
CuNi14Al1Ge1.2 13.82 1.30 1.17 balance 3.66 
CuNi13Al2Ti0.4 13.05 2.00 0.41 balance 3.01 
CuNi15Al1Zn1.7 14.57 1.17 1.70 balance 3.59 
CuNi8Al1   8.32 1.29  balance 2.96 
CuNi11Al2 11.28 1.75  balance 2.95 
CuNi15Al2 13.55 2.21  balance 2.82 
CuNi18Al3 17.73 2.83  balance 2.88 

2 Material and Method

The alloys were melted via induction heating in an 
inert atmosphere and cast into copper molds with 
rectangular shaped cavities (150*18*8 mm). 
Following this rapid solidification, a homogenizing 
treatment was conducted in order to dissolve possible 
micro segregation zones. This treatment was 
performed at 900 °C for 12 h in vacuum. The 
treatment in vacuum successfully suppressed the 
formation of oxide layers on the surface, but 
necessitated a slow cooling to room temperature 
inside of the furnace. A second heat treatment under 
nitrogen flux was hence applied at 885 °C for 
30 minutes followed by quenching in water at room 
temperature in order to achieve a solution-annealed 
state (SAS).  
The rectangular bolts were relatively soft (70-
100 HV1 depending on the alloy composition) and 
could be easily cold rolled (CR) into alloy sheets. The 
alloys were sufficiently ductile to endure a reduction 
of up to 80 % without developing cracks. At a sheet 
thickness of 2 mm, the sheets were again solution 
annealed and cold rolled to 1 mm, resulting in a final 
50 % thickness reduction. The subsequent heat 
treatment was performed at 455 °C, 500 °C and 
550 °C, respectively. Hardness and electrical 
conductivity measurements were recorded as a 
function of heat treatment duration time. The heat 
treatment for 1 h was performed in a salt-bath furnace, 
longer heat treatments for up to 1000 h were done in 
air. Peak hardness conditions were chosen for tensile 
test specimens. SEM investigations of the precipitates 
were performed as well. The equilibrium precipitation 
behavior, namely precipitation volume and type, was 
simulated using ThermoCalc® software employing 
the database TCCU2.  
The electrical conductivity was measured using a 
Sigmascope® SMP350 which employs eddy current 
testing at 120 kHz. 
 The microstructure was recorded using a Zeiss 
Gemini SEM and an ESB detector in order to show 
material contrast in the images. The images were 
recorded with a very low acceleration voltage of 2 kV 
in order to record only information from very 

superficial sample volumes. This prevents 
superposition of precipitates from deeper material 
layers in the images. 

3 Results 

3.1 Ternary alloys 

The ternary alloys showed a fast response to heat 
treatment, even after 1 h already a large increase in 
hardness was recorded compared to the cold rolled 
state Figure 1. For a heat treatment at 500 °C 
unanimously the peak hardness was achieved after 
approx. 10 h. The heat treatment at 455 °C resulted in 
comparable hardness values only after approx. 200 h. 
A heat treatment at 550 °C was shown to result in no 
further increase of the hardness compared to the lower 
temperatures. The hardening behavior according to 
Figure 1 reveals a high stability against overaging at 
455 °C. At 500 °C, the hardness diminishes only after 
more than 100 h significantly, while at 455 °C, no 
significant overaging even after more than 1000 h can 
be observed. Only a heat treatment at 550 °C resulted 
in more pronounced overaging. A higher Ni+Al 
content results in a larger precipitation volume and, 
hence, an increased potential for precipitation 
hardening according to ThermoCalc® simulations [1]. 
The precipitate species was dubbed FCC_L12#2 by 
the ThermoCalc® software and is, in fact, the well-
known Ni3Al, or γ‘, intermetallic phase that is 
responsible for the excellent strength of Ni-based 
superalloys [5]. 
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latter alloy compositions were engineered with a 
fourth metallic element “Me” partially substituting the 
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following the formula CuNi15Al(5-X)Me(X) (at.%). 
The elements chosen in this study were Me = Si, Sn, 
Ge, Ti, Zn. The alloying compositions are henceforth 
given in weight %. The ternary alloys comprised a Ni 
content of between 8 % and 18 % and an Al content 
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Figure 1: Influence of chemical composition and 
annealing temperature on the precipitation behavior of 
Cu-Ni-Al alloys at three different temperatures. 

 
Figure 2: Influence of the chemical composition and 
the annealing temperature on the electric conductivity. 

The experimental results confirm these simulations, 
for higher alloy contents, a higher hardness could be 
achieved. CuNi8Al1, for example, achieved 220 HV1 
after 10 h at 500 °C. CuNi15Al2 achieved 285 HV1 
after the same treatment and CuNi18Al3 even 
300 HV1. The drawback of highly alloyed 
compositions is their electric conductivity, which 
follows the opposite trend with 12 %IACS for 
CuNi18Al3 and 19 %IACS for CuNi8Al1 (500 °C, 
10 h). The electric conductivity follows an upwards 
trend during the entire heat treatment and does not 
seem to be closing in on saturation after 1000 h 
(Figure 2). While at 500 °C and 550 °C some 
retardation of the conductivity development is 
apparent after long annealing times, at 455 °C no 
significant slowing is observed and the lower 
temperature conductivity surpasses the higher 
temperature conductivities for some alloys. The 
nature of the precipitates was confirmed by XRD 
measurements to be Ni3Al (not shown here). 

3.2 Quaternary alloy compositions 

Adding a fourth element to the alloy can have an 
impact on the precipitation behavior as well as on the 
overall achievable hardness. The addition of Sn, Si 
and Ti resulted in a higher hardness than similar 
ternary Cu-Ni-Al alloys, but the precipitation kinetics 
were enhanced as well (Figure 3). These alloys 
achieve the peak hardness values already after 1 h 
heat treatment at 455 °C. While the Ti containing 
alloy still shows the same stability against overaging 
as the ternary alloys, the Si and Sn containing 
compositions overage faster. This is particularly valid 
for the Si containing alloy. The alloying of Zn and Ge, 
respectively, does not improve but rather diminishes 
the hardness.  
The electric conductivity shows some interesting 
deviations from the ternary alloys. The Si containing 
composition is especially noteworthy. The 
conductivity rises faster than that of the other alloys.  
 

 
 

 
Figure 3: Development of hardness (a) and electric 
conductivity (b) of quaternary alloy compositions at 
455 °C as a function of time. A comparable ternary 
alloy composition is plotted with dashed line. 
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3.3 Mechanical Properties 

Exemplary tensile test measurements for the ternary 
alloys after a heat treatment for 216 h at 455 °C are 
shown in Figure 4. For each alloy, at least two 
samples were tested with very similar results. They 
showed a high tensile strength, which is in good 
accordance with the results from hardness 
measurements. Additionally they also comprise a high 
ductility of up to 10 % plastic strain and more for the 
alloy CuNi18Al3 with the highest tensile strength and 
even larger plastic strain values for the less alloyed 
compositions. The yield strength values were 
measured to be between 560 MPa and 909 MPa. 
Overall, the ternary alloys showed a similar behavior 
in the tensile test with a constant decrease in strength 
and increase in plastic strain as the content of alloying 
elements is reduced.  
 

 
Figure 4: Tensile test results of ternary alloy 
compositions after a heat treatment at 455 °C for 
216 h 

The quaternary alloys on the other hand showed 
deviations of the deformation behavior in the tensile 
testing curves (Figure 5). While the Zn and Ge 
alloyed compositions still behaved similar to the 
ternary alloys, Si and Sn largely reduced the ductility. 
Ti increased the yield strength significantly. During 
plastic deformation of the Ti alloyed composition no 
further strengthening was detected, but rather 
softening occurred. Table 2 and  
 
Table 3 show the values of the mechanical properties 
for two different heat treatments. The tensile test 
results after a heat treatment for 10 h at 500 °C are 
very similar to the ones after a heat treatment for 
216 h at 455 °C. 

 

 
Figure 5: Tensile test results of quaternary alloy 
compositions after a heat treatment of 216 h at 455 °C 

3.4 Investigation of the 
microstructure 

The investigation of the microstructure, namely the 
quantification of the precipitate development as a 
function of time and temperature, is ongoing. For the 
alloy CuNi15Al2, preliminary results can be seen in 
Figure 6 and Figure 7. For a heat treatment at 500 °C 
for 10 h, an overall homogeneous distribution of 
precipitates was recorded. Only occasionally, coarser 
discontinuous precipitation phenomena were observed 
at grain boundaries (Figure 7). Even after heat 
treatment duration for 1000 h at 455 °C, a 
homogenous distribution of precipitates could be 
observed (Figure 7). The diameter of the precipitates 
was significantly smaller than 100 nm. Again, 
discontinuous precipitation occurred along grain 
boundaries. This phenomenon was more pronounced 
than in the 500 °C/10 h sample of the same alloy.  
Regarding the quaternary alloys, the most noticeable 
influence on the microstructure was observed for Si 
and Ti additions. While Si promoted a much more 
pronounced discontinuous precipitation behavior, Ti 
largely reduced the grain size. 
 

 
Figure 1: Influence of chemical composition and 
annealing temperature on the precipitation behavior of 
Cu-Ni-Al alloys at three different temperatures. 

 
Figure 2: Influence of the chemical composition and 
the annealing temperature on the electric conductivity. 

The experimental results confirm these simulations, 
for higher alloy contents, a higher hardness could be 
achieved. CuNi8Al1, for example, achieved 220 HV1 
after 10 h at 500 °C. CuNi15Al2 achieved 285 HV1 
after the same treatment and CuNi18Al3 even 
300 HV1. The drawback of highly alloyed 
compositions is their electric conductivity, which 
follows the opposite trend with 12 %IACS for 
CuNi18Al3 and 19 %IACS for CuNi8Al1 (500 °C, 
10 h). The electric conductivity follows an upwards 
trend during the entire heat treatment and does not 
seem to be closing in on saturation after 1000 h 
(Figure 2). While at 500 °C and 550 °C some 
retardation of the conductivity development is 
apparent after long annealing times, at 455 °C no 
significant slowing is observed and the lower 
temperature conductivity surpasses the higher 
temperature conductivities for some alloys. The 
nature of the precipitates was confirmed by XRD 
measurements to be Ni3Al (not shown here). 

3.2 Quaternary alloy compositions 

Adding a fourth element to the alloy can have an 
impact on the precipitation behavior as well as on the 
overall achievable hardness. The addition of Sn, Si 
and Ti resulted in a higher hardness than similar 
ternary Cu-Ni-Al alloys, but the precipitation kinetics 
were enhanced as well (Figure 3). These alloys 
achieve the peak hardness values already after 1 h 
heat treatment at 455 °C. While the Ti containing 
alloy still shows the same stability against overaging 
as the ternary alloys, the Si and Sn containing 
compositions overage faster. This is particularly valid 
for the Si containing alloy. The alloying of Zn and Ge, 
respectively, does not improve but rather diminishes 
the hardness.  
The electric conductivity shows some interesting 
deviations from the ternary alloys. The Si containing 
composition is especially noteworthy. The 
conductivity rises faster than that of the other alloys.  
 

 
 

 
Figure 3: Development of hardness (a) and electric 
conductivity (b) of quaternary alloy compositions at 
455 °C as a function of time. A comparable ternary 
alloy composition is plotted with dashed line. 
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Figure 6: Microstructure of the alloy CuNi15Al2 
after 10 h at 500 °C: homogeneous precipitate 
distribution 

 
Figure 7: Microstructure of CuNi15Al2 after a heat 
treatment for approx. 1000 h at 455 °C: 
homogeneously distributed precipitates and coarser 
discontinuous precipitates concentrated 
predominantly at some grain boundaries 

4 Discussion and Outlook 

Despite the fact that as early as 1921 a scientific 
investigation into the Cu-Ni-Al system was published 
by A. A. Read [6], the number of scientific papers 
concerning this system today is small, even more so 
for the alloy range reported here. Important 
contributions to the understanding of the system were 
done by W.O. Alexander [7], who described the phase 
diagram, and H. Böhm [8], who identified the 
precipitates as Ni3Al. Similar as the γ‘-precipitates in 
nickel based superalloys, these precipitates are 
responsible for the superior mechanical properties of 
this alloy system. Presumably, the ordered L12-
structure of these precipitates and their coherent 
orientation to the Cu-matrix govern the mechanical 
behavior. Cutting of ordered precipitates by 
dislocations would cause an anti-phase boundary, 
which increases the internal energy of the system. 
Therefore, dislocation tend to cross slip or to climb 

over the precipitates rather than cutting them. This 
sustains further dislocation movement and thereby 
increases strength. 
The heat treatment employed in this study causes the 
precipitation of such Ni3Al precipitates, which 
promotes strengthening. As a positive side effect of 
the precipitate development, the Cu-matrix is depleted 
in Ni and Al and thus its electric conductivity is 
enhanced. Our results show, that the enhancement of 
the electric conductivity has still not reached 
saturation by the end of the 1000 h heat treatment. A 
possible explanation could be that the precipitation 
process has not reached equilibrium yet and the 
precipitation volume is still growing at this point of 
the process. While we qualitatively observed some 
Ostwald ripening in the SEM pictures, we can 
conclude from the hardness measurements that the 
heat treatment at 455 °C has not resulted in overaging, 
which is an encouraging result regarding the thermal 
stability of the precipitates and the robustness of the 
precipitation treatment in industrial production. 
Further optimization of the heat treatment to speed up 
the precipitation process will be required. 
The tensile tests proved a high residual ductility even 
in peak hardened condition, which is also very 
promising for the technical application of this alloy 
system as a high strength wrought Cu alloy. While the 
electric conductivity leaves something to be desired at 
this point of the research, the results show that there is 
potential for an improvement of the conductivity in 
the future. Especially at lower annealing temperatures, 
more of the dissolved alloying elements seem to be 
precipitated, leading to higher conductivity values at 
conditions closer to the equilibrium state. This 
observation is in good agreement with the simulated 
molar content of precipitate phase [1] where it is clear 
that maximum precipitation volumes are expected 
below 400 °C. Regarding the introduction of further 
alloying elements, silicon seems to accelerate the 
enhancement of electric conductivity significantly. A 
possible explanation of this effect could be that a 
second precipitate species is introduced. For example 
Shen et al. [9] showed the presence of Ni2Si 
precipitates in a CuNi10Al3Si0.8 alloy after a 
precipitation treatment, so the Ni2Si precipitation 
species is a likely candidate in our alloy system as 
well. Ochiai et al. [10] report that in the Ni3Al 
intermetallic phase, some Ni positions can also be 
inhabited by Cu atoms. Since the molar ratio of 
Ni : Al or Ni : (Al+Me) was kept at approx. 3, some 
residual Ni might be left dissolved in the copper 
matrix in favor of Cu atoms in the Ni3Al phase. The 
residual Ni might readily be available to produce 
Ni2Si precipitates, thereby leaving a much cleaner Cu 
matrix behind and hence resulting in higher 
conductivity values. Figure 8 and Figure 9 show 
simulated ternary and quaternary phase diagrams in 
the copper-rich corner of the CuNiAl and CuNiAlSi 
alloy system, respectively. The investigated alloy 
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compositions are depicted in the plots. According to 
the calculation, the ternary compositions are located 
in the two-phase region with a Cu solid solution 
matrix material and Ni3Al precipitates.  
 

 
Figure 8: Simulated isothermal plot of the 
equilibrium phases of the CuNiAl system in the 
copper rich corner at 500 °C including the 
compositions of the experimental alloys. The plot was 
calculated using the Thermocalc® Software and the 
TCCU2 database.  

In the case of the alloy system CuNiAlSi, more 
phases are predicted. According to the simulation, our 
experimental alloy CuNi14Al1Si0.6 is located in the 
three-phase region, where the matrix consists of Cu 
solid solution and Ni3Al as well as Ni19Si6 precipitates 
are present. An XRD measurement on a sample of 
alloy CuNi14Al1Si0.6 aged at 455 °C for 1024 h did 
not yield a conclusive result on the presence of a 
nickel-silicide phase, it did however reveal the 
presence of Ni3Al. Further investigations, for example 
TEM-experiments, would be necessary to prove the 
presence  of a second precipitate phase, but based on 
the literature and the calculation shown here, it seems 
possible that a nickel silicide phase is precipitated in 

the CuNi14Al1Si0.6 alloy. 

 
 Figure 9: Simulated isothermal plot of the 
equilibrium phases of the CuNiAlSi system at a Si-
content of 0,62 wt.% in the copper rich corner at 
500 °C including the compositions of the 
experimental alloys. The plot was calculated using the 
Thermocalc® Software and the TCCU2 database. 

The scientific description of the exact precipitate 
development is currently under investigation and 
crucial for the optimization of the alloy composition. 
The minimum duration for the heat treatment to 
achieve peak hardness values depends on temperature 
and alloy composition. Higher amounts of alloying 
elements result in higher precipitation volumes and, 
as would be expected, to higher achievable hardness 
values. Judging from the results shown here, a heat 
treatment for 10 h at 500 °C seems to be beneficial for 
technical applications, although preliminary results 
suggest that higher degrees of initial cold rolling 
might further optimize the results. Adding Sn, Si or Ti 
can influence the response to heat treatment 
significantly. 
    
 
 

Table 2: Tensile test results for a heat treatment at 500 °C and 10 h 

Alloy Rm [MPa] Rp0.2 [MPa] A [%] 
CuNi14Al1Si0.6   821 ± 15 632 ± 40   4.5 ± 1.4 
CuNi14Al1Sn3.4   948 ± 1 823 ± 9   7.8 ± 0.5 
CuNi14Al1Ge1.2   819 ± 4 622 ± 2 22.0 ± 0.5 
CuNi13Al2Ti0.4   934 ± 2 850 ± 15 17.0 ± 0.8 
CuNi15Al1Zn1.7   702 ± 5 511 ± 5 18.9 ± 2.0 
CuNi8Al1   712 ± 1 536 ± 4 21.2 ± 0.5 
CuNi11Al2   790 ± 5 641 ± 7 18.4 ± 2.6 
CuNi15Al2   914 ± 3 755 ± 2 20.0 ± 0.5 
CuNi18Al3 1002 ± 2 889 ± 15 13.8 ± 2.0 

 
 

 
Figure 6: Microstructure of the alloy CuNi15Al2 
after 10 h at 500 °C: homogeneous precipitate 
distribution 

 
Figure 7: Microstructure of CuNi15Al2 after a heat 
treatment for approx. 1000 h at 455 °C: 
homogeneously distributed precipitates and coarser 
discontinuous precipitates concentrated 
predominantly at some grain boundaries 

4 Discussion and Outlook 

Despite the fact that as early as 1921 a scientific 
investigation into the Cu-Ni-Al system was published 
by A. A. Read [6], the number of scientific papers 
concerning this system today is small, even more so 
for the alloy range reported here. Important 
contributions to the understanding of the system were 
done by W.O. Alexander [7], who described the phase 
diagram, and H. Böhm [8], who identified the 
precipitates as Ni3Al. Similar as the γ‘-precipitates in 
nickel based superalloys, these precipitates are 
responsible for the superior mechanical properties of 
this alloy system. Presumably, the ordered L12-
structure of these precipitates and their coherent 
orientation to the Cu-matrix govern the mechanical 
behavior. Cutting of ordered precipitates by 
dislocations would cause an anti-phase boundary, 
which increases the internal energy of the system. 
Therefore, dislocation tend to cross slip or to climb 

over the precipitates rather than cutting them. This 
sustains further dislocation movement and thereby 
increases strength. 
The heat treatment employed in this study causes the 
precipitation of such Ni3Al precipitates, which 
promotes strengthening. As a positive side effect of 
the precipitate development, the Cu-matrix is depleted 
in Ni and Al and thus its electric conductivity is 
enhanced. Our results show, that the enhancement of 
the electric conductivity has still not reached 
saturation by the end of the 1000 h heat treatment. A 
possible explanation could be that the precipitation 
process has not reached equilibrium yet and the 
precipitation volume is still growing at this point of 
the process. While we qualitatively observed some 
Ostwald ripening in the SEM pictures, we can 
conclude from the hardness measurements that the 
heat treatment at 455 °C has not resulted in overaging, 
which is an encouraging result regarding the thermal 
stability of the precipitates and the robustness of the 
precipitation treatment in industrial production. 
Further optimization of the heat treatment to speed up 
the precipitation process will be required. 
The tensile tests proved a high residual ductility even 
in peak hardened condition, which is also very 
promising for the technical application of this alloy 
system as a high strength wrought Cu alloy. While the 
electric conductivity leaves something to be desired at 
this point of the research, the results show that there is 
potential for an improvement of the conductivity in 
the future. Especially at lower annealing temperatures, 
more of the dissolved alloying elements seem to be 
precipitated, leading to higher conductivity values at 
conditions closer to the equilibrium state. This 
observation is in good agreement with the simulated 
molar content of precipitate phase [1] where it is clear 
that maximum precipitation volumes are expected 
below 400 °C. Regarding the introduction of further 
alloying elements, silicon seems to accelerate the 
enhancement of electric conductivity significantly. A 
possible explanation of this effect could be that a 
second precipitate species is introduced. For example 
Shen et al. [9] showed the presence of Ni2Si 
precipitates in a CuNi10Al3Si0.8 alloy after a 
precipitation treatment, so the Ni2Si precipitation 
species is a likely candidate in our alloy system as 
well. Ochiai et al. [10] report that in the Ni3Al 
intermetallic phase, some Ni positions can also be 
inhabited by Cu atoms. Since the molar ratio of 
Ni : Al or Ni : (Al+Me) was kept at approx. 3, some 
residual Ni might be left dissolved in the copper 
matrix in favor of Cu atoms in the Ni3Al phase. The 
residual Ni might readily be available to produce 
Ni2Si precipitates, thereby leaving a much cleaner Cu 
matrix behind and hence resulting in higher 
conductivity values. Figure 8 and Figure 9 show 
simulated ternary and quaternary phase diagrams in 
the copper-rich corner of the CuNiAl and CuNiAlSi 
alloy system, respectively. The investigated alloy 
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Table 3: Tensile test results for a heat treatment at 455 °C and 216 h 

Alloy Rm [MPa] Rp0.2 [MPa] A [%] 
CuNi14Al1Si0.6   802 566 ± 22 11.2 ± 0.3 
CuNi14Al1Sn3.4   904 ± 3 715 ± 4   8.2 ± 1.2 
CuNi14Al1Ge1.2   816 ± 2 630 ± 3 20.7 ± 0.4 
CuNi13Al2Ti0.4   921 ± 4 819 ± 1 16.5 ± 0.3 
CuNi15Al1Zn1.7   718 ± 1  547 ± 5 20.9 ± 1.2 
CuNi8Al1   726 ± 1  562 ± 1 19.8 ± 0.5 
CuNi11Al2   815 ± 1 657 ± 5 18.6 ± 0.4 
CuNi15Al2   925 ± 3 768 18.5 ± 0.4 
CuNi18Al3 1025 ± 3 909 ± 3 11.2 ± 1.5 
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Abstract 
 
Requirements for electrical contact surfaces in automotive connectors undergo a tremendous change when having 
a look on new applications like electric engine connections, charger terminals for charging E-vehicles, electrical 
lighting terminations etc.. New silver alloys show exceptional temperature stability combined with a higher hard-
ness. Therefore, they are more stable over lifetime and ensure a consistent property profile. In comparison to pure 
silver coatings, critical changes in the microstructure do not occur. Metallurgical and physical processes within the 
coating and its interfaces, which are typically observed during harsh environment qualifications and as a result 
significantly affecting the performance, are successfully suppressed by these new silver alloys.   
The present study demonstrates contact coatings solutions like low alloyed silver-coatings (Ag) and Ag-Sn Multi-
layer coatings for use in the newer and harsher applications required for automotive connectors in comparison to 
pure silver surfaces. Depending on the composition, they can also replace noble metal coatings. 
 
 
1 Introduction 
 
The standard contact surfaces for connector contacts in 
automotive applications at elevated temperatures be-
tween 130 – 160 °C today are pure Ag-coatings with a 
nickel-underlayer when using Ag above 140°C. 
 
In addition, Ag-coatings are the favored solution for 
high vibration load and power applications. Beside this 
Ag shows the best cost/performance relation and for 
metals the highest electrical conductivity. Nickel (Ni) 
is the simplest and most effective barrier layer. The dis-
advantages of pure Ag-films are the tendency to cold 
welding, tarnishing as well as the propensity towards 
material migration. Special passivation solutions to 
overcome these disadvantages are available, but their 
effectiveness is limited and a high and/or uncontrolled 
amount or thickness of these chemicals or the metal 
film can cause severe electrical problems. 
 
Several investigations with pure Ag-coatings after ag-
ing at temperatures above 160°C result in a decrease in 
coating hardness due to recrystallisation. Above 180°C 
oxygen is diffusing along the grain boundaries in the 
Ag-coating leading to an inner oxidation of the under-
layers like Ni or Copper (Cu) resulting in foreign oxide 
film formation and peeling [1, 2] (Figure 4). 
 
 
The trend for higher temperatures in the contact point 
of connector contacts is driven by a higher packaging 

densities and high currents as seen in electric vehicles 
as well as ongoing miniaturisation. Maximum temper-
atures up to 180-200°C for over 1000h are being de-
manded for automotive applications, meaning solutions 
must be developed. The mating cycle requirement for 
standard applications is >50 and for charger terminals 
> 10.000 which then call for more robust coatings. 
 
Simple modifications of Ag-coatings with alloying 
small amounts of Sb, Ni, Cu, Te or organic additives 
result in so called “hard-Ag-coatings”. These hard-Ag 
variants are available today. The goals of these low- or 
micro alloyed surfaces are to increase the film hardness 
(Table 1) and the wear resistance. They can withstand 
high vibration load. What is not achievable with these 
measures is the mitigation of the recrystallisation pro-
cess and therefore the hardness stability at elevated 
temperatures, the cold-welding behavior and the ten-
dency for tarnishing. An additional passivation film is 
almost always necessary. The problem of the diffusion 
of oxygen along the grain boundaries is also not solved 
with these hard-Ag variants. 
 
 
 
 
 
 
 
 
 
 

Table 3: Tensile test results for a heat treatment at 455 °C and 216 h 

Alloy Rm [MPa] Rp0.2 [MPa] A [%] 
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Hard-Ag Hardness HV 

Ag (30)-90 

AgSb2 130-170 

AgTe2 100-120 

AgNi0,15 70-100 

AgCu3 130-160 

Ag bright 80-130 

Ag (org. add.) 80-110 

AgPd 1-8 80-310 

Tab. 1: Coating hardness of hard-Ag films in the as 
plated condition (load indentation measurement). 
 
 
Some years ago, ideas to implement an “oxygen trap” 
in combination with an underlayer like Ni were leading 
to sandwich-coatings which were optimized over time 
[2,3,4]. Contact surfaces often use the element tin (Sn) 
which is highly oxygen-affine and offers in combina-
tion with Ag and Ni, depending on their coating thick-
nesses and the kind of combination, a lot of possibili-
ties. Sn reacts with Ag and Ni and forms different in-
termetallic phases, which help to obtain a wide variety 
of coating properties, fulfilling certain requirements for 
different applications, including: good temperature sta-
bility at temperatures up to 200°C for E-mobility appli-
cations, reduced whisker risk in press-fit connections 
for nearly all PCB-types and a higher wear resistance 
for components with up to 50 mating cycles. The key 
factors for these behaviors are due to the above men-
tioned intermetallics in combination with the thickness 
of the coatings, correlations and sequences of the mul-
tilayers or an alloy / co-deposition of the elements as 
well as additional temper processes after plating [3]. 
 
The precondition for forming chemically stable compo-
site coatings during the production processes is depos-
iting the correct stoichiometric matrix or depositing the 
correct layers in sequence or/and thickness of the ele-
ments, followed by a temper process such as reflow, 
which matches with the element correlations condi-
tions. Temper processes, whether inline or in a separate 
oven, and especially when selective, are challenging 
and depend on the melting temperature and compo-
nent/part design. 
 
Electroplating, being the favored selective plating tech-
nology, allows the deposition of nearly all noble metals 
as single layers. Layer systems with Palladium (Pd), 
such as NiPd or Pd/Ni/Ag, are well known for decora-

tive parts and electronic components. Micro alloyed al-
loy-coatings like the hard-silver variants or AuCo will 
be used in several applications. 
Pure Pd is in use for decorative features, in electronic 
applications Pd is well known as a flash or a really ef-
fective barrier layer. Sandwich layers like Ni/Pd/Au are 
used in Leadframe applications as whisker reducing 
and bondable surfaces [5]. AgPd is implemented with 
30-50%Pd as a contact material in relays and switches. 
Pd shows a good resistance against sulfidation and elec-
tromigration. Alloys with a high Pd-content tend to pol-
ymerize (brown-powder effect), which can induce high 
transition resistance. 
 
The goal of the solution described in this paper is to 
deposit a high temperature resistant, low alloyed hard-
Ag coating, which offers all advantages to pure Ag and 
eliminates the negative effects of pure Ag and Pd. The 
main coating properties for connector contacts like con-
tact resistance and the mating cycle / wear behavior will 
be compared to the above mentioned sandwich layer 
coatings.  

2 Fundamental 
 
The hardening mechanisms of metals include disper-
sion hardening, solid solution hardening, precipitation 
hardening, fine grain hardening and hardening by form-
ing. For coatings fine grain, solid solution, diffusion 
and dispersion hardening as well as in some cases also 
hardening by additional forming will be used. Diffusion 
hardening is a possibility specially for sandwich layers 
with appropriate layer combinations in addition with 
reflow or other temper processes. 
 
By combining the elements Ni, Sn and Ag, hardening 
can be achieved by forming a solid solution during the 
code position of the elements with or without a temper 
process or by initiating diffusion between the layer se-
quences. The various intermetallic phases are then re-
sponsible for the hardening mechanisms [3]. 
 
Coatings with intermetallic layers show mostly a high 
hardness, sometimes 2-10 times harder than the indi-
vidual element layers. This is often combined with a 
kind of brittleness, so forming after plating is not re-
commended. Intermetallic phases show a good chemi-
cal resistance and a high melting point. They are very 
stable and therefore suitable for use at elevated temper-
atures. Unfortunately, the electrical conductivity is 
lower in comparison to pure metals and the solderabil-
ity usually bad. The temper processes used to initiate 
the diffusion processes affect wider areas over the part 
or strip and therefore, also areas which ideally 
shouldn`t be exposed like partially Sn-coated regions or 
Ni/Au(Co) coatings. This was the reason to search for 
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other solutions which don`t need this additional heating 
step. 
 
 
The use of Pd as an element in coatings for electrome-
chanical components has been known for a long time. 
Pd belongs to the group of Pt-metals. It is very corro-
sion resistant in air and acids and will be therefore used 
as a flash or diffusion barrier [5]. 
 
Electroplated Pd is well known for its tendency to form 
micro cracks at higher coating thicknesses, which is 
caused by its high absorption capacity for hydrogen and 
the combined phase transition. In combination with Ag, 
Pd forms a gapless solid solution (Figure 1). This al-
lows a deposition in nearly every composition and in-
creases the hardness without any additional temper pro-
cess. This is the reason why this alloy system is suitable 
for selective plating. Pd has one disadvantage: it de-
creases the electrical conductivity of Ag with an impact 
on the contact resistance (Figure 2), which has to be 
taken into consideration, especially depending on the 
application and the contact normal force when choos-
ing the alloying element content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The challenge is to create an electrolyte composition 
with the 2 elements and additives, which is stable in its 
tolerated range without any ageing phenomena, and 
which has suitable and economic process parameters 
with high performance: 
 
- Almost identical electrical behaviour like Ag 
- Better temperature stability without recrystal-

lisation, softening and O2-diffusion 
- Low insertion forces without passivation / no 

cold welding and galling 
- No tarnishing without passivation 
- Better wear resistance and therefore higher 

max. mating cycles  
- Good performance in mixed paired connectors 

- Cross compatibility with Ag, Au, Sn, 
NiPd/Au-flash 

- No significant cost increase compared to hard-
Ag 

-  Better vibration resistance including fulfilling 
SG4-vibration level and higher 

 
In 2014 a new electrolyte for the deposition of AgPd-
alloy coatings in the range between 4-10%Pd was de-
veloped [7, 8, 9].  
 
Due to cost reasons a very thin AgPd-coating thickness 
was achieved which involves an additional Ni interme-
diate layer to fulfil the mating cycles specifications. 
 

 
 
 
 
The price increase for Pd has been severe during the last 
years and geometric / design related deposition effects 
during reel-to-reel plating with the first AgPd-electro-
lyte resulted in the decision to optimize the AgPd-elec-
trolyte. An additional goal was also to reduce metal cost 
which means a new electrolyte with less Pd-content in 
the coating. 

3 Coating properties 
 
The tribological behaviour of a coating combined with 
the electrical properties are most important for con-
nector contacts. These along with the adhesion are 
strongly related to the coating microstructure, crystalli-
zation structure and layer sequence.  For Ni/Ag/Sn-
multilayer coatings the layer thickness ratio, the se-
quence and the temper condition for the diffusion pro-
cess are additional influencing factors. For co-depos-
ited alloy-coatings these are the electrolyte formula-
tion, the alloying content and the plating parameters. 
 
 

Fig. 1: Phase Diagramm Ag-Pd [6]. 

Fig. 2: Ag-alloys and the influence of different alloying  
elements on the electrical resistance [10]. 

Hard-Ag Hardness HV 

Ag (30)-90 

AgSb2 130-170 

AgTe2 100-120 

AgNi0,15 70-100 

AgCu3 130-160 

Ag bright 80-130 

Ag (org. add.) 80-110 

AgPd 1-8 80-310 

Tab. 1: Coating hardness of hard-Ag films in the as 
plated condition (load indentation measurement). 
 
 
Some years ago, ideas to implement an “oxygen trap” 
in combination with an underlayer like Ni were leading 
to sandwich-coatings which were optimized over time 
[2,3,4]. Contact surfaces often use the element tin (Sn) 
which is highly oxygen-affine and offers in combina-
tion with Ag and Ni, depending on their coating thick-
nesses and the kind of combination, a lot of possibili-
ties. Sn reacts with Ag and Ni and forms different in-
termetallic phases, which help to obtain a wide variety 
of coating properties, fulfilling certain requirements for 
different applications, including: good temperature sta-
bility at temperatures up to 200°C for E-mobility appli-
cations, reduced whisker risk in press-fit connections 
for nearly all PCB-types and a higher wear resistance 
for components with up to 50 mating cycles. The key 
factors for these behaviors are due to the above men-
tioned intermetallics in combination with the thickness 
of the coatings, correlations and sequences of the mul-
tilayers or an alloy / co-deposition of the elements as 
well as additional temper processes after plating [3]. 
 
The precondition for forming chemically stable compo-
site coatings during the production processes is depos-
iting the correct stoichiometric matrix or depositing the 
correct layers in sequence or/and thickness of the ele-
ments, followed by a temper process such as reflow, 
which matches with the element correlations condi-
tions. Temper processes, whether inline or in a separate 
oven, and especially when selective, are challenging 
and depend on the melting temperature and compo-
nent/part design. 
 
Electroplating, being the favored selective plating tech-
nology, allows the deposition of nearly all noble metals 
as single layers. Layer systems with Palladium (Pd), 
such as NiPd or Pd/Ni/Ag, are well known for decora-

tive parts and electronic components. Micro alloyed al-
loy-coatings like the hard-silver variants or AuCo will 
be used in several applications. 
Pure Pd is in use for decorative features, in electronic 
applications Pd is well known as a flash or a really ef-
fective barrier layer. Sandwich layers like Ni/Pd/Au are 
used in Leadframe applications as whisker reducing 
and bondable surfaces [5]. AgPd is implemented with 
30-50%Pd as a contact material in relays and switches. 
Pd shows a good resistance against sulfidation and elec-
tromigration. Alloys with a high Pd-content tend to pol-
ymerize (brown-powder effect), which can induce high 
transition resistance. 
 
The goal of the solution described in this paper is to 
deposit a high temperature resistant, low alloyed hard-
Ag coating, which offers all advantages to pure Ag and 
eliminates the negative effects of pure Ag and Pd. The 
main coating properties for connector contacts like con-
tact resistance and the mating cycle / wear behavior will 
be compared to the above mentioned sandwich layer 
coatings.  

2 Fundamental 
 
The hardening mechanisms of metals include disper-
sion hardening, solid solution hardening, precipitation 
hardening, fine grain hardening and hardening by form-
ing. For coatings fine grain, solid solution, diffusion 
and dispersion hardening as well as in some cases also 
hardening by additional forming will be used. Diffusion 
hardening is a possibility specially for sandwich layers 
with appropriate layer combinations in addition with 
reflow or other temper processes. 
 
By combining the elements Ni, Sn and Ag, hardening 
can be achieved by forming a solid solution during the 
code position of the elements with or without a temper 
process or by initiating diffusion between the layer se-
quences. The various intermetallic phases are then re-
sponsible for the hardening mechanisms [3]. 
 
Coatings with intermetallic layers show mostly a high 
hardness, sometimes 2-10 times harder than the indi-
vidual element layers. This is often combined with a 
kind of brittleness, so forming after plating is not re-
commended. Intermetallic phases show a good chemi-
cal resistance and a high melting point. They are very 
stable and therefore suitable for use at elevated temper-
atures. Unfortunately, the electrical conductivity is 
lower in comparison to pure metals and the solderabil-
ity usually bad. The temper processes used to initiate 
the diffusion processes affect wider areas over the part 
or strip and therefore, also areas which ideally 
shouldn`t be exposed like partially Sn-coated regions or 
Ni/Au(Co) coatings. This was the reason to search for 
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3.1 Microstructure of coatings 
 
Sandwich-layers like Ni/Ag/Sn and Ni/Sn/Ag differen-
tiate in the top-layer, which can be manipulated by tem-
per processes (Figure 3). The results are different sur-
face microhardnesses, different coefficients of friction 
and behaviour in various atmospheres. 
 
A free thin Sn top-layer in the combination with 
Ni/Ag/Sn acts as a „metallic“ lubricant to reduce the 
coefficient of friction and ensures low contact re-
sistance values. On the other hand, free tin increases the 
whisker risk and shows a tendency for fretting corro-
sion, which limits the use under vibration load. 
 
By varying the reflow-conditions the Sn-film can be re-
duced to small single Sn-islands embedded in the 
Ag3Sn-intermetallic. This situation reduces the fretting 
behaviour and the whisker risk. 
In the layer sequence Ni/Sn/Ag the typical Ag-surface 
properties correspond with the Sn-intermediate layer, 
which acts as an oxygen-catcher. Oxygen can no longer 
penetrate through the whole layer sequence and there-
fore inhibits peeling-off (Figure 4). Due to diffusion 
induced recrystallisation (DIR) of the AgSn-intermetal-
lic phases, Sn is diffusing along the grain boundaries of 
Ag and blocks the oxygen. The typical recrystallisation 
and grain coarsening for Ag at elevated temperatures 
cannot be eliminated by this measure. Passivation to 
avoid cold welding is still necessary.  
 
Both layer combinations ensure a higher stability at el-
evated temperatures up to 180°C due to the formation 
of the Ag3Sn- and Ni3Sn4-intermetallic during an addi-
tional temper process. Ag3Sn as a top-layer is diffusion 
resistant against oxygen and shows a stable grain struc-
ture at higher temperatures. 
 
 
 
 
 
 

 
 
 
The co-deposition of Ag with an additional element in 
low concentrations like Sb, Te, Ni or Cu are well 
known as hard-Ag coatings. Depending on the element 
the hardness of the coating in the initial condition can 
be increased up to 180 HV. This hardness increase is 
not durable since recrystallisation and grain coarsening 
of Ag cannot be stopped with these elements.  
 

The deposition of a low-alloyed AgPd-coating with a 
Pd-content <4% shows even a high hardness up to 200 
HV        and a nanocrystalline crystallization structure 
but does not   change its behaviour up to temperatures 
of 200°C (Figure 5). Here, an additional passivation is 
not necessary. The new developed electrolyte provides 
a good throwing power and reproduces the base mate-
rial`s topography. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 Coating hardnesses 
 
The coating microhardness is an important factor influ-
encing the contact resistance and wear resistance dur-
ing mating-/unmating cycles and under vibration load. 
Using a Ni/Ag/Sn-sandwich coating the portion of free 
tin and the ration Sn: Ag as well the Ag-layer thickness 
in combination with the reflow parameters are all criti-
cal. They are responsible for the formation of the 
Ag3Sn-IMP and the portion of residual free tin, which 
defines the surface properties in the application and 
during use. The relevant parameters in an AgPd-alloy 
coating include the Pd-content and the amount of addi-
tives and grain refiner and the coating thickness. The 
hardening effect of the Ag-matrix by alloying with Pd 
is more effective in comparison to the diffusion hard-
ening with Sn and results in comparable values already 
at only >4 w% Pd. 

3.3 Electrical Behavior 
 
The coating hardness, the surface roughness and topog-
raphy, the contact normal force, the coating composi-
tion with its contamination film, the contact design and 

Fig. 3: Layer structure and microstructure of multilayer 
coatings: a) Ni/Ag/Sn initial, b) dto. after reflow, c) 
Ni/Sn/Ag initial. 

a  b     c 

Fig. 4: Diffusion mechanisms in Ni/Ag- and  Ni/Sn/Ag-
coatings at 180°C [1]. 

Fig. 5: Crystallization structure and surface microstruc-
ture of a hard-AgPd coating on a formed contact dome. 
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the contact pairs are all responsible for the contact re-
sistance behaviour. 
Standard Ag-coatings and hard-Ag coatings show a 
wide range of variations in their contact resistance val-
ues in the as plated condition depending on the used 
electrolytes and qualities (Figure 6). During tempera-
ture load, within the typical temperature range used to-
day, the difference in between the single qualities in-
creases. The reasons for this behaviour are the tendency 
for recrystallisation and softening beside the various 
additives, as well as the grain refiner and the varying 
electrolyte chemistry of the manufacturer. Organic ad-
ditives and some of the alloying elements are diffusing 
during the aging process to the top of the surface and as 
a result increasing the contact resistance in a significant 
way (fig. 6b). The necessity for a clear definition of a 
hard-Ag coating will be essential.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Alloy-hardened coatings and diffusion hardened multi-
layer surfaces show a totally different behaviour. In the 
initial condition pure single metal-films, like Sn and 
Ag, have the better electrical behaviour in comparison 
to their alloyed variants. Intermetallic layers, which are 
precisely adjusted or grown during use at elevated tem-
peratures, even with their high hardness and specific 
crystal structure, have some disadvantages compared to 
alloyed / codeposited coatings (Figure 7). Contact re-
sistance values of AgPd-coatings are leveling during 
temperature load at a low level compared to the initial 
condition, independent of the coating thickness. The 

reason for this behaviour can be due to a grain-reorien-
tation or a small softening effect; grain growth or a kind 
of recrystallisation could not be seen here. 

 
 
 
 
 
Serial production requires reproducible coating proper-
ties and therefore constant process parameters, espe-
cially the current density and agitation. Both are the 
most influencing parameters for the variation and abso-
lute value of the contact resistance and alloy-element 
content (Figure 8) during co-deposition of two or more 
elements. Background for this statement is the current 
density depended incorporation of Pd, the crystalliza-
tion structure and the roughness of the surface coating. 
The impact on the process parameters shows the run of 
the contact resistance over the contact normal force, 
which correlates with the Pd-content. Selective plating 
on prestamped parts requires therefore a considerable 
process effort and specific agitation conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6: Static contact resistance of different Ag-coat-
ings measured under dry-circuit conditions (4-point 
resistance method with rider-on-flat samples). 

Fig. 7: Contact resistance values of Ag-based coating 
systems in the initial condition and after 1000h aging 
measured under dry-circuit conditions with rider-on-
flat samples paired with pure Ag. 

Fig. 8: Variation of contact resistance of AgPd-surfaces 
with a content of 0,8% (Var.1) up to 4 weight% Pd de-
pending on the choosen plating parameters in the initial 
condition. 
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face microhardnesses, different coefficients of friction 
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Ni/Ag/Sn acts as a „metallic“ lubricant to reduce the 
coefficient of friction and ensures low contact re-
sistance values. On the other hand, free tin increases the 
whisker risk and shows a tendency for fretting corro-
sion, which limits the use under vibration load. 
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duced to small single Sn-islands embedded in the 
Ag3Sn-intermetallic. This situation reduces the fretting 
behaviour and the whisker risk. 
In the layer sequence Ni/Sn/Ag the typical Ag-surface 
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which acts as an oxygen-catcher. Oxygen can no longer 
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fore inhibits peeling-off (Figure 4). Due to diffusion 
induced recrystallisation (DIR) of the AgSn-intermetal-
lic phases, Sn is diffusing along the grain boundaries of 
Ag and blocks the oxygen. The typical recrystallisation 
and grain coarsening for Ag at elevated temperatures 
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avoid cold welding is still necessary.  
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not durable since recrystallisation and grain coarsening 
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Pd-content <4% shows even a high hardness up to 200 
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but does not   change its behaviour up to temperatures 
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not necessary. The new developed electrolyte provides 
a good throwing power and reproduces the base mate-
rial`s topography. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 Coating hardnesses 
 
The coating microhardness is an important factor influ-
encing the contact resistance and wear resistance dur-
ing mating-/unmating cycles and under vibration load. 
Using a Ni/Ag/Sn-sandwich coating the portion of free 
tin and the ration Sn: Ag as well the Ag-layer thickness 
in combination with the reflow parameters are all criti-
cal. They are responsible for the formation of the 
Ag3Sn-IMP and the portion of residual free tin, which 
defines the surface properties in the application and 
during use. The relevant parameters in an AgPd-alloy 
coating include the Pd-content and the amount of addi-
tives and grain refiner and the coating thickness. The 
hardening effect of the Ag-matrix by alloying with Pd 
is more effective in comparison to the diffusion hard-
ening with Sn and results in comparable values already 
at only >4 w% Pd. 

3.3 Electrical Behavior 
 
The coating hardness, the surface roughness and topog-
raphy, the contact normal force, the coating composi-
tion with its contamination film, the contact design and 

Fig. 3: Layer structure and microstructure of multilayer 
coatings: a) Ni/Ag/Sn initial, b) dto. after reflow, c) 
Ni/Sn/Ag initial. 

a  b     c 

Fig. 4: Diffusion mechanisms in Ni/Ag- and  Ni/Sn/Ag-
coatings at 180°C [1]. 

Fig. 5: Crystallization structure and surface microstruc-
ture of a hard-AgPd coating on a formed contact dome. 
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3.4 Wear behavior 
 
The mating- and unmating behaviour and therefore the 
tribological properties are essential for the first mating 
cycle / in the initial condition and during life time. Their 
characteristics were evaluated and compared with pure 
Ag using rider-on-flat samples with a contact normal 
force of 2N and 1mm wipe. The contact pairing was 
always with Ag. During the test the coefficient of fric-
tion and the contact resistance over the number of cy-
cles was monitored. 
Using the sandwich layer Ni/Ag/Sn with an appropriate 
reflow process, the top layer Sn acts as a thin metallic 
lubricant during the first cycles: the coefficient of fric-
tion is reduced compared to pure Ag- and Sn-coatings 
(Figure 9a). Within a Sn-coating thickness range up to 
0,5µm the coefficient looks very stable, however, not 
so the electrical behaviour: within the first cycles we 
see low values – but as the mating cycles increase, the 
contact resistance increases as well, depending on the 
free Sn-layer thickness, which suggests the formation 
and agglomeration of abrasive Sn-oxide particles at the 
contact dome and wear through. These particles will be 
removed from the wear track after >20 cycles combined 
with a decrease of the resistance value (Figure 11). Us-
ing a higher free Sn-film on top results in a comparable 
contact resistance value to pure Ag-coatings (fig. 9b). 
The free tin is therefore the relevant parameter for the 
wear induced electrical behaviour.  
 
Hard-Ag coatings alloyed with Pd are desirable be-
cause of their reduced stable coefficient of friction. The 
contact resistance level correlates even under mechani-
cal load with the Pd-content and can be below the Ag-
level (fig. 9c+d). Further influencing factors are the 
crystallization performance which correlates also with 
the Pd-content and the roughness due to the high hard-
ness (Figure 10). 
The wear resistance and the friction coefficient are 
comparable to higher alloyed AgPd-coatings, Au-flash-
PdNi- and hard-Au-films [11]. 
 
In contrast to pure Ag-layers, all tested AgPd-coatings 
achieve an improved friction behaviour. This means 
that the cold-welding effect known from pure, unpas-
sivated Ag (fig. 9e), can always be eliminated by im-
plementing a low Pd-content. The wear induced elec-
trical behaviour will be influenced by the Pd-content.  
 
 
 
 
 
 
 
 
 

 

 
 
 

 
 
 
 
 
 
 

 
 

        
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9: Contact resistance and coefficient of fric-
tion over number of cycles for different coating 
systems in the initial condition paired with pure 
Ag non-passivated. 

a 

b 
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a   b  

Fig. 10: Surface structure of AgPd-coatings a) variant 
4 and b) variant 6. 

 
 
 
 
 
 
 
 
 
 

 

4 Outlook and challenges 
4.1 Low-alloyed hard-Ag-coatings 
 
Some initial statements can already be made even 
though not all investigations with a specific contact 
have been completed:  
 
- the low alloyed hard-AgPd-coatings when paired with 
pure Ag in the initial condition show a similar behav-
iour compared to the former developed higher alloyed 
AgPd-coatings with 8-10%Pd. 
- the primary property contact resistance behaves simi-
lar to pure Ag in the initial condition and after temper-
ature load as well as in a simulated mating test. 
- the wear performance of AgPd could be drastically 
improved as the cold-welding effect is eliminated and 
the coefficient of friction decreased by a factor of ~5 
compared to pure Ag. 
- the low alloyed AgPd-coating is suitable for high tem-
perature applications up to 200°C; diffusion of oxygen 
into the coating or recrystallization do not occur (Fig-
ure 12a). A minor reduction of the contact resistance at 
high temperatures without grain coarsening is related to 
the low Pd-content and as a result, the reduced mechan-
ical stabilizing effect. 
- the high microhardness of the AgPd-film requires a 
minimum contact normal force of 2N. 
 

4.2 Sandwich coatings 
 
The layer sequence of the pure metal’s Ni/Ag/Sn with 
Ni as a barrier layer can be combined in two ways: 

1. With Sn as an oxygen-catcher in between Ni 
and Ag forming the Ag3Sn-intermetallic layer 
and eliminating the O2-diffusion along the 
grain boundaries of the Ag with all its associ-
ated negative effects (fig. 12b). One disad-
vantage of this diffusion hardened multi-
layers; or more specific, the additional reflow 
processes is, that this can effect selective 
plated areas, for example other existing coat-
ings such as Sn or Ni/Au (Co), in a negative 
way. New developments using a laser for local 
heat treatment can extend the advantages of 
this coating system to a wide range of prod-
ucts. 

2. With the layer sequence Ni/Sn/Ag with Ag as 
the top surface, the necessity for passivation 
and the temperature induced recrystallization 
is always present. The max. application tem-
perature is limited to 180°C when stable con-
tact properties during lifetime usage are re-
quired. 

3. When using the layer sequence Ni/Ag/Sn, the 
challenge is the exact ratio of Ag to Sn, so that 
after the reflow process the presence of single 
Sn-islands remain on top of a hard Ag3Sn-
layer to reduce the fretting behaviour and to 
ensure a stable and low contact resistance 
level under mechanical load. For high vibra-
tion loaded application the layer sequence 
Ni/Sn/Ag is therefore preferred. 
 

From the literature it is well known that electrical cur-
rent   at high current densities can increase the growth 
rate of the intermetallic phases [12]. This means that at 
the interface migration effects occur, which will be in-
fluenced by temperature and current flow. 
In high current applications like in E-vehicles or power 
engineering, this effect has to be taken into considera-
tion and investigated for each situation. According to 
the conditions, the coating thicknesses of the combined 
films have to be defined to ensure a stable functionality. 
 
The challenges for all coating systems are the deposi-
tion of the combined elements in the right stoichio-
metric ratio, as well as the small film tolerances in com-
bination with the appropriate temper-/ reflow parame-
ters for sandwich layers. The electrolyte composition, 
its additives, the possible selectivity settings and the 
bath agitation show all a comparable sensitivity. Low 
fluctuations can have a significant effect on the electri-
cal and mechanical behaviour of the resultant film. 
 

Fig. 11: Ni/Ag/Sn reflow top surface with free Sn in the 
initial condition: contact dome and the wear effect after 
20 cycles. 
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Fig. 9: Contact resistance and coefficient of fric-
tion over number of cycles for different coating 
systems in the initial condition paired with pure 
Ag non-passivated. 
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The use of connector contacts at elevated temperatures 
up to 200°C requires not only high-performance coat-
ings, however also a base material, which fulfills the 
more severe demands for relaxation resistance as well 
as mechanical and electrical load. For this purpose, the 
Cu-semi finished industry is encouraged to deliver their 
contribution. 
 

 

Fig.12: Microstructure of different coating systems af-
ter 1000h: a) Hard-AgPd at 200°C, b) Ni/Ag/Sn at 
180°C. 
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Abstract 

Lead (Pb) restrictions for electrical components, starting within the Automotive sector, led to a global shift towards 
the elimination of Pb in many electronics in general.  This movement prompted industry to use pure tin (Sn) deposits 
in place of SnPb alloys.  As a result, the growth of stress-induced, high aspect ratio Sn whiskers occurred, creating 
a plethora of short circuits and system failures throughout all sectors across the board.  Although there now exist 
multiple mitigation strategies against Sn whisker growth, press-fit pin connections still hold one of the largest 
whisker risks today because of the unavoidable, high compressive stress exerted on the pin’s finish after insertion.  
Nonetheless, the use of solderless press-fit pins is only increasing due to the numerous benefits gained with this very 
easy to implement, high reliability connection.  Therefore, newly developed Sn-free surface finish solutions are 
being administrated specifically for press-fit applications in order to alleviate the whisker risk.  This paper will 
discuss the idea/technique behind the new Sn-free solutions already being implemented on the market, as well as 
their advantages and disadvantages in OSP and iSn printed circuit boards (PCB). 
 

1 Introduction 

 Tin (Sn), as a surface plating, has been utilized 
since the early 1800s for food preservation on canisters 
[1] and since then has become one of the more favorable 
platings of choice for electronic finishes due to the com-
bination of its contact resistance, corrosion resistance, 
low cost and solderability.  However, nothing is ever re-
ally perfect.  One of the disadvantages of a Sn finish is 
the likelihood to grow whiskers.   

 Whiskers are nano-dimensional, metal, crystal-
line eruptions that grow from finished surfaces usually 
as a stress relief mechanism.  The driving forces respon-
sible for initiating whisker growth can come from many 
various factors, including but not limited to intrinsic (e.g. 
grain size/crystal orientation [2]) and/or extrinsic sources 
(e.g. irregular intermetallic compound formation [3]) as 
well as external applied stresses [4] (e.g. post-forming).  
In general, all factors that increase stress (i.e. stress gra-
dients) or promote diffusion within the deposit, then the 
greater the whiskering tendency.  They can grow up to 
several millimeters, even a few centimeters long, mean-
ing long enough to branch over to a neighboring electri-
cally conductive contact, which then often leads to short 
circuit failures and system malfunctions.   

 The ability of Sn to produce whiskers has been 
known since the early 1950s [5] and already by the late 
1950s a solution was found to prevent the growth of 
threatening, long, high aspect ratio Sn whiskers in the 
form of a Sn alloy, with the alloy additive being lead (Pb) 
[6].  Typically, just 3% or more Pb by weight in Sn-Pb 
deposits [7] has shown to be a very successful whisker 
mitigator, in fact, probably the best universal solution 
known to mankind so far.  

 However, due to mandated regulations restrict-
ing the use of Pb, starting in 2003 from the European 
parliament and council with end-of-life vehicle guide-
lines [8] followed by RoHS (Restriction of Hazardous 
Substances Directive) in 2006 [9] expanding the re-
striction to electronic equipment in general, SnPb was no 
longer always an option.  The fastest response and most 
economical approach to go forward was to simply re-
move the Pb in Sn-Pb and use pure Sn finishes [10],[11],  
leaving many applications prone to Sn whisker growth 
without a mitigating solution.  This in combination with 
growing miniaturization trends in order to save on room 
and weight, especially in vehicles, means the probability 
for whisker induced failures rises.     

 Currently, for example in the Automotive sec-
tor, Pb is generally limited to 0.1% by weight in materi-
als, with an overall average threshold of 60 grams/vehi-
cle [12].  There are some exceptions to this (e.g. batter-
ies), however most of the exceptions then require extra 
dismantling at end-of life if the 60 grams is exceeded, 
which is highly unsought.  In such high reliability, ex-
treme environment applications as Automotive, where 
Sn whiskers have already caused system malfunctions 
[13], this creates considerable concern.  Since no other 
universal “one size fits all” Sn whisker mitigator cur-
rently exists, each individual contact where Sn-Pb was 
once used, must now come up with their own way to re-
duce the whisker risk for their corresponding application.   

 For compliant press-fit connectors this is no 
trivial task, as the unavoidable external stress applied on 
the pin’s coating after insertion has shown to induce 
whisker growth [14].  The strong localized stress points 
between pin and plated through hole (PTH) can be 
clearly seen when referring to the elegant finite element 
modeling carried-out by Tranitz and Tarnovetchi [15] 
given in Figure 1a.  This external stress on the surface, 
created at room temperature (RT) conditions, is in any 

a   b 

The use of connector contacts at elevated temperatures 
up to 200°C requires not only high-performance coat-
ings, however also a base material, which fulfills the 
more severe demands for relaxation resistance as well 
as mechanical and electrical load. For this purpose, the 
Cu-semi finished industry is encouraged to deliver their 
contribution. 
 

 

Fig.12: Microstructure of different coating systems af-
ter 1000h: a) Hard-AgPd at 200°C, b) Ni/Ag/Sn at 
180°C. 
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case the dominating source responsible for whisker gen-
eration in press-fit connections.  The functional compres-
sive radial force on a pressed-in pin can vary from ~45N-
300N depending on the pin material thickness and PTH 
size. It is sufficient enough to produce Sn whiskers 
within days, as well as whiskers up to millimeters long, 
as shown in (Figure 1b).   
 However, despite this characteristic, press-fit 
pins have been increasingly incorporated in place of sol-
der connections since as early as the 1970’s [16],[17] due 
to multiple advantages such as faster processing times, 
additional flexibility in application design, as well as in-
creased manufacturing and connection reliability [18].  
Furthermore, with press-fit technology the electrical and 
mechanical connection to the printed board (PB) is 
achieved through pin insertion alone, eliminating the 
need for a soldering process, meaning no more thermal 
stress due to reflow and no harsh fluxes, creating a more 
environmental friendly procedure.  The high reliability 
of press-fit connections is due to the efficient cold weld-
ing process between pin/PTH as a result of the firm pres-
sure bringing the two surfaces close enough together so 
that the free electrons from the surfaces, which were gen-
erated as a result of plastic deformation during press-in, 
combine into one common electron cloud, connecting 
them together with the same mechanism as in the basic 
metal.  The cohesion force is initially lower, but increases 
within the first hours as the system settles-in. 

  
(a) (b) 

 Figure 1: (a) Finite element model of the mechanical 
stress within a press-fit connection [15] and (b) a stereo 
microscope image of a Sn whisker spanning between ad-
jacent pins.  

 Currently the usage of Pb in compliant press-fit 
pin finishes is one of the exceptions still being allowed 
in the automotive end-of-life regulations [8] due to the 
high whisker risk, but this exception may be withdrawn 
at any time, meaning new solutions are needed to ensure 
the future reliability of press-fit connections.  Pure Sn is 
already frequently used in combination with a Ni barrier-
layer [19], which has become a standard Sn whisker mit-
igation method for many applications.  Due to pure Sn’s 
high whiskering propensity, especially under press-fit 
conditions, long, threatening whiskers have still been ob-
served to grow (Figure 1b).  Therefore, many manufac-
tures are instead going 100% Sn free for press-fit appli-
cations.  The idea here is very clear; if there is no Sn, then 
there cannot be Sn whiskers.  However, Sn is not the only 
material known to whisker.  In fact, there exists an entire 
webpage on NASA’s whisker site dedicated just to 
“Other Metal Whiskers” [20], where literature on zinc, 
cadmium, silver, gold, etc. whiskers can be found, and 

further materials are still being discovered as new sur-
face finishes are being investigated for future applica-
tions.  This is particularly true for press-fit applications 
due to the excessive stress conditions, and for that reason 
all materials need to be tested for whisker growth, inde-
pendent of the surface finish’s history to whisker or not.  
 The various Sn free solutions, which will be dis-
cussed here, are specifically tailored to relieve the risk of 
whisker induced failures for the high stress conditions of 
press-fit pin connections and are at this time not intended 
for other practices.  Currently, the main Sn-free solution 
options include indium (In) and bismuth (Bi), in that or-
der, and therefore they will be the focus throughout this 
paper with Sn as a comparative reference.  Possible fur-
ther future options, which are also being considered will 
be mentioned as well.      

2 Experimental 

All surface finishes were reel-to-reel, galvanic plated on 
a production line using signal Multispring (MS) pins 
with base material CuSn6.  The In surfaces were plated 
externally, while Bi and Sn were deposited in-house.  
Properties of the compliant pin and various surface fin-
ishes tested here can be found in Table 1 and Table 2.  
After visual inspection, the pins were inserted into their 
corresponding printed circuit boards (PCB) in prepara-
tion for the subsequent tests to follow.  Immersion Sn 
(iSn) and organic solderability preservative (OSP) 
boards were tested in this study to ensure the compatibil-
ity of the Sn free platings for the more commonly used 
PCBs in Automotive.   PCBs were 2x reflowed before 
pin insertion, which provides a few advantages: helps to 
prevent Sn whisker growth from the iSn PCBs, helps to 
ensure a reliable connection for the OSP PCBs, and this 
would be the normality in the practice.  Details regarding 
the PCBs are listed in Table 3.  The extreme minimum 
(min) and maximum (max) plated through hole (PTH) 
diameters were tested here for the state-of-the-art Sn free 
finishes to establish the reliability of the platings even in 
remote conditions.  Sn was tested in nominal PTHs as a 
reference.   

 

Table 1: Compliant Pin Properties 
Pin Type MULTISPRING 
Base Material CuSn6 
Material Thickness (mm) 0.6 
Max. Press-In Force (N)* 150 
Min. Press-Out Force (N)* 30 (20 after environmental tests) 
*Specified for iSn PCBs 
 

 

Table 2: Surface Finish Properties 
Platings  Bismuth (Bi) Indium (In) Tin (Sn) 
Thickness (µm) 0.4 ± 0.2 0.7 ± 0.4 0.4-1.5 
Ni barrier-layer (µm) NA* 2 ± 1 0.8-1.3 
Post-Treatment NA Heat Treated NA 
*Not required, however if used, then a Ni-Flash  

 
Table 3: Printed Circuit Board Properties 

Board Thickness (mm) 1.6 ± 0.14 
Finished PTH  
Diameter (mm) 

min: 
1.0  -0.01/+0.02 

max: 
1.09  -0.02/+0.01 

PTH Cu Thickness (µm) 33-42 
Surface Finishes (µm) iSn (1.00) and OSP (0.2) 
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Figure 2 displays the basic test overview and 
pin count used per surface finish/PCB/PTH size combi-
nation, for each individual test branch.  Press-in/out 
forces were recorded, microsections of the pressed-in 
pins were inspected for PCB deformation, and various 
environmental aging tests were carried-out.  The contact 
resistance was initially measured after 24-48h of press-
ing-in using the four-point millivolt method (Figure 3) 
and then after each aging test.  Details regarding the var-
ious aging tests are illustrated in Table 4.  Note here that 
the test groups build on each other – for example, test 
group E has undergone thermal shock (TS), damp heat 
and 4-gas test.  After each environmental test group was 
complete, 50 pin/PTHs were investigated for whisker 
growth. 

 
Figure 2: Test overview. 

 
The RT whisker investigations were carried-out 

using 300 pins inserted in min PTH size on PCBs which 
were only 1x reflowed to test the resilience of the Sn free 
platings in the uttermost of conditions.  The specimens 
were incubated at 25±10°C/50±25% relative humidity 
(RH) conditions for 6 weeks and then examined using 
light microscopy.  Since Sn whisker growth for press-fit 
connections is known to be most critical under RT con-
ditions, the Sn plated samples were only tested at RT in 
combination with iSn PCBs as a worst-case scenario ref-
erence.  However, the newer Sn free, Bi and In, finishes 
went through all environmental tests, since their whisk-
ering characteristics are not as well known.        

Visual inspections, microsections, pressing-
in/out and contact resistance measurements were carried 
out in accordance to the IEC 60352-5 standard [21].  
However, the aging tests were designated to account for 
the extreme environmental conditions inherent in auto-
motive applications.  All whisker imaging and length 
measurements were preformed according to JEDEC 
Standard No. 22-A121A, by an external association with 
specially trained whisker investigators.  

 
Figure 3: Standard [21] 4-point millivolt method used 
for contact resistance measurements. 

Table 4: Environmental Aging Tests 
Test Group (TG) Aging Conditions 

B Thermal 
Shock (TS) 

-40°C / +125°C (30min / 30min),  
300 cycles 

C 
Vibration + 
Temperature  
after TS 

Acc. ISO 16750-3, Ch. 4.1.2.1.2,  
sinusoidal and random in Z-axis, 22h 

D Damp Heat  
after TS 

+85°C / 85%RH – 504h 
-10°C / +65°C / 93%RH – 240h 
+85°C / 85%RH – 504h 

E 4-Gas after 
Damp Heat 

IEC 60068-2-60, method 4  
+25°C / 75% RH – 21 days 

3 Surface Finish Properties  

Neither In nor Bi are known to possess high whisk-
ering propensities in the practice, as Sn, zinc (Zn) [22] or 
cadmium [23] for example do.  There are some publica-
tions in the literature regarding In and Bi whiskers, with 
In whiskers being more commonly recognized as Bi [20].  
However, most of the “whiskering” literature for both In 
and Bi are not referring to common, natural growing 
whiskers from normal deposited finishes, but instead to 
“whiskers” which were purposely simulated to grow in 
lab under irregular conditions, for research purposes 
[24].  In fact, when it comes to literature on In or Bi in 
relation to whiskers, it is often dealing with the use of In 
or Bi as additives in Sn for whisker mitigation effects 
[25],[26].  But can they be used on their own as whisker 
mitigating solutions, especially in the highly compres-
sive stress conditions created in press-fit connections? 
And what about the other properties needed for a reliable 
connection? A compliant pin’s finish needs to account 
for more than just whisker mitigation. Can In or Bi fulfill 
these as well?   

The surface finish for a press-fit pin serves a few 
very important purposes necessary for the reliably of the 
electrical connection.  It acts as a lubricant during press-
in to help reduce insertion forces and minimize 
PCB/PTH damage as well as protects the copper-base 
substrate material from oxidation/corrosion.  Of course, 
the material used also needs be a non-toxic, environmen-
tally friendly material or it will just end up on the same 
list as Pb, and it should ideally be a cost-effective mate-
rial.  Since, similar to Sn, there is currently no expected 
restrictive use for either In or Bi, as they are not known 
to possess any toxic characteristics as a surface finish for 
compliant pins, and since they are also both recyclable 
materials with the current state-of-the-art technology, 
there is no real environmental concerns regarding these 
aspects.   

For an indication and comparison of their lubrication 
properties, nanoindentation measurements were carried-
out on In, Bi and Sn films deposited on MS pins.  The 
resultant hardness of In, Bi and Sn in the initially depos-
ited state and after various aging environments is given 
in Figure 4.  In initial condition, In appears to be the 
hardest of the finishes.  This is most likely due the detec-
tion of the harder InNi intermetallic compound (IMC) 
between the free In surface and Ni barrier-layer created 
during the post heat-treatment process required for In 
finishes, as seen in the scanning electron microscopy 
(SEM) images of the focus ion beam (FIB) cuts of In in 
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Figure 5b. Note: the remaining film seen here is the 
IMC.  The pure In film has been sputtered away by the 
ion beam, leaving a noticeable gap between IMC and the 
protective platinum layer used for the FIB process.  Bi 
and Sn do not have any IMC formation in initial condi-
tion (Figure 5c and d respectively).   

  
(a) (b) 

Figure 4: (a) position of nanoindentation measurements 
with (b) the hardness results of the deposited films on 
signal MS pins under various conditions. 

  
(a) (b) 

 
 

(c) (d) 
Figure 5: SEM images of (a) position of FIB cuts car-
ried-out on (b) In plated (c) Bi plated and (d) Sn plated 
MS pins.   

After the environmental exposures it is clear in Fig-
ure 4b that Bi’s hardness remains fairly constant while 
In’s and Sn’s increase, with Sn increasing the greatest 
after dry heat (100h @ 130°C) as a result of SnNi IMC 
formation, which although forms as an irregular NiSn3 
compound at RT conditions over time, is accelerated 
with higher temperature exposure into a more stable 
Ni3Sn4 phase [27].  Bi does not create an IMC with Cu 
[28], and can therefore, be used as its own surface finish 
and barrier layer in one, meaning it does not require a Ni 
layer.  

Table 5 shows some further basic material proper-
ties, which are usually considered for electronical con-
tacts.   

Table 5: Material Properties [29] 
 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (ºC)  (ohm·m) k (W/(m·K)) 

Sn 231.9 11·10-8 60.6 
Bi 271.4 2.2·10-6 [1] 8 
In 156.6 8·10-8 82 
Zn 419.5 5.48·10-8 116 

 

Using these properties, the predicted melting cur-
rents for In and Bi whiskers are given in Figure 6 in com-
parison to Sn and Zn, at a whisker diameter of 1µm [30].  
Larger enough potentials across a whisker can melt a 
whisker away, and therefore only create an intermittent 
electrical loss.  As a result, whiskers tend to be of less 
concern in power and digital applications as to signal or 
analog applications, where whisker induced failures can 
be more permanent.  Due to Bi’s higher resistivity, a Bi 
whisker may melt away faster than an In or Sn in similar 
situations, as a result of resistance heating, which could 
serve as an advantage in certain applications.    

 

 
Figure 6: Prediction of melting currents for whiskers at 
various lengths composed of different materials, without 
convection or temperature dependence [30]. 

However, do these Sn free solutions, which are not 
known to regularly produce whiskers, even grow whisk-
ers under press-fit conditions and what advantages/dis-
advantages do they bring to the application in reality 
compared to Sn? Having compared and discussed vari-
ous properties of In and Bi with Sn, which correspond to 
the press-fit essentials, it’s time to delve into the experi-
mental results.   

4 Results 

4.1    iSn PCBs - Initial & RT Tests 
Insertion forces were recorded as In, Bi and Sn 

plated MS pins were pressed into 2x reflowed iSn PCBs 
(min and max PTHs for In and Bi, and nominal for Sn 
pins as a reference).  After 24-48h at RT incubation, 
which is required for the cold welding process between 
pin and PTH, 30 pins from each PTH/pin finish combi-
nation were pressed-out for initial retention force meas-
urements.  The recorded insertion and retention forces 
are shown in Figure 7.  In is always represented in blue, 
Bi in orange and Sn in green.  All values, regardless of 
pin finish/PTH combination, resided well within the 
maximum recommended press-in force (150N) and min-
imum press-out force (30N).  For CuSn6 signal MS pins 
in iSn PCBs, Bi had the highest insertion forces and In 
had the lowest, with Sn situated in the middle.  The re-
sults for the retention forces of In and Bi are inverted 
from the insertion, with In having the highest retention 
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force gain of all finishes, while Sn and Bi lie within the 
same range.  After the 24-48h RT incubation period, all 
max PTHs obtained higher retention values in compari-
son to the min. This is most likely a result from over-
compression of the interior springs within the Mul-
tispring press-fit zone, due to being pressed into a PTH 
smaller than the specified limit, leading to a slight reduc-
tion in spring force.  In any case, with all average reten-
tion forces laying between 80-140N, sound above the 
min 30N, it is clear that the cold welding process be-
tween the Sn free platings and the iSn PCBs was very 
successful.            

In accordance with the IEC 60352-5 standard, 
both transverse and longitudinal cross-sections were in-
vestigated for avg. PTH deformation (<70µm), residual 
Cu thickness (min 8µm) and jet effect (<50µm).  Even 
with the extreme PTH diameters tested here for the Sn 
free finishes, all PCB deformation due to pressing-in re-
mained within the suggested values given in the stand-
ard, with no functional damage inflicted on the iSn 
PCBs.           

 
(a) 

 
(b) 

Figure 7: Initial (a) insertion and (b) retention forces af-
ter 24-48h @RT in iSn PCB. 

 An additional 300 pins from each surface finish 
were aged at RT conditions in 1x reflowed iSn PCBs with 
min PTHs, except for Sn which used nominal PTHs as 
the reference.  Every pin was evaluated for whisker de-
velopment after 6wk of incubation by an external com-
pany, with the results given in Figure 8.  

After the first 6 weeks of incubation no whisk-
ers were found on any of the PCBs.  After 1000h of RT 
aging only 1 non-Sn whisker object of 100µm was found 
out of 600 pins, which was from a Bi pin.  Out of the 300 
In pins, only a total of 2 whisker objects were detected 
and both less than 100µm long.  In comparison Sn grew 
multiple whiskers up to over 300µm long within the 
same time period.   
 

 
Figure 8: Whisker results after 6 weeks of RT incubation 
in iSn PCBs. 

Since whiskers approximately 100µm and 
shorter are difficult to correctly identify under a light mi-
croscope, it is not 100% certain if these In and Bi whisker 
objects are really whiskers or just particles (e.g. slivers 
from pressing-in).  However, these Sn free deposits al-
ready offer a promising outlook for whisker mitigation 
in press-fit applications.  

As depicted in Figure 2, 10 pins of each varia-
tion were also measured for contact resistance.  All avg. 
contact resistances for each pin finish/PTH combination 
lied under 130µΩ with Sn having the highest resistances.     

 

4.2  OSP PCBs – Initial, RT & Aging Tests 
Initial insertion and retention forces after 24-

48h at RT in min and max OSP PTHs were recorded and 
contact resistance measurements carried-out on the In 
and Bi plated pins.  Separate pressed-in pins were subse-
quently aged under the various environmental conditions 
described in the test groups listed in Table 4.  After the 
various aging sequences, retention forces and contact re-
sistances were taken again. The results of the insertion, 
retention and resistance measurements before and after 
aging can be found in Figure 9.  All insertion values for 
both finishes lie comfortably below the specified 150N 
and practical enough, the max PTHs obtained lower in-
sertion forces.  For MS pins in OSP PCBs In, however, 
has the higher insertion forces.  In fact, the insertion val-
ues did almost a direct exchange between In and Bi from 
iSn to OSP, which is a good reminder that every press-in 
zone type, pin finish, and PCB technology need to be in-
dividual tested with each other.        

The retention forces continue with the trend of 
the insertion forces for OSP, with In possessing distinct 
higher retention forces compared to Bi in initial condi-
tion and after aging.  However, both retention forces 
dropped compared to iSn by ~8% and ~60% for In and 
Bi, respectively.  This is not entirely surprising as OSP 
PCBs are specifically designed for soldered connections, 
as stated in the name (organic solderability preserve) and 
not for press-fit.  Whatever amount of organic film still 
remains after reflow (2x) must be scrapped away during 
the press-in process so that the metal to metal connection 
between pin/PTH is achieved.  The residual OSP coating 
can hinder the retention forces if some of the organic pre-
serve still remains in various locations between 
pin/through hole.   

 

Figure 5b. Note: the remaining film seen here is the 
IMC.  The pure In film has been sputtered away by the 
ion beam, leaving a noticeable gap between IMC and the 
protective platinum layer used for the FIB process.  Bi 
and Sn do not have any IMC formation in initial condi-
tion (Figure 5c and d respectively).   

  
(a) (b) 

Figure 4: (a) position of nanoindentation measurements 
with (b) the hardness results of the deposited films on 
signal MS pins under various conditions. 

  
(a) (b) 

 
 

(c) (d) 
Figure 5: SEM images of (a) position of FIB cuts car-
ried-out on (b) In plated (c) Bi plated and (d) Sn plated 
MS pins.   

After the environmental exposures it is clear in Fig-
ure 4b that Bi’s hardness remains fairly constant while 
In’s and Sn’s increase, with Sn increasing the greatest 
after dry heat (100h @ 130°C) as a result of SnNi IMC 
formation, which although forms as an irregular NiSn3 
compound at RT conditions over time, is accelerated 
with higher temperature exposure into a more stable 
Ni3Sn4 phase [27].  Bi does not create an IMC with Cu 
[28], and can therefore, be used as its own surface finish 
and barrier layer in one, meaning it does not require a Ni 
layer.  

Table 5 shows some further basic material proper-
ties, which are usually considered for electronical con-
tacts.   

Table 5: Material Properties [29] 
 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (ºC)  (ohm·m) k (W/(m·K)) 

Sn 231.9 11·10-8 60.6 
Bi 271.4 2.2·10-6 [1] 8 
In 156.6 8·10-8 82 
Zn 419.5 5.48·10-8 116 

 

Using these properties, the predicted melting cur-
rents for In and Bi whiskers are given in Figure 6 in com-
parison to Sn and Zn, at a whisker diameter of 1µm [30].  
Larger enough potentials across a whisker can melt a 
whisker away, and therefore only create an intermittent 
electrical loss.  As a result, whiskers tend to be of less 
concern in power and digital applications as to signal or 
analog applications, where whisker induced failures can 
be more permanent.  Due to Bi’s higher resistivity, a Bi 
whisker may melt away faster than an In or Sn in similar 
situations, as a result of resistance heating, which could 
serve as an advantage in certain applications.    

 

 
Figure 6: Prediction of melting currents for whiskers at 
various lengths composed of different materials, without 
convection or temperature dependence [30]. 

However, do these Sn free solutions, which are not 
known to regularly produce whiskers, even grow whisk-
ers under press-fit conditions and what advantages/dis-
advantages do they bring to the application in reality 
compared to Sn? Having compared and discussed vari-
ous properties of In and Bi with Sn, which correspond to 
the press-fit essentials, it’s time to delve into the experi-
mental results.   
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(min and max PTHs for In and Bi, and nominal for Sn 
pins as a reference).  After 24-48h at RT incubation, 
which is required for the cold welding process between 
pin and PTH, 30 pins from each PTH/pin finish combi-
nation were pressed-out for initial retention force meas-
urements.  The recorded insertion and retention forces 
are shown in Figure 7.  In is always represented in blue, 
Bi in orange and Sn in green.  All values, regardless of 
pin finish/PTH combination, resided well within the 
maximum recommended press-in force (150N) and min-
imum press-out force (30N).  For CuSn6 signal MS pins 
in iSn PCBs, Bi had the highest insertion forces and In 
had the lowest, with Sn situated in the middle.  The re-
sults for the retention forces of In and Bi are inverted 
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(a) 

 
(b) 

 
(c) 

Figure 9: (a) Initial insertion forces as well as (b) reten-
tion forces and (c) contact resistances for In and Bi in 
OSP PCBs before and after environmental aging.   

From Figure 7b and Figure 9b, it is clear that the 
surface finish alone can aid in higher retention forces de-
pending on the material’s inclination to react with a 
given PTH.  Regardless of iSn or OSP PCB, In’s reten-
tion force was always higher than Bi’s, even when its in-
sertion forces started off lower (iSn).  This can be con-
tributed to the affinity In has to react with the PTH ma-
terials, Sn and Cu, whereas Bi does not [28].  In creates 
IMCs with Sn and Cu already at RT conditions, whereas 
Bi and Sn have a eutectic phase, but no IMCs (similar to 
Sn and Pb), and as previously discussed, there are also 
no IMCs formed between Bi and Cu.  The interaction of 
In vs Bi in iSn PCB at RT conditions, for an example, is 
depicted in Figure 10.  Although Bi cold welds and ac-
climates itself with the iSn PTH, diffusing into Sn’s grain 
boundaries, In forms an IMC with Sn, creating a stronger 
metallic bond between pin/PTH.  

 

 
(a) 

   
(b) 

   
(c) 

Figure 10: (a) Contact areas investigated in transverse 
cross-section with SEM and energy dispersive X-ray 
spectroscopy (EDX) (b) on Bi and (c) In plated pins 
pressed-in iSn PCB.  

After thermal shock (TS) retention force values 
for both In and Bi drop slightly, most likely due to in-
duced stresses as a result of coefficient of thermal expan-
sion mismatch.  The retention forces remain stable for 
the rest of the environmental exposures, even after vibra-
tion, suggesting that the Sn free finishes established suc-
cessful, stable cold welding connections with the OSP 
PCBs.  All the retention values in OSP passed the defined 
30N and 20N after aging, which were specified for iSn 
PCBS. Exemplary pin/PTH interfaces after aging are 
given in Figure 11.     

Another indicator for a successful pin/through 
hole connection and perhaps one of the most important 
qualities for a good electrical contact is a stable, reliable 
contact resistance.  As seen in Figure 9c, after TS, vibra-
tion, damp heat and gas tests, no noticeable increase in 
contact resistance is found from In or Bi, with In consist-
ently holding lower resistances compared to Bi.  A slight 
increase is seen only in the In pins after damp heat of 
<10µΩ on average, which is an order of magnitude less 
than the accepted 500µΩ given in the standard, demon-
strating the high reliability achieved from the Sn free 
platings. 

Transverse and longitudinal cross-sections were 
investigated for OSP PBCs as well in initial condition, 
and after each environmental test group for PTH defor-
mation (<70µm), residual Cu thickness (min 8µm) and 
any jet effect (<50µm).  Similar to the results in the iSn 
PCBs, no deformation exceeded the allowed limits of the 
standard, even with the extreme PTH diameters and var-
ious aging tests, which all included thermal shock.   

  
(a) 
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(b) 

Figure 11: SEM images of FIB cuts through the pin/PTH 
interface (contact areas as shown in Figure 10a) after TS 
aging and then transverse cross-sectioning (a) of a Bi pin 
in iSn PCB and (b) a In pin in OSP PCB.  

  Last but definitely not least, whisker growth for 
In and Bi was investigated in OSP PCBs with min and 
max hole diameters at normal RT conditions as well as 
50 pins of each after every environmental test group ag-
ing.  The results for the min through hole PCBs are given 
in Figure 12.  No whiskers over 100µm were observed 
at RT conditions, and after environmental aging only one 
Bi whisker object >100µm was detected after TS.  No In 
whiskers were found after any of the aging test groups.   

Whiskers found in the max PTH size were even 
less.  In fact, only one possible Bi whisker object 
<100µm was detected in max PTH after TS. All other 
tests groups had no whiskers for In or Bi. It is evident 
that Sn free solutions for whisker mitigation in press-fit 
connectors have a very promising future.      

  
(a) 

 
(b) 

Figure 12: Whisker results (a) after 6 weeks of RT incu-
bation and (b) after tests groups B-E for In and Bi plated 
pins in min OSP PCBs.  

5 Discussion & Conclusion 

 An In finish, as a press-fit solution, has already 
been on the market for a couple years without any known 
failures or recalls, and Bi may be coming out into the 
field in 2020.  Although these two solutions are currently 
the most advanced in development, they are not the only 
Sn free solutions being considered for press-fit.   
 For example, Ni as a surface finish is also being 
considered [31].  The great advantage here is that even 
though Ni is used worldwide in various system, it is 
never been known to grow whiskers.  The main disad-
vantage is that Ni is a much harder material, which often 
results in higher, more unstable insertion forces.  There-
fore, the intention here is to modify the surface Ni film 
by changing the grain size/structure of the film as well as 
perhaps incorporating co-deposited additives into the 
film (for a lubricating effect) by manipulating the gal-
vanic Ni-electrolyte, so that the resultant surface is softer 
and compatible with press-fit connectors.  The plan for 
this Sn free solution is to contain multiple different (2-3) 
Ni layers from varied electrolytes, with the possibility of 
an intermediate layer (e.g. to reduce the surface rough-
ness) if deemed necessary.       

  Another Sn free solution possibility stems from 
the same idea as OSP PCBs.  Instead of using a galvanic 
deposit as the pin’s press-in lubricant and substrate oxi-
dation preventer, just apply on a preservative.  The great-
est advantage here would be that there is then no coating 
to grow whiskers from.  The disadvantage is the risk of 
preserve between pin/PTH, which could hinder the reten-
tion forces and lead to an increase in contact resistance.  
Another disadvantage would be monitoring and measur-
ing the preserve’s film thickness.   
 In any case, it is clear that Sn free finishes hold 
a strong presence for the way of the future in press-fit 
applications.  As the In and Bi platings are designed for 
press-fit pin connections, the press-in force, press-out 
force, PCB deformation and contact resistance was thor-
oughly monitored and recorded throughout the experi-
ment in accordance to the IEC 60352-5 international 
standard.  The platings underwent multiple incubation 
tests ranging from RT conditions to a series of extreme 
environmental exposures including thermal shock, vibra-
tion, a damp heat climate sequence, and mixed flow gas. 
Both In and Bi lie well within the accepted standard val-
ues for all tests at every aging environment in iSn and 
OSP PCBs, demonstrating the high reliability of the fin-
ishes even throughout lifetime simulation exposures. 

At the critical, RT conditions for whisker initi-
ation in press-fit applications, 1200 Sn free pins (300 In 
and Bi each in iSn and 300 each in OSP) were investi-
gated in min hole size (max induced stress) after 6wk of 
incubation, where only 1 Bi whisker object ~100µm was 
found in iSn PCB.  In comparison to Sn with a mitigation 
Ni underlayer and in nominal hole size, which grew mul-
tiple whiskers up to over 300µm long within the same 
time period.  Taking into account the whisker occur-
rences (≥100µm), maximum length and possible impact 
of a bridging whisker due to its resistance, the whisker 
risk can be estimated between the Sn free solutions vs Sn 
using the results from iSn PCBs, as given in Table 6.  
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Figure 9: (a) Initial insertion forces as well as (b) reten-
tion forces and (c) contact resistances for In and Bi in 
OSP PCBs before and after environmental aging.   

From Figure 7b and Figure 9b, it is clear that the 
surface finish alone can aid in higher retention forces de-
pending on the material’s inclination to react with a 
given PTH.  Regardless of iSn or OSP PCB, In’s reten-
tion force was always higher than Bi’s, even when its in-
sertion forces started off lower (iSn).  This can be con-
tributed to the affinity In has to react with the PTH ma-
terials, Sn and Cu, whereas Bi does not [28].  In creates 
IMCs with Sn and Cu already at RT conditions, whereas 
Bi and Sn have a eutectic phase, but no IMCs (similar to 
Sn and Pb), and as previously discussed, there are also 
no IMCs formed between Bi and Cu.  The interaction of 
In vs Bi in iSn PCB at RT conditions, for an example, is 
depicted in Figure 10.  Although Bi cold welds and ac-
climates itself with the iSn PTH, diffusing into Sn’s grain 
boundaries, In forms an IMC with Sn, creating a stronger 
metallic bond between pin/PTH.  
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Figure 10: (a) Contact areas investigated in transverse 
cross-section with SEM and energy dispersive X-ray 
spectroscopy (EDX) (b) on Bi and (c) In plated pins 
pressed-in iSn PCB.  

After thermal shock (TS) retention force values 
for both In and Bi drop slightly, most likely due to in-
duced stresses as a result of coefficient of thermal expan-
sion mismatch.  The retention forces remain stable for 
the rest of the environmental exposures, even after vibra-
tion, suggesting that the Sn free finishes established suc-
cessful, stable cold welding connections with the OSP 
PCBs.  All the retention values in OSP passed the defined 
30N and 20N after aging, which were specified for iSn 
PCBS. Exemplary pin/PTH interfaces after aging are 
given in Figure 11.     

Another indicator for a successful pin/through 
hole connection and perhaps one of the most important 
qualities for a good electrical contact is a stable, reliable 
contact resistance.  As seen in Figure 9c, after TS, vibra-
tion, damp heat and gas tests, no noticeable increase in 
contact resistance is found from In or Bi, with In consist-
ently holding lower resistances compared to Bi.  A slight 
increase is seen only in the In pins after damp heat of 
<10µΩ on average, which is an order of magnitude less 
than the accepted 500µΩ given in the standard, demon-
strating the high reliability achieved from the Sn free 
platings. 

Transverse and longitudinal cross-sections were 
investigated for OSP PBCs as well in initial condition, 
and after each environmental test group for PTH defor-
mation (<70µm), residual Cu thickness (min 8µm) and 
any jet effect (<50µm).  Similar to the results in the iSn 
PCBs, no deformation exceeded the allowed limits of the 
standard, even with the extreme PTH diameters and var-
ious aging tests, which all included thermal shock.   
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Though In and Bi are not a 100% whisker free technolo-
gies, they offer a new level of whisker risk reduction, 
which can reduce the possibility of whisker induced fail-
ures by orders of magnitude in comparison to Sn. 

 
 Table 6: Whisker Risk Estimation: Sn free vs Sn in iSn 

 
 

There are, of course, advantages and challenges to 
both solutions.  For In, the free In on the surface can ox-
idize when directly exposed to condensation, which 
could lead to discoloration and/or blistering.  This con-
cern is easily remedied by applying sufficient packaging 
materials after final line inspection so to ensure the high 
functionality of the finish upon arrival at product’s des-
tination, which may incorporate extra costs. The price of 
In, in general, is notably higher than the price of Bi or Sn 
and the production process requires more energy and 
costs due to the necessary post heat-treatment.  However, 
due to In’s keen interaction with the PCB materials, In 
obtains very strong retention forces in initial condition 
and throughout aging, even higher than Sn. 

The retention forces are lower for Bi in comparison 
to In since Bi does not create IMCs with Sn or Cu.  How-
ever, this means that Bi also does not require a Ni under-
layer, which reduces material and cost.  Bi is also a more 
reasonably priced material, which helps reduce cost even 
further and Bi has low insertion forces, which reduces 
impact on PCBs.  

Both In and Bi are environmentally friendly finishes, 
which is essential for their long-term acceptance and ap-
plication within the electronics sector.  They have shown 
to be very resilient against whisker growth under the high 
stressed conditions of press-fit pin applications, espe-
cially compared to Sn, in both iSn and OSP PCBs. 

In this study all investigations were carried-out on 
CuSn6 signal MS pins only.  Whenever incorporating a 
new surface finish, it is important that each press-fit zone 
variation is thoroughly tested with the new surface finish 
and PCB technology combination.  Depending on the 
end application, the best corresponding Sn free solution 
can only then be chosen to significantly reduce its 
whisker risk.   
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Abstract 

Poor adhesion between SnO2 and Ag in Ag/SnO2-based electrical contacts leads to crack formation, material loss 
and decreased lifetime. Addition of other metal oxides such as CuO and Bi2O3 besides SnO2, improve the interface 
between the Ag matrix and SnO2 particles. Here we study the microstructural evolution of Ag/CuO contact mate-
rials during sintering in comparison to that of Ag/ SnO2. The grain growth was investigated by interruption exper-
iments followed by SEM and XRD analysis. Enhanced mechanical properties were observed in Ag/CuO systems 
which could possibly be attributed to the improved interface adhesion. This enhanced mechanical property could 
be beneficial for prolonged electrical lifetime.

1 Introduction 

Ag/SnO2 electrical contacts are widely used for electri-
cal switchgear such as light switches, circuit-breakers 
and contactors [1-3]. However, due to the thermo-me-
chanical stresses induced during arcing, cracks form 
and propagate along the Ag/SnO2 interface. This is fa-
cilitated by the low mechanical strength of the interface 
between SnO2 and Ag [4]. This in turn can lead to un-
predictable material loss and consequently a large scat-
ter of the expected switchgear performance and life-
time. In order to improve the interfacial adhesion be-
tween Ag and SnO2, small amounts of additive oxide 
powders (<1 wt%) are often mixed together with Ag 
and SnO2, e.g, CuO. [5]. Here we investigate the reason 
of CuO as a good additive by studying the microstruc-
ture evolution of Ag/CuO system as a function of an-
nealing time and temperature, in comparison to that of 
the Ag/SnO2/Bi2O3 system as a reference. 

2 Experimental details 

Ag/CuO and Ag/SnO2/Bi2O3 powders were prepared 
using powder metallurgy method. The particle size of 
initial metallic oxide (MeO) powder was measured by 
a Mastersizer 3000 from Horiba before mixing with Ag 
powder. The Mastersizer 3000 uses the technique of la-
ser diffraction to measure the size of MeO particles by 
measuring the intensity of light scattered as a laser 
beam passes through a particulate sample dispersed ei-
ther in water or ethanol. This data is then analyzed to 
calculate the size of the particles that created the scat-
tering pattern. The powder size is listed in Table 1. The 
as-mixed Ag/MeO compositions are listed in Table 2. 
 

 
 

 CuO SnO2 Bi2O3 
Dv50 [um] 3.4 2.0 3.0 

 
Tab. 1 Initial MeO powder size measured by Master-
sizer 3000 laser particle size analyzer before mixing 
with Ag powder. Dv50 is the median for a volume dis-
tribution. 
 

 Ag 
(wt 
%) 

CuO 
(wt 
%) 

SnO2 

(wt 
%) 

Bi2O3 

(wt 
%) 

Ag/CuO 86 14 × × 
Ag/SnO2/Bi2O3 86 × 12 2 

 
Tab. 2 Nominal compositions of Ag/MeO in compari-
son. 
 
The powders were mixed with ZrO2 balls (ball:mass 
ratio = 5:1) in a 3D mixer from Turbular for 48 h. The 
mixed powders were then pressed into green body, 
which is in the form of weakly bonded powder before 
it is sintered, using a die-pressure of 100 MPa. The 
green body was heated in air up to 600 ºC in 4 h 48 min 
and then held at 600 ºC for 30 min to eliminate the or-
ganic additives. Subsequently, the sample was heated 
at a heating rate of 15 ºC/min to the target temperatures 
(800 ºC, 850 ºC, 900 ºC) and held for a varying period 
(ranging between 0 min, 30 min, 2 h, 4 h). Afterwards 
the samples were quenched in air. A graphical illustra-
tion of the sintering profile is shown in Figure 1. 
 
 
 
 
 
 

Though In and Bi are not a 100% whisker free technolo-
gies, they offer a new level of whisker risk reduction, 
which can reduce the possibility of whisker induced fail-
ures by orders of magnitude in comparison to Sn. 

 
 Table 6: Whisker Risk Estimation: Sn free vs Sn in iSn 

 
 

There are, of course, advantages and challenges to 
both solutions.  For In, the free In on the surface can ox-
idize when directly exposed to condensation, which 
could lead to discoloration and/or blistering.  This con-
cern is easily remedied by applying sufficient packaging 
materials after final line inspection so to ensure the high 
functionality of the finish upon arrival at product’s des-
tination, which may incorporate extra costs. The price of 
In, in general, is notably higher than the price of Bi or Sn 
and the production process requires more energy and 
costs due to the necessary post heat-treatment.  However, 
due to In’s keen interaction with the PCB materials, In 
obtains very strong retention forces in initial condition 
and throughout aging, even higher than Sn. 

The retention forces are lower for Bi in comparison 
to In since Bi does not create IMCs with Sn or Cu.  How-
ever, this means that Bi also does not require a Ni under-
layer, which reduces material and cost.  Bi is also a more 
reasonably priced material, which helps reduce cost even 
further and Bi has low insertion forces, which reduces 
impact on PCBs.  

Both In and Bi are environmentally friendly finishes, 
which is essential for their long-term acceptance and ap-
plication within the electronics sector.  They have shown 
to be very resilient against whisker growth under the high 
stressed conditions of press-fit pin applications, espe-
cially compared to Sn, in both iSn and OSP PCBs. 

In this study all investigations were carried-out on 
CuSn6 signal MS pins only.  Whenever incorporating a 
new surface finish, it is important that each press-fit zone 
variation is thoroughly tested with the new surface finish 
and PCB technology combination.  Depending on the 
end application, the best corresponding Sn free solution 
can only then be chosen to significantly reduce its 
whisker risk.   

REFERENCES 
[1] Childs, Peter (July 1995). "The tin-man's tale". Education in Chemis-

try. Vol. 32 no. 4. Royal Society of Chemistry. p. 92. Retrieved 19 
June 2018. 

[2] J. H. Zhao, P. Su, M. Ding, S. Chopin, P. S. Ho, “Microstructure-
based stress modeling of tin whisker growth”, IEEE Trans. Electron. 
Pachag. Manuf. 29, pp.265-273 (2006).  

[3] Y. Zhang, C. Fan, C. Xu, O. Khaselev, and J. A. Abys, “Tin Whisker 
Growth – Substrate Effect Understanding CTE Mismatch and IMC 
Formation”, CircuiTree 7, 70-82 (2004). 

[4] H. Moriuchi, Y. Tadokoro, M. Sato, T. Furusawa, N. Suzuki, “Micro-
structure of External Stress Whiskers and Mechanical Indentation 
Test Method”, J. Electron. Mater. 36, 220-225 (2007).  

[5] K. G. Compton, A. Mendizza, S. M. Arnold, “Filamentary growths on 
metal surfaces – Whiskers.” Corrosion 7 (10), 327-334 (1951). 

[6] S. M. Arnold, “The growth of metal whiskers on electrical compo-
nents”, in Proceedings of the IEEE Electronic Components Technol-
ogy Conference, 75-82 (1959). 

[7] J.-L. Jo et al., “Least lead addition to mitigate tin whisker for ambient 
storage,” J. Mater. Sci.-Mater. El., vol. 24, no. 8, pp. 3108–3115, Au-
gust 2013. 

[8] Parliament and Council Directive 2000/53/EC, “on end-of life vehi-
cles”, OJ L 269, pp. 34, 21st October 2000.  

[9] Council and Parliament Art. 95 EC, “Directive on the restriction of 
the use of certain hazardous substances in electrical and electronic 
equipment”, OJ L37, pp. 19-23, 13th February 2003. 

[10] M. Warwick, “Implementing lead free soldering – European Consor-
tium Research”, SMTA. J. Surf. Mount Tech. vol. 12, no. 4, pp.1-12, 
October 1999. 

[11] C. Xu, Y. Zhang, C. Fan, and J. Abys, “Understanding whisker phe-
nomenon: the driving force for whisker formation”.  Circuit Tree, pp. 
94-104, 2002.  

[12] Commission Directive (EU) 2017/2096 of 15 November 2017 amend-
ing Annex II to Directive 2000/53/EC of the European Parliament and 
of the Council on end-of life vehicles, Official Journal of the Euro-
pean Union, L 299/24-30 (2017).  

[13] H. Leidecker, L. Panashchenko and J. Brusse, „Electrical Failure of 
an Accelerator Pedal Position Sensor Caused by a Tin Whisker and 
Discussion of Investigation Techniques Used for Whisker Detection“, 
5th International Tin Whisker Symposium, Sep. 14th, 2011. 

[14] H.-P. Tranitz and S. Dunker, “Growth mechanisms of tin whiskers at 
press-in technology”, Continental Article: 20130215, February 2013. 

[15] H.-P. Tranitz and M. Tarnovetchi, Continental AG, “Whisker growth 
at press-fit connections”, Proceedings of the Albert Keil Kontakt 
Seminar, Karlsruhe, Germany (2017). 

[16] J. Mattsson, T. Callies, and B. Kerckhof, “Press-fit technology”, TE 
Connectivity, White Paper 072014: http://www.te.com/con-
tent/dam/te-com/documents/automotive/global/whitepaper-pressfit-
072014.pdf 

[17]  “Press-fit technology”, ept Guglhör Peiting GmbH & Co. KG, 1999: 
https://www.shoppui.com/import/datasheets/1479.pdf 

[18]  IEC-1709, “Electronic components – reliability – reference condi-
tions for failure rates & stress mode”, June 2011. 

[19] R. Schetty, “Minimization of Tin whisker formation for lead-free 
electronics finishing”, Circuit World 27, 17-20 (2001). 

[20] NASA Website: https://nepp.nasa.gov/whisker/other_whisker/in-
dex.htm 

[21] IEC 60352-5, “Solderless connections – Part 5: Press-in connections 
–   General requirements, test methods and practical guidance”, Inter-
national Electrotechnical Commission, Feb. 2012.  

[22] J. Brusse and M. Sampson, “Zinc Whiskers: Hidden Cause of Equip-
ment Failure”, IEEE Computer Society (2004) 43-47. 

[23] H. L. Cobb, “Cadmium whiskers”, Monthly Rev. Am. Electroplaters 
Soc., vol. 33, no. 28, pp. 28-30, January 1946. 

[24] G. Sines, “Filamentary Crystals grown from the Solid Metal”, J. Phys. 
Soc. Jpn. 15, pp. 1199-1210 (1960). 

[25] L. Meinshausen, S. Bhassyvasantha, B. S. Majumdar, and I. Dutta, 
"Influence of Indium Addition on Whisker Mitigation in Electro-
plated Tin Coatings on Copper Substrates," Journal of Electronic Ma-
terials, vol. 45 no. 1, pp. 791-801 (2016).  

[26] K. Whitlaw and J. Crosby, “An Empirical Study into Whisker-
Growth of Tin & Tin Alloy Electrodeposits”, AESF SUR/FIN® Pro-
ceedings, pp. 136-147 (2002).   

[27] J. Haimovich, Intermetallic Compound Growth in Tin and Tin-Lead 
Platings over Nickel and Its Effects on Solderability, 12th Annual 
Electronics Manufacturing Seminar, China Lake, California (1988) 
pp. 102-111. 

[28] C. W. Bale, E. Bélisle, P. Chartrand, S. A. Decterov, G. Eriksson, 
A.E. Gheribi, K. Hack, I. H. Jung, Y. B. Kang, J. Melançon, A. D. 
Pelton, S. Petersen, C. Robelin. J. Sangster and M-A. Van Ende, 
FactSage Thermochemical Software and Databases - 2010 - 2016, 
Calphad, vol. 54, pp 35-53, 2016 <www.factsage.com>  

[29] P. Desai, T. Chu, H. M. James, and C. Ho, "Electrical Resistivity of 
Selected Elements," Journal of Physical and Chemical Reference 
Data, Vol. 13, pp. 1069-1096 (1984). 

[30] R. L. Jackson and E. R. Crandall, “The Effect of Convection on Elec-
tro-thermal Modeling of Whisker Shorting”, IEEE Holm Conference 
on Electrical Contacts, pp. 262-269 (2019).  

[31] U. Zeigmeister, Patent EP3375910 A2, Diehl Metal Applications 
GmbH, March 2018. 
 
 
 
 
 
 
 
 
 
 
 

TE Connectivity, TE are trademarks licensed by the TE Connectivity Ltd. fam-
ily of companies.  © 2020 TE Connectivity. All Rights Reserved. 



298

 
Fig. 1 Sintering profile of Ag/MeO electrical contacts 
(850 ºC, 2 h). Dashed line means cooling time is not 
specified.  
 
The obtained samples were then embedded in conduc-
tive resin and polished for Scanning Electron Micros-
copy (SEM) analysis. A magnification of 2000 x was 
chosen for all SEM images. Energy Dispersive Spec-
troscopy was used to analyse the elemental distribution 
with a working distance of 18.5mm and an emission 
voltage of 20kV. A mapping time of at least 20 minutes 
was applied for each sample. ImageJ software was used 
for particle size measurement analysis [6]. Color pic-
tures obtained from EDS mapping were imported into 
ImageJ. The thresholding method was chosen to be 
“MaxEntropy”, with threshold color “B&W”, color 
space “YUV” and dark background. Afterwards the 
picture was converted to binary and processed by a wa-
tershed filter. Then a particle analysis with size range 
from 2 pixels up to infinity was performed. The aver-
age grain diameter is derived from the perimeter from 
the particle analysis. 
 
Bar-shaped samples were prepared from green bodies 
(30mm*4mm*3.7mm, die-pressure of 100MPa) sinter-
ing at 850 ºC, 2 h, as described in Figure 1. After sin-
tering these samples were repressed at 750MPa for 10s 
for 3 to 6 times and then re-sintered at 450 ºC for 2 h 
in order to achieve a relative density of at least 92 %. 
Fracture toughness of these bar-shaped samples was 
measured on a charpy test instrument. 

3  Results and discussion 

3.1 Microstructural evolution in Ag/CuO 
system 
SEM images with different magnifications (1000x, 
2000x and 5000x) were taken in order to get a better 
overview of the particle size distribution of CuO parti-
cles. The number of CuO particles varies depending on 
the magnification. The derived D50 for a number dis-
tribution of the perimeter of CuO particle shows a 
standard deviation about 14% of the average D50. The 

magnification is then chosen to be 2000x for all SEM 
images taken in this study to include a relatively large 
number of total oxide particles (> 350) with one image 
per sample. 

It can be seen from Figure 2 (a,b) that as the annealing 
time or temperature increases, the CuO grains tend to 
grow larger and the interspacing between grains in-
creases. This trend also manifests in the grain size anal-
ysis as shown in Figure 2 (c-e).  
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Fig. 2 Microstructure and CuO grain size distribution 
analysis with different annealing times (a, c) 0h; (b, d) 
4h at 900 ºC in Ag/CuO system. (e) shows an evolution 
of cumulative frequency of the perimeter of CuO. The 
images were taken with back-scattered electron detec-
tor. Grey phase is CuO and the white majority phase is 
Ag. 
 
3.2 Microstructural evolution in 
Ag/SnO2/Bi2O3 system 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Microstructure and SnO2 grain size distribution 
analysis with different annealing times (a, c) 0h; (b, d) 
4h at 900 ºC in Ag/SnO2/Bi2O3 system. (e) shows an 
evolution of cumulative frequency of the perimeter of 
SnO2. The images were taken with back-scattered elec-
tron detector. Grey phase is SnO2 and the white major-
ity phase is Ag.  
 
As we can see from Figure 3, in comparison to the 
Ag/CuO system which has a growth of 113% of the 
D50 perimeter of CuO, the growth in the D50 perime-
ter of SnO2 in Ag/SnO2/Bi2O3 is much less obvious, 
which is only 22%. This is shown in Table 3. 
 

 D50 at 
900 °C 
0min  
[µm] 

D50 at 
900 °C 

4h 
[µm] 

D50 
Growth  

(%) 

CuO 1.91 4.06 113 
SnO2 0.72 0.88 22 

 
Tab. 3 D50 perimeter (in µm) of MeO particles after 
different sintering conditions. 

3.3 Grain growth mechanism 

In order to describe the grain growth of the MeO parti-
cles in Ag, the Ostwald ripening model was applied, in 
a similar manner as it was used previously to describe 
microstructural evolution in liquid phase sintered sys-
tems [7]. During particle coarsening, atoms from the 
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(850 ºC, 2 h). Dashed line means cooling time is not 
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The obtained samples were then embedded in conduc-
tive resin and polished for Scanning Electron Micros-
copy (SEM) analysis. A magnification of 2000 x was 
chosen for all SEM images. Energy Dispersive Spec-
troscopy was used to analyse the elemental distribution 
with a working distance of 18.5mm and an emission 
voltage of 20kV. A mapping time of at least 20 minutes 
was applied for each sample. ImageJ software was used 
for particle size measurement analysis [6]. Color pic-
tures obtained from EDS mapping were imported into 
ImageJ. The thresholding method was chosen to be 
“MaxEntropy”, with threshold color “B&W”, color 
space “YUV” and dark background. Afterwards the 
picture was converted to binary and processed by a wa-
tershed filter. Then a particle analysis with size range 
from 2 pixels up to infinity was performed. The aver-
age grain diameter is derived from the perimeter from 
the particle analysis. 
 
Bar-shaped samples were prepared from green bodies 
(30mm*4mm*3.7mm, die-pressure of 100MPa) sinter-
ing at 850 ºC, 2 h, as described in Figure 1. After sin-
tering these samples were repressed at 750MPa for 10s 
for 3 to 6 times and then re-sintered at 450 ºC for 2 h 
in order to achieve a relative density of at least 92 %. 
Fracture toughness of these bar-shaped samples was 
measured on a charpy test instrument. 

3  Results and discussion 

3.1 Microstructural evolution in Ag/CuO 
system 
SEM images with different magnifications (1000x, 
2000x and 5000x) were taken in order to get a better 
overview of the particle size distribution of CuO parti-
cles. The number of CuO particles varies depending on 
the magnification. The derived D50 for a number dis-
tribution of the perimeter of CuO particle shows a 
standard deviation about 14% of the average D50. The 

magnification is then chosen to be 2000x for all SEM 
images taken in this study to include a relatively large 
number of total oxide particles (> 350) with one image 
per sample. 

It can be seen from Figure 2 (a,b) that as the annealing 
time or temperature increases, the CuO grains tend to 
grow larger and the interspacing between grains in-
creases. This trend also manifests in the grain size anal-
ysis as shown in Figure 2 (c-e).  
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small precipitates dissolve into the matrix Ag, and dif-
fuse through it, and reprecipitate at the larger precipi-
tates, thereby making the larger precipitates grow at the 
expense of smaller ones.  

𝑑𝑑3 − 𝑑𝑑0
3 = 𝐾𝐾 𝑡𝑡  (eq. 1) 

 
𝐾𝐾 =  8 𝛾𝛾 𝐶𝐶∞ Ω2 𝐷𝐷

9𝑅𝑅𝑔𝑔𝑇𝑇   (eq. 2) 
 
Where d is the average grain diameter of all MeO 
grains, γ is the surface tension or surface energy of the 
inclusion phase, Ω is the molar volume of the inclusion 
phase MeO, C∞ and D the solubility and diffusion co-
efficient of the diffusing species in Ag. Here we are as-
suming the grain growth is limited by the diffusion rate. 

 
Fig. 4 Grain size evolution (d3 – d0

3) as a function of 
annealing time (t) for Ag/CuO material.  

Fig. 5 Grain size evolution (d3 – d0
3) as a function of 

annealing time (t) for Ag/SnO2/Bi2O3 material. 
 
As a first order interpretation, a linear relationship was 
extrapolated between the cubic term of average grain 
diameter d and annealing time for each given tempera-
ture as shown in Figure 4 and Figure 5. The slope of 
this linear relationship indicates the grain growth con-

stant K, which also increases as the temperature in-
creases. This finding agrees with the microstructural 
evolution shown in Figure 2 and 3. 
 
Comparing the grain growth constant K for Ag/CuO 
and Ag/SnO2/Bi2O3 systems, we find K is much larger 
in Ag/CuO system. It is 6.9 times larger at 900 ºC for 
Ag/CuO than Ag/SnO2/Bi2O3. The different tempera-
ture dependence of K in Figure 4 and 5 was compared, 
as shown in Figure 6. 

Fig. 6 Grain growth constant Log (K) as a function of 
annealing temperature 10000/T for Ag/CuO and 
Ag/SnO2/Bi2O3 material. 
 
As can be seen from Figure 6, grain growth constant 
Log (K) as a function of annealing temperature 
10000/T can be approximated as 𝐾𝐾 = 𝐾𝐾0 𝑒𝑒−𝐴𝐴

𝑇𝑇. The differ-
ence in grain growth constant K gets larger as temper-
ature increases when comparing the two systems. By 
analysing the parameters determining K, we found 
there is not much difference between the surface en-
ergy of CuO and SnO2, which are in the range of (0.74, 
2.28) J/m and (1.56, 2.71) J/m respectively depending 
on the crystallographic orientation [8-9]. The molar 
volume Ω of CuO is 12.61 cm3/mol compared to that 
of SnO2, which is 21.68 cm3/mol. By comparing diffu-
sion coefficients of Cu, Sn and O in Ag [10-11], we 
found that the diffusion of the Me atoms is much rate 
limiting (D = E-9 and E-12 cm2/s for Cu and Sn in Ag 
respectively) compared to that of O atoms (D = 8.8E-3 
cm2/s). This could be attributed to the much larger mo-
lar mass of the Me atoms compared to that of an O 
atom. From previous phase diagrams, we find out the 
solubilities of Cu and Sn in Ag at 900 °C are about 3 
wt% [12-13]. 
 
At 900 ºC, the calculated diffusion coefficients for Cu 
atom and Sn atom in Ag matrix are 3.77E-11 cm2/s and 
3.44E-12 cm2/s respectively. If we compare those val-
ues to literature,  𝐷𝐷𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝐴𝐴𝐴𝐴(𝑇𝑇 = 1123𝐾𝐾) = 10−9𝑐𝑐𝑐𝑐2/
𝑠𝑠 , 𝐷𝐷𝑆𝑆𝑖𝑖 𝑖𝑖𝑖𝑖 𝐴𝐴𝐴𝐴(𝑇𝑇 = 1123𝐾𝐾) = 10−12𝑐𝑐𝑐𝑐2/𝑠𝑠 . There is a 
large deviation for 𝐷𝐷𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝐴𝐴𝐴𝐴 as can be seen in Figure 7, 
which might be due to the different Cu concentrations 
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in Ag in the literature study and the work here. The 
large difference of diffusion coefficient between Cu 
and Sn in Ag (10 times according to our experimental 
results) could be the reason that there is so much dif-
ference in the grain growth rate in the Ag/CuO and 
Ag/SnO2/Bi2O3 materials.  

 

Fig. 7 Comparison of diffusion coefficients for Cu 
and Sn in Ag that is calculated with experimental re-
sults from this study (first two columns) and from ref-
erence [10] (last two columns) at 900 °C. 

3.4 Mechanical properties 

 

Fig. 8 (a) Charpy test result of both Ag/CuO and 
Ag/SnO2/Bi2O3 material. (b, c) photos of sample after 
charpy test with the same hammering energy 2J. A 
higher hammering energy (5J) was used to get the data 
for Ag/CuO as shown in (a). 
 
A significant improvement of fracture toughness can be 
observed in Figure 8a. The photos in Figure 8c and 8b 
of samples after charpy test also show a change from 
brittle fracture to more plastic fracture mechanism. 
There could be many reasons of such change, for ex-
ample, the difference in the fracture resistant nature of 

CuO and SnO2, the MeO particle size and amount, and 
the interfacial bonding strength between Ag and MeO 
etc. While there is not much information about the frac-
ture resistant nature of CuO and SnO2, the weight per-
centage of MeO was kept as the same; the particle size 
of CuO is larger than that of SnO2. After investigating 
the fracture surface of charpy tested samples, we found 
better interfacial adhesion between Ag and CuO com-
pared to that of Ag and SnO2, as shown in Figure 9 and 
10. Compared to Ag/SnO2/Bi2O3 where cracks propa-
gate mostly along the interface between Ag and SnO2, 
we observe much less interfacial crack resulted poros-
ity in the Ag/CuO system. This agrees with the result 
of Li et al [14]. They found that the CuO and Cu2O 
additives suppressed the growth of intergranular cracks 
in the Ag/SnO2 materials by the formation of larger 
dimples around SnO2 particles, which increases larger 
interfacial adhesion. Moreover, on the very top surface 
of the fractured Ag/CuO sample, cleaved CuO particles 
are also observed as shown in Figure 9a and Figure 
10a, which indicates a stronger interface as well. It 
must be pointed out that these cleaved CuO particles 
were also observed on raw fractured surfaces without 
further processing. So, this eliminates the possibility of 
these cleavages formed due to preparation artefacts.  

 

Fig. 9 SEM images of the cross section of fractured 
samples for (a) Ag/CuO and (b) Ag/SnO2/Bi2O3 mate-
rial respectively. 

Fig. 10 SEM images of the raw fracture surfaces for (a) 
Ag/CuO and (b) Ag/SnO2/Bi2O3 material respectively. 

4 Conclusion 

By studying the microstructural evolution of Ag/CuO 
contact materials during sintering in comparison to that 
of Ag/SnO2/Bi2O3, we observed significant different 
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extrapolated between the cubic term of average grain 
diameter d and annealing time for each given tempera-
ture as shown in Figure 4 and Figure 5. The slope of 
this linear relationship indicates the grain growth con-

stant K, which also increases as the temperature in-
creases. This finding agrees with the microstructural 
evolution shown in Figure 2 and 3. 
 
Comparing the grain growth constant K for Ag/CuO 
and Ag/SnO2/Bi2O3 systems, we find K is much larger 
in Ag/CuO system. It is 6.9 times larger at 900 ºC for 
Ag/CuO than Ag/SnO2/Bi2O3. The different tempera-
ture dependence of K in Figure 4 and 5 was compared, 
as shown in Figure 6. 

Fig. 6 Grain growth constant Log (K) as a function of 
annealing temperature 10000/T for Ag/CuO and 
Ag/SnO2/Bi2O3 material. 
 
As can be seen from Figure 6, grain growth constant 
Log (K) as a function of annealing temperature 
10000/T can be approximated as 𝐾𝐾 = 𝐾𝐾0 𝑒𝑒−𝐴𝐴

𝑇𝑇. The differ-
ence in grain growth constant K gets larger as temper-
ature increases when comparing the two systems. By 
analysing the parameters determining K, we found 
there is not much difference between the surface en-
ergy of CuO and SnO2, which are in the range of (0.74, 
2.28) J/m and (1.56, 2.71) J/m respectively depending 
on the crystallographic orientation [8-9]. The molar 
volume Ω of CuO is 12.61 cm3/mol compared to that 
of SnO2, which is 21.68 cm3/mol. By comparing diffu-
sion coefficients of Cu, Sn and O in Ag [10-11], we 
found that the diffusion of the Me atoms is much rate 
limiting (D = E-9 and E-12 cm2/s for Cu and Sn in Ag 
respectively) compared to that of O atoms (D = 8.8E-3 
cm2/s). This could be attributed to the much larger mo-
lar mass of the Me atoms compared to that of an O 
atom. From previous phase diagrams, we find out the 
solubilities of Cu and Sn in Ag at 900 °C are about 3 
wt% [12-13]. 
 
At 900 ºC, the calculated diffusion coefficients for Cu 
atom and Sn atom in Ag matrix are 3.77E-11 cm2/s and 
3.44E-12 cm2/s respectively. If we compare those val-
ues to literature,  𝐷𝐷𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝐴𝐴𝐴𝐴(𝑇𝑇 = 1123𝐾𝐾) = 10−9𝑐𝑐𝑐𝑐2/
𝑠𝑠 , 𝐷𝐷𝑆𝑆𝑖𝑖 𝑖𝑖𝑖𝑖 𝐴𝐴𝐴𝐴(𝑇𝑇 = 1123𝐾𝐾) = 10−12𝑐𝑐𝑐𝑐2/𝑠𝑠 . There is a 
large deviation for 𝐷𝐷𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝐴𝐴𝐴𝐴 as can be seen in Figure 7, 
which might be due to the different Cu concentrations 
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grain growth rates of MeO for the two systems, espe-
cially at temperatures >850 ºC. This could be explained 
by the different diffusion rates of Cu and Sn atoms in 
Ag. The increased fracture toughness could be resulted 
from an improvement of interface adhesion between 
Ag/CuO compared to Ag/SnO2/Bi2O3 as shown in the 
microstructure of fractured surfaces. This in turn could 
lead to increased electrical durability due to reduced 
fracture during arcing. Further electrical life testing 
with contact tips of the compositions studied here is 
undergoing. 
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Abstract 

The performance of electrical protection devices strongly depends on contact tip materials: they should provide 
excellent anti-welding behavior, low contact resistance, low erosion rate and good arc root mobility. In order to 
guarantee good performance of the entire system, tips internal quality is fundamental. It could depend on manu-
facturing process, size of starting powders and a series of parameters controlled by the suppliers.  Control proce-
dures on contact tips are mandatory to anticipate failures due to low-quality issues. 
In this paper, a Matlab based tool for metallographic inspection (MInT, Metallographic Inspection Tool) is pre-
sented: it automatically evaluates internal bulk quality of contact tips. Materials commonly used for low voltage 
circuit breaker contact tips (as AgW, AgWC) are included for MInT investigation. The analysis procedure can 
extract metallographic properties of the tip (such as dimensions and distribution of silver islands, porosities, mass 
composition). These quantitative outputs can be connected to performance during product tests. In this work, cor-
relation between metallographic quality indexes and short circuit performances with a high level of agreement is 
also presented as an example. An attempt has been made to correlate the MInT output with the electrical properties 
(e.g. conductivity) of the contact tips. 

1.  Introduction 

Low voltage (LV) circuit breakers (CB) must fulfil a 
list of requirements related to the protection of persons 
and electric network. The primary function of these de-
vices is to identify a fault caused by overload or short-
circuit and interrupt the current flow. The interrupting 
capacity of a CB strongly depends on the design of its 
mechanism and on contact materials [1]. The combina-
tion of both drives the ability of the whole device to 
extinguish the electric arc that will ignite during con-
tacts opening [2]. Due to high thermal energy of the 
arc, the moving and fixed contacts are the components 
most exposed to damage. For this reason, the contact 
pair must be properly designed in order to withstand 
arc erosion: usually unsymmetrical contact pairs are 
used to reduce welding phenomena and to combine the 
advantages of different materials. 

Silver-based refractory contact materials are usually 
chosen as arcing contacts in traditional CBs due to their 
low electrical resistance, high resistance against weld-
ing, high arc erosion resistance, good arc mobility and 
good arc extinguishing capability [1],[3],[4],[5]. The 
silver phase of the composite metal retains its high 
electrical and thermal conductivities, while the other 
components help to improve hardness and arc re-
sistance properties. A proper combination of contact 
materials between moving and fixed contacts is crucial 

to guarantee the interrupting performance. A material 
mating often used for LV CBs consists of silver-tung-
sten (AgW) or silver-tungsten carbide (AgWC) mate-
rial for the moving contact and silver-graphite (AgC) 
for the fixed counterpart. AgW contacts are particu-
larly resistant to arc erosion and show high conductiv-
ity, with typical silver content between 30%wt and 
85%wt. AgWC represents a valid alternative to AgW 
if higher arc erosion resistance and hardness are re-
quired. In this case, silver content can vary in the range 
40-60% wt. Silver-graphite is used as contact material 
because of its anti-welding and electrical resistance 
properties, with graphite content usually in the range 2-
5% wt. 

Visual inspection by means of metallographic images 
can help to check the internal quality of electrical con-
tacts and identify possible manufacturing failures that 
can jeopardize the CB functionalities. In this paper, a 
tool (MInT, Metallographic Inspection Tool) devel-
oped by ABB has been used to automatically perform 
a quantitative analysis of contact tips quality. The re-
sults of this investigation have been directly correlated 
with short circuit switching performances on a CB 
from ABB. Finally, the outputs from MInT analysis 
have been used to extract preliminary data concerning 
material properties of the contact tips, such as conduc-
tivity. The latter depends also from impurities and ad-
ditives solved in the silver matrix, usually not visible 
in microsections. 

grain growth rates of MeO for the two systems, espe-
cially at temperatures >850 ºC. This could be explained 
by the different diffusion rates of Cu and Sn atoms in 
Ag. The increased fracture toughness could be resulted 
from an improvement of interface adhesion between 
Ag/CuO compared to Ag/SnO2/Bi2O3 as shown in the 
microstructure of fractured surfaces. This in turn could 
lead to increased electrical durability due to reduced 
fracture during arcing. Further electrical life testing 
with contact tips of the compositions studied here is 
undergoing. 

5 Literature 

[1]  B. Gengenbach, Ursijla Mayer, Roland 
Michal, and K. E. Saeger, “Investigation on the Switch-
ing Behavior of AgSnO2 Materials in Commercial 
Contactors”, IEEE Transactions on Components, Hy-
brids and Manufacturing Technology 8 (1) 58-62 
(1985). 
[2]  Chi H. Leung, Volker Behrens, “A Review of 
Ag/SnO2 Contact Material and Arc Erosion”, Proceed-
ings on International Conference on Electrical Con-
tacts 82-87 (2008) 
[3]  T. Mützel and R. Niederreuther, "Advanced 
silver-tinoxide contact materials for relay application," 
26th International Conference on Electrical Contacts 
(ICEC 2012) 194-199, Beijing (2012). doi: 
10.1049/cp.2012.0647. 
[4]  D. Jeannot, J. Pinard, P. Ramoni and E. M. 
Jost, "Physical and chemical properties of metal oxide 
additions to Ag-SnO2 contact materials and predictions 
of electrical performance," in IEEE Transactions on 
Components, Packaging, and Manufacturing Technol-
ogy: Part A 17(1) 17-23 (1994). doi: 
10.1109/95.296363. 
[5]  Guijing Li, Huijie Cui, Jun Chen, Xueqian 
Fang, Wenjie Feng, Jinxi Liu, “Formation and effects 
of CuO nanoparticles on Ag/SnO2 electrical contact 
materials”, Journal of Alloys and Compounds 696 (5), 
1228-1234, (2017). doi: 10.1016/j.jall-
com.2016.12.092. 
[6]  Rishi, Narinder Rana, “Particle Size and 
Shape Analysis using Imagej with Customized Tools 
for Segmentation of Particles”, International Journal of 
Engineering Research & Technology 4(11) 247-250 
(2015). 
[7]  Thomas Vetter, Martin Iggland, David R. 
Ochsenbein, Flurin S. Hänseler, and Marco Mazzotti, 
“Modeling Nucleation, Growth, and Ostwald Ripening 
in Crystallization Processes: A Comparison between 
Population Balance and Kinetic Rate Equation”, Crys-
tal Growth & Design 13 (11) 4890-4905 (2013). 
DOI:10.1021/cg4010714. 
[8]  A. Beltra, J. Andres J. R. Sambrano, E. Longo, 
“Density Functional Theory Study on the Structural 
and Electronic Properties of Low Index Rutile Surfaces 

for TiO2/SnO2/TiO2 and SnO2/TiO2/SnO2 Compo-
site Systems”, J. Phys. Chem. A 112, 8943–8952 
(2008). 
[9]  Chiara Gattinoni, Angelos Michaelides, “At-
omistic details of oxide surfaces and surface oxidation: 
the example of copper and its oxides”, Surface Science 
Reports 70 (3) 424-447 (2015). 
DOI:10.1016/j.surfrep.2015.07.001 
[10]  W. Gierlotka, Y.H. Chen, M.A. Haque, and 
M.A. Rahman, “Atomic Mobilities in the Ag-Cu-Sn 
Face-Centered Cubic Lattice”, Journal of Electronic 
Materials 41(12) 3359-3367 (2012). 
[11] W. Eichenauer and G. Mueller, “Diffusion und 
Loeslichkeit von Sauerstoff in Silber”, Journal of Me-
tallurgy 53, 321-324 (1962).  
[12]  I. Karakaya, W. T. Thompson, “The Ag-Sn 
(Silver-Tin) system”, Bulletin of Alloy Phase Dia-
grams 8, 340–347 (1987). 
[13] A. Kawecki, T. Knych et al., “Fabrication, 
properties and microstructures of high strength and 
high conductivity copper-silver wires”, Archives of 
Metallurgy and Materials 57(4) (2013). 
[14] Guijing Li, Tianyang Yang et al., “Mechanical 
characteristics of the Ag/SnO2 electrical contact mate-
rials with Cu2O and CuO additives”, Journal of Alloys 
and Compounds (817) 15, 152710 (2020). 



304

2. Methods and materials 

2.1 Product under investigation 

The device under test (DUT) is a four poles test setup 
(three phases and neutral) with significant features of a 
real Residual Current Circuit Breaker (RCCB) compli-
ant with standard IEC 61008 [6]: it has been designed 
to demonstrate correlation between contact tip quality 
and short circuit performances. The DUT mainly con-
sists of: 
 

- sensing group to detect the electrical faults: in 
particular a current transformer to identify 
earth leakage currents; 

- actuator to transmit a tripping signal to the 
mechanism, in the DUT an electro-mechani-
cal relay; 

- a mechanical assembly driven by the handle 
or the actuator, made of levers and springs that 
opens and closes the contacts; 

- an arc chamber to extinguish the electrical arc 
following contact opening during short circuit 
operation. 
 

The DUT is equipped with pairs of contact tips made 
of AgW or AgWC for the moving contact and AgC for 
the fixed one. In this paper, the investigation has been 
focused on Ag-based tips for the moving contact which 
is the most critical contact for short circuit failures: be-
ing on the cathodic side of the electric arc in the test 
set-up, it is subjected to higher temperatures and ero-
sion due to ion bombardment [1]. Besides that, due to 
the typical design, the arc tends to stay longer on the 
moveable tip than the fixed tip. While the moving con-
tact has been equipped with different Ag-based contact 
tips, the same fixed contact material (AgC 95-5, ex-
truded with graphite fibers perpendicular to contact 
surface) has been used to avoid possible influences on 
the results. 

The full test procedure for RCCB is described in the 
product reference standard IEC 61008 [6]. In particu-
lar, the short circuit sequence E has been chosen to 
compare different tips performances, because it has 
been considered the most arduous to be passed by con-
tacts. The test sequence can be divided into two parts: 
the first one is in coordination with a Short-Circuit Pro-
tective Device (SCPD) and is intended to verify that 
the DUT is able to withstand the rated conditional 
short-circuit current (Inc) without damage. The se-
quence of shots is Open-Close-Open (O-C-O). The sec-
ond part wants to verify the DUT ability to make, carry 
and break short circuit current (Im) without any other 
protection, while a residual current of 10 times the 
nominal differential current causes the CB to operate. 
The sequence of shots is CO-CO-CO. Inc > Im, where 
Im is the greater between 10 times the nominal current 
of the DUT and 500 A. In this paper, all the tests have 

been performed on samples with nominal current of 
100 A, Inc=10 kA protected by a 100 A fuse (first part 
of the sequence) and Im=1 kA (second part of the se-
quence).  

The shots at 10 kA are high thermal stress for the con-
tact tips because of the high arc energy. If their quality 
is not sufficient, a high rate of failure due to welding 
between contact pairs can be observed in subsequent 
shots, where repulsion forces are lower due to smaller 
current intensities. They can cause partial opening be-
tween contacts and rebounds that could promote weld-
ing. 

Figure 1 shows a comparison between a moving con-
tact tip before and after the short circuit sequence. 
 

The above-mentioned standard prescribes that a set of 
three samples must be tested for each test sequence: if 
no failure occurs, the test is passed. A single failure can 
be admitted: in this case another set of three samples 
can be tested, but no additional failures are permitted. 
If more than one failure is experienced on the first set 
of samples, the sequence is immediately failed. Typical 
failures related to contact tips that can occur during 
short circuit tests are: 

- welding between moving and fixed contact 
tips after partial or total erosion due to the 
electric arc. In extreme cases, welding can oc-
cur directly between one tip and the counter-
part contact carrier, if the contact tip has been 
completely eroded; 

- sticking between moving and fixed contact 
tips. It is usually distinguished from a welding 
failure, because it happens at lower currents 
and results in a lower force acting between the 
tips; 

 

Figure 1 Example of contact tip before (left) and  
after (right) short circuit test. 
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- lack of electrical continuity at contact reclos-
ing, due to complete erosion of electrical con-
tacts by the arc; 

- chipping of the moveable contact tip due to 
thermal shock. 

All these failures can be directly connected to tip inter-
nal structure and/or composition. In particular, the first 
two can be linked to insufficient anti-welding proper-
ties, while the third can be related to low arc resistance 
and material hardness and the fourth to poor grain 
structure of the contact. 

2.2 Tool for metallographic analysis 

Visual inspection of contact microstructure can give 
valuable feedback about tip quality only if associated 
with quantitative outputs allowing objective compari-
son between tips. In the case of sintered Ag-based con-
tact tips, the presence of large silver islands in the mov-
ing contact tip can facilitate welding phenomena and 
increase the short-circuit failure rate. On the back side 
used to attach the tip on the contact carrier, the tip 
should exhibit a good homogeneity, no voids and uni-
form silver infiltration in the knurled region. These 
conditions should allow an optimal welding of the tip 
on the contact carrier. Regarding porosities, they can 
affect electro-mechanical properties, such as electrical 
resistance and hardness. In the presented paper, impact 
of porosities on product performance has not been in-
vestigated. 
 
Usually optical microscopes are equipped with tools 
for image analysis. MInT solution developed by ABB 
is a Matlab-based software and does not require special 
equipment to be run. Starting from the image file of a 
tip cross-section, the software tool can automatically 
identify silver islands thanks to different colour or grey 
level existing between silver and refractory phases. A 
consistent procedure should be established to capture 
multiple pictures from the same cross-section to build 
a more solid statistical base. In order to be more con-
servative, metallographies can be focused on the re-
gions containing the largest silver islands. After their 
identification, the software extracts statistics regarding 
different microstructural parameters, such as metal is-
lands maximum diameter, area, and orientation. Figure 
2 illustrates the measurement of maximum axis length 
and area for a silver island as an example.  
 
The outputs chosen as representative and quantitative 
criteria to accept or reject the contact tip depend on the 
performance required by the product. The cumulative 
area of silver islands as a function of their maximum 
axis length has been already presented as quality index 
for tip microstructure [5]. A plot of the Ag islands cu-
mulative area is reported as an example in Figure 3 for 
an AgWC tip. The experimental data are plotted with 
circular markers. The cumulative area is normalized to 

the total detected area of silver islands in the cross sec-
tion.  Four check-points are extracted by MInT, corre-
sponding to the percentile values of 50%, 70%, 90% 
and 95%. For sake of clarity, an explanation of the plot 
in Figure 3 is presented here: 50% of the area covered 
by silver consists of islands with major axis length be-
low 4.2 µm (1st column), 70% by Ag islands with max-
imum diameter up to 6.7 µm (2nd column) and so on. If 
no experimental major axis length data precisely corre-
sponds to the prescribed percentile value, the closest 
value is considered. 
 
Finer microstructure means that more smaller Ag is-
lands are present: therefore, the first part of the curve 
should be more populated and show a higher slope, 
reaching the 100% of cumulative Ag area should by 
smaller values of major axis length. 

In order to classify the contact tip quality, the experi-
mental curve is compared to a specification limit curve 
which has been fixed considering both the expected sil-
ver distribution due to the sintering and infiltration pro-
cess and the requirement to achieve good short circuit 
performance. The sintered grain structure is not ran-
dom, but it is driven by smaller particles that tend to 
cluster [7]. Islands size distribution in the sintered ma-
terials is described by an exponential law, given by the 
Weibull distribution in the cumulative form: 

𝐹𝐹(𝑑𝑑) = 1 − 𝑒𝑒(−(𝑑𝑑−𝑑𝑑0)
𝑑𝑑𝑚𝑚

)
𝑚𝑚

,          (1) 

where F(d) is the cumulative fraction of grains up to 
size d, d0 is the location parameter, dm is the scale pa-
rameter (the median size corresponding to half of the 
grains being smaller), m is the shape parameter that 
equals 2 for two-dimensional grain size measures (as 
in the here presented analysis) and 3 for three-dimen-
sional grain size measure. 
 
In MInT plot, d0=2 µm because agglomerates smaller 
than this value have been filtered out to avoid possible 
artefacts. Therefore, dm is the remaining variable to fit 

Figure 2 Measurement of maximum axis length and 
area for an Ag agglomerate in an AgW contact tip. 

2. Methods and materials 

2.1 Product under investigation 

The device under test (DUT) is a four poles test setup 
(three phases and neutral) with significant features of a 
real Residual Current Circuit Breaker (RCCB) compli-
ant with standard IEC 61008 [6]: it has been designed 
to demonstrate correlation between contact tip quality 
and short circuit performances. The DUT mainly con-
sists of: 
 

- sensing group to detect the electrical faults: in 
particular a current transformer to identify 
earth leakage currents; 

- actuator to transmit a tripping signal to the 
mechanism, in the DUT an electro-mechani-
cal relay; 

- a mechanical assembly driven by the handle 
or the actuator, made of levers and springs that 
opens and closes the contacts; 

- an arc chamber to extinguish the electrical arc 
following contact opening during short circuit 
operation. 
 

The DUT is equipped with pairs of contact tips made 
of AgW or AgWC for the moving contact and AgC for 
the fixed one. In this paper, the investigation has been 
focused on Ag-based tips for the moving contact which 
is the most critical contact for short circuit failures: be-
ing on the cathodic side of the electric arc in the test 
set-up, it is subjected to higher temperatures and ero-
sion due to ion bombardment [1]. Besides that, due to 
the typical design, the arc tends to stay longer on the 
moveable tip than the fixed tip. While the moving con-
tact has been equipped with different Ag-based contact 
tips, the same fixed contact material (AgC 95-5, ex-
truded with graphite fibers perpendicular to contact 
surface) has been used to avoid possible influences on 
the results. 

The full test procedure for RCCB is described in the 
product reference standard IEC 61008 [6]. In particu-
lar, the short circuit sequence E has been chosen to 
compare different tips performances, because it has 
been considered the most arduous to be passed by con-
tacts. The test sequence can be divided into two parts: 
the first one is in coordination with a Short-Circuit Pro-
tective Device (SCPD) and is intended to verify that 
the DUT is able to withstand the rated conditional 
short-circuit current (Inc) without damage. The se-
quence of shots is Open-Close-Open (O-C-O). The sec-
ond part wants to verify the DUT ability to make, carry 
and break short circuit current (Im) without any other 
protection, while a residual current of 10 times the 
nominal differential current causes the CB to operate. 
The sequence of shots is CO-CO-CO. Inc > Im, where 
Im is the greater between 10 times the nominal current 
of the DUT and 500 A. In this paper, all the tests have 

been performed on samples with nominal current of 
100 A, Inc=10 kA protected by a 100 A fuse (first part 
of the sequence) and Im=1 kA (second part of the se-
quence).  

The shots at 10 kA are high thermal stress for the con-
tact tips because of the high arc energy. If their quality 
is not sufficient, a high rate of failure due to welding 
between contact pairs can be observed in subsequent 
shots, where repulsion forces are lower due to smaller 
current intensities. They can cause partial opening be-
tween contacts and rebounds that could promote weld-
ing. 

Figure 1 shows a comparison between a moving con-
tact tip before and after the short circuit sequence. 
 

The above-mentioned standard prescribes that a set of 
three samples must be tested for each test sequence: if 
no failure occurs, the test is passed. A single failure can 
be admitted: in this case another set of three samples 
can be tested, but no additional failures are permitted. 
If more than one failure is experienced on the first set 
of samples, the sequence is immediately failed. Typical 
failures related to contact tips that can occur during 
short circuit tests are: 

- welding between moving and fixed contact 
tips after partial or total erosion due to the 
electric arc. In extreme cases, welding can oc-
cur directly between one tip and the counter-
part contact carrier, if the contact tip has been 
completely eroded; 

- sticking between moving and fixed contact 
tips. It is usually distinguished from a welding 
failure, because it happens at lower currents 
and results in a lower force acting between the 
tips; 

 

Figure 1 Example of contact tip before (left) and  
after (right) short circuit test. 
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experimental distribution of good tips. Its value has 
been obtained to reach a satisfactory agreement be-
tween tips that passed short circuit testing and MInT 
outputs. By varying the dm value, the ending point of 
the curve corresponding to 100% of silver cumulative 
area changes accordingly. The x-coordinate of this 
point establishes the maximum allowed size for silver 
islands: from short circuit test, it has been fixed at 20 
µm for AgWC tips and 30 µm for AgW contacts. The 
reason for this difference is due to the starting material 
properties and process parameters during sintering that 
result in smaller silver islands in AgWC contacts with 
respect to AgW. As a result, d0 values used in MInT are 
10 µm and 7 µm respectively for AgW and AgWC tips. 

Two conditions are required to accept the sample: the 
experimental data must lie above the specification limit 
curve and the 95% data point must not exceed the max-
imum major diameter established by the specification 
curve, as in the case illustrated in Figure 3.  

3. Short circuit results 

3.1 Correlation with SC performances 
 
AgW and AgWC contact tips from different suppliers 
and with different Ag island diameter distributions 
have been analysed by MInT and tested in short circuit 
(SC) sequence. In order to correlate contact micro-
structure to the macroscopic behaviour during opera-
tion, only failures connected to welding and sticking 
between contact pairs have been considered because 
those failure modes are suspected to be directly con-
nected to non-homogeneous metal distribution and/or 
the presence of large silver islands. Other failure modes 
during SC tests on the DUT can be related to complete 
erosion of one of the two contact tips, leading to weld-
ing between carrier and the counterpart contact tip. 
This failure can be affected also by hardness of contact 
tip rather than only Ag islands distribution. The two 
quantities are interconnected, but this topic is not sub-
ject of this work. 

Being the moving contact tips of the DUT manually as-
sembled, parameters for a correct welding on the car-
rier have been found and the proper adhesion of the tips 
on the carrier has been checked by means of shear force 
tests. 

The short circuit test sequence is repeated on six sam-
ples for each type of contact tip: it is passed if a failure 
equal or less than 17% is observed, corresponding to 1 
failure out of 6. 

3.1.1 Results on AgW contact tips 

Analysis of four different batches of AgW contact tips 
(from A to D) will be presented in this section. Metal-
lographic cross-sections are reported in Figure 4.  
All the images refer to the same level of magnification, 
therefore they can be directly compared. A first visual 
inspection highlights significant differences in bulk mi-
crostructures. A lower content of silver is immediately 
evident in tip A (AgW 25-75 wt%) with respect to the 
other samples (AgW 40-60 wt%).  

Tips B and C are very similar at a glance, both showing 
a homogenous phase distribution. Sample C presents a 
higher tendency of silver islands to be interconnected: 
as a result, a larger median size of Ag islands is ex-
pected. Finally, tip D contains a lower number of Ag 
agglomerates but with larger dimension. 

Figure 3 Cumulative area of silver islands as a func-
tion of major axis length (top) and corresponding per-
centiles values histogram (bottom). 
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A quantitative analysis of these preliminary observa-
tions is plotted in Figure 5. As illustrated in section 2.2, 
the cumulative area plot should lie above the specifica-
tion limit curve and the 95% point below the maximum 
diameter value (30 µm for the AgW tips). According to 
a strict observation of these requirements, only tip A 
can be accepted. Tip B shows a 95% percentile in line 
with technical specifications but the experimental data 
falls in the rejection area of the graph. In this case, fur-
ther and more detailed investigations should be consid-
ered to accept or reject this batch. Both tips C and D 
should be rejected because of a coarser distribution of 
silver islands and the presence of silver agglomerates 
that exceed maximum allowed dimensions and could 
promote welding between contacts.  

Table 1 summarizes MInT outputs and compares them 
to their short circuit failure rate. For each tested contact 
type, the 95% size value is reported together with the 
comparison between experimental cumulative plot and 
quality limit curve. As a result, the final MInT assess-
ment of tip quality is summarized. The last column re-
ports the short circuit failure rate due to sticking/weld-
ing based on six samples. Values higher than ac-
ceptance thresholds are highlighted in bold (i.e. 95% 
diameter higher than 30µm, short circuit failure rate 
higher than 17%).  

MInT evaluation shows a good level of agreement with 
the results of the short circuit test: a fine and homoge-
neous distribution of silver islands results in success-
fully passing the short circuit test (tip A). Also, tip B 
presents an internal microstructure good enough to ful-
fil test requirements: even if the cumulative area line 
slightly lies below the acceptance curve (see Figure 5), 
metal phases are uniformly distributed and large silver 
agglomerates are absent. For tips C and D, metallo-
graphic analysis fully predicts higher failure rates in 
product tests.  

 

A remarkable result regards the difference between tips 
B and C. They have been produced by the same sup-
plier and a first visual inspection of metallographic im-
ages (see Figure 4) could not properly distinguish be-
tween the two samples. MInT analysis has been able to 
quantitatively evaluate microstructural differences and 
anticipate possible failures in short circuit tests. In ad-
dition to this, with the two tips manufactured by the 
same supplier and having identical nominal composi-
tion, MInT analysis can be used also to detect process 
deviations occurring between batches. 

 

 

Figure 4 Metallographies of four different AgW con-
tact tips (AgW 25-75 wt%, tip A; AgW 40-60 wt%, tips 
B-D). 

Figure 5 Cumulative silver area plot vs islands size 
(top) and extracted percentile values (bottom) for ana-
lysed AgW contact tips. 
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quantities are interconnected, but this topic is not sub-
ject of this work. 

Being the moving contact tips of the DUT manually as-
sembled, parameters for a correct welding on the car-
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Analysis of four different batches of AgW contact tips 
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therefore they can be directly compared. A first visual 
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3.1.2 Results on AgWC contact tips 

A similar analysis has been conducted on AgWC con-
tact tips. Figure 6 shows metallographic images of six 
different AgWC contact tips (from E to L) having 
AgWC composition from 40-60 wt% to 60-40 wt%. 
Metallographies are taken with different levels of mag-
nification, so a direct visual comparison could lead to 
erroneous results.  

 
Despite that, significant differences are evident: some 
tips present fine and homogeneous silver distribution 
(tips E, G), others higher median size of silver agglom-
erates but still uniform dispersion (tip F), others more 
inhomogeneous microstructure and larger silver is-
lands (tips H, I). Tip L shows a fine and uniform distri-
bution in the main part of the image, but some large Ag 
agglomerates are present. A direct and reliable compar-
ison of these metallographies can be quite hard and 
subjective. MInT analysis points out clear differences. 
As presented in section 2.2, in this case the maximum  
 
 
 

 
 
 
 
 
 
 
 
 

 
allowed diameter for Ag islands is 20 µm, more strin-
gent than for AgW because of a finer expected micro-
structure.  
 
Results of metallographic investigation are reported in 
Figure 7. First two tips E and F show an internal mi-
crostructure perfectly in line with technical require-
ments fixed by the AgWC quality limit curve: the silver 
phase is fine and uniformly dispersed. Tip G follows 
similar considerations reported in section 3.1.1 for tip 
B: even though the cumulative silver area curve par-
tially lies below the specification line, the resulting mi-
crostructure could be considered fine enough to be ac-
cepted. The presence of few large Ag agglomerates par-
tially deviates the final portion of the experimental 
curve from the ideal trend, but the 95% value meets the 
prescribed limit. MInT analysis confirms the first vis-
ual evaluation of a poor internal quality for tips from H 
to L. Tip L represents an interesting case to estimate the 
impact of few large Ag islands over a fine microstruc-
ture. The initial part of the cumulative silver island 
curve (size less than 10 µm and area percentage below 
60%) is perfectly in line with the quality limit, as can 
be observed comparing the first percentile bars for tips 
E-G and L in Figure 7. This means that a large number 
of small silver islands is present. Beyond this point, the 
slope of the cumulative area plot for tip L decreases. 
The weight of large silver agglomerates is evident es-
pecially in the final part of the curve, where the largest 
silver islands contribute 5% each to the total cumula-
tive area. 
 
The correlation between tip quality evaluation made by 
MInT and short circuit failure rates is reported in  
Table 2. As for AgW contacts, the impact of contact 
microstructure on product performances has been cor-
rectly predicted by MInT. Tips E and L are made with 
the same nominal composition (AgWC 50-50 wt%) 
and have been produced by the same supplier. Despite 
this, the microstructure and product performance are 
significantly different. The microstructure analysis has 
been proven to quantitatively discriminate between 
manufacturing lots and may reflect deviations from the 
optimal sintering process. 

Tip Supplier 95% size (µm) Above curve? Accept? % SC failure* 
A (AgW 25-75 wt%) 1 12 y y 17% 
B (AgW 40-60 wt%) 2 27.5 n n 17% 
C (AgW 40-60 wt%) 2 44 n n 33% 
D (AgW 40-60 wt%) 3 52.3 n n 67% 

Table 1 Correlation between MInT outputs and short circuit failure rate for the tested  
AgW contact tips. In bold, specification out of technical requirements. 

Figure 6 Metallographies of six different AgWC con-
tact tips (AgWC 40-60 wt%, tip F; AgWC 50-50 wt%, 
tips E, G, I, L; AgWC 60-40 wt%, tip H). Images are 
taken with different levels of magnification. 
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*over 6 samples  

 

 

3.2 Correlation with electro-mechani-
cal properties 
 
In section 3.1, it has been proven that MInT software is 
able to correlate the SC failure rate due to welding to 
the contact tip quality. As conductivity is a crucial elec-
trical parameter, an attempt has been made to investi-
gate the correlation between microstructural output of 
the MInT tool and the conductivity of the tips. Besides 
that, a correlation between microstructure quality and 
tip composition has been investigated. The analysis has 
been conducted for AgW tips of different Ag content 
ranging from 27 to 65 wt%. All the tips have been man-
ufactured by same supplier (supplier 9). Cold blend-
sintering and fire blend process have been used for 
manufacturing the tips. In fire blending process, cold 
blended powders of different materials are mixed in 
furnace to form alloyed powders. They are broken 
down again to desired powder size and used for contact 
tip manufacturing. This practice ensures better mixing 
of elements. For this investigation, it has been assumed 
that the Ag islands are the only contributor to the con-
ductivity, neglecting the contribution from the tung-
sten.  
 
Twelve AgW contact tips have been characterized in 
terms of electrical conductivity using an eddy current 
measurement method. Wet chemical analysis has been 
performed to determine the exact Ag content of each 
set of contact tips. From MInT analysis, Ag island size 
and island numbers at percentile cumulative area val-
ues have been considered as microstructural contribu-
tion factors (CF) that impacts conductivity. 
 
As mentioned in section 2.2, based on the greyscale 
value of metallographic images, Ag and W are distin-
guished and further analysed in the MInT tool. For each 
contact tip set, at least three tips have been analysed 
with five images taken from the central region of each 
tip section (i.e. minimum fifteen images were analysed 
for each case). From the cumulative distribution plot of 
each image, the diameter of Ag islands corresponding 
to each of the percentile values of the cumulative plot 
has been identified. In the next step, the number of Ag 
islands has been similarly calculated for each percen-
tile value. 
 

Tip Supplier 95% size (µm) Above curve? Accept? % SC failure* 
E (AgWC 50-50 wt%) 4 9.0 y y 17% 
F (AgWC 40-60 wt%) 5 13.8 y y 17% 
G (AgWC 50-50 wt%) 6 17.8 n y 0% 
H (AgWC 60-40 wt%) 7 27.5 n n 50% 
I (AgWC 50-50 wt%) 8 34.5 n n 33% 
L (AgWC 50-50 wt%) 4 42.6 n n 67% 

Table 2 Correlation between MInT outputs and short circuit failure rate for the tested  
AgWC contact tips. In bold, specification out of technical requirements. 

Figure 7 Cumulative silver area plot vs islands size 
(top) and extracted percentile values (bottom) for ana-
lysed AgWC contact tips. 
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the same nominal composition (AgWC 50-50 wt%) 
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The contribution factor has been defined by the follow-
ing formula: 

             𝐶𝐶𝐹𝐹 =  ∑ 𝑑𝑑𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖 ,            (2) 

where i=1-4 is the index of the percentile value, d is the 
major axis length of Ag islands extracted from the cu-
mulative plot and n the number of Ag islands covering 
the corresponding cumulative area percentage. 
 
The CF as a function of electrical conductivity and Ag 
content is plotted in Figure 8 for different cold blend 
AgW contact tips. The correlation of these three param-
eters will be studied with more details once data is 
available for additional compositions.  From the pre-
liminary results presented here, it can be observed that 
the conductivity and Ag content is linearly dependent 
to the CF. The CF is higher for the tips with higher con-
ductivity and Ag content and vice versa. Important to 
note is that all the tips contributing to the plot in Figure 
8 are manufactured by the same supplier with the same 
process (cold blend), but with different Ag contents. 

 
In Figure 9, composition and electrical conductivity are 
plotted against the CF including both process (cold and 
fire blend). It can be observed that the data points are 
more dispersed, compared to Figure 8. The conductiv-
ity and Ag content are higher for the fire blend tips 

(marked with circle in plot) of similar CF with respect 
to cold blend process. Therefore, it seems that the man-
ufacturing process can play a role on this correlation 
even for the tips with similar Ag content. Further in-
vestigation will be a topic for future works. 

4. Conclusions 

AgW and AgWC contact tips for LVCB have been an-
alysed and tested in order to correlate internal micro-
structure with short circuit behaviour. Thanks to a 
metallographic inspection tool (MInT) developed by 
ABB, cumulative area of silver phase as a function of 
island size has been used to evaluate silver distribution. 
A high level of agreement between MInT evaluation 
and short circuit performances has been proven, mak-
ing the presented procedure a solid solution for contact 
quality check. Failures due to large silver islands or 
non-homogeneous silver distribution can be reliably 
predicted. The described methods can be used not only 
to accept or reject contact tips, but also as support tool 
for designers to discuss technical requirements with 
suppliers and to identify specifications to be included 
in contact drawings. The future plan is to find the cor-
relation between conductivity/composition and contri-
bution factor or other MINT calculated predictor for 
different process route. Understanding this relationship 
can help to qualify tips or supplier based on the micro-
structure parameters of the different contact tips. 
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in the plot. 



311

The Impact of Arcing (AC3) on the  
Contact Resistance Behavior of Ag/SnO2 

Mützel Timo, SAXONIA Technical Materials GmbH, Hanau, Germany, timo.muetzel@saxonia-tm.de 
Hubrich Christian, SAXONIA Technical Materials GmbH, Hanau, Germany 
Tasch Johannes, SAXONIA Technical Materials GmbH, Hanau, Germany 

Abstract 

For medium and high power rated contactors silver tin-oxide (Ag/SnO2) materials doped with different types of 
additives are state-of-the-art contact materials. AC3 endurance tests were performed with a commercially available 
contactor type (45 kW). By novel approach, arcing voltages during make and break operation throughout endur-
ance testing as well as individual contact voltage drops during temperature rise test sequences were studied. 

Focus of the studies was set on the evaluation of contact resistance for individual pairs of contacts and correlating 
it to individual arcing stresses during endurance switching (within a double-breaking device design). Several types 
of silver metal-oxides were examined and deeper insights into the interaction between contact material and device 
could be achieved. Experimental contact resistance results are further explained by post-switching analysis of the 
contacts via metallurgical routines. 

 

1 Introduction 

Electro mechanical contactors are industrial control el-
ements for switching, mainly motor loads. For power 
ratings above 10 kW silver tin-oxide (Ag/SnO2) is the 
state-of-the-art, RoHS conform contact material in use.  
 
Miniaturization of switching devices and increasing 
power densities by novel device designs were techno-
logical drivers for material development over the last 
decades. These technology developments were cov-
ered by design to cost measurements including pre-
cious metal reduction requirements [1 – 3]. 
 
Following these developments temperature rise behav-
ior of switching devices like contactors is becoming an 
increasingly important parameter. As contact materials 
contribute essentially via Joule heating generated by 
their contact resistance, which is in general signifi-
cantly increased in switched condition, knowledge 
about the interaction of arcing and contact resistance is 
key for finding appropriate solutions.  
 
In 1991 Rieder [4] concluded that “detailed further in-
vestigations are required to understand the mechanism 
of AC3 make-and-break erosion”. Corresponding stud-
ies were presented by the authors in [5] and will here 
be extended into the area of contact resistance behav-
ior. 

2 AC3 Test Parameters and Ma-
terials under Test 

2.1 Test Parameters 

Basis for the studies performed is the AC3 endurance 
test in accordance to IEC 60947-1 [6]. Whereas tem-
perature rise in accordance to this standard is only re-
quired in advance of electrical endurance testing, we 
extended this test to higher practical relevance and in-
cluded such test in switched condition. The measure-
ment setup for studying individual arcing energies per 
contact pair was published by the authors in [5]. A 
45 kW (AC3 power) rated contactor was chosen as test 
object and the applied, corresponding test parameters 
are summarized in Table 1.  
 

Table 1 Test Parameters 

parameter value 

voltage U (make/break) 400/67 V 
current I (make/break) 486/81 A 
power factor cosφ 0.35 
switching frequency 1,000 1/h 
number of operations n 1,000,000 
drive voltage 230 V (AC) 
thermal current Ith (new device) 100 A 
thermal current Ith (AC3 service life) 50 A 

The contribution factor has been defined by the follow-
ing formula: 

             𝐶𝐶𝐹𝐹 =  ∑ 𝑑𝑑𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖 ,            (2) 

where i=1-4 is the index of the percentile value, d is the 
major axis length of Ag islands extracted from the cu-
mulative plot and n the number of Ag islands covering 
the corresponding cumulative area percentage. 
 
The CF as a function of electrical conductivity and Ag 
content is plotted in Figure 8 for different cold blend 
AgW contact tips. The correlation of these three param-
eters will be studied with more details once data is 
available for additional compositions.  From the pre-
liminary results presented here, it can be observed that 
the conductivity and Ag content is linearly dependent 
to the CF. The CF is higher for the tips with higher con-
ductivity and Ag content and vice versa. Important to 
note is that all the tips contributing to the plot in Figure 
8 are manufactured by the same supplier with the same 
process (cold blend), but with different Ag contents. 
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plotted against the CF including both process (cold and 
fire blend). It can be observed that the data points are 
more dispersed, compared to Figure 8. The conductiv-
ity and Ag content are higher for the fire blend tips 
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to cold blend process. Therefore, it seems that the man-
ufacturing process can play a role on this correlation 
even for the tips with similar Ag content. Further in-
vestigation will be a topic for future works. 

4. Conclusions 

AgW and AgWC contact tips for LVCB have been an-
alysed and tested in order to correlate internal micro-
structure with short circuit behaviour. Thanks to a 
metallographic inspection tool (MInT) developed by 
ABB, cumulative area of silver phase as a function of 
island size has been used to evaluate silver distribution. 
A high level of agreement between MInT evaluation 
and short circuit performances has been proven, mak-
ing the presented procedure a solid solution for contact 
quality check. Failures due to large silver islands or 
non-homogeneous silver distribution can be reliably 
predicted. The described methods can be used not only 
to accept or reject contact tips, but also as support tool 
for designers to discuss technical requirements with 
suppliers and to identify specifications to be included 
in contact drawings. The future plan is to find the cor-
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bution factor or other MINT calculated predictor for 
different process route. Understanding this relationship 
can help to qualify tips or supplier based on the micro-
structure parameters of the different contact tips. 
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Figure 8 Contribution factor vs Conductivity 
(IACS%) and Ag composition plot for cold blend tips,  

Figure 9 Contribution factor vs Conductivity (IACS%) 
and Ag composition for cold and fire blend process, the 
data from the fire blend process are marked with circle 
in the plot. 
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In switched conditions Ith was reduced to 50 A avoid-
ing over-heating of the device during temperature rise 
tests, which could cause damages on plastic parts as 
well as reaching softening or even melting voltage of 
contact material, thus impacting the measured contact 
resistance results, if not completely destroying the en-
tire device. 
 

2.2 Contact Materials under Test 

Contact materials based on silver tin-oxide are com-
monly applied for contactors rated 10 kW and above. 
Different types of additives are used to tailor this group 
of contact materials for specific application needs. Ta-
ble 2 is presenting an overview on tested materials. 
 

Table 2 Contact Materials 

material additives production 
method 

Ag/SnO2 88/12 SPW4 WO3 p.m. 

Ag/SnO2 88/12 SPW7 Bi2O3, WO3 p.m. 

Ag/SnO2 88/12 LC1 Bi2O3, In2O3 p.m. 

Ag/SnO2 86/14 PMT3 Bi2O3, CuO p.m. 

 
All Ag/SnO2 materials in this study were produced by 
powder metallurgy (p.m.) via  
 

- blending of silver and metal oxide powders, 
- isostatic compaction, 
- sintering, 
- extrusion, and 
- hot cladding with fine silver and braze alloy 

layer. 
 
The evaluated materials differ by total metal oxide con-
tent, 12 and 14 wt.-%, and additives applied. These 
were tungsten oxide (WO3) in the case of SPW4 mate-
rial and combinations of bismuth oxide (Bi2O3) with 
WO3, indium oxide (In2O3) and copper oxide (CuO). 
 
BrazeTec S 15 (BCuP-5) was used to build assemblies 
via an induction brazing process, including a subse-
quent ultrasonic inspection on bonding quality of all 
parts before test. 
 

3 Switching Phenomena and 
Analysis 

Braumann et al. showed the impact of contact make 
phenomena during AC3 endurance test on the service 
life [7, 8]. Especially the energy induced by the electric 

arc during contact bounce phenomena was considered 
a major impact factor. 
 
With the measurement set-up presented in [5], the au-
thors were able to assign single sided bounce events to 
the relevant contact pair within a double breaking de-
vice design (contactor). Figure 1 is showing the single 
sided bounce probability plot evaluated per complete 
contactor phase, followed by separated plot represen-
tations for all individual contact pairs. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1 Bounce probability plot per (double breaking) 
contactor phase and for all individual contact pairs 

The single sided bounce probability in all phases 
reaches 100% around 1 ms after initial contact make 
within the particular phase and becomes 0% after 4 ms.  
 
Splitting the probabilities up for individual contact 
pairs 100% is not reached any longer in all cases. Fur-
thermore, especially contact pair L2 is showing a high 
probability for bounces later than 3ms after initial con-
tact make. In contrast this probability is very low for 
contact T2, which is in series and therefore carrying the 
identical inrush current at make operation.  
 
In accordance to [8] the energy transfer in the bounce 
arc Wmake is given by: 
 

𝑊𝑊𝑊𝑊𝑚𝑚𝑚𝑚𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑈𝑈𝑈𝑈𝐴𝐴𝑆𝑆𝑆𝑆 ∫ 𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
  (1) 

 
where UAC represents the anode-cathode volt-

age drop, tbounce the bounce time, and i(t) the phase cur-
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Calculated arcing energies for individual L / T contact 
pairs within the phases and for the entire contactor 
phases are shown in Table 3  
 

Table 3 Arcing Energies at Contact Make Wmake [Ws] 

 Phase 1 Phase 2 Phase 3 

L 1.6 5.6 0.4 

T 0.6 0.6 1.7 

Total 2.2 6.2 2.1 

 
Accordingly, the variation in bouncing statistics ob-
tained for each phase’s associated contact pairs accu-
mulate to deviation in average arcing energies at con-
tact make, that interfere with the specific contacts. 
 
In addition, switching synchronization by using a 
50 Hz control coil on the contactor, and phase sequence 
on contact make together with an isolated neutral need 
to be considered as they impact statistics and therefore 
plotted average values.  
 

4 Temperature Rise Test and 
Contact Resistance Behavior 

4.1 Temperature Rise Behavior 

The temperature rise behavior of the contactors was in-
vestigated at thermal current Ith acc. to Table 1. The 
temperature was measured by thermocouples applied 
to the contactor terminals. In less than an hour stable 
temperature conditions are reached on the terminals of 
this device type. A full temperature cycle measurement 
consists of 24 one-hour cycles with dry switching in 
between to re-position the contacts to each other, that 
way increasing statistics on the temperature rise behav-
ior by forming new a-spots. Temperatures for statisti-
cal analysis are taken in stable conditions directly be-
fore dry switching, whereby only the highest value out 
of the six terminal measurements is considered. 
 
Such temperature rise test cycles are carried out in new 
conditions and every 200,000 operations within endur-
ance test, leading to four measurement records in 
switched conditions (at n = 1,000,000 no temperature 
rise test is performed, as it is considered end of life-
time). As tests at n = 0 switching operations didn’t re-
veal any differences between the different types of 
Ag/SnO2, Figure 2 is showing the statistical analysis 
of test results of all materials considering the four 
measurements in AC3 switched condition. The temper-
ature rise represents the difference between terminal 
temperature and ambient temperature.  

 

Fig. 2 Statistical temperature rise analysis on contac-
tor terminals for different Ag/SnO2 materials (details 
see text) 

The absolute maximum values are on almost compara-
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Fig. 3 Contact resistance measurement over time in 
switched conditions 
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Measured contact resistance values show significant 
deviation up to a factor of five, and this even within the 
identical contactor phase (e.g. phase 1) for individual 
contact pairs (L1 vs. T1). In addition, resistance values 
can vary strongly between consecutive single one-hour 
measurement cycles of identical contact pair, showing 
the statistical importance of such a dry switching pro-
cedure coming along with a reconfiguration of a-spots. 
 
Contact resistances in general are declining and stabi-
lizing over the one-hour measurement time after dry 
switching, along with the increasing but saturating 
temperature. The contact resistance values for each 
contact pair was stored for statistical analysis at the end 
of each one-hour cycle. 
 
Combining all contact resistance measurement cycles 
in switched condition, a statistical analysis was carried 
out to compare the contact resistance performance for 
the different Ag/SnO2 materials under test. Figure 4 is 
comparing average, minimum and maximum values of 
contact resistances per contactor phase. 
 

Fig. 4 Contactor phase resistance (3 parallel phases) 
for different Ag/SnO2 materials in switched condition 

Overall the Ag/SnO2 materials show a rather compara-
ble contact resistance behaviour, similar to the temper-
ature rise test results from Figure 2. As phase re-
sistances are plotted individually, a specific trend can 
be seen. Lowest average and maximum resistance val-
ues are found within phase 2 for all materials, whereas 
phase 2 comes along with highest arcing energies at 
contact make during AC3 endurance testing (see total 
values in Table 3, for example). 
 
As Figure 3 showed that contact resistances may even 
vary drastically within the same phase, instead of phase 
resistance the individual resistance per contact pair will 
be subject to deeper analysis hereinafter. As a repre-
sentative example, Figure 5 shows the statistical anal-
ysis of contact resistance data related to specific indi-

vidual contact pair, obtained from all measurement cy-
cles in switched conditions, for the material Ag/SnO2 
88/12 LC1. 
 

Fig. 5 Resistance per contact pair for 
Ag/SnO2 88/12 LC1 material in switched condition 

In phase 2 and 3 the contact resistance values are stable 
and comparable within the phase, even though on a 
significant higher level in phase 3. Dramatic 
differences can be observed within phase 1, where the 
resistance for the L1 contact pair are more than 2 times 
higher compared to T1. As the differences in Wmake for 
individual contact pairs are significantly smaller within 
phase 1 (comparable level as phase 3) than phase 2, this 
effect has to be withdrawn as the single root cause for 
low and stable contact resistances. Maybe mechanical 
effects driven by device design (e.g. contact normal 
force distribution on different phases) or effects 
generated by break arc need to be considered in 
addition. 

5 Interpretation 

A practical method for a combined examination of arc-
ing energies at contact make and break, as well as their 
interaction with contact resistances after arcing was 
presented by the authors in [9]. Here, the ratio of arcing 
energies was applied as a basic criterion for evaluation.  
 
This method can now be extended from arcing energies 
and contact resistances per phase to those of individual 
contact pairs, which is significantly improving the 
method as variances within a single phase, as shown 
before, can be very large.  
 
Contact resistance measurement average and minimum 
values together with 95% quantiles over their corre-
sponding ratio Wmake/Wbreak for contact material 
Ag/SnO2 88/12 LC1 can be read from Figure 6. This 
includes measurements for all contact pairs and several 
contact resistance measurement sequences at different 
numbers of operations. 



315

 

Fig. 6 Contact resistance for Ag/SnO2 88/12 LC1 
over Wmake/Wbreak 

The trend from Figure 6 is representative for all tested 
Ag/SnO2 material types. Ratios of Wmake/Wbreak larger 
one, so-called make arc dominated regimes, show low 
and stable contact resistance values. Below a ratio of 1, 
in regimes dominated by break arcs, contact resistance 
values are scattering and show up to 4-times higher val-
ues. Therefore, to achieve low and stable contact re-
sistances, decently high make arc energies, which are 
closely connected to the bouncing behaviour of the de-
vice, must come together with low arcing energies at 
contact break, which under AC3 are impacted by the 
contact opening velocity and of course synchronization 
effects.  
 
Contact materials from the AC3 lifetime sequence were 
cross sectioned at end of the test (n = 1,000,000 opera-
tions) to explain the differences seen in the contact re-
sistance values by microstructure features generated 
from the combine make and break arc load. As an ex-
ample, Ag/SnO2 88/12 LC1 contacts from phase 1, 
providing most significant differences regarding con-
tact resistance within a single phase (compare Fig. 5), 
are shown in Figure 7 (T1) and Figure 8 (L1), respec-
tively.  
 

Fig. 7 Cross Section Ag/SnO2 88/12 LC1 after test 

 

Fig. 8 Cross Section Ag/SnO2 88/12 LC1 after test 

Both contacts show mechanical cracks from the 
1,000,000 operations mechanical impact and thermo-
mechanical stresses built up throughout test. The heat 
impacted area, estimated to a depth of around 150 µm 
from contact surface, is additionally providing pores 
from evaporated or mechanically ruptured material.  
 
The significant differences regarding contact resistance 
can be explained by segregation effects that form a sil-
ver depleted and metal oxide enriched surface layer of 
approx. 5 µm under the arcing conditions of L1 contact 
pair, which can be summarized as a combination of low 
bounce arc energies at contact make combined with 
comparatively high break arc energies.  
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Miniaturization of switching and control devices is em-
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contact materials (metal oxide content and types of ad-
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the statistical importance of such a dry switching pro-
cedure coming along with a reconfiguration of a-spots. 
 
Contact resistances in general are declining and stabi-
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switching, along with the increasing but saturating 
temperature. The contact resistance values for each 
contact pair was stored for statistical analysis at the end 
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the different Ag/SnO2 materials under test. Figure 4 is 
comparing average, minimum and maximum values of 
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ature rise test results from Figure 2. As phase re-
sistances are plotted individually, a specific trend can 
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In phase 2 and 3 the contact resistance values are stable 
and comparable within the phase, even though on a 
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resistance for the L1 contact pair are more than 2 times 
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individual contact pairs are significantly smaller within 
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effect has to be withdrawn as the single root cause for 
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effects driven by device design (e.g. contact normal 
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generated by break arc need to be considered in 
addition. 
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A practical method for a combined examination of arc-
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presented by the authors in [9]. Here, the ratio of arcing 
energies was applied as a basic criterion for evaluation.  
 
This method can now be extended from arcing energies 
and contact resistances per phase to those of individual 
contact pairs, which is significantly improving the 
method as variances within a single phase, as shown 
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Furthermore, the ratio of arcing energies at contact 
make and break Wmake/Wbreak is considered a relevant 
parameter for the formation of silver depleted surface 
layers and corresponding high contact resistances un-
der AC3 load conditions. Here, especially break arc 
dominated switching regimes (Wmake/Wbreak < 1) are 
critical. 
 
In general, the wording “contact resistance behavior” 
or “contact resistance performance” should be used 
cautiously in relation to device tests, as boundary con-
ditions for the contact materials may heavily vary and 
in many cases are even unknown.  
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Abstract 

Sliding contact is a mechanism for the transfer of electrical current between stationary and moving parts. To date, 
slip ring systems have mainly been used to provide the excitation mechanism required by turbine generators. 
However, more diverse systems are now needed in the current clean energy setting. For example, the slip ring 
systems used in wind power generators must operate at low temperatures. In contrast, automotive alternators op-
erate at high temperatures. Moreover, slip ring systems are also used in applications that require the transmission 
of electrical signals, such as radar antennae and computed tomography. In such cases, silver (Ag)–graphite brushes 
and noble metal slip rings are often used, because they are regarded as effective at reducing contact voltage drop, 
even in harsh environments. 

In this study previously, a 20-hour slide experiment to determine the contact voltage drop and amount of wear 
characteristics of Ag-graphite brushes and silver－gold (Ag－Au) slip rings was reported.  

In the present paper, contact voltage drop－brush current (V-I) characteristic tests were conducted using Ag－
graphite brushes (Ag content of the coating were 50, 70, and 90 wt%), and noble metal-coated slip rings (plated 
with silver and gold) to determine the electrical effects of contact voltage drop. The V-I characteristics revealed 
linearity in all the silver content brushes. 

1 Introduction 

Sliding contacts enable the transfer of electrical current 
between stationary and moving conductors. Com-
monly used sliding contact arrangements include the 
brush and commutator system used in direct current 
(DC) machines, and the brush and slip rings system 
used in alternating current (AC) machines [1]. Recently, 
silver (Ag)–graphite brushes and noble metal-plated 
slip rings－which are effective in reducing contact 
voltage drop－have attracted a great deal of attention. 
However, their sliding contact and energization charac-
teristics remain unclear. 
In this study previously, in order to clarify the contact 
voltage drop characteristics (electrical characteristics) 
and brush wear characteristics, sliding experiments 
with Ag-graphite brushes (Ag contents 50, 60, 70, 80, 
and 90 wt%) and noble metal-plated slip rings (silver 
and gold (Ag－Au)-plated) were conducted. The brush 
current was 9.6 A, the sliding time was 20 h, and the 
brush had negative polarity. The experiments revealed 
the characteristics shown in Figure 1. Doing this, it 
was concluded that the optimum Ag content of the 

brush for the effective reduction of contact voltage 
drop and resistance to brush wear is 60%－80% [2]. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Relationship between brush wear and contact 
voltage drop during the operation of silver (Ag) and 
gold (Au) slip rings and Ag－graphite brushes. 

This time mainly, dominant factor to the contact volt-
age drop characteristics (electrical characteristics) 
shown in Figure 1. was discussed. Therefore contact 
voltage drop-brush current (V-I) tests were conducted 
to understanding electrical characteristics of noble 
metal-coated slip rings. The V-I characteristic is an im-
portant indicator to consider the temperature rise be-

Furthermore, the ratio of arcing energies at contact 
make and break Wmake/Wbreak is considered a relevant 
parameter for the formation of silver depleted surface 
layers and corresponding high contact resistances un-
der AC3 load conditions. Here, especially break arc 
dominated switching regimes (Wmake/Wbreak < 1) are 
critical. 
 
In general, the wording “contact resistance behavior” 
or “contact resistance performance” should be used 
cautiously in relation to device tests, as boundary con-
ditions for the contact materials may heavily vary and 
in many cases are even unknown.  
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tween the slip ring and the brush due to the brush cur-
rent, and determines the reliability of the brush perfor-
mance. 
This paper shows the results of the V-I test of Ag－
graphite brushes (Ag content 50, 70 and 90 wt%) and 
noble metal-coated slip rings (Ag－Au plating). As a 
result, the V-I characteristics were found to be linear, 
regardless of the Ag content of the brush. Also, the slid-
ing surface temperature was estimated from contact 
voltage drop of V-I characteristics using φ-θ theory. As 
a result, it was considered that the relationship between 
the heat of the brush current and the electrical charac-
teristics was small. Therefore, the electrical character-
istic of noble metal-coated slip rings was concluded 
that greatly affected by the inclusions between the 
brush and the slip ring. Finally, brush current allow-
ance values in Ag－Au slip ring were estimated. 

2 Conditions and Methods  

2.1 Experimental Circuit 

The sliding contact experimental apparatus is shown in 
Figure 2. The slip ring was driven by a three-phase in-
duction motor with an inverter. The current from a DC 
power supply flowed through the positive brush and 
slip ring to the negative brush. 
During the sliding tests, the contact voltage drop be-
tween the slip ring and the negative brush was recorded 
with a pen recorder and LabVIEW software using the 
circuit between the negative and auxiliary brushes. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Experimental circuit. 

The brush and slip ring used are schematically repre-
sented in Figure 3. The slip ring was 100 mm in diam-
eter and 20 mm thick. The negative brush was 10 mm 
high, 16 mm wide, and 36 mm long. The contact area 
was 160 mm2. 
 
 
 
 
 
 
 

Fig. 3 Dimensions of the brush and slip ring. 

2.2 Experimental Conditions 

The experimental conditions are shown in Table 1. The 
Ag slip ring was plated with a 100-µm-thick coating of 
silver, and the Au slip ring was plated with a 10-µm-
thick coating of gold. The graphite brushes were coated 
with Ag–graphite composites with sliver contents of 50, 
60, 70, 80, and 90 wt%. 
Before each test, the surface of the negative brush was 
polished with #400 and #600 emery paper, and the slip 
ring was polished with a rubber stone. The pressure 
was adjusted to match the spring constant of the brush 
(2.45 N/cm2). The temperature of the room was main-
tained at 20°C using an air conditioner. The brush cur-
rent changed from 0 to 30 A in steps of 5 A. The sliding 
speed of the slip ring was 2.67 m/s, and the sliding du-
ration was 45 min. 
 

Table 1 Experimental conditions. 

Brush Current 0－30A 
Sliding Time 45min (1min/Step) 

Sliding Speed 2.67m/sec 
Brush Pressure 2.45N/cm2 
Atmospheric 
Temperature 

20℃ (About 50% RH) 

Test Brush 
Silver Graphite Brush 
(Silver Content 50,70,90 wt%) 

Test Slip Ring 
Silver (100µm Coating) 
Gold (10µm Coating) 

Surface Treatment 
Brush: Emery Paper #600 
Slip Ring: Rubber Stone 

Polarity Negative 

 

2.3 Experimental Process 

The experimental process is represented in Figure 4. 
First, the sliding surfaces of the brush and slip ring 
were polished. Next, the brush and slip ring were al-
lowed to slide over each other for 6 h. At that point, the 
brush current was 9.6 A, the sliding speed was 2.67 m/s, 
the brush pressure was 2.45 N/cm2, the brush had neg-
ative polarity, and the atmospheric temperature was 
20°C. 
Subsequently, a V-I characteristic test was conducted. 
In the V-I characteristics test, the brush current in-
creased and decreased from 0A to 1A, 2A, 5A, after 
that, up to 30A, as shown in Figure 5. Each brush cur-
rent changed every minute. The brush current in-
creased and decreased three times in a row. The contact 
voltage drop at this time was recorded. 
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Fig. 4 Experimental process. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Change in brush current over time. 

3 Experimental Results 

3.1 Change in Contact Voltage Drop Over 
Time 

The change in the contact voltage drop with a changing 
brush current over time is shown in Figure 6 [3]. The 
solid lines represent the Ag slip ring and the broken 
lines represent the Au slip ring. The Ag and Au slip 
rings exhibited similar trends, with little differences in 
the contact voltage drop. The contact voltage drop was 
highest in the case of the 50% Ag brush, and the fluc-
tuation range was wide. In contrast, the contact voltage 
drop was lowest in the case of the 90% Ag brush, and 
the fluctuation range was narrow. 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Change in contact voltage drop over time. 

 

3.2 V-I Characteristics 

The V-I characteristics are shown in Figure 7 [3]. The 
solid lines represent the Ag slip ring and the broken 
lines represent the Au slip ring. 
In the brush current region of 0–30 A, the V-I charac-
teristics of both the Ag and Au slip rings exhibited lin-
earity with all the Ag brushes. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Contact voltage drop–brush current (V-I) 
characteristics. 

4 Discussion 

4.1 Relationship between softening of Slip 
Ring by Brush current and linearity of V-
I characteristics. 
Figure 7 shows that the brush current and the contact 
voltage drop were proportional. This means that there 
was no extreme expansion (or reduction) of the a-spot 
with increasing (or decreasing) brush current. This sug-
gests that softening of the brush and slip ring material 
due to the heat generated by the brush current was un-
likely in the brush current range 0–30 A.  
 
In general, the melting point of Ag is approximately 
1233.95 K, and the melting point of Au is approxi-
mately 1336.15 K [4].  
 
Next, the maximum temperature between the brush and 
the slip ring was estimated based on the V-I character-
istics (Figure 6) using φ-θ theory (equation (1)). [5].  

𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 = (𝑉𝑉𝑐𝑐
2

4𝐿𝐿 + 3002)
1
2………………………(1) 

where, Vc is the contact voltage drop and L is the Lo-
renz number (= 2.4 × 10-8 [K/V]2). 
The results are shown in Figure 8. The solid lines rep-
resent the Ag slip ring and the broken lines represent 
the Au slip ring. 
When the brush current was 30 A, the maximum tem-
perature of the Au slip ring was 1276 K and the maxi-
mum temperature of the Ag slip ring was 1399 K with 
a 50% Ag brush. These temperatures exceed the melt-
ing points of Au and Ag. Therefore, it was expected 
that the V-I characteristics would soon be saturating 
due to the softening of the slip ring and the easy expan-
sion of the a-spot. In the case of the 70% Ag brush, the 
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maximum temperature of the Au slip ring was 612 K 
and the maximum temperature of the Ag slip ring was 
686 K, and in the case of the 90% Ag brush, the maxi-
mum temperature of the Au slip ring was 397 K and 
the maximum temperature of the Ag slip ring was 325. 
These temperatures were below the melting points of 
Au and Ag. Therefore, it is to be expected that even if 
the brush current had been further increased, the con-
tact voltage drop would probably have increased line-
arly for a while.  
Therefore, brush and slip ring softening is unlikely in 
the maximum temperature range of 300–1399 K (brush 
current 0–30 A) and it is considered that difficult to in-
crease (or decrease) the a-spot. This suggests that the 
a-spot is approximately constant for change of brush 
current. 
Furthermore, according to Ohm's law, the contact volt-
age drop is determined by the product of the contact 
resistance values as approximate constant and the 
brush current value as variable. Therefore, it is con-
sidered that V-I characteristics showed a linear. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Relationship between the maximum tempera-
ture and the brush current. 

Furthermore, Ag and Au have low ionization 
tendencies and are difficult to oxidize. Therefore, an 
oxide film is also unlikely to affect the contact voltage 
drop characteristics. 
In summary, the characteristics shown in Figure 1 (at a 
brush current of 9.6 A) are thought to be largely due to 
inclusions between the brush and slip ring (carbon (C) 
film and Ag powder from the brush). 

4.2 Effect of Inclusions Between the Brush 
and Slip Ring 

Figure 9 shows photographs and micrographs of the 
slip ring surface after contact for 20 h [6]. There was 
little difference between the characteristics of the Ag 
and Au slip rings, so only evaluated with Au slip ring. 
Black, streak-shaped C films were visible on the slip 
ring surfaces of the 50%–80% Ag brushes. The C films 
became thinner as the Ag contents of the brushes in-
creased. In contrast, in the case of the 60%–90% Ag 
brushes, Ag powder formed on the slip ring surface. 
Furthermore, the thickness of the Ag powder tended to 
increase as the Ag contents of the brushes increased. 
 
Next, the inclusions between the brush and the slip ring 
during the slide was investigated, based on the change 
in the contact voltage drop over time (Figure 10) [6]. 
The contact voltage drop of each Ag brush is the aver-
age of three values. The contact voltage drop values 
were lower than the voltage drop values owing to the 
bulk resistance of each Ag brush. 
The contact voltage drop increased for approximately 
10 h from the start of sliding with a 50% Ag brush, and 
the contact voltage drop also gradually increased from 
start to finish with 60%–80% Ag brushes. These results 
suggest that a C film formed on the slip ring surface, 
i.e., C intervened between the brush and the slip ring.  

 

 

 

Fig. 9 Photographs and micrographs of the slip ring surface after contact 20h.  
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Therefore, C is considered to have prevented direct 
metal-to-metal contact (brush material to slip ring ma-
terial)[7][8], and reduced the adhesive wear of the 
brush. The contact voltage drop also increased owing 
to the resistance of C. 
However, in the case of the 90% Ag brush, there were 
no fluctuations in the contact voltage drop from start to 
finish. This suggests that the Ag powder ground the C 
film formed on the slip ring surface. As a result, the 
brush and slip ring material came into direct contact, 
resulting in chronic adhesive wear[7][8]. Therefore, 
wear to the 90% Ag brush increased rapidly, and the 
contact voltage drop decreased. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Change of contact voltage drop with sliding 
time. 

4.3 Estimation of the Brush Current Al-
lowance for the Ag and Au Slip Rings 

The brush current allowance values for the Ag and Au 
slip rings was estimated based on the relationship be-
tween maximum temperature and the brush current. 
(Figure 8). The results are shown in Figure 11. The 
horizontal axis presents logarithmic values. 
The values from 0 to 30 A were actually measured. The 
values above 30 A were estimated by extrapolating 
from the 0–30 A values. The solid lines represent the 
Ag slip ring and the broken lines represent the Au slip 
ring.  
In the case of the 50% Ag brush, the brush current al-
lowance values were estimated to be 30 A for the Ag 
slip ring and 35 A for the Au slip ring. 
In the case of the 70% Ag brush, the brush current al-
lowance values were estimated to be 65 A for the Ag 
slip ring and 85 A for the Au slip ring. 
In the case of the 90% Ag brush, the brush current al-
lowance values were estimated to be 840 A for the Ag 
slip ring and 250 A for the Au slip ring. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 Estimates of the brush current allowance val-
ues for the silver (Ag) and gold (Au) slip rings. 

5 Summary 

The conclusions from the present study can be summa-
rized as follow: 
I. Both the Ag and Au slip rings exhibited similar 

trends, with little difference in the contact voltage 
drop. Moreover, the V-I characteristics of both the 
Ag and Au slip rings exhibited linearity. 

II. The contact voltage drop and brush wear charac-
teristics at a brush current of 9.6 A (Figure 1) were 
greatly affected by inclusions between the brush 
and slip ring (C film and Ag powder from the 
brush). 

III. In the case of the 50% Ag brush, the C film pre-
vented direct metal-to-metal contact, and sup-
pressed the adhesive wear of the brush. However, 
the contact voltage drop increased. In contrast, in 
the case of the 90% Ag brush, the amount of brush 
wear increased because the brush and slip ring 
material were in direct contact with each other, 
and the contact voltage drop decreased. 

IV. The allowance values of the brush current were 
estimated to be 30–35 A for the 50% Ag brush, 
65–85 A for the 70% Ag brush, and 250–840 A 
for the 90% Ag brush. 
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Electrical and mechanical wear of a graphite brush having  
varying silver content in a slip-ring system  

Takahiro Ueno, Naoki Fukuda, Koichiro Sawa Nippon Institute of Technology, Saitama, Japan, ueno@nit.ac.jp 

Abstract 

The environments in which electrical brushes are used have become increasingly severe; e.g., wind turbine 
generators and automotive alternators. Furthermore, the brush–slip-ring system used for an electrical signal such 
as that of a radar system and that of computed tomography must have stable conductivity. Silver–graphite brushes 
and noble-metal slip rings with excellent conductive performance are therefore used. However, brush wear char-
acteristics have not yet been determined for different silver contents of the silver–graphite brush. The present study 
conducted a sliding test using silver graphite brushes (with silver contents of 50, 60, 70, 80, and 90 wt%) and gold-
coated slip rings, under a brush current of 9.6 A. Brush wear increased largely between silver contents of 80% and 
90%. We applied the brushes with silver contents of 80 and 90 wt% and a copper slip ring under brush currents of 
0 A, 10 mA, and 9.6 A and compared the wear characteristics of the two brushes. At a brush current of 9.6 A, the 
ratio of mechanical to electrical wear was about 1:2 for the 80% silver brush and about 3:1 for the 90% silver 
brush. In addition, it was found that brush wear was almost the same regardless of current flow in the sliding of a 
gold-plated slip ring and silver–graphite brush. 

1 Introduction 

A sliding-contact mechanism supplies a current from 
a stationary object to a rotating object. Generally, a 
slip-ring system is adopted to provide this mechanism. 
We therefore investigate the material wear and electri-
cal properties of brush and slip-ring systems. Previous 
studies used copper as the slip-ring material. In the pre-
sent study, we conducted a sliding test using silver–
graphite brushes and a gold-coated slip ring. Few slid-
ing tests have been conducted using a combination of 
a noble-metal slip ring and a silver–graphite brush 
[1][2][3][4].                                                                    

The present paper reports on a sliding experiment 
conducted to investigate the amount of brush wear 
when using a gold-coated slip ring under the conditions 
of an energized state and non-energized state. Further-
more, the relationship between the silver content of the 
brush and brush wear is discussed.  

2 Experimental Procedures and 
Conditions 

2.1 Experimental Circuit and Process 

Sliding contact was realized using the sliding test ap-
paratus shown in Figure 1. The slip ring was driven by 
an induction motor with an inverter. The frictional co-
efficient was calculated by measuring the active power 
of the electric motor. In this experiment, the frictional 
coefficient was determined by the following equation. 

        = 𝑊𝑊−𝑊𝑊
𝑔𝑔×𝑛𝑛×𝑃𝑃×𝑁𝑁                                     (1) 

 
 
 
 
 
During a sliding test, the contact voltage drop be-

tween the slip ring and test brush was measured with 
LabVIEW software. The brush wear was measured as 
the weight difference before and after a sliding test. 
The shapes of the brush and slip ring used in the test 
are shown in Figure 2. The brush was 10 mm high, 16 
mm wide, and 32 mm long. The slip ring was 20 mm 
thick and 100 mm in diameter. The contact area was 
160 mm2.  

 
 
 
 
 
 
 
 
 
 Fig. 1 Experimental apparatus in the sliding test 
 
 
 
 
 
 

(a) Slip ring                     (b) Brush 
Fig. 2 Schematic illustrations of the slip ring and 
brush 

Sliding surface Sliding surface 
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2.2 Experimental Conditions 

The experimental conditions are given in Table 1. The 
slip ring was plated with a 10-µm-thick coating of gold. 
The graphite brushes were coated with silver–graphite 
composites with sliver contents of 50, 60, 70, 80, and 
90 wt%. Before each sliding test, the surface of the test 
brush was polished with #600 emery paper, and the slip 
ring was polished with a rubber stone. A spring coil 
provided brush pressure of 2.45 N/cm2. A direct-cur-
rent power supply generated brush current of 9.6 A. 
The sliding speed was 2.67 m/s while the sliding time 
was 20 h. 

 

Table 1  Experimental conditions 

Brush Current 0A, 9.6A 
Sliding Time 20h 

Sliding Speed 2.67m/sec 
Brush Pressure 2.45N/cm2 

Test Brush 
Silver Graphite Brush 
(Silver Content50,60,70,80,90 wt%) 

Test Slip Ring Gold (10µm Coating) 

Surface Treatment 
Brush: Emery Paper #600 
Slip Ring: Rubber Stone 

Polarity Negative 

 

3 Experimental Results 

3.1 Characteristics under Energizing Con-
ditions 
  This section describes brush wear characteristics, 
contact voltage drop characteristics, and frictional co-
efficient characteristics under the condition that current 
is applied [4]. 
 
3.1.1 Characteristics of the Brush Wear Length  
  Figure 3 shows the brush wear length characteristics 
for the brushes with various silver contents. The 90% 
silver brush showed a large amount of wear about 0.3 
mm long. Conversely, brushes with 80% to 50% silver 
content showed little wear.  
 
 
 
 
 
 
 

 
 
 

 
Fig. 3 Brush wear characteristics for brushes having 
various silver contents 
 

The wear amount of the 90% silver brush was about 30 
times that of the 80% silver brush. When the silver con-
tent of the brush was 80% or less, there was little 
change in brush wear with the silver content. 
 
3.1.2 Relation between the Brush Wear and Contact 
Voltage Drop for Brushes Having Various Silver 
Contents 
   Figure 4 shows the change in the contact voltage 
drop relative to the experiment time. In this paper, we 
investigate using the average contact voltage drop for 
5 hours before the end of the experiment. 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Contact voltage drop relative to the experiment 
time 
(Silver content 80% brush) 
 
Figure 5 shows the relationship between the brush 

wear amount and the contact voltage drop. 
The brush wear suddenly changed between brush sil-

ver contents of 80% and 90%. In addition, the 50% sil-
ver brush showed little wear but had a large drop in 
contact voltage.  
  The contact voltage drop was higher for the 50% sil-
ver brush than for the other brushes. Meanwhile, the 
contact voltage drop was a low value of no more than 
0.1 V for brushes having a silver content of 60% or 
more. This result reveals a trade-off relationship be-
tween the brush wear and contact voltage drop. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Relationship between the contact voltage drop 
and brush wear length for various brushes 
 
3.1.3 Relationship between the Brush Wear Length 
and Frictional Coefficient for the Condition of Cur-
rent Flow 
  Figure 6 shows the relationship between the brush 
wear length and frictional coefficient. The brush wear 
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length was 0.3 mm for the 90% silver brush. However, 
the coefficient of friction tended to be lower for the 
80% and 70% silver brushes. The frictional coefficient 
and brush wear length thus had a nonlinear relationship. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Relationship between the brush wear length and 
frictional coefficient 
 
 
3.2 Characteristics under Non-energizing 
Conditions 

This section describes various characteristics of the 
sliding of the gold-coated slip ring and the silver–
graphite brush in the non-energized state. 

 
3.2.1 Characteristics of the Brush Wear Length un-
der the Condition of No Current  
  Figure 7 shows characteristics of the brush wear 
length for brushes having various silver contents under 
the condition of no current flow. It is seen that wear 
sharply increased for the 90% silver brush under this 
condition. Furthermore, the wear length of the brush 
was almost equal to that when current was applied. 

 Conversely, brushes with silver contents ranging 
from 80% to 50% showed little wear. The wear amount 
of the 90% silver brush was about 30 times that of the 
other brushes.  

The above results show that the use of a gold ring 
hardly causes electrical abrasion due the current supply. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Wear characteristics of brushes having various 
silver contents under the condition of no current 
 
 

3.2.2 Relationship between the Brush Wear Length 
and Frictional Coefficient 
  Figure 8 shows the relationship between the brush 
wear length and frictional coefficient under the condi-
tion of no current. The wear was 0.3 mm for the 90% 
silver brush. However, the coefficient of friction tended 
to be lower than that for the other brushes. Furthermore, 
for all brushes, the coefficient of friction tended to be 
lower under the condition of no current than under the 
condition of current flow as shown in Figure 6. 

It is seen that for the sliding of the gold ring and silver 
brush, there was almost no difference in the brush wear 
between current-energizing and non-energizing condi-
tions. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Relationship between the brush wear length and 
frictional coefficient under the condition of no current 

4. Discussion 

4.1 Relationship between Brush Wear and Carbon 
Occupancy at the Brush Contact Surface 
  Figures 9 and 10 show the relationship between the 
carbon occupancy at the brush surface and brush wear. 
The horizontal axes indicate the carbon occupancy of 
the brush. It is seen that when the carbon occupancy 
was between 80% and 40%, the brush wear changed 
very little. However, brush wear increased sharply 
when the carbon occupancy fell below 40%. 

It is therefore considered that the brush wear mode 
changes with the carbon occupancy of about 40% as a 
boundary regardless of whether there is a flow of cur-
rent. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Relationship between the brush wear and carbon 
occupancy at the brush contact surface under the con-
dition of current flow 
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Fig. 10 Relationship between the brush wear and car-
bon occupancy at the brush contact surface under the 
condition of no current  
 
4.2 Relationship between Brush Wear and Brush 
Current Conditions 
   Figure 11 compares brush wear between the condi-
tions of current flow and no flow. The 90% silver brush 
had a high wear rate under both conditions. Abrasion 
sharply increased between silver contents of 80% and 
90%, and the amount of abrasion was thus compared 
between conditions in this range.  
   
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Relationship between the brush wear and con-
dition of current flow 
 

Figures 12 and 13 compare the wear amount be-
tween 80% and 90% silver brushes. 

 
 
 
 
 
 
 
 
 
 
Fig. 12 Relationship between the brush wear and cur-
rent condition when using a gold-plated slip ring (80% 
silver brush) 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 13 Relationship between the brush wear and cur-
rent condition when using a gold-plated slip ring (90% 
silver brush) 
 

When the silver content was 80%, the brush wear 
length was an extremely small 0.01 to 0.02 mm. Fur-
thermore, the brush wear was less during energization. 
The coefficient of friction was around 0.15 under the 
condition of no current and 0.23 under the condition of 
current flow. 

The above results showed no clear correspondence 
between the coefficient of friction and the amount of 
wear. Meanwhile, in the case of the 90% silver brush, 
the wear amount was 0.3 mm, and it can be said that 
electric current hardly affects wear. 
   The results of past research on the wear characteris-
tics of a copper slip ring and silver graphite brushes are 
shown in Figure 14 [5][6][7].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 Relationship between the brush wear and con-
dition of current flow when using a copper slip ring 
 
 
 
 
 
 
 
 
 
 
 Fig. 15 Relationship between the brush wear and cur-
rent condition when using a copper slip ring (80% sil-
ver brush) 
 
 
 

No Current 

Copper Ring 
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Fig. 10 Relationship between the brush wear and car-
bon occupancy at the brush contact surface under the 
condition of no current  
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tween 80% and 90% silver brushes. 
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Fig. 13 Relationship between the brush wear and cur-
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The coefficient of friction was around 0.15 under the 
condition of no current and 0.23 under the condition of 
current flow. 

The above results showed no clear correspondence 
between the coefficient of friction and the amount of 
wear. Meanwhile, in the case of the 90% silver brush, 
the wear amount was 0.3 mm, and it can be said that 
electric current hardly affects wear. 
   The results of past research on the wear characteris-
tics of a copper slip ring and silver graphite brushes are 
shown in Figure 14 [5][6][7].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 Relationship between the brush wear and con-
dition of current flow when using a copper slip ring 
 
 
 
 
 
 
 
 
 
 
 Fig. 15 Relationship between the brush wear and cur-
rent condition when using a copper slip ring (80% sil-
ver brush) 
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Fig. 16 Relationship between the brush wear and cur-
rent condition when using a copper slip ring (90% sil-
ver brush) 
 

Figures 15 and 16 show the ratio of electrical wear 
to mechanical wear. 

In the case of sliding between the copper slip ring 
and silver graphite brush, brush wear was increased by 
energization. However, in the case of the 90% silver 
brush, brush wear due to energization was less than 
80%. The ratio of mechanical wear to electrical wear 
was 1:2 when the silver content was 80% and 3:1 when 
the silver content was 90. These results show that the 
effect of energization on brush wear was extremely 
small in the sliding of the gold ring and silver–graphite 
brush. 

In the case of the gold-plated slip ring, the ratio of 
mechanical wear to electrical wear was 1:0.5 for the 
80% silver brush and 1:0.03 for the 90% silver brush; 
i.e., the electric effect was close to zero. 
 
4.3 Analysis of the Sliding Surface After the Exper-
iment 
    Figures 17 and 18 show the surfaces of the slip ring 
and brush after sliding with an applied current of 9.6 A. 
    Figures 19 and 20 show the surfaces of the slip ring 
and brush after sliding with an applied current of 0 A. 

When the silver content was 80%, a thin carbon film 
formed on the surface of the slip ring. The surface 
roughness was Ra = 1.38 µm for current of 9.6 A and 
Ra = 0.56  µm for no current; i.e., the surface roughness 
at 9.6 A was about twice that at 0 A. A correlation be-
tween the surface roughness of the slip ring and brush 
wear is considered. 

Meanwhile, when the silver content was 90%, a sil-
ver powder film adhered to the surface of the slip ring. 
The surface roughness was Ra = 1.12 µm and 0.99 µm 
for energization and non-energization, respectively, 
which are similar values. 
  Brush wear can thus be reduced by setting the brush 
silver content to 80% or less. In addition, there is little 
electrical wear due to energization when a gold-plated 
slip ring is used.  
 
 
 
 
 
 

 
 
 
 
 
               Slip Ring                         Brush 
 
 
 
 
 
Fig. 17 Surface conditions after sliding (9.6 A, 80% sil-
ver) 
 
 
 
 
 

Slip Ring                          Brush 
 
 
 
 
 
Fig. 18 Surface conditions after sliding (9.6 A, 90% sil-
ver) 
 
 
 
 
 
                   Slip Ring                       Brush    
 
 
 
 
 
 
    Ra = 0.56 µm 
Fig. 19 Surface conditions after sliding (0 A, 80% sil-
ver) 
 
 
 
 
 
 
                  Slip Ring                          Brush    
 
 
 
 
 
 
 
Ra = 0.99 µm 

Fig. 20 Surface conditions after sliding (0 A, 90% sil-
ver) 
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4. Summary 

The following conclusions are drawn from the results 
of the study. 
 
I. In the sliding of the gold-plated slip ring and silver–
graphite brush, the brush wear is hardly affected by the 
flow of current. 

 
II. The brush wear mode changes with a carbon occu-
pancy of about 40% regardless of the condition of cur-
rent flow. 
 
III. In the sliding of the 90% silver brush and gold-
plated slip ring, the surface roughness of the slip ring 
and the amount of wear of the brush were hardly af-
fected by the flow of current. 
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Abstract 

An electric sliding contact permits the transmission of electric power or signals from a stationary object to a 
moving (usually rotating) object. This mechanism is widely used in electrical equipment such as in AC generators 
and AC motors. However, the desire is to mitigate the abrasive resistance of the brush and improve electrical 
reliability. In an electric sliding contact, brushes and slip rings are used. They constitute the very important slip-
ring system that is also used in large generators. Generally, steel is used for slip rings of large generators. However, 
little is known about characteristics of the steel slip-ring system. In this study, we investigated experimentally the 
influence of the roughness of the sliding surface of the steel slip ring. With the sliding surfaces of several slip rings 
polished with either rubber stone or emery paper of various grades, the brush wear was measured following a 
prescribed experiment. Our findings show that brush wear from the slip ring polished with emery paper #100 was 
maximal. Also, surface preparations with rubber stone and emery paper #1200 produced similar brush wear. The 
conclusion draw is that sliding surface roughness does affects the amount of brush wear. 
 

1 Introduction 
Electric sliding contact allows the supply of electric 

power and signal transmission from a stationary object 
to a moving object, one that is usually rotating. This 
mechanism is widely used in industry, for example, 
electric motors and generators. For direct current (DC) 
machines, a commutator and brush are used in the elec-
tric sliding contact; for alternating current (AC) ma-
chines, a slip ring and brush are used. In this latter in-
stance, the slip ring and brush are generally referred to 
as the slip-ring system. Used for large generators, this 
system is an important mechanism and is designed in 
accordance with its usage in the environment and con-
ditions. For low electric power, a slip ring made of no-
ble metal is use to protect the deterioration of the signal. 
For high electric power, a slip ring made of steel is used 
so as to endure the high revolutions as well as the rapid 
signal excitation. With the slip ring being large in di-
ameter, any gold or silver coating applied to the slip 
ring increases costs. For this reason, steel slip rings are 
used for large generators. However, their characteris-
tics have not been fully clarified in the little literature 
that exist. We have therefore focused attention on these 
characteristics in this study. 

Generally, the effect of roughness of the sliding sur-
face on the amount of brush wear is significant. Fur-
thermore, the mechanical wear without an applied cur-
rent is known to be 1/100 to 1/1000 of the electrical 
brush wear with current.[1][2]. However, electric slid-
ing contacts with current has not been well studied. In 
our study, sliding experiments were conducted using a 
steel slip ring and copper–graphite brush. Various slip 
rings of different sliding surface roughness were used. 
In their preparation, the sliding surfaces were polished 

with either rubber stone or emery paper (EP) of differ-
ent grades to examine the relationship between rough-
ness of the sliding surface and brush wear. 

 
 

2 About experiments 

2.1 Experimental apparatus and circuit 

In the experimental setup (Figs. 1 and 2), the slip 
ring was driven by a three-phase induction motor with 
an inverter. The brush current from the DC power sup-
ply (Constant current source) flows through the nega-
tive brush and slip ring to the positive brush. During 
sliding experiments, the contact voltage drop between 
the positive brush and the slip ring was measured using 
a pen recorder and Lab VIEW software while using the 
auxiliary brush. The active power of the induction mo-
tor was measured every 10 minutes during the first 
hour and hourly thereafter. The coefficient of friction 
was calculated using the active power of the induction 
motor.  

Fig. 1 Experimental apparatus and circuit with brush 
current of 10 A. 
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Fig. 2 Experimental apparatus and circuit with no 
brush current. 
 

For each experiment, the size of the steel slip ring 
(Fig. 3) was 100 mm in diameter and 20 mm thick. 
Made of copper and graphite, the block-like brush was 
16 mm high, 10 mm wide, and 35 mm long, the contact 
area being 1.6 cm2. In addition, the copper content of 
brush is 70-80wt%. This copper content is commonly 
used for copper graphite brush. The sliding surface of 
the brush is curved around the circumference of the 
ring. 
 

Fig. 3 Dimensions of the slip ring and brush. 
 

2.2 Experimental conditions 
Table 1 lists the experimental conditions.  
 

Table 1 Experimental conditions 
Brush Current 0[A], 10[A] 

Sliding Time Pre-operation: 5 h 
Main experiment:50 h 

Sliding Speed 5.24 m/s (1000 min−1) 
Brush Pressure 3.92[N] 

Test Brush Copper-Graphite Brush 
Test Slip Ring Steel Slip Ring (S45C) 

Surface Preparation 

Brush: Emery Paper #600 
Slip Ring: Rubber Stone, 

Emery Paper #100, 
Emery Paper #1200 

Polarity Positive 
Atmosphere 
Temperature 20°C (About 50%RH) 

 
Experimental runs consisted of using slip rings of 

different sliding surface roughness. The sliding surface 
was polished using either a rubber stone, EP #100, or 
EP #1200. The surface of the brush in all runs was pol-
ished using EP #600. The brush current from the DC 

power supply was regulated at 10 A. The brush pres-
sure was 3.92N (400gf). The sliding speed of the slip 
ring was 5.24 m/s. The duration of the sliding of the 
pre-operation was 5 hours and for the main experiment 
50 hours. Over the course of the experiments, the room 
temperature was regulated by an air conditioner set at 
about 20°C. 

 

3 Experimental Procedures 
An outline of the experimental procedure is charted 

in Fig. 4. First, the surfaces of the slip ring and the pos-
itive brush were polished with a rubber stone or EP. 
The brush was weighed. Once inserted in the slip ring 
system, 5 hours pre-operation began. In addition, the 
pre-operation was performed at the same current value 
as in main experiment. After 5 hours, the apparatus was 
stopped, and the brush removed and reweighed. Next, 
the 50 hours run was performed after which the appa-
ratus was stopped and the brush reweighed. After the 
experiment, we imaged the sliding surface. Also, be-
cause moisture normally adheres to the brush, we re-
weighed the brush after waiting 24 hours. We had de-
cided that at various stages of the experimental proce-
dure (before and after the 50 hours run) the condition 
of the brush in regard to moisture would be different. 
Hence, for consistency, a final weighing was delayed 
24 hours for moisture to adhere to the brush. 

Fig. 4 Summary of experimental procedures. 
 
 

4 Results 
4.1 Contact voltage drop  

The variation in time of the contact voltage drop was 
plotted for each preparation (Fig. 5). In this data, the 
voltage drop due to the brush bulk resistance is sub-
tracted. Polishing the sliding surface with rubber stone 
or EP #1200 yielded little fluctuation in the contact 
voltage drop during the 50 hours experiment. In addi-
tion, the values of the contact voltage drop were about 
0.3 V. Polishing with EP #100, produced an increase in 
the contact voltage drop throughout the running of the 
50 hours experiment. 



331

Fig. 5 Change over time of the contact voltage drop. 
 

4.2 Brush wear sustained on each run 

The amount of brush wear after 50 hours of sliding 
without a current (Fig. 6) was greatest for the surface 
polished using EP #100. Furthermore, the amount of 
that with EP #1200 was almost non-existent. With a 10-
A current, the amount of brush wear was again greatest 
for the surface polished using EP #100; using rubber 
stone and EP #1200 gave similar values. 

Fig. 6 Brush wear from sliding surfaces of different 
preparations for brush currents of 0 A and 10 A. 
 
 

5 Discussions 

5.1 Relationship between brush wear and 
roughness by brush current 

We next conducted experiments with slip rings for 
which the sliding surface had different roughness. Be-
fore the experiment, we measured the roughness of the 
sliding surfaces using a laser microscope. In addition, 
the measurement points of the slip ring by the laser mi-
croscope is shown in Fig.7. 

The relationship between the amount of brush wear 
and roughness of the sliding surface of slip ring are 
shown in Figs. 8 and 9, the former with a brush current 
of 10 A and the latter without a brush current applied. 

 
Fig.7 Measurement points of slip ring. 
 

With a brush current of 10 A, the roughness from EP 
#100 was also greatest, as for the brush wear. From pol-
ishing with rubber stone and EP #1200, there was a dif-
ference of about 0.2 µm in roughness, but the brush 
wear was seen to be only slight. Therefore, for a brush 
current of 10 A, there is a correlation between the 
amount of wear and roughness. 

In the absence of a brush current, polishing with rub-
ber stone and EP #1200 produced a difference of about 
0.1 µm in roughness. In both instances, the amount of 
wear differed greatly, although there was no significant 
difference in roughness. 

Fig. 8 Relationship between brush wear and roughness 
with a brush current of 10 A. 
 

Fig. 9 Relationship between brush wear and roughness 
with no brush current applied. 
 
 
 

Fig. 2 Experimental apparatus and circuit with no 
brush current. 
 

For each experiment, the size of the steel slip ring 
(Fig. 3) was 100 mm in diameter and 20 mm thick. 
Made of copper and graphite, the block-like brush was 
16 mm high, 10 mm wide, and 35 mm long, the contact 
area being 1.6 cm2. In addition, the copper content of 
brush is 70-80wt%. This copper content is commonly 
used for copper graphite brush. The sliding surface of 
the brush is curved around the circumference of the 
ring. 
 

Fig. 3 Dimensions of the slip ring and brush. 
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Experimental runs consisted of using slip rings of 

different sliding surface roughness. The sliding surface 
was polished using either a rubber stone, EP #100, or 
EP #1200. The surface of the brush in all runs was pol-
ished using EP #600. The brush current from the DC 

power supply was regulated at 10 A. The brush pres-
sure was 3.92N (400gf). The sliding speed of the slip 
ring was 5.24 m/s. The duration of the sliding of the 
pre-operation was 5 hours and for the main experiment 
50 hours. Over the course of the experiments, the room 
temperature was regulated by an air conditioner set at 
about 20°C. 

 

3 Experimental Procedures 
An outline of the experimental procedure is charted 

in Fig. 4. First, the surfaces of the slip ring and the pos-
itive brush were polished with a rubber stone or EP. 
The brush was weighed. Once inserted in the slip ring 
system, 5 hours pre-operation began. In addition, the 
pre-operation was performed at the same current value 
as in main experiment. After 5 hours, the apparatus was 
stopped, and the brush removed and reweighed. Next, 
the 50 hours run was performed after which the appa-
ratus was stopped and the brush reweighed. After the 
experiment, we imaged the sliding surface. Also, be-
cause moisture normally adheres to the brush, we re-
weighed the brush after waiting 24 hours. We had de-
cided that at various stages of the experimental proce-
dure (before and after the 50 hours run) the condition 
of the brush in regard to moisture would be different. 
Hence, for consistency, a final weighing was delayed 
24 hours for moisture to adhere to the brush. 

Fig. 4 Summary of experimental procedures. 
 
 

4 Results 
4.1 Contact voltage drop  

The variation in time of the contact voltage drop was 
plotted for each preparation (Fig. 5). In this data, the 
voltage drop due to the brush bulk resistance is sub-
tracted. Polishing the sliding surface with rubber stone 
or EP #1200 yielded little fluctuation in the contact 
voltage drop during the 50 hours experiment. In addi-
tion, the values of the contact voltage drop were about 
0.3 V. Polishing with EP #100, produced an increase in 
the contact voltage drop throughout the running of the 
50 hours experiment. 
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5.2 Difference in roughness with no current 

In experiments without a brush current, there was a 
difference in amount of brush wear for the sliding sur-
face polished using rubber stone and EP # 1200. A la-
ser-microscope image showing the roughness of the 
slip ring surface after the experiment is presented in Fig. 
10. 

Fig. 10 Laser microscope images used in a roughness 
analysis. 
 

Polishing the sliding surface using rubber stone pro-
duced a fine unevenness in the surface. In contrast, pol-
ishing using EP #1200 produced some deep grooves, 
nevertheless the sliding surface was smooth. To factors 
are believed responsible for the difference in roughness 
between the two preparations. The first is that although 
the deep grooves are dispersed, the average roughness 
was increased with their presence. Second, the sliding 
surface was slightly curved and hence the average 
roughness may have increased overall by the slight cur-
vature. 

5.3 Influence by film of sliding surface 

After polishing with rubber stone and EP #1200, 
there was a large difference in the amount of wear de-
pending on the presence or absence of brush current. 
The roughness of these two sliding surfaces were found 
to have similar values (Figs. 8 and 9). When the rough-
ness of a sliding surface is low, we believe the electrical 
wear is much larger than the mechanical wear. 

Photographs of the sliding surfaces of the slip rings 
taken after the experiments are shown in Fig. 11. In ad-
dition, a schematic of graphite being transported by the 
brush current is shown in Fig. 12 [3]. With a brush cur-
rent of 10 A, graphite forms on the slip ring surface. At 
the sliding surface, graphite moves from the brush to 
the slip ring, thereby forming a graphite film on the sur-
face of the slip ring. Furthermore, copper wears away 
in the sliding contact. As the brush was also worn, it is 
conceivable that the copper powder from brush wear 
suppresses any excessive build-up of a graphite film. 
In addition, it is conceivable that the current increases 
the temperature of the current-carrying spot on the real 
contact area. When current flows, Joule heat is gener-
ated [4]. Since the actual current-carrying spot was 
very small, the resistance value was increased, and the 
brush was locally softened by Joule heat. Therefore, the 
brush wear was promoted by current. 

From Fig. 11, without a brush current, graphite does 
not adhere to the slip ring, implying that graphite had 
not formed on the surface of the slip ring and hence the 
metals of the surfaces made contact. Therefore, me-
chanical wear is believed to have been suppressed by 
the lubricity of graphite in the brush material [5]. 

Fig. 11 Photographs of the sliding surface of the slip 
rings after the experiments. 

Fig. 12 Schematic of graphite moving under the influ-
ence of the brush current. 
 

5.4 Relationship between coefficient of fric-
tion and roughness 

The relationship between the coefficient of friction 
and roughness of the sliding surface is shown in Fig. 
13. When there is no brush current, roughness and co-
efficient of friction are proportional. However, when 
the brush current is 10 A, the coefficient of friction for 
the surface prepared using EP #100, which has a high 
roughness, was not much different from the other two 
surfaces. This result suggests contact area and current 
are correlated. 

Fig. 13 Relationship between the coefficient of friction 
and roughness of the sliding surface. 
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Referring to the schematic of the sliding surface (Fig. 
14), for the preparation with EP #100, the real contact 
points of the sliding surface is fewer because roughness 
is high. Conversely, preparations with rubber stone and 
EP #1200, the real contact points of the sliding surface 
is increased because roughness is low. The current is 
distributed by the numerous contact points of the sur-
faces. For that reason, with the preparation using EP 
#100, the current flowing through a single contact point 
increases. Therefore, copper is thought to be softened 
locally by the current and a small value was obtained 
for the coefficient of friction. In addition, the locally 
softened copper is sheared and worn down by the slip 
ring. That is, the amount of brush wear occurring dur-
ing the 10 A experiment indicates that wear due to cur-
rent is dominant. 

Fig. 14 Schematic of the sliding surface of a slip ring 
with and without a brush current. 
 
 

6 Summary 

The conclusions of this study are summarized in the 
following remarks: 
1. Slip rings of different roughness exhibited a linear 

relationship between the amount of brush wear 
and the roughness of the sliding surface. 

2. When a brush current of 10 A was applied and the 
surface roughness low (Rubber stone and Emery 
Paper#1200), although the coefficient of friction 
was increased, the brush wear was suppressed. 

3. When a brush current of 10A was applied and the 
surface roughness high (Emery paper#100), the 
coefficient of friction was small because the cop-
per of the brush had softened through the concen-
tration of current at the contact point. 

4. With no brush current and a surface roughness that 
was low (Rubber stone and Emery Paper#1200), 
the amount of brush wear was reduced by graphite 
from the brush forming a lubricant. 

5. With no brush current and a surface roughness that 
was high (Emery paper#100), mechanical wear in-
creased due to friction between the metal surface. 
The amount of brush wear also increased. 

 
 
 
 
 

7 Acknowledgments 

We thank Richard Haase, Ph.D, from Edanz Group 
(www.edanzediting.com/ac) for editing a draft of this 
manuscript. 

 
 
 

 

8 Literature 

[1] Toshinobu Ichiki: Theory and practice of electric 
brushes. p. 49, 1978 

[2] J. Neukirchen: Kohlebuesten. p. 37 
[3] Ryuta Higa, Yusuke Takada, Naoki Fukuda, 

Koichiro Sawa, Takahiro Ueno: Sliding Charac-
teristics of Fe Slip Ring in the Change of Silver 
Content of Silver-Graphite Brushes. IEICE Tech-
nical Report, vol. 118, no. 462, EMD2018-75, pp. 
87-90, 2019 

[4] Yuki Amada, Takahiro Ueno, Koichiro Sawa, 
Noboru Morita, Kazuhiko Takahashi: Voltage 
Saturation Mechanism in V-I Characteristics for 
Natural Graphite Brush and Steel Slip-ring. IEEJ 
Transactions on Industry Applications, Vol.140 
No.2 pp.117–127, 2019 

[5] Naoki Fukuda: Contact Voltage Drop and Brush 
Wear Characteristics for Various Silver Content 
of the Silver Graphite Brush in Slip Ring System. 
IEEE Holm, 2018 

5.2 Difference in roughness with no current 

In experiments without a brush current, there was a 
difference in amount of brush wear for the sliding sur-
face polished using rubber stone and EP # 1200. A la-
ser-microscope image showing the roughness of the 
slip ring surface after the experiment is presented in Fig. 
10. 

Fig. 10 Laser microscope images used in a roughness 
analysis. 
 

Polishing the sliding surface using rubber stone pro-
duced a fine unevenness in the surface. In contrast, pol-
ishing using EP #1200 produced some deep grooves, 
nevertheless the sliding surface was smooth. To factors 
are believed responsible for the difference in roughness 
between the two preparations. The first is that although 
the deep grooves are dispersed, the average roughness 
was increased with their presence. Second, the sliding 
surface was slightly curved and hence the average 
roughness may have increased overall by the slight cur-
vature. 

5.3 Influence by film of sliding surface 

After polishing with rubber stone and EP #1200, 
there was a large difference in the amount of wear de-
pending on the presence or absence of brush current. 
The roughness of these two sliding surfaces were found 
to have similar values (Figs. 8 and 9). When the rough-
ness of a sliding surface is low, we believe the electrical 
wear is much larger than the mechanical wear. 

Photographs of the sliding surfaces of the slip rings 
taken after the experiments are shown in Fig. 11. In ad-
dition, a schematic of graphite being transported by the 
brush current is shown in Fig. 12 [3]. With a brush cur-
rent of 10 A, graphite forms on the slip ring surface. At 
the sliding surface, graphite moves from the brush to 
the slip ring, thereby forming a graphite film on the sur-
face of the slip ring. Furthermore, copper wears away 
in the sliding contact. As the brush was also worn, it is 
conceivable that the copper powder from brush wear 
suppresses any excessive build-up of a graphite film. 
In addition, it is conceivable that the current increases 
the temperature of the current-carrying spot on the real 
contact area. When current flows, Joule heat is gener-
ated [4]. Since the actual current-carrying spot was 
very small, the resistance value was increased, and the 
brush was locally softened by Joule heat. Therefore, the 
brush wear was promoted by current. 

From Fig. 11, without a brush current, graphite does 
not adhere to the slip ring, implying that graphite had 
not formed on the surface of the slip ring and hence the 
metals of the surfaces made contact. Therefore, me-
chanical wear is believed to have been suppressed by 
the lubricity of graphite in the brush material [5]. 

Fig. 11 Photographs of the sliding surface of the slip 
rings after the experiments. 

Fig. 12 Schematic of graphite moving under the influ-
ence of the brush current. 
 

5.4 Relationship between coefficient of fric-
tion and roughness 

The relationship between the coefficient of friction 
and roughness of the sliding surface is shown in Fig. 
13. When there is no brush current, roughness and co-
efficient of friction are proportional. However, when 
the brush current is 10 A, the coefficient of friction for 
the surface prepared using EP #100, which has a high 
roughness, was not much different from the other two 
surfaces. This result suggests contact area and current 
are correlated. 

Fig. 13 Relationship between the coefficient of friction 
and roughness of the sliding surface. 
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Raman Spectroscopic Analysis of Carbon Film on Frictional Sur-
face of Contact Wire 

Yoshitaka Kubota, Railway Technical Research Institute, Tokyo, Japan, kubota.yoshitaka.77@rtri.or.jp 

Abstract 

It has been presumed that lubricating carbon films are formed on the frictional surface of the contact wire when 
using carbon-based pantograph contact strips. However, there have, as of yet, been no reports including observa-
tion of such films, and the details of the film have not yet been clarified. In this study, we investigated the surface 
of a worn contact wire used on a commercial railway line, where metalized carbon contact strips had been applied. 
The results of Raman spectroscopic analysis revealed that both the intensity ratio of the D-band and G-band (ID/IG) 
and the half-height width of the G-band of the carbon film were decreased compared with those of the as-manu-
factured carbon substrate of the strip. This indicates that the carbon film contains graphite-like sp2-bonded struc-
tures. We also conducted wear experiments using the metalized carbon strip by sliding it against a copper ring 
under electric current. It was found that the structural change of the carbon was mainly promoted by the heat of 
the arc discharge that occurred between the contact strip and contact wire. 

1 Introduction 

On electric railways, electric multiple units or electric 
locomotives collect current from an overhead contact 
wire through pantograph contact strips (Fig. 1). Carbon 
materials have been widely used as contact strips be-
cause of their superior lubricating properties 0. There 
have been many studies investigating the carbon film 
formed on copper slip-rings by carbon brushes [1], [[3], 
and it has been presumed that lubricating carbon films 
are similarly formed on the frictional surface of contact 
wires by carbon contact strips. However, there have 
been no reports on the observation of such films so far, 
and the details of the film have not yet been clarified. 
In this study, Raman spectroscopy was used to inves-

tigate the surface of a worn contact wire used on a com-
mercial railway line. The results of the Raman spectro-
scopic analysis of the carbon film are presented and the 
thermal factors that cause the structural change of the 
carbon are discussed. 

 

2 Materials and Raman Spec-
troscopic Analysis 

2.1 Materials 

2.1.1 Contact Wire 

A contact wire used in a commuter rail line was in-
vestigated. Table 1 shows the wire characteristics. The 
frictional surface was examined by a Raman spectro-
photometer (details are described in 2.2). Fig. 2 shows 
the frictional surface of the contact wire. A cross-sec-
tion of the contact wire was examined with both a scan-
ning electron microscope (SEM, JSM-7800F, JEOL, 
accelerating-voltage: 5kV) and using energy dispersive 
x-ray spectrometry (EDX, JSM-7800F, JEOL, acceler-
ating-voltage: 15kV).  
 

Table 1 Contact wire characteristics 

 
 

 
Fig. 2 Frictional surface of the examined contact wire 

Material Cu-0.3mass%Sn

Profile Circular grooved, 170mm
2

Line Commuter rail line in a metropolitan area

Wear rate 0.2nm/one pantograph
 
passage

Fig. 1 Pantograph contact strip and contact wire 
5mm 
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2.1.2 Pantograph Contact Strip 

As a sample for reference, a metalized carbon contact 
strip (PC78A, Toyo Tanso Co., Ltd) was examined us-
ing Raman spectroscopy. PC78A is a Cu-impregnated 
carbon material that does not include graphite and is a 
mating material of the wire. The carbon substrate of 
PC78A is carbonized at 1200°C, which is lower than 
its graphitization temperature, as mentioned below. To 
preliminarily investigate the structural change of the 
carbon of the strip, the samples were carbonized at dif-
ferent temperatures (1200°C, 1600°C, 2200°C, and 
2800°C). The results of this examination revealed that 
graphitization of the carbon substrate of PC78A occurs 
above 2000°C. Raman spectroscopy was conducted at 
3 points on each sample. 

2.2 Raman Spectrophotometer and 
Measurement Conditions 

We applied Raman spectroscopy, one of several ex-
perimental techniques for analyzing the structure of 
carbon materials, to examine the carbon film on the 
wire. This method in particular is appropriate for thin 
films because the penetration depth of the laser is ap-
proximately 0.5 µm. An NRS-7100 laser Raman spec-
trophotometer (JASCO corp.) was used for measure-
ment of the wire surface. Table 2 shows the measure-
ment conditions. 
 

Table 2 Raman spectroscopy measurement conditions 

 

3 Wear Experiment 

During the running of a pantograph, the sliding sur-
face of a contact strip is heated by Joule heating, fric-
tional heating, and arc discharge. Such factors cause a 
temperature rise in the strip and induce the structural 
change of the carbon. In this study, we investigated the 
effect of the three thermal factors on the structure of 
the carbon on the contact strip by conducting a wear 
experiment. 
A block-on-ring machine was used as the wear exper-

iment apparatus. Fig. 3 shows a schematic diagram of 
the apparatus. The Cu ring was composed of oxygen-
free copper (99.96% Cu, HV(9.8N)86) and represented 
the contact wire. The experiment conditions are shown 
in Table 3. 
The total Joule heating energy EJ, frictional work Ef, 

and arc discharge energy Earc generated during sliding 
contact was calculated using the following equations: 

    ∆                                1 

    ∆                       2 

     ∆                              3 

Here, I is the electrical current,  is the contact voltage, ∆ is the sampling period, and Iarc and Varc are the cur-
rent and the voltage during arc discharge, respectively. 
Arc discharge was identified when contact voltage ex-
ceeded the threshold voltage (10 V). Finally, F is the 
frictional force, and v is the sliding speed. 
To confirm the results, a second type of Raman spec-

trophotometer (Nicolet Almega XR, Thermo Nicolet; 
excitation wavelength: 532 nm) was also used to ana-
lyze the frictional surface of the worn test pieces. 

 
Fig. 3 Schematic diagram of the experimental appa-
ratus 

Table 3 Experimental condition 

 

4 Results and Discussion 

4.1 Carbon Film on Frictional Surface 
of Contact Wire 

The SEM image and the results of the EDX analysis 
are shown in Figs. 4 and 5, respectively. As can be seen, 
a carbon film, with a thickness on the order of 1 µm, 
was confirmed to form on the frictional surface of the 
wire (Fig. 5). Fig. 5 also revealed that the carbon film 
deposited a layer of copper oxide. This result is similar 
to the carbon film formed on a copper collector ring 
sliding against a carbon brush [1]. 

The wear rate of the wire was approximately 0.2 nm 
per one pantograph passage (Table 1). The carbon film 
should therefore diminish over the course of several 
thousand pantograph passages if it undergoes no re-for-
mation, indicating that the film is able to maintain a 
uniform thickness as a result of repeated breakage and 
re-formation. The carbon film on the wire is considered 
to be formed by material transfer from the carbon con-
tact strip. 

Wavelength of laser 532 nm

Power of laser 0.5 mW

Range of observed wave number 1490～150 cm
-1

Measurement time and number of iteration 10sec×2times

Spot diameter of laser beam 1 μm

Items 1 2 3 4 5

Sliding speed 100 km/h 100 km/h 100 km/h 100 km/h 100 km/h

Contact load 14 N 54 N 14 N 14 N 98N

Electric current DC 100 A DC 100 A DC 300 A DC 500 A DC 500 A

Sliding distance 25 km 25 km 25 km 25 km 25 km
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4.2 Raman Spectroscopic Analysis of 
Carbon Film 

Raman spectra of the contact strips carbonized at dif-
ferent temperatures and the frictional surface of the 
contact wire are shown in Fig. 6. The spectra of the car-
bon strip samples carbonized at 1200°C and 1600°C 
have two broad peaks, one at approximately 1360 cm−1 
(D-band) and the other at approximately 1580 cm−1 (G-
band). The spectra of the strips carbonized (graphi-
tized) at 2200°C and 2800°C have these peaks as well 
as a small shoulder peak at approximately 1620 cm−1. 
Altogether, in the spectra of the wire sample, broad D-
band and G-band peaks and a small peak at 1620 cm−1 
(at 2200°C and 2800°C) were observed. The Rama 
spectra reported here are similar to those reported for 
coke samples carbonized at 1300°C and 1900°C [4]. 

 
Fig. 6 Raman spectroscopy results 

 

To quantitatively evaluate the structural change of the 
carbon, five peaks were separated from the Raman 
spectra, as shown in Fig. 7. From the separated peaks, 
We calculated the intensity ratio of the D-band and G-
band (ID/IG), a measure widely used as an indicator of 
graphitization degree. We also calculated the full width 
at half maximum intensity (FWHM) of the G-band, and 
the bandwidth of the 1580 cm−1 peak band at 1/2 height. 
Fig. 8 shows a characterization of the G-band by ID/IG 
ratio and FWHM [5]. Both the ID/IG ratio and FWHM 
of the G-band of the carbon film were lower than those 
of the as-manufactured carbon strip (carbonized at 
1200°C). This indicates that the carbon film contains 
graphite-like sp2-bonded structures. The structural 
change of the carbon is considered to be caused by the 
temperature rise in sliding surfaces. 
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Fig. 7 Schematic of waveform processing and five 

separated bands 

 
Fig. 8 ID/IG and FWHM of G-bands 

4.3 Thermal Factors Affecting Struc-
tural Change of Carbon 

Fig. 9 shows one example (condition 4) of the results 
of Raman spectroscopy for nine points on the worn sur-
face of the contact strip test piece, and Fig. 10 summa-
rizes the results. The dashed lines in Fig. 10 represent 
the results of the contact strip samples carbonized at 
different temperature. As mentioned above, the graph-
itization of the carbon occurs above 2000°C; therefore, 
the points at which the FWHM of the G-band is lower 
than 60 cm−1 represent the graphitized region. Joule 
heating and the frictional work were the largest factors 
in condition 5 (500 A and 98 N, respectively). Graphi-
tization of the carbon, however, was not observed (Fig. 
10).It is considered because no arc discharge occurred 
during the test in condition 5. Arc discharge occurred 
in conditions 1, 3, and 4, and graphitized points were 
observed on the worn surface of the strip in conditions 
3 and 4. 
Fig. 11 shows the relation between FWHM of the G-

band and total Joule heating, frictional work, and arc 
discharge energy. The amount of arc discharge energy 
was smaller than that of Joule heating or frictional wok. 
However, arc discharge energy did have a stronger cor-
relation with the FWHM of the G-band (correlation co-
efficient R= -0.73, Fig.11). These results strongly indi-
cate that the structural change of the carbon was mainly 
promoted by the heating of the carbon electrode by arc 

discharge. It has been reported that during arc dis-
charge, the surface temperature of a carbon electrode 
exceeds 2400 K [6], a temperature sufficient for graph-
itizing the carbon. Meanwhile, neither the Joule heat-
ing nor the frictional heating gave rise to comparatively 
high temperatures.  

 
Fig. 9 Examined points and FWHM of the G-band on 

the worn surface of contact strip test piece 

 

 
Fig. 10 FWHM of G-bands measured on the worn sur-
face of contact strip test piece 

 

 
Fig. 11 Relation between FWHM of the G-band and (a) 
Joule heating, (b) frictional work, (c) arc discharge en-
ergy. 
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5 Conclusion 

The frictional surface of a contact wire rubbed against 

a metalized carbon contact strip was examined using a 

SEM and Raman spectroscopy. In addition, a wear ex-

periment was conducted using carbon strips under elec-

tric current. The main conclusions are as follows: 

1. A carbon film with a thickness on the order of 1 μm 

was confirmed to form on the frictional surface of the 

contact wire. This film is considered to form due to ma-

terial transfer from the carbon contact strip. 

2. Our results indicate that the structure of the carbon 

film is different from that of the as-manufactured car-

bon contact strip, with the carbon film containing 

graphite-like sp2-bonded structures. 

3. Our results indicate that the structural change of the 

carbon of the contact strip during running is mainly 

promoted by arc discharge rather than Joule heating or 

frictional heating. 
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Tribology of electrical sliding contacts 
Christian Holzapfel, Schleifring GmbH, Fürstenfeldbruck, Germany, Christian.Holzapfel@schleifring.de 

Abstract 

In this study, a tribometer development is described that aims at understanding sliding electrical contacts that ap-
ply a wire-design principle. The tribometer was designed such that the contact configuration of a wire in a V-
groove is reproduced. At the same time, design-related influences are minimized. This enables to establish the 
relationship between friction coefficient, temperature, speed, and contact resistance of two model systems apply-
ing PAO lubricants with low and high viscosity. In general, the contact resistance is higher for the high viscosity 
lubricant especially at low temperature. This behaviour is in general consistent with the friction coefficient 
measured at the same conditions. In this respect, full Stribeck curves at varying temperatures are discussed. 

1 Introduction 

Any sliding electrical contact can be interpreted in 
terms of a tribological system where in parallel an 
electrical current is transferred. Successful use of such 
systems in real contact applications demands a thor-
ough understanding of the friction properties, wear 
and electrical behaviour. In order to understand these 
properties, in this study, tribometer tests are described 
where the friction properties are measured in parallel 
to the contact resistance. In this way a database of dif-
ferent contact systems is being built up. From this da-
tabase pre-selection of material systems can be per-
formed. In [1] further test strategies are described, that 
lead to full system level qualification of new contact 
systems for use in sliding electrical contacts. 
Systems for sliding electrical contacts come in a vari-
ety of different design and materials solutions. Well-
known are carbon brushes as well as so-called gold-
wire systems. Overviews of such solutions are given 
in [2,3]. The gold- or more general wire-design prin-
ciple, as well as relevant properties, is further detailed 
in [1] and references herein. In this technology one or 
several wires in-parallel are usually used in one or 
several V-grooves in order to transfer electrical ener-
gy. In this way, the wire alloy has to ensure both, the 
contact resistance as well as the contact force. Over 
life-time, wear and relaxation must be sufficiently low 
to guarantee a reliable contact. Such systems are suc-
cessfully used for a large variety of industrial applica-
tions such as pitch control systems for wind power, 
bottle filling machines, pick and place machines, tool-
ing machines, etc. Although these systems are well 
understood, there is a continuous demand for longer 
life-time, miniaturization, as well as low cost solu-
tions (noble metal substitution or reduction of gold 
content). It should be noted that in these systems, in 
general, a liquid lubrication is being used in order to 
extend life-time [4]. However, the lubrication system 
being applied must be tailored to guarantee a reliable 

contact and low wear rate at the same time. This ap-
parent contradiction between low amount of lubricant 
(electrical performance) and high amount of lubricant 
(mechanical wear performance) is a demanding task 
for the variety of climatic conditions that need to be 
taken into account. 
In [5] crossed bar experiments are described where 
material screenings are being performed and the pure 
contact resistance can be determined. However, in 
these tests, only longitudinal sliding with limited slid-
ing distance can be performed. [6] use a rotating 
component test setup where also material screenings 
for wire and track coating alloys are being performed. 
In this setup, the friction coefficient was not directly 
measured in parallel. The same author used an oscil-
lating setup for measuring the friction coefficient in a 
later study [7] but these tests were conducted without 
lubrication. 
In this study a tribometer was developed that applies 
the real contact configuration (wire in V-groove). The 
contact resistance is measured using a 4-wire tech-
nique and in parallel the friction force is measured 
(and hence the friction coefficient can be determined). 
The tribometer is able of performing experiments at 
different temperatures between -20°C and +70°C. In 
this way the Stribeck curve (friction coefficient as a 
function of sliding speed) at different temperatures 
can be derived. The main emphasis of the present pa-
per is to first describe the experimental setup, second 
to detail the data acquisition strategy and third, to de-
scribe selected tests with two PAO model lubricants, 
one with low viscosity and one with high viscosity 
(factor 20 difference) and generalization of underlying 
trends. These tests apply standard gold wire alloys 
running on galvanic hard gold coatings. Hence, the 
main focus of the present study is to establish the 
general effects of liquid lubrication on friction coeffi-
cient and contact resistance in a model system. 
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2 Tribometer setup 

The tribometer developed for this study is described 
in detail in [1] together with preliminary test data in 
the framework of a test strategy for full contact sys-
tem qualification. Hence, the tribometer setup is here 
only detailed to an extent that allows understanding 
the principal settings. The tribometer aims at repro-
ducing the real geometry of a wire-design slip ring by 
applying a track with a double V-groove (Figure 1). 
Two wires (0.38 mm diameter) are guided to the V-
grooves using glass tubes and are pressed against the 
tracks using a pulling spring. Both wires are used in a 
trailing configuration. This means that the relative 
track movement is directed towards the end of the 
wire. In principal also a leading situation can be ap-
plied (opposite turning direction) but was not used in 
the present study. The track is made out of brass and 
can be coated with a suitable functional layer (e.g. 
hardgold coating). The wire consists of metallic alloy 
with suitable spring and contact properties (e.g. gold 
or silver alloys). 
The setup for applying the normal force (guidance 
within glass tubes and use of pulling spring) is differ-
ent to the real geometry where the contact force is 
generated by the wires itself (acting as a bending 
beam, [8]). However, for the tribometer, this modifi-
cation was used in order to stabilize the dynamic be-
haviour of the system: Any sliding system is sensitive 
to some extent to frictional induced vibrations [9]. 
Previous studies have demonstrated this also for wire 
design slip ring systems [10]. The currently used set-
up is much stiffer than using the wires as force gener-
ating system element directly and hence, vibrations 
were not detected to play a significant role in the sys-
tem at any speed and configuration. In this way, the 
effect of the viscosity of the applied lubrication 
schemes as well as the temperature effect on viscosity 
can be studied more clearly. Otherwise, a superposi-
tion of hydrodynamic effects as well as increased vi-
bration amplitudes at high speed would have been dif-
ficult to be distinguished. In addition, the setup with a 
relatively long pulling spring ensures a constant con-
tact force with a flat force-distance spring characteris-
tic. Hence, e.g. any variation in the run-out, will not 
lead to a significant force variation. 
The normal contact force can be varied within a range 
of 10 to 150 mN per wire. Speed can be varied be-
tween 0 and 1200 rpm corresponding to a track speed 
between 0 and 1.5 m/s. The test strategy (see below) 
consists of measuring oscillograms at constant speed 
and temperature as well as collecting Stribeck curves 
at different temperatures. The Stribeck curve is meas-
ured with increasing speed. Each test is performed for 
a total number of 5 million revolutions (total test time 
is 1 week). Wear is determined after testing by visual-
ly inspecting the wires and the tracks. In addition, the 
tracks are cross-sectioned in order to determine re-
maining coating thickness. Each test configuration is 

at least tested two times in order to determine repro-
ducibility. 

Fig. 1 Overview of tribometer. Two wires are 
pressed against a track with a double V-groove. The 
normal force FN is applied by using a pulling spring. 
Force sensors for FN and friction force FF are outside 
of the image area. The tribometer is contained in an 
isolation cabinet and temperature can be varied be-
tween -20°C and +70°C. 
 
Based on the fact that two wires are being used, appli-
cation of current during testing has to be applied in a 
way that the two contacts are applied in series and the 
measured contact resistance will always contain the 
contribution of two contact points. Moreover, a "con-
tact" defined in this way will in reality also contain 
two physical contacts in parallel since a V-groove ge-
ometry is being used. For measurement of a single 
contact a circuit setup with layout as given in [11] 
would need to be applied. However, in this case three 
wires would have needed to be implemented within 
the setup.  
 
Figure 2 shows the equivalent circuit diagram used in 
the present study. 
 
 
 
 
 
 
 
 
 
Fig. 2 Equivalent circuit diagram for electrical 
measurements used in this study. The contact voltage 
drop UC is measured over two sliding contacts in se-
ries. A measurement current of 100 mA is generated 
using a constant voltage source. Thus, the calculated 
contact resistance contains contributions from two 
wire contacts (with two contact points within the V-
groove). In the measurement of UC some static contri-
bution from the contact wires as well as a measuring 
cabling (meas. cabl.) is contained. 
 



341

A measurement current of 100 mA (DC current) is 
generated using a constant voltage source of 5 VDC 
and applying a serial resistor of 50 Ohm. In general, 
the serial resistance is much larger than the contact 
resistance, and based on this fact, the current will be 
effectively constant. It should be noted that in the case 
that a constant current source is being used without a 
serial resistance the control behaviour of the current 
source will be critical. The currently applied setup 
circumvents this challenge. 
The contact voltage drop UC is measured in a 4-point 
setup. The common current and voltage path that is 
being measured also contains the two contact wires. 
They are contacted by a measurement cabling that 
leads to the common measurement points. The re-
sistance of the cabling is constant. The static re-
sistance contribution of the contact wires can be di-
rectly calculated from the length of the wires. For lat-
er representation of the contact resistance the values 
are corrected for the static contributions and all values 
are normalized for comparison reasons. For further 
details on the electrical evaluation see below. The 
bandwidth for measurement of UC is 0-1 kHz. 

3 Test strategy 

The test strategy consists of performing each test for a 
minimum amount of life time in order to get a rough 
estimate of full life time potential. However, a full life 
time test with the tribometer for a large screening test 
sequence is not possible since typical life time of lu-
bricated wire-design slip rings can be in excess of 50 
million revolutions [1]. These tests, depending on the 
rotational speed, would last several months (acceler-
ated speed) or even years (typical application speed). 
Hence, as a compromise, a life time target of 5 million 
revolutions was chosen for building up the contact 
system database. The testing procedure consists of 
measurements at -20°C, -10°C, 0°C, 25°C and 70°C 
at the beginning (0 rotations), in the middle (2.5 mil-
lion rotations) and at the end of the test sequence (5 
million rotations, test points 1, 2, and 3). At each of 
these test points, a full Stribeck curve (friction coeffi-
cient as a function of speed) is collected at -20°C, -
10°C, 0°C, 25°C and 70°C. In parallel the contact re-
sistance is measured. Both, friction coefficient and 
contact resistance will be displayed below in 3D dia-
grams as a function of speed and temperature. For da-
ta collection of the Stribeck curve, the speed is in-
creased from 0 rpm to 1200 rpm during 120 s, than 
hold for 10 s followed by a decrease of speed to 0 rpm 
again within 120 s (data plotted below are always giv-
en for increasing speed). Immediately after this se-
quence, oscillograms representing 5 consecutive rota-
tions at 20 rpm, 100 rpm and 500 rpm are collected. 
Typical time scales for temperature equilibration is ~ 
2 hours. Between different test points and during tem-

perature equilibration a constant speed of 500 rpm is 
employed. 
As discussed above, test reproducibility for each sys-
tem (wire material, track material e.g. coating system, 
lubrication scheme, contact force) is checked by re-
peated test series (at least two tests are being per-
formed). Results of the reproducibility verification 
can be found in the preliminary study in [1] and will 
not be repeated in the current work. 

4 Results of example PAO with 
low viscosity 

The main emphasis of the present work is elucidating 
of general trends between viscosity of lubricant, 
speed, temperature, and contact resistance. For this 
purpose, a standard gold wire setup and two model 
PAO lubricants are being used (one with a low viscos-
ity and a second with a high viscosity with a differ-
ence of a factor of 20). In the current section the re-
sults for the PAO with low viscosity are discussed. In 
the next section, they can be directly compared to re-
sults for the PAO with high viscosity. 
PAO can be used as sample lubricants for sliding con-
tacts since they can be procured with widely different 
viscosity values. Hence, they can be regarded as mod-
el systems for understanding the influence of viscosity 
on sliding (friction and wear) as well as electrical 
properties (note that of course both effects are coupled 
with each other). For real applications they are not 
regularly used because of their lower temperature sta-
bility and potential decomposition over life time as 
compared to other synthetic base oils. The examples 
shown below, thus, must also be regarded as example 
of general behaviour and cannot be directly extrapo-
lated to real field use. Such a qualification scenario 
for real applications must be subsequently followed-
up by different test strategies and qualification scenar-
ios [1]. 
In Figure 3, the temperature-dependent Stribeck 
curves of a PAO with relatively low viscosity are giv-
en. Figure 4 contains the representation of the contact 
resistance for the same conditions. 
The Stribeck curves in Figure 3 show an expected be-
haviour: With increasing speed within a mixed fric-
tion regime the friction coefficient initially decreases. 
No clear minimum of the friction coefficient as a 
function of speed can be identified at least for temper-
atures above 0°C. A clear hydrodynamic behaviour 
cannot be found within the speed range investigated 
in this study. However, the friction coefficient in-
creases with decreasing temperature (hence increasing 
viscosity). Thus, from a friction point of view, high 
speed and low temperature appear to be the most crit-
ical running conditions. The electrical measurements 
overall show a relatively constant behaviour with a 
slight tendency of higher values at lower temperature 
and especially at test point 1 also at high speed con-
sistent with the friction data. 

2 Tribometer setup 

The tribometer developed for this study is described 
in detail in [1] together with preliminary test data in 
the framework of a test strategy for full contact sys-
tem qualification. Hence, the tribometer setup is here 
only detailed to an extent that allows understanding 
the principal settings. The tribometer aims at repro-
ducing the real geometry of a wire-design slip ring by 
applying a track with a double V-groove (Figure 1). 
Two wires (0.38 mm diameter) are guided to the V-
grooves using glass tubes and are pressed against the 
tracks using a pulling spring. Both wires are used in a 
trailing configuration. This means that the relative 
track movement is directed towards the end of the 
wire. In principal also a leading situation can be ap-
plied (opposite turning direction) but was not used in 
the present study. The track is made out of brass and 
can be coated with a suitable functional layer (e.g. 
hardgold coating). The wire consists of metallic alloy 
with suitable spring and contact properties (e.g. gold 
or silver alloys). 
The setup for applying the normal force (guidance 
within glass tubes and use of pulling spring) is differ-
ent to the real geometry where the contact force is 
generated by the wires itself (acting as a bending 
beam, [8]). However, for the tribometer, this modifi-
cation was used in order to stabilize the dynamic be-
haviour of the system: Any sliding system is sensitive 
to some extent to frictional induced vibrations [9]. 
Previous studies have demonstrated this also for wire 
design slip ring systems [10]. The currently used set-
up is much stiffer than using the wires as force gener-
ating system element directly and hence, vibrations 
were not detected to play a significant role in the sys-
tem at any speed and configuration. In this way, the 
effect of the viscosity of the applied lubrication 
schemes as well as the temperature effect on viscosity 
can be studied more clearly. Otherwise, a superposi-
tion of hydrodynamic effects as well as increased vi-
bration amplitudes at high speed would have been dif-
ficult to be distinguished. In addition, the setup with a 
relatively long pulling spring ensures a constant con-
tact force with a flat force-distance spring characteris-
tic. Hence, e.g. any variation in the run-out, will not 
lead to a significant force variation. 
The normal contact force can be varied within a range 
of 10 to 150 mN per wire. Speed can be varied be-
tween 0 and 1200 rpm corresponding to a track speed 
between 0 and 1.5 m/s. The test strategy (see below) 
consists of measuring oscillograms at constant speed 
and temperature as well as collecting Stribeck curves 
at different temperatures. The Stribeck curve is meas-
ured with increasing speed. Each test is performed for 
a total number of 5 million revolutions (total test time 
is 1 week). Wear is determined after testing by visual-
ly inspecting the wires and the tracks. In addition, the 
tracks are cross-sectioned in order to determine re-
maining coating thickness. Each test configuration is 

at least tested two times in order to determine repro-
ducibility. 

Fig. 1 Overview of tribometer. Two wires are 
pressed against a track with a double V-groove. The 
normal force FN is applied by using a pulling spring. 
Force sensors for FN and friction force FF are outside 
of the image area. The tribometer is contained in an 
isolation cabinet and temperature can be varied be-
tween -20°C and +70°C. 
 
Based on the fact that two wires are being used, appli-
cation of current during testing has to be applied in a 
way that the two contacts are applied in series and the 
measured contact resistance will always contain the 
contribution of two contact points. Moreover, a "con-
tact" defined in this way will in reality also contain 
two physical contacts in parallel since a V-groove ge-
ometry is being used. For measurement of a single 
contact a circuit setup with layout as given in [11] 
would need to be applied. However, in this case three 
wires would have needed to be implemented within 
the setup.  
 
Figure 2 shows the equivalent circuit diagram used in 
the present study. 
 
 
 
 
 
 
 
 
 
Fig. 2 Equivalent circuit diagram for electrical 
measurements used in this study. The contact voltage 
drop UC is measured over two sliding contacts in se-
ries. A measurement current of 100 mA is generated 
using a constant voltage source. Thus, the calculated 
contact resistance contains contributions from two 
wire contacts (with two contact points within the V-
groove). In the measurement of UC some static contri-
bution from the contact wires as well as a measuring 
cabling (meas. cabl.) is contained. 
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Fig. 3 PAO with low viscosity. Temperature-
dependent Stribeck curves (f denotes friction coeffi-
cient) at A) test point 1, B) test point 2, and C) test 
point 3. Speed varies between 0 and 1200 rpm, tem-
perature between -20°C and 70°C. 
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Fig. 4 PAO with low viscosity. Temperature-
dependent normalized contact resistance curves at A) 
test point 1, B) test point 2 and C) test point 3. Speed 
varies between 0 and 1200 rpm, temperature between 
-20°C and 70°C. 

For a more detailed understanding of the electrical 
behaviour, individual oscillograms are being shown in 
Figure 5 and Figure 6. For interpretation of the oscil-
lograms it must be noted that, since a single track is 
used, a design contribution is not present [10] and 
hence any variation in contact resistance is related to a 
change at the contact points or configuration along the 
circumference. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 PAO with low viscosity. Oscillograms at 100 
rpm at -20°C, -10°C, 0°C, 25°C and 70°C. In A) the 
results at test point 1 (beginning of the test) and in B) 
the results for test point 3 after 5 million revolutions 
are shown (and hence evolution over life time). 
 
Figure 5 aims at understanding the influence of tem-
perature and life time at constant speed. Thus, only 
oscillograms at 100 rpm are being shown. As dis-
cussed in several earlier studies [1, and references 
herein] the time-dependent contact resistance (noise) 
can be described using a variety of different character-
istic values (e.g. peak-to-peak variation). For the 
comparison shown in the present study, main empha-
sis is being placed on a qualitative comparison of full 
oscillograms. Although no quantitative value is given, 
the complete information contained in a full oscillo-
gram can be visually compared. At 100 rpm for PAO 
with low viscosity the behaviour is relatively similar 
at beginning of the test (test point 1) and 5 million 
revolutions life time (test point 3), see Figure 5. There 
is a gradual decrease in the contact resistance varia-
tion (noise) with increasing temperature consistent 
with the friction behaviour in Figure 3. However, in 
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addition, it can be seen that during one rotation the 
scatter in contact resistance seems to be higher along 
the circumference initially and the distribution of 
noise becomes more homogeneous at the end of the 
test (compare corresponding oscillograms in Figure 
5A and Figure 5B, e.g. at -10°C). This finding is in-
terpreted by the distribution of the lubricant: At the 
beginning of the test the lubricant distribution seems 
to be less homogeneous along the circumference than 
at the end of test. Off course, also contamination or 
wear debris can play a role in this respect. However, 
all samples are thoroughly cleaned before the test and 
at least initially wear debris will not be present within 
the V-groove (for further discussion of wear, see be-
low). 
Figure 6 aims at understanding the influence of speed 
on the electrical behaviour. Here, oscillograms at 20 
rpm and 500 rpm are being shown for test point 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 PAO with low viscosity. Oscillograms at 20 
rpm at -20°C, -10°C, 0°C, 25°C and 70°C (left col-
umn) and 500 rpm (same temperature conditions right 
column). Only results at test point 3 are being shown. 
 
At 20 rpm, the influence of temperature on contact 
resistance is relatively minor (Figure 6, left column). 
Note that also for the friction behaviour at this low 
speed more constant friction behaviour is observed 
(Figure 3). The situation is different at 500 rpm (Fig-
ure 6, right column): here, in general at low tempera-
tures, noise is higher. Interestingly the highest noise 
values itself would be found at 0°C rather than 

at -20°C. This finding is different to the friction be-
haviour and implies that an understanding of the fric-
tion coefficient only is not sufficient for predicting the 
electrical performance.  
 
The wear mechanism is similar as described in earlier 
studies applying similar contact materials and consists 
of material transfer from the track to the wire [12, 13]. 
Figure 7 shows the formation of transfer layers on a 
wire from the tribometer test with PAO with low vis-
cosity. At the same time, the wear on the track is rela-
tively low along the circumference and overall pre-
dicted life time would be significantly longer than 5 
million revolutions. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Material transfer or prow formation after 5 
million revolutions during tribometer test with PAO 
with low viscosity. 
 

5 Results of example PAO with 
high viscosity 

In the preceding section, the principal relationships 
between viscosity, friction, speed and electrical be-
haviour was established. In the following, a compari-
son is being made with corresponding results applying 
a PAO lubricant with very high viscosity. The differ-
ence in viscosity of the two model oils is a factor of 
20 at room temperature. However, the viscosity index 
of the two lubricants is very similar and hence the rel-
ative difference in viscosity is nearly the same over 
the whole temperature range. Figure 8 and Figure 9 
show the temperature-dependent Stribeck curves as 
well as the contact resistance curves with the same 
layout as given in Figure 3 and Figure 4. 
The Stribeck curves shown in Figure 8 (high viscosi-
ty) show a similar behaviour as shown in Figure 4 
(low viscosity). For the lubricant with high viscosity, 
absolute values seem to be slightly higher at the same 
conditions compared with the same values for the low 
viscosity PAO. Morevover, the temperature depend-
ence is much more pronounced and in a section at 
constant speed the increase of friction coefficient with 
decreasing temperature is significantly steeper for the 
lubricant with high viscosity. 
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Fig. 3 PAO with low viscosity. Temperature-
dependent Stribeck curves (f denotes friction coeffi-
cient) at A) test point 1, B) test point 2, and C) test 
point 3. Speed varies between 0 and 1200 rpm, tem-
perature between -20°C and 70°C. 
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Fig. 4 PAO with low viscosity. Temperature-
dependent normalized contact resistance curves at A) 
test point 1, B) test point 2 and C) test point 3. Speed 
varies between 0 and 1200 rpm, temperature between 
-20°C and 70°C. 

For a more detailed understanding of the electrical 
behaviour, individual oscillograms are being shown in 
Figure 5 and Figure 6. For interpretation of the oscil-
lograms it must be noted that, since a single track is 
used, a design contribution is not present [10] and 
hence any variation in contact resistance is related to a 
change at the contact points or configuration along the 
circumference. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 PAO with low viscosity. Oscillograms at 100 
rpm at -20°C, -10°C, 0°C, 25°C and 70°C. In A) the 
results at test point 1 (beginning of the test) and in B) 
the results for test point 3 after 5 million revolutions 
are shown (and hence evolution over life time). 
 
Figure 5 aims at understanding the influence of tem-
perature and life time at constant speed. Thus, only 
oscillograms at 100 rpm are being shown. As dis-
cussed in several earlier studies [1, and references 
herein] the time-dependent contact resistance (noise) 
can be described using a variety of different character-
istic values (e.g. peak-to-peak variation). For the 
comparison shown in the present study, main empha-
sis is being placed on a qualitative comparison of full 
oscillograms. Although no quantitative value is given, 
the complete information contained in a full oscillo-
gram can be visually compared. At 100 rpm for PAO 
with low viscosity the behaviour is relatively similar 
at beginning of the test (test point 1) and 5 million 
revolutions life time (test point 3), see Figure 5. There 
is a gradual decrease in the contact resistance varia-
tion (noise) with increasing temperature consistent 
with the friction behaviour in Figure 3. However, in 
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Fig. 8 PAO with high viscosity. Temperature-
dependent Stribeck curves at A) test point 1 at begin-
ning of testing, B) test point 2 at middle of testing and 
C) test point 3 at end of testing (5 million revolu-
tions). Speed varies between 0 and 1200 rpm, temper-
ature between -20°C and 70°C. 
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Fig. 9 PAO with high viscosity. Temperature-
dependent normalized contact resistance curves at A) 
test point 1 at beginning of testing, B) test point 2 at 
middle of testing and C) test point 3 at end of testing 
(5 million revolutions). Speed varies between 0 and 
1200 rpm, temperature between -20°C and 70°C. 
 

Obviously, these differences also lead to a significant 
difference in the electrical behaviour (Figure 9): At 
least below 0°C the contact resistance rises with de-
creasing temperature and in a real application some 
challenges at low temperature might result. This effect 
can also be demonstrated by comparing the oscillo-
grams for test point 3 at 20 and 500 rpm for the high 
viscosity lubricant in Figure 10 with the same values 
for the low viscosity lubricant plotted in Figure 6 (see 
discussion below). 
There is also some difference in the general behaviour 
for PAO with high viscosity with respect to the nor-
malized contact resistance at test point 1 compared to 
the subsequent test points (Figure 9): At the beginning 
of life time (test point 1), the electrical behaviour 
shows higher values at low temperature and higher 
speed whereas after some life time the highest contact 
resistance is found at low temperature and low speed. 
In a repeated test this behaviour can be reproduced. 
These findings imply some redistribution in the oil 
film similar as discussed above. In addition, it is not 
necessarily the system at high speed that shows high-
est contact noise under all temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 PAO with high viscosity. Oscillograms at 20 
rpm at -20°C, -10°C, 0°C, 25°C and 70°C (left col-
umn) and 500 rpm (same temperature conditions right 
column). Only results for test point 3 are being 
shown. 
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This becomes also apparent in the oscillograms shown 
in Figure 10: at 20 rpm the behaviour for PAO with 
high viscosity shows increasing noise with decreasing 
temperature. This leads to the appearance of very high 
noise especially at -20°C. Note also the large differ-
ence in normalized contact resistance as compared to 
the system with low viscosity PAO (Figure 6, note 
that all diagrams have the same y-scale settings). In-
terestingly, the absolute noise value measured as 
peak-to-peak value for the PAO lubricant with high 
viscosity at 20 rpm and -20°C is highest for all data 
shown in the present study. For high speed (500 rpm), 
the maximum of noise is at -10°C (but lower on an 
absolute scale). Here the peak in noise is shifted in 
temperature which means that both towards higher as 
well as lower temperature the scatter in contact re-
sistance decreases. However, at temperatures > 0°C 
the noise is higher than at the lower speed (consistent 
with the low viscosity PAO). 
In Figure 11 the wear state of the wire after tribo-
meter test with PAO with high viscosity is being 
shown. Comparing Figure 7 and Figure 11 reveal no 
obvious difference in the wear process or extent of 
wear. It should also be noted that in cross sections on-
ly minor wear is present. Hence, it cannot be conclud-
ed that e.g. the oil with the higher viscosity would 
necessarily have larger life time expectancy. However, 
in detail, tests would have to be performed for much 
longer life time for full qualification since e.g. the 
lubricant with lower viscosity might show a higher 
tendency for flowing out of the contact area. In addi-
tion, the lubricant with high viscosity will have more 
lubrication potential in the case of continuously oc-
curring high temperature conditions. 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Material transfer or prow formation after 5 
million revolutions during tribometer test with PAO 
with high viscosity. 
 

6 Conclusions 

The present work describes a setup for a tribometer 
adapted for a wire-design sliding electrical contact 
system. During development of the tribometer the 
main emphasis was placed on a robust design that 
should exclude dynamic instabilities (frictional in-
duced vibrations) in order to be able to deduce the 
general relationship between viscosity, speed, temper-
ature and electrical contact resistance. Using data for 

model PAO lubricants with high and low viscosity, 
respectively, it could be shown that in general the fric-
tion coefficient shows a well-defined Stribeck curve. 
From the electrical data it does not appear that at any 
condition a pure hydrodynamic behaviour occurred. 
In this case, full contact separation would lead to very 
high contact resistance or open circuit conditions. 
However, it must be noted that the temperature at the 
contact point will always be higher in a current carry-
ing state locally influencing viscosity. In addition, for 
small separations caused by a lubricating film, also 
other conduction mechanisms such as tunnelling ef-
fects can occur. The data also show that during life 
time some redistribution of oil does take place. This 
effect leads to different behaviour at running-in and 
steady-stage. Unfortunately, at present, a direct imag-
ing of oil layers at very low layer thickness (< 1 µm) 
showing the thickness of the film in a lateral distribu-
tion map is highly challenging and could not be per-
formed for the samples investigated here. The data 
also show that, for a specific material system and a 
specific lubrication scheme, additional qualification 
tests are necessary. In general, noise values tend to be 
higher for high viscosity lubricants. However, the ex-
act relationship of viscosity, speed, temperature and 
contact resistance is very system-dependent. In this 
respect, the tribometer setup did enable to establish a 
large database of different lubrication schemes that 
allows pre-selection of a suitable lubrication scheme 
for specific conditions tailoring electrical behaviour 
and life time for general as well as specific applica-
tion scenarios. 
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Abstract 

The current development of the electrical networks towards a DC system imposes certain changes in the design 
and functionality of several network components. This paper aims to offer an overview of the challenges and the 
opportunities that are raised by the DC system over the electromechanical switchgear in order to identify its future 
path in the electrical network. The paper starts with a review process of the previous statements regarding the 
future of the low-voltage (LV) electromechanical switchgear. In the second part, the existing developments in the 
LV technology towards a mixed (centralized and decentralized) DC grid are presented. The third part presents the 
main influencing factors and the developments in the classic electromechanical switchgear as well as in the rela-
tively new switchgear technologies represented by the hybrid and power electronic switches. Following, several 
questions concerning the standardization and the DC ageing behaviour of the insulating materials will be presented 
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1 Introduction 

The low-loss transmission and distribution of electrical 
energy and its resource-saving use has played an in-
creasingly important role in recent years in the discus-
sion regarding the future of electrical power engineer-
ing and thus also on the future of electromechanical 
switchgear technology. 
 
The energy transmission and distribution technology 
based on high-voltage direct current transmission 
(HVDC) as well as the worldwide massive expansion 
of renewable generation plants, especially in the me-
dium and low voltage range, require a wide range of 
studies on new network topologies that consider mixed 
AC and DC networks, microgrids as well as switching 
and protection devices adapted to the technical require-
ments imposed by them [1 - 3]. 
 
The observations on the future of electromechanical 
switchgear begins with a brief summary of previous 
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2 Previous forecasts and factors 
influencing the development 
of electromechanical switch-
gears 

Electromechanical switchgear, e.g. contactors, relays 
or circuit breakers, are among the oldest components 
of electrical power engineering. Their partial or com-
plete replacement by power electronic components, 
e.g. thyristors, IGBTs or FETs has been discussed for 
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The switching characteristics of electromechanical and 
power electronic switches are being compared for more 
than 30 years [4]. The advantages of electromechanical 
switches are: 
 
- the low power losses associated with the current car-

rying function, 
- the safe and visible galvanic separation gap, 
- the high breaking capacity, 
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ciples for low-voltage switchgear was envisioned by 
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guishing principles concerning a better switching ca-
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- improved methods and algorithms for early detection 
of short circuits in low-voltage networks, 

- new methods for diagnosis and determination of the 
remaining service life of contactors and 
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- the control and adjustment of electromagnetic con-
tactor drives, 

- the arc fault detection and shutdown and 
-  power electronic switching by means of Si-

MOSFETs and Si-JFETs. 
 
In the Morton Antler Lecture held in 2016 and cele-
brating 50 years of the Holm Conference on Electrical 
Contacts the future trends for switches were expected 
in the following fields [7]:  
 
- electronic sensing and tripping systems applied to 

switches of all types will expand, 
- AgSnO2 will be gradually the contact material for 

currents below 4 kA and Ag and AgNi will be for low 
current relays, 

- higher voltage (> 100 V) DC switches with perma-
nent magnets will produce a new range of compact 
relays for automotive and photovoltaic applications,  

- MEMS switches will find a commercial application 
and may become hermetically sealed with a non-oxi-
dizing gas. 

 
A concluding remark of this anniversary lecture con-
cerning the topic “switching with arc” was presented in 
the following generalized statement: 
„Circuit switching using electrical contacts has not 
been superseded by electronic switching except for 
special operations. Electrical contacts plus electronic 
detection, sensing and tripping systems will be the part-
nership for the future”. 
 
It must be mentioned that the most of the forecasts pre-
sented so far where obtained from scientific publica-
tions concerned with the future development and opti-
mization of electromechanical switching devices based 
on the AC grid structure. This implies the existence of 
typical AC sources and consumers as well as the clas-
sical electrical energy flow from the high voltage grid 
via medium voltage grid towards the low voltage dis-
tribution network. 
 
In the first decade of the new millennium, new chal-
lenges for electrical power distribution have been 
emerging. 
 
Due to the growing population and increasing demand 
for electrical energy, the earth's fossil fuels will not be 
able to meet the increased demand for electrical energy 
as it can be concluded from analyzing Table 1 (IEA, 
World Energy Outlook 2014) and Figure 1. 
 
Renewable energy generation plants (photovoltaic and 
wind power), sustained by appropriate storage media 
are future drivers of the electric networks and implic-
itly for the next generations of electromechanical 
switchgear. 
 
 

Region PwE 
(mil.) 

ER 
(%) 

Urban 
ER (%) 

Rural 
ER 
(%) 

Developing 
countries 1283 77 91 64 
Africa 622 47 68 26 
  North 1 99 100 99 
  Sub-Sahara 621 38 59 16 
Asia 620 84 95 74 
  China 3 100 100 100 
  India 304 80 94 67 
Latin America 23 90 99 82 
Middle East 18 88 98 78 
OECD 1 100 100 100 
WORLD 1285 82 94 68 
PwE – Population without Electricity 
ER - Electrification Rate 

Table 1: Global status of electrification 

 
 

Figure 1: Fossil fuel reserves 
 
DC distribution networks, DC on-board power sup-
plies, electromobility and DC microgrids set new chal-
lenges for switching and protection devices and their 
corresponding protection criteria. 
 
For these new challenges, an electromechanical 
switchgear requires a significantly improved DC 
switching capacity. Due to a series of advantages, now-
adays, the hybrid and electronic switches seem to be a 
genuine alternative to the classic electromechanical 
switchgear. 
 
The new requirements for the switching technology are 
specified in [8,10] on the basis of the new network ar-
chitectures as follows: 
 
- increased reliability, 
- higher power values, 
- integrated security, 
- encapsulated switching arc, and 
- the use of hybrid switches and power electronic 

switching devices. 
 
In conclusion, it can be stated that the previous deve-
lopment of electromechanical switchgear was charac-
terized by: 
 
- developments meant to improve the switchgear itself 

(contact material, contact and extinguishing system, 
drive system) 
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- miniaturization, 
- innovations (controlled drive, vacuum switching 

technology, current limitation, remaining service life, 
etc.), 

-  improvement of the price-performance ratio as well 
as 

- new requirements for switchgear resulting from the 
development of electrical distribution networks, in 
particular those resulting from future DC low-voltage 
networks, see Figure 2.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2:  Typical structure of modern power systems  

3 DC Low Voltage Networks  

The existing development towards an increased num-
ber of DC low voltage networks results mainly from 
the following factors: 
 
- the number of renewable energy generation plants 

with corresponding storage media is increasing glob-
ally, 

- DC island grids or microgrids are easier to intercon- 
nect to form larger grid connections, 

- the stability and regulation of DC grids requires less 
effort than for AC grids, 

- the 3-wire layout imposed by three-phase current sys-
tem usually results in a 2-wire layout for DC system 
(cost savings for cables or conductors). 
 

These benefits, characteristic for a LVDC network, 
have been analyzed and implemented in test projects, 
for different applications. Exemplary in this regard are 
the envisioned LVDC networks for home applications, 
presented in Figure 3, or for computer centers as de-
scribed in Figure 4. 

 

Figure 3: Comparison of efficiencies in AC and DC 
distribution for home applications [11] 

 
 

 
Figure 4:  DC -Network for computer center 
 
Common to all these new DC networks is that: 
 
- the losses in the distribution of electrical energy are 

approx. 10...20% higher in AC systems than in DC 
systems, because DC-systems have no skin, proxim-
ity, hysteresis and dielectric losses, 

- many applications, e.g. in the household, are based 
on DC voltage; the AC/DC conversion losses can be 
avoided by using a pure DC system and  DC-DC con-
version is more efficient than AC-DC conversion, 

- the components used for household applications have 
a lower cost, size and weight due to the reduction of 
transformers. 
 

The wide application of DC networks in the low-volt-
age range sets known and new challenges for switch-
gear and components. In the following these are men-
tioned: 
 
- switching off the current when there is no current 

zero crossing, 
- new switching requirements created by the very high 

di/dt values generated by the new electrical sources 
and by the new loads (IEC 60947-4-1 DC utilization 
categories with time constants up to 15 ms (DC-5)), 

- material migration and erosion in electromechanical 
switches, 

- new protection concepts caused, on the one hand by 
the new consumers, and on the other hand by con-
necting the DC grid to the existing AC grids, 

- national and international standardization, 
- profitability, 
- acceptance by the population. 
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4 DC Switching Principles 

Figure 5 shows a systematic representation of the DC 
switching principles that can be used from low voltage 
to high voltage [12]. 

 
Figure 5:  Systematization of the DC switching  

principles 
 
Low-voltage switchgear is special due to the fact that, 
if the contact and extinguishing system is appropriately 
designed, electromechanical switchgear alone is capa-
ble of successfully switching off DC currents and 
providing galvanic isolation. At other DC voltage lev-
els this cannot be achieved without special effort and 
additional switching elements. 
 
The switching principle with electric arc based on the 
current limiting method uses several methods meant to 
increase the arc voltage above the network voltage in 
order to create the arc current zero crossing required 
for the arc quenching. The methods used to quickly 
achieve this purpose (e.g. arc splitting, arc elongation, 
etc.) are presented in Figure 6 as a schematic illustra-
tion. Their functionality is used in real switching de-
vices through certain design and material features. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6:  Arc quenching principle 

The voltage characteristics obtained from experimental 
investigations on DC contactors using different arc 
quenching principles in the design of their contact and 
extinguishing system are shown in Figure 7 [13]. 
 

 
Figure 7:  Arc voltage structure with different contac-

tor designs 
 
Depending on the design and the dimensions of the de-
vices, a very different arc voltage structure in terms of 
time and magnitude can be recognized. 
 
From these results it can be concluded that there is still 
considerable improvement potential in the classic 
switching principle to achieve the best possible DC 
switching behavior. 
 
A further challenge involves minimizing the contact 
material migration phenomena occurring during DC 
switching operations. With respect to this, the main in-
fluences are analyzed in [14]. 
 
The switching principles with electric arc based on res-
onant switching have been intensively studied in the 
field of high-voltage [15] and medium-voltage technol-
ogy. In the low voltage area there are currently only 
very few aspects considered. 

Figure 8:  Arc quenching by means of passive and  
active resonance 

 
The principles, presented in Figure 8, consist in creat-
ing a current oscillation between the main current path, 
where the mechanical switch is connected, and the ele-
ments (R1, L1, C1) of the parallel path. The resulting 
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current will oppose the main current and decrease its 
value creating a current zero crossing, when the arc 
quenching will occur.  
 
For dimensioning, however, the oscillating system 
formed between the circuit breaker, situated in the main 
path, and the RLC elements of the first parallel path 
must be considered. 
 
Hybrid Switch 
 
The switching principle of the hybrid switches consists 
of a parallel connection of an electromechanical 
switching device, found usually in the main current 
path, and power electronic components (MOSFET, 
IGBT, Thyristor) as well as overvoltage arresters 
(MOV) placed in parallel to the main current path  
[15 - 17]. 
 
Referring to the occurrence of a switch-off arc, a dis-
tinction is made between hybrid arrangements with and 
without arc formation [18 - 22]. 
 
In arrangements with arc formation, the fast and high 
arc voltage build-up serves to change, in a short time 
interval, the breaking current path from the main path 
to the power electronics path. 
There are setups providing the switching voltage for 
the power electronics by using the arc voltage but most 
of the hybrid switches mentioned in the literature use 
an additional auxiliary voltage supply to control the 
power electronic elements. 
Figure 9 shows a typical switching arrangement with-
out auxiliary power supply. S1 is the main switch and 
the switches S2 and S3 serve for galvanic isolation. 
 

Figure 9:  Hybrid Switch with arcing switching [16] 
 
For the contact system of the mechanical switchgear, 
mostly circuit breaker, single and double break sys-
tems, placed in air or vacuum, are used. In some cases, 
a series connection of the contact system is realized. 
 
The main task of the mechanical contact systems is to 
provide a low contact resistance path in the switched-
on state and the build-up of a high arc voltage (e.g. very 
fast mechanical contact opening) with the correspond-
ing high arc resistance required for a fast current com-
mutation in the power electronic components, which 
then switches off the current in the µs or ms range. For 
the optimization of these processes, a decisive role is 
played by the contact material, by the arcing processes, 
by the metal bridge explosion or by the metal vapor arc 
created at very short distances after contact separation. 

When compared to a classical breaker, it can be ob-
served that the mechanical breaker in a hybrid config-
uration must provide a different functionality. The first 
aspect to account for is that the contact material is 
highly affected by short bouncing arcs with high di/dt 
values during the switch-on procedure and by very 
short arcs during the switch-off procedure. The second 
aspect that must be regarded during a switch-off proce-
dure is the extremely small arc quenching period im-
posed in order to create a fast commutation of the cur-
rent path. These two requirements provide a new set of 
physical characteristics for the contact materials as 
well as for the circuit breaker design in general. 
 
If very short commutation times, in the µs range, are 
desired, hybrid switches arrangements without arc 
commutation are used, see Figure 10 [19]. 

Figure 10: Hybrid Switch with arc-free switching 
 
In these arrangements, a very low impedance power 
electronic component (e.g. SiC-MOS-FET) is used in 
the main path with the mechanical contact system S1. 
During the switch-off process the auxiliary electronics 
(MOSFET M1, M2) are switched off, while the me-
chanical switch S1 is still switched on. Due to the high 
resistance, the current commutates to the other paths, 
and the mechanical switch will be switched off without 
arcing. The switchgear S2 realizes the galvanic isola-
tion. For such switching arrangements the optimization 
of the mechanical contact system must be accompanied 
by an optimization of the electrical properties of the 
commutation circuit (e.g. loop inductance). 
In addition to the power electronic elements, the ca-
bling and connection conditions of these elements with 
the mechanical contact system plays a decisive role. 
These arrangements can be optimized in terms of short 
commutation times by computer simulation of the cor-
responding equivalent circuit diagrams. Figure 11 
shows such a basic equivalent circuit diagram. 
 
 
 
 
 
 
 
 
 
Figure 11: Equivalent circuit for current loop of  

switch-off operation  

 

 

4 DC Switching Principles 

Figure 5 shows a systematic representation of the DC 
switching principles that can be used from low voltage 
to high voltage [12]. 

 
Figure 5:  Systematization of the DC switching  

principles 
 
Low-voltage switchgear is special due to the fact that, 
if the contact and extinguishing system is appropriately 
designed, electromechanical switchgear alone is capa-
ble of successfully switching off DC currents and 
providing galvanic isolation. At other DC voltage lev-
els this cannot be achieved without special effort and 
additional switching elements. 
 
The switching principle with electric arc based on the 
current limiting method uses several methods meant to 
increase the arc voltage above the network voltage in 
order to create the arc current zero crossing required 
for the arc quenching. The methods used to quickly 
achieve this purpose (e.g. arc splitting, arc elongation, 
etc.) are presented in Figure 6 as a schematic illustra-
tion. Their functionality is used in real switching de-
vices through certain design and material features. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6:  Arc quenching principle 

The voltage characteristics obtained from experimental 
investigations on DC contactors using different arc 
quenching principles in the design of their contact and 
extinguishing system are shown in Figure 7 [13]. 
 

 
Figure 7:  Arc voltage structure with different contac-

tor designs 
 
Depending on the design and the dimensions of the de-
vices, a very different arc voltage structure in terms of 
time and magnitude can be recognized. 
 
From these results it can be concluded that there is still 
considerable improvement potential in the classic 
switching principle to achieve the best possible DC 
switching behavior. 
 
A further challenge involves minimizing the contact 
material migration phenomena occurring during DC 
switching operations. With respect to this, the main in-
fluences are analyzed in [14]. 
 
The switching principles with electric arc based on res-
onant switching have been intensively studied in the 
field of high-voltage [15] and medium-voltage technol-
ogy. In the low voltage area there are currently only 
very few aspects considered. 

Figure 8:  Arc quenching by means of passive and  
active resonance 

 
The principles, presented in Figure 8, consist in creat-
ing a current oscillation between the main current path, 
where the mechanical switch is connected, and the ele-
ments (R1, L1, C1) of the parallel path. The resulting 



352

 

 

 
A successful function of the hybrid switches can only 
be achieved when no reignitions occur at the mechani-
cal contact system. 
 
The overvoltage caused by the switching process on 
the power electronics is usually limited by means of 
surge arresters. This voltage must be lower than the re-
ignition voltage of the opened contact system. 
 
Typical hybrid switch arrangements are additionally 
equipped with current measurement technology and al-
gorithms for early detection of short circuits and mon-
itoring of the hybrid switch itself. Successful switching 
tests have been achieved for the following parameters: 
 
- Unetwork: 380 V DC, 
- Current ratings: 50 … 125 A,  
- IK” up to 25 kA, Current limitation up to 1 - 3 kA, 
- Switch-off times: ~ 10 ms … 500 µs with time con-

stant of the DC network of 10 ms … 0.02 ms 
 
Solid State Switch [23,24] 
 
A typical layout of a Solid State Switch is presented in 
Figure 12. By using components with reduced on-stage 
losses (Wide Band Gap, Ron 2 ... 4 mΩ), 180 A could 
be switched off within 0.8 µs. In general, however, it 
has been found that despite already optimized power 
electronic components, the Solid State Circuit Breaker 
still have an on-state resistance Ron that is 100 ... 1000 
times higher than the typical contact resistance of Elec-
tromechanical Switchgear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Solid State Circuit Breaker 
 
Even so, it must be considered that the power semicon-
ductors used in different Solid State Switches arrange-
ments up to now were designed for other applications. 
Information from manufacturers of power electronic 
components indicates that nowadays, and in the future, 
power semiconductor elements will be developed and 
adapted for the switchgear functionality in order to 
substitute the electromechanical switching devices. 
 
As an existing alternative to the Solid State Circuit 
Breaker, the Hybrid Switch is suggested. 

 
Conclusions on the DC Switching Principles 
 
In classic DC low-voltage networks, the electrome-
chanical switchgear based on the arc quenching princi-
ples can fulfill the requirements for switching capacity 
well. 
Due to the development of electrical networks with 
small time constants, where extremely high di/dt can 
be observed, the hybrid switches are gaining in im-
portance according to the author. 
A reasonable use of these switching devices in combi-
nation with other features, such as: early fault detec-
tion, monitoring or even power flow control within the 
networks, may provide the most economically feasible 
way to implement this new technology in the future DC 
low voltage networks. 

5 Visible galvanic separation 
gap 

Another important fact that must be considered in the 
analysis regarding the future of electromechanical 
switchgear is the visible galvanic separation. 
A major advantage of electromechanical switchgear is 
that they can provide by default a visible galvanic gap. 
Power electronic components lack such characteristic 
because a temperature-dependent leakage current in 
µA range flows, even if a certain reverse voltage is ap-
plied. Galvanic separation is therefore not achievable. 
The international normative IEC 60364-5, “Selection 
and Installation of Electrical Equipment, Switchgear 
and Control Devices”, states that "Semiconductors 
must not be used as isolating devices “. 
 
This means that switching arrangements with Hybrid 
Switches or Power Electronic Switches must addition-
ally be equipped with an isolating switch to fulfil the 
requirements of galvanic separation. 
 
Overview of regulations and activities for visible gal-
vanic separation 
 
In IEC 60947-3 standard on low-voltage switchgear 
and disconnectors, and in the IEC 60947-2 standard on 
low-voltage switchgear and circuit-breakers, a refer-
ence is made to the IEC 60947-1 standard on low- volt-
age switchgear and general specifications. These spec-
ifications further reference the IEC 61140 standard 
“Protection against electrical noise-common require-
ments for installations and equipment”. 
 
IEC 61140 specifies the requirements imposed for de-
vices used for disconnecting electrical circuits and for 
protection against electric shock. That standard im-
poses that: 
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“The position of the contacts or other disconnecting de-
vices in the disconnected position must either be visi-
ble from the outside or be clearly and reliably indi-
cated.“ 
The devices for separation must meet two require-
ments: 
“In new, clean and dry conditions with contacts in the 
open position, the device must resist a surge voltage 
applied between the input and output terminals.” 
 
“The leakage current via the open contacts must not ex-
ceed the following values: 0.5 mA contacts when new, 
0.8 mA contacts at the end of the agreed lifetime.” 
 
The standard IEC 60204-1 on Electrical Equipment of 
Machines, also refers to the standard IEC 60947-1 ... 3. 
The specification IEC 60934 on Equipment Circuit-
Breaker, specifies the minimum air gap of the opened 
contacts for the corresponding rated impulse withstand 
voltage.  
The IEEE Switchgear Committee, the visible break 
discussion group, provided the following definition in 
2018: ”Visible break – a gap between conductors that 
can be visually verified and meets the dielectric with-
stand requirements in the relevant product standard.” 
 
These regulations play an increasingly important role 
due to the growing use of power electronics (genera-
tion of transients) as switching elements in electrical 
networks.  

6 Insulation 

The further miniaturization of electromechanical 
switchgear and their compact design require safe insu-
lation, galvanic separation and a long service life even 
at increased operating temperatures, e.g. 120 °C. 
 
Recently, partial discharges have been observed in 
low-voltage switchgear, which considerably accelerate 
the aging of the insulating materials and can lead to in-
sulation failure [25, 26]. 
 
When using the switchgear under DC voltage, it must 
be considered that the voltage stress is based on differ-
ent physical principles compared to AC voltage, as de-
scribed in Figure 13. 
 
 
 
 
 
 
 
 
Figure 13: Difference in insulation material stress 

for AC and DC 
 

For AC voltage stress, the geometric arrangement and 
the dielectric constant ε, showing a low temperature 
dependence, determine the field strength stress in the 
insulating material system (e.g. contact air gap, hous-
ing wall). 
For DC voltage stress, the decisive material constant is 
the conductivity κ, which is for plastic/synthetic insu-
lation material often specified with the following tem-
perature (T) and electric field strength (E) dependency: 
 

𝜅𝜅(𝑇𝑇, 𝐸𝐸) = 𝜅𝜅�.∗ 𝑒𝑒�∗� ∗ 𝑒𝑒�∗� 
 
This dependence on temperature leads to the so-called 
electric field strength inversion, i.e. the maximum field 
strength stress of the insulation system changes with 
the temperature distribution in the insulation arrange-
ment. Areas which initially show the highest electric 
field stress are slowly relieved as the temperature in-
creases inside the insulating material and modifies its 
electric conductivity. In this manner the cooler areas 
will present, under DC stress, the highest electric field 
stress. As a rule, temperature fluctuations and DC volt-
age stress results in larger insulation material areas 
with a higher field strength than in AC voltage stress. 
This has a significant influence on the ageing behavior 
of the insulating materials. The aging process has al-
ready been investigated for high-voltage and medium 
voltage cable constructions, and this research is cur-
rently being carried out for low-voltage cables and 
switchgear [27]. 
 
The situation is further aggravated by the fact that due 
to the diverse use of power electronic switching ele-
ments, in the DC networks there are no pure DC volt-
ages but the so-called mixed voltages representing a 
superposition of the DC voltage with higher-frequency 
oscillation components. 

7 Conclusion 

Electromechanical Switchgear is a cost-effective,  
proven and continuously developed technology of the 
electrical power engineering that has been optimized 
for various switching applications. Due to worldwide 
developments and the changes that take place in the 
low-voltage grid new demands are being placed on the 
electromechanical switchgear.  In addition to the exist-
ing optimizations required for the classic DC switching 
devices (i.e. improvement of the arc quenching phe-
nomena, contact and insulating materials, etc.) nowa-
days it must be accounted that these switching devices 
are increasingly being used in hybrid switchgear ar-
rangements. This fact creates a new set of requirements 
for the contact materials as well as for the circuit 
breaker design.  Another important aspect that we must 
account for is the development of dedicated power 
electronic switching elements that, under certain con-
ditions, may entirely replace the mechanical breaker. 

 

 

 
A successful function of the hybrid switches can only 
be achieved when no reignitions occur at the mechani-
cal contact system. 
 
The overvoltage caused by the switching process on 
the power electronics is usually limited by means of 
surge arresters. This voltage must be lower than the re-
ignition voltage of the opened contact system. 
 
Typical hybrid switch arrangements are additionally 
equipped with current measurement technology and al-
gorithms for early detection of short circuits and mon-
itoring of the hybrid switch itself. Successful switching 
tests have been achieved for the following parameters: 
 
- Unetwork: 380 V DC, 
- Current ratings: 50 … 125 A,  
- IK” up to 25 kA, Current limitation up to 1 - 3 kA, 
- Switch-off times: ~ 10 ms … 500 µs with time con-

stant of the DC network of 10 ms … 0.02 ms 
 
Solid State Switch [23,24] 
 
A typical layout of a Solid State Switch is presented in 
Figure 12. By using components with reduced on-stage 
losses (Wide Band Gap, Ron 2 ... 4 mΩ), 180 A could 
be switched off within 0.8 µs. In general, however, it 
has been found that despite already optimized power 
electronic components, the Solid State Circuit Breaker 
still have an on-state resistance Ron that is 100 ... 1000 
times higher than the typical contact resistance of Elec-
tromechanical Switchgear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Solid State Circuit Breaker 
 
Even so, it must be considered that the power semicon-
ductors used in different Solid State Switches arrange-
ments up to now were designed for other applications. 
Information from manufacturers of power electronic 
components indicates that nowadays, and in the future, 
power semiconductor elements will be developed and 
adapted for the switchgear functionality in order to 
substitute the electromechanical switching devices. 
 
As an existing alternative to the Solid State Circuit 
Breaker, the Hybrid Switch is suggested. 

 
Conclusions on the DC Switching Principles 
 
In classic DC low-voltage networks, the electrome-
chanical switchgear based on the arc quenching princi-
ples can fulfill the requirements for switching capacity 
well. 
Due to the development of electrical networks with 
small time constants, where extremely high di/dt can 
be observed, the hybrid switches are gaining in im-
portance according to the author. 
A reasonable use of these switching devices in combi-
nation with other features, such as: early fault detec-
tion, monitoring or even power flow control within the 
networks, may provide the most economically feasible 
way to implement this new technology in the future DC 
low voltage networks. 

5 Visible galvanic separation 
gap 

Another important fact that must be considered in the 
analysis regarding the future of electromechanical 
switchgear is the visible galvanic separation. 
A major advantage of electromechanical switchgear is 
that they can provide by default a visible galvanic gap. 
Power electronic components lack such characteristic 
because a temperature-dependent leakage current in 
µA range flows, even if a certain reverse voltage is ap-
plied. Galvanic separation is therefore not achievable. 
The international normative IEC 60364-5, “Selection 
and Installation of Electrical Equipment, Switchgear 
and Control Devices”, states that "Semiconductors 
must not be used as isolating devices “. 
 
This means that switching arrangements with Hybrid 
Switches or Power Electronic Switches must addition-
ally be equipped with an isolating switch to fulfil the 
requirements of galvanic separation. 
 
Overview of regulations and activities for visible gal-
vanic separation 
 
In IEC 60947-3 standard on low-voltage switchgear 
and disconnectors, and in the IEC 60947-2 standard on 
low-voltage switchgear and circuit-breakers, a refer-
ence is made to the IEC 60947-1 standard on low- volt-
age switchgear and general specifications. These spec-
ifications further reference the IEC 61140 standard 
“Protection against electrical noise-common require-
ments for installations and equipment”. 
 
IEC 61140 specifies the requirements imposed for de-
vices used for disconnecting electrical circuits and for 
protection against electric shock. That standard im-
poses that: 
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The increased use of power electronic switching ele-
ments, in combination with and without electrome-
chanical switchgear, will make it possible in the future 
to implement improved measuring and diagnostic 
functions in the switchgear. This will allow the execu-
tion of the protective functions in a quick and selective 
manner and even to regulate power flows within the 
low-voltage grid.  
 
Even so, it can be concluded that the existing limita-
tions of power electronic switching elements with re-
gard to power loss, thermal and insulating stress, the 
lack of a visible galvanic isolation gap, standardization 
and cost will continue to make the electromechanical 
switchgear necessary in the future. 
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The silver anti-tarnish affecting the electrical stability of  
automotive terminals 

Maxime Porte, Aptiv, Nuremberg, Germany, maxime.porte@aptiv.com 

Abstract 

In the automotive industry, having the Ag surfaces covered with an anti-tarnish layer is a strict OEM requirement. 
Indeed, it has been reported that interfaces resistance increases over 1 Ohm can be attributed to failures of the anti-
tarnish process. One major issue is that the usual anti-tarnish detection method as well as optical observations 
cannot prevent the risk of having low performing interfaces. It was been observed that in particular conditions, 
some passivation aggregates interfere the electrical interface almost independently of the normal force. Of course 
guidance are given how to evaluate if the interfaces could be subjected to future electrical degradation. Finally a 
discussion is re-opened on the risks of having permanent Ag surfaces without anti-tarnish. 

1 Problem overview 

1.1 Silver interfaces in the automobile 
applications 

In the last years, the environment for the automotive 
connectors has become extremely harsh (temperature, 
current load and vibrations) and the demand in trans-
mitted signal quality increased (higher frequency, func-
tions more sensitive to resistance changes). Silver 
plated terminals have been introduced because of an 
excellent electrical conductivity, a higher temperature 
class, a really low surface oxidation and a cost compet-
itiveness in comparison with the gold plated terminals 
[1]. Moreover when it is combined with a nickel under-
layer silver plated terminals enable to reach the more 
severe requirements.  
Today the silver plated interfaces can be found in main 
functions of the car like for example the electronic con-
trol units, sensors or safety circuit lines (Figure 1.1). 

 

 

 

 

 

Fig. 1.1 Automotive applications for silver plated ter-
minals (wiring scheme from a Delphi presentation). 

For the automotive applications, the silver plated sur-
face are combined with an anti-tarnish to limit surface 
aspect changes under an atmospheric exposure. It is 
also said that the Ag surface is passivated because it 
should not react anymore with the atmosphere. In fact, 

silver plating can develop a dark, tarnish film when ex-
posed to open air (Figure 1.2). The tarnish is mostly 
silver-sulfide, with some chlorides mixed in. High hu-
midity and high air pollution levels can increase the 
growth rate of the tarnish layer. Luckily, silver tarnish 
is very soft, so it moves away from the contact area 
when terminals are plugged together. Silver plating can 
tarnish in days if left exposed in areas with normal air-
flow [2]. 
 
 
 
 
 
 
 

Fig. 1.2 Typical silver plated tarnished tab 

A common anti-tarnish often called a SAM (self-as-
sembled monolayer) is supposed to form a film that is 
only one or two molecules thick in order to block the 
formation of the tarnish. The performance of the anti-
tarnish with heat-aging is also quite unclear. It is as-
sumed that the anti-tarnish volatilizes without leaving 
any insulating residue.  
One qualification test consists in exposing the anti-tar-
nish to ammonium sulfide [3] and to measure the elec-
trical resistance (according ASTM B667 specification 
for example). This test is usually done on coupons at 
room temperature (typical concentration of 0.2 ml of 
ammonium sulfide per liter of distilled water (Figure 
1.3). The acceptable contact resistance increase after 
his test are few milliohms maximum typically. 
 
One common molecule called Octandecanthiol (ODT) 
is proposed by the plating supplier to cover the Ag sur-
face with a monolayer. The linkage scheme is de-
scribed in the Figure 1.4. The deposition can be done 
via several processes as immersion, electrodeposition, 
rolling or spraying. The ODT passivation solution is 
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prepared either with deionized water or with an organic 
solvent (alcohol based). For the immersion deposition 
the bath temperature has to be between 40 and 50°C. 
One motivation in the past year for using the alcohol 
based ODT solvent was to reduce the coefficient of 
friction of the surface. The concentration of ODT in the 
solvent is also adjustable. Some documentation and ad-
ditional studies have been recently released by some 
suppliers [4]. 
 
 
 
 
 
 
 
 
 
 

Fig. 1.3 Ag plated coupons after ammonium sulfide 
test 

 

 

 

 

Fig. 1.4 ODT monolayer linkage scheme 

 
1.2 Possible issues due to passivation 

One new parameter of the problem comes from the fact 
that the electronic systems are always more complex 
and their sensitivity to voltage change increased. Be-
cause the usage of silver contacts has been enlarged, 
millions of silver plated terminals in the vehicles ena-
ble today to collect feedbacks from the field. This data 
should today help to consider if the risk assessment 
made years ago is still valid.  
 
In addition, it appears that the definition, the pro-
cessing and the control of the anti-tarnish hasn’t been 
clearly specified between the OEM and the suppliers 
during the last years. The Figure 1.5 shows two ex-
tracts of the two OEM pin and tab specifications.  
 
 
 
 
 
 
 
 
 

Fig. 1.5 OEM Pin passivation specification 

If we tried to summarize the different opinions given in 
the literature and the customer feedbacks, the follow-
ing matters or operating failures related to passivated 
silver contacts may be given (see Figure 1.6) : first the 
some pins shown some discoloration (esthetic) or a par-
tial tarnish after some time. It has been also noticed 
some change of coefficient of friction leading to mating 
force increases. In some case the anti-tarnish may have 
concentrated some external contaminant. More critical 
some interfaces are suspected to generate contact re-
sistance fluctuation in the milliohm range but also 
stronger resistance increases.  
 
This possible matters don’t impact the customers at the 
same level of criticality. For example some defects may 
be detected earlier and a change of the component may 
be possible before its integration in the vehicle. 

 

 

 

 

 

 

 

Fig. 1.6 Passivation matters and technical issues 

 
1.3 Vehicle failure reported 

Some customers reported cases of function failure of 
pressure sensors using silver plated terminals. This 
electrical failure impact vehicles produced and in the 
field since days and weeks. A first analysis by the OEM 
points out high contact resistance increases at the con-
nector area then more precisely at the contact interface 
between the pins and the female terminals (no failure 
of the crimp area). The Figure 1.7 represents the appli-
cation circuitry : 
 
 
 
 
 
 
 
 

Fig. 1.7 Schematic of the sensor – ECU connectivity 

 
Some contact resistances measurements have been 
conducted and the values are shown in the Table 1.8.  
This resistance measurements include the cables, the 
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terminals, the pins and soldered points to PCB. Values 
much over 1 Ohm are reported. 
 

 Pin line 
n°1 

Pin line 
n°2 

Pin line 
n°3 

Meas. 1 76 5129 36 
Meas. 2 33 33 36 
Meas. 3 33 58 40 
Meas. 4 34 34 40 
Meas. 5 41 94 45 
Meas. 6 103 73 40 

Table 1.8 Measured contact resistances be-
tween ECU and the cables. 

 
Additional measurements have been conducted on the 
terminal crimp area. The results didn’t show any re-
sistance abnormality (see Table 1.9) and the crimp di-
mensions match the specifications. 
 

 Pin line 
n°1 

Pin line  
n°2 

Pin line  
n°3 

Meas. 1 19 19 22 
Meas. 2 19 20 23 

Table 1.9 Measured crimp contact resistances. 

 
Not all measurement are shown in the paper, but it 
leads finally to the conclusion that a default in the pin 
/ terminal contact interface is the cause of high and in-
stable electrical resistances. 
 
Some optical analysis of the contact points have been 
done. Surprisingly the pictures didn’t show any spe-
cific degradation or wear. Just some organic material 
has be detected with the scanning electron microscope 
(see Figure 1.10). The correlation between the electri-
cal measurements and the surface analysis is at that 
point not possible. Especially that the gap sizes and 
normal forces of the terminal are within the expected 
range. 
 
 
 
 

 

 

Fig. 1.10 Optical (left) and SEM (right) of the 
silver plated pins. The contact points appear functional. 

 

1.3 Root cause analysis 

The case reported in the previous paragraph highlights 
a need to see the problem with a more wider angle. A 

root cause analysis through of a fishbone diagram is 
given in the Figure 1.11.  
 
 
 
 
 
 
 
 
 
 

Fig. 1.11 Fishbone diagram related to the pas-
sivation at the interface of silver plated contacts. 

2 Testing and Analysis 

2.1 Influent parameters 

The contact traces of the failed samples shown that the 
parameters related to the design of the terminal cannot 
have a major role. Nevertheless, two type of terminals 
will be used later on and the characterization of the sur-
face via an indentation test device should able to point 
out the impact of the contact force on the electrical sta-
bility of the interfaces. 
The behavior of the passivated surface under aging 
conditions is unclear and this parameter will be inves-
tigated. 
Two surface passivation will be considered, some sam-
ples will be made using a spray process and some oth-
ers via a bath immersion processes. We will be also 
able to investigate the impact of the different concen-
tration of ODT. One difference between both processes 
is that the immersion will use a water based solution 
and an organic based solvent will be used for the pas-
sivation spray process (supplier process restrictions). 
The Figure 2.1 shows a scheme of plating cells around 
the passivation phase. 
 

 

 

Fig. 2.1 Plating cells description. 

Finally some contact traces will be created in order to 
investigate the mechanical resistance of the passivation 
under wear conditions.  

2.1.1 Design of Experiment 

From the Fishbone diagram , and taking in considera-
tion the manufacturability efforts, the follow variables 
have been taken for the Design of Experiment : termi-
nals and coupons have been selected , an ODT concen-
tration of 0, 0,1%, 0,5%, 1% and 10% and a deposition 

prepared either with deionized water or with an organic 
solvent (alcohol based). For the immersion deposition 
the bath temperature has to be between 40 and 50°C. 
One motivation in the past year for using the alcohol 
based ODT solvent was to reduce the coefficient of 
friction of the surface. The concentration of ODT in the 
solvent is also adjustable. Some documentation and ad-
ditional studies have been recently released by some 
suppliers [4]. 
 
 
 
 
 
 
 
 
 
 

Fig. 1.3 Ag plated coupons after ammonium sulfide 
test 

 

 

 

 

Fig. 1.4 ODT monolayer linkage scheme 
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millions of silver plated terminals in the vehicles ena-
ble today to collect feedbacks from the field. This data 
should today help to consider if the risk assessment 
made years ago is still valid.  
 
In addition, it appears that the definition, the pro-
cessing and the control of the anti-tarnish hasn’t been 
clearly specified between the OEM and the suppliers 
during the last years. The Figure 1.5 shows two ex-
tracts of the two OEM pin and tab specifications.  
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tial tarnish after some time. It has been also noticed 
some change of coefficient of friction leading to mating 
force increases. In some case the anti-tarnish may have 
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1.3 Vehicle failure reported 

Some customers reported cases of function failure of 
pressure sensors using silver plated terminals. This 
electrical failure impact vehicles produced and in the 
field since days and weeks. A first analysis by the OEM 
points out high contact resistance increases at the con-
nector area then more precisely at the contact interface 
between the pins and the female terminals (no failure 
of the crimp area). The Figure 1.7 represents the appli-
cation circuitry : 
 
 
 
 
 
 
 
 

Fig. 1.7 Schematic of the sensor – ECU connectivity 

 
Some contact resistances measurements have been 
conducted and the values are shown in the Table 1.8.  
This resistance measurements include the cables, the 
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of the anti-tarnish via an immersion and a spay process. 
The thermal ageing is set as 1 hour, 8 hours, 1 day, 7 
days and 3 weeks associated with temperature changes 
between -40°C and +125°C. 
As main outputs , the surfaces will be characterized, the 
contact resistances will be measured in contact pair 
condition and indentation force test measurements will 
be leaded (see Figure 2.2).   
 
 
 
 
 
 

Fig. 2.2 Inputs / outputs parameters of the DoE 

2.1.2 Test description 

The Figure 2.3 describes how the samples are tested. 
First the surfaces will be checked with an optical mi-
croscope then with a scanning electron microscope in 
Back Scattering Imaging mode (BSQ). The BSQ mode 
or so call “chemical contrast mode” enables to identify 
low electro-conducting elements (dark colors). 
Some of the samples are mated once in order to proceed 
to some contact electrical measurements. One lot of 
samples will stay mated during the full ageing phase 
and will be unmated only after the last contact re-
sistance measurement. Another lot will be un-mated 
before the ageing phase and will be mated for the final 
contact resistance measurements. One purpose of the 
first mating is to create initial contact traces that might 
highlight local surface disturbances. Final surface char-
acterizations will be done and some electrical indenta-
tion tests are performed to evaluate the electrical con-
ductivity of the films under variable contact forces.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.3 Test sequence description 

The Figure 2.4 show the preparation of the samples 
and the samples in the climatic chamber. 

 

 

  

Fig. 2.4 Samples for the tests 

 

2.2 Optical und SEM analysis   

In this paragraph we will proceed to the characteriza-
tion of the samples that have been passivated through 
an immersion process. 
An optical and a SEM analyze has been perform on the 
samples before being set in the climatic chamber (Fig-
ure 2.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 2.5 Pins before ageing analyzed with optical and 
SEM. ODT concentration are 0, 0,1, 0,5 and 10% (im-
mersion process). 

The optical microscope do not enable to differentiate 
the samples beside the one without ODT that show al-
ready some traces of discoloration. The usage of the 
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SEM in BSQ mode enable to highlight several surface 
conductivity failure for the samples passivated with 
different ODT concentrations. The samples with 10% 
appear really dark that means really low surface con-
ductivity. 
After thermal ageing (3 weeks), the analysis doesn’t 
show a big differences with the initial pictures (Figure 
2.6). Nevertheless, a stronger magnification enables to 
point out crystals or an accumulation of organic com-
pounds. In fact it looks that the homogeneity of the pas-
sivation film has been damaged. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig. 2.6 Pins after 3 weeks ageing analyzed with SEM 
(BSQ mode). ODT concentration are 0, 0,1, 0,5 and 
10% (immersion process). 

The samples made with a sprayed process deposition 
(1% ODT and above) are with the optical microscope 
really different that the first ones. In fact we were able 
to notice a stronger accumulation of the organic mate-
rial at the contact area (brown traces). It appears that a 
crystallization process occurred , several low conduc-
tive spots are detected quite homogenous on the sur-
face (Figure 2.7). At that stage another hypothesis 
could be that a de-wetting occurred locally and that the 
thiol was missing is some locations generating further 
tarnishing. Once again the black spots are not visible 
with optical means. 
It appear also possible that the relative movements due 
to the ageing thermal phases brought more ODT at the 
contact point area, then crystalize a film at the inter-
face.  
 

 
 
 
 
 
 
 
 

 

 

 

 

 

Fig. 2.7 Optical (upper pictures) and BSQ (lower pic-
tures) analysis of an ODT sprayed sample after ageing. 

 
2.3 Electrical results   

Some electrical measurements have been carried out 
with the mated samples (Table 2.8). Same resistance 
variations have been noticed but the values are still 
within the OEM specifications. The variations are 
higher for the samples having coated with 0,5% (type 
D) and 10% ODT (type B). No difference can be made 
between the type of terminal used for the connection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.8 Electrical measurement made on mated sam-
ples. 
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Fig. 2.5 Pins before ageing analyzed with optical and 
SEM. ODT concentration are 0, 0,1, 0,5 and 10% (im-
mersion process). 

The optical microscope do not enable to differentiate 
the samples beside the one without ODT that show al-
ready some traces of discoloration. The usage of the 
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Additional electrical measurements have been con-
ducted in order to evaluate if an aged passivation leads 
to contact resistance increases. The force indentation 
test method is used to record the contact resistance (4 
wires) versus contact normal force. A sphere (r=1mm) 
is tooled and renew for each experiment. A conductive 
silver paste is used to connect the wires to the male pins 
or coupons. The normal force is adjustable between 0,1 
and 10N (see Figure 2.9). 
 
 
 

 

 

 

 

 

Fig. 2.9 Indentation force test setup 

The samples aged for 7 days have been used for the 
measurements. The results of the measurements are 
shown in the Figure 2.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.10 Contact resistance versus contact 
force for samples with ODT made by immersion. 
 

The electrical results don’t show any resistance in-
crease when tested under a normal force over 0,5N. 
Slight resistance increases (within the OEM require-
ments) are noticeable for the samples without ODT 
tested with low normal force (<0,2N).  

Samples with sprayed ODT and aged show higher elec-
trical contact resistance for all contact forces (Figure 
2.11). Because of the humogen distribution of the ODT 
spots on the surface, we assume that the probe is al-
ways in contact with several of this low conductive 
spots. 

 

 

 

 

 

 

 
Fig. 2.11 Contact resistance versus contact 
force for samples ODT sprayed.  

 

2.4 Next steps   

The validation of a new design of experiment is cur-
rently on going. It takes in consideration others termi-
nals and a new test methodology that may activate 
other failure modes. In fact as first results, it appears 
that some repetitive maneuvers of the terminals (out of 
the OEM specifications) may lead to higher resistance 
fluctuations.  
 
It is also important to report that during the time of this 
investigations some questions related to the effective 
ODT concentration or the quantity of ODT on the sur-
face has been investigated. Because of the molecular 
monolayer of ODT after solvent evaporation, the meas-
urement of the film thickness is difficult in laboratory 
conditions and almost not feasible in industrial condi-
tions. Some tries have been leaded via a chromatog-
raphy spectrum analysis (Figure 2.12).  
 
 
 
 
 
 
 
 
 
Fig. 2.12 chromatography spectrum analysis 
of samples coated with 2 different ODT concentration. 
In red a low concentration and in blue a higher ODT 
concentration.  
 
It appears that a correlation between the analysis is pos-
sible when a reference sample is set. The calculation 
formula can be written as follow : 
 
Ipeak1 / I peak2 = [ODT]1 / [ODT]2 
 
Nevertheless no reference or specification can be set 
for using such analysis in production. 
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3  Conclusions 

In this paper, we had the opportunity to investigate and 
to discuss the impacts of the superficial passivation 
film on the silver plated terminals. As main result, the 
ODT water based immersion process leads a more ho-
mogeneous film on the silver surface than the spray al-
cohol based process. The optical analysis of the surface 
is not sufficient to evaluate if the passivation is well set 
on the surface. A SEM analysis combined with chemi-
cal contrast analysis (BSQ) is in all cases required.  In 
addition it appears that the resistance fluctuations are 
related to a high amount of highly resistive spots on the 
pin surface and the correlation between the contact 
pressure of the terminal with the resistance measure-
ments at that stage is not demonstrated.  
The state of the art of the passivated silver plated ter-
minal need to be challenged, maybe just because some 
deviations between the OEM specifications exist and 
also because we could report some resistance fluctua-
tions in the results of this design of experiment. 
In case of no anti-tarnish on the silver surface short 
term impacts are noticeable like a surface discoloration 
and a higher tendency for cold welding leading to 
higher mating forces. Nevertheless, this inconvenient 
may be reconsidered in comparison with the electrical 
failures that an uncontrolled passivation layer can lead. 
Some discussions are currently ongoing to evaluate if 
it is possible to measure the ODT quantity of the anti-
tarnish on silver in production. 
In the meanwhile one solution consisting of having no 
anti-tarnish may be option to be discussed with the 
OEMs (at least for the non-sensitive automotive appli-
cations). This solution may require some product de-
sign adjustments to reduce the mating forces and/or  
cold welding effect to ensure that the parts are mount-
able in the vehicle without any additional assistance 
device (connector lever).  
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Abstract 

Automotive relays, which are widely used in the control of automotive starting, preheating, air condition, lighting 
and other systems, play an important role in controlling electrical systems. When the relay is under lighting load, 
a surge current (5-10 times of the steady-state current) will be produced, which is easy to welding and leading to 
serious contact material transfer. When the electric contact is eroded seriously, the reliability of the contact will be 
decreased. This paper has focused on the study of the arc erosion performance of different electric contact materials 
under the simulated lighting load. Arc energy, arc time, welding force, rebounding times and other characteristic 
parameters of different AgSnO2In2O3 electric contact materials, as well as arc erosion mechanism, were investi-
gated by using electrical performance simulated device. It was expected to provide an important reference for the 
development and application of electrical contact materials. 
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1 Introduction 

Automobile relay is an important control element in 
automobile electrical system, which is widely used in 
the control of automobile starting, preheating, air con-
ditioning, lighting, wiper, oil pumping, security, audio, 
navigation, automobile electronic instrument and fault 
diagnosis systems. The quality of automobile relay 
plays an important role in ensuring the safe operation 
of automobile [1].  
When the relay is under lighting load, a surge current 
(5-10 times of the steady-state current) will be pro-
duced, which is easy to welding and leading to serious 
material transfer. When the relay is under inductive 
load, it is difficult to extinguish the arc due to the long 
arc time, leading to serious erosion. After the electric 
contact is eroded, it will lead to bad consequences such 
as the decrease of contact reliability and electric life. 
Therefore, it is very important to study the arc erosion 
performance of electrical contact materials. 
Many scholars have studied the arc erosion perfor-
mance of automotive relays [2-11]. 
N. Ben Jemaa has focused on transition from the anodic 
arc phase to the cathodic metallic arc phase in vacuum 
at low DC electrical level. It indicated that transfer di-
rection was independent from metallic and gaseous-

phases. Besides，it showed that it was possible to dis-
tinguish the transition from the anodic to the cathodic 
arc by observing the evolution of the arc spots on the 
rivets [2]. 
Peter Braumann has investigated the influence of man-
ufacturing process, petal oxide content, and additives 
on the switching Behaviour of Ag/SnO2 in automobile 
relays. It was concluded that the use of Bi2O3 in place 
of WO3 considerably reduced the welding forces, under 
lamp load the reduction of In2O3 content improved 
welding resistance, the additive Bi2O3 also reduced the 
specific erosion under motor load, a further optimiza-
tion of erosion behaviour under motor load can be 
achieved by using high concentrations of the additive 
In2O3 [3]. 
W. Weise has researched thermodynamic analysis of 
erosion effects of silver-based metal oxide contact ma-
terials. It was showed that the an arc erosion would not 
depend on the type of oxide particles added to the silver 
base material [4]. 
In the practical application process of automotive relay, 
there are some problems, such as poor anti-welding 
properties and serious material transfer. In this paper, 
the erosion characteristics and mechanism of the arc 
will be investigated under the condition of simulated 
lighting load by studying on the simulated electrical 
properties between conventional materials and special 
materials, including rebounding times, rebounding en-
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ergy, arc energy, arc time, welding force, contact sur-
face morphology analysis after the test etc., hoping to 
provide an important reference for the research and de-
sign of the electric contact materials for DC relay. 

2 Test Method and Process 

2.1 Material preparation method and 
composition 

Internal oxidation method is one of the most commonly 
used methods to prepare silver tin oxide electrical con-
tact materials. The materials prepared by this method 
have a series of advantages, such as good arc wear re-
sistance, good material transfer resistance, etc., which 
are widely used in the field of automotive relays .  
In this test, conventional materials and special materi-
als were prepared by internal oxidation process, and the 
properties of the two materials were compared as well. 
The specific composition is shown in Table 1. And then 
the above wires were made into rivets, and the electri-
cal performance simulated test was carried out on the 
electrical performance simulated test device. Besides, 
the contact was assembled into automotive relay, and 
the electrical life test was carried out. 

Table 1 Comparison on composition between 
conventional materials and special materials 
 
 
 
 
 
The internal oxidation process of this test was as fol-
lows: the raw material was melted, extruded and drawn 
to obtain the wire material of the required specification 
for internal oxidation, and the final product was ob-
tained by internal oxidation, ingot pressing, extrusion 
and drawing. The specification of the final wire mate-
rial was Φ 1.4[soft state]. 
Internal oxidation process including: melting → re-
moving the oxide skin on the surface → AgSn extru-
sion → drawing and annealing → punching → in-
ternal oxidation → ingot pressing → sintering → 
recompression → extrusion → drawing and anneal-
ing. 
The density, hardness, tensile strength, elongation, 
electrical resistivity and microstructure of the wire 
were measured by electronic balance densitometer, 
Vickers hardness tester, tensile machine, electrical 
resistivity tester and metallographic microscope, re-
spectively. 
 
2.2 Introduction of electrical 

performance simulated device 

The above wires were made into rivets by cold heading 
machine, and the specifications of moving and static 

contacts were R2.2x0.5+1.5x1.2SR15. Then the elec-
trical simulated test was carried out. 
The electrical performance simulated test device used 
in this test, which was mainly applied to simulate con-
tact materials, was developed by Harbin Institute of 
Technology, China. 
The typical actuation of electromechanical relay is pro-
vided by the electromagnetic force. In order to simulate 
the mechanical operation quite closely, the mechanical 
structure of the test rig is designed as shown in Fig.1. 
The whole experimental apparatus consists of three 
main modules, including the four degrees of freedom 
motion structure, the measurement unit and the soft-
ware control part. The horizontal actuation of the mov-
ing electrode is realized by a micro electromagnet con-
nected with an insulated pushing rod. The actuation 
travel could be set by a micrometres head. The movable 
contact is attached to the free end of the leaf spring (be-
ryllium bronze strip). The relative distance between 
pushing rod and the normally open contact pair in ‘X’ 
direction is determined by the Muti-Axis stage 1. The 
stationary contact is connected with the force sensor by 
the stationary strip, whose position in ‘X’ direction can 
be controlled by using Muti-Axis stage 2, thus the con-
tact gap and the final contact force are both adjustable. 
All the above mechanical parameters have a resolution 
of 10μm. The mechanical structures are secured on the 
vibration isolation platform. 
The contact voltage is measured by the method of 
resistor division, which provides a test resolution of 
30mV. The contact current is measured by Hall current 
sensor, which has the measurement range of 100A and 
the resolution of 50mA. The measurement of contact 
force is realized by a piezoelectric force sensor with the 
measurement range of 45N and the resolution of 1mN. 
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(a) Layout for a normally open contact. 
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(b) Rhino-3D of test rig 

Fig. 1 Mechanical structure of test rig 
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Fig. 2 Schematic of the experimental circuit 

All above testing data including contact voltage, con-
tact current and dynamic force are acquired by the 
commercial DAQ system (PCI1706, Advantech, Tai-
wan), which has a measurement resolution of 16 bits 
and a sampling frequency of 250kHz. The instrument 
is interfaced to a personal computer using serial port 
RS232. Data acquisition and logging process are con-
trolled by a PC with the help of LabVIEW software 
specifically programmed for this purpose. 
Table 2 shows specific parameters of electrical perfor-
mance simulated and relay test. 

Table 2 Specific parameters of electrical perfor-
mance simulated and relay test 
 
 
 
 
 

3 Results and analysis 

Firstly, the mechanical and physical properties of 
conventional materials and special materials were 
compared, as shown in Table 3. It can be seen that 
conventional materials have higher hardness, higher 
tensile strength and lower elongation. 
After improvement, the hardness of special materials 
was 19HV lower than that of conventional materials, 
the tensile strength of special materials was about 
62MPa lower than that of conventional materials, the 
elongation of special materials was 8% higher than that 
of conventional materials, and the electrical resistivity 
of special materials was 0.07 μΩ·cm lower than that of 
conventional materials. It should be noted that lower 
hardness can reduce the occurrence of contact rebound-
ing and increase the contact stability. 
 
Table 3 Comparison on mechanical and physical pro-
perties between conventional materials and special ma-
terials 
 
 
 
 
 
 
Fig. 3 shows the comparison on microstructure be-
tween conventional materials and special materials. It 
can be seen that the oxide particles size of conventional 
material was small, most of which were smaller than 1 

μm, while the oxide particles size of special materials 
was relatively larger and the coarse oxide particles of 1 
μm could be found.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Comparison on microstructure between con-
ventional materials and special materials (SEM) 

(a) Conventional material, 500x, 
(b) special material, 500x, 

(c) Conventional material, 3000x;  
(d) special material, 3000x 

 
It is noted that the principle of dispersion strengthening 
was that mechanical properties of materials could be 
improved by blocking the movement of dislocations 
with dispersed fine particles, such as hardness, tensile 
strength and so on. In this test, the oxide particle size 
of conventional materials was smaller, and special ma-
terials has more amount of the coarse oxide particles 
(about 1 μm). According to the principle of dispersion 

(a) 

(b) 

(c) 

(d) 

(b) 

(a) 
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strengthening, the fine particles would increase the 
hardness, tensile strength and other properties of mate-
rials. Therefore, the hardness and tensile strength of 
special materials were lower than that of conventional 
materials, and the elongation was higher than that of 
conventional materials. 
In addition, under the condition of the same oxide con-
tent, the smaller the oxide particles, the more oxide par-
ticles per unit volume, the longer the path to hinder the 
electron movement. The special materials have more 
coarse oxide particles, therefore, the resistivity of the 
special materials was lower than that of the conven-
tional materials. 
Comparison on simulated and relay electrical life re-
sults between conventional materials and special mate-
rials are shown in Table 4 and table 5.  
It can be seen from table 4 that the 95% confidence in-
terval of Weibull curve, the electric life of simulated 
electrical life of conventional materials and special ma-
terials were 146572 and 234612 times respectively, and 
the electric life of special materials was about 88000 
times higher than that of conventional materials. It can 
be seen from table 5 that the 95% confidence interval 
of Weibull curve, the electrical relay life of conven-
tional materials and special materials were 174153 and 
254698 times respectively, and the electrical life of 
special materials was about 80, 000 times higher than 
that of conventional materials. Compared with table 4 
and table 5, it indicates that the simulated and relay 
electrical life of special materials were superior to 
those of conventional materials, that is, the rule of sim-
ulated electrical life was the same as relay. Therefore, 
the data of simulated electrical properties test could be 
used to explain the difference between these two mate-
rials. 
 
Table 4 Comparison on simulated electrical life results 
between conventional materials and special materials 
 
 
 
 
 
 
 
Table 5 Comparison on electrical life results of relay 
between conventional material and special material 
 
 
 
 
 
 
 
Besides, it can be seen from Table 4 that the shape pa-
rameters m of conventional materials and special ma-
terials were both larger than 1, which indicating that 
the electrical life of the two materials was an increasing 

loss failure period. The shape parameters of conven-
tional materials and special materials are 138680, 
229688 times respectively. Besides, the AD values of 
conventional materials and special materials were 
0.325 and 0.276 respectively, indicating that the distri-
bution  of electrical life of special materials was better 
than those of conventional materials. The Weibull dis-
tribution parameters of electrical life of relays of con-
ventional material and special material also showed 
similar rules.  
It is noted that in this paper five groups of tests have 
been carried out respectively for simulated electrical 
life and relay electrical life, and the AD value were all 
greater than 0.25. The larger the number of sample 
groups was, the more accurate the fitting results were. 
However, the development trend of electrical life can 
be seen from the existing data, which was expected to 
provide some reference for scholars and other research-
ers. 
In order to further understand the reasons for the dif-
ferences of electrical properties between conventional 
materials and special materials in simulated electrical 
properties and relay tests, as well as to understand the 
characteristics of arc action more comprehensively, 
this paper selected the conventional materials and spe-
cial materials with simulated electrical life of 138260 
times and 224795 times to carry out the rebounding 
times, rebounding energy, arc energy, arc time, welding 
force, contact morphology analysis after burning and 
other comparisons. 
Fig. 4 illustrates the comparison on rebounding times 
and rebounding energy between conventional materials 
and special materials in the electrical performance sim-
ulated test. 
Fig. 4(a) and Fig. 4(b) show the rebounding times of 
conventional materials and special materials respec-
tively. It can be seen that the rebounding times of con-
ventional materials were mostly distributed between 4-
9 times, and tend to be stable as the increase of test 
times. While the rebounding times of special materials 
were mostly distributed between 0-6 times, as the in-
crease of test times there was a trend of first stabilizing 
and then increasing rapidly. After 180000 times, the re-
bounding times increased significantly and reached the 
maximum value before failure, about 35 times. 
It can be seen from the rebounding energy curves in Fig. 
4(c) and Fig. 4(d) that as the increase of electric life 
times the rebounding energy region of conventional 
materials was stable, which was consistent with the law 
of rebounding times, with the maximum rebounding 
energy of about 200mJ. While the rebounding energy 
of special materials tended to be stable firstly and then 
increased rapidly after 170000 times, which was the 
same as the law of rebounding times. For rebounding 
energy of after 170000 times, there was a rapid increase 
and the maximum value was about 1300mJ before fail-
ure. 
It is noted that the hardness of conventional materials 
was about 20HV higher than that of special materials, 
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Fig. 2 Schematic of the experimental circuit 

All above testing data including contact voltage, con-
tact current and dynamic force are acquired by the 
commercial DAQ system (PCI1706, Advantech, Tai-
wan), which has a measurement resolution of 16 bits 
and a sampling frequency of 250kHz. The instrument 
is interfaced to a personal computer using serial port 
RS232. Data acquisition and logging process are con-
trolled by a PC with the help of LabVIEW software 
specifically programmed for this purpose. 
Table 2 shows specific parameters of electrical perfor-
mance simulated and relay test. 

Table 2 Specific parameters of electrical perfor-
mance simulated and relay test 
 
 
 
 
 

3 Results and analysis 

Firstly, the mechanical and physical properties of 
conventional materials and special materials were 
compared, as shown in Table 3. It can be seen that 
conventional materials have higher hardness, higher 
tensile strength and lower elongation. 
After improvement, the hardness of special materials 
was 19HV lower than that of conventional materials, 
the tensile strength of special materials was about 
62MPa lower than that of conventional materials, the 
elongation of special materials was 8% higher than that 
of conventional materials, and the electrical resistivity 
of special materials was 0.07 μΩ·cm lower than that of 
conventional materials. It should be noted that lower 
hardness can reduce the occurrence of contact rebound-
ing and increase the contact stability. 
 
Table 3 Comparison on mechanical and physical pro-
perties between conventional materials and special ma-
terials 
 
 
 
 
 
 
Fig. 3 shows the comparison on microstructure be-
tween conventional materials and special materials. It 
can be seen that the oxide particles size of conventional 
material was small, most of which were smaller than 1 

μm, while the oxide particles size of special materials 
was relatively larger and the coarse oxide particles of 1 
μm could be found.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Comparison on microstructure between con-
ventional materials and special materials (SEM) 

(a) Conventional material, 500x, 
(b) special material, 500x, 

(c) Conventional material, 3000x;  
(d) special material, 3000x 

 
It is noted that the principle of dispersion strengthening 
was that mechanical properties of materials could be 
improved by blocking the movement of dislocations 
with dispersed fine particles, such as hardness, tensile 
strength and so on. In this test, the oxide particle size 
of conventional materials was smaller, and special ma-
terials has more amount of the coarse oxide particles 
(about 1 μm). According to the principle of dispersion 
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which was easy to make the contact rebound, thus the 
rebounding times and rebounding energy of conven-
tional materials were higher than that of special mate-
rials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Comparison on rebounding times and rebound-
ing energy between conventional materials and special 
materials in electrical performance simulated test. 
(a) rebounding times of conventional materials,  
(b) rebounding times of special materials, 
(c) rebounding energy of conventional materials,  
(d) rebounding energy of special materials. 
 
Fig. 5 shows the comparison on arc energy and arc time 
between the conventional materials and special materi-
als in the electrical performance simulated test.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Comparison on arc energy and arc time be-
tween conventional materials and special materials in 

electrical performance simulated test. 
(a) arc energy of conventional materials,  

(b) arc energy of special materials, 
(c) arc time of conventional materials,  

(d) arc time of special materials. 
 
Fig. 5(a) and Fig. 5(b) show the arc energy of conven-
tional materials and special materials respectively. It 
can be seen that the arc energy of conventional materi-
als was higher than that of special materials, in which 
the arc energy range of conventional materials was 
about 20-50mJ and the arc energy of special materials 
was about 10-30mJ. Meanwhile, the arc energy of the 
two materials fluctuated obviously, which was caused 
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by the change of the final separation position of the 
contact. 
Fig. 5(c) and Fig. 5(d) show the arc time of conven-
tional materials and special materials respectively. It 
can be seen that the arc time of conventional materials 
was about 0.2s longer than that of special materials, 
and the arc time range of conventional materials and 
special materials were about 1.7-2.0 μs and 1.5-1.75 μs 
respectively. 
Fig. 6 shows the comparison on welding force between 
conventional materials and special materials in electri-
cal performance simulated test. It can be seen that the 
welding force of conventional materials was about 
0.04N higher than that of special materials. As the in-
crease of electrical life times, the welding force of spe-
cial materials increased at about 100000 times (pre-
sumably due to the change of contact position) and then 
the welding force increased rapidly after 200000 times. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6 Comparison on welding force between conven-
tional materials and special materials in electrical per-

formance simulated test. 
(a) conventional materials, (b) special materials 

 
Fig. 7 and Fig. 8 show the comparison on the macro-
scopic and microscopic appearance of the contact sur-
face after the arc burning during the electrical perfor-
mance simulated test.  
It can be seen from the macroscopic appearance in Fig. 
7 that the conventional materials showed obvious ma 
terial transfer phenomenon, the moving contact pre-
sented obvious bulge while the static contact exhibited 
obvious pit.  
It means that the materials were transferred from the 
static contact to the moving contact, accompanied by 
the splashing of materials, in which the static contact 
exhibited holes due to burning loss. While the surface 

of the special materials after burning loss was rela-
tively flat, and the static contact was burned seriously, 
mainly in the way of burning loss of static contact. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Comparison on contact surface macro morph-
ology after arc burning during electrical performance 
simulated test. 
(a) moving contact of conventional material, 138260 
failure;  
(b) static contact of conventional material, 138260 fail-
ure; 
(c) moving contact of special material, 224795 failure  
(d) static contact of special material, 224795 failure 
 
It can be seen from the micro morphology in Fig. 8 that 
the bulges and pits in conventional materials were 
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which was easy to make the contact rebound, thus the 
rebounding times and rebounding energy of conven-
tional materials were higher than that of special mate-
rials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Comparison on rebounding times and rebound-
ing energy between conventional materials and special 
materials in electrical performance simulated test. 
(a) rebounding times of conventional materials,  
(b) rebounding times of special materials, 
(c) rebounding energy of conventional materials,  
(d) rebounding energy of special materials. 
 
Fig. 5 shows the comparison on arc energy and arc time 
between the conventional materials and special materi-
als in the electrical performance simulated test.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Comparison on arc energy and arc time be-
tween conventional materials and special materials in 

electrical performance simulated test. 
(a) arc energy of conventional materials,  

(b) arc energy of special materials, 
(c) arc time of conventional materials,  

(d) arc time of special materials. 
 
Fig. 5(a) and Fig. 5(b) show the arc energy of conven-
tional materials and special materials respectively. It 
can be seen that the arc energy of conventional materi-
als was higher than that of special materials, in which 
the arc energy range of conventional materials was 
about 20-50mJ and the arc energy of special materials 
was about 10-30mJ. Meanwhile, the arc energy of the 
two materials fluctuated obviously, which was caused 
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rough, while the contact position of special materials 
was smooth, showing the characteristics of re-solidifi-
cation after high temperature melting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Comparison on micro morphology of contact 
surface after arc burning during electrical performance 
simulated test 
(a) the moving contact of conventional material, 
138260 failure;  
(b) the static contact of conventional material, 138260 
failure; 
(c) the moving contact of special material, 224795 fail-
ure;  
(d) the static contact of special material, 224795 failure.  
 

It can be concluded from Fig. 7 and Fig. 8 that the ero-
sion of conventional materials by electric arc was 
mainly material transfer, while the erosion of special 
materials by electric arc was mainly static contact con-
sumption. 
In conclusion, the electrical life of special materials 
was longer than that of conventional materials. The 
failure mechanism of conventional materials was that 
the material transfer lead to the failure of welding. The 
direction of material transfer was from static contact to 
moving contact and the roughness of material transfer 
position was large. The failure mechanism of special 
materials was that the contact consumption was large, 
which lead to the failure of welding force exceeding the 
setting requirements, and the contact position was rel-
atively smooth, showing characteristic of recrystalliza-
tion by high temperature fusion. The low hardness of 
special materials could increase the stability of the con-
tact process and reduce the rebounding times and re-
bounding energy. Besides, coarse oxide particles and 
high content of additives played an important role in 
reducing the arc energy, arc time and welding force, so 
special materials  showed better electrical performance 
under simulated lighting load. 
It is noted that low hardness and coarse particles played 
a significant role in improving contact rebounding and 
anti-welding properties. Therefore, for loads with large 
current impact, such as lighting load, low hardness and 
coarse particles were the direction of electric contact 
materials for the research and development in the fu-
ture. At the same time, for the research and develop-
ment of electrical contact materials under different load 
conditions, the balance between consumption re-
sistance and anti-welding resistance by adjusting the 
content of additives needs to be studied further. 

4 Conclusions 

(1) Compared with the physical and mechanical prop-
erties between conventional and special materials, the 
special materials exhibited lower hardness, lower ten-
sile strength, lower electrical resistivity, higher elonga-
tion and more coarse oxide particles (particle size was 
about 1 μm). 
(2) The 95% confidence interval of Weibull curve 
shows that the simulated electrical life of conventional 
materials and special materials was 146572 and 
234612 times respectively, and the electrical life of 
special materials was about 88000 times higher. Be-
sides, the electrical life of relays showed the similar law. 
(3) The failure mechanism of conventional materials 
was that the material transfer led to the heavy welding 
failure finally, the direction of material transfer was 
from static contact to moving contact, and the rough-
ness of material transfer position was large. While the 
failure mechanism of special materials was that the 
contact consumption was large, which led to the failure 
of welding force exceeding the setting requirements, 
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and the contact position was relatively smooth, show-
ing the characteristics of re-solidification after high 
temperature melting. 
(4) The lower hardness of special materials can in-
crease the stability of contact process and reduce the 
rebounding times and rebounding energy. Meanwhile, 
coarse oxide particles and high additive content reduce 
the arc energy, arc time and welding force. Therefore, 
it shows more excellent electrical performance under 
simulated lighting load. 
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Fig. 8 Comparison on micro morphology of contact 
surface after arc burning during electrical performance 
simulated test 
(a) the moving contact of conventional material, 
138260 failure;  
(b) the static contact of conventional material, 138260 
failure; 
(c) the moving contact of special material, 224795 fail-
ure;  
(d) the static contact of special material, 224795 failure.  
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Abstract 

The evolution of electric cars raises challenging requirements for the electrical architecture, including connectors 
and charging inlets for high-voltage (60 V < 𝑈𝑈DC ≤ 1500 V) applications in automotive industry [1]. Electrical 
currents in the high-voltage backbone are continuously increasing whereas the time scales in which these currents 
take place are decreasing. State-of-the-art approaches to rate connectors are based on steady-state dynamics and 
neglect the environment. Therefore, a new selection criterium is required to evaluate connector performance. 
A simulation approach is presented here, considering the transient dynamics as well as the system integration. The 
method requires low computational power and is built using a modular approach. Thereby this method enables the 
system’s architect to efficiently and effectively analyze the system performance, eliminate bottlenecks and opti-
mize the design.

1 Introduction 

One of the fundamental laws in physics connects heat 
generation to the electrical resistivity of a conductor, 
stating that a current 𝐼𝐼 and a resistance 𝑅𝑅 cause a heat-
ing described by the power 𝑃𝑃 [2]: 

 𝑃𝑃 ∝ 𝐼𝐼² ⋅ 𝑅𝑅 (1) 
This quadratic relationship between the electrical cur-
rent and the power, as shown in Figure 1, is limiting 
the scalability of connectors for high power applica-
tions. 

 
Fig.  1 Generated heat in dependency of an electrical 
current according to equation (1). 

Hence all power losses are thermal losses, where 𝑃𝑃 
equals the heat flow �̇�𝑄 = 𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿  with Q being the heat and 
𝑡𝑡 being the time in which the heat is dissipated.  
As all kinds of bodies are exhibiting a thermal mass, 
the temperature of a body does not instantly jump to its 
steady-state temperature, but rather exhibits an expo-
nential behavior as shown in Figure 2.  
In reverse, this means that a conductor can carry higher 
currents for shorter timescales without being heated 
above the steady-state temperature [3, 4]. This depend-
ency is shown in Figure 3. Intuitively, this correlation 
is only valid within certain boundaries. 

 
 
 
 

 
Fig.  2 Temperature of a body being subjected to 
heating with a constant rate of heat flow �̇�𝑄. 

This boundary at short time scales is pronounced for 
connectors especially and can be considered as an adi-
abatic limit.  

 
Fig.  3 The permitted current for a conductor depends 
on the exposure time of the current. For small time-
scales this exponential curve is not valid anymore and 
a limitation takes place (shown by dotted line). 

Based on these considerations three time-regimes can 
be identified, which exhibit different properties and are 
linked to different methodologies required to assess the 
suitability of high-power connectors: 
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i. The steady-state regime: Within this time regime 
the connector is in its steady-state and does not 
heat anymore when all parameters remain con-
stant. This parameter is historically used to choose 
components for specific applications based on the 
so-called derating curve, which puts the permitted 
current in relation to the ambient temperature. 

ii. The natural regime exhibits dynamics without 
reaching adiabatic conditions at any spatial point, 
and with any physical changes in the materials, 
e.g. contact melting or softening are not present. 
This time-scale plays an ever-increasing role of 
importance for high-power applications of modern 
electric vehicles: for example, applications like 
high-power charge, (HPC) in which currents of 
400 − 500 A are applied for several minutes, or 
with high current peaks of > 1000 A for durations 
of milliseconds to seconds. 

iii. The adiabatic regime is closely linked to failure 
modes and must be considered when analyzing a 
connector for robustness or short-currents. 

Within this paper the focus is put on the second regime. 

2 Theory 

Equivalent Circuits are well known from electrical en-
gineering [5] but are not limited to this. The most pro-
nounced benefits resulting from representation using 
equivalent circuits are the applicability of Kirchhoff’s 
laws and the well-known mathematics, which can be 
used to solve the resulting linear equation systems. A 
variety of tools, based on SPICE simulation software 
or any software using state-space representation, can 
be used for this purpose [6, 7, 8]. 
Thermal equivalent circuits have been used to simulate 
semiconductors [9, 10] and conductors [11, 12, 13, 14] 
widely, also application to a gearbox has been de-
scribed previously [15].  
The thermal regime can be represented using thermal 
equivalent circuits (TEC) making use of the following 
analogy [16, 10]: 

electrical regime thermal regime 
El. Resistance 𝑅𝑅el [Ω] Th. Resistance 𝑅𝑅th [

K
𝑊𝑊] 

El. Capacity 𝐶𝐶el [F] Th. Capacity 𝐶𝐶th [
J
𝐾𝐾] 

Potential 𝑈𝑈 [V] Temperature 𝑇𝑇 [K] 
Current 𝐼𝐼 [A] Heat transfer �̇�𝑄 [W] 

Ohm’s law 𝐼𝐼 = 𝑈𝑈
𝑅𝑅el 

  �̇�𝑄 = 𝑇𝑇
𝑅𝑅th 

 

Table 1 Conversion of physical quantities from elec-
trical to thermal regime. 

In contrast to the electrical regime in which the sources, 
voltage or current, of the system are well defined and 
spatially located, the thermal world differs slightly: Be-
sides external sources, e.g. hot surfaces, intrinsic 

sources are also existing. These result from Joule heat-
ing, as it can be seen in equation 1, and are originating 
in every current carrying body as well as at interfaces. 
As a conclusion, each component, thermally repre-
sented by an equivalent circuit, can be described as 
shown in Figure 4 making use of a “top-down ap-
proach” [6]. Each body consists of essentially three 
blocks: 
• A source: An intrinsic heat-source caused by Joule 

heating. A non-conducting part, e.g. insulating, is 
not active. 

• A thermal mass: The property of a body to store 
heat energy is represented by a capacitor which is 
connected to an initial temperature 𝑇𝑇Start. In the 
case of interface resistances, e.g. crimp re-
sistances, this block is vanishing. 

• Thermal conduction: Each body can transport 
thermal energy, either by electrons as in the case 
for conductors, or by phonons for non-conductors. 
The resistance is split in two equal portions, sepa-
rated by the link to the source and/or the capacity. 

• The block interacts with neighboring parts and its 
surrounding interfaces. Heat can be exchanged in 
the direction of the electrical conduction or per-
pendicular. One example of perpendicular 
transport is the heat exchange with its surround-
ings via convection and radiation. 

 
Fig.  4 Generic representation of a body using ther-
mal equivalent circuits. The dotted box at the top high-
lights the electrical path and the heat source caused by 
Joule losses. The middle box (dashed box) indicates the 
thermal capacity of the body and the bottom dashed 
box represents the thermal conduction along the body. 

2.1 Connector 

Based on the generic block depicted in Figure 4, mod-
ified blocks can be used to describe any component of 
a connector. A combination of multiple of these blocks 
is making up a connector, as indicated in Figure 5 for 
a simple unshielded connector with one cavity. 
The contact resistance 𝑅𝑅𝑐𝑐 must be considered carefully: 
In general, it consists of the bulk resistance of the con-
tact spring 𝑅𝑅bulk, the constriction resistance 𝑅𝑅constr and 
the resistance resulting from tarnish films 𝑅𝑅film [17]. 
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system’s architect to efficiently and effectively analyze the system performance, eliminate bottlenecks and opti-
mize the design.

1 Introduction 

One of the fundamental laws in physics connects heat 
generation to the electrical resistivity of a conductor, 
stating that a current 𝐼𝐼 and a resistance 𝑅𝑅 cause a heat-
ing described by the power 𝑃𝑃 [2]: 

 𝑃𝑃 ∝ 𝐼𝐼² ⋅ 𝑅𝑅 (1) 
This quadratic relationship between the electrical cur-
rent and the power, as shown in Figure 1, is limiting 
the scalability of connectors for high power applica-
tions. 

 
Fig.  1 Generated heat in dependency of an electrical 
current according to equation (1). 

Hence all power losses are thermal losses, where 𝑃𝑃 
equals the heat flow �̇�𝑄 = 𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿  with Q being the heat and 
𝑡𝑡 being the time in which the heat is dissipated.  
As all kinds of bodies are exhibiting a thermal mass, 
the temperature of a body does not instantly jump to its 
steady-state temperature, but rather exhibits an expo-
nential behavior as shown in Figure 2.  
In reverse, this means that a conductor can carry higher 
currents for shorter timescales without being heated 
above the steady-state temperature [3, 4]. This depend-
ency is shown in Figure 3. Intuitively, this correlation 
is only valid within certain boundaries. 

 
 
 
 

 
Fig.  2 Temperature of a body being subjected to 
heating with a constant rate of heat flow �̇�𝑄. 

This boundary at short time scales is pronounced for 
connectors especially and can be considered as an adi-
abatic limit.  

 
Fig.  3 The permitted current for a conductor depends 
on the exposure time of the current. For small time-
scales this exponential curve is not valid anymore and 
a limitation takes place (shown by dotted line). 

Based on these considerations three time-regimes can 
be identified, which exhibit different properties and are 
linked to different methodologies required to assess the 
suitability of high-power connectors: 
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 𝑅𝑅𝑐𝑐 = 𝑅𝑅bulk + 𝑅𝑅constr + 𝑅𝑅film (2) 
As the representation shown in Figure 4 spatially sum-
marizes constriction resistance and bulk resistance, this 
simplification also limits the spatial and temporal res-
olution of the model. In the case of many small contact 
springs this approximation becomes more robust as 
𝑅𝑅bulk ≫ 𝑅𝑅constr. 
 

 
Fig.  5 Schematic representation of a connector using 
generic building blocks as shown in Figure 4. The grey 
line highlights the electrical path, the black line the 
thermal path. 

2.2 System 

One of the major intentions behind the approach is di-
rectly linked to the need of system simulations. Addi-
tional components, like cables and modules can also be 
described using generic thermal equivalent circuits as 
represented in Figure 4 and thereby extending simula-
tion and calculation capabilities closely linked to inline 
connectors [18]. For reasons of validation and compa-
rability in this paper, only a simple design without an 
aggregate is considered, cf. Figure 6. 

 
Fig.  6 System equivalent circuit containing blocks 
for cables and two connector cavities. The boundary 
conditions include a current profile and the interaction 
of all blocks with the ambient temperature. 

This kind of representation can be modified and 
adapted to application specific conditions. The usage 
of current profiles based on data, recorded from test 
drives is one important benefit. Consideration of the 
application space, e.g. convection conditions, tempera-
tures, close by heat-sources or radiators is a second ma-
jor benefit. 

2.3 Sub-Division 

One major topic of simulation approaches considering 
spatially distributed objects is the need to decide on the 
suitable divisions of the geometries. In Finite Element 
Analysis (FEA) quantization is the main impact on the 
spatial resolution. When comparing the temperature 

distribution along a conductor of length 𝐿𝐿 = 1.4 m for 
FEA with a varying number of elements, the accuracy 
is limited by resolution (cf. Figure 7).  

 
Fig.  7 FEA results for a copper conductor of length 
𝐿𝐿 = 1.4 𝑚𝑚 with a number of elements 𝑁𝑁 = 2 (blue), 
𝑁𝑁 = 3 (red), 𝑁𝑁 = 5 (green) and 𝑁𝑁 = 10 (black) in 
steady-state. 

Due to the nature of thermal equivalent circuits, the er-
rors caused by division propagate differently in this ap-
proach. Separation of the same conductor, as simulated 
in Figure 7, shows that simulation accuracy shows a 
different temperature pattern compared to FEA (com-
pare Figure 8). 

 
Fig.  8 Results for a copper conductor of length 𝐿𝐿 =
1.4 𝑚𝑚 with a number of elements 𝑁𝑁 = 1 (blue), 𝑁𝑁 = 3 
(red), 𝑁𝑁 = 5 (green) and 𝑁𝑁 = 9 (black) in steady-state, 
using thermal equivalent circuit simulation. 

The reason behind is linked to the location of heat in-
jection. In case of 𝑁𝑁 = 1, the element, as shown in Fig-
ure 4, injects all heat in the center of the conductor. For 
higher values of 𝑁𝑁 the number of “injection points” in-
creases, resulting in a more distributed heat pattern. 
This relationship must be considered carefully when 
setting up a thermal equivalent model for a component. 
As a result, each cable, as shown in Figure 6, is made-
up using a series connection of multiple short cable 
segments to overcome this issue. 

2.4 Safety Factor 

Derating curves are used to rate connectors in steady-
state conditions. The approach relies on temperature 
measurements of the connector for various qualifica-
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tion currents 𝐼𝐼Qual as well as a fixed ambient tempera-
ture 𝑇𝑇amb. The temperature rise ∆𝑇𝑇 follows equation 
(3): 
 

 ∆𝑇𝑇 = 𝑘𝑘 ⋅ 𝐼𝐼Qual2  (3) 
The connector’s application temperature is limited by 
a temperature 𝑇𝑇max leading to: 

 ∆𝑇𝑇 + 𝑇𝑇amb ≤ 𝑇𝑇max (4) 
Combining equations (3) and (4) it can be derived that 

 
𝐼𝐼rated ≤ 𝜁𝜁SF√

𝑇𝑇max − 𝑇𝑇amb
𝑘𝑘  

(5) 

Introducing a safety factor 𝜁𝜁SF in this equation allows 
the inclusion of a safety margin and takes into account 
contact resistance and crimp/termination resistance 
degradation over lifetime and environmental impacts. 
The safety factor rates the current linearly: 𝜁𝜁SF =
𝐼𝐼rated 𝐼𝐼Qual⁄ . 

 
Fig.  9 Typical derating curve showing the maximum 
permitted current as derived from product qualification 
𝐼𝐼Qual (blue) and the rated current 𝐼𝐼rated with a safety fac-
tor of 𝜁𝜁SF = 0.8 (red). 

The method used to determine the derating curve, as 
shown in Figure 9, is given in the specification LV214 
[19], widely applied in automotive industry. For high 
power applications a connector is equipped with a ca-
ble of length 𝐿𝐿 = 1.4 m to each side of the connector. 
This setup needs to be considered in the following. 
To introduce a safety factor for the thermal equivalent 
circuits, which is linked to 𝜁𝜁SF, a couple of assump-
tions, simplifications and boundary conditions need to 
be considered. 
The first assumption states that the connector is the 
electrical bottleneck in the test set-up and that the sys-
tem is attached to cables of sufficient length. In this 
case “sufficient” implies that the cable, close to the ter-
mination, does not exhibit a spatial temperature gradi-
ent in steady-state. 
The second important assumption refers to the heat dis-
sipation. For the calculation a constant heat transfer co-
efficient �̃�𝑎 has to be derived which represents the situ-
ation in the test setup at steady-state on average. This 
simplification of �̃�𝑎 = const neglects therefore the tem-
perature dependency and the linked spatial temperature 
distribution in the cable 𝑇𝑇cable, as �̃�𝑎 = 𝑓𝑓(𝑇𝑇cable, 𝑇𝑇amb) 
and 𝑇𝑇cable = 𝑓𝑓(�⃗�𝑥). 𝑇𝑇amb represents the ambient tem-
perature.  
As the temperature rise is caused by electrical re-
sistance and current as stated in equation (1) the safety 

factor 𝜁𝜁SF impacting the current needs to be converted 
to a safety factor 𝛽𝛽SF up-rating the electrical resistance 
𝑅𝑅0. The generated heat is calculated using equation (6): 

 𝑃𝑃Qual = 𝑅𝑅0 ∙ 𝐼𝐼Qual2  (6) 
Introduction of an acceptable resistance 𝑅𝑅acc and usage 
of 𝐼𝐼rated = 𝜁𝜁SF ∙ 𝐼𝐼Qual can be used to state equation (7): 

 𝑃𝑃acc = 𝑅𝑅acc ∙ 𝜁𝜁SF2 ∙ 𝐼𝐼Qual2  (7) 
With 𝑃𝑃acc being the acceptable generated power. As 
𝑃𝑃Qual = 𝑃𝑃acc, equation (8) can be derived 

 𝑅𝑅0 ∙ 𝐼𝐼Qual2 = 𝑅𝑅acc ∙ 𝜁𝜁SF2 ∙ 𝐼𝐼Qual2  (8) 
The electrical resistance 𝑅𝑅0 is composed of constant 
components 𝑅𝑅const, for example bulk resistances of the 
connector and bulk resistances of the cable, and de-
grading resistances 𝑅𝑅var, these are linked to connection 
areas like crimp/termination and contact zones. There-
fore, the safety factor to be considered only affects the 
degradable components.  

 𝑅𝑅acc = 𝑅𝑅const + 𝛽𝛽SF ∙ 𝑅𝑅var (9) 
Insertion of equation (9) in equation (8) and solving for 
the safety factor yields: 

 𝛽𝛽SF =
𝑅𝑅const ∙ (1 − 𝜁𝜁SF2 ) + 𝑅𝑅var

𝑅𝑅var ∙ 𝜁𝜁SF2
 

(10) 

As the number N of degradable connection resistances 
varies, the safety factor 𝛽𝛽SF has to be made up out of N 
individual factors 𝛽𝛽SF,ii as well. The factors have to meet 
equation (11). 

 
𝛽𝛽SF ∙∑𝑅𝑅var,𝑖𝑖

𝑁𝑁

𝑖𝑖=1
= ∑𝛽𝛽SF,𝑖𝑖 ∙ 𝑅𝑅var,𝑖𝑖

𝑁𝑁

𝑖𝑖=1
 

(11) 

In case of a uniform degradation of these resistances 
𝛽𝛽SF,𝑖𝑖 calculates to 𝛽𝛽SF,𝑖𝑖 = 𝛽𝛽SF. The individual safety 
factor 𝛽𝛽SF,𝑖𝑖 for the degradable resistances 𝑅𝑅var,𝑖𝑖 physi-
cally describes a scaling factor describing the re-
sistance change over lifetime. Therefore 𝛽𝛽SF,𝑖𝑖 ≥ 1, 
whereas the safety factor 𝜁𝜁SF, which is derating the cur-
rent, is defined to be 𝜁𝜁SF ≤ 1.  
The resistances to be considered in equation (10) in-
clude the bulk resistances of the connector and need to 
take the cable into account. Figure 10 visualizes the 
thermal interaction between connector and cable. 
Whereas the cable exhibits a spatial temperature de-
pendence which is well known [18], at connector posi-
tion the distribution has a significant jump to an in-
creased temperature. 
The cable impact is considered by usage of the charac-
teristic length 𝜒𝜒c. This value represents the length of 
cable where thermal conduction resistance 𝑅𝑅th equals 
the resistance for heat dissipation to ambient 𝑅𝑅th,dis. 
When neglecting radiation this value is made up out of 
the sum of thermal resistance of isolation for radial heat 
flow 𝑅𝑅th,iso and convection resistance. 

 𝑅𝑅th,dis = 𝑅𝑅th,iso + 𝑅𝑅th,conv (12) 
The thermal resistance 𝑅𝑅th,dis of a cable with length l 
depends on the convection factor �̃�𝑎, the thermal con-
ductivity of the isolator 𝜆𝜆iso and the geometrical factors 
𝑑𝑑, describing the thickness of the isolation of the cable 

 𝑅𝑅𝑐𝑐 = 𝑅𝑅bulk + 𝑅𝑅constr + 𝑅𝑅film (2) 
As the representation shown in Figure 4 spatially sum-
marizes constriction resistance and bulk resistance, this 
simplification also limits the spatial and temporal res-
olution of the model. In the case of many small contact 
springs this approximation becomes more robust as 
𝑅𝑅bulk ≫ 𝑅𝑅constr. 
 

 
Fig.  5 Schematic representation of a connector using 
generic building blocks as shown in Figure 4. The grey 
line highlights the electrical path, the black line the 
thermal path. 

2.2 System 

One of the major intentions behind the approach is di-
rectly linked to the need of system simulations. Addi-
tional components, like cables and modules can also be 
described using generic thermal equivalent circuits as 
represented in Figure 4 and thereby extending simula-
tion and calculation capabilities closely linked to inline 
connectors [18]. For reasons of validation and compa-
rability in this paper, only a simple design without an 
aggregate is considered, cf. Figure 6. 

 
Fig.  6 System equivalent circuit containing blocks 
for cables and two connector cavities. The boundary 
conditions include a current profile and the interaction 
of all blocks with the ambient temperature. 

This kind of representation can be modified and 
adapted to application specific conditions. The usage 
of current profiles based on data, recorded from test 
drives is one important benefit. Consideration of the 
application space, e.g. convection conditions, tempera-
tures, close by heat-sources or radiators is a second ma-
jor benefit. 

2.3 Sub-Division 

One major topic of simulation approaches considering 
spatially distributed objects is the need to decide on the 
suitable divisions of the geometries. In Finite Element 
Analysis (FEA) quantization is the main impact on the 
spatial resolution. When comparing the temperature 

distribution along a conductor of length 𝐿𝐿 = 1.4 m for 
FEA with a varying number of elements, the accuracy 
is limited by resolution (cf. Figure 7).  

 
Fig.  7 FEA results for a copper conductor of length 
𝐿𝐿 = 1.4 𝑚𝑚 with a number of elements 𝑁𝑁 = 2 (blue), 
𝑁𝑁 = 3 (red), 𝑁𝑁 = 5 (green) and 𝑁𝑁 = 10 (black) in 
steady-state. 

Due to the nature of thermal equivalent circuits, the er-
rors caused by division propagate differently in this ap-
proach. Separation of the same conductor, as simulated 
in Figure 7, shows that simulation accuracy shows a 
different temperature pattern compared to FEA (com-
pare Figure 8). 

 
Fig.  8 Results for a copper conductor of length 𝐿𝐿 =
1.4 𝑚𝑚 with a number of elements 𝑁𝑁 = 1 (blue), 𝑁𝑁 = 3 
(red), 𝑁𝑁 = 5 (green) and 𝑁𝑁 = 9 (black) in steady-state, 
using thermal equivalent circuit simulation. 

The reason behind is linked to the location of heat in-
jection. In case of 𝑁𝑁 = 1, the element, as shown in Fig-
ure 4, injects all heat in the center of the conductor. For 
higher values of 𝑁𝑁 the number of “injection points” in-
creases, resulting in a more distributed heat pattern. 
This relationship must be considered carefully when 
setting up a thermal equivalent model for a component. 
As a result, each cable, as shown in Figure 6, is made-
up using a series connection of multiple short cable 
segments to overcome this issue. 

2.4 Safety Factor 

Derating curves are used to rate connectors in steady-
state conditions. The approach relies on temperature 
measurements of the connector for various qualifica-
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and 𝐷𝐷𝑖𝑖  describing the inner diameter of the isolation 
(compare Figure 12): 

 
𝑅𝑅th,dis =

ln (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑑𝑑
𝐷𝐷𝑖𝑖 )

𝜆𝜆iso ∙ 𝑙𝑙 ∙ 2 ∙ 𝜋𝜋
+ 1
�̃�𝑎 ∙ 𝑙𝑙 ∙ 𝜋𝜋 ∙ (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑑𝑑)

 
(13) 

Whereas the thermal resistance for conduction depends 
on the thermal conductivity of the conductor 𝜆𝜆cond. 

 𝑅𝑅th =
4 ∙ 𝑙𝑙

𝜆𝜆cond ∙ 𝜋𝜋 ∙ 𝐷𝐷𝑖𝑖2
 (14) 

The characteristic length can be derived using equation 
(15):  

 𝜒𝜒c

=

√
  
  
  
  
  ln (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑑𝑑

𝐷𝐷𝑖𝑖 )
𝜆𝜆iso ∙ 2 ∙ 𝜋𝜋 + 1

�̃�𝑎 ∙ 𝜋𝜋 ∙ (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑑𝑑)
4

𝜆𝜆cond ∙ 𝜋𝜋 ∙ 𝐷𝐷𝑖𝑖2
 

(15) 

The Temperature of the conductor at the characteristic 
length 𝑇𝑇(𝑥𝑥 = 𝜒𝜒c) equals ~37 % of the peak tempera-
ture at the contact point. At a length of 𝑥𝑥 = 3.5 ∙ 𝜒𝜒c the 
temperature equals ~95 %. Therefore, a system with 
cables of length 𝑙𝑙 ≥ 3.5 ∙ 𝜒𝜒c can be considered to have 
well defined boundary conditions. 

 
Fig.  10 Temperature increase within a simulation con-
taining a simple connector made up out of 3 electrical 
resistances at 𝑥𝑥 = −1 cm, 0 cm and 1 cm. The con-
nector is attached to 1.4 m of cable on each side. The 
heat dissipation is dominated by the cable.  

Based on these considerations the individual constant 
resistances 𝑅𝑅const,𝑖𝑖 represent the bulk resistances of the 
connector and the electrical resistances of 2 cables with 
a length of 𝑙𝑙 = 𝜒𝜒c. The electrical resistance 𝑅𝑅el,ax,cyl of 
the cable is calculated according equation (16).  

 
Fig.  11 Simulation results comparing contact point 
temperatures for the scenario considering 𝜁𝜁SF (blue line) 
and 𝛽𝛽SF  (red line). 

A comparison of contact point temperature using the 
safety factor ζSF = 0.8 and 𝛽𝛽SF = 3.35 as calculated 
using equation (10) is shown in Figure 11. The devia-
tion between the two methods is linked to two issues: 

i. The safety factor 𝛽𝛽SF depends on the characteristic 
length 𝜒𝜒c = 𝑓𝑓(�̃�𝑎) and therefore on convection. For 
simplification an average convection factor can be 
chosen which approximates convective heat trans-
fer at steady state temperatures. 

ii. The electrical resistances of the cables 𝑅𝑅const,𝑖𝑖 to 
be included into calculation of 𝛽𝛽SF are based on a 
cable length of 𝑙𝑙 = 𝜒𝜒c. This relation is connected 
to the simplified assumptions as mentioned before. 

3 Parameter Determination 

As the equivalent circuit of each generic block is linked 
to a specific component, a specific parameter set is also 
required describing the physical performance. 
The parameter set is composed of the quantities shown 
in Table 2. 

Component Parameter 

El. Resistor 
𝑅𝑅el [Ω] el. resistivity 

𝛼𝛼el [K−1] 
linear temperature 
coefficient 

Th. Resistor 
𝑅𝑅th [K W⁄ ] th. resistivity 

𝛼𝛼th [K−1] 
linear temperature 
coefficient 

Th. Capacitor 𝐶𝐶th [J K⁄ ] th. capacity 

Convection 
𝐴𝐴 [m2] surface 

�̃�𝑎 [ Wm2∙K] 
heat transfer coeffi-
cient 

Radiation 𝐴𝐴 [m2] surface 
𝜀𝜀 [ - ] radiation coefficient 

Table 2 Components in thermal equivalent circuit and 
the parameter required to describe them. 

The values for these parameters are depending on var-
ious physical quantities, which can be determined by 
different methods: 
 
3.1 Calculation 

By approximating complex geometries as simpler, well 
known geometries and by making use of the linked 
mathematics, preliminary values can be derived in 
early design stages. The conducting parts can be ap-
proximated by a cylinder geometry, whereas the insu-
lating and housing parts can be described by a hollow 
cylinder (cf. Figure 12). 
Thereby calculation of resistivity, surfaces and thermal 
capacity is simplified [20]. The electrical resistance in 
axial direction of the cylinder 𝑅𝑅el,ax,cyl results to 

  𝑅𝑅el,ax,cyl = 𝜌𝜌el ∙
4 ∙ 𝑙𝑙
𝜋𝜋 ∙ 𝐷𝐷2 (16) 

with 𝜌𝜌el being the specific electrical resistivity. 
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Fig.  12 Most geometries can be approximated by a 
cylinder with length 𝑙𝑙 and diameter 𝐷𝐷 or a hollow cyl-
inder with inner diameter 𝐷𝐷𝑖𝑖  and wall thickness 𝑑𝑑. 

The axial resistances of the hollow cylinder can be cal-
culated as follows: 

 𝑅𝑅el,ax,hol = 𝜌𝜌el ∙
𝑙𝑙

𝜋𝜋 ∙ 𝑡𝑡 ∙ (𝐷𝐷𝑖𝑖 + 𝑑𝑑)
 (17) 

 𝑅𝑅th,ax,hol = 𝜌𝜌th ∙
𝑙𝑙

𝜋𝜋 ∙ 𝑡𝑡 ∙ (𝐷𝐷𝑖𝑖 + 𝑑𝑑) (18) 

𝜌𝜌th denotes the specific thermal resistivity of the linked 
material. In the case of the hollow cylinder, the radial 
heat transport mechanisms have to be considered [6]: 

 
𝑅𝑅th,rad = 𝜌𝜌th ∙

ln (𝐷𝐷𝑖𝑖 2⁄ + 𝑑𝑑) − ln (𝐷𝐷𝑖𝑖 2⁄ )
2 ∙ 𝜋𝜋 ∙ 𝑙𝑙  (19) 

The surface can be easily calculated by 𝐴𝐴cyl = 𝑙𝑙 ∙ 𝜋𝜋 ∙ 𝐷𝐷 
and 𝐴𝐴hol = 𝑙𝑙 ∙ 𝜋𝜋 ∙ (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑡𝑡). The thermal capacity is 
then: 

𝐶𝐶th,cyl = 𝑐𝑐𝑝𝑝 ∙ 𝜌𝜌m ∙ 𝑙𝑙 ∙ 𝜋𝜋 ∙ 𝐷𝐷2/4 (20) 
𝐶𝐶th,hol = 𝑐𝑐𝑝𝑝 ∙ 𝜌𝜌m ∙ 𝑙𝑙 ∙ 𝜋𝜋 ∙ 𝑡𝑡 ∙ (𝐷𝐷𝑖𝑖 + 𝑑𝑑) (21) 

with 𝑐𝑐𝑝𝑝 being the specific heat capacity and 𝜌𝜌m the den-
sity of the material. 
 
3.2 Computer-Aided Design (CAD) 

Values for the thermal capacity of more complex parts 
can be especially extracted from the CAD software as 
well, using 𝐶𝐶th = 𝑐𝑐𝑝𝑝 ∙ 𝜌𝜌m ∙ 𝑉𝑉 with V being the volume 
of the part.  
 
3.3 Reduced Order Modelling (ROM) 

FEA can be utilized to derive values for the parameters 
for thermal capacity and resistivity as well. In contrast 
to simulations of complex systems and/or transient 
simulations which are time-consuming and costly, a 
ROM approach provides advantages. The following 
workflow has been established: 
1. The CAD model is separated into model blocks, 

which correspond to the blocks used in the thermal 
equivalent circuit. Thereby the assembly is re-
duced into blocks, which can be simulated effi-
ciently. 

2. The blocks are individually simulated. Either the 
block is considered to contain a surface in which a 
heat flow �̇�𝑄 is injected and an opposing surface, 
which is kept at constant temperature 𝑇𝑇out, and the 
temperature at the injection surface 𝑇𝑇in is meas-
ured., or 

3. alternatively, the two surfaces are kept at differing, 
but constant temperatures 𝑇𝑇out and 𝑇𝑇in, and the heat 
flux through the volume is measured. 

When making use of this method the thermal resistance 
calculates to: 

 𝑅𝑅th =
𝑇𝑇in − 𝑇𝑇out

�̇�𝑄  (22) 

 
3.4 Lab Data  

Data acquired in a laboratory environment offer an al-
ternative, when samples are available. The methods 
available vary. 
• The first method relies on electrical measurements 

and offers high accuracy but is limited to conduc-
tors. A direct current (DC) 𝐼𝐼 is applied to the de-
vice under test (DUT) and this current is measured 
accurately, for example by measurement of the 
voltage drop over a precise shunt in series. Based 
on knowledge of the DC, the voltage drop 𝑈𝑈Drop 
among various sections in the DUT can be meas-
ured accurately with standard equipment. The re-
sistance calculates using Ohm’s law to  

𝑅𝑅el =
𝑈𝑈Drop

𝐼𝐼⁄ . An approximation for the thermal 
resistivity can then be derived by applying 
Wiedemann-Franz law: 

 𝑅𝑅th = 𝑅𝑅el (𝐿𝐿 ∙ 𝑇𝑇)⁄  (23) 
with the temperature T and the Lorenz constant L.  

• To measure the thermal resistivity of a non-con-
ducting body a heat current �̇�𝑄 can be injected into 
a surface using a heating cartridge or resistance 
wire and by controlling voltage/current to   

 𝑃𝑃 = 𝑈𝑈 ∙ 𝐼𝐼 = �̇�𝑄 (24) 
The temperature has to be measured at the injec-
tion surface and the outgoing surface. To mitigate 
complexity arising from additional heat flux, as 
caused by convection, the DUT can be wrapped in 
bubble wrap. The thermal resistance can then be 
calculated according equation (22). 

• The third experimental method does not aim to 
measure the parameters directly, but rather to 
measure the temperatures and then alter the pa-
rameter values in the model to match the experi-
mental data. The basis for this is to have well de-
fined boundary conditions in lab and a simulation 
environment which matches. This can be achieved 
by using bubble wrap to suppress convection and 
thereby simplify the TEC. A second supportive ac-
tion is the introduction of defined cooling points 
in the electrical path. By water-cooling, four cool-
ing spots for a connector can be made up out of 
two cavities and a constant temperature can be cre-
ated at distinct locations. With these actions an en-
closed system can be created with neglectable in-
teractions to its surrounding, as shown in Figure 
13. Within this setup, a number of temperature 

and 𝐷𝐷𝑖𝑖  describing the inner diameter of the isolation 
(compare Figure 12): 

 
𝑅𝑅th,dis =

ln (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑑𝑑
𝐷𝐷𝑖𝑖 )

𝜆𝜆iso ∙ 𝑙𝑙 ∙ 2 ∙ 𝜋𝜋
+ 1
�̃�𝑎 ∙ 𝑙𝑙 ∙ 𝜋𝜋 ∙ (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑑𝑑)

 
(13) 

Whereas the thermal resistance for conduction depends 
on the thermal conductivity of the conductor 𝜆𝜆cond. 

 𝑅𝑅th =
4 ∙ 𝑙𝑙

𝜆𝜆cond ∙ 𝜋𝜋 ∙ 𝐷𝐷𝑖𝑖2
 (14) 

The characteristic length can be derived using equation 
(15):  

 𝜒𝜒c

=

√
  
  
  
  
  ln (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑑𝑑

𝐷𝐷𝑖𝑖 )
𝜆𝜆iso ∙ 2 ∙ 𝜋𝜋 + 1

�̃�𝑎 ∙ 𝜋𝜋 ∙ (𝐷𝐷𝑖𝑖 + 2 ∙ 𝑑𝑑)
4

𝜆𝜆cond ∙ 𝜋𝜋 ∙ 𝐷𝐷𝑖𝑖2
 

(15) 

The Temperature of the conductor at the characteristic 
length 𝑇𝑇(𝑥𝑥 = 𝜒𝜒c) equals ~37 % of the peak tempera-
ture at the contact point. At a length of 𝑥𝑥 = 3.5 ∙ 𝜒𝜒c the 
temperature equals ~95 %. Therefore, a system with 
cables of length 𝑙𝑙 ≥ 3.5 ∙ 𝜒𝜒c can be considered to have 
well defined boundary conditions. 

 
Fig.  10 Temperature increase within a simulation con-
taining a simple connector made up out of 3 electrical 
resistances at 𝑥𝑥 = −1 cm, 0 cm and 1 cm. The con-
nector is attached to 1.4 m of cable on each side. The 
heat dissipation is dominated by the cable.  

Based on these considerations the individual constant 
resistances 𝑅𝑅const,𝑖𝑖 represent the bulk resistances of the 
connector and the electrical resistances of 2 cables with 
a length of 𝑙𝑙 = 𝜒𝜒c. The electrical resistance 𝑅𝑅el,ax,cyl of 
the cable is calculated according equation (16).  

 
Fig.  11 Simulation results comparing contact point 
temperatures for the scenario considering 𝜁𝜁SF (blue line) 
and 𝛽𝛽SF  (red line). 

A comparison of contact point temperature using the 
safety factor ζSF = 0.8 and 𝛽𝛽SF = 3.35 as calculated 
using equation (10) is shown in Figure 11. The devia-
tion between the two methods is linked to two issues: 

i. The safety factor 𝛽𝛽SF depends on the characteristic 
length 𝜒𝜒c = 𝑓𝑓(�̃�𝑎) and therefore on convection. For 
simplification an average convection factor can be 
chosen which approximates convective heat trans-
fer at steady state temperatures. 

ii. The electrical resistances of the cables 𝑅𝑅const,𝑖𝑖 to 
be included into calculation of 𝛽𝛽SF are based on a 
cable length of 𝑙𝑙 = 𝜒𝜒c. This relation is connected 
to the simplified assumptions as mentioned before. 

3 Parameter Determination 

As the equivalent circuit of each generic block is linked 
to a specific component, a specific parameter set is also 
required describing the physical performance. 
The parameter set is composed of the quantities shown 
in Table 2. 

Component Parameter 

El. Resistor 
𝑅𝑅el [Ω] el. resistivity 

𝛼𝛼el [K−1] 
linear temperature 
coefficient 

Th. Resistor 
𝑅𝑅th [K W⁄ ] th. resistivity 

𝛼𝛼th [K−1] 
linear temperature 
coefficient 

Th. Capacitor 𝐶𝐶th [J K⁄ ] th. capacity 

Convection 
𝐴𝐴 [m2] surface 

�̃�𝑎 [ Wm2∙K] 
heat transfer coeffi-
cient 

Radiation 𝐴𝐴 [m2] surface 
𝜀𝜀 [ - ] radiation coefficient 

Table 2 Components in thermal equivalent circuit and 
the parameter required to describe them. 

The values for these parameters are depending on var-
ious physical quantities, which can be determined by 
different methods: 
 
3.1 Calculation 

By approximating complex geometries as simpler, well 
known geometries and by making use of the linked 
mathematics, preliminary values can be derived in 
early design stages. The conducting parts can be ap-
proximated by a cylinder geometry, whereas the insu-
lating and housing parts can be described by a hollow 
cylinder (cf. Figure 12). 
Thereby calculation of resistivity, surfaces and thermal 
capacity is simplified [20]. The electrical resistance in 
axial direction of the cylinder 𝑅𝑅el,ax,cyl results to 

  𝑅𝑅el,ax,cyl = 𝜌𝜌el ∙
4 ∙ 𝑙𝑙
𝜋𝜋 ∙ 𝐷𝐷2 (16) 

with 𝜌𝜌el being the specific electrical resistivity. 
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sensors have to be integrated to measure the tem-
perature at the various points of interest without 
having an impact on the setup itself. 

 
Fig.  13 Setup to measure temperatures in an enclosed 
system with suppressed interaction with surrounding. 

3.5 Optimization 

The mentioned methodology to match simulation re-
sults to empirical data requires a robust and efficient 
approach, since the number of parameters which can be 
adapted may easily reach an order of magnitude of 
~102. To additionally ensure accuracy, the number of 
temperature sensors in simulation and in lab need to be 
sufficient – 40 temperature sensors are quite common. 
For the transient dynamics to be reflected, measure-
ment series over hours shall be conducted with a reso-
lution of seconds. The approach consists of: 
1. Parameter estimation: Values for all parameters 

need to be initially estimated based on the methods 
mentioned above. This estimation needs to con-
sider expectation values as well as physically rea-
sonable limits. 

2. Set all thermal capacities to 0 or open circuit. 
3. Simulation now considers steady-state tempera-

tures only. Steady-state temperatures from simula-
tion 𝑇𝑇sim_ss,i are compared to measurement results 
𝑇𝑇meas_ss,i in steady-state. Parameter values are var-
ied inside the defined limits in order to optimize 
for minimization of Δ𝑇𝑇𝑠𝑠𝑠𝑠 for all temperature meas-
urement positions i: 

 

Δ𝑇𝑇𝑠𝑠𝑠𝑠 = √∑(𝑇𝑇meas_ss,i − 𝑇𝑇sim_ss,i)
2

𝑁𝑁

𝑖𝑖=1
 (25) 

4. The values for thermal resistances are kept con-
stant and the values describing the thermal capac-
ities are altered within their physical limits. Within 
this step the steady-state values are not used for 
optimization, but rather all values over the com-
plete measurement duration t. The optimization 
target Δ𝑇𝑇transient is defined to be 

 Δ𝑇𝑇transient

= √∑

(

 √∑(𝑇𝑇meas,i(𝜏𝜏) − 𝑇𝑇sim,i(𝜏𝜏))
2

𝛿𝛿

𝜏𝜏=0 )

 

2
𝑁𝑁

𝑖𝑖=1
 

(26) 

 

4 Results 

To prove the accuracy of the TEC, a simulation has 
been carried out and the result has been compared to 
lab data. Therefore, a tab has been crimped to a 1.4 m 
cable of 95 mm² and another tab was screwed to a cable 
shoe, crimped to 1.4 m of cable of the same diameter. 
The temperature was measured at the surface of the 
socket. At an ambient temperature of 𝑇𝑇amb = 32 °C, a 
current of 𝐼𝐼 = 462 A was applied. From the measure-
ments, a temperature rise of ∆𝑇𝑇meas = 93 K was meas-
ured. The simulation results, as shown in Figure 14, 
show a temperature rise of ∆𝑇𝑇sim = 92 K.  

 
Fig.  14 Result for a socket/tab system connected to 
95 mm² cable of a length of 1.4 m. Experimental data 
are shown in red, simulation results in blue. Parameter 
values have been derived from the voltage drop meas-
urements and CAD data.  

A benefit from the simulation is the accessibility of 
spatially buried structures, e.g. the contact spring itself. 
Zooming into the simulation results visualizes the in-
stantaneous temperature rise of the contact spring, 
whereas the bulky materials are responding with a de-
lay, as shown in Figure 15. 

 
Fig.  15 Simulation results showing the transient heat-
ing of various connector locations upon a current pulse. 
The green line shows the temperature rise of the bulk 
socket, the blue line of the tab and the red line shows 
the temperature rise of the spring. The data results from 
the same simulation as shown in Figure 15. 

Experimental data are not available due to spatial re-
strictions. Besides the spatial resolution and the ability 
to simulate the temperature of the contact spring, in 
general being the most sensitive part in the connector, 
transient analysis is also important. Within an electri-
fied drivetrain a highly dynamic current profile is com-
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mon, exhibiting peaks of high current and low dura-
tion. Thereby a situation is created, in which the com-
ponents are subject to heat pulses, pushing the system 
into a kind of equilibrium over a long time while still 
causing short heat peaks, which mainly effect parts of 
low thermal mass. TECs can be used to simulate sys-
tem performance upon such dynamic drive cycles and 
help identify bottlenecks in dependency of location and 
current profile (compare Figure 16). 

 
Fig.  16 Simulation using a dynamic mission profile. 
The current used for simulation is shown in blue, the 
temperature of the contact spring is shown in red. 

5 Summary & Conclusion  

Based on the well-known mathematics as applied to 
equivalent circuits, the same approach has been uti-
lized to design thermal equivalent circuits for a con-
nector system. The advantages of this method in rela-
tion to system simulation, modularity, simulation speed 
and complexity have been discussed, as well as the in-
trinsic issues linked to model segmentation. 
The general layout of TECs for high-power connectors 
is defined by a guideline and applies to all connectors 
independent of cavities, design details or shielded/un-
shielded version [21]. Customization of connectors is 
achieved by connector specific parameter sets.  
One major focus was put on the key requirements to 
consider safety factors throughout the simulation, 
which are valid and comparable to established stand-
ards. As all simulation models rely on the quality of the 
data used for parametrization, various methods to ac-
quire values for the various parameters have been pre-
sented and discussed. The approach of thermal equiva-
lent circuits offers an efficient and effective method to 
simulate connectors in general. The schematic repre-
sentation of connectors is defined in a general manner, 
therefore specific connectors are specified by their ad-
jacent parameter sets only [21]. Due to the versatile ap-
plicability of TECs, equivalent circuits can be defined 
and parametrized for components like shielded/un-
shielded wires [21] and cooled cables. Complex mod-
ules and aggregates can be represented in a simplified 
manner using TECs, allowing simulation of connectors 
in application specific conditions and include system 
impacts on the connector as well. The presented meth-
odology exhibits a high accuracy of <5% for deviation 
between simulated and measured temperatures. The ef-
ficiency is linked to simplicity of the model and the low 
effort required to set up a model, the fast simulation 

time and the versatility of simulation environments. 
Another benefit is the opportunity to link electrical do-
main simulations to thermal equivalent circuits when 
using a 1D physical simulation environment like 
MATLAB-Simscape™. 
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sensors have to be integrated to measure the tem-
perature at the various points of interest without 
having an impact on the setup itself. 

 
Fig.  13 Setup to measure temperatures in an enclosed 
system with suppressed interaction with surrounding. 

3.5 Optimization 

The mentioned methodology to match simulation re-
sults to empirical data requires a robust and efficient 
approach, since the number of parameters which can be 
adapted may easily reach an order of magnitude of 
~102. To additionally ensure accuracy, the number of 
temperature sensors in simulation and in lab need to be 
sufficient – 40 temperature sensors are quite common. 
For the transient dynamics to be reflected, measure-
ment series over hours shall be conducted with a reso-
lution of seconds. The approach consists of: 
1. Parameter estimation: Values for all parameters 

need to be initially estimated based on the methods 
mentioned above. This estimation needs to con-
sider expectation values as well as physically rea-
sonable limits. 

2. Set all thermal capacities to 0 or open circuit. 
3. Simulation now considers steady-state tempera-

tures only. Steady-state temperatures from simula-
tion 𝑇𝑇sim_ss,i are compared to measurement results 
𝑇𝑇meas_ss,i in steady-state. Parameter values are var-
ied inside the defined limits in order to optimize 
for minimization of Δ𝑇𝑇𝑠𝑠𝑠𝑠 for all temperature meas-
urement positions i: 

 

Δ𝑇𝑇𝑠𝑠𝑠𝑠 = √∑(𝑇𝑇meas_ss,i − 𝑇𝑇sim_ss,i)
2

𝑁𝑁

𝑖𝑖=1
 (25) 

4. The values for thermal resistances are kept con-
stant and the values describing the thermal capac-
ities are altered within their physical limits. Within 
this step the steady-state values are not used for 
optimization, but rather all values over the com-
plete measurement duration t. The optimization 
target Δ𝑇𝑇transient is defined to be 

 Δ𝑇𝑇transient

= √∑

(

 √∑(𝑇𝑇meas,i(𝜏𝜏) − 𝑇𝑇sim,i(𝜏𝜏))
2

𝛿𝛿

𝜏𝜏=0 )

 

2
𝑁𝑁

𝑖𝑖=1
 

(26) 

 

4 Results 

To prove the accuracy of the TEC, a simulation has 
been carried out and the result has been compared to 
lab data. Therefore, a tab has been crimped to a 1.4 m 
cable of 95 mm² and another tab was screwed to a cable 
shoe, crimped to 1.4 m of cable of the same diameter. 
The temperature was measured at the surface of the 
socket. At an ambient temperature of 𝑇𝑇amb = 32 °C, a 
current of 𝐼𝐼 = 462 A was applied. From the measure-
ments, a temperature rise of ∆𝑇𝑇meas = 93 K was meas-
ured. The simulation results, as shown in Figure 14, 
show a temperature rise of ∆𝑇𝑇sim = 92 K.  

 
Fig.  14 Result for a socket/tab system connected to 
95 mm² cable of a length of 1.4 m. Experimental data 
are shown in red, simulation results in blue. Parameter 
values have been derived from the voltage drop meas-
urements and CAD data.  

A benefit from the simulation is the accessibility of 
spatially buried structures, e.g. the contact spring itself. 
Zooming into the simulation results visualizes the in-
stantaneous temperature rise of the contact spring, 
whereas the bulky materials are responding with a de-
lay, as shown in Figure 15. 

 
Fig.  15 Simulation results showing the transient heat-
ing of various connector locations upon a current pulse. 
The green line shows the temperature rise of the bulk 
socket, the blue line of the tab and the red line shows 
the temperature rise of the spring. The data results from 
the same simulation as shown in Figure 15. 

Experimental data are not available due to spatial re-
strictions. Besides the spatial resolution and the ability 
to simulate the temperature of the contact spring, in 
general being the most sensitive part in the connector, 
transient analysis is also important. Within an electri-
fied drivetrain a highly dynamic current profile is com-
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Abstract 

Bolted joints with busbars are often used for high current transmission. In order to ensure the long-term stability 
of these joints, the contact pressure between the busbars has to be higher than the specific minimum value over 
the complete expected service lifetime. For this, high assembly preload force is necessary. However, the tempera-
ture-specific compressive yield point of the used material limits the maximum applicable assembly preload force. 
Exceeding this limit will lead to an accelerated reduction of the preload force, and thus to an inadmissible increase 
of the joint resistance if the minimum pressure is underrun. Currently, the permissible assembly preload force is 
estimated based on the tensile yield point. Since the materials behave differently under tensile than under com-
pressive loads, this estimation would lead to overload of the material if the tensile yield point is higher than the 
compressive yield point. There are currently only a few published research findings of temperature-specific com-
pressive yield point of the busbar materials. Based on the determined temperature-specific compressive yield point, 
the investigated influence of the aging temperature on the hardness and the discussed temperature limit of the 
material, the permissible assembly preload force for the long-term stability of electrical contacts can be calculated. 

1  Introduction 

During the design of bolted joints the limiting sur-
face pressure PG under the head of the bolt or the nut 
must not be exceeded [1]. Exceeding this surface 
pressure during the assembly will result in an over-
stressing and a plastic deformation of the pressure-
loaded area (therefore the limiting surface pressure 
of a material can be seen as the compressive yield 
point). This could accelerate the flowing and the 
creeping behavior of the material, which will lead to 
an accelerated reduction of the preload force.  
Under mechanical load, metal deforms initially elas-
tically and when the yield strength is exceeded, it de-
forms plastically. The yield strength depends on the 
the crystal structure, the microstructure of the mate-
rial, the speed of the deformation and on the temper-
ature. The flow stress is made up of two components. 
One component mainly depends on the microstruc-
ture of the material (also called athermal material re-
sistance) and a second component, which is also 
characterized by the temperature and the rate of de-
formation (called the thermal material resistance). 
The higher the temperature, the lower is the thermal 
material resistance and the total yield stress [2]. This 
means that the temperature can lead to a reduction of 

the compressive yield point PG. Therefore, the influ-
ence of the temperature on the compressive yield 
point is investigated in this article. Depending on the 
aging temperature, the aging time and the technolog-
ical history of the material, the microstructure can 
change due to the static recovery and the static re-
crystallization. This can lead to a loss of strength [3]. 
In [4] the decrease of the hardness of Cu-ETP and 
AlMgSi0.5 after the exposure to temperature of 
160 °C and 180 °C, respectively, for more than 
2,000 hours was demonstrated. This decrease of the 
hardness can be seen as an indicator for the loss of 
strength due to softening. Therefore, the time and the 
temperature dependency of the compressive yield 
point must be investigated. This determines the long-
term behavior of the preload force, which is im-
portant for the long-term stability especially of the 
bolted joints in vehicle electrical systems. In order to 
show how the aging temperature can influence the 
preload force and the long-term stability of the elec-
trical bolted joints, aging tests were carried out. 

2 Investigation of the compre-
ssive yield point 

In [5] the determination of the compressive yield 
point of metallic materials at room temperature is 
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*: https://www.zwickroell.com/products/static-materials-testing-machines/ 

specified. In this standard, the specimen must be cy-
lindrical and the size must meet the following condi-
tion 1 ≤ ℎ0

𝑑𝑑0
≤ 2 where ℎ0 is the specimen height and 

𝑑𝑑0 is the specimen diameter. However, recent find-
ings have shown that the compressive yield point 
varies depending on the specimen height and the 
specimen diameter [6]. Therefore the compressive 
yield point, which is determined by this method, can-
not be used to estimate the compressive yield point 
for busbars, since the busbars are mostly flat and the 
thickness-width-ratio is smaller than 1. Added to 
this, it is known that the material properties vary de-
pending on the manufacturing process. Thicker ma-
terials are mostly just extruded while thinner materi-
als are poured and rolled.  

2.1  Experiment 

To determine the real compressive yield point of the 
busbar it is necessary to use a specimen geometry, 
which can map the applications in the vehicle elec-
trical system. Mostly busbar thicknesses h in the 
range of (1 to 5) mm are used. Table 1 shows the 
investigated materials and geometries. All busbars 
are 30 mm wide with an Rz-value smaller than 
10 µm. The two through holes with a diameter of 
dh1 = 5.5 mm and dh2 = 9 mm were selected accord-
ing to DIN EN ISO 20273: 1992-02 [7]. The two se-
lected diameters Dkm1 = 10.5 mm and Dkm2 = 16 mm 
of the upper steel pressure plate are the same with 
the under head diameter of the M5 and M8 bolt in 
accordance to IS0 8102. 
 

 

Table 1 Material properties 

Earlier studies in the area of the limiting surface 
pressure under the head of the bolt were carried out 
using different compression test setups and evalua-
tion methods [8], [9], [10], [6]. Therefore, it is not 
possible to compare the determined values with each 
other or to use it as guide values during the estima-
tion of the maximal assembly preload force. In this 
work following compression test setup and evalua-
tion method were used.  

The compression tests were done using a universal 
testing machine (Zwick*). The force was applied at 
the center of the upper steel pressure plate so that the 
specimen was loaded uniformly. During the test, the 
pressure force and the elongation is automatically 
recorded (Figure 1). 
 

 

Fig. 1 Schematic representation of the test setup and 
the determination of the compressive yield point 
The evaluation was carried out based on the recorded 
force-elongation-diagram. The linear part of the 
curve shows the elastic behavior of the material. At 
a force F0,00  the material will deform plastically. To 
ensure the long-term stability of the bolted joint, no 
plastic deformation during the assembly is permit-
ted. The limiting surface pressure PG is calculated 
using this force and the pressure loaded area AD. 
𝑃𝑃𝐺𝐺 = 𝐹𝐹0,00

𝐴𝐴𝐷𝐷
    (2) 

This value only corresponds to the normal compres-
sive stress σD (uniaxial stress state).  
𝜎𝜎𝐷𝐷 = 𝐹𝐹

𝐴𝐴𝐷𝐷
     (3) 

Due to the friction, a tangential shear stress τt exist in 
a bolted joint additionally to the normal compressive 
stress. 
𝜏𝜏𝑡𝑡 = 𝜇𝜇 ∗ 𝐹𝐹

𝐴𝐴𝐷𝐷
    (4) 

µ is the friction coefficient. For this multiaxial stress 
state, the equivalent compressive stress σV can be 
calculated using the following equation [8], [10], [9]. 

𝜎𝜎𝑉𝑉 = √𝜎𝜎𝐷𝐷2 + 3 ∗ 𝜏𝜏𝑡𝑡2 = 𝜎𝜎𝐷𝐷 ∗ √1 + 3𝜇𝜇2 (5) 

Internal investigations have shown that the friction 
coefficients of coated busbars are in the range of 0.08 
to 0.3. In accordance to this, the equivalent compres-
sive stress can be 1 to 10 % higher than the normal 
compressive stress. That means a minimum safety 
factor Smin = 1.1 needs to be considered during the 
estimation of the permissible assembly preload 
force.
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Abstract 

Bolted joints with busbars are often used for high current transmission. In order to ensure the long-term stability 
of these joints, the contact pressure between the busbars has to be higher than the specific minimum value over 
the complete expected service lifetime. For this, high assembly preload force is necessary. However, the tempera-
ture-specific compressive yield point of the used material limits the maximum applicable assembly preload force. 
Exceeding this limit will lead to an accelerated reduction of the preload force, and thus to an inadmissible increase 
of the joint resistance if the minimum pressure is underrun. Currently, the permissible assembly preload force is 
estimated based on the tensile yield point. Since the materials behave differently under tensile than under com-
pressive loads, this estimation would lead to overload of the material if the tensile yield point is higher than the 
compressive yield point. There are currently only a few published research findings of temperature-specific com-
pressive yield point of the busbar materials. Based on the determined temperature-specific compressive yield point, 
the investigated influence of the aging temperature on the hardness and the discussed temperature limit of the 
material, the permissible assembly preload force for the long-term stability of electrical contacts can be calculated. 

1  Introduction 

During the design of bolted joints the limiting sur-
face pressure PG under the head of the bolt or the nut 
must not be exceeded [1]. Exceeding this surface 
pressure during the assembly will result in an over-
stressing and a plastic deformation of the pressure-
loaded area (therefore the limiting surface pressure 
of a material can be seen as the compressive yield 
point). This could accelerate the flowing and the 
creeping behavior of the material, which will lead to 
an accelerated reduction of the preload force.  
Under mechanical load, metal deforms initially elas-
tically and when the yield strength is exceeded, it de-
forms plastically. The yield strength depends on the 
the crystal structure, the microstructure of the mate-
rial, the speed of the deformation and on the temper-
ature. The flow stress is made up of two components. 
One component mainly depends on the microstruc-
ture of the material (also called athermal material re-
sistance) and a second component, which is also 
characterized by the temperature and the rate of de-
formation (called the thermal material resistance). 
The higher the temperature, the lower is the thermal 
material resistance and the total yield stress [2]. This 
means that the temperature can lead to a reduction of 

the compressive yield point PG. Therefore, the influ-
ence of the temperature on the compressive yield 
point is investigated in this article. Depending on the 
aging temperature, the aging time and the technolog-
ical history of the material, the microstructure can 
change due to the static recovery and the static re-
crystallization. This can lead to a loss of strength [3]. 
In [4] the decrease of the hardness of Cu-ETP and 
AlMgSi0.5 after the exposure to temperature of 
160 °C and 180 °C, respectively, for more than 
2,000 hours was demonstrated. This decrease of the 
hardness can be seen as an indicator for the loss of 
strength due to softening. Therefore, the time and the 
temperature dependency of the compressive yield 
point must be investigated. This determines the long-
term behavior of the preload force, which is im-
portant for the long-term stability especially of the 
bolted joints in vehicle electrical systems. In order to 
show how the aging temperature can influence the 
preload force and the long-term stability of the elec-
trical bolted joints, aging tests were carried out. 

2 Investigation of the compre-
ssive yield point 

In [5] the determination of the compressive yield 
point of metallic materials at room temperature is 
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2.2 Experimental results  

2.2.1 Influence of the width of the busbar 
and the pressure-loaded area on the 
compressive yield point 

In [6] it was indicated for cylindrical specimens that 
the compressive yield point depends on the height of 
the specimen and the outside diameter of the hollow 
cylinder. The smaller the specimen height or the 
larger the external diameter, the greater is the com-
pressive yield point. The influence of the specimen 
height (thickness) could be confirmed for flat speci-
men with a thickness of 1 to 5 mm for Cu-ETP R240 
at room temperature. By reducing the specimen 
thickness from 5 mm to 2.5 mm or respectively to 1 
mm, the compressive yield point increases by          
approx. 5 % respectively by approx. 7 % (Figure 2). 
This can be explained by the cross-sectional enlarge-
ment as a result of the pronounced friction-related 
hindrance to transverse expansion on the pressure 
loaded area. This hindrance to transverse expansion 
is reduced from the pressure loaded area towards the 
center of the specimen [11]. This means that with in-
creasing specimen thickness, the deformation and 
the heavily deformed zones increase and the com-
pressive yield point is reached earlier. 
 

 

Fig. 2 Influence of the width of the busbar on the 
compressive yield point  

In addition to the influence of the specimen thick-
ness, the influence of the pressure-loaded area was 
also investigated, since the different bolt sizes used 
for screwing the busbars in the vehicles have differ-
ent under-head diameters. With a through hole of 
dh1 = 5.5 mm and an effective under-head diameter 
of Dkm1 = 10.5 mm, a pressure loaded area of 
AD = 62.8 mm2 results. For dh2 = 9 mm and 
Dkm2 = 16 mm, the pressure loaded area AD is 
137.4 mm2.  
As can be seen in Figure 3, an influence of the pre -
ssure-loaded area was found, only in the case of       
Cu-ETP R240. The difference is approx. 8.8 %. 

With C-OFE R240 and AlMgSi0.5 T7, the devia-
tions are still within the spread of the measurement 
results and are therefore not considered significant 
(Fig. 3).  

 

 

Fig. 3 Influence of the pressure loaded area on the 
compressive yield point 

The measurement results discussed in this subsec-
tion indicate that the geometric factors (the specimen 
thickness and pressure-loaded area) have a marginal 
influence on the compressive yield point. The differ-
ences are in the range of less than 10 %, which cor-
responds to the minimum safety factor of 1.1. 

2.2.2 Influence of the aging temperature 
on the hardness and the tempera-
ture-specific compressive yield point 

To investigate the influence of the temperature on the 
compressive yield point, an upper steel pressure 
plate with a pressure loaded area of AD = 137.4 mm2 
was used. The specimen thickness is 5 mm for all 
materials. The tests were carried out with the 
ZWICK testing machine, which was integrated in a 
heating cabinet. The desired temperatures were set 
on the heating cabinet and the specimen temperature 
was measured with a thermocouple. After completed 
heating, the compression tests were carried out at 
this desired temperature and then the next higher 
temperature was set. 
The results show that the compressive yield point de-
creases linearly as the specimen temperature in-
creases. With Cu-ETP R240 and Cu-OFE R240 the 
compressive yield point decreases by approx. 15 % 
respectively 13 % and with AlMgSi0.5 T7 by ap-
prox. 30 %, when the specimen temperature in-
creases from 25 °C to 180 °C. If the specimen tem-
perature is 120 °C, the compressive yield point of 
Cu-ETP R240 respectively of Cu-OFE R240 de-
creases by approx. 12.5 % respectively 6.7 % and for 
AlMgSi0.5 T7 the compressive yield point de-
creases by approx. 20.6 % (Figure 4). 
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Fig. 4 Temperature-specific compressive yield point 
It becomes clear that the temperature dependence of 
the compressive yield point of AlMgSi0.5 T7 is more 
pronounced than with the copper specimen. The de-
creasing of the compressive yield point is due to the 
decrease of the thermal flow stress component and 
the change in the relaxation and creep properties of 
the materials because of the simultaneous thermal 
and mechanical stress. It is expected that with such 
short-term thermomechanical loads (approx. 1 min), 
the relaxation and creep behavior of Cu-ETP R240 
and Cu-OFE R240 is hardly changed. Longer hold-
ing times are necessary to record the influences of 
the change in compressive yield point due to relaxa-
tion and creep. 
Due to the long-term temperature aging, the mate-
rials can soften depending on the aging temperature. 
That can cause the reduction of the compressive 
yield point and the hardness. In order to investigate 
this, the specimens were simultaneously stored in 
three different heating cabinet respectively at 
140 °C, 160 °C and 180 °C for 2000 hours. After cer-
tain times, some specimens were taken from the 
heating cabinet and the compressive yield point and 
the hardness, respectively, were determined at room 
temperature and shown graphically (Figure 5 und 
Figure 6).  The specimen thickness was 5 mm for all 
materials and the pressure-loaded area AD was 
62.8 mm2. The results of the Cu-ETP R240 and of 
the Cu-OFE R240 show that all three temperatures 
lead to a decrease of the compressive yield point. 
However, the velocity of this reduction decreases 
with the time and with the aging temperature, so that 
the compressive yield point approaches an asymp-
totic value. After 2000 hours, the compressive yield 
point of the Cu-ETP R240 at 140 °C and 160 °C is 
still approx. 83.3 % and at 180 °C only 79.6 % of the 
initial value. With Cu-OFE R240, the compressive 
yield point at 140 °C and 160 °C is still approx. 
86.2 % and at 180 °C 79.9 % of the initial value. 
Nevertheless, the hardness and the grain size of both 
materials were constant even at 180 °C. Therefore, 
this decrease of the compressive yield point cannot 
be explained with the softening of these two materi-
als. A clear relationship between the hardness, the 

grain size and the compressive yield point could 
therefore not be established. 
With AlMgSi0.5 T7, an increase of the compressive 
yield point is observed at 140 °C and 160 °C for up 
to 250 hours of thermal load. This is due to the pre-
cipitation of Mg and Si molecules. It is suspected 
that the overaging was not completed during the heat 
treatment process. After 500 hours at 160 °C the 
maximum was already reached and at 140 °C the 
maximum was reached after 1000 hours. During the 
aging at 180 °C, a decrease of the compressive yield 
point was observed after 250 h. This suggests that 
the increase of the compressive yield point was com-
pleted earlier. That means that the speed of the in-
crease of the strength of AlMgSi0.5 T7 increases 
with the aging temperature. Such an increase of the 
compressive yield point was also observed with   
EN-AW 6082 T6510 at temperatures of up to 300 °C 
[12]. In [13] the increase of the hardness of AlMgSi 
was observed at an aging temperature of up to 
140 °C within 300 to 500 h. The subsequent decrease 
of the compressive yield point can be explained by 
the progressive softening. As a result of the tempe- 
rature and the time, the grain size increases, which 
leads to a decrease of the strength. This could be con-
firmed by hardness measurements after 2000 hours 
(Fig. 6). 
 

 

Fig. 5 Influence of aging temperature and aging time 
on the value of the compressive yield point at room 
temperature 

 

Fig. 6 Influence of aging temperature and aging time 
on the hardness at room temperature 
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compressive yield point 
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the compressive yield point depends on the height of 
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thickness from 5 mm to 2.5 mm or respectively to 1 
mm, the compressive yield point increases by          
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ment as a result of the pronounced friction-related 
hindrance to transverse expansion on the pressure 
loaded area. This hindrance to transverse expansion 
is reduced from the pressure loaded area towards the 
center of the specimen [11]. This means that with in-
creasing specimen thickness, the deformation and 
the heavily deformed zones increase and the com-
pressive yield point is reached earlier. 
 

 

Fig. 2 Influence of the width of the busbar on the 
compressive yield point  

In addition to the influence of the specimen thick-
ness, the influence of the pressure-loaded area was 
also investigated, since the different bolt sizes used 
for screwing the busbars in the vehicles have differ-
ent under-head diameters. With a through hole of 
dh1 = 5.5 mm and an effective under-head diameter 
of Dkm1 = 10.5 mm, a pressure loaded area of 
AD = 62.8 mm2 results. For dh2 = 9 mm and 
Dkm2 = 16 mm, the pressure loaded area AD is 
137.4 mm2.  
As can be seen in Figure 3, an influence of the pre -
ssure-loaded area was found, only in the case of       
Cu-ETP R240. The difference is approx. 8.8 %. 

With C-OFE R240 and AlMgSi0.5 T7, the devia-
tions are still within the spread of the measurement 
results and are therefore not considered significant 
(Fig. 3).  

 

 

Fig. 3 Influence of the pressure loaded area on the 
compressive yield point 

The measurement results discussed in this subsec-
tion indicate that the geometric factors (the specimen 
thickness and pressure-loaded area) have a marginal 
influence on the compressive yield point. The differ-
ences are in the range of less than 10 %, which cor-
responds to the minimum safety factor of 1.1. 

2.2.2 Influence of the aging temperature 
on the hardness and the tempera-
ture-specific compressive yield point 

To investigate the influence of the temperature on the 
compressive yield point, an upper steel pressure 
plate with a pressure loaded area of AD = 137.4 mm2 
was used. The specimen thickness is 5 mm for all 
materials. The tests were carried out with the 
ZWICK testing machine, which was integrated in a 
heating cabinet. The desired temperatures were set 
on the heating cabinet and the specimen temperature 
was measured with a thermocouple. After completed 
heating, the compression tests were carried out at 
this desired temperature and then the next higher 
temperature was set. 
The results show that the compressive yield point de-
creases linearly as the specimen temperature in-
creases. With Cu-ETP R240 and Cu-OFE R240 the 
compressive yield point decreases by approx. 15 % 
respectively 13 % and with AlMgSi0.5 T7 by ap-
prox. 30 %, when the specimen temperature in-
creases from 25 °C to 180 °C. If the specimen tem-
perature is 120 °C, the compressive yield point of 
Cu-ETP R240 respectively of Cu-OFE R240 de-
creases by approx. 12.5 % respectively 6.7 % and for 
AlMgSi0.5 T7 the compressive yield point de-
creases by approx. 20.6 % (Figure 4). 
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3 Influence of the aging tempe- 
rature on the preload force and 
on the long-term behavior of 
the electrical bolted contact 

To investigate the influence of temperature on the 
preload force, a temperature cycle test (from - 40 °C 
to 140 °C with a temperature gradient of 3 K/min 
over 50 cycles) was carried out. In principle, the con-
stantly high temperature has the greatest effect on the 
long-term creep compared to a cyclic temperature 
load. However, because of the permanent tempera-
ture changes occurring in a vehicle during its service 
life, temperature change tests were preferred. This 
maps the creep behavior of the materials under ther-
momechanical stress and the self-loosening due to 
the permanent change of the stress in the entire sys-
tem. These two mechanisms are also responsible for 
the decreasing of the preload force during the service 
life. For the temperature change test, two bolted 
joints with two busbars made of Cu-ETP R240 with 
a thickness of h = 5 mm and with an M8 8.8 bolt 
were prepared. In accordance to previous internal in-
vestigations, the assembly preload force of the two 
bolted joints was 10 kN. Another bolted joint with 
two busbars made of AlMgSi0.5 T7 with a thickness 
of h = 5 mm and with an M5 8.8 bolt was prepared. 
The assembly preload force was 5 kN. Therefore, the 
utilization factor of the yield point stress of these 
bolts was approx. 0.5. Force measurement sensor 
were placed between the bolt heads and the respec-
tive specimen to continuously measure the preload 
force. A steel washer with a pressure loaded area AD 
of 53.4 mm2 for the M5 variant and one of 
119.9 mm2 for the M8 variant were inserted between 
the force washer and the specimen. This results in a 
surface pressure p1 of 93.6 N/mm2 for the M5 variant 
and a surface pressure p2 of 83.4 N/mm2 for the M8 
variant immediately after the assembly. This means 
that the compressive yield point of the respective 
material was not exceeded in all bolted joints neither 
at room temperature nor at 140 °C (Figure 4 and 
Figure 7). The contact surface of the busbars was not 
pretreated. One bolted joint made of Cu-ETP R240 
and the bolted joint made of AlMgSi0.5 T7 were 
stored in a heating cabinet and subjected to the tem-
perature change. The remaining bolted joint was 
stored at room temperature for the entire duration of 
the experiment. 
It can be seen from Fig. 7 that the preload force of 
the bolted joints, which was stored in the heating 
cabinet, decreases with the highest speed within the 
first five hours. This is due to the leveling of the 
roughness peaks in all interfaces, because the local 
surface pressures are too high in the contact spots. In 
addition, the frictional engagement is reduced by the 
decrease of the thread and under-head friction with 
lowering the temperature [14]. This phase of time-

independent setting is followed by a phase that de-
pends on the temperature and the time. In this phase, 
the velocity of the reduction of the preload force 
gradually decreases due to the progressive solidifi-
cation due to the hindrance of the dislocation move-
ments [15]. The preload force approaches an asymp-
totic value. However, this process can take several 
thousand hours as long as the equilibrium between 
creep or relaxation and material hardening is not 
achieved. After 280 h the specimens were cooled to 
room temperature. In the bolted joint made of         
Cu-ETP, which was stored in the heating cabinet, 
there was still 72.5 % of the assembly preload force. 
In the bolted joint made of AlMgSi0.5 T7 there was 
still 73.4 % of the assembly preload force. In the 
bolted joint made of Cu-ETP that has been stored at 
room temperature, the residual preload force is still 
approx. 97 % of the assembly preload force (Fig. 7). 
Further internal investigations over 1500 hours with 
similar specimens and similar conditions have 
shown that the preload force can decrease by more 
than 50 % if the compressive yield point was not ex-
ceeded during the assembly and by more than 70 % 
if the compressive yield point was exceeded. There-
fore, it is not permissible to exceed the compressive 
yield point during the entire service life. Otherwise, 
an accelerated reduction of the preload force can be 
expected. This can cause the undershooting of the 
minimum surface pressure between the busbars, 
which is necessary for the long-term stability of the 
electrical bolted contact. 

 

 

Fig. 7 Influence of temperature changes on the pre-
load force 
To determine the influence of the preload force on 
the electrical long-term stability of the bolted joint 
and to determine the minimum assembly preload 
force, five bolted joints made of two tinned              
Cu-ETP R240 busbars as well as of two tinned 
AlMgSi0.5 T7 busbars with respectively 2 kN and 
4 kN were prepared. After the assembly the speci-
mens were stored in a heating cabinet. They were 
firstly exposed at 160 °C for 1000 hours and then at 
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a thermal shock from -40 to 140 °C for 500 hours. 
The joint resistances were measured at room temper-
ature every 500 hours. The performance factor ku 
was used to evaluate the quality of the bolted joint. 
The performance factor is independent of the mate-
rial and of the geometry and is the ratio between the 
joint resistance RJ and the material resistance Rbus 

(Figure 8). A bolted joint is considered as techni-
cally good if the performance factor is less than or 
equal to 1.5 [16]. 
 

   

 

Fig. 8 Relation between joint resistance Rj and per-
formance factor ku 

Immediately after assembly, the performance factor 
of all bolted joints was below 1.1 and therefore all 
joints were technically good. Over the entire loading 
time, the performance factor of all bolted joints, that 
were bolted with 4 kN, was almost constant and with 
little variation. It is assumed that the residual preload 
force (approximately 50 % of the assembly preload 
force) in the joint was still sufficient to ensure the 
long-term stability of the joint. With bolted joints, 
that were screwed with 2 kN, the performance factor 
increased significantly within 500 hours. After 
1500 hours, the limit for the performance factor of 
1.5 was exceeded clearly and with pronounced scat-
ter for the Cu-ETP test series. With bolted joints of 
AlMgSi0.5 busbars, the mean value of the perfor-
mance factors was still below 1.5, but the perfor-
mance factor of some bolted joints were already 
above 1.5 (Figure 9). 
  

 

Fig. 9 Influence of the preload force and the temper-
ature on the long-term behavior of the screw joint 

The pronounced increase of the performance factor 
of the bolted joints, that were bolted with 2 kN, indi-
cates that the residual preload force (approximately 
50% of the assembly preload force) in the bolted 
joint was too low to guarantee long-term stability. In 
this force range, some of the a-spots formed during 
the assembly are not stable. These are partly de-
stroyed during the reduction of the preload force. It 
is also assumed that the formed true contact area was 
not gastight due to the lower preload force. In this 
case, electrically insulating chemical reaction prod-
ucts formed due to the temperature can penetrate into 
the true contact area and reduce it. The joint re-
sistance and the performance factor increases. This 
means that the assembly preload and the residual 
preload force are decisive for the long-term stability 
of the electrical bolted contact. 
The assembly preload force must be selected so high 
that the residual preload force is always equal or 
greater than 2 kN during the entire service life. It 
must be taken care of not exceeding the compressive 
yield point. Otherwise, an accelerated reduction of 
the preload force can take place, which can lead to 
an earlier undershooting of the minimum preload 
force of 2 kN. This jeopardizes the electrical stability 
of the electrical bolted contact. 

4 CONCLUSION 

The long-term stability of a current-carrying bolted 
joint is heavily dependent on the surface pressure be-
tween the busbar, among other things. Depending on 
the coating materials and the geometry of the bolted 
joint, the residual preload force must not fall below 
a certain minimum preload force during the service 
life. To ensure this, greater assembly preload forces 
are necessary, which are limited by the temperature 
and time-dependent compressive yield point. In this 
paper, the compressive yield points of Cu-ETP 
R240, Cu-OFE R240 and AlMgSi0.5 T7 were exam-
ined. The effects of temperature on the preload force 
and on the long-term behavior of current-carrying 
bolted joints were also considered. The test results 
can be summarized as follows: 
 

1. With increasing busbar thickness and with 
decreasing pressure loaded area, the com-
pressive yield point decreases. 

2. The compressive yield point decreases lin-
early with increasing temperature. With 
Cu-ETP R240 respectively Cu-OFE R240, 
a decrease of 12.5 %  respectively 6.7 % 
and with AlMgSi0.5 T7 a decrease of 
20.6 % of the values at 25 °C was found. 

3. After the aging at 140 °C, 160 °C and 
180 °C for 2000 hours, there was a maxi-
mum decrease of the compressive yield 
point of 20.4 % for Cu-ETP R240 and 

Rbus 

𝑙𝑙𝑏𝑏𝑏𝑏𝑏𝑏 

Rj 
𝑙𝑙𝑗𝑗 

𝑘𝑘𝑏𝑏 = 𝑅𝑅𝑗𝑗
𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏

      (6) 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏 = 𝜌𝜌 ∗ 𝑙𝑙𝑏𝑏𝑏𝑏𝑏𝑏
𝐴𝐴         (7) 
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of 53.4 mm2 for the M5 variant and one of 
119.9 mm2 for the M8 variant were inserted between 
the force washer and the specimen. This results in a 
surface pressure p1 of 93.6 N/mm2 for the M5 variant 
and a surface pressure p2 of 83.4 N/mm2 for the M8 
variant immediately after the assembly. This means 
that the compressive yield point of the respective 
material was not exceeded in all bolted joints neither 
at room temperature nor at 140 °C (Figure 4 and 
Figure 7). The contact surface of the busbars was not 
pretreated. One bolted joint made of Cu-ETP R240 
and the bolted joint made of AlMgSi0.5 T7 were 
stored in a heating cabinet and subjected to the tem-
perature change. The remaining bolted joint was 
stored at room temperature for the entire duration of 
the experiment. 
It can be seen from Fig. 7 that the preload force of 
the bolted joints, which was stored in the heating 
cabinet, decreases with the highest speed within the 
first five hours. This is due to the leveling of the 
roughness peaks in all interfaces, because the local 
surface pressures are too high in the contact spots. In 
addition, the frictional engagement is reduced by the 
decrease of the thread and under-head friction with 
lowering the temperature [14]. This phase of time-

independent setting is followed by a phase that de-
pends on the temperature and the time. In this phase, 
the velocity of the reduction of the preload force 
gradually decreases due to the progressive solidifi-
cation due to the hindrance of the dislocation move-
ments [15]. The preload force approaches an asymp-
totic value. However, this process can take several 
thousand hours as long as the equilibrium between 
creep or relaxation and material hardening is not 
achieved. After 280 h the specimens were cooled to 
room temperature. In the bolted joint made of         
Cu-ETP, which was stored in the heating cabinet, 
there was still 72.5 % of the assembly preload force. 
In the bolted joint made of AlMgSi0.5 T7 there was 
still 73.4 % of the assembly preload force. In the 
bolted joint made of Cu-ETP that has been stored at 
room temperature, the residual preload force is still 
approx. 97 % of the assembly preload force (Fig. 7). 
Further internal investigations over 1500 hours with 
similar specimens and similar conditions have 
shown that the preload force can decrease by more 
than 50 % if the compressive yield point was not ex-
ceeded during the assembly and by more than 70 % 
if the compressive yield point was exceeded. There-
fore, it is not permissible to exceed the compressive 
yield point during the entire service life. Otherwise, 
an accelerated reduction of the preload force can be 
expected. This can cause the undershooting of the 
minimum surface pressure between the busbars, 
which is necessary for the long-term stability of the 
electrical bolted contact. 

 

 

Fig. 7 Influence of temperature changes on the pre-
load force 
To determine the influence of the preload force on 
the electrical long-term stability of the bolted joint 
and to determine the minimum assembly preload 
force, five bolted joints made of two tinned              
Cu-ETP R240 busbars as well as of two tinned 
AlMgSi0.5 T7 busbars with respectively 2 kN and 
4 kN were prepared. After the assembly the speci-
mens were stored in a heating cabinet. They were 
firstly exposed at 160 °C for 1000 hours and then at 
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20.1 % for Cu-OFE R240 of the initial 
value. With AlMgSi0.5 T7 it was 3 % of 
the initial value. 

4. The hardness of Cu-ETP R240 and of     
Cu-OFE R240 remained constant. A hard-
ness drop of 6.8 % was determined for 
AlMgSi0.5 T7. 

5. For bolted joints made of tinned busbars 
with a cross-section of 30 mm * 5 mm, a 
minimum assembly preload force of 4 kN 
is necessary to ensure the long-term stabil-
ity of the bolted joint. 
 

In further investigations, the influences of con-
stantly high temperature and vibrations on the 
preload force and on the long-term stability of 
current-carrying bolted joints will be examined. 
The minimum surface pressure of various con-
tact parings will also be examined. 
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Modelling the switching behavior of pyrofuses for the protection 
of electric cars based on measurement data 

Dietmar Haba, Hirtenberger Automotive Safety GmbH, Hirtenberg, Austria, Dietmar.Haba@Hirtenberger.com 

Abstract 

The rapid development in electric car batteries allows steadily increasing operating currents with low power losses 
thanks to decreasing internal resistances. This challenges the electric protection on board: Accidental short-circuit 
currents can reach over 20 kA within milliseconds, bringing conventional protection systems to its technical limits, 
particularly at high on-board voltages. This problem limits the development of electric car architecture signifi-
cantly. Pyrotechnically activated circuit breakers are a suitable solution. These pyrofuses actively cut a busbar 
triggered by an ignition signal. They respond very fast, have low resistance before activation and high resistance 
thereafter, good aging characteristics and high reliability. Other than melt fuses, the separation time hardly depends 
on the overcurrent, the temperature or the product's age. Moreover, the active triggering allows separating even 
without any overcurrent, e.g., after a car crash. Upon activation, a switching arc forms within the product. Depend-
ing on the current and the inductivity, up to 6 kJ of inductive energy must be dissipated for this arc to be extin-
guished, which transforms into high pressure and temperature. Development focuses on controlling this energy 
and limiting its harmful effects, thus providing a safer solution for steadily increasing demands. 

1 Introduction 

Both the technology and the market for battery-electric 
vehicles (BEVs) have made outstanding progress over 
the past ten years, and both keep progressing at high 
pace. Strong political support in many parts of the 
world makes sure that the technological transition from 
fossil fuels to batteries as the main energy storage for 
vehicles will stay the top priority of all automotive 
manufacturers for years to come. This change process 
is probably the most tremendous technological trans-
formation automobile has ever experienced since its in-
vention in the 19th century. Of course, such rapid de-
velopment challenges many conventional solutions and 
in many ways demands entirely new solutions for ex-
isting problems. One example for such a challenging 
problem is the electric fault current protection. 

1.1 Conventional protection  

Conventionally, high-voltage vehicle board grids of 
BEVs are protected by a combination of melt fuses and 
contactors in series. Here, the contactors serve as the 
protection from overcurrents, i.e., fault currents below 
a certain value (e.g., 1000 A), while the melt fuses pro-
tect the system from higher currents, as they can occur 
in the case of a short circuit. 
However, the rapid development in BEVs creates chal-
lenges that need entirely new solutions. In their en-
deavor to make BEVs competitive with fossil-fuel cars, 
automotive engineers are constantly working on en-
hancing the BEVs’ range per battery charge while re-
ducing their charging time. In order to do so, they are 
developing batteries with ever higher capacities and 

lower power losses (i.e., lower internal resistances) that 
can be recharged with high currents of several 100 A. 
Both the increased capacities and the lower internal re-
sistances lead to a further increase in short-circuit cur-
rents. Some BEVs can even use double the board volt-
age during charging (e.g., 800 V) to reduce the charg-
ing time by half without increasing the charging 
current. This higher voltage is an additional obstacle 
that can exceed the limits of conventional electric pro-
tection solutions. 
In addition to these new challenges, conventional elec-
tric protection also suffers from its well-known draw-
backs: 

 Aging – Melt fuses are known to change their 
switching behavior significantly over life-
time. 

 Controllability – The switch-off time of melt 
fuses is determined by the fault current height 
and thus cannot be defined by the system de-
signer. 

 Temperature dependency – As melt fuses 
need to reach a certain temperature before 
switching, the ambient temperature affects 
their switching behavior significantly. 

 Power loss – The rather high internal re-
sistance of melt fuses translates to high power 
loss, which not only reduces the BEV’s range 
and overall energy efficiency, but also raises 
the temperature within the battery safety box, 
thus affecting all other component therein. 

1.2 Pyrofuses 

The problems described in section 1.1 lead to the de-
velopment of an entirely new protection concept, the 
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pyrotechnically activated circuit breaker, often called 
pyrofuse (example in Fig. 1). 

 

 
Fig. 1 Hirtenberger’s CB500-2 as an example for 
a high-voltage pyrofuse. In this image, the conduc-
tor has a cross section of 16 × 4 mm². 

The general principle is depicted in the sectional view 
in Fig. 2: A pyrotechnic ignitor propels a piston, which 
cuts the middle part (called blank) out of a busbar and 
then prohibits its re-contacting. 

 

 
Fig. 2 Sectional view of a pyrofuse like the 
CB500-2 after activation 

While these pyrofuses are well known in low-voltage 
systems (≤ 60 V), they are relatively new products in 
high-voltage applications. The main advantage of a py-
rofuse when compared to a melt fuse is that it separates 
the busbar on command, independently of the current. 
Pyrofuses can open the electric circuit without any 
fault current, even at current zero, e.g., in the case of a 
car crash. In addition, they have a very short separation 
time (usually < 2 ms), low internal resistance (usually 
< 50 µΩ), good aging behavior, hardly any temperature 
dependency and good reliability. 
This work deals with the theoretical modelling of py-
rofuse separation events and how it can be used to pre-
dict the pyrofuses’ limitations. 
 

2 Theory 

2.1 Separation energy 

When the current I0 in an electric circuit with given in-
ductance L is suddenly switched off, a transient electric 
arc forms across the separating contacts until the induc-
tive energy Eind = I0²L/2 is reduced to zero. This so-
called separation energy represents a major challenge 
for pyrofuses. 
For example, to switch off a 10 kA short circuit in an 
electric system with 20 µH system inductance, the py-
rofuse must dissipate at least 1 kJ of energy. This is a 
physical necessity and cannot be prohibited. In BEVs, 
where batteries can store several 100 MJ of electric en-
ergy, 1 kJ might not sound like a lot. However, due to 
the extremely short time period in which the switching 
must take place, the dissipation power can be as high 
as 10 MW and more. 
Moreover, the constant urge to reduce product size 
means that this high power must be dissipated in a very 
small volume, resulting in high temperature and pres-
sure. In fact, the electric energy a pyrofuse must be able 
to dissipate roughly compares to the energy of an as-
sault rifle cartridge, not taking into account the energy 
of the pyrotechnic ignitor itself. This is significant, as 
pyrofuses are significantly smaller than assault rifles, 
and they are mostly made of plastic components. 
Due to the low heat capacity of air, the pyrofuse’s solid 
components must absorb almost the entire separation 
energy. A significant proportion of this energy will be 
dissipated in the form of enthalpy of fusion or vapori-
zation, thus melting and vaporizing some of the prod-
uct’s inner surfaces. A pyrofuse is usually mostly made 
out of electrically and thermally insulating plastics, so 
that these harsh conditions are a major challenge for the 
product’s mechanical integrity. Moreover, the high 
temperature causes the plastics to pyrolize, forming 
electrically conductive carbon black, which can result 
in an unacceptably low electrical resistance after sepa-
ration. Venting openings in the pyrofuse can limit both 
pressure and temperature to some extent, as long as the 
exhausted gases do not harm other components nearby.  
In a nutshell, the separation energy is one of the most 
important factors limiting the capabilities of pyrofuses 
and determining the minimum product size. 

2.2 Switching model 

Fig. 3 shows a simplified model of an electric circuit 
with a pyrofuse during separation, with an electric arc 
forming within the pyrofuse. Tab. 1 lists the meanings 
of the variables used therein and in the rest of this work 
and their exemplary values.  
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Fig. 3 RL-circuit with a pyrofuse during separa-
tion 

 
Tab. 1 Used variables and their exemplary values 

symbol meaning exemplary value 
t time  
i current  
upyro pyrofuse voltage  
R system resistance 30 mΩ 
U0 source voltage 500 V 
L system inductance 20 µH 
I0 initial or prospective 

(short-circuit) current 
U0/R ≈ 16000 A 

τ time constant L/R ≈ 0,67 ms 
 
Note that these exemplary values depend strongly on 
the individual case. For example, if a short circuit oc-
curs close to the battery, R and L are both significantly 
lower and I0, consequently, is significantly higher. 
We define 𝑡𝑡 = 0 as the moment when upyro becomes 
non-zero, i.e., when the pyrofuse starts affecting the 
electric circuit. To achieve that, it must be triggered a 
certain time period earlier. This aspect will be dis-
cussed in more detail in section 3.1. 
Using Kirchhoff’s voltage law, the voltages in Fig. 3 
sum up to eq. (1), which can be re-arranged to give the 
current change in eq. (2). 
𝑈𝑈0 = 𝑅𝑅 ∙ 𝑖𝑖(𝑡𝑡) + 𝐿𝐿 ∙

d𝑖𝑖
d𝑡𝑡 + 𝑢𝑢pyro(𝑡𝑡) (1) 

d𝑖𝑖
d𝑡𝑡 = [𝑈𝑈0 − 𝑅𝑅 ∙ 𝑖𝑖(𝑡𝑡) − 𝑢𝑢pyro(𝑡𝑡)]/𝐿𝐿 (2) 

Thus, the voltage via the electric arc upyro must be 
higher than [U0 − R ∙ i(t)] to reduce the current i(t). In 
order to reduce i(t) to zero, upyro must necessarily be 
higher than U0 and the higher [upyro – U0] is, the faster 
i(t) will decrease. 
For practical purposes, we can transform the differen-
tial equation eq. (2) into a difference equation by 
d𝑖𝑖 d𝑡𝑡⁄ ≈ (𝑖𝑖𝑛𝑛+1 − 𝑖𝑖𝑛𝑛)/(𝑡𝑡𝑛𝑛+1 − 𝑡𝑡𝑛𝑛), to give eq. (3). 
𝑖𝑖𝑛𝑛+1 = 𝑖𝑖𝑛𝑛 + (𝑡𝑡𝑛𝑛+1 − 𝑡𝑡𝑛𝑛) ∙ [𝑈𝑈0 − 𝑅𝑅 ∙ 𝑖𝑖𝑛𝑛 − 𝑢𝑢pyro,𝑛𝑛]/𝐿𝐿  

(3) 

The conservative assumption is that 𝑖𝑖0 = 𝐼𝐼0 = 𝑈𝑈0/𝑅𝑅, 
hence assuming that a short circuit was present for a 
certain time (> 3𝜏𝜏) before the pyrofuse was triggered, 
so that the induced magnetic field is fully developed. 
However, modern electronics can usually detect a short 
circuit and trigger the pyrofuse in less than 1 ms, so that 

the pyrofuse can limit i well before it reaches its maxi-
mum. Then, i0 can take on any value from zero to I0. (If 
𝑖𝑖0 = 𝐼𝐼0, the starting value t0 does not affect the out-
come, as long as t0 ≤ 0. For this investigation, we chose 
t0 = −1 ms.) 
Using eq. (3), we can plot the current i(t) during a sep-
aration with a pyrofuse if we know the corresponding 
arc voltage upyro(t). 

2.3 Simplified pyrofuse model 

Fig. 4 shows the electric parameters in a pyrofuse’s 
busbar, like that used in Hirtenberger’s CB500-2 
(shown in Fig. 1). The cutting piston separates the bus-
bar and displaces the blank by a certain distance d(t). 

 

 
Fig. 4 Simplified pyrofuse busbar model during 
separation 

Neglecting the copper’s resistivity, upyro is the sum of 
the voltage drops via the electric arcs uarc, which, in 
turn, is the sum of the anode drop voltage Udrop,anode, the 
cathode drop voltage Udrop,cathode and the arc column 
voltage ucol. The combined anode and cathode drop 
voltage (Udrop,anode + Udrop,cathode) for copper for stable 
electric arcs is around 13 V [1]. In the model in Fig. 4, 
the cutting piston separates the conductor at two posi-
tions, so that the total anode and cathode drop voltage 
is around 26 V, i.e., well below typical values of U0 (cf. 
Tab. 1). Thus, the two arc columns must provide the 
vast majority of the upyro that is necessary to reduce i to 
zero. The arc column voltage ucol strongly depends on 
many factors, among them current, atmosphere, pres-
sure and temperature, and thus, time, but the most im-
portant factor is the length of the electric arc, i.e., d(t). 

3 Modelling switching behavior 

For a constant product design, the copper blank move-
ment course d(t) is well reproducible and relatively in-
dependent from many noise factors. As upyro depends 
mostly on d(t), it can be hypothesized that upyro(t) is 
consequently also well reproducible, as long as the 
product design is kept constant. In a series of tests, we 
found that the upyro(t) is, in fact, very well reproducible 
as long as the product is not altered internally. 
For instance, Fig. 5 shows i and upyro data of a 
CB500-2, switching off I0 = 12.5 kA at U0 = 500 V and 
L = 20 µH at three different temperatures. The courses 
of i and upyro are very similar in all three cases, which 
shows that the pyrofuse’s switching behavior is well 
reproducible and very independent from the tempera-
ture. 
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2.2 Switching model 

Fig. 3 shows a simplified model of an electric circuit 
with a pyrofuse during separation, with an electric arc 
forming within the pyrofuse. Tab. 1 lists the meanings 
of the variables used therein and in the rest of this work 
and their exemplary values.  
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Fig. 5 Measured i and upyro for three different 
switching events, all with U0 = 500 V, L = 20 µH 
and I0 = 12.5 kA, at three different temperatures. 

This low temperature dependency is one of the ma-
jor advantages that pyrofuses can offer over alterna-
tives like melt fuses and is key for automotive appli-
cations. 
Fig. 6 shows i(t) and upyro(t) for five switching 
events with very different circuit parameters (i.e., 
U0, I0 and L): While the courses of i depend strongly 
on the particular circuit parameters, the courses of 
upyro are, indeed, all rather similar until i drops below 
a certain value. 

 

 
Fig. 6 Measured current i (dotted lines) and volt-
age upyro (full lines) for five switching events with 
strongly varying circuit parameters (U0, I0 and L). 
While i varies strongly, the courses of upyro are all 
very similar. 

In fact, we can assume that the voltage course is mostly 
given by the product design, neglecting all outer influ-
ences without making too much error. For example, the 
pyrofuse voltage during separation of a CB500-2 can 
roughly be given by the empirical model eq. (4): 

𝑢𝑢model(𝑡𝑡, 𝑖𝑖) =

{
 
 
 
 0,     (𝑡𝑡 < 0)
50 V + 2000 V/ms,     (0 < 𝑡𝑡 ≤ 0,05 ms)\(𝑖𝑖 = 0)
150 V + 8000 V/ms,     (0,05 ms < 𝑡𝑡 < 0,20 ms)\(𝑖𝑖 = 0)

1400 V,     (𝑡𝑡 ≥ 0,20 ms)\(𝑖𝑖 = 0)
𝑈𝑈0,     (𝑡𝑡 ≥ 0) ∪ (𝑖𝑖 = 0)

 

(4) 
In other words, this simple model assumes that the volt-
age via the pyrofuse upyro is zero before activation, and 
then increases at different rates until it reaches its max-
imum at 1400 V. As soon as the current i equals zero, 

upyro becomes U0 instantaneously (this follows form 
eq. (1)). This model is plotted in the following figures 
for illustration. 
The particular umodel in eq. (4) is valid only for the 
CB500-2, but similar models with adjusted values were 
used for various different pyrofuses and all of them 
agreed well with the respective measurement data. 
However, depending on the particular type of pyrofuse, 
a certain piece-to-piece variance and temperature de-
pendency must be considered. 
The claim that eq. (4) gives a good estimate of upyro(t) 
for various values of U0, I0 and L could be confirmed 
in various experiments. For example, Fig. 7 shows 
voltage curves of a CB500-2, switching off various dif-
ferent short circuits. The model umodel fits the measured 
voltage curves of most measurements reasonably well. 
The exception is the measurement done with 
I0 = 20 kA, where upyro deviates significantly from the 
model, probably because the separation energy was al-
ready bringing the product to its limits. 

 

 
Fig. 7 Measured current i and voltage upyro during 
five different switching events, all with U0 = 500 V 
and L = 20 µH, but very different I0. The model 
umodel fits upyro reasonably well, independently of I0. 

By combining eq. (3) and eq. (4), we can furthermore 
calculate i(t) from umodel and any values of I0, L and U0. 
Fig. 8 shows the theoretically modelled course of i us-
ing the same circuit parameters as in Fig. 7. 
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Fig. 8 The modelled current course imodel, which is 
calculated from umodel via eq. (3), agrees well with 
the measured data in Fig. 7. 

With the exception of the data with I0 = 20 kA, the 
curves are very similar to those in Fig. 7, showing the 
general usefulness of the model. The modelled separa-
tion times of these curves are very close to those meas-
ured (max. deviation 12 %). 
The model also accurately displays the fact that upyro 
must be higher than U0 to reduce i(t). Thus, we can use 
it to estimate the product’s limitation with regards to 
U0. For the CB500-2, U0 must be below 1400 V, as 
shown in Fig. 9. 

 

 
Fig. 9 Modelled current i during four switching 
events, all with I0 = 16 kA and L = 20 µH, but very 
different U0; i(U0 = 1600 V) will never reach zero. 

This model furthermore allows estimating the total dis-
sipated electric energy 𝐸𝐸total = ∫ 𝑢𝑢(𝑡𝑡) ∙ 𝑖𝑖(𝑡𝑡)d𝑡𝑡. As 
mentioned, this energy is the most important challenge 
for pyrofuses, as it causes high temperature and pres-
sure and possibly energy emission and thus determines 
the maximum possible short-circuit current that can be 
disconnected safely. While the inductive energy Eind 
depends only on I0 and L, the total energy to be dissi-
pated also depends on U0 and on upyro(t), as can be seen 
in Tab. 2. 
 

Tab. 2 Examples of calculated separation times and 
energies to be dissipated depending on the circuit pa-
rameters, assuming a pyrofuse that provides a upyro ac-
cording to umodel 

I0 
/ kA 

L 
/ µH 

U0 
/ V 

t(i=0) 
/ ms 

Eind 
/ kJ 

Etotal 
/ kJ 

2 20 500 0.15 0.04 0.06 
5 20 500 0.21 0.25 0.32 

10 20 500 0.29 1.00 1.18 
12.5 20 500 0.36 1.56 1.85 

16 20 500 0.40 2.56 2.95 
20 20 500 0.47 4.00 4.33 
25 20 500 0.56 6.25 6.08 
16 10 400 0.25 1.28 1.48 
16 20 400 0.38 2.56 2.87 
16 20 800 0.46 2.56 3.18 
16 20 1200 0.64 2.56 3.43 
16 20 1600 ∞ 2.56 ∞ 

 
What Etotal is acceptable depends on the individual 
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Fig. 10 Modelled current i during five switching 
events, all with U0 = 500 V and L = 20 µH, but very 
different I0. In these cases, the pyrofuse was trig-
gered while the current was increasing. 

The stated tdelay of 0.8 ms can be reduced further with 
suitable detection and triggering technology to less 
than 0.5 ms. As Fig. 10 shows, this has a significant ef-
fect on the resulting Etotal, so that much higher I0 can be 
switched off with a certain product. 

3.2 Protecting the electric system 

In its application, the main purpose of a pyrofuse is to 
protect other vehicle components from overcurrents, so 
that they do not overheat. The longer the separation 
takes, the higher is not only the heat created within the 
pyrofuse, but also that created in other components that 
are connected in series. 
To test this, a contactor with 4 Ω resistance was con-
nected in series with a Hirtenberger CB500 pyrofuse 
and the latter was used to switch off a nascent short cir-
cuit. Fig. 11 compares the modelled i-curves to the 
measured data with two different tdelay. As a CB500 was 
used rather than a CB500-2, a modified model for the 
pyrofuse voltage course umodel* was used here. With this 
adjusted model, the course of i can once again be pre-
dicted quite well, although the model deviates some-
what from the measured data. 

 

 
Fig. 11 Measured and modelled i and upyro during 
two switching events of a CB500 with U0 = 880 V, 
L = 15 µH and I0 = 19 kA, where the pyrofuse was 
triggered while the current was increasing, with dif-
ferent tdelay. 

As U0 was rather high (880 V) and umodel* is lower than 
umodel, the pyrofuse takes significantly longer to switch 
the current off than in Fig. 10. The data show again that 
the course of upyro is very well reproducible for a con-
stant product design. In addition to Etotal, Fig. 11 lists 
the energy 𝐸𝐸4Ω = 4 Ω ∙ ∫ 𝑖𝑖2(t)d𝑡𝑡 that formed within 
the contactor with the 4 Ω resistance during the short 
circuit. The additional delay of 0.2 ms has a minor ef-
fect on the heat created within the pyrofuse during sep-
aration (Etotal), but a high influence on the heat created 
in the hypothetical additional product (E4Ω, +50 % in 
this case). 
In the case of tdelay = 0.7 ms, the resulting 4.5 kJ of heat 
energy was too much for the used contactor, resulting 
in its disintegration. This is why the measured i was 
lower than that modelled: The contactor’s resistance 
rose significantly upon combustion, thus limiting the 
current. While we used a contactor in this example, the 
same principle can be applied to all system components 
that have to carry the short-circuit current. This shows 
how critical it is to keep tdelay as low as possible.  

4 Conclusion 

The switching behavior of the presented pyrofuses is 
almost independent from the ambient temperature and 
it can be modelled very well for a variety of electrical 
systems: As long as the product design is kept constant, 
the voltage course is well reproducible. From this volt-
age course, we can calculate the current course and the 
separation time as well as the total energy to be dissi-
pated upon separation, which is crucial for estimating 
the capabilities of a pyrofuse. 
It is crucial that the pyrofuse is activated with as little 
time delay as possible, ideally less than 0.5 ms, when a 
short circuit is forming. Otherwise, the high short-cir-
cuit currents will damage the other components in the 
system and the maximum possible prospective short-
circuit current to be switched is severely reduced. 
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Pyrofuses are already a suitable alternative to melt 
fuses as an overcurrent protection in electric vehicles, 
thanks to their low internal resistance, reliability, good 
aging behavior and controllability, and, last but not 
least, their economic competitiveness. 
Current work focuses on increasing the maximum pos-
sible separation energy of pyrofuses, while simultane-
ously limiting their sizes and costs, thus making them 
continuously more competitive with conventional pro-
tection solutions. 
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Automotive trends and impact on electromechanical components 
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Abstract 

Megatrends such as digitization, networking, and electrification have an enormous impact on electrical connectiv-
ity requirements for Automotive applications. In this paper, we highlight how these trends effect Automotive con-
tacts such as high-speed data, power charging contacts, and switching contacts.

1 Introduction 

1.1 What are Contacts?  

Analogies from nature can be useful to illustrate tech-
nical issues. Most people naturally first think of con-
tacts in terms of fellow human contact, which can be 
divided into two categories: family connections as well 
as social and professional networks. While the former 
is directly associated in a mostly permanent 1:1 con-
nection, the latter are found in more dynamic, some-
times less tightly bound connections, that are increas-
ingly linked together using digital tools.  
 
Just as on the human level, we see a greater intermix-
ing, and sometimes shifting, of the importance of these 
connections in technology. Correspondingly, we see in 
the technical world an increasing interconnection of 
analogue (the familial) and digital (the networks) 
worlds (domains). Digitalization is leaving its mark 
and changing our world faster than any technological 
trend before and it has the potential to help solve one 
of our biggest societal problems - the dramatic increase 
in resource consumption. Exponential increase of 
many global populations, along with the aging occur-
ring within many of those populations, will require so-
cieties to adapt. These adaptations will bring about new 
ways of thinking, new socio-economic models, busi-
ness models, and development of services that must be 
sustainable to meet the changing circumstances in the 
world.  
 
1.2 Connectivity Trends in Automotive 

In the mobility sector, electric vehicles have recently 
made enormous gains in importance because they ena-
ble drive system efficiency improvements and with the 
use of renewable energies, progress towards de-fossil-
ization of mobility. Inherently, this use of battery elec-

tric drive trains also allows for the use of green hydro-
gen as an energy source which will increasingly play a 
role in several mobility sectors.  
 
Though the focus of automated or autonomous driving 
technologies have once again attenuated, they have lost 
none of their long-term importance. Electric and auto-
mated driving used together can inherently enable new 
mobility concepts and open up new eco-systems inside 
and outside the vehicle. Connected vehicles, enabled 
by the use of additional sensor technology plus electri-
fication, both considered individually and in various 
combinations, have and will continue to give rise to 
further business models.  
 
The development of these new mobility formats brings 
together three very different industrial sectors: the leg-
acy vehicle industry, the energy and electrical industry, 
and the digital economy. Each side has its own devel-
opment dynamics, comes from different standardiza-
tion regimes, and has a different view of product life 
cycles. Successful collaboration between these very 
different sectors will require the ability to keep the as-
sociated and steadily increasing complexity under con-
trol. 
 
Recent years have seen a major shift of automotive ac-
tuator technology development from mechanical, to 
electrical to being on-demand driven. This has neces-
sarily led to a rapid growth in the amount of electrical 
control and monitoring signal lines. A modern vehicle 
now has up to ~ 100 Electronic Control Units (ECU) 
with more than 3,000 contacts - reaching a level of 
complexity that can only be managed with great effort 
in product planning, development, and production. Re-
cently, new architectural approaches are trying to coun-
teract this increasing complexity by reducing the num-
ber of ECUs.  
 
On the data side, we see a transition from today's de-
centralized arrangement in which each application has 
its own ECU, to consolidation within a zonal/ multi-
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domain architecture where applications are grouped to-
gether according to their in-vehicle location, to a future 
central architectural configuration with overall central 
computer control from which almost everything is to 
be controlled (see Fig. 1).  

 
Fig. 1 Change of data architecture from current de-
centralized (left) to multi-domain (right) 
 
A major reason for this complexity trend is the increas-
ing software load in vehicle development which now 
accounts for 40% of development expenditure. For ex-
ample, the software share of a modern luxury class ve-
hicle is around 100 Million Lines Of Code (MLOC) 
(see Fig. 2). With the control distributed over the 
above-mentioned number of ECUs, the drive towards 
centralization can be clearly understood; particularly 
considering that the MLOC level may grow to 700 in 
the next few years as new applications are developed. 
On the power side, a similar industry-changing trans-
formation is happening as the transition from a me-
chanical to an electrical drive system is occurring.  
 

Fig. 2 Examples of increasing complexity regarding 
the underlying software (MLOC) 

2 Electrical Contacts for Auto-
motive Applications 

We can divide contacts in automotive contact applica-
tions into the following five subcategories:  

1. classic 12/14V board net contacts 
(pure signal, analog data, low power) 

2. high-speed data contacts 
(digital communication) 

3. power contacts 
(vehicle systems) 

4. charging application contacts 
5. switching contacts 

 
Three examples will be used to explain how the mega-
trends of digitization, networking and electrification 
affect these contact classes in cars. 

2.1 High-speed data 

The most important trends are miniaturization and a 
constant increase in data rates for both differential and 
coaxial data transmission between electronic devices. 
Although the development of optical systems began 
early on, this transmission path type has not displaced 
copper in cars for two main reasons. First, the robust-
ness requirements regarding handling and maintenance 
are more challenging for an optical data transmission 
path. This leads directly to higher cost as compared to 
copper-based transmission path development. Second, 
the data rates are not (yet) so high that copper in com-
bination with sophisticated chipsets can no longer han-
dle them. Therefore, in-vehicles coaxial, or whenever 
possible differential, transmission is achieved by opti-
mizing the transmission paths. Copper lines are fully 
capable of executing data rates of 25 Gbit/s and more 
to be sufficient for (near) future infotainment and in-
formation management applications within a vehicle.  
 
Two strategies are primarily being pursued to enhance 
the performance of copper transmission lines. First, re-
duction of losses and attenuation within the transmis-
sion path (insertion loss) can be achieved by reducing 
the cable lengths. Vehicle manufacturers have found 
ways to reduce the cable lengths from as high as 15 
meters to just a few meters. Miniaturization is not only 
taking place in the devices and connectors. Short cables 
also allow for further reduced cable cross-sections, 
which always provides welcome savings. These ad-
vantage in terms of transmission rate and cost comes at 
the price of lower mechanical robustness of the thinner 
cables which must be addressed within the vehicle sys-
tem. The second strategy is to optimize the contact de-
signs along with their cable transition interfaces - deci-
sive factors in reducing reflection losses. The increas-
ing miniaturization of connectors is leading to ever 
smaller permissible manufacturing and assembly toler-
ances as well as reduced contact sizes that can only be 
processed using fully automatic processing methods. 
To optimize data transmission along a full channel, the 
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ization of mobility. Inherently, this use of battery elec-

tric drive trains also allows for the use of green hydro-
gen as an energy source which will increasingly play a 
role in several mobility sectors.  
 
Though the focus of automated or autonomous driving 
technologies have once again attenuated, they have lost 
none of their long-term importance. Electric and auto-
mated driving used together can inherently enable new 
mobility concepts and open up new eco-systems inside 
and outside the vehicle. Connected vehicles, enabled 
by the use of additional sensor technology plus electri-
fication, both considered individually and in various 
combinations, have and will continue to give rise to 
further business models.  
 
The development of these new mobility formats brings 
together three very different industrial sectors: the leg-
acy vehicle industry, the energy and electrical industry, 
and the digital economy. Each side has its own devel-
opment dynamics, comes from different standardiza-
tion regimes, and has a different view of product life 
cycles. Successful collaboration between these very 
different sectors will require the ability to keep the as-
sociated and steadily increasing complexity under con-
trol. 
 
Recent years have seen a major shift of automotive ac-
tuator technology development from mechanical, to 
electrical to being on-demand driven. This has neces-
sarily led to a rapid growth in the amount of electrical 
control and monitoring signal lines. A modern vehicle 
now has up to ~ 100 Electronic Control Units (ECU) 
with more than 3,000 contacts - reaching a level of 
complexity that can only be managed with great effort 
in product planning, development, and production. Re-
cently, new architectural approaches are trying to coun-
teract this increasing complexity by reducing the num-
ber of ECUs.  
 
On the data side, we see a transition from today's de-
centralized arrangement in which each application has 
its own ECU, to consolidation within a zonal/ multi-
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impacts of all components need to be well understood 
and balanced together as a system (see Fig. 3 and [1]). 
 

Fig. 3 Considerations for designing the physical 
layer of the full data transmission channel, including 
integrated circuits (IC), cables, and connectors [1] 
 
Automation of wire harness production is a trend that 
also aims to further reduce failure rates. A necessary 
step, considering that traditional wire harness produc-
tion is almost entirely done by hand. In the future, the 
previously mentioned architecture adaptations will 
make it possible to break down complex customer-spe-
cific harnesses into ever smaller independent segments 
to facilitate automatic production. This will require 
changes to connectors and contact designs such as grip-
per-compatible housing shapes, robust insertion zones, 
mechanical overload protection features, etc. 
 
Fully automated harness production will also be im-
portant for the larger high-voltage components of the 
electrified powertrain. Similar design conditions apply 
here, except that additional physical parameters must 
be optimized in addition to the shielding quality. The 
most important parameter to manage is the electrical 
resistance. Greater resistance leads to greater power 
dissipation and heat generation. A sub-category with its 
own set of distinct requirements is the charging con-
nector, which is considered next. 

2.2 Power contacts for vehicle charging 

A well-known and often discussed (psychological) bar-
rier to the adoption of electric drive vehicles within the 
industry is range anxiety. The possible and reasonable 
range of an electric vehicle per charge depends to a 
large extent on how it will be used and the availability 
level of on-demand charging facilities. Western vehicle 
users are conditioned to own a multi-purpose vehicle; 
a vehicle for every conceivable use case. In Asia, this 

expectation is less common, but there too, a compro-
mise must be found between the amount of on-board 
energy available and the energy demand of the vehicle. 
Large batteries allow longer ranges but incur high costs 
and inefficiencies from the additional weight. Smaller 
batteries need to be charged more frequently, however 
-from a psychological perspective- might be expected 
to charge more quickly. 
 
In addition to battery parameters such as cell chemistry, 
dimension, and capacity, a lot of attention is paid to the 
charging process. The goal is to have charging resem-
ble the traditional vehicle refuelling process as much as 
possible. This means that there is pressure to maximize 
the current used to be able to charge the battery in the 
shortest possible time. This leads to charging current 
density increases. Due to the relationship I² x R, there 
are quadratic increases in thermal losses with such cur-
rent increases which leads to greater cable cross-sec-
tion requirements.  
 
An alternative approach is to increase voltage. To 
achieve similar or increasing charging energy (charg-
ing rate), doubling the voltage would allow the current 
needed to be halved while reducing thermal losses to a 
quarter – a significantly lower loss when compared to 
the current increase approach. Correspondingly, a sig-
nificantly greater level of charging energy can be trans-
ferred at the same cable cross-section by using higher 
charging voltages. Currently, fast charging systems are 
in use that deliver well over 200 A charging current. 
Several car manufacturers have already announced 800 
V charging processes, and even a voltage level ~ 1500 
V is being discussed, which would result in charging 
power levels in the megawatt range! The requirements 
for new types of Direct Current (DC) charging contacts 
are getting correspondingly higher. And on the cable 
side, the copper cable cross-sections required for this 
1500 V would be far above 90 mm² which is not easily 
installed due to the weight and the required large bend-
ing radii for such large flexible cables. Aluminium ca-
ble could lead to a reduction in weight but would re-
quire even larger cable cross-sections than copper.  
 
As described, the electrical contact resistance of the 
charging contact over the application lifetime is one of 
the most important requirements. Achieving a separa-
ble connection electrical resistance close to that of a 
permanent connection is only possible with corre-
spondingly high contact forces, large cross sections, 
and highly conductive materials and contact surfaces. 
Due to the frequent use that is required of customer 
charging interfaces, high contact forces are a hindrance 
for two reasons. First, contact surface wear levels in-
crease with contact force. Second, high mating forces 
are not reasonable for the user. An additional difficulty 
factor for the case of the charging connector applica-
tions is that the applicable standard requires a level of 
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10,000 mating cycles, and for some customers far be-
yond that. Therefore, keeping the charging interface re-
sistance low and consistent over the service lifetime of 
the connection can be a challenge. If the interface re-
sistance increases during charging, the resulting con-
nector temperature increase will be detected leading to 
system charging power level capability reductions be-
ing applied. This will lead to prolonged charging times, 
and at a worst case, interruption.  
 
In addition, there are other sources of increased wear 
and tear variability on the charging interface such as 
debris and/or damage caused by customer dropped 
plugs, and the almost infinite combinations of different 
vehicles and charging stations interface designs. The 
standardization of the charging interface contact design 
has not been defined, only the interface geometry. 
Therefore, the contact pin on the vehicle side charged 
using a tulip infrastructure plug contact one time, can 
subsequently be charged using a lamella infrastructure 
plug contact the next time, and so on. With each mating 
cycle, this specific pin/plug combination with their 
mating histories creates a "fingerprint" with a different 
wear pattern. Consequently, in a growing DC charging 
network, fault transmission and propagation will also 
have to be addressed, including a customer-friendly di-
agnosis and repair strategy. This example shows that 
the additional automotive connectors interface design 
rules are no longer sufficient and there is room for in-
novation.  
 
The potential risks of injury when charging at higher 
voltages must be considered to not only meet vehicle 
servicing requirements, but also take into consideration 
that the battery charging operation is an inherently Di-
rect Current (DC) process. Contact safety of ‘live’ con-
tacts cannot be achieved by the surrounding connector 
housing alone. High Voltage (HV) connector contact 
pins therefore often have captive finger protection fea-
tures on their visible front end. Systems are designed 
to have additional safety features within the vehicle, 
such as interlocks, to be able to detect any conduction 
loop interruption if disconnection of a power interface 
under load occurs. In this way, the potential for arcing 
occurring in this case scenario can be prevented by a 
safety system disconnection of the power source from 
the HV vehicle electrical system prior to arc initiation. 
This disconnection should be reserved exclusively for 
the contacts intended for this purpose – those used in 
contactors.  

2.3 Contactors 

Contacts in contactors are used to implement electrical 
isolation of the energy storage device from the rest of 
the HV vehicle electrical system as needed. In the open 
state, they must ensure electrical isolation in accord-
ance with the electrotechnical regulations, and in the 

switched or closed state, they must enable safe trans-
mission of power. A deep understanding of the applica-
tion is required to be able to fully characterize both op-
erating states. Modern energy storage systems in elec-
tric vehicles can have very low internal resistances and 
thus generate short-circuit peak currents of up to 30kA 
in the event of a fault, which can be limited by parasitic 
physical effects, but must be precisely understood in 
terms of their dynamics. The safety of the overall sys-
tem is therefore based on a precise coordination of a 
multi-stage protection strategy at the level of the entire 
vehicle and the Battery Management System (BMS) 
with its administered individual components: HV fuse 
or pyro-switch and contactors, pre-charge relays, the 
battery sensor system and battery status detection. This 
ensemble must work together as an overall system over 
the wide range of current conditions such as open state, 
continuous, overcurrent, short circuit, and transients 
that can occur. 
 
The normally open contacts of contactors, for example, 
must be designed to be able to switch in response to 
different current conditions (disconnection during 
charging, or recuperation, or during normal driving op-
eration and its extreme cases such as short circuits). At 
first glance, this does not seem logical for an electrical 
contact, but it becomes understandable when the use of 
additional magnetic arc quenching devices is consid-
ered. Blast magnets oriented perpendicular to the con-
tact current flow direction are used to deflect any arcs 
formed between the separating DC contacts and extend 
them to achieve an arc break condition faster. Physi-
cally, the direction of arc deflection is dependent on the 
current direction due to the polarized magnetic blowout 
field. Depending on the design and installation space, 
it can therefore be assumed that the switch-off capabil-
ity varies depending on the direction of current. There-
fore, the contact design must be accordingly optimized 
geometrically (see Fig. 4 and [2]). In automotive appli-
cations, additional influencing factors come into play 
such as shock and vibration. 

Fig. 4 Repulsion and attraction force of the current 
in the external magnetic field (left: discharge, right: 
charge [2]) 
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integrated circuits (IC), cables, and connectors [1] 
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dissipation and heat generation. A sub-category with its 
own set of distinct requirements is the charging con-
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industry is range anxiety. The possible and reasonable 
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large extent on how it will be used and the availability 
level of on-demand charging facilities. Western vehicle 
users are conditioned to own a multi-purpose vehicle; 
a vehicle for every conceivable use case. In Asia, this 

expectation is less common, but there too, a compro-
mise must be found between the amount of on-board 
energy available and the energy demand of the vehicle. 
Large batteries allow longer ranges but incur high costs 
and inefficiencies from the additional weight. Smaller 
batteries need to be charged more frequently, however 
-from a psychological perspective- might be expected 
to charge more quickly. 
 
In addition to battery parameters such as cell chemistry, 
dimension, and capacity, a lot of attention is paid to the 
charging process. The goal is to have charging resem-
ble the traditional vehicle refuelling process as much as 
possible. This means that there is pressure to maximize 
the current used to be able to charge the battery in the 
shortest possible time. This leads to charging current 
density increases. Due to the relationship I² x R, there 
are quadratic increases in thermal losses with such cur-
rent increases which leads to greater cable cross-sec-
tion requirements.  
 
An alternative approach is to increase voltage. To 
achieve similar or increasing charging energy (charg-
ing rate), doubling the voltage would allow the current 
needed to be halved while reducing thermal losses to a 
quarter – a significantly lower loss when compared to 
the current increase approach. Correspondingly, a sig-
nificantly greater level of charging energy can be trans-
ferred at the same cable cross-section by using higher 
charging voltages. Currently, fast charging systems are 
in use that deliver well over 200 A charging current. 
Several car manufacturers have already announced 800 
V charging processes, and even a voltage level ~ 1500 
V is being discussed, which would result in charging 
power levels in the megawatt range! The requirements 
for new types of Direct Current (DC) charging contacts 
are getting correspondingly higher. And on the cable 
side, the copper cable cross-sections required for this 
1500 V would be far above 90 mm² which is not easily 
installed due to the weight and the required large bend-
ing radii for such large flexible cables. Aluminium ca-
ble could lead to a reduction in weight but would re-
quire even larger cable cross-sections than copper.  
 
As described, the electrical contact resistance of the 
charging contact over the application lifetime is one of 
the most important requirements. Achieving a separa-
ble connection electrical resistance close to that of a 
permanent connection is only possible with corre-
spondingly high contact forces, large cross sections, 
and highly conductive materials and contact surfaces. 
Due to the frequent use that is required of customer 
charging interfaces, high contact forces are a hindrance 
for two reasons. First, contact surface wear levels in-
crease with contact force. Second, high mating forces 
are not reasonable for the user. An additional difficulty 
factor for the case of the charging connector applica-
tions is that the applicable standard requires a level of 



396

lead to levitation). Under no circumstances may unin-
tentional contact opening/bouncing be allowed to oc-
cur during operation since such short-time openings 
can lead to contact welding. For example, as contact 
surface materials can melt under the effect of an arc, if 
the contact comes to rest again against the opposite sur-
face too quickly (e.g., a bounce) solidification leading 
to contact welding could occur. This risk is prevented 
by careful selection of contact material and force bal-
ance adaption within the scope of the contactor speci-
fication.  
 
Overall, the service life of a contactor is strongly de-
pendent on its use cases. In addition to the number, di-
rection, and strength of the switch-off operations; con-
tact wear also depends on the contact chamber design 
and the arc extinguishing mechanism used. There is a 
complex mix of factors that must be thoroughly con-
sidered to enable safe as well as cost-effective long-
term operation in a vehicle. For safety purpose, switch-
ing state detection and switching history are monitored 
by the BMS and increasingly accurate wear models are 
stored in the diagnostic routines. This is a good exam-
ple of how the physical and logical layers in the vehicle 
can be better networked and how the ever-increasing 
computing power in central computers can be used in 
the future for real-time simulations and diagnostics in 
the vehicle.  
 

2.4 Other Considerations 

2.4.1 Semiconductor technology 

When considering the growing demands, semiconduc-
tor technology should not be neglected. Power elec-
tronics are developing rapidly, and their large-scale in-
dustrial use creates a scaling opportunity for new sem-
iconductor technologies. At higher costs, it is possible 
to obtain higher performance from converters by using 
silicon carbide (SiC) semiconductors. For example, 
their higher switching frequencies allow the size of 
components in power electronics to be reduced which 
leads to valuable installation space savings of up to 
50% to compensate for the higher semiconductor costs. 
Functional integration of power electronics into the 
electric motor thus becomes easier and vehicle integra-
tion allows modular designs. 
 
However, the possibility of achieving higher switching 
frequencies by using SiC also has an influence on the 
electromagnetic interference energies emanating from 
the power electronics directly via the line or via other 
geometries acting as antennas. This can lead to inter-
ference in other electronic functions. Therefore, the 
shielding effectiveness requirements for such unin-
tended disturbances are becoming more stringent. Es-
pecially when it comes to improving the reliability of 

safety relevant functions in the environment of auto-
matic or autonomous driving. The shielding effective-
ness enabled by the contact between connector shield-
ing components and the housings on which they are 
mounted is becoming increasingly demanding. This is 
only made more difficult to achieve considering that 
the housings used are not made of preferred electrical 
conductor materials, but of alloys or even composite 
materials. Ensuring a permanently low impedance of 
the shield connection points is thus another technical 
challenge in the use of Alternating Current (AC) power 
in and around electric drive systems.  

2.4.2 Thermosimulation 

The development of models for contact systems for use 
in simulation environments is becoming increasingly 
important to be able to optimize materials used for spe-
cific vehicle applications, as well as ensure reliable 
function over the service lifetime. Linking electrical 
and thermal simulations is a logical step which allows 
for the direct analysis of the thermal consequences of 
applying the current profiles used in driving or charg-
ing operations along the complete power path. Possible 
instances of thermal overloads that could potentially 
lead to subsequent accelerated degradation and possi-
ble early failures can thus be identified and eliminated 
early in the design process. At the same time, oversiz-
ing of lines and components can be avoided since pos-
sible load scenarios can be compared with the planned 
operating strategy at any time.  
 
An example illustrating the use of this simulation tech-
nique is optimization of energy transmission paths dur-
ing the fast charging of a traction battery. The use of 
large conductor cross-sections in the charging path is 
often already sufficient enough to dissipate any accu-
mulating current driven connector heating away from 
the contact zone. In the case of very short charging 
times, for high-capacity batteries or highly dynamic 
driving operations, high temperatures are to be ex-
pected in the contact zones. This heating must not lead 
to exceeding the critical limit temperatures of the ma-
terials and contact surfaces used at any time. Transi-
ents, which could occur during a fault condition, must 
also be considered in the dimensioning of the system 
design since short current peaks in small current-trans-
mitting geometries or thin layers can represent an adi-
abatic load. In effect, the peak heat input at the contact 
zone during such an effectively adiabatic transient 
event is not dissipated by thermal conductivity. There-
fore, calculating heat loss by evaluating an average 
value is not sufficient since such transient current peaks 
are too short for thermal dissipation to be a factor. 
Physically, these events can lead to accelerated aging 
or total failure of a connector.  
 
Existing electrical power beam cross-section design ta-
bles for electrotechnical systems compensate for any 
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additional simultaneous occurrence of such load excur-
sions by means of a correspondingly high safety mar-
gin. To optimize such an electrical design by applying 
system level simulation, uniform individual models of 
all components involved must be available to be able 
to dynamically calculate their electro-thermal behav-
iour throughout the network. As part of an industry-
wide collaboration, the ZVEI published Technical 
Guideline TLF 0101 [3] describes this type of model 
structure and its parameter sets. The thermal behaviour 
is translated into electrical equivalent circuit diagrams 
by means of sources, sinks, resistances and capaci-
tances. Connectors, conduction path lines, and other 
components can be represented at the component 
model and linked together in a wide variety of simula-
tion environments (see Fig. 5).  

Fig. 5 Model for thermosimulation 
 
This approach shows how specific knowledge in the 
field of contact physics can be made available in a user-
friendly way that is closely representative of the appli-
cation. In a form for use with development tools that 
are available throughout the industry. 
 

3 Conclusions 

Societal changes and economic goals drive megatrends 
such as electrification and digitalization and are ac-
companied by miniaturization and functional integra-
tion to achieve performance increases with decreasing 
material usage. This leads to an ever-increasing power 
and information density and requires reliable product 
designs that keep pushing to the physical limits. 
Contacts are an excellent example of the increasing re-
quirements. High operating temperatures, harsh envi-
ronmental conditions as well as rising material costs, 
or even material bans, force constant innovations and a 
deep understanding of the application and the technical 
relationships between the product and its environment. 
Simulations can support the design process and enable 
faster and more advanced optimization of contacts and 
its systems.  
In an ever-connected world, connectivity and with it 
the underlying contacts -which on an atomic level pro-
vide the basis for each traveling electron- are becoming 
increasingly important because so much more depends 

on them. The robust and reliable physical foundation is 
the imperative basis for the progressively software-
driven innovations in product enhancements and ser-
vices, without which new ecosystems would not work.  
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Abstract 

To ensure reliable long-term performance of high-voltage switchgear, IEC series 62271 prescribes material spe-
cific limit temperatures that may not be surpassed during continuous current type tests and during normal contin-
uous operation, respectively. With the second edition of IEC 62271-1, published in July 2017, silver-plated contacts 
can now reach a limit temperature of 115 °C, which is 10 K higher than before. Silver-plated contacts are often 
used to implement sliding or plug-in connections in the nominal current path of High-Voltage Products like Gas-
Insulated Switchgear (up to 8 000 A) and Generator Circuit Breakers (up to 50 000 A). In the present contribution 
we discuss how thermal design of high-voltage products can be adapted to utilize the new limit temperature for 
higher current ratings and how long-term performance of the contact systems are influenced by temperatures. We 
present measures to qualify contact systems for reliable long-term operation at 115 °C: Specifically, relaxation 
behaviour of spring-loaded elements based on copper alloys and steel as well as thermal stability of grease are 
verified by application-related long-term tests and extrapolation methods. 

1 Introduction and Background 

1.1 High Voltage Products and Contact 
Systems 

 
Fig. 1: High-voltage gas-insulated switchgear 

Metal-enclosed gas-insulated switchgear (GIS) is an 
option for low-loss transmission and distribution of 
electrical power (Fig. 1). Due to the high electrical 
strength of the insulating gas SF6 or more eco-efficient 
alternatives, these systems are very space saving. Rated 
Voltages up to 1 200 kV as well as rated currents up to 
8 000 A are available. The most common contact sys-
tem are power connectors with silver coated CuCr1Zr 
helical springs (“spiral contacts” Fig. 2) for quasi-sta-
tionary (bus-ducts) and dynamic (disconnector, circuit 
breaker, …) use. To ensure low plug-in and sliding 

forces as well as high tribological lifetime (up to 
10 000 close-open operations), lubrication in the form 
of grease is applied. 

 
Fig. 2: Contact system using spiral contacts 

Generator circuit breakers (GCBs, Fig. 3) are typical 
components that can be found in power plants. The key 
role of GCBs is to protect the power generation system 
by switching the circuit between generator and trans-
former in a power plant. The use of a GCB is wide-
spread because it offers many advantages for the oper-
ation of power plants such as simplified and more flex-
ible procedures and higher reliability and availability 
[1]. These breakers are subjected to lower voltages (up 
to 31.5 kV) compared to the GIS equipment, but they 
experience for most time of their operating lifetime 
very high nominal currents (up to 50 000 A). For this 
application the contact systems are different compared 
to the ones of the GIS. The most used contacts for GCB 
are finger contacts with a spring to build up the desired 
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contact force. The springs for such application are nor-
mally made from steel. The contact systems for GCBs 
are normally dynamic contact systems, with different 
speeds ranging from slow (around 1-2 mm/s) to very 
fast (4-5 m/s). To transport reliably such very high cur-
rents it is crucial to minimize the thermal losses, thus 
the contact resistance must be as low as possible. 

 
Fig. 3: Generator circuit breaker (GCB) 

From user perspective, common key requirements for 
GIS and GCB are absolute reliability and a long service 
life: 40 years and more without exchange of active 
parts in the current path. Thus, contact systems must 
provide connection resistances in the single digit μΩ-
range; being stable over decades and over up to 20 000 
plug-in cycles. The service life in the range of decades 
provides a challenge from a qualification standpoint, 
with R&D cycles that are in the range of a few years or 
shorter. 

1.2 Standardization and Long-Term 
Performance of Contact Systems 

To ensure reliable long-term performance of contact 
systems, material specific limit temperatures are de-
fined in standards. For high voltage devices, IEC series 
62271 is most relevant. With the second edition of IEC 
62271-1, published in July 2017 [2], silver-plated con-
tacts can now reach a limit temperature of 115 °C, 
which is 10 K higher than in the previous edition [3]. 
This change is expected to follow in the GIS and GCB 
product standards [4], [6] as well as in Chinese stand-
ardization (GB/T and DL). 
 
Temperature limits in standardization derive from the 
fact that degradation mechanisms of electrical contacts 
accelerate with increasing temperature [7]. For con-
tacts systems that allow relative movement and/or sep-
aration of the contact partners in operation, chemical 
reactions at the surface, i. e. oxidation and formation of 
insulating oxide surface films are most critical. Thus, 
the limit temperature depends on coating material and 
ambient medium: A bare copper contact may reach a 

maximum temperature of 75 °C in an oxidizing gas 
(e. g. air) while when operated in a non-oxidizing gas 
(e. g. SF6) a bare copper contact is allowed to reach 
115 °C [2]. The highest limit temperature is allowed 
when using silver-plated contacts (115 °C in both oxi-
dizing and non-oxidizing gases). 
 
Limit temperatures may not be surpassed during con-
tinuous current type tests. During normal continuous 
operation, these temperatures would be reached at 
maximum ambient temperature when operated with 
rated current for several hours (thermal steady state). 
 
A successful continuous current type test alone is not 
enough to qualify a high-voltage product for reliable 
long-term operation. It is the responsibility of the man-
ufacturer to ensure that all materials and designs are 
long-term stable at the operating temperatures. The in-
crease of the contact temperature limit from 105 °C to 
115 °C subjects the contact system and adjacent com-
ponents to higher thermal stress. With respect to the 
contact system, two key degradation processes can be 
identified [10]: 

• reduction of contact force due to relaxation of 
spring elements 

• aging of the lubricant (grease) and resulting 
degradation of tribological performance 

Based on an estimation in [7], the 10 K increase in op-
erating temperature is expected to accelerate aging by 
a factor 2 to 3. 

1.3 Thermal Design of High Voltage 
Products 

There is an incentive towards using higher limit tem-
peratures: Higher temperature means more heat trans-
fer, which in turn allows higher power loss and current 
density in the conductors. Designing high voltage 
products, higher current densities enable more compact 
devices (using less material) or higher current ratings 
(using the same amount of material). 

2 Qualification of Power Contacts 
for 115 °C 

2.1 Mechanical and Electrical 

The mechanical and electrical qualification tests are fo-
cused on the temperature induced reduction of contact 
force and its possible effect on the connection re-
sistance. We exemplarily show procedure and results 
of a contact system with copper based (CuCr1Zr), 
spring loaded spiral contacts (Fig. 2). Similar tests and 
evaluations are conducted on systems with contact 
force being created via steel springs. 
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Abstract 

To ensure reliable long-term performance of high-voltage switchgear, IEC series 62271 prescribes material spe-
cific limit temperatures that may not be surpassed during continuous current type tests and during normal contin-
uous operation, respectively. With the second edition of IEC 62271-1, published in July 2017, silver-plated contacts 
can now reach a limit temperature of 115 °C, which is 10 K higher than before. Silver-plated contacts are often 
used to implement sliding or plug-in connections in the nominal current path of High-Voltage Products like Gas-
Insulated Switchgear (up to 8 000 A) and Generator Circuit Breakers (up to 50 000 A). In the present contribution 
we discuss how thermal design of high-voltage products can be adapted to utilize the new limit temperature for 
higher current ratings and how long-term performance of the contact systems are influenced by temperatures. We 
present measures to qualify contact systems for reliable long-term operation at 115 °C: Specifically, relaxation 
behaviour of spring-loaded elements based on copper alloys and steel as well as thermal stability of grease are 
verified by application-related long-term tests and extrapolation methods. 

1 Introduction and Background 

1.1 High Voltage Products and Contact 
Systems 

 
Fig. 1: High-voltage gas-insulated switchgear 

Metal-enclosed gas-insulated switchgear (GIS) is an 
option for low-loss transmission and distribution of 
electrical power (Fig. 1). Due to the high electrical 
strength of the insulating gas SF6 or more eco-efficient 
alternatives, these systems are very space saving. Rated 
Voltages up to 1 200 kV as well as rated currents up to 
8 000 A are available. The most common contact sys-
tem are power connectors with silver coated CuCr1Zr 
helical springs (“spiral contacts” Fig. 2) for quasi-sta-
tionary (bus-ducts) and dynamic (disconnector, circuit 
breaker, …) use. To ensure low plug-in and sliding 

forces as well as high tribological lifetime (up to 
10 000 close-open operations), lubrication in the form 
of grease is applied. 

 
Fig. 2: Contact system using spiral contacts 

Generator circuit breakers (GCBs, Fig. 3) are typical 
components that can be found in power plants. The key 
role of GCBs is to protect the power generation system 
by switching the circuit between generator and trans-
former in a power plant. The use of a GCB is wide-
spread because it offers many advantages for the oper-
ation of power plants such as simplified and more flex-
ible procedures and higher reliability and availability 
[1]. These breakers are subjected to lower voltages (up 
to 31.5 kV) compared to the GIS equipment, but they 
experience for most time of their operating lifetime 
very high nominal currents (up to 50 000 A). For this 
application the contact systems are different compared 
to the ones of the GIS. The most used contacts for GCB 
are finger contacts with a spring to build up the desired 
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Model contact systems using two flat pressure plates 
contacted via two spiral contacts have proven well 
suited for long-term tests, allowing both a measure-
ment of contact force and contact resistance (Fig. 4), 
[8], [9], [10], [11]. In the present investigation, we ther-
mally aged model contact systems in an oven for 6 400 
h (9 months). The contact force at nominal deflection 
was regularly measured at the cooled down connec-
tions using a 10 kN material test machine (Fig. 4) by 
slowly decreasing deflection (Fig. 5). Connection re-
sistance has been measured using a 200 ADC mircoohm 
meter. Two different spiral contact suppliers (“spiral 
sup A/B”) as well as two different greases (“grease 
1/2”, see section 2.2.1) and non-lubricated references 
(”no grease”) have been investigated (4 samples for 
each combination). 

 

 

 

Fig. 4: Material test machine and flat model connection 
with spiral contacts 

 
Fig. 5: Procedure for contact force measurement 

 
Fig. 6: contact force of spiral contacts during thermal 
aging at 115 °C for 6400 h (standard deviation below 
3 % in all cases) 

 
Fig. 7: Larson-Miller transformation of data in Fig. 6 
with linear fit 

 
Fig. 8: Contact force for spiral contacts being continu-
ously operated at 115 °C for 50 years, based on data 
from Fig. 6, extrapolated via Larson-Miller method 
(Fig. 7) 

 
Fig. 9: Connection resistance of spiral contact during 
thermal aging at 115 °C, range of all 8 samples per 
group plotted (cf. Fig. 6) 

Heating to 115 °C, the spiral contacts initially lose 
around 5 % contact force (first measurement after 
64 h). Subsequently the rate of force reduction signifi-
cantly decreases. After 6400 h, remaining contact force 
is above 85 % of initial value. Both tested spiral contact 
suppliers show equal mechanical performance (Fig. 6). 
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To extrapolate the data to typical GIS or GCB service 
life, the Larson-Miller Parameter is used [12]. This ap-
proach consists in transforming the time t in the force-
time plot to a time and temperature dependent parame-
ter P: 

𝑃𝑃 = 𝑇𝑇
K (log10

𝑡𝑡
h + 20) 

In the resulting Larson-Miller plot, periods with a con-
tinuous force reduction process can be identified as 
straight lines. In case no change in process occurs, 
force reduction can be extrapolated towards higher P 
using linear fit (Fig. 7). Retransformation of the linear 
fit to time t yields force reduction for several decades 
of service life (Fig. 8). Similar extrapolations have 
been carried out for copper-based contact systems of 
lamella type [9] as well as busbars [13]. For the spiral 
contacts in the present investigation, after prospected 
50 years of continuous operation at 115 °C, more than 
70 % of initial contact force remains (Fig. 8).  
 
At 70 % of its initial value, the contact force is expected 
to still be high enough to create low resistance connec-
tion after an open-close operation. In [10], tests were 
performed on different silver based spring loaded con-
tact systems up to 180 °C and yielded a reduction of 
spring force down to 60 % of initial level, without an 
increase of resistance, even after open-close opera-
tions. Resistance measurements at the model connec-
tions of the present investigation (Fig. 9) also exhibit a 
stable resistance, especially at the non-lubricated sam-
ples. A slight increase of connection resistance at the 
greased samples can be attributed to thermally induced 
changes in the grease (evaporation, see section 2.2.1), 
but is not seen as critical, especially since the effect will 
be considerably less pronounced at a real contact sys-
tem with significant relative movement of the contact 
partners (see section 2.2.2.). 
 
In summary, we evaluate the investigated spiral con-
tacts to be mechanically and electrically fit for opera-
tion at 115 °C for 40 years and more. 

2.2 Tribological 

When the two parts of a sliding electrical contact sys-
tems must be operated, a tribological system is created. 
The tribological properties of the system are influenced 
from: the materials, the surface finish, the force applied 
and the lubrication. All these parameters influence the 
wear of the system. In this specific application, the 
need for the very low electrical contact resistance, 
leads to the need of using quite high contact forces 
[14]. High contact forces and high opening speed re-
quires a good lubrication in order to keep the wear of 
the system low, so that the target for reliability ad life-
time of the breakers can be met. To assess the influence 
of the new 115°C on the tribology of the used contact 
systems, different tests are carried out. 

2.2.1 Grease evaporation 

Lubrication is a crucial aspect for a tribological system, 
and even more important for contact systems. The lub-
ricant used in electrical contacts must reduce the fric-
tion between the two surfaces, but it shall not create an 
insulating layer that will lead to a raise of the contact 
resistance. To assure the correct operation, and a long 
lifetime of the products, the correct grease needs to be 
chosen and used. One important aspect of a grease for 
high temperature use, is the evaporation rate. A low 
evaporation rate of the grease will help to maintain the 
tribological properties of the system at a level that will 
assure the correct functioning of the contact system. To 
assess the suitability of the grease a test for the evapo-
ration is carried out. The test consists on the exposure 
of greased aluminium plates to a constant temperature 
of 115°C in air. The plates are greased with a thin film 
of grease, in the same way as the electrical contacts are 
greased in the production. This approach is chosen be-
cause of the importance of testing a system in a mean-
ingful way, meaning as close as possible to the real ap-
plication. For this test 2 different greases are chosen: 
one is a perfluoropolyether (PFPE) based grease 
(grease 1) and one is a poly-alpha-olefin (PAO) based 
grease (grease 2). 

 
Fig. 10: Grease evaporation in air at 115°C. 

Heated to 115 °C, both greases lose weight (Fig. 10). 
The loss is quite fast in the beginning and tends to de-
crease the rate of evaporation with time. This behav-
iour is explained by the loss of the more volatile spe-
cies present in the grease in the first stage. After this 
phase, further loss of weight is slower (1000 hours to 
3000 hours), and after all volatile species has evapo-
rated the weight is almost stable. Although the two 
grease shows the same general trend for the weight 
loss, it is possible to see the grease 1 (PFPE) has a 
much better resistance to the evaporation at 115°C 
compared to grease 2 (PAO). After 3500 hours, the loss 
in weight of the grease 1 is only 10%, while for the 
grease 2 this is 6 times bigger. The difference in evap-
oration together with the mechanical tests shows that 
the PFPE based grease is a good candidate for the use 
to fulfil the new IEC standard.   

Model contact systems using two flat pressure plates 
contacted via two spiral contacts have proven well 
suited for long-term tests, allowing both a measure-
ment of contact force and contact resistance (Fig. 4), 
[8], [9], [10], [11]. In the present investigation, we ther-
mally aged model contact systems in an oven for 6 400 
h (9 months). The contact force at nominal deflection 
was regularly measured at the cooled down connec-
tions using a 10 kN material test machine (Fig. 4) by 
slowly decreasing deflection (Fig. 5). Connection re-
sistance has been measured using a 200 ADC mircoohm 
meter. Two different spiral contact suppliers (“spiral 
sup A/B”) as well as two different greases (“grease 
1/2”, see section 2.2.1) and non-lubricated references 
(”no grease”) have been investigated (4 samples for 
each combination). 

 

 

 

Fig. 4: Material test machine and flat model connection 
with spiral contacts 

 
Fig. 5: Procedure for contact force measurement 

 
Fig. 6: contact force of spiral contacts during thermal 
aging at 115 °C for 6400 h (standard deviation below 
3 % in all cases) 

 
Fig. 7: Larson-Miller transformation of data in Fig. 6 
with linear fit 

 
Fig. 8: Contact force for spiral contacts being continu-
ously operated at 115 °C for 50 years, based on data 
from Fig. 6, extrapolated via Larson-Miller method 
(Fig. 7) 

 
Fig. 9: Connection resistance of spiral contact during 
thermal aging at 115 °C, range of all 8 samples per 
group plotted (cf. Fig. 6) 

Heating to 115 °C, the spiral contacts initially lose 
around 5 % contact force (first measurement after 
64 h). Subsequently the rate of force reduction signifi-
cantly decreases. After 6400 h, remaining contact force 
is above 85 % of initial value. Both tested spiral contact 
suppliers show equal mechanical performance (Fig. 6). 
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2.2.2 Mechanical lifetime 

The tribological properties of aged grease are tested by 
mean of a special setup that was built for the purpose. 
It is a high speed (4 m/s) testing device that recreates a 
stress for the contacts and grease like the real applica-
tion in a GCB arcing chamber. The contact forces are 
comparable to the one in the real application, and they 
can be set between 15 N and 40 N. The differences 
compared to the real application are: oxidizing atmos-
phere (air) instead of SF6, operation at room tempera-
ture. The moving part is a silver-plated copper plate, 
that is greased with a thin layer of special grease. The 
ageing of the grease is performed beforehand by stor-
ing the greased plate in the oven at 115 °C in air. The 
testing device can perform 500 strokes in 8 minutes 
and the length of the stroke is 40 mm. The test is con-
sidered as passed when 20 000 COs (closed-opened 
operations) can be reached without an excessive wear 
of the contacts (no copper visible), and the contact re-
sistance within a ±20% range of the value taken as ini-
tial reference. The contact resistance is measured by 4-
point probes method with a measuring current of 
50 ADC, using a micro-ohmmeter. 

 
Fig. 11 Mechanical lifetime tests with grease aged at 
105°C. 

 

 
Fig. 12 Mechanical lifetime tests with grease aged at 
115°C. 

The initial drop of the resistance during the first CO 
(Fig. 11 and Fig. 12) confirms, that a slight increase of 

contact resistance caused by the thermally aged grease 
film (as seen in spiral contact test, Fig. 9) is not critical 
for application in high power contact systems, because 
excess grease will be removed by friction and wipe in 
the system. Looking at the complete 20 000 CO test se-
ries (105 °C: Fig. 11 and 115 °C: Fig. 12) it is clear that 
the increase in temperature influences the wear rate and 
integrity of the contact system. The wear of the contact, 
and hence a certain instability of the contact resistance, 
settled in for grease 2 aged at 115°C already after 7000 
COs (Fig. 12), while for the same grease aged at 105°C 
the wear and resistance are stable for the complete test 
(Fig. 11). Even though grease 1 (PFPE) shows a 
slightly higher resistance than grease 2 (PAO) when 
aged at 105°C, the PFPE oil-based grease shows better 
performance at 115°C, with a more stable contact re-
sistance over 20 000 COs. The contact resistance in-
creases also in this case, but the final value is still ac-
ceptable. There is a good correlation between what we 
observed on the evaporation (Fig. 10) of the grease and 
the performance of aged grease during mechanical life-
time tests. The high mass loss when exposed at 115°C 
has clearly a detrimental impact on the lifetime and sta-
bility of the contact resistance, hence the grease 1 is a 
more suitable candidate for 115°C applications. The 
tests described in the present work are carried for an 
initial screening of possible greases, but more in-depth 
analysis is carried out on the best candidates, aiming to 
understand the physical and chemical processes that 
cause the different performances. After these lab as-
sessments and tests on small scale test rigs, the greases 
are then tested in the real products, in experiments 
closer to the real service conditions. The final decision 
on the best grease to be used is taken after development 
tests on large scale and type tests on the products that 
can be the safely and reliably operated at up to 115°C.  

3 Conclusions 

Going from 105 °C to 115 °C limit temperature for sil-
ver plated contact systems allows more compact design 
and higher current ratings in high voltage products 
such as GIS and GCB. Components of the contact sys-
tem, most notably spring elements and grease will be 
subjected to higher thermal stress. Tests allowing an 
extrapolation of force reduction behaviour as well as 
thermal stability of grease have been identified as key 
to qualify contact systems for the higher service tem-
perature. Tests are being performed and show that con-
tact materials, designs and lubrication for high power 
plug-in connections are available for continuous oper-
ation at 115 °C and a service life of 40 years and more. 
It is recommended to perform similar tests for all sys-
tems that shall be operated at 115 °C. 
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extrapolation of force reduction behaviour as well as 
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to qualify contact systems for the higher service tem-
perature. Tests are being performed and show that con-
tact materials, designs and lubrication for high power 
plug-in connections are available for continuous oper-
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Abstract

Worldwide, there is a growing demand for the flexibility of power plug-in connectors, especially in transportation 
electrification (e.g. electrical technologies for automotive, electric propulsion for ships or electric aircraft 
technologies), renewable energy distribution and Industry 4.0. Stäubli and TU Dresden have been researching the 
short circuit behavior of this kind of power connectors for years. An important part are type tests for connectors 
according to standards. In this publication, the boundary conditions and the allowed deviations from them are
analyzed taking into account the characteristics of connectors, especially with contact elements. Generally, the test 
duration and waveform should fit to the real world or rated values as close as possible. The waveform, especially 
the peak current at the beginning of the short circuit, greatly influences the heating of the connector. This also 
influences the reduction in contact force. In type tests, often the I²t-criterion is used to adjust the tested short circuit 
current and its duration. But, the I²t-criterion may only be used with caution for altering the test duration. Its 
boundary conditions are not generally fulfilled for electrical connections. So, with a change in the tested duration
of the short circuit the thermal stress for the system will also change, which is shown in this publication. As a 
possible work around, this paper proposes an Ixt-criterion which is able to change the short circuit duration in a 
relatively wide range while keeping the thermal stress for the contact system almost constant.

1 Short Circuit Tests

1.1 Nomenclature

Short circuit tests for connectors and equipment, which 
contains connectors, can be found in IEC 62271-1
(High Voltage Switchgear), IEC 60309-1 (Low 
Voltage Switchgear) and IEC 61439-1 (electrical 
connectors).

The nomenclature of the peak short-circuit current and 
the steady short-circuit current is not uniform in 
standardization [1], [2], [3]. Therefore, in this 
publication, the following nomenclature, based on high 
voltage electrical equipment, is used:

rated value tested value
rated short time 
withstand current Isc r
(RMS)

tested short time 
withstand current Isc test
(RMS)

rated duration of short 
circuit tsc r

tested duration of short 
circuit tsc test

rated peak withstand 
current ip r

tested peak withstand 
current ip test

Table 1: Nomenclature

1.2 The I²t criterion

Assuming an infinitely long conductor with a uniform 
cross-section and neglecting the heat dissipation by 
convection and radiation (adiabatic heating), the final 
temperature after a short time current can be calculated 
analytically (cf. [4]). Typically, these conditions apply 
for short time load under 5 s in electrical power 
engineering.  Additionally, the following boundary 
conditions apply:

1. No radial heat transport
2. No heat conduction along the conductor

( )( )max 0

0

1( ) 1 20 C

exp 1
²

ϑ α ϑ
α

α ρ
ϑ

  + − ° ⋅

  
− +     

kt t

k
c A

2
sc

sc
I

t
(1)

Where c is the heat capacity, A is the cross sectional 
area, k is the skin effect factor, α is the resistance 
temperature coefficient, ρ is the specific electrical 
resistance, ϑmax is the maximum temperature at the end 
of the short circuit and ϑ0 is the temperature at the start
of the short circuit. If the conductor material, cross-
section and boundary conditions are not changed, the 
temperature rise Δϑ at the end of the short circuit is 



405

basically only a function of the short circuit current and 
the short circuit duration:

                              ( )2
sc scϑ  f I t (2)

If the test current and test duration are changed while 
this I²t value is kept constant, then the final temperature 
of the homogeneous conductor does not change. This 
I²t criterion is therefore used in several test standards.

1.3 Test samples

Plug-in connectors with contact elements are an 
excellent test object for short circuit tests, because the 
electrical and mechanical properties of the contact 
elements and thus the electrical and mechanical contact 
behavior can be precisely measured before and after the 
short circuit. This is not easily possible with 
compression connections or bolted connectors.

A model contact system consisting of two conductors 
of Cu-ETP and a contact element "MULTILAM 
LA-CU" is investigated. Both the conductor and the 
contact element are silver plated.

Fig. 1 Cross section of the investigated contact 
system with MULTILAM LA-CU.

A single louver of this contact element has a joint 
resistance of less than 300 µΩ, a rated continuous 
current of up to 60 A, a contact force of approximately 
7 N and a rated Isc ̷r = 800 A for tsc r = 1 s. 

The contact elements are tested mounted within a flat 
arrangement, as well as mounted within a round plug-
in connector with a nominal diameter of 40.7 mm. 
(Fig. 2).

Fig. 2: Flat (left) and round (right) model connector.

1.4 Experimental setup

Three different tests stands were used. In all test stands, 
the following data was measured:

• temperature with infrared camera OPTRIS PI 640
• connection resistance before and after the short 

circuit with a microohmmeter WIE LoRE / TI
• contact force with material test machine (Zwick)

The first test stand is a low voltage (LV) AC test stand 
for testing moderate short circuits up to 8 kA. The short 
circuit current can be adjusted continuously with an 
adjustable transformer (Fig. 3).

Fig. 3 LV short circuit test stand with continuous 
current regulation.

The second test stand uses a medium voltage (MV)
high current transformer to test connections with short 
circuit currents up to 90 kA peak and 35 kA RMS for a
maximum of 1 s (Fig. 4).

Fig. 4 MV short circuit test stand for testing 
electrical equipment.

The third test stand is a DC test stand designed and 
operated by Stäubli Electrical Connectors AG (Fig. 5).
A 15 kA DC Generator stresses the contact element. 
The contact force and electrical resistance of the 
contact element are measured continuously with a 
force test machine and a digital multimeter (DMM). 
The temperature of the contact element is measured 
with an infrared camera.
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Abstract

Worldwide, there is a growing demand for the flexibility of power plug-in connectors, especially in transportation 
electrification (e.g. electrical technologies for automotive, electric propulsion for ships or electric aircraft 
technologies), renewable energy distribution and Industry 4.0. Stäubli and TU Dresden have been researching the 
short circuit behavior of this kind of power connectors for years. An important part are type tests for connectors 
according to standards. In this publication, the boundary conditions and the allowed deviations from them are
analyzed taking into account the characteristics of connectors, especially with contact elements. Generally, the test 
duration and waveform should fit to the real world or rated values as close as possible. The waveform, especially 
the peak current at the beginning of the short circuit, greatly influences the heating of the connector. This also 
influences the reduction in contact force. In type tests, often the I²t-criterion is used to adjust the tested short circuit 
current and its duration. But, the I²t-criterion may only be used with caution for altering the test duration. Its 
boundary conditions are not generally fulfilled for electrical connections. So, with a change in the tested duration
of the short circuit the thermal stress for the system will also change, which is shown in this publication. As a 
possible work around, this paper proposes an Ixt-criterion which is able to change the short circuit duration in a 
relatively wide range while keeping the thermal stress for the contact system almost constant.

1 Short Circuit Tests

1.1 Nomenclature

Short circuit tests for connectors and equipment, which 
contains connectors, can be found in IEC 62271-1
(High Voltage Switchgear), IEC 60309-1 (Low 
Voltage Switchgear) and IEC 61439-1 (electrical 
connectors).

The nomenclature of the peak short-circuit current and 
the steady short-circuit current is not uniform in 
standardization [1], [2], [3]. Therefore, in this 
publication, the following nomenclature, based on high 
voltage electrical equipment, is used:

rated value tested value
rated short time 
withstand current Isc r
(RMS)

tested short time 
withstand current Isc test
(RMS)

rated duration of short 
circuit tsc r

tested duration of short 
circuit tsc test

rated peak withstand 
current ip r

tested peak withstand 
current ip test

Table 1: Nomenclature

1.2 The I²t criterion

Assuming an infinitely long conductor with a uniform 
cross-section and neglecting the heat dissipation by 
convection and radiation (adiabatic heating), the final 
temperature after a short time current can be calculated 
analytically (cf. [4]). Typically, these conditions apply 
for short time load under 5 s in electrical power 
engineering.  Additionally, the following boundary 
conditions apply:

1. No radial heat transport
2. No heat conduction along the conductor
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Where c is the heat capacity, A is the cross sectional 
area, k is the skin effect factor, α is the resistance 
temperature coefficient, ρ is the specific electrical 
resistance, ϑmax is the maximum temperature at the end 
of the short circuit and ϑ0 is the temperature at the start
of the short circuit. If the conductor material, cross-
section and boundary conditions are not changed, the 
temperature rise Δϑ at the end of the short circuit is 
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Fig. 5: LV DC short circuit test stand.

2 Calculation of the temperature 
rise

The calculation of the temperature rise is explained in 
detail in [5].

Holm applied the Kohlrausch relation [6] to contact 
problems by using the model of two semi-spheres with 
the electrical resistance ρ, which are connected by a
contact point with the radius a. Between the outer 
shells of the two semi-spheres, the contact voltage drop 
Uc exists due to current flow. Assuming the 
Wiedemann-Franz law is valid and T1 and T2 are the 
absolute temperatures at the opposite sides of the 
contact interface, the temperature of the contact point 
can be calculated analytically [7], where L is the 
Lorenz number:

( ) ( )
2

22 2 2 2c
max 1 2 1 22

c

1 L
4 L 2 4
U

T T T T T
U

 + + + −     (3)

If the boundaries of both semi-spheres are heated up to 
the same temperature (T1 = T2), eq. (3) simplifies to the 
well-known correlation:

                              
2

2c
max 14 L

U
T T + (4)

Eq. (3) is used to implement the contact behavior into 
a numeric transient electric-thermal model. This was 
built in ANSYS Workbench rev. 17 and is enhanced 
with the User Programmable Feature type usercnprop
written in FORTRAN. This feature describes the 
contact behavior and considers joule heating, the 
overtemperature inside the a-spots, the electromagnetic 
forces and the softening behavior of the silver coating.

An exemplary temperature rise during the rated 1 s-
short circuit of the MULTILAM LA-CU is shown in 
Fig. 6. It can be seen that the standard behaviour of the 
FE-program calculates temperatures which are much 
higher than the measured temperatures because the 
increase of a-spot size due to softening of the coating 
is not implemented.

Fig. 6 Temperature of the contact element, plug and 
socket during a 1 s short circuit (starting at t = 0 s).

3 Influences on the short circuit 
behavior in testing and real 
world application

The fault current which stresses the connector has 
different waveforms depending on the type of 
equipment and grid type in which it is used (Table 2).
In chapter 3.1 and 3.2 the influence of exemplary
waveforms on the heating and the damage of the 
connector is discussed.

waveform chapter
AC grid –
single halve 
wave current

3.1

AC grid–
short circuit 
far from 
generator 

3.2

DC grid

Table 2: Fault types and short circuit waveforms

Additionally, in chapter 3.3 it is shown how pre-
heating a connector to its operating temperature before 
the short circuit influences the heating and mechanical 
damage. After that, in chapter 3.3 it is discussed to 
which extent a variation of the test duration does 
change the thermal load for the connector.

3.1 Influence of the peak current

Tests with single 50 Hz half-waves showed that the 
higher the tested peak withstand current ip is, the lower

contact element 
ANSYS

standard mode

0

50

100

150

200

250

300

350

400

-0,5 0 0,5 1 1,5 2

Te
m

pe
ra

tu
re

  i
n 

°C

Time in s
contact element socket
plug measurement

DMM
force test 
machine

power supply

IR camera

test object

shunt

low 
peak 

current

high 
peak 

current



407

the contact resistance Rc will be after the short circuit 
in comparison to the value before the short circuit Rc0

(Fig. 7). If the peak current is high enough, the contact 
spots may partially melt and may adhere to the plug 
and socket (Fig. 8). If, after the separation, the coating 
is damaged and teared of the contacts, this is 
considered to be a failure (Fig. 9).

Fig. 7 Measured contact point resistance before (Rc0)
and after short circuit (Rc) depending on peak current 
(at 20 °C), tsc = (10…12) ms [8].

Fig. 8 Example of a slightly welded contact which 
adheres to the upper conductor. In this investigation, 
the contact element can easily be separated manually.

Fig. 9 Example of the contact points after a peak 
current > 3 kA per louver and after separation of the 
sample from plug and socket. 

3.2 Comparison between AC and DC 
tests

If the a-spots did not soften during the initial peak (for 
low peak currents, e.g. peak factor к = 1 or DC), the 
power losses inside the contact points are higher than 
for к = 1.8 until the softening temperature is reached in 

the contact points. This leads to a measurable increase 
in the maximum temperature at the end of the short 
circuit (Fig. 10). In the test with alternating current and 
κ = 1.8, the peak current was applied with a separate 
peak current test before the 3 s short circuit.

Fig. 10: Maximum temperature and peak current for 
the MULTILAM LA-CU for 3 s short circuit with 𝐼𝐼𝐼𝐼sc =
660 A[8]. 1,2lubricated samples with higher contact 
resistance which is considered in the calculation.

*calculation was done with the contact resistance which was 
measured directly before the 3 s short circuit, corresponding 
to the separated peak current test
#calculation was done with a combined peak- and short 
circuit current 

Fig. 11: Reduction of joint force is greater for low 
peak currents for 3 s short circuit with 𝐼𝐼𝐼𝐼sc = 660 A. 
Mean value and span width are plotted [8].

These findings apply for tests with newly installed 
contact elements. If the contact system was pre-
stressed to elevated temperatures, the contact 
resistance may drop to relatively low values and the 
difference when testing with low or high peak currents 
can be less significant.

3.3 Pre-heating

In the recommended standards, the connectors are 
stressed while staying at room temperature. In real 
world application, a fault may occur when the 

0,0

0,2

0,4

0,6

0,8

1,0

0 1000 2000 3000

C
on

ta
ct

 re
si

st
an

ce
 R

c/R
c0

Peak current ip in A per louver

RK1 (meas.)

FIT_SOFT

Rc (meas.)

0.0

131

182

227²

146*
176

2241

172#

0

1

2

0

50

100

150

200

250

AC, к = 1.8 AC, к = 1 DC

Pe
ak

 c
ur

re
nt

 in
 k

A

M
ax

im
um

 te
m

pe
ra

tu
re

 in
 °C

peakmeas

-6%

-12%

-17%*
0
0,2
0,4
0,6
0,8
1
1,2
1,4
1,6
1,8
2

-20%

-16%

-12%

-8%

-4%

0%
AC, к = 1.8 AC, к = 1.0

DC with
lubrication

Pe
ak

 c
ur

re
nt

 in
 k

A
, 1

 lo
uv

er

R
ed

uc
tio

n 
in

 c
on

ta
ct

 fo
rc

e 
in

 %

force reduction
peak current

slight welding of contacts

200 µm

calc

0.2

0.4

0.6

0.8

1.0

melting

Fig. 5: LV DC short circuit test stand.

2 Calculation of the temperature 
rise

The calculation of the temperature rise is explained in 
detail in [5].

Holm applied the Kohlrausch relation [6] to contact 
problems by using the model of two semi-spheres with 
the electrical resistance ρ, which are connected by a
contact point with the radius a. Between the outer 
shells of the two semi-spheres, the contact voltage drop 
Uc exists due to current flow. Assuming the 
Wiedemann-Franz law is valid and T1 and T2 are the 
absolute temperatures at the opposite sides of the 
contact interface, the temperature of the contact point 
can be calculated analytically [7], where L is the 
Lorenz number:
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If the boundaries of both semi-spheres are heated up to 
the same temperature (T1 = T2), eq. (3) simplifies to the 
well-known correlation:
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Eq. (3) is used to implement the contact behavior into 
a numeric transient electric-thermal model. This was 
built in ANSYS Workbench rev. 17 and is enhanced 
with the User Programmable Feature type usercnprop
written in FORTRAN. This feature describes the 
contact behavior and considers joule heating, the 
overtemperature inside the a-spots, the electromagnetic 
forces and the softening behavior of the silver coating.

An exemplary temperature rise during the rated 1 s-
short circuit of the MULTILAM LA-CU is shown in 
Fig. 6. It can be seen that the standard behaviour of the 
FE-program calculates temperatures which are much 
higher than the measured temperatures because the 
increase of a-spot size due to softening of the coating 
is not implemented.

Fig. 6 Temperature of the contact element, plug and 
socket during a 1 s short circuit (starting at t = 0 s).

3 Influences on the short circuit 
behavior in testing and real 
world application

The fault current which stresses the connector has 
different waveforms depending on the type of 
equipment and grid type in which it is used (Table 2).
In chapter 3.1 and 3.2 the influence of exemplary
waveforms on the heating and the damage of the 
connector is discussed.

waveform chapter
AC grid –
single halve 
wave current

3.1

AC grid–
short circuit 
far from 
generator 

3.2

DC grid

Table 2: Fault types and short circuit waveforms

Additionally, in chapter 3.3 it is shown how pre-
heating a connector to its operating temperature before 
the short circuit influences the heating and mechanical 
damage. After that, in chapter 3.3 it is discussed to 
which extent a variation of the test duration does 
change the thermal load for the connector.

3.1 Influence of the peak current

Tests with single 50 Hz half-waves showed that the 
higher the tested peak withstand current ip is, the lower

contact element 
ANSYS

standard mode

0

50

100

150

200

250

300

350

400

-0,5 0 0,5 1 1,5 2

Te
m

pe
ra

tu
re

  i
n 

°C

Time in s
contact element socket
plug measurement

DMM
force test 
machine

power supply

IR camera

test object

shunt

low 
peak 

current

high 
peak 

current



408

connector is under a heavy load situation. To reproduce 
this, tests were carried out in which the connector was 
pre-heated with a heating sleeve to (100…110) °C.

Due to the pre-heating, the resistance of the whole 
connector drops by approximately 31 % compared at 
room temperatures (Fig. 12). Even if the increased 
resistance at higher temperature is not corrected, the 
overall resistance of the connector is still 8 % lower 
than the resistance at room temperature before heating. 
This is due to the reduced hardness of the silver coating 
at elevated temperatures and thus the a-spots increase 
significantly.

Fig. 12 Resistance of the connector at 20 °C after 
mating, heating to operating temperature and after 
short circuit.

Due to the higher starting temperature, pre-heating 
leads to higher maximum temperatures and slightly 
higher mechanical damage (Fig. 13). But, the influence 
of pre-heating on the mechanical damage is much 
lower than the influence of the peak current or the 
variation of the short circuit duration according to
I²t = constant.

Fig. 13 Comparison of short circuit behaviour with 
pre-heated (100…110) °C connector and at room 
temperature after a 1 s short circuit with Isc = 800 A .

3.4 Variation of the test duration

The recommended standards allow a variation of the 
test duration according to I²t = constant. In [9], short 
circuit tests have been done on round connectors. In 
these tests, the temperature rise during the short circuit 
could not be observed, so additional short circuit tests 
were done with a specially built round connector which 
allowed the direct measurement of the temperature of 
the contact elements (Fig. 2, [5]).

With a contact system, the assumptions for eq. (1) are 
not generally fulfilled, since the conductor cross-
section is not uniform, but reduced in the contact area. 
Also, the contact resistances are not considered in the 
formula. As a result, the constrictions heat up more 
than the connecting conductors. There is a heat flow 
from the contact area into the connecting conductors
(Fig. 14). Also, a typical short circuit is longer than the 
thermal time constant of the a-spots, which is in the 
order of µs, and also often longer than the thermal time 
constant of the contact elements, which are in the range 
(0.1…1) s.

Fig. 14 Heat flow in a contact system (cf. [9]).

In [9], [10] it was shown by calculation and 
measurement on high-current connector that a test 
current set on the basis of the I²t criterion leads to a 
changed thermal load on the system. If the short-circuit 
duration is extended from tsc r = 1 s to tsc test = 2 s and the 
short-circuit current is reduced by the factor √2, so that 
I²t remains constant, this leads to a significantly lower 
maximum temperature of 110 °C at tsc test = 2 s 
compared to 200 °C at tsc r = 1 s and thus to less 
mechanical damage. The dependence of the 
transmissible I²t on the short circuit duration was also 
determined by other authors [11], [12].
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Fig. 15 Reduction of contact force depending on short 
circuit duration for two different contact elements 
using the I²t criterion, with data from [9].

LA-CUD shows a more significant impact on the 
duration of the short circuit which is due to the different 
structural design in comparison with LA-CU.

4 Recommendations for testing 
and dimensioning of electrical 
connectors

Obviously, the I²t criterion for setting a test current or 
for calculating permissible short circuit currents
beyond the rated value is only conditionally suitable. If
the I2t-criterion is used, than in order to qualify a 
connector for a rating of Isc r, tsc r and ip r, the test current 
(Isc test, tsc test and ip test) has to fuflfil conditions 1 and 2
in Table 3. Generally, connectors should not be tested 
with longer short circuit durations and lower currents 
than rated because the thermal stress will be lower.

condition 1 condition 2
sc test sc rI I≥ if sc test sc rt t≥

or

sc r
sc test sc r

sc test

t
I I

t
≥ if sc test sc rt t≤

p test p ri i≥

Table 3: Conditions for testing power connectors.

Instead, the Ixt-criterion can be used, which allows to 
adjust the test duration and current with a comparable 
thermal stress for the connector. This requires a deeper 
investigation of the thermal behavior of the connector,
which is shown in chapter 4.1 - 4.3.

4.1 Calculating the permissible test 
current

It must be clarified whether there is a more suitable 
criterion for setting the short circuit current for 
different test durations. For this, is assumed that the 

current should not to be adjusted with the exponent 2, 
but with an exponent x which has to be calculated.

                                .xI t const (5)

                            1 1 2 2x x
sc sc sc scI t I t (6)

In order to be able to calculate the exponent x, two short 
circuit parameters Isc1 and tsc1 as well as Isc2 and tsc2 for 
which the thermal stress in the contact system are
comparable are needed. Subsequently, the exponent 
can be calculated directly.
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In order to calculate the short circuit current Isc test for 
the contact system for a time period tsc test, the following 
equation can be used.
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Taking into account the rated short-circuit currents for 
tsc r = 1 s and tsc r = 3 s of the investigated contact 
element, the exponent x ≈ 6 was determined. The test 
currents calculated according to the Ixt-criterion 
(eq. (8)) and the I²t-criterion are shown in Fig. 16. 

Fig. 16 Calculated permissible short circuit current 
depending on test duration and value according to 
I²t = constant.

Also, the short circuit currents Isc test which heat the 
contact element to approximately the same temperature 
for a given test duration tsc test than at the rated test 
duration have been calculated [13] and are shown in 
Fig. 16. The curve which was calculated using the Ixt
criterion shows a good agreement with the values 
calculated in the FE model. The deviation of both 
methods is negligible in the investigated contact 
systems. The values of the 1 s and 3 s short circuits can 
also be used for very good extrapolation up to short 
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connector is under a heavy load situation. To reproduce 
this, tests were carried out in which the connector was 
pre-heated with a heating sleeve to (100…110) °C.

Due to the pre-heating, the resistance of the whole 
connector drops by approximately 31 % compared at 
room temperatures (Fig. 12). Even if the increased 
resistance at higher temperature is not corrected, the 
overall resistance of the connector is still 8 % lower 
than the resistance at room temperature before heating. 
This is due to the reduced hardness of the silver coating 
at elevated temperatures and thus the a-spots increase 
significantly.

Fig. 12 Resistance of the connector at 20 °C after 
mating, heating to operating temperature and after 
short circuit.

Due to the higher starting temperature, pre-heating 
leads to higher maximum temperatures and slightly 
higher mechanical damage (Fig. 13). But, the influence 
of pre-heating on the mechanical damage is much 
lower than the influence of the peak current or the 
variation of the short circuit duration according to
I²t = constant.

Fig. 13 Comparison of short circuit behaviour with 
pre-heated (100…110) °C connector and at room 
temperature after a 1 s short circuit with Isc = 800 A .

3.4 Variation of the test duration

The recommended standards allow a variation of the 
test duration according to I²t = constant. In [9], short 
circuit tests have been done on round connectors. In 
these tests, the temperature rise during the short circuit 
could not be observed, so additional short circuit tests 
were done with a specially built round connector which 
allowed the direct measurement of the temperature of 
the contact elements (Fig. 2, [5]).

With a contact system, the assumptions for eq. (1) are 
not generally fulfilled, since the conductor cross-
section is not uniform, but reduced in the contact area. 
Also, the contact resistances are not considered in the 
formula. As a result, the constrictions heat up more 
than the connecting conductors. There is a heat flow 
from the contact area into the connecting conductors
(Fig. 14). Also, a typical short circuit is longer than the 
thermal time constant of the a-spots, which is in the 
order of µs, and also often longer than the thermal time 
constant of the contact elements, which are in the range 
(0.1…1) s.

Fig. 14 Heat flow in a contact system (cf. [9]).

In [9], [10] it was shown by calculation and 
measurement on high-current connector that a test 
current set on the basis of the I²t criterion leads to a 
changed thermal load on the system. If the short-circuit 
duration is extended from tsc r = 1 s to tsc test = 2 s and the 
short-circuit current is reduced by the factor √2, so that 
I²t remains constant, this leads to a significantly lower 
maximum temperature of 110 °C at tsc test = 2 s 
compared to 200 °C at tsc r = 1 s and thus to less 
mechanical damage. The dependence of the 
transmissible I²t on the short circuit duration was also 
determined by other authors [11], [12].

0

1

2

3

4

5

6

7

after mating after
preheating

after short
circuit

R
es

is
ta

nc
e 

of
 th

e 
co

nn
ec

to
r i

n 
µΩ heating

to operating
temperature 105 °C

short circuit

0

50

100

150

200

250

300
30°C 105°C

M
ax

im
um

 te
m

pe
ra

tu
re

 in
 °C

Temperature 
before short circuit

-15%

-13%

-11%

-9%

-7%

-5%

-3%

-1%

30°C 105°C

R
ed

uc
tio

n 
of

 c
on

ta
ct

 fo
rc

e 
in

 %

Temperature before 
short circuit

infinite long conductor
• no heat conduction along the conductor
• convection and radiation neglectable
 I²t-criterion applicableϑ0

ϑmax

contact system with constriction
• constriction heats up faster than the conductors
• heat conduction from the constriction into the conductors
 I²t-criterion not applicable

�⃗�𝑞

�⃗�𝑞
�⃗�𝑞

�⃗�𝑞



410

circuit durations of 0.05 s. As shown in Fig. 16, there 
is a maximum current which the connector is able to 
withstand before the contacts weld. This peak 
withstand current limit does not increase much for 
short circuits shorter than 10 ms. However, if the pulse 
width is reduced below 100 µs, the thermal capacity of 
the a-spots may be utilized [14, Ch. 4.4; 5.3.5]. Instead 
of using a FE-model, the welding current limit can be 
estimated using analytical models [8], [14, Ch. 5.3.2].

4.2 Verification

Short circuit tests were done with the calculated test 
current Isc test to verify the results. In Fig. 17, the 
measured temperatures are shown. They are 
comparable to the temperature measured at the rated 
test duration which are in the range (200…240) °C 
[15].

Fig. 17 Maximum temperature during the short circuit 
depending on short circuit duration using the Ixt-
criterion [10].

In Fig. 18 the force reduction due to the short circuit 
for experiments done using the I²t- and Ixt-criterion is 
shown. The experiments with Ixt-criterion have a 
comparable force reduction in the range (0.5…3) s. 
Below tsc test 0,5 s, mostly the contact points are heated 
which does not result in a force reduction.

Fig. 18 Force reduction depending on short circuit 
duration using the I²t and Ixt criterion [9], [10].

The Ixt-criterion allows interpolation between the 
specified values and in the range (0.1…5) s also 
extrapolation for very short or very long short-circuits. 

4.3 Other contact systems

The calculation of the permissible short-circuit 
currents can be omitted for known contact systems if 
the manufacturer has already determined the 
permissible short circuit currents experimentally. In the 
literature there are a few specifications for permissible 
short-circuit currents of connectors [11], circuit-
breaker contacts [16] and other contact elements [17]
depending on the short-circuit duration. For these 
systems, the parameter x was calculated using eq. (7).

system x comment

MULTILAM
ML-CUX 4.4 contact element [17]

MULTILAM
LA-CUD 6.0 contact element [17]

MULTILAM
LA-CUT 4.4 contact element [17]

Ag contact 
points 9.8 FK = 300 N, peak current 

[16]
Cu contact 
points 8.7 FK = 300 N, peak current 

[16]
high current
connector1 2.3 slotted socket connector, 

calculated values [11]
1 Harting HAN HC. Rated continuous current Ir = 600 A. 
Equation (3) and softening were neglected.

Table 4: Application of the Ixt criterion to other contact 
systems.

The exponent x is a measure for the metallic cross-
section in the contact area in relation to the connecting 
conductors as well as for the thermal time constant of 
the system. The larger the parameter x is, the smaller is 
the thermal time constant of the system and the more 
"sensitive" the system reacts to short, high loads.

5 Summary

Performing reproducible tests of the short circuit 
behavior of electrical connectors may be a challenging 
task. Generally, the test duration and waveform should 
fit to the real world or rated values as close as possible.

For example, the I²t-criterion may only be used with 
caution for altering the test duration. Its boundary 
conditions are not generally fulfilled for electrical 
connections. So, with a change in the tested duration of 
the short circuit the thermal stress for the system will 
also change. This is especially critical for very short 
test durations since the joule heat cannot dissipate
during short impulses, which may lead to a failure of 
the system. Instead, the Ixt criterion is proposed for 
altering the short circuit duration. This is able to change 
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the short circuit duration in a relatively wide range
while keeping the thermal stress for the contact system
almost constant. When using connectors with contact 
elements, the Ixt-criterion can easily be used since the 
manufacturer typically provides the needed data to 
calculate it. For other connector types, the Ixt-criterion 
needs to be evaluated by calculation or measurement. 
In future standards for connectors, the I²t-criterion may 
only be used for a change of short circuit duration by 
+/- 10 %. If the tester needs to change the test duration 
even more, the Ixt-criterion may be used. Otherwise, 
the thermal load for the system is practically unknown 
and the type test does not really show if the connectors 
is sufficient for the rated short circuit current and 
duration.

Also, tests with different waveforms of the current 
were done. AC tests with high peak currents lead to a 
reduction in the thermal stress compared to DC tests 
because the contact resistances are greatly reduced 
during the peak current in the first half-wave of current 
flow. Pre-heating the connector before the test also 
reduces the contact resistance significantly. But, the 
higher starting temperatures nullify this effect to a 
certain degree and the maximum temperatures are 
higher than when testing at room temperature. 
However, the mechanical damage is about comparable
to tests at room temperature. The tests in this paper 
were done on arrangements typical for low- and high 
voltage switchgear. But, the findings also apply to high 
current connectors which are used for electrical 
transportation. These also have to withstand fault 
currents, for example connectors for charging and in 
the wire assembly of electric vehicles. In future 
standards for testing equipment which contains 
connectors, such as low- and high voltage switchgear 
or connectors for electrical transportation, these 
findings should be implemented.
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circuit durations of 0.05 s. As shown in Fig. 16, there 
is a maximum current which the connector is able to 
withstand before the contacts weld. This peak 
withstand current limit does not increase much for 
short circuits shorter than 10 ms. However, if the pulse 
width is reduced below 100 µs, the thermal capacity of 
the a-spots may be utilized [14, Ch. 4.4; 5.3.5]. Instead 
of using a FE-model, the welding current limit can be 
estimated using analytical models [8], [14, Ch. 5.3.2].

4.2 Verification

Short circuit tests were done with the calculated test 
current Isc test to verify the results. In Fig. 17, the 
measured temperatures are shown. They are 
comparable to the temperature measured at the rated 
test duration which are in the range (200…240) °C 
[15].

Fig. 17 Maximum temperature during the short circuit 
depending on short circuit duration using the Ixt-
criterion [10].

In Fig. 18 the force reduction due to the short circuit 
for experiments done using the I²t- and Ixt-criterion is 
shown. The experiments with Ixt-criterion have a 
comparable force reduction in the range (0.5…3) s. 
Below tsc test 0,5 s, mostly the contact points are heated 
which does not result in a force reduction.

Fig. 18 Force reduction depending on short circuit 
duration using the I²t and Ixt criterion [9], [10].

The Ixt-criterion allows interpolation between the 
specified values and in the range (0.1…5) s also 
extrapolation for very short or very long short-circuits. 

4.3 Other contact systems

The calculation of the permissible short-circuit 
currents can be omitted for known contact systems if 
the manufacturer has already determined the 
permissible short circuit currents experimentally. In the 
literature there are a few specifications for permissible 
short-circuit currents of connectors [11], circuit-
breaker contacts [16] and other contact elements [17]
depending on the short-circuit duration. For these 
systems, the parameter x was calculated using eq. (7).

system x comment

MULTILAM
ML-CUX 4.4 contact element [17]

MULTILAM
LA-CUD 6.0 contact element [17]

MULTILAM
LA-CUT 4.4 contact element [17]

Ag contact 
points 9.8 FK = 300 N, peak current 

[16]
Cu contact 
points 8.7 FK = 300 N, peak current 

[16]
high current
connector1 2.3 slotted socket connector, 

calculated values [11]
1 Harting HAN HC. Rated continuous current Ir = 600 A. 
Equation (3) and softening were neglected.

Table 4: Application of the Ixt criterion to other contact 
systems.

The exponent x is a measure for the metallic cross-
section in the contact area in relation to the connecting 
conductors as well as for the thermal time constant of 
the system. The larger the parameter x is, the smaller is 
the thermal time constant of the system and the more 
"sensitive" the system reacts to short, high loads.

5 Summary

Performing reproducible tests of the short circuit 
behavior of electrical connectors may be a challenging 
task. Generally, the test duration and waveform should 
fit to the real world or rated values as close as possible.

For example, the I²t-criterion may only be used with 
caution for altering the test duration. Its boundary 
conditions are not generally fulfilled for electrical 
connections. So, with a change in the tested duration of 
the short circuit the thermal stress for the system will 
also change. This is especially critical for very short 
test durations since the joule heat cannot dissipate
during short impulses, which may lead to a failure of 
the system. Instead, the Ixt criterion is proposed for 
altering the short circuit duration. This is able to change 
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Abstract 

In electrical power engineering and in electromobility, bimetallic joints can occur when e.g. the coated terminals 
of the lithium-ion battery are connected to the bare aluminum used as conductor inside the vehicle. The resistance 
of such detachable, current-carrying connections consisting of a bare aluminum contact member and one of bare 
copper or a coated contact member with a cover layer of tin or silver increases significantly over time. Previous 
research showed that the failure is due to the formation of Al2O3 in the contact interface. In this paper, the film 
growth is investigated more closely by supplementing the resistance measurements with metallographic 
investigations. Different mathematical models are developed that describe the film growth and aim to predict a 
connection’s resistance behavior over time. The growth is considered in lateral direction, decreasing the area of 
metallic contact, as well as in axial direction causing quasimetallic areas to rise in resistance and eventually become 
insulating. The entirety of the apparent contact area is considered in a macroscopic model as well as single a-spots 
in a microscopic model. The results yielded by the models were compared to the measured values of the long-term 
behavior of connections of different material combinations. 

.

1 Introduction 
In order to achieve the highest possible range and 
acceleration, electric vehicles are optimized regarding 
their weight. For the electrical conductors, this results 
in the application of aluminum wherever it is possible. 
Compared to copper, aluminum has a higher current-
carrying capacity at the same weight, even though the 
necessary diameter is bigger. The current-carrying 
components that need to be connected with one another 
inside the vehicle may therefore consist of bare 
aluminum, but also other materials such as bare copper, 
silver-, tin-, or nickel-coatings may be found. At the 
high temperatures allowed for these connections of up 
to 180 °C according to LV 2015-1: 2013-2, the 
bimetallic contacts often deteriorate quickly [1], [2]. 
This results in dangerously high temperatures at the 
contacts and ultimately in their failure. 

The findings from experiments on the long-term 
behavior of connections between silver and aluminum 
as well as copper and aluminum are evaluated using 
already existing theories on the formation of oxygen 
layers. A new model is developed that should improve 
the understanding of the processes in the different 
material combinations and enable the prediction of the 
long-term behavior of the connections. 

2 Previous Research 
In the past, different aging mechanisms such as fretting 
and the formation of intermetallic compounds were 

assumed to be responsible for the witnessed rise in 
resistance of Al-Cu- and Ag-Al-connections [1], [3], 
[4]. Pfeifer characterized the intermetallic phases that 
occur in these two systems at temperatures < 200 °C 
regarding their specific electrical resistances. Together 
with long-term experiments on current-carrying 
connections with constant and cycling load and 
metallographic investigations, she proved that 
intermetallic compounds and mechanical stress alone 
cannot cause the fast deterioration observed in 
connections of these material combinations. Instead, 
she suspected oxygen and the formation of aluminum 
oxide Al2O3 to have a major impact on the connections’ 
long-term behavior. [5] This thesis was proven by 
conducting experiments on bolted joints with busbars 
in ambient air and repeating them in a N2-atmosphere 
(Fig. 1). The resistance of the joints did not increase in 
the N2-atmosphere. Aging mechanisms such as the 
formation of intermetallic compounds, force reduction 
and fretting do not seem to have a major impact on the 
long-term behavior of the bimetallic connections in the 
absence of oxygen. [6], [7], [8] 

In order to enable calculations on the oxidation of Al-
Cu- and Ag-Al-connections in ambient air, a special 
test setup was developed. It consisted of two cylinders 
of which one was flat and the other conically reduced 
with a diameter of 500 µm (Fig. 2). They were pressed 
together by two spring pins with a force of 12.5 N, 
eliminating force reduction as a possible aging 
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mechanism. The pressure in the contact interface was 
approximately 64 N/mm². [6], [7], [8] 

 

 

Fig. 1: Long-term tests on bolted joints with busbars in 
ambient air and in a N2-atmosphere: a) Al-Cu 
joints [6], b) Ag-Al joints [7] 

The gilded spring pins at the end of the cylinders were 
also used for injecting the current for the resistance 
measurements. Two further spring pins were installed 
10 mm from the interface to measure the voltage drop. 
The measured resistance therefore included not only 
the contact resistance, but also the material resistance 
RM of the cylindrical conductors on the length of 
20 mm. In order to be able to evaluate only the contact 
resistance, the material resistance was calculated using 
the finite element method in ANSYS. For each test 
series, five connections were investigated. The setup 
was stationary in a heating cabinet throughout the 
experiments in order to prevent fretting motions. [6], 
[7], [8] 

 

Fig. 2: Test setup for the experiments on bimetallic 
connections [6], [7] 

The measurements were performed with a micro-
ohmmeter Type “LoRe” by Werner Industrial 
Electronic with a reduced measurement current of 
approx. 1 A and a constant source voltage of 4.1 V. The 

resulting voltage drop across the connection was 
< 10 mV for the Ag-Al-connections and < 2 mV for the 
Al-Cu-connections. Applying the Kohlrausch-relation 
[9] to this setup shows that the measurement current 
causes an additional rise in temperature of < 0.1 K for 
Al-Cu- and < 2 K for Ag-Al-connections. This is 
negligible compared to the temperature of (90; 115) °C 
the connections were stored at in the heating cabinet. 
While other aging mechanisms were eliminated, the 
formation of intermetallic compounds between the two 
contact members cannot be prevented. However, its 
influence can be calculated according to [8] and 
deducted from the measured resistances. For the Al-
Cu-connections after 4,000 h at 90 °C the rise in 
resistance caused by intermetallic compounds would 
be less than 0.1 µΩ and for the Ag-Al-connections 
after 4,000 h at 115 °C it would be 1.7 µΩ. Compared 
to the measured resistances these increases are not 
significant (Fig. 3). [6], [7] 

 

 

Fig. 3: Long-term tests on the test setup with two 
cylinders in a heating cabinet: a) Al-Cu-
connections [6], b) Ag-Al-connections [7] 

3 Existing Models 
Based on Takano and Mano’s theoretical approach to 
calculate the lifetime of static Cu-contacts [10], 
different approaches to model the long-term behavior 
of current-carrying connections have been developed. 
Two models will be presented in the following section, 
one for the formation of an oxide layer in the contact 
interface and one for the calculation of the contact 
resistance over time caused by a diffusion-based aging 
mechanism. The results they yield are compared to the 
resistances measured in experiments on Ag-Al- and Al-
Cu-connections. 
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In electrical power engineering and in electromobility, bimetallic joints can occur when e.g. the coated terminals 
of the lithium-ion battery are connected to the bare aluminum used as conductor inside the vehicle. The resistance 
of such detachable, current-carrying connections consisting of a bare aluminum contact member and one of bare 
copper or a coated contact member with a cover layer of tin or silver increases significantly over time. Previous 
research showed that the failure is due to the formation of Al2O3 in the contact interface. In this paper, the film 
growth is investigated more closely by supplementing the resistance measurements with metallographic 
investigations. Different mathematical models are developed that describe the film growth and aim to predict a 
connection’s resistance behavior over time. The growth is considered in lateral direction, decreasing the area of 
metallic contact, as well as in axial direction causing quasimetallic areas to rise in resistance and eventually become 
insulating. The entirety of the apparent contact area is considered in a macroscopic model as well as single a-spots 
in a microscopic model. The results yielded by the models were compared to the measured values of the long-term 
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1 Introduction 
In order to achieve the highest possible range and 
acceleration, electric vehicles are optimized regarding 
their weight. For the electrical conductors, this results 
in the application of aluminum wherever it is possible. 
Compared to copper, aluminum has a higher current-
carrying capacity at the same weight, even though the 
necessary diameter is bigger. The current-carrying 
components that need to be connected with one another 
inside the vehicle may therefore consist of bare 
aluminum, but also other materials such as bare copper, 
silver-, tin-, or nickel-coatings may be found. At the 
high temperatures allowed for these connections of up 
to 180 °C according to LV 2015-1: 2013-2, the 
bimetallic contacts often deteriorate quickly [1], [2]. 
This results in dangerously high temperatures at the 
contacts and ultimately in their failure. 

The findings from experiments on the long-term 
behavior of connections between silver and aluminum 
as well as copper and aluminum are evaluated using 
already existing theories on the formation of oxygen 
layers. A new model is developed that should improve 
the understanding of the processes in the different 
material combinations and enable the prediction of the 
long-term behavior of the connections. 

2 Previous Research 
In the past, different aging mechanisms such as fretting 
and the formation of intermetallic compounds were 

assumed to be responsible for the witnessed rise in 
resistance of Al-Cu- and Ag-Al-connections [1], [3], 
[4]. Pfeifer characterized the intermetallic phases that 
occur in these two systems at temperatures < 200 °C 
regarding their specific electrical resistances. Together 
with long-term experiments on current-carrying 
connections with constant and cycling load and 
metallographic investigations, she proved that 
intermetallic compounds and mechanical stress alone 
cannot cause the fast deterioration observed in 
connections of these material combinations. Instead, 
she suspected oxygen and the formation of aluminum 
oxide Al2O3 to have a major impact on the connections’ 
long-term behavior. [5] This thesis was proven by 
conducting experiments on bolted joints with busbars 
in ambient air and repeating them in a N2-atmosphere 
(Fig. 1). The resistance of the joints did not increase in 
the N2-atmosphere. Aging mechanisms such as the 
formation of intermetallic compounds, force reduction 
and fretting do not seem to have a major impact on the 
long-term behavior of the bimetallic connections in the 
absence of oxygen. [6], [7], [8] 

In order to enable calculations on the oxidation of Al-
Cu- and Ag-Al-connections in ambient air, a special 
test setup was developed. It consisted of two cylinders 
of which one was flat and the other conically reduced 
with a diameter of 500 µm (Fig. 2). They were pressed 
together by two spring pins with a force of 12.5 N, 
eliminating force reduction as a possible aging 
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3.1 Diffusion of oxygen 
Izmailov used the differential equation of diffusion into 
a cylindrical region to describe the entrance of oxygen 
into an a-spot. It yields the oxygen concentration C 
along the radius of the a-spot as a function of the 
parameter Dt/r² with D being the temperature-
dependent diffusion coefficient, t the time and r the 
distance from the center of the a-spot with radius a 
(Fig. 4). Outside of the a-spot, the oxygen-
concentration is C0. [11] 

 
Fig. 4: a-spot with a location-dependent thickness of 

the oxide layer 

For 0.01 < Dt/r² < 1 the equation can be approximated: 
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Assuming that the oxide layer has grown to its 
maximum thickness at r = a, its thickness along the 
radius can be calculated using the following equation: 
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For Al2O3 on technically pure aluminum at 
temperatures up to 200 °C in normal laboratory 
humidity conditions, the maximum oxide layer 
thickness is dmax ≈ 25 Å [12]. In order to apply eq. (2) 
to calculate the oxide layer thickness, the diffusion 
coefficient of oxygen as well as the a-spot radius need 
to be known. The volume diffusion coefficient for 
oxygen through silver has been determined for 
temperatures > 400 °C and a model to calculate the 
diffusion also at other temperatures was deducted by 
Baird [14]. For the maximum allowed temperature of 
connections with a silver-coated contact member 
according to DIN EN 62271-1: 2018-05, the diffusion 
coefficient would be DV (115 °C) = 1.6 ∙ 10-10 cm²/s. 
The continuous distribution for an a-spot with an 
exemplary radius of a = 5 µm depicted in Fig. 5 is only 
a mathematical model. As layers with a thickness of 
less than the diameter of one atom are not possible, it 
cannot be an accurate description of the actual layer 
growing in the interface. At normal pressure and a 
temperature of 25 °C, Al2O3 has a lattice constant of 
4.7 Å [13]. With the calculated diffusion coefficient 

only the outer 0.05 µm of the diameter would reach a 
layer thickness > 4.7 Å after one year at 115 °C. 

 

Fig. 5: Oxide layer thickness along the radius of an a-
spot with a = 5 µm at different times and with 
two different diffusion coefficients 

The experiments that have led to that coefficient were 
performed at temperatures > 400 °C, considering 
volume diffusion as dominant diffusion mechanism. At 
lower temperatures, grain boundary diffusion becomes 
relevant as well. On top of that, the diffusion along the 
phase boundary is expected to be even faster at the 
relatively low temperature of 115 °C. For this interface 
diffusion, the diffusion coefficient is supposed to be 
105…107 times higher [11]. Hence, the calculations 
were repeated with the original DV ∙ 106 = DI. After one 
hour, the layer thickness in the center of the a-spot 
would already be 8.5 Å (Fig. 5). After ten hours a 
constant thickness of 25 Å would be reached over the 
entire contact area. 
For a constant film thickness on the quasimetallic area 
Aq, the film resistance RF can be calculated according 
to Slade [15]: 
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m and e are the mass and charge of an electron, 
respectively, and h is Planck’s constant. φ describes the 
height of the potential barrier that needs to be tunneled. 
For a layer of Al2O3 between two aluminum contact 
members a value of φ ≈ 2 eV is given in the literature 
[16]. To calculate the film resistance over time, the 
medium oxide layer thickness can be evaluated with 
eq. (2) and inserted into eq. (3). 

3.2 Long-term behavior of the contact 
resistance 

In a different approach by Dzektser, the resistance over 
time of a connection aging due to the diffusion of 
oxygen into the contact can be calculated for an 
equilibrium distribution of the a-spot radii. [17] 
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The initial resistance of the connection R0 and its 
average a-spot radius ā are required for the calculation. 
Beside that, the diffusion coefficient D, the maximum 
oxide layer thickness dmax, and the maximum layer 
thickness that can still be tunneled dq ≈ 10 Å [17] must 
be known. Assuming ā = 5 µm, the change in 
resistance over time was calculated with the previously 
used diffusion coefficient DV = 1.6 ∙ 10-10 cm²/s. After 
4,000 h at 115 °C the resistance would have risen only 
by 7 % (Fig. 6). It is likely that the diffusion coefficient 
is several orders of magnitude higher due to surface 
effects. With DI = 1.6 ∙ 10-4 cm²/s, the resistance would 
reach 106 R0 within 1 h. Additionally, an intermediate 
DV-I, increasing the volume diffusion coefficient by 
102, is depicted. It causes the resistance to reach almost 
4 R0 within 4,000 h. 

 

Fig. 6: Dimensionless resistance over time of a 
connection aging due to the diffusion of oxygen 
into the contact interface with ā = 5 µm 

4 Model of the oxidation in the 
contact interface 

When the resistance of a connection rises over time due 
to oxidation, the growth of the oxide can be divided 
into two directions of growth. Firstly, the oxide grows 
in areas in which it has already been present previously. 
This growth in axial direction (Fig. 7a) causes the film 
resistance RF to increase. Secondly, the oxide will grow 
into areas in which it has not been present before 
(Fig. 7b). This will reduce the metallic contact area Am 
and therefore increase the constriction resistance RC. 
The oxide growth in both directions (Fig. 7c) can be 
described using eq. (2) and its influence on the 
resistance using eq. (4). 

 

Fig. 7: Growth of the oxide layer in an a-spot in a) axial 
direction, b) radial direction, c) both directions 

However, it is problematic that neither the radius of the 
a-spots nor the exact diffusion coefficient for the 
diffusion along the phase border in the contact interface 
are known. Therefore, the following sections aim to 
describe the aging with a different approach and 
compare the results of all three models with the 
resistances measured in previous experiments [6], [7]. 

4.1 Ag-Al 
A test series in a N2-atmosphere was used in order to 
determine the constriction resistance of the connection. 
As neither of the contact members was exposed to 
oxygen before the joining or during the aging, the 
entire contact resistance was constriction resistance. 
Since the resistance changed notably when the 
connections were heated for the first time, the 
resistance after 24 h was used. After the subtraction of 
the material resistance, the constriction resistance 
RC = 43.8 µΩ was obtained. 

If the a-spots are far enough apart, the following 
equation can be used to calculate the constriction 
resistance of a bimetallic connection between 
aluminum and silver: 
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In order to estimate the size and number of the a-spots 
in the connection, the number of a-spots n and their 
mean radius ā are determined so that the results fit the 
assumption that the metallic contact area makes up 3 % 
of the apparent contact area [19]. The best fit is 
achieved for ā = 7 µm and n = 39. The condition for 
neglecting the interaction term between the a-spots, 
s/a >> 1, with s being the distance between the a-spots, 
is fulfilled with this distribution. 

In a single a-spot, an oxide-layer of the film thickness 
of the lattice constant of one Al2O3-molecule would 
cause the resistance to rise from 1.7 mΩ to 16.7 mΩ 
according to eq. (3). Therefore, the current flow 
through the quasimetallic contact area can be neglected 
compared to the flow through the metallic contact area. 
With this assumption, the contact resistance over time 
can be modeled using only the constriction resistance. 
For calculating the progressing oxidation, two 
approaches regarding the oxide growth can be pursued: 
On the one hand, it can be assumed that each of the n 
a-spots will get smaller over time (Fig. 8a). This would 
require all of the a-spots to have the same access to the 
oxygen independent of their position along the radius 
of the apparent contact area. On the other hand, it can 
be assumed that the a-spots closer to the edge of the 
apparent contact area would fail first, as the oxygen 
does not reach all a-spots equally fast (Fig. 8b). These 
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3.1 Diffusion of oxygen 
Izmailov used the differential equation of diffusion into 
a cylindrical region to describe the entrance of oxygen 
into an a-spot. It yields the oxygen concentration C 
along the radius of the a-spot as a function of the 
parameter Dt/r² with D being the temperature-
dependent diffusion coefficient, t the time and r the 
distance from the center of the a-spot with radius a 
(Fig. 4). Outside of the a-spot, the oxygen-
concentration is C0. [11] 
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Assuming that the oxide layer has grown to its 
maximum thickness at r = a, its thickness along the 
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For Al2O3 on technically pure aluminum at 
temperatures up to 200 °C in normal laboratory 
humidity conditions, the maximum oxide layer 
thickness is dmax ≈ 25 Å [12]. In order to apply eq. (2) 
to calculate the oxide layer thickness, the diffusion 
coefficient of oxygen as well as the a-spot radius need 
to be known. The volume diffusion coefficient for 
oxygen through silver has been determined for 
temperatures > 400 °C and a model to calculate the 
diffusion also at other temperatures was deducted by 
Baird [14]. For the maximum allowed temperature of 
connections with a silver-coated contact member 
according to DIN EN 62271-1: 2018-05, the diffusion 
coefficient would be DV (115 °C) = 1.6 ∙ 10-10 cm²/s. 
The continuous distribution for an a-spot with an 
exemplary radius of a = 5 µm depicted in Fig. 5 is only 
a mathematical model. As layers with a thickness of 
less than the diameter of one atom are not possible, it 
cannot be an accurate description of the actual layer 
growing in the interface. At normal pressure and a 
temperature of 25 °C, Al2O3 has a lattice constant of 
4.7 Å [13]. With the calculated diffusion coefficient 

only the outer 0.05 µm of the diameter would reach a 
layer thickness > 4.7 Å after one year at 115 °C. 

 

Fig. 5: Oxide layer thickness along the radius of an a-
spot with a = 5 µm at different times and with 
two different diffusion coefficients 

The experiments that have led to that coefficient were 
performed at temperatures > 400 °C, considering 
volume diffusion as dominant diffusion mechanism. At 
lower temperatures, grain boundary diffusion becomes 
relevant as well. On top of that, the diffusion along the 
phase boundary is expected to be even faster at the 
relatively low temperature of 115 °C. For this interface 
diffusion, the diffusion coefficient is supposed to be 
105…107 times higher [11]. Hence, the calculations 
were repeated with the original DV ∙ 106 = DI. After one 
hour, the layer thickness in the center of the a-spot 
would already be 8.5 Å (Fig. 5). After ten hours a 
constant thickness of 25 Å would be reached over the 
entire contact area. 
For a constant film thickness on the quasimetallic area 
Aq, the film resistance RF can be calculated according 
to Slade [15]: 
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m and e are the mass and charge of an electron, 
respectively, and h is Planck’s constant. φ describes the 
height of the potential barrier that needs to be tunneled. 
For a layer of Al2O3 between two aluminum contact 
members a value of φ ≈ 2 eV is given in the literature 
[16]. To calculate the film resistance over time, the 
medium oxide layer thickness can be evaluated with 
eq. (2) and inserted into eq. (3). 

3.2 Long-term behavior of the contact 
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In a different approach by Dzektser, the resistance over 
time of a connection aging due to the diffusion of 
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two approaches will be examined separately in the 
following sections. 

 

Fig. 8: Point contact with a radially growing oxide 
layer, a) microscopic growth: reduction of the 
radius of each a-spot, b) macroscopic growth: 
failure of entire a-spots from the outside in 

4.1.1 Macroscopic approach 
The macroscopic approach is based on the assumption 
that the oxide film grows from the outside in over the 
entire contact area. The a-spots that are the furthest 
from the center of the contact fail first. The reduction 
of the radius of a single a-spot is neglected. The entire 
a-spot is considered to be either film-free or insulating. 
This results in n discrete values for the contact 
resistance depending on the number of a-spots that are 
still intact (Fig. 9). In the experiments, the resistance of 
the connections in atmospheric air rose to more than 
five times the resistance of the connections in the N2-
atmosphere within the first 24 h at 115 °C. In order to 
match the calculation to the measurements, only two a-
spots would remain. The measured curve cannot be 
described well with the approximations that have been 
made. While the a-spots failing first barely have any 
effect on the resistance, the last remaining a-spots 
cannot describe the resistances measured at t > 700 h. 

 

Fig. 9: Measured contact resistance depending on the 
time and calculated contact resistance 
depending on the number of a-spots in an Ag-
Al-connection 

4.1.2 Microscopic approach 
The microscopic approach considers the decrease in 
radius of every single a-spot under the assumption that 
they all are equally accessible for the oxygen. The 
increase in resistance within the first 24 h would be 
caused by a reduction of the a-spot radius to 1.25 µm 
compared to the 7 µm in the N2-atmosphere (Fig. 10). 

 

Fig. 10: Measured contact resistance and calculated 
radius of the a-spots assuming a uniform 
growth of the oxide layer on all 39 a-spots in 
an Ag-Al-connection 

While the contact resistance over time increases 
approximately in a linear fashion, the decrease in 
radius of the a-spots slows down gradually. Instead of 
the radius of the a-spots, the thickness of the oxide that 
has grown from the edge of the a-spot inwards in axial 
direction can be depicted (Fig. 11). 

 

Fig. 11: Radial growth of the oxide layer in an a-spot 
starting at t = 24 h at 115 °C in an Ag-Al-
connection (mean value and span) 

This reveals an approximately logarithmic growth of 
the oxide layer. This kind of growth indicates that not 
a constant diffusion coefficient through the oxide layer 
is determining the oxidation rate. It depends on the 
probability of the existence of free paths along which 
the particles can move. With an increasing layer 
thickness, the probability for the existence of these 
paths decreases and the oxidation rate slows down. [20] 
In order to transfer the results to other connections, the 
uniform pressure of 64 N/mm² in the apparent area of 
contact As needs to remain the same as in the evaluated 
experiments. The number of a-spots with ā = 7 µm can 
be estimated for a different apparent contact area. 
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Knowing the contact resistance after 24 h at the 
operating temperature, the remaining metallic radius of 
the a-spots can be calculated. 
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Ag Al(24 h)
4 (24 h)
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With these two values, the contact resistance over time 
can be calculated. The model is currently limited to a 
temperature of 115 °C and a uniform pressure in the 
contact interface. Due to the necessary approximations, 
it can only be used for estimations of the long-term 
behavior of Ag-Al-contacts, but should be seen as an 
approximation equation. 

 
Ag Al
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4.1.3 Comparison to the existing models 
In section 3.1 a model for the diffusion of oxygen 
according to Izmailov was presented. Using the 
diffusion coefficient D (115 °C) = 1.6 ∙ 10-10 cm²/s 
[14], the mean oxide layer thickness for one a-spot with 
a = 7 µm was determined via eq. (2). With the film 
resistance RF according to eq. (3) the resistance of one 
a-spot and the entire connection consisting of n = 39 a-
spots was calculated. The resistance would remain 
almost constant over 4,000 h at 115 °C with the given 
diffusion coefficient (Fig. 12). 

 

Fig. 12: Comparison between the measurement and 
the calculations according to the models 
presented in sections 3.1 and 4.1.2 

As the diffusion coefficient is expected to be higher by 
several orders of magnitude at the phase border 
between the two materials, it was increased in order to 
achieve a better correspondence between the measured 
and the calculated values. The calculation with a 
diffusion coefficient increased by the factor 60 
approaches the measured values better. However, it 
cannot be seen as a good fit. At t < 3,000 h the 
calculated values are significantly below and at 
t > 3,000 h significantly above the mean value of the 
measured resistances. In contrast, the model presented 
in the previous chapter approaches the measured 
resistances within the first 2,000 h very well. 
Afterwards, the differences between the model and the 
measurement increase. For the model according to 
Dzektser, presented in section 3.2, the resistance over 
time with ā = 7 µm and D (115 °C) = 1.6 ∙ 10-10 cm²/s 
was calculated. This would result in a change in 

resistance of only 10 µΩ over 4,000 h (Fig. 13). To 
achieve a better fit, the diffusion coefficient was 
increased by the factor 103. 

 

Fig. 13: Comparison between the measurement and 
the calculations according to the models 
presented in sections 3.2 and 4.1.2 

During the first 1,000 h, the calculated values with the 
increased diffusion coefficient match the measured 
resistances rather well. Afterwards, the calculation 
increases considerably faster than the measurement. 
The deviations between all three calculation models 
and the measured resistances at t > 3,000 h indicate 
that different processes superimpose each other. One 
mathematical relation cannot describe them accurately. 
A possible reason might be that the diffusion 
mechanisms change over time. In the beginning, 
diffusion along the phase boundary determines the 
growth rate of the oxide. Due to the barrier effect of the 
oxide layer, these relatively fast diffusion paths might 
be blocked and slower diffusion processes e.g. along 
the grain boundaries would then dominate the growth. 
Metallographic investigations were performed in order 
to gain further insight into the way the oxygen 
progresses into the contact interface. An EDX-
mapping (energy dispersive x-ray spectroscopy) was 
conducted on the FIB-cut (focused ion beam) of an Ag-
coated sample that had been stored at 115 °C for 
4,000 h (Fig. 14a). It would have been expected that 
accumulations of oxygen could be seen at the grain 
boundaries. However, either there was no higher 
oxygen concentration or the resolution was not 
sufficient to detect it (Fig. 14b). 

 
Fig. 14: Metallographic investigations on an Ag-

coated contact member: a) FIB-cut with 
b) EDX-mapping of the oxygen, c) section of 
a FIB-cut with recrystallized microstructure 

In the FIB-cut, it could be seen that areas that had 
experienced mechanic deformation during the joining 
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following sections. 

 

Fig. 8: Point contact with a radially growing oxide 
layer, a) microscopic growth: reduction of the 
radius of each a-spot, b) macroscopic growth: 
failure of entire a-spots from the outside in 

4.1.1 Macroscopic approach 
The macroscopic approach is based on the assumption 
that the oxide film grows from the outside in over the 
entire contact area. The a-spots that are the furthest 
from the center of the contact fail first. The reduction 
of the radius of a single a-spot is neglected. The entire 
a-spot is considered to be either film-free or insulating. 
This results in n discrete values for the contact 
resistance depending on the number of a-spots that are 
still intact (Fig. 9). In the experiments, the resistance of 
the connections in atmospheric air rose to more than 
five times the resistance of the connections in the N2-
atmosphere within the first 24 h at 115 °C. In order to 
match the calculation to the measurements, only two a-
spots would remain. The measured curve cannot be 
described well with the approximations that have been 
made. While the a-spots failing first barely have any 
effect on the resistance, the last remaining a-spots 
cannot describe the resistances measured at t > 700 h. 

 

Fig. 9: Measured contact resistance depending on the 
time and calculated contact resistance 
depending on the number of a-spots in an Ag-
Al-connection 

4.1.2 Microscopic approach 
The microscopic approach considers the decrease in 
radius of every single a-spot under the assumption that 
they all are equally accessible for the oxygen. The 
increase in resistance within the first 24 h would be 
caused by a reduction of the a-spot radius to 1.25 µm 
compared to the 7 µm in the N2-atmosphere (Fig. 10). 

 

Fig. 10: Measured contact resistance and calculated 
radius of the a-spots assuming a uniform 
growth of the oxide layer on all 39 a-spots in 
an Ag-Al-connection 

While the contact resistance over time increases 
approximately in a linear fashion, the decrease in 
radius of the a-spots slows down gradually. Instead of 
the radius of the a-spots, the thickness of the oxide that 
has grown from the edge of the a-spot inwards in axial 
direction can be depicted (Fig. 11). 

 

Fig. 11: Radial growth of the oxide layer in an a-spot 
starting at t = 24 h at 115 °C in an Ag-Al-
connection (mean value and span) 

This reveals an approximately logarithmic growth of 
the oxide layer. This kind of growth indicates that not 
a constant diffusion coefficient through the oxide layer 
is determining the oxidation rate. It depends on the 
probability of the existence of free paths along which 
the particles can move. With an increasing layer 
thickness, the probability for the existence of these 
paths decreases and the oxidation rate slows down. [20] 
In order to transfer the results to other connections, the 
uniform pressure of 64 N/mm² in the apparent area of 
contact As needs to remain the same as in the evaluated 
experiments. The number of a-spots with ā = 7 µm can 
be estimated for a different apparent contact area. 
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Knowing the contact resistance after 24 h at the 
operating temperature, the remaining metallic radius of 
the a-spots can be calculated. 

a-spots
Al2O3

a) b)

39 37 35 33 31 29 27 25 23 21 19 17 15 13 11 9 7 5 3 1

0

500

1000

1500

2000

2500

3000

3500

24 54 145 247 414 703 1032 1536 2142 3078 3915

number n of a-spots

co
nt

ac
t r

es
ist

an
ce

 R
in

 µ
Ω

time t in h

measurement

calculation

Cu Al

Ag

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

0

500

1000

1500

2000

2500

3000

3500

4000

0 1000 2000 3000 4000

ra
di

us
a

in
 µ

m

co
nt

ac
tr

es
ist

an
ce

R
in

 µ
Ω

time t in h

measurement

calculation

Cu Al

Ag

d = 0.2481 µm ∙ ln(t/h) – 0.8353 µm

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

0 1000 2000 3000 4000

ra
di

al
 o

xi
de

la
ye

r
th

ic
kn

es
s

d 
in

 µ
m

time t in h

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

d

Cu Al

Ag



418

had recrystallized (Fig. 14c). The resulting, fine 
structure could facilitate the diffusion along the grain 
boundaries. 

4.2 Al-Cu 
The experiments on five connections with a bare 
aluminum and a bare copper contact member at 90 °C 
over 4,000 h have shown that the oxidation proceeds 
slower in this material combination than in Ag-Al-
connections [1]. As the force applied via the spring pins 
and the hardness of the softer contact member were the 
same as in the Ag-Al-connections, the assumption of 
n = 39 a-spots was adopted for this system as well. 

4.2.1 Macroscopic approach 
Due to the slower rise in resistance, the macroscopic 
model can approximate the measurement better at first. 
After 24 h a remainder of six a-spots would reproduce 
the measured resistance (Fig. 15). However, the failure 
of further a-spots would cause a rise in resistance that 
is higher than the measured, small increase. Overall, 
the discrete resistances of this theory are not a suitable 
fit for reproducing the measured values. 

 

Fig. 15: Measured contact resistance depending on the 
time and calculated contact resistance 
depending on the number of a-spots in an Al-
Cu-connection 

4.2.2 Microscopic approach 
With the microscopic approach, the radius of a single 
a-spot would be 1.25 µm after 24 h at 90 °C (Fig. 16). 

 
Fig. 16: Measured contact resistance and calculated 

radius of the a-spots depending on time 
assuming a uniform growth of the oxide layer 
on all 39 a-spots in an Al-Cu-connection 

The increase in resistance slows down over time. The 
radial growth of the oxide layer after the first heating 
over time shows a parabolic oxide growth in this 
material combination (Fig. 17). This type of relation is 
typical for diffusion processes. 

 

Fig. 17: Radial growth of the oxide layer in an a-spot 
starting at t = 24 h at 90 °C in an Al-Cu-
connection (mean value and span) 

A growth constant of k = 7.2 ∙ 10-17 cm²/s can be 
determined for a temperature of 90 °C. Taking into 
account the span of the results, the growth constant that 
would be necessary to fit the minimum and maximum 
values were determined as kmin

 =1.9 ∙ 10-17 cm²/s and 
kmax = 2.6 ∙ 10-16 cm²/s. With eq. (6), the number of a-
spots in any connection with the softer contact being 
aluminum and a uniform pressure of 64 N/mm² in the 
apparent contact area can be determined. In eq. (7) ρAg 
has to be replaced by ρCu for this material combination. 
Hence, the mean value of the contact resistance over 
time for an Al-Cu-connection at 90 °C can be 
calculated as follows: 

Cu Al

17 cm²
4 (24 h) 7.2 10

s

 






 
 
 
 

R

n a t

 (9) 

4.2.3 Comparison to the existing models 
For comparing the measurement to the models after 
Izmailov and Dzektser, there is no previously known 
diffusion coefficient that can be used for the 
calculation. Instead, the diffusion coefficient is 
determined for which the calculated resistances fit the 
measured values as far as possible. For the mean 
values, it is D = 4.2 ∙ 10-16 cm²/s and considering the 
span it would be Dmin

 =5.6 ∙ 10-17 cm²/s and 
Dmax = 6.7 ∙ 10-16 cm²/s. With the calculation after 
Izmailov, the measured values cannot be approximated 
well (Fig. 18). Compared to the exponential growth of 
the resistance in this model, the measured values are 
too low in the beginning and too high later on. The 
intersection point between the calculated and the 
measured curve can be shifted by assuming a different 
diffusion coefficient. 
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Fig. 18: Comparison between the measurement and 

the calculations according to the models 
presented in sections 3.1, 3.2 and 4.2.2 

In contrast, the model after Dzektser and the model 
developed in chapter 4.2.2 both match the mean value 
of the measured resistances quite well. The diffusion 
process of the oxygen along the interface between 
aluminum and copper determines the long-term 
behavior of the connections of this material 
combination. Eq. (4) and (9) can both be used in order 
to estimate the resistance of a connection with a bare 
aluminum and a bare copper contact member over 
time. 

5 Summary 
 For Ag-Al- and Al-Cu-connections, models 

describing the aging of the connections caused by 
the growth of an Al2O3-layer in the contact interface 
were developed. Both models are limited to 
connections with a uniform pressure in the contact 
interface. The results were compared to previously 
existing models. 

 In Ag-Al-connections different processes seem to 
be taking place within the connection that cannot be 
described accurately yet. Neither the previously 
existing, nor the newly developed model can 
approximate the measured resistances closely for 
t > 3,000 h. 

 The long-term behaviour of Al-Cu-connections at 
90 °C can be described well with the determined 
diffusion coefficient for eq. (4) or the growth 
constant for eq. (9). In order to calculate the aging 
of connections at other temperatures, further 
investigations are necessary. 

 The diffusion mechanisms for the entrance of the 
oxygen into the different material combinations and 
the diffusion coefficients for the different kinds of 
diffusion require closer investigation. 

 Fritting seems unlikely in the investigated 
connections due to their steady rise in resistance. As 
leaps in resistance have been witnessed in other 
connections, experiments are currently conducted 
with a variable source voltage. Examining the 
breakthrough of Al2O3 may also help gain insight 
into the thickness of the oxide layer. 
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and the helpful discussion of the results. 
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structure could facilitate the diffusion along the grain 
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aluminum and a bare copper contact member at 90 °C 
over 4,000 h have shown that the oxidation proceeds 
slower in this material combination than in Ag-Al-
connections [1]. As the force applied via the spring pins 
and the hardness of the softer contact member were the 
same as in the Ag-Al-connections, the assumption of 
n = 39 a-spots was adopted for this system as well. 

4.2.1 Macroscopic approach 
Due to the slower rise in resistance, the macroscopic 
model can approximate the measurement better at first. 
After 24 h a remainder of six a-spots would reproduce 
the measured resistance (Fig. 15). However, the failure 
of further a-spots would cause a rise in resistance that 
is higher than the measured, small increase. Overall, 
the discrete resistances of this theory are not a suitable 
fit for reproducing the measured values. 

 

Fig. 15: Measured contact resistance depending on the 
time and calculated contact resistance 
depending on the number of a-spots in an Al-
Cu-connection 

4.2.2 Microscopic approach 
With the microscopic approach, the radius of a single 
a-spot would be 1.25 µm after 24 h at 90 °C (Fig. 16). 

 
Fig. 16: Measured contact resistance and calculated 

radius of the a-spots depending on time 
assuming a uniform growth of the oxide layer 
on all 39 a-spots in an Al-Cu-connection 

The increase in resistance slows down over time. The 
radial growth of the oxide layer after the first heating 
over time shows a parabolic oxide growth in this 
material combination (Fig. 17). This type of relation is 
typical for diffusion processes. 

 

Fig. 17: Radial growth of the oxide layer in an a-spot 
starting at t = 24 h at 90 °C in an Al-Cu-
connection (mean value and span) 

A growth constant of k = 7.2 ∙ 10-17 cm²/s can be 
determined for a temperature of 90 °C. Taking into 
account the span of the results, the growth constant that 
would be necessary to fit the minimum and maximum 
values were determined as kmin

 =1.9 ∙ 10-17 cm²/s and 
kmax = 2.6 ∙ 10-16 cm²/s. With eq. (6), the number of a-
spots in any connection with the softer contact being 
aluminum and a uniform pressure of 64 N/mm² in the 
apparent contact area can be determined. In eq. (7) ρAg 
has to be replaced by ρCu for this material combination. 
Hence, the mean value of the contact resistance over 
time for an Al-Cu-connection at 90 °C can be 
calculated as follows: 
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4.2.3 Comparison to the existing models 
For comparing the measurement to the models after 
Izmailov and Dzektser, there is no previously known 
diffusion coefficient that can be used for the 
calculation. Instead, the diffusion coefficient is 
determined for which the calculated resistances fit the 
measured values as far as possible. For the mean 
values, it is D = 4.2 ∙ 10-16 cm²/s and considering the 
span it would be Dmin

 =5.6 ∙ 10-17 cm²/s and 
Dmax = 6.7 ∙ 10-16 cm²/s. With the calculation after 
Izmailov, the measured values cannot be approximated 
well (Fig. 18). Compared to the exponential growth of 
the resistance in this model, the measured values are 
too low in the beginning and too high later on. The 
intersection point between the calculated and the 
measured curve can be shifted by assuming a different 
diffusion coefficient. 
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Abstract

The use of 3D optical scanning methods is well established for the evaluation of volumetric wear on electrical 
contact surfaces. A longstanding limitation of these methods has been the accuracy to which the underlying form 
of the surface prior to the wear process is determined. Electrical contact surfaces are never perfectly flat, in many 
applications the underlying surface is nominally spherical or a freeform surface. This paper introduces newly de-
veloped methods to enhance the capability of resolving volumetric wear on a surface with complex shape (form). 
These methods are applicable to a wide range of applications, but the focus here is on arcing electrical contacts. 
The paper investigates wear on a nominally spherical AgNi contact used in low voltage switching applications and 
compares this to the wear on a surface modified using am electron beam process to create a highly structured 
surface; under the same switching conditions. The spherical contact is analysed using a new 3D optical metrology 
solution using a data fusion method, which combines both metrology data and surface photographic image data. 
The 3D optical scanning data is then compared with surface data from X-Ray computed tomography (X-CT) of 
the structured electrical contact surface. 

1 Introduction

This paper focuses on wear related to arcing devices 
although the methods discussed are applicable to other 
electrical contact applications and to other types of sur-
faces. Many studies over the last 30 years have inves-
tigated mass transfer processes linked to arcing in 
switching contacts. Figure 1 shows example results of 
such a study, [1]. It shows that the transfer between the 
anode and cathode surfaces in a 64 V DC resistive 
switching circuit related to the current level (0-16 A). 
With the transfer between the anode and cathode re-
versing above 3A, linked to the onset of a gaseous arc. 
The results in [1] showed one of the first applications 
of 3D surface data, with the data collected using a sty-
lus profiling system. The onset of optical methods for 
the 3D surface profiling [2] generated a number of 
studies on the volumetric wear of electrical contacts [2-
8]. Showing two key advantages over the stylus meth-
ods; firstly, the contact surfaces do not need to be re-
moved from the support to evaluate the surfaces; sec-
ondly the ability to differentiate between wear both 
above and below a set datum, as shown in Figure 2.              

The detection of wear on a complex surface can be ap-
plied in many applications and in all cases, there are a 
number of fundamental issues; (1) the precision of the 
measurement system, (2) the accuracy of the volume 
algorithms, and (3) the methods used to identify the un-
derlying surface form, examples include; (a) Flat, (b) 

Spherical, (c) cylindrical, (d) toroidal, (e) free-form, (f) 
structured surfaces no recess, and (g) structured sur-
faces with recesses. 

1.1 Arc Wear Transport between 
Electrical Contact Surfaces

The wear process in electrical contacts with arcing is 
very complex, as reflected in the number of research 
publications in the field, [9]. The key issue is that the 
wear is a complex interaction of many variables, here 
separated into 5 categories, as shown in Table 1. Be-
cause of the complexity it is often difficult to determine 
underlying phenomena, with the results only relating to 
the specific conditions used.  To reduce the complexity, 
control of the independent variables is used. For exam-
ple, the data in Figure 1, is for a fixed DC voltage, with 
a resistive load, with a single material and constant 
opening velocity; thus controlling 2 of the variable cat-
egories. The remaining categories will have a signifi-
cant influence on the resulting wear, it is therefore im-
portant to clearly define these. 

In this study, we investigate a controlled experimental 
condition with modern surface scanning instruments to
provide information around the interaction of anode 
and cathode surfaces.
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Fig.1 Mass Transfer, 60 VDC Break only, Ag MeO 
contacts, constant velocity (0.1m/sec) [1].

Fig. 2 Volume above and below a fixed datum sur-
face.

1 Circuit condi-
tions

Supply voltage V (AC 
DC), I, Load type.

2 Device design Contact velocity, number 
of bounces on closure, in-
teraction with magnetic 
fields, surrounding en-
close materials.

3 Experiment con-
dition 

Make only, Break Only, 
Point on Wave, Make and 
Break

4 Electrical contact 
material

Ag, Ag/Ni, Ag MO, etc

5 The environment Temp, Pressure, humidity, 
vibration levels.

Table 1. Factors influencing the wear and erosion of 
electrical, contact switching surfaces.

2       Experimental Methods and 
Data Resolution

2.1 Test Fixture

A model relay mechanism is used, as shown in Figure 
3, with two commercial contact rivets, Ag/Ni, (80/20). 
The lower contact is a fixed cathode; the moving 
contact has a maximum contact gap pre-set of 0.3mm. 
The moving contact is in the normally open condition 
and actuated by a standard (14 V) relay coil. The circuit 
conditions used are, 14.8 V (DC),10.2 A, resistive load, 
the contacts are switched for 3000 operations with both 
make and break cycles. Two surface types are used; in 
Experiment (1), a standard rivet contact; and in 

Experiment (2) the same material as (1), modified to a 
predefined structured surface, shown Figure 4.

Fig. 3. The experimental test set up, with a fixed 
cathode (lower) and moving anode contact (upper), 
actuated by the relay coil.

Fig. 4 Ag/Ni contact processed by electron beam 
processing, to create a highly structured surface.

2.2 The Structured Electrical Contact 
Surface

The structured electrical contact surface used in Exper-
iment (2) is shown in Figure 4, it was modified using 
an electron beam processing method, [10]. The dark-
ened area in the figure is the location of the arc related
wear. When the electron beam comes into contact with 
the surface it melts and vaporises the material. Provid-
ing that the beam does not penetrate the surface, the 
vapour pressure of the molten material causes the ma-
terial to be expelled from the hole formed. This mate-
rial is deposited around the perimeter of the hole. A se-
ries of electro-magnetic coils are used to focus the elec-
tron beam and then deflect it around the material in a 
rapid and controlled manner, allowing this process to 
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although the methods discussed are applicable to other 
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tigated mass transfer processes linked to arcing in 
switching contacts. Figure 1 shows example results of 
such a study, [1]. It shows that the transfer between the 
anode and cathode surfaces in a 64 V DC resistive 
switching circuit related to the current level (0-16 A). 
With the transfer between the anode and cathode re-
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The results in [1] showed one of the first applications 
of 3D surface data, with the data collected using a sty-
lus profiling system. The onset of optical methods for 
the 3D surface profiling [2] generated a number of 
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8]. Showing two key advantages over the stylus meth-
ods; firstly, the contact surfaces do not need to be re-
moved from the support to evaluate the surfaces; sec-
ondly the ability to differentiate between wear both 
above and below a set datum, as shown in Figure 2.              

The detection of wear on a complex surface can be ap-
plied in many applications and in all cases, there are a 
number of fundamental issues; (1) the precision of the 
measurement system, (2) the accuracy of the volume 
algorithms, and (3) the methods used to identify the un-
derlying surface form, examples include; (a) Flat, (b) 

Spherical, (c) cylindrical, (d) toroidal, (e) free-form, (f) 
structured surfaces no recess, and (g) structured sur-
faces with recesses. 

1.1 Arc Wear Transport between 
Electrical Contact Surfaces

The wear process in electrical contacts with arcing is 
very complex, as reflected in the number of research 
publications in the field, [9]. The key issue is that the 
wear is a complex interaction of many variables, here 
separated into 5 categories, as shown in Table 1. Be-
cause of the complexity it is often difficult to determine 
underlying phenomena, with the results only relating to 
the specific conditions used.  To reduce the complexity, 
control of the independent variables is used. For exam-
ple, the data in Figure 1, is for a fixed DC voltage, with 
a resistive load, with a single material and constant 
opening velocity; thus controlling 2 of the variable cat-
egories. The remaining categories will have a signifi-
cant influence on the resulting wear, it is therefore im-
portant to clearly define these. 

In this study, we investigate a controlled experimental 
condition with modern surface scanning instruments to
provide information around the interaction of anode 
and cathode surfaces.
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be carried out at many sites consecutively. In this study 
the resultant surface is the same material as the com-
mercial Ag/Ni rivet, (80/20) with the same overall di-
mensions. The surface exhibits a structure with a very 
high degree of surface roughness as shown in Figure 
4. 

2.3 Optical and X-Ray Surface 
Metrology Hardware and Software 

The optical 3D surface metrology instruments used in 
this study is the TaiCaan Technologies XYRIS 2020. 
This is a calibrated metrology instrument. It is a new 
class of instrument (released in 2020), which combines 
an ability to measure surfaces with significant slope, 
with the ability to view the samples via microscope and 
scan over large areas, (100 x 100 mm), with 0.1µm res-
olution. Two optical sensors have been used in this pa-
per, the XYRIS 2020 L and H, where the L refers to a
low gauge range sensor with a resolution of 0.01 µm
and the H sensor is a high gauge range with a resolution 
of 0.025 µm.

X-Ray Computed Tomography (X-CT) has been used 
for many years in medical applications. Recent devel-
opments in metrology have seen increasing use of the 
method for precision metrology in engineering appli-
cations, [11-13]. The systems are not calibrated, and as 
such the optical data produced from the XYRIS 2020 
H/L can be used to give an indication of the accuracy 
of the X-CT system. The system used is a Nikon 225 
kVp Nikon/Xtek HMX, with the commercial software 
VGStudio Max 2.1 used to generate the surfaces. The 
data has 8-bit image resolution and a spatial resolution 
of, 4.8 µm in X, Y and Z, (voxel resolution). The point 
cloud data produced requires a further step in pro-
cessing to detect the surface and to then render the sur-
face. The render settings used within VGStudio Max 
2.1, are, (1) to select a sample of the background and a 
sample of the volume of interest, (2) use the ISO stand-
ard which automatically detects the surface from a his-
togram, and the (3) select the meshed data to very pre-
cise with no simplification.

Both XYRIS and X-CT systems have commercial soft-
ware tools, which enable the generation of the 3D data 
for processing. The data format used is a standard 3D 
point cloud format (STL) for the X-CT system. The 
XYRIS system generates both STL format data and a 
standard metrology format surface (2.5D) data (*.tai). 
Both formats are imported into ®BEX [14], for analy-
sis of the dimensional and volumetric data. 

2.4 Defining the accuracy of the 
volumetric wear as a function of 
the metrology systems and software

There are a number of critical factors in defining the 
accuracy of volume measurements; 

1. The accuracy of the measurement process. The sys-
tem (XYRIS 2020 H) has a volume resolution of 
(X,Y,Z,) 0.1 µm, 0.1 µm, and 0.025 µm. If we use the 
term VOXEL as used in XCT to define volume resolu-
tions, and assume Z to be the same as X,Y then the 
XYRIS Voxel sixe is 0.1 µm. The Voxel size of the X-
CT system is correspondingly 4.8 µm, or approxi-
mately 50 times larger than the optical method. For 
both systems the resolution does not directly relate to 
accuracy of the systems. The accuracy is a function of 
systematic and other errors. For the X-CT this is very 
complex and undefined. The accuracy of the XYRIS 
2020 is defined; with the repeatability in X and Y of 
0.150 µm, and a noise floor in Z, 0.024 µm, (for the L 
sensor). The corresponding value for the H sensor is, a 
noise floor in Z of 0.084 µm. These combined to define
the volumetric accuracy of the system used as 172 nm3

(for the H sensor). Both the resolution and the accuracy 
are significantly higher when compared to the data in 
[1-7]. 

2. The X-CT system has a second stage of errors asso-
ciated with the surface generation processes, which 
adds a further level of complexity to a system which 
has already poorly defined accuracy.

3. The accuracy of the software approach used to de-
termine the volume. Some existing commercial soft-
ware packages used to define volume have been shown 
to have errors of 9% when compared to refence data 
sets. Care must be used when selecting the appropriate 
methods. The software package used here is ®BEX 
(TaiCaan Technologies) with a defined software error 
on a reference surface of <0.003%. 

4. The accuracy of the form fitting methods used to 
remove the underlying form. The results of the volu-
metric wear are highly sensitive to selection of the area 
and the fitted surface. This is discussed in the results of 
experiment (1).  The form fitting of a surface and the 
link to before and after studies leads to an introduction 
of the topic of data registration, [11], discussed briefly 
below. 

2.5 The Characterisation of a 
Structured Electrical Contact 
Surface

Regular surfaces can be described by a number of pa-
rameters the most common of which are the two 2D 
amplitude roughness parameters, Ra and Rq; the for-
mer is the arithmetic mean value of a rough surface and 
the latter is the Root Mean Square or standard deviation 
of the surface. The 2D parameters are matched by the 
standard 3D amplitude parameters Sa and Sq.  These 
values both R and S are taken relative to a nominal 
form fit and waviness filter (Gaussian).  These param-
eters are crude descriptors proving no indication of the 
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nature of the surface, as this requires both spatial and 
amplitude information, along with some function de-
scribing the functionality of the surface, which in turn 
will be related to the application of the surface.  

To allow the combination of both amplitude and spatial
data a hybrid parameter is used we define as Sap. This 
areal parameter, (S type) and has been developed for 
the optimisation of electrode surfaces where the sur-
face area is a key design parameter. For an ideal 
smooth plane surface, the texture ratio (Sap) is 1.

The texture ratio parameter is similar to the Sdr param-
eter as defined by ISO25178 – Developed Interface 
Area Ratio – which describes how much the texture in-
creases the surface area from a 2D. For an ideal plane 
surface the value is 0.

2.6 Data Registration to detect surface 
changes.

Data registration is a process where before and after 
(wear study) data is registered such that surfaces can be 
subtracted to determine the wear relative to the know 
datum. The registration problem is mathematically 
complex and a subject of major interest in a range of 
applications, [11]. In this work the surfaces were not 
measured before testing; in this case the underlying 
form is assumed to be a known geometric form, i.e. flat, 
spherical, etc. [1-7]. The natural contact rivets used are 
not high precision components and as such there will 
be errors in the underlying form evaluation as these are 
not perfectly spherical, as discussed below. 

3 Results and Discussion

3.1 Experiment 1. Standard Electrical 
Contact, Ag/Ni 80/20, 3000 
operations make and break.

Figure’s 5 and 6 show the cathode and anode surface, 
measured using the XYRIS 2020H. The righthand 
colour scales show the height range and the height data 
distribution. It shows that the H sensor range allows the 
capture of both the base and the pip and crater wear. 

Fig. 5 Cathode; 14.8 V (DC), 10.2 A resistive load, 
3000 switching operations with both make a break 
cycles. Ag/Ni. (80/20), (a) upper, 2.6 mm x2.6 mm,
colour scale (0-0.78mm) (b) middle, 1.5mm x 
1.5mm, colour scale (0-0.164mm) (c) lower, micro-
scope image.

Table 2. Volumetric data Exp. 1 as shown in Fig’s 5-
8, and Exp. 2 in Fig. 9, all x10-3 mm3.

Exp. 1 
(Cathode)

Exp.1
(Anode)

Exp. 2
(Anode)

Volume 
(Above) 

2.86 0.271 0.582

Volume 
(Below)

-0.093 -3.701 -3.513

Volume 
Change

2.767 -3.43 -2.931

be carried out at many sites consecutively. In this study 
the resultant surface is the same material as the com-
mercial Ag/Ni rivet, (80/20) with the same overall di-
mensions. The surface exhibits a structure with a very 
high degree of surface roughness as shown in Figure 
4. 
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per, the XYRIS 2020 L and H, where the L refers to a
low gauge range sensor with a resolution of 0.01 µm
and the H sensor is a high gauge range with a resolution 
of 0.025 µm.
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of, 4.8 µm in X, Y and Z, (voxel resolution). The point 
cloud data produced requires a further step in pro-
cessing to detect the surface and to then render the sur-
face. The render settings used within VGStudio Max 
2.1, are, (1) to select a sample of the background and a 
sample of the volume of interest, (2) use the ISO stand-
ard which automatically detects the surface from a his-
togram, and the (3) select the meshed data to very pre-
cise with no simplification.

Both XYRIS and X-CT systems have commercial soft-
ware tools, which enable the generation of the 3D data 
for processing. The data format used is a standard 3D 
point cloud format (STL) for the X-CT system. The 
XYRIS system generates both STL format data and a 
standard metrology format surface (2.5D) data (*.tai). 
Both formats are imported into ®BEX [14], for analy-
sis of the dimensional and volumetric data. 

2.4 Defining the accuracy of the 
volumetric wear as a function of 
the metrology systems and software

There are a number of critical factors in defining the 
accuracy of volume measurements; 

1. The accuracy of the measurement process. The sys-
tem (XYRIS 2020 H) has a volume resolution of 
(X,Y,Z,) 0.1 µm, 0.1 µm, and 0.025 µm. If we use the 
term VOXEL as used in XCT to define volume resolu-
tions, and assume Z to be the same as X,Y then the 
XYRIS Voxel sixe is 0.1 µm. The Voxel size of the X-
CT system is correspondingly 4.8 µm, or approxi-
mately 50 times larger than the optical method. For 
both systems the resolution does not directly relate to 
accuracy of the systems. The accuracy is a function of 
systematic and other errors. For the X-CT this is very 
complex and undefined. The accuracy of the XYRIS 
2020 is defined; with the repeatability in X and Y of 
0.150 µm, and a noise floor in Z, 0.024 µm, (for the L 
sensor). The corresponding value for the H sensor is, a 
noise floor in Z of 0.084 µm. These combined to define
the volumetric accuracy of the system used as 172 nm3

(for the H sensor). Both the resolution and the accuracy 
are significantly higher when compared to the data in 
[1-7]. 

2. The X-CT system has a second stage of errors asso-
ciated with the surface generation processes, which 
adds a further level of complexity to a system which 
has already poorly defined accuracy.

3. The accuracy of the software approach used to de-
termine the volume. Some existing commercial soft-
ware packages used to define volume have been shown 
to have errors of 9% when compared to refence data 
sets. Care must be used when selecting the appropriate 
methods. The software package used here is ®BEX 
(TaiCaan Technologies) with a defined software error 
on a reference surface of <0.003%. 

4. The accuracy of the form fitting methods used to 
remove the underlying form. The results of the volu-
metric wear are highly sensitive to selection of the area 
and the fitted surface. This is discussed in the results of 
experiment (1).  The form fitting of a surface and the 
link to before and after studies leads to an introduction 
of the topic of data registration, [11], discussed briefly 
below. 

2.5 The Characterisation of a 
Structured Electrical Contact 
Surface

Regular surfaces can be described by a number of pa-
rameters the most common of which are the two 2D 
amplitude roughness parameters, Ra and Rq; the for-
mer is the arithmetic mean value of a rough surface and 
the latter is the Root Mean Square or standard deviation 
of the surface. The 2D parameters are matched by the 
standard 3D amplitude parameters Sa and Sq.  These 
values both R and S are taken relative to a nominal 
form fit and waviness filter (Gaussian).  These param-
eters are crude descriptors proving no indication of the 
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Fig.6 Anode Surface; 14.8 V (DC), 10.2 A resistive 
load, 3000 switching operations with both make a 
break cycles. Ag/Ni. (80/20); (a) upper, 2.6 mm x 2.6 
mm, colour scale (0-0.68 mm) (b) lower, microscope 
image.

Fig.7 Cross section data through the pip and crater 
formation in Fig’s 5 and 6, with the surfaces sepa-
rated by 1 µm.    

Fig.8 2D data superimposition. (a) Combining 2D 
data from Fig 5 and Fig 6.  

The analysis of the volume information in Figure’s. 5 
& 6, follows an established 3 step methodology.

• Step 1; apply a 2D 80 µm gaussian filter to the 
measured data, showing the changes in surface 
roughness only. This allows the identification of 
the wear region.

• Step 2; remove the region and fit a sphere to the 
residual surface. Replace the wear region to the 
levelled residual data. 

• Step 3; remove the datum surface, using the region 
identified in Step 1 and determine the volume 
above and below the datum. 

The results of the volumetric erosion are shown in Ta-
ble 2.  As evidenced by the difference in the net cathode 
gain and the net anode loss, some material is lost to the 
environment. This is observation is further confirmed 
in Figure 7, which shows a cross section of the wear 
region with the cathode surface inverted onto the anode 
surface. It shows a close match, but it is clear that the 
material gained on the cathode is less that the material 
lost from the anode. This suggests that material is lost 
to the environment as shown by the volume differ-
ences. Table 3 shows the roughness parameters of the 
undamaged surface, and the evaluation of the hybrid 
Sap parameter, (1.094). To show the sensitivity to the 
form fitting process, the position of the datum surface 
can be adjusted in software, to show a shift of 1 µm, 
reduces the negative wear volume by 15%. This em-
phasizes the sensitivity of the datum surface definition 
to any analytical evaluation of the volumetric data. To 
overcome this limitation would require a data registra-
tion process, [11].

Figure 8 shows the application of data fusion with the 
anode surface height rendered with the photographic 
colours. This technique allows the user to define re-
gions of wear which are not apparent in the 3D data.
An example is the region surrounding the wear crater 
in Figure 6, which shows a darkened area.

XYRIS H 
(Optical)
Exp. 1

XYRIS L 
(Optical)
Exp. 2

Nikon
(X-CT)
Exp. 2

Ra 1.545 µm 52.015 µm 45.781 µm
Rq 1.96 µm 58.95 µm 53.187 µm
Rz 13.91 µm 237.93 µm 225.31 µm
X
4 peak

N/A 0.635 mm 0.639 mm

S a/p 1.094
(0.5 mm)

2.41*
(1 mm)

1.924
(1 mm)

Table 3 Metrology data comparison, Experiment 1 
and 2.* the optical data requires smoothing using 
Median filters
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3.2 Structured cathode surface with 
regular anode surface, Ag/Ni 80/20, 
3000 operations make and break

The electron beam modified electrical contact surface, 
(cathode or fixed contact) is shown in Figure 9. It 
shows a highly structured surface measured with the X-
CT system, with a cross section, showing recessed sur-
face, i.e. where there is an overhang and where top 
down optical sensing would not be able to show the 
corresponding hidden surface. The data shows the 
height data from the X-CT measurement and associ-
ated surface rendering process as described above. The 
features in the surface as shown in the cross section 
correspond to holes in the surface with a typical depth 
of 0.16 mm. The resultant surface shows a number of 
peaks and a wear area apparent in the microscope im-
age after the switching operations, in Figure 4 (the 
darkened area), but not apparent in the 3D X-CT data.   

The corresponding data from the optical system 
(XYRIS 2020 L) is shown in Figure 10, in this case for 
both the cathode surface and the anode surface. The op-
tical measurement of the cathode surface is with higher 
resolution when compared to the X-CT data, but be-
cause of the line of sight issue, is unable to show the 
recessed surfaces.

Fig 9. Structured cathode surface, using X-CT and 
surface generation, with cross section, through the 
white line. Colour scale (1.25-1.55 mm)

3.3 Characterisation of the Surfaces. 

The roughness values for the surfaces are shown in Ta-
ble 3. It is noted, that the method used to generate the 
values in Table 3, are subject to systematic user errors. 
The relative positions of the cross section and the se-
lected area are hand selected but are as close as possi-
ble. These are determined using both the Ra and Rq 
values associated with the selected cross sections. The 

data is relative to a selected form, in Experiment 1 this 
is a circle fit, while in Experiment 2 it is a 3rd order 
polynomial fit. The results shows the expected Ra for 
the undamaged regular surface is of the order of 1-2
µm, while the corresponding roughness for the struc-
tures surfaces is of the order 40-55 µm. It is noted that 
the Ra values is an arithmetic mean and that the hidden 
surfaces (with lower amplitude) will contribute to the 
lower Ra when compared to the Ra from the optical 
system, where there is no hidden data. The similar val-
ues for, the overall height Rz (after form fitting), and 
the distance between the top 4 peaks suggest that the 
accuracy of the X-CT system is well matched with the 
calibrated XYRIS 2020 system. 

To enable the application of the Sap parameter on both 
X-CT and optical surface data, we need to define the 
reference projected area. In this data a 1mm radius is 
used. The areas are selected by eye, and because of the 
nature of the surface this implies a possible systematic 
error. The results in table 3, show that for the selected 
areas the optical data has a slightly higher surface area. 
This is probably the consequence of the higher data res-
olution, since the higher data resolution on a rough sur-
face will by it nature generate a higher surface area. To 
remove outliers associated with the optical data, a Me-
dian filter (3 x 3) has been applied, while no filter has 
been applied to the X-CT surface data. 

Fig 10. XYRIS data with selected 1 mm radius used 
for S (a/p) parameter, (upper), colour scale (0.38-
0.68mm) while the lower surface is the anode 
modified using the 3 stage process, and showing the 
area selected for the volume in Table 2, colour scale 
(-0.1 to +0.028 mm).

Fig.6 Anode Surface; 14.8 V (DC), 10.2 A resistive 
load, 3000 switching operations with both make a 
break cycles. Ag/Ni. (80/20); (a) upper, 2.6 mm x 2.6 
mm, colour scale (0-0.68 mm) (b) lower, microscope 
image.

Fig.7 Cross section data through the pip and crater 
formation in Fig’s 5 and 6, with the surfaces sepa-
rated by 1 µm.    

Fig.8 2D data superimposition. (a) Combining 2D 
data from Fig 5 and Fig 6.  

The analysis of the volume information in Figure’s. 5 
& 6, follows an established 3 step methodology.

• Step 1; apply a 2D 80 µm gaussian filter to the 
measured data, showing the changes in surface 
roughness only. This allows the identification of 
the wear region.

• Step 2; remove the region and fit a sphere to the 
residual surface. Replace the wear region to the 
levelled residual data. 

• Step 3; remove the datum surface, using the region 
identified in Step 1 and determine the volume 
above and below the datum. 

The results of the volumetric erosion are shown in Ta-
ble 2.  As evidenced by the difference in the net cathode 
gain and the net anode loss, some material is lost to the 
environment. This is observation is further confirmed 
in Figure 7, which shows a cross section of the wear 
region with the cathode surface inverted onto the anode 
surface. It shows a close match, but it is clear that the 
material gained on the cathode is less that the material 
lost from the anode. This suggests that material is lost 
to the environment as shown by the volume differ-
ences. Table 3 shows the roughness parameters of the 
undamaged surface, and the evaluation of the hybrid 
Sap parameter, (1.094). To show the sensitivity to the 
form fitting process, the position of the datum surface 
can be adjusted in software, to show a shift of 1 µm, 
reduces the negative wear volume by 15%. This em-
phasizes the sensitivity of the datum surface definition 
to any analytical evaluation of the volumetric data. To 
overcome this limitation would require a data registra-
tion process, [11].

Figure 8 shows the application of data fusion with the 
anode surface height rendered with the photographic 
colours. This technique allows the user to define re-
gions of wear which are not apparent in the 3D data.
An example is the region surrounding the wear crater 
in Figure 6, which shows a darkened area.

XYRIS H 
(Optical)
Exp. 1

XYRIS L 
(Optical)
Exp. 2

Nikon
(X-CT)
Exp. 2

Ra 1.545 µm 52.015 µm 45.781 µm
Rq 1.96 µm 58.95 µm 53.187 µm
Rz 13.91 µm 237.93 µm 225.31 µm
X
4 peak

N/A 0.635 mm 0.639 mm

S a/p 1.094
(0.5 mm)

2.41*
(1 mm)

1.924
(1 mm)

Table 3 Metrology data comparison, Experiment 1 
and 2.* the optical data requires smoothing using 
Median filters
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The anode wear region in Figure 10, has been 
processed following the same 3-stage process in 
experiment 1, and the resulting volume shown in Table 
2. This shows a small reduction in the wear volume
(from 3.43 to 2.93 x103 mm3) when comparred to the 
data in experiment 1.  There is no evidence of 
corresponding wear on the structured cathode surface. 

It is noted, that with only one experiemental sample the 
reduction in wear is not a important observation. The 
main result is that using the methods developed in this 
paper, we are able to generate the wear volume with a 
well defined accuracy. 

4 Conclusions

There are a number of new develops presented in this 
paper. 

1. A new data rendering method is shown which 
allows surface 3D data to be superimposed on 
microscope images to provide additional data 
particularly on a surface where there is no clear 
change in volume but a darkening of the surface 
is apparent. 

2. The results show that the complexity of the 
volume fitting methods and the requirement of 
the application of data registration methods. The 
current established 3-step method is prone to user 
error. It has been shown that a small change of 1 
µm in the position of the flat surface datum can 
result in a 15% change in the measured volumes. 

3. A new texture parameters is introduced and used 
in the analysis of a structured cathode surface. 
The parameter has been used in the evaluation of 
the structured surface.

4. The paper introduces the application of electron 
beam forming to create a structured surface.

5. Finally X-CT is used and compared with the 
established optical methods in the evaluation of 
the structured surface. It is shown that the X-Ray 
method is able to show surfaces not visible with 
conventional optical methods (recesses), and the 
data processing methods used allow the recessed 
surfaces to be included in the characterisation of 
the surface.

6. Initial results are presented on the evaluation of 
wear in samples measured using both techniques.
Initial result show that the spatial data in the X-
CT results are good (X dimension in Table 3), the 
roughness data are not similar. The lower voxel 
resolution of the X-CT data leads to a smoothing 
of the surfaces. Further investigations are 
required. 

7. The wear observed in experiments with the 
structured surface is slightly lower on the
unstructured anode surface, with no observable 
wear measured on the cathode surface. 
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Abstract 

Li-ion batteries are widely used in mobile electronic devices. Battery evolution with thinner, smaller but higher 
density, creates more cell hazards, as the lithium-ion cell is designed with materials that are flammable and de-
gradable, and mechanical and electrical shocks can lead to thermal runaway. Efficient and reliable protection of 
the batteries is a must to keep consumers safe. Thermal cut off devices are widely used to protect Li-ion batteries 
from thermal runaway. Whenever the battery temperature reaches a critical temperature level, the TCO must reli-
ably interrupt the current. As battery capacities of mobile devices increase and fast charging of batteries becomes 
a standard feature, the conducting and breaking capacity must increase and contact resistance of the TCO must 
become lower and stay stable during the entire service life. 
A silver-based contact system was developed and optimized for the use in a resettable mini thermal cut off  device, 
providing low (≤2mΩ) contact resistance and variation of resistance, for the use at low voltage (≤10V) and oper-
ating currents of ≤10A.  
By optimizing the contact force to a level of 30cN, optimizing the contact shape, enabling relative movement 
during contact closing, providing tight protection of the contact system from environmental influences, and apply-
ing an asymmetric contact system of AgNi0.14 and AgNi10 contact material, a contact resistance of less than 2mΩ 
in  a very narrow range of ≤1mΩ was achieved.  
The good performance was also confirmed during dry and humidity storage at 85%r.H./60°C and application test-
ing. 
Keywords:   Resettable mini thermal cut off devices, TCO, low voltage switching, reliability of silver-based contact 
systems at low loads. 

1 Introduction 

In the past decade, the usage of mobile electronic de-
vices has increased dramatically. In 2019, approx. 
164 million Laptops and Notebooks, 139 million Tab-
let PC’s, 1.697 billion mobile and smart phones and 
over 140 million of other different wearable electronic 
devices such as smart watches, fitness bands, head-
phones etc. were sold. Most of these devices are 
equipped with Li-ion batteries. In order to guarantee 
safe and reliable function of these widely used con-
sumer devices, the batteries must be protected from 
well-known failure modes such as overcharging, ther-
mal runaway, overheating etc.. For most of the multi-
cell devices, electromechanical, resettable mini ther-
mal cut off devices (TCO) are used. The miniature de-
sign of these electromechanical devices requires 
electrical contacts which can carry up to 20A and are 
able to switch rated currents up to 25A. The most crit-
ical requirement is a very low and stable contact re-
sistance over the lifetime of the electronic device to 
avoid Li-ion cell power losses and device self-heating. 
 

1.1 Protection of Li-ion Batteries  

Portable consumer electronics such as Notebook PCs, 
Tablets and Smartphones need the battery manufactur-
ers to offer higher density and larger capacity Li-ion 
battery cells for compact, lightweight and more func-
tional devices, and longer battery life. Battery evolu-
tion with thinner, smaller but higher density, creates 
more cell hazards, as the lithium-ion cell is designed 
with materials that are flammable and degradable, and 
mechanical and electrical shocks can lead to thermal 
runaway.  
The lithium-ion cell materials are stable at lower tem-
perature but can breakdown at higher temperatures. If 
a Li-ion cell starts to enter thermal runaway, the results 
can be disastrous, and the potential dangers of lithium-
ion batteries have become hot news recently.  
Battery problems in some smartphones and notebooks 
have highlighted that even the largest companies may 
see problems with lithium-ion batteries, so the need for 
protection circuits to maintain the voltage and current 
within safe limits of the Li-ion batteries is one of the 
primary limitations. One of the latest approaches for 
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providing a safety circuit to lithium-ion battery packs 
is the use of the Mini-breaker, which is a resettable 
Thermal Cut Off (TCO) device designed to provide ac-
curate and repeatable overcurrent and overtemperature 
protection. Today, mini breakers are commonly used to 
protect the Li-ion battery cells of notebook PCs, tablet 
computers and smartphones (Fig.2).  
 

 
Fig. 1 Design of a Mini Resettable Thermal Cut-Off  
Device [2] 
 

 
Fig. 2 Protection of a Li-Polymer Cell  
 
 
1.2 Resettable Thermal Cut-Off de-

vices (TCO) and their design 

A typical design of a resettable thermal cut off device 
is given in Fig.1. The available sizes are as small as 
4.75x2.8x0.8mm and can carry up to 18A at 23°C and 
up to 13A@60°C. The TCO consists of a moveable 
spring with a contact (arm), a base with a terminal and 
a fixed contact. Underneath the moveable arm, a bi-
metal disk and a PPTC (Positive Polymer Temperature 
Coefficient) is placed. The entire structure is covered 
with a cover and over-molded with a low outgassing 
plastic material, in this case with LCP (Liquid Crystal 
Polymer). 
In normal condition (Fig.3a) the current flows through 
the electrical contacts during charging and discharging 
of the battery. When the temperature increases the bi-
metal disk flips and pushes the arm upwards and opens 
the electrical contact. The current is diverted into the 
PPTC which trips and keeps the bimetal disk heated 
and latched until the overtemperature/failure situation 
discontinues (Fig.3b). 
The contact resistance of the electrical contact is much 
lower than the resistance of the PPTC, so the power 

losses in closed conditions are very low. PPTC re-
sistance should be as high as possible to minimize the 
leakage current in tripped condition, typically less than 
0.2 A@3VDC. 
The trip temperature is mainly determined by the set 
and reset temperature of the bimetal disk. It is im-
portant that the resistance of the electrical contact is 
low and stable during the entire lifetime of the battery 
pack, so the trip temperature of the TCO is not influ-
enced by the resistive losses. The typical UL current 
rating is 25A@12VDC [16]. 

a) Normal Condition 

 
 
 
 
 
Current flows through the contacts 

b) Tripped Condition  
 
 
 

 
 
 

 
Current flows through PTCs 

Fig. 3 Function of a Resettable Thermal Cut off De-
vice [3] 

1.3 Contacts for high current low volt-
age applications  

When low and very stable contact resistance is required 
over lifetime in low power switching devices, typically 
gold plated contacts are used. When high current is 
transmitted over closed contacts, there is an inherent 
risk of contact welding. Welding contacts are com-
pletely unacceptable for a safety related device and 
would hinder the device function in a failure situation 
where reliable power interruption is needed. 
As gold or gold plated contacts are not an option, the 
application of silver-based contacts seems to be the 
only possible option to achieve very low contact re-
sistance of less than 2mΩ.  
Generally, the application of silver-based contacts is 
not recommended for low voltages and currents [5, 6, 
7, 11]. Multiple grades of Ag based contact materials 
are available on the market. Pure silver, silver alloys, 
silver composite and silver metal oxide materials are 
applied in switching devices. 
- Pure silver has the highest electrical and thermal 

conductivity and therefore low contact resistance, 
can be formed easily in manufacturing [5], but has 
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a Li-ion cell starts to enter thermal runaway, the results 
can be disastrous, and the potential dangers of lithium-
ion batteries have become hot news recently.  
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have highlighted that even the largest companies may 
see problems with lithium-ion batteries, so the need for 
protection circuits to maintain the voltage and current 
within safe limits of the Li-ion batteries is one of the 
primary limitations. One of the latest approaches for 
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low contact welding resistance and a high affinity to 
sulphide formation. Typically, not used for switch-
ing devices which must switch more than 2A. 

- Ag alloys such as Agni0.15 and AgCu3 are widely 
used. Their conductivity is almost as good as 
Ag99,99 but their hardness is higher and both alloys 
have replaced Ag99,99 due to significantly better 
contact properties. These materials are typically 
used up to approximately 16A switching current. 

- Silver composite materials – AgNi. As Ni is not sol-
uble in Ag over 0.15%, higher Ni contents are pro-
duced by powder metallurgy. The sintered AgNi bil-
lets are extruded into wires and the Ni is distributed 
into the silver matrix. Ni contents between 10 and 
20% are most common. The high density of this ma-
terial results in good arc erosion resistance for 
switching currents up to 100A [5]. 

- Silver-Metal Oxide Materials – AgCdO, AgSnO2. 
This group of powder metallurgical produced mate-
rials provide the best switching performance, but 
have lower conductivity and do not provide the 
same resistance stability during lifetime of the 
switch [8, 9] 

In order to achieve a very low contact resistance of 
1mΩ, a minimum contact force of 20cN is required for 
Ag99.99 contacts [3, 4].  When Ag alloys or Ag com-
posite materials are used, even higher contact forces 
will be necessary. Considering manufacturing toler-
ances and spring relaxation, a 50% higher force will be 
needed to keep the resistance stable for lifetime. Be-
sides the contact force, the shape of the contacts is im-
portant too. B. Jemaa [11] reported that a larger radius 
resulted in lower contact resistance values at lower 
contact force.   
As silver-based contacts are sensitive to tarnishing of 
the contact surfaces, there are 2 possible solutions to 
avoid this: 
- Ensure good quality contact after each closing 

Several authors [7, 12, 13] described the advantage 
of relative movement between the contact pieces 
during closing of the contacts. Relative movements 
between the contact pieces destroy tarnishing films 
and enable pure metallic contacts, which is abso-
lutely required when very low contact resistance 
values are mandatory. Fritting of the contacts (elec-
trical breakdown of tarnishing films) will not result 
in low enough contact resistance as the contact volt-
age of fritted contacts is in the range of the melting 
voltage of the contact material, which is 370mV for 
Ag99.99 [7] 

- Protect the contacts from tarnishing 
Ideally the contacts should be enclosed in a gastight 
housing filled with an inert gas, such as N2. Long 
time storage of Ag based contact materials and 
switching devices performed by Johler [7] showed 
that dust proof housings protect Ag contacts suffi-
ciently from contact corrosion and contact re-
sistance increase. 

Taking all the aspects into consideration and driving for 
metallic contacts after each closing of a switching de-
vice [15], designs with low and stable contact re-
sistance based on silver-based contacts are possible.  

2 Miniature Thermal Cut-Off 
devices (TCO) 

Resettable thermal cut-off devices are resettable circuit 
breakers that are sensitive to over-current and over-
temperature conditions. In fault conditions the TCO 
will remain open until the fault is removed or power 
cycled. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: TCO’s and their characteristics [2] 
 
2.1 Requirements 

To ensure battery safety, designers try to mitigate 
against cell thermal runaway, whereby the increase in 
cell temperature may cause fire or harmful gas exhaust. 
Therefore, the trip temperature of a TCO device is a 
key specification to battery pack manufacturers. When 
a TCO device trips, it immediately cuts the power to 
the cell and allows the cell to cool.  
The TCO should meet following requirements: 
- Smallest possible size e.g. minimum real estate to fit 

on the balcony of the Li-ion cell 
- Accurate protection temperature with ±5 °C accu-

racy  
- Trip temperatures from 72 to 90°C 
- Minimum 10°C hysteresis between trip and reset 

temperature 
- Support fast charging with a current rating of up to 

18A at room temperature 
- Highest possible current ratings of up to 15A even 

at an elevated temperature of 60°C.  
- Low resistance down to 2mΩ - 5mΩ 
- Very stable resistance during entire lifetime, ideally 

not more than 1mΩ variation over lifetime 
- Leaded format to allow the device to be welded to 

the positive terminals of the battery cells. 
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2.2. Basic Design 

The basic design of a typical resettable TCO is given 
in Fig.1.  
 
2.3. Design Challenges  

Major design challenges have been the ongoing reduc-
tion of device size, combined with the ability to hold 
and switch even higher currents.  
- Challenge 1 – Device resistance  

The maximum resistance should not exceed 2mΩ. 
The terminals have a major contribution – approx. 
50% – to the entire terminal to terminal resistance. 
Most commonly CuSn8 is used as material for the 
terminals, as this material combines good overall 
performance at reasonable cost level. When re-
sistance values less than 5mΩ are required, Cu ma-
terials with higher conductivity such as pure copper 
or high-performance Cu alloys such as C15100 or 
similar materials must be applied to minimize cross 
sections of the conductive parts and provide good 
spring characteristics at the same time. 
 

Material Electrical 
Resistiv-

ity 
[µΩcm] 

Electrical 
Conduc-

tivity 
[MS/m] 

Thermal 
Conduc-

tivity 
[W/m.K] 

Cu-ETP 
(C11000) 

1,72 >58 390 

CuSn8 
(C52100) 

13,3 >7.5 67 

CuNiSiMg 
(C70250) 

4,00 25 190 

CuZr 0,1 
(C15100) 

1,82 55 360 

CuCrAgFeTiSi 
(C18080) 

2,17 46 320 

CuSnCrZn 
(C18045) 

2.23 44 301 

Table 2: Comparison between pure copper and com-
monly used copper alloys [5] 
                                    

Material Electrical 
Resistiv-

ity 
[µΩcm] 

Electrical 
Conduc-

tivity 
[MS/m] 

Hardness 
[HV10] 

Ag 99,99 1,67 60 30-90 
AgNi0.15 1,72 58 40-100 
AgCu3 1,92 52 45-115 
AgNi10 1,82-1,92 52-55 50-100 
AgSnO92/8 1,92-1,96 55-95 220-300 

Table 3: Comparison of Ag based contact materials [5] 
 
- Challenge 2 – Low and stable contact resistance 

As the size of the device should be as small as pos-
sible and stable over the entire lifetime of the TCO, 
the selection of contact material is limited.  Only 

Ag99.99, AgNi0.15 or AgNi10 can be taken into 
consideration and meet the cost target. Furthermore, 
the design must provide a contact force higher than 
20cN. 

- Challenge 3 – Size reduction 
Size reduction can be achieved by higher perform-
ing materials used in the design, an optimized design 
and in handling manufacturing tolerances well de-
sign optimization and well-controlled manufactur-
ing tolerances. Over-molding, and other innovative 
assembly technologies, provides high stability and 
enables further size reductions.  

- Challenge 4 – Precision of trip and rest temperature 
The precision of the trip and reset temperature 
mainly depends on the precision of the bimetal disk, 
as well as the overall manufacturing tolerances. 

In the following the focus will be in how to solve chal-
lenges 1 and 2. 

3 Test Parameters and Results 

Multiple design optimizations were made to achieve 
smaller size, higher hold current, as well as lower and 
more stable contact resistance (Table 4). 

 

Table 4: DOE to optimize the performance of TCO. 
Terminal material and dimension, contact material and 
contact force was optimized 
 
 

Contact

Base
Base 
Contact Spring

Spring 
Contact

 force
[cN]

Base-
line

C18045
0.1mm AgNi10

C18045
0.1mm AgNi10 18

Ver.1
C11000
0.1mm AgNi10

C15100
0.1mm AgNi10 18

Ver.2
C15100
0.12mm AgNi10

C15100
0.12mm AgNi10 23

Ver.3 
C15100
0.12mm

AgNi 
0.15

C15100
0.12mm

AgNi 
0.15 23

Ver.4 
C15100
0.12mm

AgNi 
0.14

C15100
0.12mm

AgNi 
0.14 23

Ver.5 
C15100
0.12mm

AgNi 
0.14

C15100
0.12mm

AgNi 
0.14 30

Ver.6 
C15100
0.12mm

AgNi 
0.14

C15100
0.12mm

AgNi 
0.14 36

Ver.7
C15100
0.12mm

AgNi 
0.14

C15100
0.12mm

AgNi1
0 30

Ver.8
C15100
0.12mm   AgNi10

C15100
0.12mm

AgNi
0.14 30

Ver.9
C15100
0.12mm

AgNi 
0.14

C15100
0.12mm AgNi10 36

Base Spring
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the positive terminals of the battery cells. 
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3.1 Test Parameters 
The following parameters were investigated and com-
pared: 
- Terminal and spring material and thickness 

 - C11000 
 - C18045 
 - C15000 

- Contact material 
 - AgNi 10 
 - AgNi 0.14 
 - AgNi 0.15 

- Contact force 
 - 18 cN 
 - 23 cN 
 - 30 cN 
 - 36 cN 

- Measurement conditions: U≤4V/I≤100mA 
The parameter combinations investigated are given in 
Table 4. 

3.2 Results 

3.2.1 Terminal material and dimension 

Impact of the conductivity of the terminal and spring 
material is shown in Fig. 3. Change of the base and 
spring material to higher conductive material reduces 
the median resistance by approx. 0.4mΩ, but still ex-
ceeds the critical 2mΩ limit. Increasing the thickness 
of the terminal and spring material by 20% reduces the 
median value of the resistance by approx. 0.3mΩ. 
C11000 has  

 
Fig. 3: Impact of Terminal and spring material and 
thickness of material C11000/C15100 compared with 
C18045. Thickness 0.1 and 0.12mm 
 
the best conductivity. However, processing during 
stamping, contact riveting and over-molding were dif-
ficult due to the softness of the material, so C11000 was 
excluded from further investigations. 

3.2.2 Contact material 

The optimum contact material for the TCO application 
must provide the lowest possible resistance, ideally a 

very narrow distribution and provide stable contact re-
sistance during the lifetime of the device. In Fig. 4 the 
distribution of the contact resistance of the 3 contact 
materials taken into consideration is presented. 
AgNi10 offers the narrowest resistance distribution, 
but lower conductivity of AgNi10 and higher median 
value than the AgNi0.14 and AgNi0.14 alloys. Alt-
hough AgNi0.14 and AgNi0.15 show lower contact re-
sistance, the distributions are not very favourable and 
show a double-peak. 25% of the AgNi0.15 and 5 % of 
the AgNi0.14 contact resistance measurements showed 
a different characteristic than the remaining values.  
The results indicate that AgNi0.14 and AgNi0.15 pro-
vide lower resistance, but for the price of a higher con-
tact resistance variation. The results achieved are unac-
ceptable for the application in TCO’s.  

 

 
Fig. 4: Impact of contact material (AgNi10, AgNi 0.15, 
AgNi0.14). Contact force 23cN 

 
Fig. 5: Impact of contact material (AgNi0.14 - 
AgNi0.14, AgNi10 - AgNi0.14. Contact force 30cN 

As the symmetric contact material arrangements did 
neither provide the required absolute value of contact 
resistance, nor the required narrow distribution, the 
lower resistance of AgNi0.14 and the higher stability 
of AgNi10 were combined in an asymmetric arrange-
ment, and the contact force was increased to 30cN. The 
results are given in Fig.5 and provided the results 
needed. The asymmetric arrangement gives a low me-
dian value of resistance and a narrow resistance distri-
bution.   
Asymmetric contact material combinations have the 
potential disadvantage that the resistance and the 
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switching performance might have a polarity depend-
ence. Fig.6 show the resistance distribution   

 
Fig. 6: Impact of contact material  -  Polarity AgNi10-
AgNi 0.125, AgNi0.125- AgNi10. Contact force 30cN. 

3.2.3 Contact Force 
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Fig. 7: Impact of contact force.  AgNi0.14 symmetric, 
AgNi10- AgNi0.14. Contact force 30 and 36cN. 

 

 
 
 

3.3 Long term stability 

Out of the 9 versions, the versions with the best results 
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- Long term storage 
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use in the mobile devices. The results of the vibration 
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Fig. 8: Contact resistance distribution before and after 
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Fig. 3: Impact of Terminal and spring material and 
thickness of material C11000/C15100 compared with 
C18045. Thickness 0.1 and 0.12mm 
 
the best conductivity. However, processing during 
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The results indicate that AgNi0.14 and AgNi0.15 pro-
vide lower resistance, but for the price of a higher con-
tact resistance variation. The results achieved are unac-
ceptable for the application in TCO’s.  
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Fig. 9: Impact of welding process on Contact resistance 
stability 

 
Fig. 10: Impact of welding process on Contact re-
sistance stability 

3.3.3 Long time storage 

In Fig. 11 and 12, the results for long term storage at 
room temperature and at 85%rH/60°C are presented. 
For both test conditions no change of resistance can be 
observed. Resistance is well below the limit of 2mΩ, 
stable and well-distributed. 

 
Fig. 11: Contact Resistance stability during long time 
storage at 23°C 

Fig. 11: Contact Resistance stability during long time 
storage at 85%rH/60°C for 1000hrs 

3.4 Discussion 

When contact systems with very low resistance are re-
quired in small designs, silver-based contacts are the 
only cost-effective approach. When the voltage applied 
is relatively low, the contact force cannot be increased 
due to the size of the device, and the requirements are 
high as described for TCO’s, all optimization opportu-
nities must be considered to achieve a technical and 
commercially reasonable solution.  
For highly reliable solutions, the contacts must be pro-
tected from environmental influences, whereas a tight 
housing is sufficient for most applications under nor-
mal conditions. Optimum contact shape and a relative 
movement during contact closing is important.  In this 
paper the effect of contact material and contact force 
was investigated. 
Theoretically a contact force of >25cN is required to 
achieve a contact resistance of <1mΩ. The results show 
the positive effect of a higher contact force to achieve 
a low contact resistance with minimum variation, but 
the effect is by far not as big as the selection of the op-
timal contact material Fig.4, 5 and 7. 
While AgNi10 showed very stable resistance values 
(Fig.3, 4 and 5) with low variation, it is very difficult 
to achieve very low contact resistance values with the 
force budget available for the TCO design, due to re-
duced conductivity of AgNi10. 
AgNi0.14 and AgNi0.15 showed the lowest median 
values of the resistance, but always a few outliers were 
observed (Fig. 4, 5 and 7). This is caused by locally 
excess Ni which was precipitated along the grain 
boundaries. This excess Ni is oxidizing and results in 
higher contact resistance values. This effect was not 
observed on AgNi10, where the Ni is dispersed in the 
silver matrix. 
Best results were achieved when the advantages of 
AgNi10 and AgNi0.14 were combined. The asymmet-
rical combination provided the stability of AgNi10 and 
the low resistance of AgNi0.14. This system showed 
very good results at the force available (30cN) and dur-
ing all storage and aging tests (Fig,6, 7, 8, 10 and 11). 

4  Summary  

Detailed investigations were performed to design and 
test a silver-based contact system for a mini resettable 
thermal cut off device. To achieve low and stable con-
tact resistance of less than 2mΩ, the following findings 
were implemented in the design of the TCO: 
- Contact force should be as high as possible. Based 

on the size of the design, 30cN was the highest force 
possible to achieve overall good device performance 
and good manufacturability. 

- Lowest conductivity contact material provides the 
lowest median contact resistance, but not the best 
distribution. AgNi0.15 and AgNi0.14 have the ten-
dency to have outliers in the resistance distribution, 
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which makes these materials less suitable for stable 
resistance requirements. 

- For AgNi0.15, the Ni content has a major impact on 
resistance stability. Reducing the Ni content only by 
0.01% improves the contact resistance stability.  

- Best compromise between low and stable resistance 
was achieved by an unsymmetrical contact system 
with a fixed contact made from AgNi0.14 and a 
moveable contact made from AgNi10. 

- Contact Resistance during application testing and 
long-term storage was stable. 

Overall it was shown that a silver-based contact system 
can be applied in a low voltage and low power applica-
tion by optimizing contact force, protecting the contact 
system well from environmental impacts and optimiz-
ing the contact material. The required low contact re-
sistances of less than 2mΩ with very low resistance 
variations can be achieved.  
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Abstract

With the higher reliability of relay products, more attention has been paid to the influence of varied micro-
environment caused by the production of arc during the operation. In this paper, the corrosion phenomenon of
iron parts of relays after electrical life test has been analyzed. It is confirmed that the formation of acidic
substances is the primary cause of the corrosion of iron parts. Here the acidic substances are the reaction
production of water vapor (H2O) and compounds of nitrogen and oxygen (NxOy) produced in air under the action
of arc. According to the corrosion mechanism, the various internal micro-environment of relays during the
electrical life test has been simulated, and a rapid method for the evaluation of the corrosion resistance of the
iron parts has been carried out.

1 Introduction

Metal corrosion refers to the deterioration caused
by chemical changes in the environment. According
to the reaction mechanism, metal corrosion can be
classified as chemical corrosion and electrochemical
corrosion. Chemical corrosion is based on chemical
reaction in dry atmosphere or non-electrolyte
environment. Electrochemical corrosion is based on
the formation of two electrodes of metal and
electrolyte to form corrosive primary battery. Metal
corrosion can be classified as localized corrosion and
total corrosion according to its morphology. Localized
corrosion forms of spot corrosion, galvanic corrosion,
crevice corrosion, abrasion corrosion, etc. The
mechanisms of different corrosion forms are
different[1]. The causes of metal corrosion include
environmental factors (external factors) and material
factors (internal factors).

Xiaofeng Zhu[2] analyzed that the main reason
for the corrosion of relay components in the switch
box is the high temperature and high humidity. The
most important factor affecting the corrosion of metal
is humidity. Chongfeng Liang[3] analyzed the harm of
humidity to electrical equipment and the corrosion
mechanism in humid environment. Kai Liu[4] analyzed
the harm of condensation in terminal box to power
equipment corrosion, and studied the condensation
mechanism.

The corrosion of the iron parts in relay to a
certain extent will bring harm to the relay as Fig.1. It
will affect the appearance of the relay, resulting in the
reduction of the over travel (OT) and the excessive
actuation voltage. With the higher reliability of relay
products, people pay more and more attention to the
influence of varied micro-environment caused by the

production of arc during the operation. Therefore all
important parameters have to be taken into
consideration to get a full and complete understanding
of the problem.

(a) Not corroded iron of (b) Corroded iron of
Relay A1 Relay A2

(c) Corroded iron of (d) Corroded iron of
Relay B Relay C

Fig.1 Different relay corrosion after electrical life test

In this paper, through the systematic analysis of
the corrosion form and composition of iron parts in
relay after the electrical life test, we confirmed that
the formation of acidic substances is the primary
cause of the corrosion of iron parts. The acidic
substances are the reaction production of water vapor
(H2O) and NxOy produced by N2 and O2 in a relay
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under the arc action. According to the corrosion
mechanism, the various internal micro-environment
of relays during the electrical life test has been
simulated, and the fast evaluation method of the
corrosion resistance of the iron parts is explored.

2 Test method

After electrical life test of the relay samples from
different quality of iron parts, the corrosion type,
products and content were analyzed by SEM-EDS,
FT-IR, ICP-OES, IC and other instruments. In order to
further accelerate the corrosion resistance of different
iron parts, the fast evaluation method of corrosion
resistance of relay iron parts is discussed by using the
combined testing environment of different
temperatures and humidity.

2.1 Analysis of the components of
corrosion products

2.1.1 SEM-EDS analysis of corrosion on
relay iron surface

As shown in Fig.2, SEM-EDS detected higher
content of N and O and lower content of Ni in the
serious corrosion area (position 1) than that in the
slight corrosion area (position 2). In the area of
position 3, it is mainly Ni, while N is not founded and
the content of O and Fe is a little.

Fig.2 SEM-EDS detected higher content of N and O
elements in the corrosion area than in the normal area.

2.1.2 FT-IR analysis of corrosion on relay
iron surface

Four relays named A, B, C and D were tested
100,000 operations under the same electrical life
condition (NO contacts, 250Va.c., 16A , cosΦ=0.75,
1s ON: 9s OFF). As shown in Fig.4, there were
obvious peaks near the infrared spectrum 1350 cm-1

on the surface of armature of A, B and C. It was
inferred that these relays contained nitrate. However,
no obvious corrosion was found on the armature
surface of relay D, and no obvious peak was found
near the infrared spectrum 1350 cm-1. It was inferred
that the armature surface contains very small amount

of nitrate if not absent. The results of the infrared
spectrum 1350 cm-1 at the corrosion site of relay iron
parts are consistent with the results of SEM-EDS
which has the higher content of N and O.

Fig.3 There are obvious peaks near 1350cm-1 in the
corrosion site where may contains nitrate by FT-IR.

2.1.3 ICP-OES analysis of corrosion on
relay iron surface

Put relay E (Fig.4. a) and F (Fig.4. b) armature
after electrical life test (NO contacts, 250Va.c., 16A ,
cosΦ=0.75, 1s ON: 9s OFF) into a clean beaker. Add
ultra pure water to a certain scale. Vibrate and clean
the corrosion products of armature surface by
ultrasonic cleaning equipment. Transfer the corrosion
solution to the volumetric flask and filter it. Analyze
the content of Ni, Cu and Fe in the filtered corrosion
solution by ICP-OES. There are more content of Ni,
Cu and Fe in serious corrosion of Relay F armature
than that in slight corrosion of Relay E as shown in
Fig.4.

The matrix materials of armature of relay E and
F is Fe. The inner layer coating is Cu with the
thickness of 1~3 μm. The outer layer coating is Ni
with the thickness of 3~7 μm.

(a) Relay E (b) Relay F
Electric life 100,000 times Electric life 100,000 times
Slight corrosion Serious corrosion
Ni: 0.36 mg/l Ni:2.28 mg/l
Cu:0.12 mg/l Cu:0.36 mg/l
Fe: N.D. Fe:0.06 mg/l
Fig.4 Analysis concentration of Ni, Cu and Fe in the
solution of armature surface corrosion by ICP-OES.
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2.1.4 IC analysis of anionic concentration in
the solution of iron corrosion products

Higher concentration of NOx- (NO3- and NO2-)
was detected in relay F than relay E as shown in Fig.5.
While NO3- and NO2- were not detected in the
corrosion solution of relay G without electrical life
test. After 100,000 operations under the same
electrical life test of relay H from competitor, there is
no obvious corrosion on the surface of iron parts, but
1.45mg/l NOx- was detected in the iron corrosion
solution. It was shown that the production of nitrogen
oxides (NOx) is related to the electrical life test. The
armature of relay H from competitor is plated with Ni
with the thickness of 3~7 μm. The obvious difference
between competitor iron and the iron in E、F or G is
that the former has very few Si (<50 μg/g), but the
latter has excessive Si (1000~2000 μg/g). The
excessive Si may aggravate the grain boundary
corrosion of iron parts.

(a) Relay E (b) Relay F
Electric life 100,000 times Electric life 100,000 times
C (NOx-) = 2.42 mg/l C (NOx-) = 13.31 mg/l

(c) Relay G (d) Relay H
Electric life 0 times Electric life 100,000 times
C (NOx-) = N.D. C (NOx-) = 1.45 mg/l
Fig.5 IC analyses anionic concentration in solution of
iron corrosion products from different relays

2.2 Electrical life test of different
temperatures and humidity

The same batch of relays were put into three
different temperatures and humidity for electrical life
test to 100,000 times. The results show that the
corrosion degree of iron parts is the most serious in
high humidity as Fig.6.

(a) 25℃ (b) 55℃ (c) 55℃
40% humidity 20% humidity 80% humidity

Fig.6 Life test in different temperatures and humidity

3 Results and discussion

3.1 Discussion on the form of corrosion
products of iron

3.1.1 Iron corrosion is divided into five
categories according to the severity

Observe the relay after electrical life test
according to the corrosion degree of iron surface from
light to heavy (Fig.7). Corrosion can be divided into
five categories according to severity: no corrosion
(Fig.7.a)→ beginning corrosion (Fig.7.b) → light
corrosion (Fig.7.c) → medium corrosion (Fig.7.d) →
heavy corrosion (Fig.7.e).

(a) No corrosion (b) Beginning (c) Light
corrosion corrosion

(d) Medium (e) Heavy
corrosion corrosion

Fig.7 The photograph of the corrosion according to
severity

3.1.2 Classification of iron corrosion
according to micro mechanism

The metal corrosion can be divided into spot
corrosion, fretting wear corrosion, galvanic corrosion,
crevice corrosion and other types. Spot corrosion
focuses on a small area of metal surface and
penetrates into the metal interior[1]. Spot corrosion
usually starts from a defective part of the metal
material, then the loss of metallic luster → localized
spot corrosion → spot corrosion gradually spread →
comprehensive corrosion. Fig. 8a shows the spot
corrosion morphology. Fretting wear corrosion is the
result of the synergistic effect of fretting wear and
corrosion as Fig. 8b. Fretting refers to the relative
movement with periodic small amplitude, then micro-
pores or spots appear on the surface of metal coating.
In addition, the corrosion of corrosive substances
makes the fretting wear position susceptible to
produce more corrosion. Galvanic corrosion is also
known as contact corrosion or dissimilar metal
corrosion. When two different metals or alloys are in
contact, the corrosion rate of the metal with a negative
potential in the solution increases (armature plated



439

with Ni, anode), while the metal with a positive
potential is protected as cathode in compression
spring (Fig.8c). Crevice corrosion is a form of
localized corrosion, which occur at the joint of metal
and metal or metal and nonmetal (Fig.8d).

(a) Spot corrosion (b) Fretting wear corrosion

(c) Galvanic corrosion (d) Crevice corrosion
Fig.8Morphology of different corrosion mechanism

3.1.3 Spot corrosion is the main form of
localized corrosion of relay iron parts

44 relays out of 50 with the corrosion form were
spot corrosion. It is indicated that spot corrosion is the
main form of localized iron corrosion. The Ni plating
layer under the armature corrosion position of the
relay with spot corrosion became thinner (Fig.9b), and
Fe matrix was corroded (Fig.9c). The corrosion
extends along the metal grain boundary to the depth
of the iron base (Fig.9b and Fig.9c).

(a) Corrosion morphology of the armature surface of
Relay I after electrical life test (NO contacts, 250
Va.c., 16 A , cosΦ = 0.75, 1s ON: 9s OFF).
(b) The Ni coating at position① became thin.
(c) The Ni coating at position ② became thin and
bulged.
Fig.9 Corrosion morphology of the relay iron section

3.1.4 Discussion the production condition of
spot corrosion of relay iron parts

When the iron coating is damaged due to defect
(Fig.10), spot corrosion will occur on the metal with
cathode coating on the surface, such as Ni coating of
iron parts. Then the iron matrix under the damaged
area and the undamaged area of iron coating will form
a activation-deactivation corrosion cell. The
deactivation surface (iron coating) is a cathode, and
the area is much larger than the activation area. The

corrosion develops to the deep iron matrix and forms
small holes.

Spot corrosion also occurs in the medium with
special ions, such as uneven adsorption of NO3- and
NO2- compounds on the surface of iron parts[1].

Spot corrosion also occurs above a critical
potential, which is called spot corrosion potential.
When the iron parts are in corrosion solution and the
corrosion potential exceeds the spot corrosion
potential, uniform spot corrosion will occur.

(a) Corrosion on (b) Surface holes (c) Surface pits
iron surface of iron parts of iron parts

Fig.10 Corrosion and defects on the surface of iron

3.2 Discussion on the composition of
corrosion products of iron parts

3.2.1 The mechanism of HNOx produced by
lightning

HNOx is one of the main sources of acid rain[5]. A
large number of authors have done a lot of analysis
and research on the mechanism of HNOx produced by
lightning[6]. The main chemical reaction theories are
as below[7]:

e + N2 → N + N，
e + O2 → O + O，
N + O2 → NO + O，
O + N2 → NO + N，
NO + NO + O2→ 2NO2，
NO + NO + O2→ NO2+ N + O2，
NOx + H2O→ HNOx

3.2.2 Discussion on the mechanism of HNOx
produced in relay

For the relay, the arc is similar to the lightning in
the atmospheric environment. But the relay cavity is
relatively small, so the concentration of NOx and
HNOx generated inside relay may be relatively large.

The results of SEM-EDS, FT-IR, ICP-OES and
IC analysis of the corrosive products further
confirmed that: under the action of relay arc, the N2

and O2 of internal relay will produce NOx, and
generate HNOx with internal environment moisture.
The main corrosion type of relay iron parts after the
electrical life is the electrochemical corrosion reaction
between the Ni coating and HNOx.

The causes of iron corrosion have external
environmental factors and internal material factors.
The following is a brief discussion.

2.1.4 IC analysis of anionic concentration in
the solution of iron corrosion products

Higher concentration of NOx- (NO3- and NO2-)
was detected in relay F than relay E as shown in Fig.5.
While NO3- and NO2- were not detected in the
corrosion solution of relay G without electrical life
test. After 100,000 operations under the same
electrical life test of relay H from competitor, there is
no obvious corrosion on the surface of iron parts, but
1.45mg/l NOx- was detected in the iron corrosion
solution. It was shown that the production of nitrogen
oxides (NOx) is related to the electrical life test. The
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with the thickness of 3~7 μm. The obvious difference
between competitor iron and the iron in E、F or G is
that the former has very few Si (<50 μg/g), but the
latter has excessive Si (1000~2000 μg/g). The
excessive Si may aggravate the grain boundary
corrosion of iron parts.

(a) Relay E (b) Relay F
Electric life 100,000 times Electric life 100,000 times
C (NOx-) = 2.42 mg/l C (NOx-) = 13.31 mg/l

(c) Relay G (d) Relay H
Electric life 0 times Electric life 100,000 times
C (NOx-) = N.D. C (NOx-) = 1.45 mg/l
Fig.5 IC analyses anionic concentration in solution of
iron corrosion products from different relays

2.2 Electrical life test of different
temperatures and humidity

The same batch of relays were put into three
different temperatures and humidity for electrical life
test to 100,000 times. The results show that the
corrosion degree of iron parts is the most serious in
high humidity as Fig.6.

(a) 25℃ (b) 55℃ (c) 55℃
40% humidity 20% humidity 80% humidity

Fig.6 Life test in different temperatures and humidity

3 Results and discussion

3.1 Discussion on the form of corrosion
products of iron

3.1.1 Iron corrosion is divided into five
categories according to the severity

Observe the relay after electrical life test
according to the corrosion degree of iron surface from
light to heavy (Fig.7). Corrosion can be divided into
five categories according to severity: no corrosion
(Fig.7.a)→ beginning corrosion (Fig.7.b) → light
corrosion (Fig.7.c) → medium corrosion (Fig.7.d) →
heavy corrosion (Fig.7.e).

(a) No corrosion (b) Beginning (c) Light
corrosion corrosion

(d) Medium (e) Heavy
corrosion corrosion

Fig.7 The photograph of the corrosion according to
severity

3.1.2 Classification of iron corrosion
according to micro mechanism

The metal corrosion can be divided into spot
corrosion, fretting wear corrosion, galvanic corrosion,
crevice corrosion and other types. Spot corrosion
focuses on a small area of metal surface and
penetrates into the metal interior[1]. Spot corrosion
usually starts from a defective part of the metal
material, then the loss of metallic luster → localized
spot corrosion → spot corrosion gradually spread →
comprehensive corrosion. Fig. 8a shows the spot
corrosion morphology. Fretting wear corrosion is the
result of the synergistic effect of fretting wear and
corrosion as Fig. 8b. Fretting refers to the relative
movement with periodic small amplitude, then micro-
pores or spots appear on the surface of metal coating.
In addition, the corrosion of corrosive substances
makes the fretting wear position susceptible to
produce more corrosion. Galvanic corrosion is also
known as contact corrosion or dissimilar metal
corrosion. When two different metals or alloys are in
contact, the corrosion rate of the metal with a negative
potential in the solution increases (armature plated
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3.3 Discussion on the environmental
factors affecting corrosion of iron

3.3.1 The relationship between corrosion
rate of iron and the thickness of water
film on the surface

Water can react with NOx to produce HNOx, but
also provide a medium for iron corrosion.When the
relay works and the surrounding humidity is high, the
water film is easy to form on the surface of the iron
parts, because the temperature difference inside the
relay will change. The relationship between the
corrosion rate of iron parts and the thickness of water
film formed on the surface is shown in Fig.11[8]

In zone I, there are several molecular layers of
adsorbed water film on the metal surface, the
thickness of which is less than 10nm. No continuous
electrolyte is formed, and the corrosion rate of metal
is very low.

In zone II, when the humidity exceeds the critical
value, the thickness of the water film on the metal
surface is between 0.01 μm and 1um. Due to the rapid
diffusion of oxygen, the corrosion rate of the metal is
multiplied.

In zone III, with the further increase of water
film thickness, a visible liquid film will be formed. At
this time, due to the barrier of the liquid film, the
diffusion of oxygen becomes difficult, so the
corrosion rate of the metal is correspondingly reduced.

In zone Ⅳ, when the thickness of water film
increases gradually to form water drop, the thickness
of water film is more than 1 mm. The corrosion rate is
similar to that of metal immersed in liquid.

Fig.11 Relationship between thickness of water layer
on metal surface and corrosion rate[8]

When the thickness of water film on the surface
of the iron parts is in the area II and III, the iron are
prone to corrosion. At this time, the corrosion speed is
related to the thickness of the water film.Therefore,
the analysis of relay iron environment can further
promote understanding corrosion of relay iron parts.

3.3.2 Discussion on the mechanism of
increasing iron corrosion in high
humidity environment

When water molecules are adsorbed on the
surface of the iron parts, they can react with water
chemically. At this time, the condensation of water on
the surface of iron is called chemical condensation.
When the relative humidity is between 70% and 80%,
HNOx will agglomerate on the surface of iron and
react with Ni coating. The formation of electrolyte
nickel nitrate aggravates the corrosion of iron parts.

When the relative humidity of metal storage
environment is lower than its critical value, the
temperature has little effect on the corrosion rate.
However high the temperature is, because the
environment is dry, the metal is not easy to corrode.
When the relative humidity reaches the critical value
of metal corrosion, the influence of temperature plays
a significant role. At this time, when the temperature
increases by 10 ℃, the corrosion rate increases by
about two times[3].

The main effect of temperature is that cause
condensation on the metal surface and accelerate the
corrosion, when the temperature is greatly reduced.
Large temperature difference between day-night and
in-outdoor temperature will make the condensation
happen. If the condensation happens periodically, iron
parts will corrode seriously, when not coated properly.

3.4 Discussion on material factors
affecting corrosion of relay iron

3.4.1 Discussion on spot corrosion resistance
of iron coating

Spot corrosion occurs above a critical potential,
when the iron parts are in the corrosion solution. The
corrosion potential exceeds the spot potential, uniform
spot corrosion will occur. When two different metals
contact, the corrosion rate of the metal with negative
potential increases, while the metal with positive
potential is protected.

For the common coating of relay iron parts, the
potential of Cu electrode is +0.337, Sn is +0.007, Ni
is -0.25, Fe is -0.44. Cu is relatively the most positive,
and the corrosion resistance is the strongest, followed
by Sn, Ni, and finally Fe. Therefore, generally, the
outer layer of Cu plated iron parts has strong
corrosion resistance.

3.4.2 Discussion on the influence of defects
of iron coating on corrosion

There are quality defects on the surface and
inside the coating of some iron parts (Fig.12). These
defects will weaken the protection ability of the
coating and cannot effectively prevent the oxygen and
water in the air from being immersed. For example,
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the high humidity environment discussed in the
previous will accelerate the corrosion of iron parts. In
addition, the nitric acid compound produced during
the operation of the relay will agglomerate on the
surface of the iron parts, and the corrosion will occur
first at the defective part of the coating.

(a) Impurities in the (b) Hole in the coating
coating of iron parts A of iron parts B

(c) Particles in the coating (d) Defects in the coating
of iron parts C of iron parts D
Fig.12 Defects in the coating quality of iron parts

3.5 Discussion on evaluation method of
coating quality of iron parts

The internal micro-environment of relay is
complex, so a constant test environment is needed to
evaluate the corrosion resistance of iron coating.

(a) Salt spray test (b) HNO3 liquid corrosion

(c) HNO3 vapour corrosion (d) Gas corrosion test
Fig.13 Comparison of evaluation methods for coating
quality of relay iron parts

Salt spray test method (Fig.13 a), in which the
mechanism of Cl- corrosion of iron parts is completely
different from that of HNOx corrosion. The speed of
nitric acid liquid corrosion of iron parts is fast
(Fig.13b), but the method belongs to comprehensive
corrosion, and there is no small difference in
corrosion. The speed of HNO3 vapour is fast (Fig.13c),
but the temperature and humidity are uncontrollable,
and the edge of iron parts surface is prone to condense.
Gas corrosion test box method is fast, the temperature,

humidity and the concentration of NOx can be
effectively controlled, so the surface of iron parts is
uniformly corroded as shown in Fig.13 d.

4 Conclusion

(1) The observation of corrosion form shows that
spot corrosion is the most important form of iron
corrosion, and spot corrosion often occurs on the
surface or internal defects of the iron coating.

(2) The analysis of corrosion products shows that
the corrosion of relay iron parts after electrical life
test is mainly the electrochemical corrosion of Ni
coating and HNOx electrolytic medium. N2 and O2 in
the relay generate NOx under the action of arc, and
generate HNOx in combination with water vapor.

(3) The combination test of different temperature
and humidity shows that high humidity environment
is the most important environmental factor affecting
the corrosion of iron parts inside the relay.

(4) The method of gas corrosion test chamber to
evaluate the quality of iron coating is effective.
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the analysis of relay iron environment can further
promote understanding corrosion of relay iron parts.
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increasing iron corrosion in high
humidity environment

When water molecules are adsorbed on the
surface of the iron parts, they can react with water
chemically. At this time, the condensation of water on
the surface of iron is called chemical condensation.
When the relative humidity is between 70% and 80%,
HNOx will agglomerate on the surface of iron and
react with Ni coating. The formation of electrolyte
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by Sn, Ni, and finally Fe. Therefore, generally, the
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There are quality defects on the surface and
inside the coating of some iron parts (Fig.12). These
defects will weaken the protection ability of the
coating and cannot effectively prevent the oxygen and
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Abstract 

A power cabinet adopts an electric contact structure between the gold fingers on printed circuit board (PCB) and 
the card edge connector to transfer the current with dozens to hundreds of amperes. The wear of the gold plating 
on the contacts during insertion and withdrawal causes the degradation of the contact resistance due to the 
oxidation of non-noble underplating and substrate materials especially under a relatively high temperature 
environment. Therefore, it is of great significance to improve the sliding wear resistance of the gold plating so as 
to prevent corrosion and improve the long-term reliability of card edge connectors. In this paper, through sliding 
simulation and orthogonal experiments, the influences of the thickness of gold plating on both sides of contacts, 
the types of substrate copper alloy, the normal force, the ambient temperature and the sliding cycles on the sliding 
wear were studied. The influence of the corroded products in the wear tracks of gold fingers on PCB on electrical 
contact reliability was studied by the repeated sliding tests after accelerated temperature and humidity tests of the 
worn contact pairs. The design and usage suggestions on the material selection and working conditions were put 
forward for the contacts between the gold fingers on PCB and the card edge connector in the power cabinet. 

Keywords—gold plating; card edge connectors; gold fingers on PCB; reliability 

1 Introduction 

The power cabinet of communication equipment 
undertakes the function of converting high-voltage AC 
input to DC output with low-voltage and high-current. 
There are two commonly used board-to-board electric 
connection methods between the functional circuit 
boards and the backboard with current input in the 
power cabinet. One is the power blade connector 
welded on the circuit boards; the other is the electric 
connection between the gold fingers on the PCB and 
the card edge connector on the backboard. The power 
blade connectors have many advantages, such as high 
reliability, low insertion and withdrawn force, high 
carrying current, but this kind of connector takes up 
more space than the gold fingers on PCB mating with 
the card edge connector. In order to improve the power 
per unit volume (power density) of the power cabinet, 
the gold fingers on PCB and the card edge connector 
are more frequently adopted to transfer the current 
with dozens to hundreds of amperes.  
For the mating structure of the gold fingers on PCB 
and the card edge connector, the gold plating on the 
contacts may be worn during insertion and withdrawal, 
which causes the degradation of the contact resistance 
due to the oxidation of non-noble underplating and 
substrate materials during their service period [1]. If 
the current-carrying capacity needs to be improved 

further, the electric contacts will be exposed in a 
relatively high temperature environment, which 
deteriorates the corrosion on the worn contacts. 
Therefore, it is significant to improve the wear 
resistance of the gold plated contacts so as to prevent 
further corrosion and improve the long-term reliability 
of card edge connectors.  
To improve the corrosion resistance of contacts, gold 
plating was adopted as the finish on the electric 
contacts, whose thickness was usually 0.4~0.8m in 
the market of electronic connectors, but it was 
sometimes increased even to several micrometers in 
harsh environment in the industry [2]. However, 
limited by the high cost of gold, too thick gold plating 
cannot be accepted to most applications. It was found 
that Au/Ni plating has effectively mitigated the bond 
strength and electrical connect failure caused by the 
reliability of bond pads [3]. Many researches were 
carried out to keep the long term reliability of electric 
contacts with the reduction of gold thickness, such as 
a NiPdAu (electroless Ni, electroless Pd, and 
immersion Au) plating combination was selected as an 
alternative for 0.4m electroless Ni and immersion Au 
with an electroless Au top finish (ENIG+EG) for 
microelectronic package substrates, which reduced 
about 85% in Au thickness [4]. To balance the cost, 
electric performance, and reliability of gold plated 
socket contact tips and substrate lands, the optimizing 
the gold thicknesses of substrate lands was studied in 
the range of 0.06 to 0.4 m. An empirical model that 
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relates the contact resistance to mechanical force and 
plating thickness was derived from the simulation tests 
[5]. To keep protection ability of thin gold plating on 
contacts, the wear resistance of gold plating have to be 
improved, so that the harder contact materials, such as 
the hard gold, nickel intermediate plating, and hard 
substrate copper alloy are widely adopted [6]. Some 
researches show that composite plating with dispersed 
nanoparticles on a metal matrix has been developed as 
a new coating technology to improve wear resistance 
[7]. The previous study showed that the thickness of 
gold plating on the flat coupons had the most 
significant effect on the stability of sliding contact 
resistance compared with the normal force and the 
thickness of gold plating on the probe with a 
hemisphere tip during sliding. The sliding life 
increased linearly with the thickness of gold plating on 
the coupons, since the source of gold to keep stable 
contact resistance was the gold plating on the coupons, 
which was the key factor on sliding contact life. A 
properly selected medium normal force, such as 1N 
might supply a longer sliding life comparing with the 
normal force of 0.5N and 1.5N [8].  
For the mating structure of the gold fingers on PCB 
and the card edge connector, the thickness of gold 
plating on both contact sides, the substrate materials, 
the normal force, and repeated mating times decide the 
endurance life of the gold plated contacts. When the 
current is increased, higher local temperature will 
cause oxidation of underplating and substrate exposed 
from the worn gold plating and the change of relative 
humidity will also affect the corrosion process [9], 
which influence the reliability of the connectors in 
service.  
In this paper, the influence of the thickness of gold 
plating on both sides of contacts, the types of substrate 
copper alloy, the normal force, the ambient 
temperature and the sliding cycles on the performance 
of the gold plated contacts were studied by sliding 
tests. The environmental reliability of the gold plated 
contacts was evaluated by repeated sliding tests on the 
corroded wear tracks of gold plated coupons after 
accelerated temperature and humidity test of the worn 
contact pairs. The design and usage suggestions on the 
material selection and working conditions were put 
forward for the contacts between the gold fingers on 
PCB and the card edge connector in the power cabinet. 

2 Experimental Design 

The electric contact between a gold finger on PCB and 
a card edge connector is simulated by a coupon and a 
probe with a hemisphere (Φ3mm diameter). A sliding 
test system was used to simulate the wipe during the 
reciprocated insertion and withdrawal between the 
gold fingers on PCB and the card edge connector. The 
orthogonal design was adopted to study the influence 
of the thickness of gold plating on both sides of 

contacts, the types of substrate copper alloy, the 
normal force, the ambient temperature and the sliding 
cycles on the sliding electrical performance and 
sliding wear. The effects of the corroded products on 
electrical contact reliability was studied by two steps. 
The first step is to accelerate the corrosion of the worn 
gold plated contacts after sliding tests by an alternating 
temperature and constantly high humidity test. Then 
the second step is to carry out the repeated sliding tests 
on the wear tracks of gold plated coupons after 
corrosion, and the contact resistance performance can 
be used to evaluate the long term contact reliability of 
the gold fingers on PCB and a card edge connector. 

2.1 Materials 

The substrate material for the probe is beryllium 
copper, and that for the coupon is pure copper or 
C18070 copper alloy. C18070 is selected for the 
comparison with pure copper, which is composed of 
0.3%Cr, 0.1%Ti, 0.02%Si, and Cu, and has 85%IACS 
and hardness of 150-190HV. 2-3μm nickel is the 
underplating, which is covered by gold plating for 
both the probes and the coupons. The thickness of gold 
plating is selected as 0.38m, 0.76m, and 1.27m. 
The material information is listed in Table 1.  

Table 1 The materials of the probes and the coupons 
Samples 

Materials 
Probes Coupons 

Substrate BeCu Cu C18070 
Intermediate layer Ni (2-3m) 

Top finish Au (0.38m, 0.76m, 1.27m) 

2.2 Orthogonal experiment design 

According to usual working conditions of card edge 
connectors in the power cabinet, the contact normal 
force was set at 50g, 100g, 300g, and the local 
environmental temperature was set at 25ºC, 45 ºC, 65 
ºC respectively. The sliding cycles were considered as 
50, 120, and 250. Including the thickness of gold 
plating on the probes or coupons, there are four 
influencing factors, so that an orthogonal experimental 
design with four factors and three levels, L9(34), was 
used to study the effects of normal force, sliding cycles, 
thickness of gold plating, and the temperature on the 
sliding contact resistance and sliding wear, as listed in 
Table 2. Then the range analysis was applied for the 
rank of the significance.  

2.3 Experimental systems 

A sliding test system was used to simulate the sliding 
between the contact pairs, as shown in Fig. 1. The 
sliding distance was 1 cm, the sliding frequency was 
set at 1Hz. The four-point method was used to measure 
the sliding contact resistance. The constant current 
was 100mA, the open circuit voltage was 1V. The 
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more space than the gold fingers on PCB mating with 
the card edge connector. In order to improve the power 
per unit volume (power density) of the power cabinet, 
the gold fingers on PCB and the card edge connector 
are more frequently adopted to transfer the current 
with dozens to hundreds of amperes.  
For the mating structure of the gold fingers on PCB 
and the card edge connector, the gold plating on the 
contacts may be worn during insertion and withdrawal, 
which causes the degradation of the contact resistance 
due to the oxidation of non-noble underplating and 
substrate materials during their service period [1]. If 
the current-carrying capacity needs to be improved 

further, the electric contacts will be exposed in a 
relatively high temperature environment, which 
deteriorates the corrosion on the worn contacts. 
Therefore, it is significant to improve the wear 
resistance of the gold plated contacts so as to prevent 
further corrosion and improve the long-term reliability 
of card edge connectors.  
To improve the corrosion resistance of contacts, gold 
plating was adopted as the finish on the electric 
contacts, whose thickness was usually 0.4~0.8m in 
the market of electronic connectors, but it was 
sometimes increased even to several micrometers in 
harsh environment in the industry [2]. However, 
limited by the high cost of gold, too thick gold plating 
cannot be accepted to most applications. It was found 
that Au/Ni plating has effectively mitigated the bond 
strength and electrical connect failure caused by the 
reliability of bond pads [3]. Many researches were 
carried out to keep the long term reliability of electric 
contacts with the reduction of gold thickness, such as 
a NiPdAu (electroless Ni, electroless Pd, and 
immersion Au) plating combination was selected as an 
alternative for 0.4m electroless Ni and immersion Au 
with an electroless Au top finish (ENIG+EG) for 
microelectronic package substrates, which reduced 
about 85% in Au thickness [4]. To balance the cost, 
electric performance, and reliability of gold plated 
socket contact tips and substrate lands, the optimizing 
the gold thicknesses of substrate lands was studied in 
the range of 0.06 to 0.4 m. An empirical model that 
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Table 2 Orthogonal experimental design 
 Factors 
 

Levels 

Normal 
force  
(g) 

Cycles Au 
Thickness 

(m) 

Temperature 
(ºC) 

1 1 50 1 50 1 1.27 1 25 
2 1 50 2 120 2 0.76 2 45 
3 1 50 3 250 3 0.38 3 65 
4 2 100 1 50 2 0.76 3 65 
5 2 100 2 120 3 0.38 1 25 
6 2 100 3 250 1 1.27 2 45 
7 3 300 1 50 3 0.38 2 45 
8 3 300 2 120 1 1.27 3 65 
9 3 300 3 250 2 0.76 1 25 

 

 

Fig. 1    A sliding test system  

sliding contact resistance was tested for 40 times 
evenly in each sliding cycle, and the average contact 
resistance of each cycle was used to draw the sliding 
contact resistance curve. Each experimental condition 
was repeated by three times. 
The wear morphology of both probes and coupons 
after sliding was taken photos by an optical 
microscope (OM). The wear tracks on the coupons 
were measured by a three-dimensional profiler to gain 
the depth and width of the wear tracks, then the cross 
section area can be calculated to evaluate the wear 
resistance. 
A programmable temperature and humidity test 
chamber was used for the accelerated corrosion of 
worn connectors to simulate the service of the 
connectors in the fields. The humidity was set at a 
constant 93%RH, but the temperature alternated 
between 25ºC and 85ºC, as shown in Fig. 2. Alternated 
temperature can increase the condensation of water on 
the worn contacts to push corrosion. It takes 8 hours 
for each cycle, and there are a total of 10 cycles, which 
is 80 hours. 

 

Fig. 2    Temperature and humidity test profile 

3 Experimental Results 

According to the experimental design in Table 2, three 
groups of orthogonal experiments were carried out. 
The group 1 was the combination of four factors, the 
normal force, sliding cycles, thickness of gold plating 
on the coupons with copper substrate, and the 
temperature; the group 2 was the combination of the 
normal force, the sliding cycles, the thickness of gold 
plating on the probes, and the temperature; the group 
3 was the combination of the normal force, the sliding 
cycles, the thickness of gold plating on the coupons 
with the C18070 copper alloy substrate, and the 
temperature. The sliding contact resistance, 
morphology of wear tracks, and the wear extent were 
analyzed respectively for three groups of orthogonal 
experiments. 

3.1 Sliding contact resistance 

The sliding contact resistance curves of three groups 
of orthogonal experiments are shown in Fig. 3-5 
respectively. All the sliding contact resistance of these 
tests are lower than 10mΩ. As the sliding cycles 
increase, the contact resistance decreases slightly to 
about 4-6mΩ. It is shown that the sliding contact 
resistance can keep low and stable within the usual 
application conditions of card edge connectors in the 
power cabinet. 

3.2 Sliding wear morphology 

The morphology of the wear tracks on the probes and 
coupons in the three groups of orthogonal experiments 
are shown in Fig. 6-8 respectively. For three groups of 
the orthogonal experiments, it is seen from each group 
that as the sliding cycles increase from 50 to 120 and 
to 250, the thickness of gold plating reduces from 
1.27μm to 0.76μm and to 0.38μm, the width and depth 
of the wear tracks on the coupons are aggravated 
markedly, such as the condition 1 to 3 in Fig. 6-8. It is 
obvious that the normal force increasing from 50g to 
100g, and to 300g can also deteriorate the wear by 
comparing the condition 7-9 (300g normal force) with 
the condition 4-6 (100g normal force) and the 
condition 1-3 (50g normal force) in Fig. 6-8. 
The difference of the test conditions between the 
orthogonal experiments of the group 1 and the group 
2 is the thickness of gold plating. For the group 1, the 
thickness of the gold plating on the probe is 0.76m, 
but that on the coupon is changeable, with 0.38m, 
0.76m, and 1.27m three levels. On the opposite, for 
the group 2, the thickness of the gold plating on the 
coupon is 0.76m, but that on the probe is changeable, 
with 0.38m, 0.76m, and 1.27m three levels. By 
comparing the wear morphologies of the same 
orthogonal conditions in Fig. 6 and Fig. 7, it is shown 
that most of the contact pairs in the group 2 have better  
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Fig. 3 The sliding contact resistance  Fig. 4 The sliding contact resistance  Fig. 5 The sliding contact resistance 
curves of the orthogonal            curves of the orthogonal           curves of the orthogonal 
experiments of the group 1.         experiments of the group 2.         experiments of the group 3. 

  
a. Condition 1 

 
b. Condition 2 

 
c. Condition 3 

 
d. Condition 4 

 
e. Condition 5 

 
f. Condition 6 

 
g. Condition 7 

 
h. Condition 8 

 
i. Condition 9 

Fig. 6 The sliding wear morphology  Fig. 7 The sliding wear morphology  Fig. 8 The sliding wear morphology 
   of the probes and the coupons in     of the probes and the coupons in     of the probes and the coupons in 

the orthogonal experiments of       the orthogonal experiments of       the orthogonal experiments of 
the group 1.                      the group 2.                     the group 3. 

 
wear resistance. The reason is that the thickness of 
gold plating of the coupons in the group 2 is an 
intermediate value, 0.76m, the thicker gold plating 
on the coupons has stronger wear resistance than that 
on the probe. 
The difference between the orthogonal experiments of 
the group 1 and the group 3 is the substrate material of 

test coupons. For the group 1, the substrate material of 
the coupon is pure copper, but that in the group 3 is the 
C18070. The wear resistance is markedly improved by 
the C18070 instead of the pure copper substrate under 
every test conditions. 
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Table 2 Orthogonal experimental design 
 Factors 
 

Levels 

Normal 
force  
(g) 

Cycles Au 
Thickness 

(m) 

Temperature 
(ºC) 

1 1 50 1 50 1 1.27 1 25 
2 1 50 2 120 2 0.76 2 45 
3 1 50 3 250 3 0.38 3 65 
4 2 100 1 50 2 0.76 3 65 
5 2 100 2 120 3 0.38 1 25 
6 2 100 3 250 1 1.27 2 45 
7 3 300 1 50 3 0.38 2 45 
8 3 300 2 120 1 1.27 3 65 
9 3 300 3 250 2 0.76 1 25 

 

 

Fig. 1    A sliding test system  

sliding contact resistance was tested for 40 times 
evenly in each sliding cycle, and the average contact 
resistance of each cycle was used to draw the sliding 
contact resistance curve. Each experimental condition 
was repeated by three times. 
The wear morphology of both probes and coupons 
after sliding was taken photos by an optical 
microscope (OM). The wear tracks on the coupons 
were measured by a three-dimensional profiler to gain 
the depth and width of the wear tracks, then the cross 
section area can be calculated to evaluate the wear 
resistance. 
A programmable temperature and humidity test 
chamber was used for the accelerated corrosion of 
worn connectors to simulate the service of the 
connectors in the fields. The humidity was set at a 
constant 93%RH, but the temperature alternated 
between 25ºC and 85ºC, as shown in Fig. 2. Alternated 
temperature can increase the condensation of water on 
the worn contacts to push corrosion. It takes 8 hours 
for each cycle, and there are a total of 10 cycles, which 
is 80 hours. 

 

Fig. 2    Temperature and humidity test profile 

3 Experimental Results 

According to the experimental design in Table 2, three 
groups of orthogonal experiments were carried out. 
The group 1 was the combination of four factors, the 
normal force, sliding cycles, thickness of gold plating 
on the coupons with copper substrate, and the 
temperature; the group 2 was the combination of the 
normal force, the sliding cycles, the thickness of gold 
plating on the probes, and the temperature; the group 
3 was the combination of the normal force, the sliding 
cycles, the thickness of gold plating on the coupons 
with the C18070 copper alloy substrate, and the 
temperature. The sliding contact resistance, 
morphology of wear tracks, and the wear extent were 
analyzed respectively for three groups of orthogonal 
experiments. 

3.1 Sliding contact resistance 

The sliding contact resistance curves of three groups 
of orthogonal experiments are shown in Fig. 3-5 
respectively. All the sliding contact resistance of these 
tests are lower than 10mΩ. As the sliding cycles 
increase, the contact resistance decreases slightly to 
about 4-6mΩ. It is shown that the sliding contact 
resistance can keep low and stable within the usual 
application conditions of card edge connectors in the 
power cabinet. 

3.2 Sliding wear morphology 

The morphology of the wear tracks on the probes and 
coupons in the three groups of orthogonal experiments 
are shown in Fig. 6-8 respectively. For three groups of 
the orthogonal experiments, it is seen from each group 
that as the sliding cycles increase from 50 to 120 and 
to 250, the thickness of gold plating reduces from 
1.27μm to 0.76μm and to 0.38μm, the width and depth 
of the wear tracks on the coupons are aggravated 
markedly, such as the condition 1 to 3 in Fig. 6-8. It is 
obvious that the normal force increasing from 50g to 
100g, and to 300g can also deteriorate the wear by 
comparing the condition 7-9 (300g normal force) with 
the condition 4-6 (100g normal force) and the 
condition 1-3 (50g normal force) in Fig. 6-8. 
The difference of the test conditions between the 
orthogonal experiments of the group 1 and the group 
2 is the thickness of gold plating. For the group 1, the 
thickness of the gold plating on the probe is 0.76m, 
but that on the coupon is changeable, with 0.38m, 
0.76m, and 1.27m three levels. On the opposite, for 
the group 2, the thickness of the gold plating on the 
coupon is 0.76m, but that on the probe is changeable, 
with 0.38m, 0.76m, and 1.27m three levels. By 
comparing the wear morphologies of the same 
orthogonal conditions in Fig. 6 and Fig. 7, it is shown 
that most of the contact pairs in the group 2 have better  
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3.3  Wear extent 

To compare the wear resistance quantitatively, the 
cross section area was supposed as a rectangular and 
calculated by the width timing the depth of the wear 
tracks on the coupons. The average cross section areas 
of sliding tracks on the coupons of three groups of 
orthogonal experiments are listed in Table 3. The 
comparison of the wear extent between the group 1 
and the group 2 is shown in Fig. 9.  

Table 3 The average cross section area of sliding 
tracks on the coupons of three groups of orthogonal 

experiments 
Orthogonal 
conditions Group 1 Group 2 Group 3 

1 225 175 25 
2 300 300 70 
3 675 684 420 
4 396 396 80 
5 1760 252 165 
6 308 17000 280 
7 8250 187 30 
8 12500 270 132 
9 19950 19950 200 

 

 
Fig. 9 The cross section areas of sliding tracks on the 
coupons of the group 1 and 2 of the orthogonal 
experiments. 

It is shown that the wear resistance of the test 
condition 1-3 has similar extent, but that of the test 
condition 5-8 has obvious difference between the 
group 1 and the group 2 orthogonal experiments. For 
the condition 4 and 9, the four factors have same levels 
for the contacts in the group 1 and 2, so the wear result 
is same. For the condition 1-3, the normal force is 50g, 
no matter what sliding cycles, the thickness of gold 
plating, or the temperature, the wear extent of the 
group 1 and the group 2 are similar, which means the 
wear resistance of the gold plated contacts mainly 
depends on the normal force. For the condition 5 and 
6, the normal force, the sliding cycles, and the 
temperature are same for both the group 1 and 2, only 
the thickness of gold plating on the coupons and the 
probes is different. For the condition 5 in the group 1, 
the probe with 0.76m gold plating mated with the 
coupon with 0.38m gold plating, but for the 
condition 5 in the group 2, the probe with 0.38m gold 

plating mated with the coupon with 0.76m gold 
plating, so the reason that the samples in group 2 
shows better wear resistance is the marked effect of 
the gold plating thickness of the coupon on the wear 
resistance. For the condition 6 in the group 1, the probe 
with 0.76m gold plating mated with the coupon with 
1.27m gold plating, but for the condition 6 in the 
group 2, the probe with 1.27m gold plating mated 
with the coupon with 0.76m gold plating, the reason 
that the group 1 shows better wear resistance is also 
the stronger wear resistance of the gold plating 
thickness on the coupons than that on the probes. For 
the condition 7, the thickness of gold plating on the 
coupon is 0.38m for the group 1 and 0.76m for the 
group 2, so the wear of the group 1 is much severer 
than that of the group 2. For the condition 8, the 
normal force increases to 300g, the gold plated probe 
was worn severely, which caused wear track wider on 
the coupon, even the thickness of the gold plating on 
the coupon is 1.27m for the group 1. But the thicker 
gold plating on the probe was worn not so much 
severely in the group 2, so that the wear track on the 
coupon is narrower than that on the coupon in the 
group 1, as comparing in Fig. 6h and 7h. 
The comparison of the wear extent between the group 
1 and the group 3 is shown in Fig. 10. When the 
substrate material of the coupons changes from pure 
copper to C18070, the wear resistance is markedly 
improved, especially for the condition 7-9 with higher 
normal force of 300g, as shown in Fig. 10.  

 
Fig. 10 The cross section areas of sliding tracks on the 
coupons of the group 1 and 3 of the orthogonal 
experiments.  

3.4 Analysis of the Influence factors 

Based on the orthogonal design of sliding tests with 
four influencing factors and three levels in Table 2 and 
the wear extent of three groups of test results listed in 
Table 3, the significance of the four factors on the wear 
resistance of sliding contacts was ranked by analysis 
of the range. For the group 1, the rank of influencing 
factors is the normal force >> temperature > sliding 
cycles > thickness of gold plating on the coupons; for 
the group 2, the rank of influencing factors is the 
sliding cycles >> thickness of gold plating on the 
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probes normal force  temperature; for the group 3, 
the rank of influencing factors is the sliding cycles >> 
thickness of gold plating on the coupons  
temperature > normal force.  
The effect trends of these four influencing factors on 
wear extent for three groups of orthogonal 
experiments are shown in Fig. 11. For the group 1, the 
normal force shows the most significant effect on the 
wear resistance, especially higher than 100g, so that it 
is not suggested to use too high normal force for gold 
plated fingers mating with the card edge connector. 
For the group 2, the thickness of the gold plating on 
the coupons is an intermediate value, 0.76μm, the 
wear resistance is improved comparing with contacts 
with thin gold plating on the coupons. At this time, the 
sliding cycles is key factor to decide the wear extent. 
The wear extent becomes obvious severely after 120 
cycles. For the group 3, the wear extent is much 
slightly than those of the group 1 and 2. Even though 
the wear is aggravated by increasing the sliding cycles, 
it is still much mild, so that C18070 is a good selection 
for the substrate material instead of pure copper. 

 

Fig. 11 The effects of the influencing factors on wear 
extent for three groups of the orthogonal experiments.  

3.5  Reliability Analysis  

The worn areas on the contacts due to the insertion and 
withdrawal while the PCB are assembled with the 
connectors may be corroded during service, so the 
creep of the corroded products and the repeated 
insertion and withdrawal might induce the corroded 
products into the contact interfaces to cause 

degradation or even failure of electric contact. After 
the sliding experiments, all the samples of the different 
groups had different degrees of wear, so the 
underplating or the substrate material was exposed 
more or less. To evaluate the reliability of gold fingers 
on PCB mating with gold plated card edge connectors 
for long term application, an accelerated corrosion and 
a repeated sliding test were used. The worn coupons 
and probes were firstly stored under high humidity and 
alternating temperature for 10 cycles (80 hours) to 
push the formation of the oxidation with the profile of 
the test curves in Fig. 2. Then, the probes after sliding 
wear were used to slide on the original sliding tracks 
on the coupons for 50 cycles. Samples under different 
sliding conditions were subjected to the normal force 
set by the original sliding experiments, which simulate 
the insertion and withdrawal in the field application of 
the gold plated fingers on PCB mating with gold 
plated card edge connectors after long term 
application. 
The sliding contact resistance curves of three groups 
repeated sliding tests after accelerated corrosion are 
shown in Fig. 12-14 respectively. Some initial contact 
resistance is higher than 100mΩ, but as the wear 
cycles increase, the contact resistance gradually drops 
below 10mΩ; some initial contact resistance is not 
high, but the contact resistance increases in the sliding 
process; some contact resistance always fluctuates 
above 100mΩ; some contact resistance always keeps 
low and stable. 

4 Discussion 

4.1 Sliding performance of the gold plated 
contacts 

In terms of sliding contact resistance of gold plated 
contacts, it is very stable and the final average value is 
around 6-8mΩ during 250 cycles no matter what 
thickness (0.38-1.27μm) of gold plating or what the 
substrate materials (pure copper, C18070, BeCu) 
under the normal force with 50~300g and the 
temperature with 25~65ºC, as long as there is a little 
gold remained in the contact interfaces. 

   

Fig. 12 The sliding contact resistance Fig. 13 The sliding contact resistance  Fig. 14 The sliding contact resistance 
 curves of the group 1 in the         curves of the group 2 in the         curves of the group 3 in the 
repeated sliding tests after          repeated sliding tests after   repeated sliding tests after 
accelerated corrosion.             accelerated corrosion.              accelerated corrosion. 
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3.3  Wear extent 

To compare the wear resistance quantitatively, the 
cross section area was supposed as a rectangular and 
calculated by the width timing the depth of the wear 
tracks on the coupons. The average cross section areas 
of sliding tracks on the coupons of three groups of 
orthogonal experiments are listed in Table 3. The 
comparison of the wear extent between the group 1 
and the group 2 is shown in Fig. 9.  

Table 3 The average cross section area of sliding 
tracks on the coupons of three groups of orthogonal 

experiments 
Orthogonal 
conditions Group 1 Group 2 Group 3 

1 225 175 25 
2 300 300 70 
3 675 684 420 
4 396 396 80 
5 1760 252 165 
6 308 17000 280 
7 8250 187 30 
8 12500 270 132 
9 19950 19950 200 

 

 
Fig. 9 The cross section areas of sliding tracks on the 
coupons of the group 1 and 2 of the orthogonal 
experiments. 

It is shown that the wear resistance of the test 
condition 1-3 has similar extent, but that of the test 
condition 5-8 has obvious difference between the 
group 1 and the group 2 orthogonal experiments. For 
the condition 4 and 9, the four factors have same levels 
for the contacts in the group 1 and 2, so the wear result 
is same. For the condition 1-3, the normal force is 50g, 
no matter what sliding cycles, the thickness of gold 
plating, or the temperature, the wear extent of the 
group 1 and the group 2 are similar, which means the 
wear resistance of the gold plated contacts mainly 
depends on the normal force. For the condition 5 and 
6, the normal force, the sliding cycles, and the 
temperature are same for both the group 1 and 2, only 
the thickness of gold plating on the coupons and the 
probes is different. For the condition 5 in the group 1, 
the probe with 0.76m gold plating mated with the 
coupon with 0.38m gold plating, but for the 
condition 5 in the group 2, the probe with 0.38m gold 

plating mated with the coupon with 0.76m gold 
plating, so the reason that the samples in group 2 
shows better wear resistance is the marked effect of 
the gold plating thickness of the coupon on the wear 
resistance. For the condition 6 in the group 1, the probe 
with 0.76m gold plating mated with the coupon with 
1.27m gold plating, but for the condition 6 in the 
group 2, the probe with 1.27m gold plating mated 
with the coupon with 0.76m gold plating, the reason 
that the group 1 shows better wear resistance is also 
the stronger wear resistance of the gold plating 
thickness on the coupons than that on the probes. For 
the condition 7, the thickness of gold plating on the 
coupon is 0.38m for the group 1 and 0.76m for the 
group 2, so the wear of the group 1 is much severer 
than that of the group 2. For the condition 8, the 
normal force increases to 300g, the gold plated probe 
was worn severely, which caused wear track wider on 
the coupon, even the thickness of the gold plating on 
the coupon is 1.27m for the group 1. But the thicker 
gold plating on the probe was worn not so much 
severely in the group 2, so that the wear track on the 
coupon is narrower than that on the coupon in the 
group 1, as comparing in Fig. 6h and 7h. 
The comparison of the wear extent between the group 
1 and the group 3 is shown in Fig. 10. When the 
substrate material of the coupons changes from pure 
copper to C18070, the wear resistance is markedly 
improved, especially for the condition 7-9 with higher 
normal force of 300g, as shown in Fig. 10.  

 
Fig. 10 The cross section areas of sliding tracks on the 
coupons of the group 1 and 3 of the orthogonal 
experiments.  

3.4 Analysis of the Influence factors 

Based on the orthogonal design of sliding tests with 
four influencing factors and three levels in Table 2 and 
the wear extent of three groups of test results listed in 
Table 3, the significance of the four factors on the wear 
resistance of sliding contacts was ranked by analysis 
of the range. For the group 1, the rank of influencing 
factors is the normal force >> temperature > sliding 
cycles > thickness of gold plating on the coupons; for 
the group 2, the rank of influencing factors is the 
sliding cycles >> thickness of gold plating on the 
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From the wear extents of the samples in the group 1 
and 2, it is shown that with the increase of normal 
force from 50g to 300g and the increase of sliding 
cycles from 50 to 250, the contact wear becomes more 
and more severe, the cross section area of the wear 
tracks on the coupons increases from 200μm2 to 
20000μm2. The thickness of gold plating on the 
coupons shows more positive effects on the wear 
resistance of gold plated contacts, which can be 
proven by comparing the morphologies of wear tracks 
on the coupons under condition 5-7 in Fig. 6e-g and 
Fig. 7e~g, and the cross section area of the sliding 
tracks under condition 5-7 in Fig. 9.  
Since the hardness of the C18070 is higher than pure 
copper, the contacts in the group 3 shows stronger 
wear resistance comparing with those in the group 1, 
which means if substrate material has higher hardness, 
it will markedly improve the endurance under the 
working conditions even with the normal force of 
300g, the temperature of 65ºC and the sliding cycles 
of 250. But C18070 cannot have been yet used as a 
substrate on PCB limited by the process.   

4.2 Influencing factors on the wear 
resistance  

For the gold plated probes (0.76μmAu/Ni/BeCu) 
mating with Au plated coupons with pure copper 
substrate (Au/Ni/Cu), the range analysis of orthogonal 
experiments in the group 1 shows that the normal force 
is the most significant factor. The normal force 
increasing from 100g to 300g will greatly increase 
the wear of the gold plated contacts. Therefore, it is 
recommended to control the normal force to be 
below 100g for Au-Au sliding material combination. 
For the gold plated probe (Au/Ni/BeCu) mating with 
gold plated coupons with pure copper substrate 
(0.76μm Au/Ni/Cu), the range analysis of orthogonal 
experiments in the group 2 shows that the sliding 
cycles is the most significant factor. When the 
sliding cycles increases from 120 to 250, the sliding 
wear increases greatly, and the width and depth of 
the sliding tracks increase significantly. This is 
related to the transition point of the wear from the 
coupon side to the probe side [10]. Therefore, it is 
recommended that the number of sliding cycles should 
be controlled below 120. The influence of thickness 
of gold plating on the probe on sliding wear was the 
second most obvious. The increase in the thickness 
of the gold plating on the probe delays the transition 
point of the wear from the coupon side to the probe 
side, but the transition still occurs within 120~250 
cycles. The gold plating on the probe contact is 
quickly worn out and the sliding tracks on the 
coupons become wider. Therefore, it is suggested 
that it’s not necessary to increase the thickness of 
gold plating on the probe, the key point is reducing 
the sliding cycles to be less than 120 to improve the 
reliability. 

For the gold plated probe (0.76μmAu/Ni/BeCu) 
mating with gold plated coupons with C18070 
substrate (Au/Ni/C18070), the range analysis of 
orthogonal experiments in the group 3 shows that the 
sliding cycle is also the most significant factor. But 
even the sliding cycle increases to 250, the wear of 
the contacts is still milder than those of the gold 
plated contacts with pure copper substrate in the 
group 1. Therefore, it is proven that gold plated 
probe (0.76μmAu/Ni/BeCu) mating with gold plated 
coupons with C18070 substrate (Au/Ni/C18070) can 
be used under the conditions of normal force of 300g 
and the temperature of 65ºC, 250 sliding cycles, even 
when the thickness of the gold plating on the coupon 
is 0.38μm.  
The effect of the temperature on sliding contact 
resistance is not marked, which is caused by the 
time for sliding tests is too short to show the effects 
of the temperature on the corrosion acceleration of 
worn contacts. The effect of the temperature on 
wear resistance is also limited since the temperature 
is too low to cause the contact materials to be 
softened.  
The wipe caused by the reciprocating insertion and 
withdrawal of card edge connectors was simulated 
by sliding tests between the probe and the coupons, 
but the effect of the "angle of attack" on the wear 
extent when initial contact is made during the 
mating is not discussed, which needs further 
investigation. 

4.3 Reliability of card edge connectors 

The high humidity and alternating temperature test is 
used to accelerate corrosion of the worn gold plated 
contacts, which simulates the environment effect on 
the worn contacts of connectors for long term 
exposure in the practical filed. The sliding tests are 
repeated on the corroded wear tracks, which 
corresponds to the repeated insertion and withdrawal 
for the gold fingers on PCB and card edge connectors 
after a period of service.     
The high sliding contact resistance is caused by the 
corroded products on the wear tracks. If the corroded 
products can be crashed by the probe under a certain 
normal force or be removed during sliding, the contact 
resistance can drop to be lower than 10mΩ; but the 
corroded products can be induced into the contact 
interfaces from the wear tracks due to the tangential 
force during sliding, then the contact resistance will 
increase. According to the repeated sliding tests after 
corrosion in Fig. 12-14, the contact resistance of about 
90% samples is low or reduces to be low in tens of 
sliding cycles, which means most the gold plated 
contacts can be recovered by repeated insertion and 
withdrawal if the contact resistance is increased by 
environmental corrosion. But there is still a 
proportional of unreliable contacts to be concerned. 
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5 Conclusion 

To study the reliability improvement of the gold plated 
contacts in the gold fingers on PCB and the card edge 
connectors with increased power density for long term 
service, the wear extent and sliding contact resistance 
before and after the corrosion were studied by the 
simulation experiments. The sliding contact resistance 
of gold plated contacts (0.38~1.27m gold plating) is 
around 6-8mΩ during 250 cycles under the normal 
force of 50~300g and the ambient temperature of 
25~65ºC. As the increase of normal force from 50g to 
300g and the increase of sliding cycles from 50 to 250, 
the contact wear becomes more and more severe. The 
thickness of gold plating on the coupons shows more 
positive effects on the wear resistance of gold plated 
contacts than that on the probes. When the substrate 
pure copper of the coupon is replaced by C18070, the 
wear resistance is markedly improved. 
Compared with thickness of the gold plating and the 
temperature, the normal force and sliding cycles have 
more obvious effects on the wear extent. Therefore, it 
is recommended to control the normal force to be 
below 100g and sliding cycles to be below 120 for 
gold plated contacts. For the higher normal force of 
300g, the higher temperature of 65ºC, and the longer 
sliding cycles of 250, the harder substrate material is 
recommended.  
The corroded products on the worn contacts can be 
removed by tangential force during sliding, but they 
can also be induced into the contact interfaces at the 
same time. There is an unreliable possibility of the 
gold fingers on PCB mating card edge connectors for 
long term service, which needs to be concerned. 
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plated contacts with pure copper substrate in the 
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coupons with C18070 substrate (Au/Ni/C18070) can 
be used under the conditions of normal force of 300g 
and the temperature of 65ºC, 250 sliding cycles, even 
when the thickness of the gold plating on the coupon 
is 0.38μm.  
The effect of the temperature on sliding contact 
resistance is not marked, which is caused by the 
time for sliding tests is too short to show the effects 
of the temperature on the corrosion acceleration of 
worn contacts. The effect of the temperature on 
wear resistance is also limited since the temperature 
is too low to cause the contact materials to be 
softened.  
The wipe caused by the reciprocating insertion and 
withdrawal of card edge connectors was simulated 
by sliding tests between the probe and the coupons, 
but the effect of the "angle of attack" on the wear 
extent when initial contact is made during the 
mating is not discussed, which needs further 
investigation. 
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The high humidity and alternating temperature test is 
used to accelerate corrosion of the worn gold plated 
contacts, which simulates the environment effect on 
the worn contacts of connectors for long term 
exposure in the practical filed. The sliding tests are 
repeated on the corroded wear tracks, which 
corresponds to the repeated insertion and withdrawal 
for the gold fingers on PCB and card edge connectors 
after a period of service.     
The high sliding contact resistance is caused by the 
corroded products on the wear tracks. If the corroded 
products can be crashed by the probe under a certain 
normal force or be removed during sliding, the contact 
resistance can drop to be lower than 10mΩ; but the 
corroded products can be induced into the contact 
interfaces from the wear tracks due to the tangential 
force during sliding, then the contact resistance will 
increase. According to the repeated sliding tests after 
corrosion in Fig. 12-14, the contact resistance of about 
90% samples is low or reduces to be low in tens of 
sliding cycles, which means most the gold plated 
contacts can be recovered by repeated insertion and 
withdrawal if the contact resistance is increased by 
environmental corrosion. But there is still a 
proportional of unreliable contacts to be concerned. 
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Abstract 

The influence of phosphorous containing substances outgassing from plastic materials flame retarded with red 
phosphorous on electronic components is discussed. These substances might cause increased contact resistances 
in relays. Also corrosion phenomena of components on printed circuit board assemblies (PCBAs) can be traced 
back to the influence of red phosphorous. In the outgassing of red phosphorous and the corrosion process humidity 
plays a crucial role which leads to the formation of different phosphorous acids and gaseous phosphine.  

The influence of three differently flame retarded polyamide (PA) choke coil bobbins on the contact resistances of 
an unsealed relay in their vicinity is investigated. Two sets of choke coils are flame retarded with red phosphorous 
whereas one set is flame retarded with a different but also phosphorous containing flame retardant. A contact 
resistance increase while operating in humid environment and under changing temperatures can only be observed 
for one coil bobbin set flame retarded with red phosphorous. Phosphorous containing substances can also only be 
found on the contact surfaces of the relay in the vicinity of this coil bobbin set. 

In a further example the corrosive effect of the outgassing products of red phosphorous is shown which leads to 
short circuits between different terminals of ICs mounted on a PC-board but only in a humid environment. 

1 Introduction 

Plastic materials are widely used in the electrical indus-
try in switches, circuit breakers, relays, contactors, 
connectors as well as IT-equipment or household appli-
ances, for example. A primary purpose of the plastic is 
thereby the electrical insulation of current-carrying 
parts. The plastic material has to provide the necessary 
safety to protect the users from accidental contact with 
electricity. 
Besides the electrical properties of the used plastic ma-
terials the flammability is an additional safety concern. 
In electronics unforeseen shorts, unintended electrical 
connections or overheating devices can finally ignite a 
fire. The purpose of the plastic is to retard the outbreak 
and spread of a fire by being temperature stable, flame 
resistant and self-extinguishing.  
In order to achieve these tasks the plastic materials 
have to be in accordance with standards issued by nor-
mative organizations like UL, (Underwriters Laborato-
ries), IEC (International Electrotechnical Commis-
sion), EN (European Standardization Organization) 
and VDE Association of German electrical Engineers. 
Most important is the vertical burning test of UL94 
with a Bunsen burner flame and the glow wire test 
IEC60695-2-10. It is more and more important in the 
electrical and electronics industry  that the used plastics 
are self-extinguishing and achieve an UL94 V-0 flam-
mability classification or pass the glow wire test at 
960°C (GWT960). Many plastic materials can attain 

these properties only if they contain flame retardant ad-
ditives [1]. 
Most prominent flame retardants are the bromine con-
taining class. These flame retardants are widely used in 
the electrical and electronic industry where they cover 
more than 50% of the applications. Among this class 
are polybromodiphenyl ethers (PBDEs), polybromin-
ated biphenyls (PBBs) and tetrabromobisphenol-A 
(TBBPA) which is most commonly used in epoxy lam-
inates for printed circuit boards. Also hexabromocy-
clododecane (HBCD), brominated polystyrols, bro-
minated phenols and tetrabromophthalic acid anhy-
dride belong to the brominated flame retardant class 
[2]. 
However, in the past environmental and health con-
cerns came up about some brominated flame retardants 
which led to the ban of PBDEs and PBBs by the RoHS- 
(Restriction of Hazardous Substances) and WEEE- 
(Waste from Electrical and Electronic Equipment) di-
rectives since these substances were found to be toxic.  
This raised the need to replace these substances. 
Such substitutes which have already been in use de-
pending on the underlying plastic material and applica-
tion are, for example, mineral based like aluminium- or 
magnesium hydroxide, melamine based and phospho-
rous based flame retardants. Among the phosphorous 
containing class phosphate esters, phosphonates, phos-
phinates, ammoniumpolyphosphate and red phospho-
rous can be found [2]. 
Besides the environmental and health implications of 
flame retardants also their implications on electrical 
components and whole PCBAs have already been long 
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discussed and investigated [3]. Namely some of them 
tend to gas out and have corrosive effects on metal 
parts or just cause deposits on electrical contacts of re-
lays or switches which accumulate in the course of time 
leading to increased contact resistances. 
The outgassing of substances is often associated to in-
crease with increasing temperatures. However, it is re-
ported for red phosphorous flame retarded plastics that 
applications passed qualification tests at elevated tem-
peratures but nevertheless failed in the field [4]. 
Therefore, in the following the influence of red phos-
phorous as flame retardant on electrical contacts and 
electronic components and the importance humidity 
plays in this process is discussed. 

2 Red phosphorous as flame re-
tardant 

The use of phosphorous based flame retardants is quite 
common also outside of the electronics industry com-
prising a worldwide market share of 24% [5].  

2.1 Mode of operation of red phospho-
rous  

Phosphorous inhibits the combustion process of plastic 
materials by multiple reaction steps. During the expo-
sure to high temperatures, the phosphorous or phos-
phorous compounds are transformed to phosphoric 
acid by thermal decomposition. An esterification of the 
phosphoric acid forms a protective carbonaceous layer 
which is heat resistant at higher temperatures. This pro-
tective layer impedes the transport of oxygen to the 
burning zone.  
Another believed mechanism is the reaction of phos-
phorous with radicals such as hydrogen (H) or hydrox-
ide (OH) to reduce the energy of the flame in the gas 
phase similar to bromine based flame retardants [5]. 

2.2 Structure of red phosphorous 

Red phosphorous is one of three allotropic forms of el-
emental phosphorous meaning that the three different 
forms have different physical structures but similar 
chemical properties. The other forms are white and 
black phosphorous. Red phosphorous can be generated 
by heating white phosphorous above 250°C under air 
exclusion or by exposure of white phosphorous to light 
which is a very slow process. Red phosphorous is typ-
ically amorphous and not toxic. 

2.3 Application of red phosphorous as 
flame retardant 

Red phosphorous has been used in plastic materials for 
almost thirty years being most common in the elec-
tronic industry. Generally, red phosphorous has a very 

high flame retarding ability. The contents of red phos-
phorous particles varies from 5-40% by weight de-
pending on the application. The maximum diameter of 
the phosphorous particles varies between 75 to 250 µm. 
The particle distribution depends on the processing 
technique. The preferred diameter range is between 10 
to 40 µm [5].  
Due to the very high flame retarding ability only few 
amount of red phosphorous has to be added to the plas-
tic to be effective leaving the mechanical and electrical 
properties of the underlying plastic material largely 
preserved. The lowest contents can go down to 5%. 
This is also the reason why the plastics can be rein-
forced with higher glass fibre contents. All that makes 
red phosphorous as flame retardant very cost efficient 
and has made it to the “state of the art” flame retardant 
solution in polyamide (PA), especially PA66 [1][6]. 

2.4 Implications of red phosphorous 

However, the same mechanism of producing phos-
phoric acids at elevated temperatures which leads to the 
flame retardant properties of red phosphorous might 
cause corrosive effects due to the generated acids. 
In dependence of the environmental conditions like 
temperature and humidity the red phosphorous inside 
the plastic starts to disproportionate to form phospho-
rous acids of different oxidation states and phosphine 
(PH3). The phosphorous acids can further react with the 
underlying plastic material, for example polyamide, to 
form adipic acid [7]. All these generated substances can 
be released and gas out in the surrounding environ-
ment. The produced acids can also attack the underly-
ing plastic material itself and alter its physical and elec-
trical characteristics [5] or even damage it [8].  

2.5 Stabilization of red phosphorous 

Therefore, efforts are made to measure the amount of 
outgassing products and to stabilize the red phospho-
rous to minimize the release of these phosphorous ac-
ids and phosphine [7][4]. The first stabilizers consisted 
of silicon oil or a combination of ammonium bisulfate, 
paraffin oil, and pentaerythritol. Later, as the applica-
tion of red phosphorous was also introduced to epoxy 
the red phosphorous particles were coated with a ther-
mosetting resin such as formaldehyde-, melamine- or 
phenol based compositions. The advantages of thermo-
setting coatings are improved coverage, better wetta-
bility and increased resistance of the melt proof coat-
ings to industrial processes [5]. Additional improve-
ments in the stabilization were achieved by a dual 
coating process of the red phosphorous particles. The 
initial coating consists of aluminium hydroxide and/or 
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Besides the environmental and health implications of 
flame retardants also their implications on electrical 
components and whole PCBAs have already been long 



452

zinc hydroxide followed by an additional thermoset 
resin.  

3 Failure analysis and analytical 
methods 

Nevertheless, there are still applications where red 
phosphorous as flame retardant causes various failures 
of electronic components with which the PCBA- and 
the electronic components manufacturers have to 
struggle.  

3.1 Implications in failure analysis 

In the failure analysis the whole application has to be 
taken into account and not just the failed component to 
definitely track the failure down to the red phosphorous 
flame retardant. The reason is that the red phosphorus 
is often not contained in the plastic of the failed com-
ponent itself but in the plastic of some component in 
the surrounding or in the housing of the whole PCBA. 
Often red phosphorous flame retarded plastics can be 
recognized by their inherent red colour. However, not 
all these plastics have a red colour. So it is difficult to 
tell if a plastic material contains red phosphorous even 
if elemental phosphorous can be found in the plastic 
material since also other phosphorous based flame re-
tardants might have been used. Additionally, it is also 
difficult to tell if the red phosphorous is stabilized or 
not and if yes to which degree. 
Also the environmental conditions, especially temper-
ature and humidity, have to be considered. Under some 
environmental conditions no failures might occur in a 
certain application whereas under different environ-
mental conditions the same application might fail. 

3.2 Analytical methods 

The most important analytical equipment besides, of 
course an optical microscope (Leica DVM 6), used in 
this investigation was a Hitachi SU3500 scanning elec-
tron microscope (SEM) together with a Bruker XFlash 
6|30 EDS (electron dispersive spectroscopy) system. 
On the one hand contaminations can be observed visu-
ally with the SEM and on the other hand elemental 
compositions can be analysed using the EDS system. 
Furthermore, a Nicolet 5700 Fourier Transform Infra-
red (FTIR) spectrometer with an attached Nicolet Cen-
taurus microscope was used to identify chemical com-
pounds. 
Last but not least a Shimadzu GCMS-QP2010plus gas 
chromatograph mass spectrometer (GC/MS) was used 

to study the temperature dependent outgassing of sub-
stances using a pyrolysis unit. 
In the following these methods are used to investigate 
different examples of failures caused by red phospho-
rous and the underlying environmental conditions, es-
pecially, the influence of humidity. 

4 Contact resistance increase of 
unsealed relays due to red 
phosphorous 

Initially, a typical failure of an open vent hole type re-
lay on a PC-board in the vicinity of a component flame 
retarded with red phosphorous is discussed. From our 
experience, for sealed relays with closed vent hole no 
failures related to red phosphorous have been found so 
far. The red phosphorous containing component was a 
big power supply having a red polyamide (PA) housing 
Figure 1.1. The application was in the field for about 
one year before the first failures in form of increased 
contact resistances occurred.  
The failed relay contacts were investigated by optical 
microscopy where crystalline structures could be found 
on the contact surfaces Figure 1.2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 1: PCBA with relays and a power supply flame 
retarded with red phosphorous. 2: Crystals of ammo-
nium phosphate on relay contact. 3: SEM image of af-
fected contact surface showing contaminations. 
4-6: Elemental EDS-mapping of the contaminations 
showing the found elements phosphorous (P), oxygen 
(O) and nitrogen (N). 

A SEM-EDS investigation shows that the crystals 
mainly consist of oxygen (O), phosphorous (P) and ni-
trogen (N) Figures 1.3-6, 2. A FTIR-analysis shows 
that the crystals consist of ammonium phosphate 
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(NH4)3PO4 respectively ammonium hydrogen phos-
phate (NH4)2HPO4 Figure 2. These substances are 
built under certain environmental conditions, like tem-
perature and humidity, by a chemical reaction of the red 
phosphorous flame retardant and the nitrogen contain-
ing polyamide matrix of the power supply housing. The 
generated ammonium (hydrogen) phosphate reaches 
the relatively cold relay contacts in the gaseous phase 
and crystalizes on the contact surfaces [9]. 
This does not necessarily lead to a contact resistance 
failure immediately since the contaminations might not 
be thick enough at the contact point. However, due to a 
self-centring process more and more ammonium (hy-
drogen) phosphate reaches the contact point and finally 
leads to the contact resistance failure.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Top: EDS-spectrum of the contaminations on 
the relay silver (Ag) contacts showing especially nitro-
gen (N), oxygen (O) and phosphorous (P). Bottom: 
FTIR-spectrum of the contaminations on the failed re-
lay contacts (blue curve) showing good agreement with 
the spectrum of ammonium phosphate (red curve). 

The ammonium phosphates are hygroscopic and dis-
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relay contact surfaces. These droplets coalesce due to 
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liquid film on the contact surfaces. This liquid, satu-
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As humidity decreases a dense, solid layer of ammo-
nium (hydrogen) phosphate is left at the contact points 
which, when thick enough, finally leads to the contact 
resistance failure. This shows that the environmental 
conditions, especially humidity, are very important in 
the dissolution process of the red phosphorous out of 

the plastic matrix as well as in the transportation pro-
cess of the phosphorous containing products to the spot 
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lay on a PC-board in the vicinity of a component flame 
retarded with red phosphorous is discussed. From our 
experience, for sealed relays with closed vent hole no 
failures related to red phosphorous have been found so 
far. The red phosphorous containing component was a 
big power supply having a red polyamide (PA) housing 
Figure 1.1. The application was in the field for about 
one year before the first failures in form of increased 
contact resistances occurred.  
The failed relay contacts were investigated by optical 
microscopy where crystalline structures could be found 
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fected contact surface showing contaminations. 
4-6: Elemental EDS-mapping of the contaminations 
showing the found elements phosphorous (P), oxygen 
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5.1.1 Experiment 1 

In the first step of the experimental series the box was 
put into a climatic chamber and the temperature was 
cycled from 20°C to 105°C within two hours where the 
minimum and maximum temperatures were each kept 
for 20 minutes. The normally closed contacts of the re-
lays were switched at a load of 12V and 12mA 59s on 
and 1s off. All these parameters are according to the 
actual qualification test representing the real applica-
tion. 
The contact resistances of the relays were monitored by 
the voltage drop at a microcontroller input at every 
switching cycle. This measurement circuit is shown in 
Figure 3. The complete test duration was about six 
days. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Top: Three choke coils of sample A in the box 
together with two unsealed relays. Bottom: Measure-
ment circuit to detect normally closed contact re-
sistance failures of the relays. 

In this first step of the experiment without applying any 
humidity no contact resistance failures could be de-
tected for neither of the samples A-C Figure 4. 

5.1.2 Experiment 2 

In the second step of the experiment additionally to the 
temperature cycle a constant ambient relative humidity 
of 50% as in the actual qualification test was applied in 
the climatic chamber leaving all other parameters of the 
test unchanged. Also in this experimental step no con-
tact resistance failures could be detected for neither of 
the samples A-C Figure 4. 

5.1.3 Experiment 3 

In the third step of the experiment additionally the 
choke coils were powered with a constant current of 
500mA as in the real application enlarging the local 

temperature at the choke coils and setting free addi-
tional humidity stored in the plastic coil bobbins and 
windings of the choke coils. In this experimental step 
massive contact resistance failures could be detected 
after about two days, but only for sample A. However, 
also sporadic failures could be detected earlier Figure 
4. Note that also after two days not every switching cy-
cle caused a failure. There were switching cycles in be-
tween where the contact resistance was fine. 
No contact resistance failures could be detected for the 
relay contacts in the box together with samples B and 
C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Top: Contact resistance failures of a relay 
monitored during the different experiments without hu-
midity, with an additional constant relative humidity of 
50% and with additionally powered choke coils for 
sample A. Contact resistance failures could only be ob-
served with powered choke coils. Bottom: Comparison 
of the mean contact resistance per day calculated from 
the measurement data between relays together in the 
box with samples A, B and C. Significant contact re-
sistance failures could only be observed for relays in 
the box together with samples A (lines are only a guide 
to the eye).  

A corresponding comparison of the mean resistance 
per day calculated from the measurement data for a re-
lay together in the box with samples A, B and C is 
shown in Figure 4. Significant contact resistance fail-
ures could only be observed for relays in the box to-
gether with samples A. The results of the different ex-
periments are summarized in the table below: 

Sample Experiment 
 1 2 3 
A No failures No failures Failures 
B No failures No failures No failures 
C No failures No failures No failures 
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It is not amazing that no failures could be detected for 
sample C since this was not flame retarded with red 
phosphorous. However, it is somehow puzzling that 
only for sample A contact resistance failures could be 
found since also sample B was flame retarded with red 
phosphorous. 

5.2 GC/MS measurements 

In order to investigate this phenomenon in more detail 
a GC/MS analysis of the outgassing products and be-
haviour of the three different coil bobbin samples was 
performed while increasing the temperature of the py-
rolysis unit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 GC of the three different choke coil bobbin 
samples A-C showing outgassing of P4 only for sample 
A at 150°C and for sample B at 200°C. No outgassing 
of P4 could be detected for sample C up to 550°C and 
even higher. The corresponding mass spectrum shows 
the typical mass spectrum of P4, here for sample A. 

For sample A an outgassing of phosphorous in form of 
P4 could be detected at a temperature of 150°C Figure 
5, whereas for sample B P4 could only be detected at a 
temperature of 200°C.  
For sample C no outgassing of P4 could be found up to 
a temperature of 550°C where the polyamide plastic 
material is completely incinerated. 

5.3 SEM-EDS measurements 

At the end of the tests the relay contacts were examined 
by optical microscopy and SEM-EDS Figures 6, 7. 
Contaminations could only be found on the contacts of 
a relay inside the box with samples A out of the third 
experiment. The contaminations mainly consist, as in 

section 4, of nitrogen (N), oxygen (O) and phosphorous 
(P) Figure 7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Optical microscope (top) and SEM (bottom) 
images of relay contacts of a relay in a box without 
(left) and with (right) red phosphorous containing sam-
ples C and A, respectively. Contaminations could only 
be found on contacts of a relay inside the box with red 
phosphorous containing samples A (right images). 

The contaminations accumulate at the contact point in 
the humidity assisted self-centring process already dis-
cussed in section 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Top: EDS-spectrum at a contaminated spot 
showing that the contaminations mainly consist of ni-
trogen (N), oxygen (O) and phosphorous (P). The found 
silver (Ag) and gold (Au) is from the relay contact. Bot-
tom: Elemental EDS-mapping of the contaminations 
showing phosphorous (P) , oxygen (O) and nitrogen 
(N). 
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In the first step of the experimental series the box was 
put into a climatic chamber and the temperature was 
cycled from 20°C to 105°C within two hours where the 
minimum and maximum temperatures were each kept 
for 20 minutes. The normally closed contacts of the re-
lays were switched at a load of 12V and 12mA 59s on 
and 1s off. All these parameters are according to the 
actual qualification test representing the real applica-
tion. 
The contact resistances of the relays were monitored by 
the voltage drop at a microcontroller input at every 
switching cycle. This measurement circuit is shown in 
Figure 3. The complete test duration was about six 
days. 
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temperature cycle a constant ambient relative humidity 
of 50% as in the actual qualification test was applied in 
the climatic chamber leaving all other parameters of the 
test unchanged. Also in this experimental step no con-
tact resistance failures could be detected for neither of 
the samples A-C Figure 4. 
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choke coils were powered with a constant current of 
500mA as in the real application enlarging the local 
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tional humidity stored in the plastic coil bobbins and 
windings of the choke coils. In this experimental step 
massive contact resistance failures could be detected 
after about two days, but only for sample A. However, 
also sporadic failures could be detected earlier Figure 
4. Note that also after two days not every switching cy-
cle caused a failure. There were switching cycles in be-
tween where the contact resistance was fine. 
No contact resistance failures could be detected for the 
relay contacts in the box together with samples B and 
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Fig. 4 Top: Contact resistance failures of a relay 
monitored during the different experiments without hu-
midity, with an additional constant relative humidity of 
50% and with additionally powered choke coils for 
sample A. Contact resistance failures could only be ob-
served with powered choke coils. Bottom: Comparison 
of the mean contact resistance per day calculated from 
the measurement data between relays together in the 
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lay together in the box with samples A, B and C is 
shown in Figure 4. Significant contact resistance fail-
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gether with samples A. The results of the different ex-
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5.4 Results and discussion 

The found phosphorous P4 by GC/MS for samples A 
and B is the starting point for the reaction of P4 with 
humidity and the disproportionation of the red phos-
phorous into phosphine (PH3) and phosphorous acids 
mentioned in [7]. 

P4 + 6 H2O  PH3 + 3 H3PO2 

The phosphinic acid (H3PO2) can further react to phos-
phine and phosphonic acid (H3PO3) at elevated temper-
atures: 

PH3 + 3 H3PO2  2 PH3 + 2 H3PO3 

The phosphonic acid can further react to phosphorous 
acid (H3PO4): 

4 PH3 + 4 H3PO3  5 PH3 + 3 H3PO4 

This corresponds to the findings above where the 
choke coil supplier claimed a not outgassing of the coil 
bobbins and the findings in the first experimental step 
only cycling the temperature. When humidity was 
added and the choke coils were powered simultane-
ously, which enhanced the local temperature through 
self-heating of the coils and the evaporation of intrinsic 
humidity, contact resistance failures could be found in 
the presented experimental setup. 
These experiments which were repeated for verifica-
tion could prove that on the one hand the red phospho-
rous flame retardant caused the failure in the applica-
tion and on the other hand revealed an alternative solu-
tion by using differently flame retarded choke coils. 
Also the strong impact of the environmental parame-
ters like temperature and humidity and the parameters 
of the whole application could be demonstrated. Fur-
thermore, an influence of the content of red phospho-
rous, the red phosphorous particle sizes or the degree 
of stabilization may play an important role and is very 
interesting to study in future experiments. This exam-
ple also shows the difficulties in the failure analysis to 
definitely track down the failure to the red phosphorus 
flame retardant. 

6 Corrosion of chip terminals 
caused by red phosphorous 

Besides failures caused by deposits of outgassing prod-
ucts due to red phosphorous also corrosion on metals 
can occur which is also strongly humidity dependent. 
PCBAs in a, this time black instead of red, polyamide 
(PA) housing flame retarded with red phosphorous 
were subjected to different qualification tests while the 
electronic was powered. One branch of the test was just 
a test at a constant temperature of 85°C and the second 
branch was a test at a constant temperature of 85°C and 
a constant relative humidity of 85%. Failures in form 
of short circuits on some devices or even burnt devices 
only occurred on PCBAs out of the test where humidity 
was involved. 

In the optical microscope investigation greenish resi-
dues could be found on the chip terminals which 
formed shorts between them as shown in Figure 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Top: Optical microscope images of a burnt 
driver (left) and shorts between terminals of a micro-
controller (right). Bottom: The corresponding SEM-
images are shown.  

In the SEM-EDS-investigation oxygen (O) and phos-
phorous (P) could be found for the residues on the ter-
minals of the corresponding chips Figure 9. This leads 
to the conclusion that the failures were indeed caused 
by the red phosphorous contained in the plastic housing 
of the PCBA. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 9 EDS-spectrum of residues on the terminals 
(inset) of the microcontroller showing lots of oxygen 
(O) and phosphorous (P). 

As already discussed in section 2.4 the red phospho-
rous dissolves with humidity to phosphorous acid 
which condenses on the chip terminals and attacks the 
underlying copper material. The generated salts like 
copper phosphate Cu3(PO4)2 form the greenish residues 
and the conductive bridges between the chip terminals. 
Since the PCBA was powered the generation of shorts 
might have also been supported by electrochemical mi-
gration [5]. 

7 Summary 

Above various examples were reported where red 
phosphorous as flame retardant in plastics caused dif-
ferent kinds of failures. In all these examples humidity 
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played a major role in the dissolution process of the red 
phosphorous out of the underlying plastic as well as in 
the transportation process to the location where the 
failure happened. 
For unsealed relays in which the dissolved phospho-
rous substances can intrude mostly increased contact 
resistances led to a failure of the devices. Here the hu-
midity enhanced the transport of the phosphorous sub-
stances to the contact point by the capillary effect. 
The corrosive effect of red phosphorous was also dis-
cussed in which the generation of phosphorous acids 
out of the plastic material assisted by humidity played 
a crucial role. In the presented example the corrosion 
led to shorts between chip terminals and even to burnt 
devices. 
All these examples show that it is very important in the 
design of PCBAs to keep the implications of red phos-
phorous as flame retardant in mind.  
The example with the red phosphorous flame retarded 
power supply from section 4 was an application from 
the field whereas the examples from sections 5 and 6 
were still in the qualification state. 
This shows that appropriate qualification tests are also 
important to bring potential failures to light prior to the 
release of the application to the field. As shown in 
above examples the choice of the environmental con-
ditions in this qualification tests like temperature and 
especially humidity and also the parameters of the ap-
plication itself during the test are fundamental. 
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phorous into phosphine (PH3) and phosphorous acids 
mentioned in [7]. 

P4 + 6 H2O  PH3 + 3 H3PO2 

The phosphinic acid (H3PO2) can further react to phos-
phine and phosphonic acid (H3PO3) at elevated temper-
atures: 

PH3 + 3 H3PO2  2 PH3 + 2 H3PO3 

The phosphonic acid can further react to phosphorous 
acid (H3PO4): 

4 PH3 + 4 H3PO3  5 PH3 + 3 H3PO4 

This corresponds to the findings above where the 
choke coil supplier claimed a not outgassing of the coil 
bobbins and the findings in the first experimental step 
only cycling the temperature. When humidity was 
added and the choke coils were powered simultane-
ously, which enhanced the local temperature through 
self-heating of the coils and the evaporation of intrinsic 
humidity, contact resistance failures could be found in 
the presented experimental setup. 
These experiments which were repeated for verifica-
tion could prove that on the one hand the red phospho-
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tion and on the other hand revealed an alternative solu-
tion by using differently flame retarded choke coils. 
Also the strong impact of the environmental parame-
ters like temperature and humidity and the parameters 
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thermore, an influence of the content of red phospho-
rous, the red phosphorous particle sizes or the degree 
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ple also shows the difficulties in the failure analysis to 
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flame retardant. 

6 Corrosion of chip terminals 
caused by red phosphorous 

Besides failures caused by deposits of outgassing prod-
ucts due to red phosphorous also corrosion on metals 
can occur which is also strongly humidity dependent. 
PCBAs in a, this time black instead of red, polyamide 
(PA) housing flame retarded with red phosphorous 
were subjected to different qualification tests while the 
electronic was powered. One branch of the test was just 
a test at a constant temperature of 85°C and the second 
branch was a test at a constant temperature of 85°C and 
a constant relative humidity of 85%. Failures in form 
of short circuits on some devices or even burnt devices 
only occurred on PCBAs out of the test where humidity 
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In the optical microscope investigation greenish resi-
dues could be found on the chip terminals which 
formed shorts between them as shown in Figure 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Top: Optical microscope images of a burnt 
driver (left) and shorts between terminals of a micro-
controller (right). Bottom: The corresponding SEM-
images are shown.  

In the SEM-EDS-investigation oxygen (O) and phos-
phorous (P) could be found for the residues on the ter-
minals of the corresponding chips Figure 9. This leads 
to the conclusion that the failures were indeed caused 
by the red phosphorous contained in the plastic housing 
of the PCBA. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 9 EDS-spectrum of residues on the terminals 
(inset) of the microcontroller showing lots of oxygen 
(O) and phosphorous (P). 

As already discussed in section 2.4 the red phospho-
rous dissolves with humidity to phosphorous acid 
which condenses on the chip terminals and attacks the 
underlying copper material. The generated salts like 
copper phosphate Cu3(PO4)2 form the greenish residues 
and the conductive bridges between the chip terminals. 
Since the PCBA was powered the generation of shorts 
might have also been supported by electrochemical mi-
gration [5]. 

7 Summary 

Above various examples were reported where red 
phosphorous as flame retardant in plastics caused dif-
ferent kinds of failures. In all these examples humidity 
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Abstract 

The diffusion of zinc from brass substrates through tin plated layers leading to surface discoloration is a well-
known issue.  Cost pressure is driving investigation of brass substrate alloys containing larger zinc content such 
as yellow brass (C27400), which is a potential substitute for cartridge brass (C26000) due to the decreased amount 
of copper (Cu) wt.% and comparable electrical and mechanical properties.  However, the increased zinc (Zn) wt.% 
may pose a risk of increased Zn grain boundary diffusion through the tin (Sn) plating, leading to discoloration of 
the surface during storage. Using a temperature/humidity-controlled climate chamber, this study investigates ef-
fects of base metal, Sn plating thickness, exposure time, and relative humidity (RH) on the discoloration of the 
surface, the surface elemental composition, and electrical performance of Sn plated brass.  Exposure conditions 
were 85 °C with relative humidity levels ranging from 15 to 90%.  To quantify visual appearance, a colorimeter 
was used to determine that increasing the relative humidity has the largest statistical impact on the surface discol-
oration of the Sn parts, and that below RH levels of 60%, little discoloration is seen after 10 days exposure. RH 
and Sn thickness were the most significant factors for observable Zn at the surface as measured by Energy Disper-
sive Spectroscopy (EDS).  Only under the higher humidity levels was there a statistically significant effect of 
substrate composition on Zn at the surface.  There was no statistically significant impact on the electrical contact 
resistance of the Sn plated brass under the most severe conditions evaluated.  Results indicate that to delay discol-
oration of the Sn surface and Zn grain boundary diffusion, samples should be stored in a dry environment, use a 
thicker Sn layer, or incorporate barrier layers. 
 

1 Introduction 

General discoloration of Sn plated brass surfaces 
following Zn diffusion and oxidation is well known 
[1]. As discussed in the literature, Zn diffuses to the 
surface through Sn grain boundaries and oxidizes to 
present an optically darkened surface. The surface con-
centration of Zn is higher with exposure to elevated 
temperatures, and significantly higher under elevated 
humidity [2]–[6].  The diffusion of Zn through Sn to 
the surface can be mitigated or delayed with the addi-
tion of a copper or nickel barrier layer between the 
brass and Sn or with a thicker Sn layer. However, for 
many low-cost applications, these solutions are cost 
prohibitive. 

Motivated by the rising cost of copper (Cu), the 
need to reduce costs has driven the investigation of us-
ing alternate substrate materials for connector termi-
nals. Historically, C26000 cartridge brass (70% 
Cu/30% Zn), has been used for many terminal applica-
tions. However, over the last two decades, the price of 

copper has doubled and at one point, tripled [7]. To re-
duce material costs, lower copper content C27400 yel-
low brass (63% Cu/37% Zn) was identified as a poten-
tial replacement. As shown in Table 1, C27400 has 
similar mechanical and electrical properties to C26000, 
which make it a reasonable substitute for many appli-
cations (Table 1). 

While property comparison would indicate 
C27400 is equivalent to C26000, the increased Zn 
wt.% leads to a potential concern of an increase in Zn 
grain boundary diffusion through the Sn plating (Fig 
1).  

 
Table 1- The mechanical and electrical property com-
parisons of C26000 and C27400. 

Property C26000 [8] C27400 [9] 
Zn wt.% ~30% ~37% 
E (GPa) 110 110 

σy [soft] (MPa) 145 179 
Electrical Conduct-

ance (%IACS) 28% 27% 

Tm (°C) 954 920 
CTE @ 20 °C  

(10-6/K) 20.0 20.5 
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 A potential issue with the increased Zn content is 
the formation of the beta phase in the dual phase 
C27400 alloy [10]. The addition of a Zn-rich beta phase 
creates a more heterogeneous distribution of the Zn 
throughout the microstructure of the plated material, 
potentially creating locations for increased diffusion. 
Resnick et al. experimentally showed that the beta 
brass phase has more rapid diffusion than the alpha 
brass phase [11]. Diffusion of Zn to the surface, espe-
cially in uncontrolled storage conditions, leads to dis-
coloration which may raise aesthetic concerns from 
end users. While evaluation of material exhibiting dis-
coloration has shown no deterioration in electrical con-
tact performance [12], further investigation is needed 
to fundamentally understand the effect of storage con-
ditions and the impact, if any, of the increased Zn wt.% 
in the lower cost C274000 alloy on discoloration.  
 

 
Fig 1- (top) Energy dispersive x-ray spectroscopy 
(EDS) of the Sn surface on a Sn plated brass coupon. 
Results show zinc (red) diffusing through the grain 
boundaries of the Sn (blue) to be exposed at the sur-
face. (bottom) EDS of a cross-section cut of the Sn-
plated brass. The red box (solid) displays a SnxCuy in-
termetallic forming at the interface of the Sn plating 
and brass substrate. The blue box (dashed) displays the 
Zn diffusing through the grain boundaries to the sur-
face. 

 
This study investigates the visual and electrical 

contact performance impact of humidity on Zn diffu-
sion through electroplated Sn layers. C26000 and 
C27400 alloy coupons are plated with 1 µm and 3 µm 
thick Sn layers and exposed to relative humidity (RH) 

percent ranging from 15 to 90% with temperature held 
constant at 85 °C. The surface of the coupons was char-
acterized to determine the amount of brass constituents 
at the surface, visual appearance, and functionality in 
terms of electrical contact resistance. These results will 
help define storage conditions recommendations for Sn 
plated brass components. 

2 Methodology 

2.1 Sample Preparation  

 Test coupons were created from C26000 and 
C27400 brass strip, 5 cm wide x 0.45 mm thick. The 
continuous strip was plated on a production reel-to-reel 
line with a whisker mitigated methanesulfonic acid 
(MSA) Sn bath.  Nominal Sn thicknesses of 1 and 3 µm 
were targeted, with actual Sn thickness ranging from 
0.8-1.5 µm and 2.7-3.3 µm, respectively as measured 
via X-ray fluorescence (XRF) and verified with fo-
cused ion beam (FIB) cross section. Individual samples 
were created by shearing the strip in 40 mm incre-
ments. All samples were hermetically sealed with des-
iccant after plating to minimize environmental expo-
sure prior to accelerated aging. 
 
2.2 Accelerated Laboratory Testing  

 From literature [2], it is known that elevated hu-
midity has the most significant impact on discolora-
tion, while elevated temperature has a lesser impact. 
Coupons were placed in three temperature/humidity 
chambers for different amounts of time, ranging from 
1 to 10 days. The temperature was fixed at 85 °C, while 
the relative humidity ranged from 15 to 90%. For a rel-
ative humidity (RH) of 15%, 30%, and 45%, the sam-
ples were placed in a Tenney BTRC temperature hu-
midity chamber. For 60% and 90% RH, the samples 
were placed into a Thermotron model SE-600-5-5. 
Samples at 75% RH were placed in an ESPEC model 
ESX-3CW temperature humidity chamber. 
 
2.3 Sample Characterization  

 Upon removal from the chambers, samples were 
immediately characterized to minimize the effect of 
ambient aging or other exposure that may impact oxi-
dation or surface discoloration. Characterization pro-
cesses for visual appearance, elemental composition, 
and electrical contact resistance are discussed below. 
 
2.3.1 Visual Appearance 

 All coupons were imaged in a photography light 
box to create consistent light conditions for optical 
photographs as well as for quantifying the color of the 
coupons. To objectively measure the color properties 
of the coupons, a FRU WR10QC Colorimeter was used 
to measure the values based on the CIELAB scale. The 
CIELAB color space describes color in three values: 1) 
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centration of Zn is higher with exposure to elevated 
temperatures, and significantly higher under elevated 
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brass and Sn or with a thicker Sn layer. However, for 
many low-cost applications, these solutions are cost 
prohibitive. 

Motivated by the rising cost of copper (Cu), the 
need to reduce costs has driven the investigation of us-
ing alternate substrate materials for connector termi-
nals. Historically, C26000 cartridge brass (70% 
Cu/30% Zn), has been used for many terminal applica-
tions. However, over the last two decades, the price of 

copper has doubled and at one point, tripled [7]. To re-
duce material costs, lower copper content C27400 yel-
low brass (63% Cu/37% Zn) was identified as a poten-
tial replacement. As shown in Table 1, C27400 has 
similar mechanical and electrical properties to C26000, 
which make it a reasonable substitute for many appli-
cations (Table 1). 

While property comparison would indicate 
C27400 is equivalent to C26000, the increased Zn 
wt.% leads to a potential concern of an increase in Zn 
grain boundary diffusion through the Sn plating (Fig 
1).  

 
Table 1- The mechanical and electrical property com-
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‘L*’, which represents the lightness of the samples 
from black (0) to white (100), 2) ‘a*’, which represents 
color from green (-) to red (+), and 3) ‘b*’, which rep-
resents color from blue (-) to yellow (+). The use of a 
colorimeter allows for a consistent, quantitative analy-
sis of visual appearance. Fig 2 illustrates how colorim-
eter results can give a more quantitative and accurate 
differentiation as compared to subjective visual com-
parison. For this paper, the lightness or L* parameter is 
used for comparison as the purpose of the study is to 
determine how reflective Sn surfaces become matte 
and discolored/darkened.  
 

 
Fig 2- Optical photographs of exposed coupons with 
corresponding CIELAB properties. The L* value quan-
tifies the “darkness” of the samples. 
 
2.3.2 Electron Microscopy/Electron Disper-

sive Spectroscopy/Focused Ion Beam  

 To acquire magnified images of surface morphol-
ogy and to quantify the elemental composition of the 
Sn surface, scanning electron microscopy (SEM) and 
electron dispersive spectroscopy (EDS) was performed 
using a Hitachi SU-6600 SEM with an Oxford Instru-
ments X-Max EDS system with a 50 mm2 detector win-
dow. All coupons were mapped at 2500x at 20 keV at 
a location that was representative of the entire sample. 
The data was used to compare the Sn, Zn, and Cu wt.% 
of each sample at the surface to quantify the impact of 
humidity and aging on the diffusion of Zn and Cu. 
Cross-sections of select aged coupons were examined 
with a FEI Nova 600 NanoLab focused ion beam (FIB) 
system with an Oxford Instruments ULTIM MAX EDS 
system with a 65 mm2 detector window. 
 
2.3.2 Electrical Contact Resistance   

 To assess the functional implications of humidity 
and aging on the electrical resistance of the Sn plated 
brass, contact resistance measurements were per-
formed with a custom fabricated contact resistance 
probe [13]. Readings were taken at 200 g normal force 
under dry circuit conditions with and without wipe at 
the interface.  

3 Results and Discussions 

3.1 Impact of Humidity on the Color of 
Sn Plated Brass  

Using the measurements collected from the color-
imeter, the lightness values were statistically analyzed 
using a standard least squares model with JMP 15™.  
A full factorial model was used to determine the effects 
and interactions of %RH, exposure time, Sn thickness, 
and base metal on the lightness of the coupons. The 
ranked model results are shown in Table 2.  

 
Table 2- Standard least squares model parameter sig-
nificance for coupon lightness. Only parameters that 
are statistically significant with a p-value < 0.01 are 
displayed. 

Source LogWorth p-Value 
%RH 49.72 0.00000 
%RH*Sn Thickness 8.81 0.00000 
%RH*Days 8.15 0.00000 
Days 7.07 0.00000 
Sn Thickness 6.08 0.00000 
%RH*Base Metal 3.86 0.00014 
Base Metal 2.70 0.00199 

 
In Table 2, ‘LogWorth’ statistic is used to illustrate 

significance of the main factors and interactions as it 
allows for a higher resolution analysis of very low p-
values. Values greater than 2 Table 2 are deemed sig-
nificant with a p-value of < 0.01 since -log10(0.01) = 2.  

Based on the statistical model, relative humidity 
has the largest influence on the lightness of the Sn 
plated brass coupons. The 2nd order interactions of 
%RH/Sn thickness and %RH/days have a larger influ-
ence on the lightness than the main factors of days and 
Sn thickness. These results indicate that dry storage 
conditions are critical to minimize darkening of Sn 
plated brass components. It is of note that base metal is 
the least significant factor as compared to relative hu-
midity, exposure time, and Sn thickness. As such, this 
parameter was eliminated from the variability analysis 
in Fig 3. 
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Fig 3- Variability chart of the largest influencers on the 
lightness value. The x-axis is three overlapping param-
eters of relative humidity, Sn thickness, and amount of 
days. The black dashed horizontal lines are the means 
for each relative humidity group. The solid grey hori-
zontal lines are the means for each Sn thickness in each 
relative humidity group.  
 

Multiple trends can be observed from the results in 
Fig 3. First, lower relative humidity levels have no im-
pact on the lightness. The 45% RH/1 µm/10-day cou-
pons are the first conditions where any measurable 
change in lightness occurs. Starting with 60% RH, 
there is a noticeable decrease in the means of the light-
ness values as indicated by (dashed black). Based on 
Table 2, base metal barely rises to statistical signifi-
cance with a p-value of 0.0019, but if the lower humid-
ity conditions of 15%-45% RH were removed, the sig-
nificance of the base metal increases.  

The next observable trend is the impact of Sn 
thickness on the lightness value. Similar to the impact 
of RH, there is no change in lightness with the thick-
ness of Sn at lower RH, but at 60% RH, the lightness 
for 1 µm Sn thickness decreases at an increased rate as 
compared to 3 µm Sn (solid grey). Even though the 3 
µm Sn exhibits a lighter surface as compare to the thin-
ner 1 µm Sn, it does decrease. As would be expected, 
this result elucidates that thicker Sn does not stop the 
problem of discoloration, it merely delays it.  

 

 
Fig 4- BSE images of the Sn-plated brass samples as a 
function of increasing relative humidity and amount of 
days. All images are of coupons with C27400 substrate 
and 1 µm of Sn. Each image is 250 µm wide. An ob-
served change in microstructure occurs, along with the 
growth of Sn whiskers (indicated by arrows). 

 
Regarding the impact of exposure time, an unex-

pected trend occurs. As exposure time increases, there 
is an initial decrease in lightness, but the values then 
stay level or increase at 10 days. Increased RH levels 
and exposure time leads to an increase in Zn diffusion 
to the surface, specifically at the grain boundaries, 
which will be described more in detail in section D.2. 
As the RH and exposure time continues however, the 
levelling or increase in lightness is due to the growth 
and formation of Sn whiskers (as indicated in Fig 4) 
which registers as a lighter surface since the Sn whisk-
ers are reflective. It has been observed in previous work 
that exposing Sn to similar environments leads to Sn 
whisker formation [14], [15]. Clearly, longer exposure 
times in extreme environments drive more discolora-
tion and aesthetic issues in Sn-plated brass compo-
nents.  
 
3.2 Impact of Humidity on the Surface 

Composition of Sn Plated Brass  

Using electron dispersive spectroscopy (EDS), the 
Sn, Cu, and Zn content was characterized and statisti-
cally analyzed on the lightness values in section D.1 
above. Accelerating voltage of 20 keV was used for all 
measurements. As EDS is not a surface sensitive tech-
nique, the term ‘observable’ is used to acknowledge 
that the penetration depth of the measurement may in-
clude some signal from the substrate material.  

Table 3 ranks the significance of the four main fac-
tors of Sn thickness, Base Metal Type, Exposure time 
and Relative Humidity with respect to Sn, Cu, and Zn 
composition. The parameter of base metal is not statis-
tically significant when examining Sn and Cu wt.%, 

‘L*’, which represents the lightness of the samples 
from black (0) to white (100), 2) ‘a*’, which represents 
color from green (-) to red (+), and 3) ‘b*’, which rep-
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hence is removed from those analysis.  It is more sig-
nificant for the case of Zn wt.% and is included for that 
case.  
 
Table 3- Ranking of Sn/Cu/Zn content versus main 
factors. The ‘LW’ represents the LogWorth value. ‘*’ 
indicates the parameter is not statistically significant. 

  Sn 
wt.% 

Cu 
wt.% 

Zn 
wt.% 

Sn  
Thickness 

(µm) 

Rank 1st 1st 2nd 

p-value 0.000 0.000 0.000 

Base 
Metal 

Rank 8th* 11th* 3rd 
p-value 0.288* 0.414* 0.000 

Days Rank 2nd 2nd 4th 
p-value 0.000 0.000 0.000 

%RH Rank 3rd 5th 1st 
p-value 0.000 0.000 0.000 

 
Fig 5 displays the EDS results for Sn wt.% at the 

coupon surface. The initial offset at 0 days of exposure 
is due to the penetration depth of the electron beam for 
the EDS analysis, where some substrate is included in 
the analysis.  As shown in Fig 1, Cu forms an interme-
tallic with the Sn at the plating/substrate interface and 
the Zn diffuses through the grain boundaries to the sur-
face. This happens in both the 1 and 3 µm Sn, but due 
to the penetration depth of the electron beam for the 
EDS analysis, the 1 µm Sn allows for more of the in-
termetallics to be observed. If more time were to pass, 
the thickness of the SnxCuy intermetallics would con-
tinue to grow and the Sn wt.% would decrease for the 
3 µm Sn thickness as well. 
  

 
Fig 5- EDS results for the Sn wt.% for each sample. 
Samples with a Sn thickness of 1 µm are shown in the 
upper plot, while 3 µm are in the lower plot. The hori-
zontal lines represent the group means for amount of 
days. 
 

The exposure time and relative humidity were also 
statistically significant with respect to Sn wt.% at the 
surface. As shown by the horizontal lines in Fig 5, the 
means decreased as exposure time increased. This 

trend was more observable in the 1 µm thickness. Ad-
ditionally, increased relative humidity decreased the Sn 
composition. Up to 60% RH, change in the Sn wt.% is 
minimal, but at higher levels there is an evident drop, 
most notably at 90% RH. The decrease in observable 
Sn is potentially caused by an increase in intermetallics 
formed at the interface or the growth of Sn whiskers 
allowing for a more rapid and less blocking path for Zn 
diffusion through the grain boundaries. 

 

 
Fig 6- EDS results for the Cu wt.% for each sample. 
Samples with a Sn thickness of 1 µm are shown in the 
upper plot, while 3 µm are in the lower plot. The hori-
zontal lines represent the group means for amount of 
days. 
 

The observed Cu wt.% was inversely proportional 
to the Sn wt.%. For the 1 µm thickness, regardless of 
base metal, the amount of copper increases as exposure 
time increases. The relative humidity, although statisti-
cally significant, did not have as large as an impact. 
From the results displayed in Fig 6, it can be observed 
that the 3 µm thick Sn layer has an insignificant in-
crease in Cu wt.% across all days and %RH, while the 
1 µm layer shows a significant increase in observed Cu. 
As noted above the SnxCuy intermetallics are forming 
in both 1 and 3 µm, but due to the thicker layer of Sn, 
the penetration depth of the EDS measurement is not 
capturing the intermetallic layer. [16], [17]. A visual 
representation of the intermetallics observed in the 
EDS can be observed in Fig 7.  
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Fig 7- EDS surface scan of a 1 µm Sn plating on 
C26000 brass. The blue is the Zn diffusing to the sur-
face. The red spots indicate SnxCuy intermetallics. 

 
As shown in Fig 8, relative humidity has the larg-

est statistical impact on Zn wt.%, however, there is not 
a significant increase in Zn wt.% at humidity levels be-
low 60%. At both 75% and 90%, for both C26000 and 
C27400, there is a significant increase in the Zn signal 
initially, and a decrease. This is most likely due to Sn 
whiskers growth as the Sn whiskers are pure Sn, result-
ing in a larger measured Sn signal near the surface. 

Unsurprisingly, Sn thickness has the largest impact 
on what composition EDS detects at the surface. As for 
the Zn and Cu, the two elements leave the brass in dif-
ferent diffusing modes. Cu leaves the brass by forming 
intermetallics with Sn at the interface between the plat-
ing and the brass. These intermetallics increase as the 
relative humidity exposure and the amount of days in-
creases. However, Zn diffuses out of the brass to the 
surface of the Sn. This diffusion occurs via the Sn grain 
boundaries, which can be seen in Fig 1. Zn diffusion is 
relatively minimal at RH levels below, 60%, but in-
creases significantly at 75% and above. For the C27400 
material, observed Zn wt.% levels were higher than 
C26000 due to the increased Zn content, but this statis-
tical significance is overwhelmed by the import of hu-
midity levels as shown in table 3. 

 
 

 
Fig 8- EDS results for the Zn wt.% for each sample 
with 1 µm Sn. The samples with 3 µm Sn showed iden-
tical trends, but with lower Zn wt.%. The dashed black 
horizontal lines represent the group means for relative 
humidity and the solid grey horizontal lines represent 
the group means for base metal. 
 
 
3.3 Impact of Humidity on the Electri-

cal Contact Resistance of Sn Plated 
Brass  

To characterize the functional performance of the 
coupons after exposure to accelerated conditions, Low-
Level Contact Resistance (LLCR) values were meas-
ured under dry-circuit conditions. Reference test 
probes comprised of 6mm diameter hemispheres plated 
with 1.5 μm nickel and 0.76 μm cobalt-hardened gold. 
UNS C51100 phosphor bronze was used as the sub-
strate material for the reference probes. For each cou-
pon, nine LLCR measurements were recorded as a 
function of the normal load (without wipe) and then 
with a wipe distance of 530 μm at 200 g normal load. 
Fig 9 presents the LLCR values measured for coupons 
with different tin layer thicknesses and substrates after 
exposure to various humidity levels for 10 days. The 
values measured without wipe using a 200 g normal 
load are presented on the bottom, and the values meas-
ured after a 530 μm wipe 200 g normal load are pre-
sented on the top. When measured without wipe, the 
coupons exposed to even 90% relative humidity for 10 
days do not show any appreciably increased LLCR val-
ues in comparison with the control or the coupons ex-
posed to lower humidity levels for the same duration. 
As expected, the LLCR values measured with wipe are 
typically lower than those measured without wipe. But 
more importantly, the LLCR values measured for cou-
pons exposed to 90% relative humidity and coupons 
exposed to lower humidity levels remained compara-
ble, with any differences, measured between the means 
of the LLCR populations, remaining under 1 mΩ.  

hence is removed from those analysis.  It is more sig-
nificant for the case of Zn wt.% and is included for that 
case.  
 
Table 3- Ranking of Sn/Cu/Zn content versus main 
factors. The ‘LW’ represents the LogWorth value. ‘*’ 
indicates the parameter is not statistically significant. 

  Sn 
wt.% 

Cu 
wt.% 

Zn 
wt.% 

Sn  
Thickness 

(µm) 

Rank 1st 1st 2nd 

p-value 0.000 0.000 0.000 

Base 
Metal 

Rank 8th* 11th* 3rd 
p-value 0.288* 0.414* 0.000 

Days Rank 2nd 2nd 4th 
p-value 0.000 0.000 0.000 

%RH Rank 3rd 5th 1st 
p-value 0.000 0.000 0.000 

 
Fig 5 displays the EDS results for Sn wt.% at the 

coupon surface. The initial offset at 0 days of exposure 
is due to the penetration depth of the electron beam for 
the EDS analysis, where some substrate is included in 
the analysis.  As shown in Fig 1, Cu forms an interme-
tallic with the Sn at the plating/substrate interface and 
the Zn diffuses through the grain boundaries to the sur-
face. This happens in both the 1 and 3 µm Sn, but due 
to the penetration depth of the electron beam for the 
EDS analysis, the 1 µm Sn allows for more of the in-
termetallics to be observed. If more time were to pass, 
the thickness of the SnxCuy intermetallics would con-
tinue to grow and the Sn wt.% would decrease for the 
3 µm Sn thickness as well. 
  

 
Fig 5- EDS results for the Sn wt.% for each sample. 
Samples with a Sn thickness of 1 µm are shown in the 
upper plot, while 3 µm are in the lower plot. The hori-
zontal lines represent the group means for amount of 
days. 
 

The exposure time and relative humidity were also 
statistically significant with respect to Sn wt.% at the 
surface. As shown by the horizontal lines in Fig 5, the 
means decreased as exposure time increased. This 

trend was more observable in the 1 µm thickness. Ad-
ditionally, increased relative humidity decreased the Sn 
composition. Up to 60% RH, change in the Sn wt.% is 
minimal, but at higher levels there is an evident drop, 
most notably at 90% RH. The decrease in observable 
Sn is potentially caused by an increase in intermetallics 
formed at the interface or the growth of Sn whiskers 
allowing for a more rapid and less blocking path for Zn 
diffusion through the grain boundaries. 

 

 
Fig 6- EDS results for the Cu wt.% for each sample. 
Samples with a Sn thickness of 1 µm are shown in the 
upper plot, while 3 µm are in the lower plot. The hori-
zontal lines represent the group means for amount of 
days. 
 

The observed Cu wt.% was inversely proportional 
to the Sn wt.%. For the 1 µm thickness, regardless of 
base metal, the amount of copper increases as exposure 
time increases. The relative humidity, although statisti-
cally significant, did not have as large as an impact. 
From the results displayed in Fig 6, it can be observed 
that the 3 µm thick Sn layer has an insignificant in-
crease in Cu wt.% across all days and %RH, while the 
1 µm layer shows a significant increase in observed Cu. 
As noted above the SnxCuy intermetallics are forming 
in both 1 and 3 µm, but due to the thicker layer of Sn, 
the penetration depth of the EDS measurement is not 
capturing the intermetallic layer. [16], [17]. A visual 
representation of the intermetallics observed in the 
EDS can be observed in Fig 7.  
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Fig 9- LLCR values measured for coupons exposed to 
various humidity levels for 10 days with a 530 µm wipe 
at 200 g normal load (top) and without wipe at 200 g 
normal load (bottom). 

4 Conclusions 

 This study investigated the impact of relative hu-
midity, Sn plating thickness, exposure time, and base 
metal composition (C26000 vs C27400) on the discol-
oration, surface composition, and electrical contact 
performance of Sn plated brass coupons. 
 Using a colorimeter using the CIELAB color scale 
to quantitatively assess the appearance of the Sn sur-
face, it was determined relative humidity is the most 
significant factor in delaying darkening of the Sn 
plated surface. Comparatively, the substrate alloy had 
minimal impact on the surface color. While a thicker 
Sn layer will delay the darkening of the surface, there 
will eventually be discoloration over time. In general, 
discoloration can be delayed by dryer storage condi-
tions, thicker plating layers, or incorporating barrier 
layers. 
 The observable surface composition as determined 
by EDS evolves over time with respect to relative hu-
midity. However, the most significant parameter on the 
surface composition was the Sn thickness. Clearly, a 
thicker Sn layer delays diffusion as it is a longer diffu-
sion path.   
 Using an electrical resistance contact probe, it was 
determined that there was no significant change in elec-
trical resistance between an as plated coupon and one 
that was exposed to the most severe conditions in this 
study (90% RH/10 days). This indicates the darkening 
of the surface via Zn diffusion is more of an aesthetic 
issue than a functional or reliability concern with re-
spect to making electrical contact to the surface. 
 Based on these results, storage conditions rather 
than substrate materials have the largest impact on vis-
ual appearance of Sn plated brass components. 

 Ongoing work will further investigate Zn diffusion 
in Sn plated brass coupons in a yearlong longitudinal 
study where coupons are placed in various controlled 
and uncontrolled field environments around the world.  
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Abstract 

Numerical simulations of gas discharges have long been considered too challenging for routine use in product 
development. There are two reasons for this: the complex physics involved and the lack for suitable software tools. 
The physical complexity requires us to be judicious in in the choice of models as we are constantly forced to 
compromise between speed and accuracy. The challenge is to find approximations good enough for specific appli-
cations and there will never be one universal simulation model for all kinds of arc discharges. 
The lack of suitable software tools is partly due to lack of interest from software vendors and partly due to the 
difficulty of coupling the equations involved. Whereas the flow equations are best solved using a finite volume 
formulation, the electromagnetic equations are best solved using finite elements. Currently, the perfect algorithm 
for coupling the equations only exists on paper. 
Despite these difficulties, significant progress has been made in recent years. This paper tries to outline the state-
of-art in simulations of electric arcs and gas discharges with a detailed discussion of the approximations made and 
their impact on convergence and accuracy. We emphasize that arc simulations, if correctly used and interpreted, 
are useful tools for product development today. In particular, simulations can deliver results that are only indirectly 
related to the arcing process, such as pressure build-up and mechanical stresses on enclosures. 
In addition, we argue that a paradigm shift will be required to develop better software simulation tool. Rather than 
first developing theoretical models and implementing them, we need to start by establishing an efficient computa-
tional framework and fill in the details later. An efficient and parallelizable code is required to validate the simu-
lations in rigorous manner. 

1 Introduction 

Numerical simulations are an essential part of modern 
product development, promising to shorten develop-
ment times and optimizing products. This is only natu-
ral, given that all products are designed in CAD and the 
3D geometries are always available. Given the increas-
ing availability of computing power, new algorithms 
for numerical optimization, and developments in adap-
tive manufacturing, numerical simulations are more 
important and promising than ever. 
In many areas, the use of numerical simulations has be-
come standardized, and a lot of excellent software tools 
exist. This is true for rigid-body dynamics, structural 
mechanics, thermal and electromagnetic simulations, 
and fluid dynamics. Unfortunately, many phenomena 
important to switching devices are missing on this list. 
This is mainly due to the extreme physical conditions 
present in arc discharges, with high temperatures and 
large electric fields. Not only do these require the cou-
pling of various simulation disciplines, such as fluid 
dynamics, electromagnetic field simulations, and tran-
sient structural mechanics, they also require detailed 
knowledge about material properties, which can be dif-
ficult to obtain. This is particularly true for the electri-
cal contacts, where the interaction of the gas discharge 

with a metallic surface leads to a number of interesting 
but not necessarily desirable effects, such as contact 
erosion and evaporation of metal into the plasma. 
The fact that arc simulations are challenging does not 
make them less relevant to product development. It 
does mean however, that one must be much more cau-
tious about what, when, and how to simulate, and that 
the simulation of switching devices has to be consid-
ered a long-term research effort, which probably has to 
be initiated with in collaboration with a university to be 
successful.  
Before going into the physical and technical details, I 
would like to start with some general remarks relevant 
to all complex simulations. First, one needs to under-
stand that simulations are engineering tools, which are 
used to answer specific questions. To paraphrase Ein-
stein, simulations should be as simple as possible, but 
not simpler. There is no point in building a simulation 
model which captures every aspect of the system, even 
if it were feasible. Only by focusing on the question at 
hand, it is possible to understand the requirements on 
the model for the problem at hand. 
Development engineers have long understood the use-
fulness of good numerical models. Recently, the rumor 
of their usefulness has reached marketing departments, 
who have decided to rename them Digital Twins. How-
ever, the learning effect from developing such models 
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is often underappreciated. The main benefit of numeri-
cal simulations is not that they relieve us from the re-
sponsibility to think, but that they require us to think in 
detail about the product we try to design. It might be 
possible to build a switching device using a trial-and-
error approach without detailed understanding of all 
the physical processes, but it is not possible to develop 
a simulation model this way.  
We also must discuss topics of accuracy, verification, 
and validation. Unfortunately, complex non-linear 
physical effects cannot be computed with the same ac-
curacy as simpler linear problems. Achieving good 
agreement between experiments and simulations can 
therefore be very time consuming, if not impossible. In 
many cases, it is only possible to validate parts of the 
model using simplified experiments. As a result, one 
sometimes has to be satisfied with simulations getting 
the trend right, rather than achieving perfect quantita-
tive agreement. 
Finally, we come to the topic of speed and stability of 
the numerical solver, a topic which has been ignored 
for far too long by the research community. Developing 
good models for arc simulations involves a lot of trials 
and errors and requires a large number of simulations 
to be performed and compared with experiments. For 
this to be manageable, the numerical solvers must be 
fast, stable, and accurate. In our view, far too little ef-
fort has been spent on understanding the numerical 
properties of arc simulations and to develop better and 
faster simulation tools. Since the structure of the equa-
tions is known, it is possible to develop a general 
framework for solving them without knowing all the 
details. Access to a suitable Open Source code for this 
kind of simulations, which could be developed by a 
consortium of power device manufacturers with gov-
ernment funding would provide a significant boost to 
the industrial use of gas discharges for various applica-
tions. 

2 Physical Modeling  

An ideal switching device would have zero resistance 
as long as a current is flowing through it, and an infi-
nitely high resistance immediately after current zero. 
Since such a device does not exist, we use electrical 
arcs, which are extremely non-linear resistors negative 
with differential resistivity. The easiest way to under-
stand the role of an arc is to model its resistivity using 
a Cassie-Mayr model [1] 

 
𝑑𝑑𝑅𝑅𝑎𝑎
𝑑𝑑𝑑𝑑 = 𝑅𝑅𝑎𝑎

𝜏𝜏 (1 − 𝑈𝑈𝑈𝑈
𝑃𝑃 ) (1) 

where 𝑅𝑅𝑎𝑎 is the arc resistance, 𝐼𝐼 is the current, and 𝑈𝑈 is 
the arc voltage. The advantage of the arc is that its cool-
ing power, which is denoted 𝑃𝑃, can be manipulated in 
various way, using a gas flow as in self-blast breakers, 
extending the length of the arc, or introducing splitter 
plates [2]. As soon as the cooling power is larger than 
the electric power 𝑈𝑈𝐼𝐼, the resistance of the arc will 

grow exponentially with a time constant 𝜏𝜏, eventually 
leading to its extinction. The goal of good circuit 
breaker design is typically to maximize the cooling 
power and minimizing the time constant. 
The basis for the simulation of switching devices is the 
physical modeling of a gas discharge. This means that  
we consider an ionized gas at high temperature ex-
posed to an electric field. The degree of ionization de-
pends both on the temperature and the electric field 
strength. In most industrial applications, we can as-
sume the plasma to be collision dominated, making it 
possible to introduce an electrical conductivity 𝜎𝜎(𝑝𝑝, 𝑇𝑇) 
depending only on pressure and temperature. We can 
also assume that the plasma is charge neutral, meaning 
that any relevant volume of the plasma will contain the 
same number of positive and negative charges. Another 
way of formulating this statement is to state that the 
Debye length 

 𝜆𝜆𝐷𝐷 = √𝜖𝜖0𝑘𝑘𝐵𝐵𝑇𝑇
𝑛𝑛𝑞𝑞2 , (2) 

where 𝑛𝑛 is the charge density and 𝑇𝑇 the plasma temper-
ature, is short compared to all physically relevant 
length scales. This is not true close to the electrodes, 
where a different modeling approach will be required.  
The advantage of assuming charge neutrality is that the 
gas discharge can be modeled as a simple electrically 
conducting fluid, where the electrical conductivity 
𝜎𝜎(𝑝𝑝, 𝑇𝑇) couples the flow equations with the equations 
for the electromagnetic field. A typical result is shown 
in in Fig. 1. The details of this model, which is typically 
referred to as magnetohydrodynamics, will be provided 
below. As it only uses one temperature for all species, 
the model describes a thermal plasma. An excellent re-
view on the topic has been written by Gleizes et al. [3]. 
 

 
Fig 1. A typical electric arc between two electrodes. 
The color represents the electric potential, and the ar-
rows show the azimuthal magnetic induction 𝐵𝐵. 
 
A detailed simulation of an arc can easily be coupled to 
a circuit model to determine its behavior under opera-
tion of the switching device. In other words, our goal 
is to replace the resistance from the Cassie-Mayr equa-
tion with a detailed simulation. This allows us to un-
derstand how the cooling power and the time constant 
of the arc can be influenced by careful product design.  
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be initiated with in collaboration with a university to be 
successful.  
Before going into the physical and technical details, I 
would like to start with some general remarks relevant 
to all complex simulations. First, one needs to under-
stand that simulations are engineering tools, which are 
used to answer specific questions. To paraphrase Ein-
stein, simulations should be as simple as possible, but 
not simpler. There is no point in building a simulation 
model which captures every aspect of the system, even 
if it were feasible. Only by focusing on the question at 
hand, it is possible to understand the requirements on 
the model for the problem at hand. 
Development engineers have long understood the use-
fulness of good numerical models. Recently, the rumor 
of their usefulness has reached marketing departments, 
who have decided to rename them Digital Twins. How-
ever, the learning effect from developing such models 
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2.1 Fluid Dynamics 
The derivation of the Navier-Stokes equations for fluid 
dynamics can be found in many excellent textbooks [4, 
5]. They describe the conservation of mass, momen-
tum, and energy, and can be written 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝑑𝑑 + ∇ ⋅ (𝜌𝜌𝒖𝒖) = 0 (3) 

 𝜕𝜕(𝜕𝜕𝒖𝒖)
𝜕𝜕𝑑𝑑 + ∇ ⋅ (𝜌𝜌 𝒖𝒖 ⊗ 𝒖𝒖) = ∇ ⋅ 𝛔𝛔 + 𝒋𝒋 × 𝑩𝑩 (4) 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕 + ∇ ⋅ (𝜌𝜌𝒖𝒖𝜌𝜌) = 

∇ ⋅ (𝝈𝝈 𝒖𝒖) + 𝒋𝒋 ⋅ 𝑬𝑬 − ∇ ⋅ 𝒒𝒒 − ∇ ⋅ 𝒒𝒒𝑟𝑟𝑎𝑎𝑑𝑑 (5) 

The equations describe a fluid with density 𝜌𝜌 and flow 
velocity 𝒖𝒖. The specific energy of the fluid is given by 

𝜌𝜌 = 𝜌𝜌𝑖𝑖𝑛𝑛(𝑝𝑝, 𝑇𝑇) + 1
2 𝑢𝑢2 

with 𝜌𝜌𝑖𝑖𝑛𝑛(𝑝𝑝, 𝑇𝑇) being the internal (thermodynamic) en-
ergy of the gas, as a function of pressure and tempera-
ture. The stress tensor contains the pressure, viscous 
shear forces, and the effects of turbulence as provided 
by a suitable turbulence model, 

 𝝈𝝈 = −𝑝𝑝𝑰𝑰 + 𝜇𝜇(∇𝒖𝒖 + ∇𝒖𝒖𝑇𝑇) − 2
3 𝜇𝜇 (∇ ⋅ 𝒖𝒖) 𝑰𝑰 + 𝝈𝝈𝑅𝑅𝑅𝑅  (6) 

Here, 𝜇𝜇 represents the dynamic viscosity, 𝑰𝑰 is the iden-
tity tensor, and 𝝈𝝈𝑅𝑅𝑅𝑅  is the Reynolds stress tensor from 
turbulence modeling. Finally, heat is transported 
through the plasma through heat conduction, including 
both the molecular and turbulent parts, 

𝒒𝒒 = −(𝜆𝜆 + 𝜆𝜆𝑅𝑅𝑅𝑅)∇𝑇𝑇, 

and radiation 𝒒𝒒𝑟𝑟𝑎𝑎𝑑𝑑 as will be described below. The full 
set of Navier-Stokes equations, including the turbu-
lence models and radiation are implemented in a num-
ber software packages. It is important to use a software 
which can handle highly compressible flow. The cou-
pling to the electric field can be implemented using the 
appropriate source terms in the momentum and energy 
equations. The main difficulties are the following: 

1. It is necessary to perform simulations of com-
pressible gas dynamics with real-gas data. These 
data need to be available at extremely high tem-
peratures and pressure and for different gas com-
positions. 

2. The turbulence of the gas must be modelled. 
There is no reason to believe that standard turbu-
lence models will work under the extreme condi-
tions present in gas discharges.  

3. Radiative heat transfer must be computed in a par-
ticipating medium with a very complex absorp-
tion spectrum. 

 

2.1.1 Real gas properties and mixing rules 
As was mentioned above, all arcing phenomena must 
be simulated using compressible gas dynamics due to 
the high temperatures and pressures. Furthermore, as 
the temperature increases, the gas molecules will dis-
sociate and become ionized, leading to significant 
changes in the material properties. This can be clearly 
seen in the specific heat 𝑐𝑐𝑝𝑝(𝑝𝑝, 𝑇𝑇), which shows large 
peaks associated with the dissociation of the gas, as 
shown in Fig. 2. For the purpose of accuracy and nu-
merical stability, it is important to implement the ma-
terial properties in a thermodynamically consistent 
manner, so that the thermodynamic relations between 
density, enthalpy, specific heat, and the speed of sound, 
are exactly satisfied. This can be accomplished by us-
ing some form of differentiable interpolation functions, 
such as cubic splines or polynomials. 
 

 
Fig. 2 Specific heat cp of air as a function of 
temperature. The data was obtained from A. B. 
Murphy [6] 
 
As it is not possible to measure gas properties at the 
conditions present in arcs, they must be calculated from 
first principles. Thus, we start from a cold gas consist-
ing of molecules and compute the composition, the 
thermodynamics properties, and the transport coeffi-
cients, taking dissociation and ionization processes into 
account. The theory for doing so is well established, 
but the calculations are rather involved, requiring a lot 
of data to be processed [7–9]. 
A more fundamental problem is how to deal with gas 
mixtures. The problem is that by mixing two gases and 
heating them up, we might create new species that are 
not present in either of the two separate gases. For ex-
ample, a mixture of SF6 and copper vapor can contain 
new molecules, such as CuF2. It is therefore not possi-
ble to simple combine the properties of the original 
gases using mixing rules. Rather, a multi-dimensional 
lookup table with thermodynamics properties as a 
function of pressure, temperature, and the various con-
centrations, needs to be generated, e.g.,  

 𝜌𝜌 =  𝜌𝜌(𝑝𝑝, 𝑇𝑇, 𝐶𝐶𝐶𝐶𝐶𝐶, … ). (7) 

Obviously, the more different materials are involved, 
the more laborious does this approach get. 
Determining the relevant gas or plasma properties for 
arc simulation applications is an important task. After 
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all, we know that the gas properties are essential for the 
switching performance of circuit breakers. The topic 
has received renewed interest with the demand to re-
place SF6 in high-voltage applications [10, 11].  

2.1.2 Turbulence modeling  
Turbulence modeling is an underappreciated topic in 
gas discharge simulations. Most simulations still use a 
standard turbulence model based on Reynolds-aver-
aged Navier-Stokes (RANS). There is absolutely no 
reason to believe that this would be a good idea, as 
these models are developed for stationary flows and are 
calibrated for very different flow simulations [12]. 
The purpose of the turbulence model is to account for 
the flow patterns (often referred to as eddies) which are 
too small to be resolved by the time step and mesh used 
in the simulation. These eddies are important, as they 
significantly increase the viscosity, heat conductivity, 
and diffusivity of the plasma. Consequently, the effect 
of turbulence is added to the transport equations, i.e., 
for the viscosity we have 

 𝜇𝜇 → 𝜇𝜇(𝑝𝑝, 𝑇𝑇) + 𝜇𝜇𝑑𝑑 (8) 

where the second represents the turbulent or eddy vis-
cosity. Analogous formulas apply to the diffusivity and 
heat conductivity. In the case of RANS, only the time 
averaged effect of turbulence is calculated, meaning 
that the approximation is only valid when the turbulent 
length scale is much shorter than all other relevant time 
scales. Furthermore, it is assumed that the effect of tur-
bulence is isotropic and that the eddies are neither in-
fluenced by the flow direction nor the electromagnetic 
field. All these assumptions are questionable in an arc-
ing device.  
A second class of turbulence models are Large Eddy 
Simulations (LES), which resolve the large eddies 
whilst using a simple modeling for the smaller ones. In 
contrast to the RANS models, LES does not require any 
additional equations to be solved. On the other hand, a 
significantly finer mesh is required. 
There has not been much research devoted to the sys-
tematic study of turbulence in arc simulations. The rea-
son is probably simple: validating the turbulence model 
would require very detailed data from well-controlled 
experiments. These data are currently not available. 

2.2 Simulation of electromagnetic field 
The full set of Maxwell equations can be written  

 ∇ × 𝑯𝑯 = 𝒋𝒋 + 𝜕𝜕𝑫𝑫
𝜕𝜕𝑑𝑑  (9) 

 ∇ × 𝑬𝑬 + 𝜕𝜕𝑩𝑩
𝜕𝜕𝑑𝑑 = 0 (10) 

 ∇ ⋅ 𝑫𝑫 = 𝜌𝜌 (11) 

 ∇ ⋅ 𝑩𝑩 = 0 (12) 

Computing the divergence of the first equation, we ob-
tain the continuity equation for the electrical current 

 
𝜕𝜕𝜕𝜕𝑒𝑒
𝜕𝜕𝑑𝑑 + ∇ ⋅ 𝒋𝒋 = ∇ ⋅ (𝜖𝜖0

𝜕𝜕𝑬𝑬
𝜕𝜕𝑑𝑑 + 𝜎𝜎𝑬𝑬) = 0. (13) 

Comparing the two terms in the second bracket, we see 
that second term dominates for time scales larger than  

 𝜕𝜕𝐷𝐷 = 𝜖𝜖0
𝜎𝜎  (14) 

Thus, as long as the conductivity is sufficiently large, 
we can safely ignore the displacement current and only 
assume charge conservation, 

 ∇ ⋅ 𝒋𝒋 = 0. (15) 

The remaining equations are typically solved by the in-
troduction of electromagnetic potentials, with 

 𝑩𝑩 = ∇ × 𝑨𝑨 (16) 

 𝑬𝑬 = −∇𝜙𝜙 − 𝜕𝜕𝑨𝑨
𝜕𝜕𝑑𝑑  (17) 

The remaining equation to be solved is 

∇ × ( 1
𝜇𝜇0

∇ × 𝑨𝑨) = 

−𝜎𝜎∇𝜙𝜙 − 𝜎𝜎 𝜕𝜕𝑨𝑨
𝜕𝜕𝑑𝑑 + 𝜎𝜎 𝒖𝒖 × (∇ × 𝑨𝑨) (18) 

Assuming the ∇ ⋅ 𝐴𝐴 = 0, we can write this as 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝑑𝑑 = 1

𝜎𝜎𝜇𝜇0
Δ𝐴𝐴 − ∇𝜙𝜙 + 𝒖𝒖 × (∇ × 𝑨𝑨) (19) 

This is a diffusion equation for the magnetic vector po-
tential, with a diffusion constant of  

 𝐷𝐷 = 1
𝜎𝜎𝜇𝜇0

 (20) 

From this, the characteristic time and velocity scales 
are found to be 

 𝜕𝜕𝑠𝑠 = 𝜎𝜎𝜇𝜇0𝐿𝐿2 (21) 

and 

 𝑢𝑢𝑠𝑠 = 1
𝜎𝜎𝜇𝜇0𝐿𝐿 (22) 

where 𝐿𝐿 is the characteristic length scale of the arc. As 
long as we are only interested in time scales 𝜕𝜕 ≫ 𝜕𝜕𝑠𝑠, we 
can drop the transient term. If 𝑢𝑢 ≫ 𝑢𝑢𝑠𝑠, we can drop the 
velocity-dependent term. Both these conditions are 
typically valid for smaller arcing devices.  
The problem with solving the electromagnetic equa-
tions this way is that they are not valid in the limit of 
vanishing conductivity. It is therefore necessary to in-
troduce an artificial minimum conductivity in the cold 
gas, making it impossible to simulate the process of di-
electric breakdown or the extinction of the arc. Further-
more, choosing the minimum conductivity too small 
will make the equation ∇ ⋅ 𝒋𝒋 = 0 very ill conditioned, 
leading to numerical difficulties. A better electromag-
netic model would have to relax the requirement of 
charge neutrality. 
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2.1 Fluid Dynamics 
The derivation of the Navier-Stokes equations for fluid 
dynamics can be found in many excellent textbooks [4, 
5]. They describe the conservation of mass, momen-
tum, and energy, and can be written 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝑑𝑑 + ∇ ⋅ (𝜌𝜌𝒖𝒖) = 0 (3) 

 𝜕𝜕(𝜕𝜕𝒖𝒖)
𝜕𝜕𝑑𝑑 + ∇ ⋅ (𝜌𝜌 𝒖𝒖 ⊗ 𝒖𝒖) = ∇ ⋅ 𝛔𝛔 + 𝒋𝒋 × 𝑩𝑩 (4) 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕 + ∇ ⋅ (𝜌𝜌𝒖𝒖𝜌𝜌) = 

∇ ⋅ (𝝈𝝈 𝒖𝒖) + 𝒋𝒋 ⋅ 𝑬𝑬 − ∇ ⋅ 𝒒𝒒 − ∇ ⋅ 𝒒𝒒𝑟𝑟𝑎𝑎𝑑𝑑 (5) 

The equations describe a fluid with density 𝜌𝜌 and flow 
velocity 𝒖𝒖. The specific energy of the fluid is given by 

𝜌𝜌 = 𝜌𝜌𝑖𝑖𝑛𝑛(𝑝𝑝, 𝑇𝑇) + 1
2 𝑢𝑢2 

with 𝜌𝜌𝑖𝑖𝑛𝑛(𝑝𝑝, 𝑇𝑇) being the internal (thermodynamic) en-
ergy of the gas, as a function of pressure and tempera-
ture. The stress tensor contains the pressure, viscous 
shear forces, and the effects of turbulence as provided 
by a suitable turbulence model, 

 𝝈𝝈 = −𝑝𝑝𝑰𝑰 + 𝜇𝜇(∇𝒖𝒖 + ∇𝒖𝒖𝑇𝑇) − 2
3 𝜇𝜇 (∇ ⋅ 𝒖𝒖) 𝑰𝑰 + 𝝈𝝈𝑅𝑅𝑅𝑅  (6) 

Here, 𝜇𝜇 represents the dynamic viscosity, 𝑰𝑰 is the iden-
tity tensor, and 𝝈𝝈𝑅𝑅𝑅𝑅  is the Reynolds stress tensor from 
turbulence modeling. Finally, heat is transported 
through the plasma through heat conduction, including 
both the molecular and turbulent parts, 

𝒒𝒒 = −(𝜆𝜆 + 𝜆𝜆𝑅𝑅𝑅𝑅)∇𝑇𝑇, 

and radiation 𝒒𝒒𝑟𝑟𝑎𝑎𝑑𝑑 as will be described below. The full 
set of Navier-Stokes equations, including the turbu-
lence models and radiation are implemented in a num-
ber software packages. It is important to use a software 
which can handle highly compressible flow. The cou-
pling to the electric field can be implemented using the 
appropriate source terms in the momentum and energy 
equations. The main difficulties are the following: 

1. It is necessary to perform simulations of com-
pressible gas dynamics with real-gas data. These 
data need to be available at extremely high tem-
peratures and pressure and for different gas com-
positions. 

2. The turbulence of the gas must be modelled. 
There is no reason to believe that standard turbu-
lence models will work under the extreme condi-
tions present in gas discharges.  

3. Radiative heat transfer must be computed in a par-
ticipating medium with a very complex absorp-
tion spectrum. 

 

2.1.1 Real gas properties and mixing rules 
As was mentioned above, all arcing phenomena must 
be simulated using compressible gas dynamics due to 
the high temperatures and pressures. Furthermore, as 
the temperature increases, the gas molecules will dis-
sociate and become ionized, leading to significant 
changes in the material properties. This can be clearly 
seen in the specific heat 𝑐𝑐𝑝𝑝(𝑝𝑝, 𝑇𝑇), which shows large 
peaks associated with the dissociation of the gas, as 
shown in Fig. 2. For the purpose of accuracy and nu-
merical stability, it is important to implement the ma-
terial properties in a thermodynamically consistent 
manner, so that the thermodynamic relations between 
density, enthalpy, specific heat, and the speed of sound, 
are exactly satisfied. This can be accomplished by us-
ing some form of differentiable interpolation functions, 
such as cubic splines or polynomials. 
 

 
Fig. 2 Specific heat cp of air as a function of 
temperature. The data was obtained from A. B. 
Murphy [6] 
 
As it is not possible to measure gas properties at the 
conditions present in arcs, they must be calculated from 
first principles. Thus, we start from a cold gas consist-
ing of molecules and compute the composition, the 
thermodynamics properties, and the transport coeffi-
cients, taking dissociation and ionization processes into 
account. The theory for doing so is well established, 
but the calculations are rather involved, requiring a lot 
of data to be processed [7–9]. 
A more fundamental problem is how to deal with gas 
mixtures. The problem is that by mixing two gases and 
heating them up, we might create new species that are 
not present in either of the two separate gases. For ex-
ample, a mixture of SF6 and copper vapor can contain 
new molecules, such as CuF2. It is therefore not possi-
ble to simple combine the properties of the original 
gases using mixing rules. Rather, a multi-dimensional 
lookup table with thermodynamics properties as a 
function of pressure, temperature, and the various con-
centrations, needs to be generated, e.g.,  

 𝜌𝜌 =  𝜌𝜌(𝑝𝑝, 𝑇𝑇, 𝐶𝐶𝐶𝐶𝐶𝐶, … ). (7) 

Obviously, the more different materials are involved, 
the more laborious does this approach get. 
Determining the relevant gas or plasma properties for 
arc simulation applications is an important task. After 
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Solving the Maxwell equations in the presence of fer-
romagnetic materials is difficult due to the requirement 
that 

 𝒏𝒏 ⋅ (𝑩𝑩1 − 𝑩𝑩2) = 0 (23) 

and 

 𝒏𝒏 ×  (𝑯𝑯1 − 𝑯𝑯2) = 0 (24) 

at the interface between two domains. Since 𝑩𝑩 = 𝜇𝜇𝑯𝑯, 
satisfying both these conditions requires the use of spe-
cial electromagnetic edge elements when discretizing 
the equations [13]. This makes the implementation of 
arc simulations somewhat difficult, as the electromag-
netic fields must be computed using finite elements, 
whereas the flow equations are solved using finite vol-
umes. An alternative approach could be to use finite el-
ements in the solid domain and finite volumes both for 
the flow and the electromagnetic equations in the flow 
domain. 
 

2.3 Radiative Heat Transfer  
Due to the high temperatures in gas discharges, a large 
fraction of the power is dissipated as radiation. The 
modeling of thermal radiation is based on the spectral 
radiance 

 𝐼𝐼𝜈𝜈(𝒓𝒓, 𝑠𝑠) = 𝐼𝐼𝜈𝜈(𝒓𝒓, 𝜙𝜙, 𝜃𝜃) (25) 

which measures the amount of radiation with fre-
quency 𝜈𝜈 at point 𝒓𝒓 travelling in the direction 𝒔𝒔. The 
physical unit is [𝐼𝐼𝜈𝜈 ] = W m2 ⋅ sr⁄ . The spectral radi-
ance is typically computed from a simplified version of 
the radiation transfer equation (RTE) 

 𝒔𝒔 ⋅ ∇𝐼𝐼𝜈𝜈 = 𝜅𝜅𝜈𝜈(𝐼𝐼𝜈𝜈
𝑏𝑏 − 𝐼𝐼𝜈𝜈), (26) 

where 𝐼𝐼𝑣𝑣
𝑏𝑏(𝑇𝑇) is the irradiance from a gas in local ther-

mal equilibrium,  

 𝐼𝐼𝜈𝜈
𝑏𝑏(𝑇𝑇) = 2ℎ

𝑐𝑐2
𝜈𝜈3

𝑅𝑅ℎ𝜈𝜈 𝑘𝑘𝐵𝐵𝑇𝑇⁄ −1 . (27) 

and 𝜅𝜅𝑣𝑣 is the absorption coefficient. The equation (26) 
can be solved for a single frequency 𝜈𝜈 using the dis-
crete ordinate method, which is implemented in most 
flow solvers. A less accurate but computationally less 
demanding approach is the P1 method[14]. 
The net emission from each point in space can be writ-
ten ∇ ⋅ 𝒒𝒒𝑟𝑟𝑎𝑎𝑑𝑑 with  

 𝒒𝒒𝑟𝑟𝑎𝑎𝑑𝑑(𝒓𝒓) = ∬ 𝒔𝒔 𝐼𝐼𝜈𝜈(𝒓𝒓, 𝒔𝒔) 𝑑𝑑Ω 𝑑𝑑𝜈𝜈 (28) 

this net emission can be added as an energy sink to the 
energy equation, as discussed above.  
The main difficulty with computing the effect of radia-
tion is the strong frequency dependence of the absorp-
tion coefficient, as shown in Fig. 3. Since it is not pos-
sible to solve the RTE for every frequency, it becomes 
necessary to divide the absorption spectrum into bands 
with averaged absorption coefficients. The question is 

how to select the bands and how to perform the aver-
aging, given the large absorption peaks. Physically, the 
problem is the following: A large value of the absorp-
tion coefficient 𝜅𝜅𝜈𝜈 means that radiation is absorbed on 
a length scale 𝑙𝑙𝜈𝜈 = 1 𝜅𝜅 𝜈𝜈⁄ . If this length is much shorter 
than any relevant length scale, it does not really matter 
how short it is. In other words, it makes sense to renor-
malize the peaks in the spectrum according to  

 𝜅𝜅𝜈𝜈 → 𝜅𝜅𝜈𝜈
𝑅𝑅 = 1

ℎ (1 − 𝜌𝜌−𝜅𝜅𝜈𝜈ℎ), (29) 

where ℎ is some suitably chosen length scale. The 
renormalized spectrum will look be the original one, 
but without the largest peaks. Choosing ℎ = 3𝑅𝑅, where 
𝑅𝑅 is the arc radius, leads to good results. [15, 16] 
 

  
Fig. 3 Absorption spectrum 𝜅𝜅𝜈𝜈 for air and air with 
10% mass ratio of copper [17]. 
 

2.4 Electrodes and Walls 
A key aspect of arc simulation is the interaction of the 
arc with the electrodes and walls. In both cases, de-
tailed modeling of the processes is neither possible nor 
desirable, as everything happens on length scales 
which are too short to be resolved by a reasonable 
mesh. It is therefore useful to implement a 2D model, 
which can be implemented as a boundary condition on 
the surface. 

2.4.1 Arc Root Models 
The physical processes taking place at the electrodes 
are too complex to be included into a simulation di-
rectly, even if suitable physical models were available 
[18, 19]. Fortunately, as we only need an arc root model 
for the simulation of the thermal plasma, we do not 
need to know all the details. We only need to know the 
voltage drop, the energy balance, and the possible 
evaporation of electrode material. In other words, the 
task is to develop an integral model for a thin sheath 
close to the electrode. 
A crucial part of this model is the voltage drop 𝑈𝑈(𝑗𝑗) as 
a function of current density and temperature. Methods 
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for doing so were developed by Rümpler and others 
[20, 21] and we have used similar models [17, 22].  

 𝑈𝑈
𝑈𝑈0

=  (𝑗𝑗 𝑗𝑗0⁄ )+𝛾𝛾(𝑗𝑗 𝑗𝑗0⁄ )2

1+(𝑗𝑗 𝑗𝑗0⁄ )2  (30) 

where 

 𝑈𝑈0 = 28.6 𝑉𝑉, 𝑗𝑗0 = 2.10𝜌𝜌6 𝐴𝐴 𝑚𝑚2⁄ , 𝛾𝛾 = 0.175 (31) 

Similar models for the voltage drop can be used to 
model the effect of splitter plates, where the introduc-
tion of a splitter plate leads to the creation of two new 
arc roots, thereby increasing the arc voltage. 
The arc root model also influences the motion of the 
arc and more systematic research would be needed to 
clarify this behavior. 
The voltage drop introduces an additional energy 
source at the surface, which needs to be included in the 
energy equation. 
Accounting for metal vapor is important, as it has a sig-
nificant impact on both the electrical conductivity of 
the plasma and the absorption spectrum, apart from the 
thermodynamic effects [20, 21]. Typically, an erosion 
rate can be defined as a function of the current density, 
and the energy required needs to be handled as an en-
ergy sink at the electrode surface. 

2.4.2 Ablation 
Ablation of wall material is vital for the pressure 
buildup in high-voltage breakers but is also important 
in low-voltage switching devices. The standard ap-
proach is to use the incoming radiative heat flux and 
the latent heat of the wall material to define a mass 
source at the wall. [22, 23]. This leads to increased 
pressure buildup and cooling of the arc. 

2.5 Computational Considerations 
Simulations of arc discharges are challenging. The task 
of simulating a compressible turbulent gas flow with 
radiation transport is comparable to the challenges fac-
ing researchers working in combustion modeling, 
where simulations are routinely run on large meshes 
using LES and significant computing power. Fortu-
nately, because flow simulations can be easily parallel-
ized, the use of large meshes does not present an obsta-
cle [24]. 
Solving the Maxwell equations in complex geometries 
is computationally expensive, especially in presence of 
ferromagnetic materials. The reason is that the corre-
sponding system of equations is ill conditioned, limit-
ing the scalability of the simulation. New algorithms 
that solve this problem have only been recently devel-
oped but have not yet been implemented in simulation 
tools[25, 26]. 
Ideally, one would want to solve the electromagnetic 
and flow equations on the same mesh in the entire flow 
domain. Since the electrical conductivity varies on the 
same length and time scales as the flow parameters, 
such as temperature and pressure, it makes no sense to 
try to use a coarse mesh for the electromagnetic part. 
Furthermore, the electromagnetic algorithm needs to 

work efficiently in the limit of vanishing conductivity. 
Fortunately, we can safely assume that the plasma can-
not be magnetized, meaning that we have 𝜇𝜇 =  𝜇𝜇0. for 
the permeability. Our experience shows that the elec-
tromagnetic fields can be computed accurately using a 
finite volume solver in this case. The finite element for-
mulation of the electromagnetic fields is only required 
in the electrodes. Unfortunately, no simulation tool ex-
ists to exploit this fact. 

3 State-Of-The-Art 

Despite the difficulties of arc simulations, as described 
on the previous pages, significant progress has been 
made in recent decades. Many companies have built up 
significant simulation capabilities mainly, based on the 
use of commercial simulation tools. One common ap-
proach is to use a combination of ANSYS-Fluent for 
the flow equations, which is coupled to some electro-
magnetic solver. The approach works sufficiently well 
to model current-voltage characteristics and pressure 
buildup in various switching devices. The simulations 
have been successful both in low-voltage [27–29] and 
high-voltage devices [30, 31]. 
In the last couple of years, our research group has built 
up significant experience in simulating electrical arcs 
using the commercial software tools Star CCM+ from 
Siemens PLM. This combines a state-of-the-art flow 
solver with solvers for the electromagnetic fields, both 
using finite volumes and finite elements (cf. Fig. 4) 
 

 
Fig 4. Simulation of a model low-voltage circuit 
breaker using Star-CCM+. More details can be found 
here: https://blogs.sw.siemens.com/simcenter/plasma-
arcs-circuit-breakers/  
 
This allows for the implementation of arc simulations 
based on existing functionality. Essentially, only the 
material properties and arc root models need to be im-
plemented. Since most of the work was done in collab-
oration with private partners, only parts of the work 
have been published [32, 33].  
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Solving the Maxwell equations in the presence of fer-
romagnetic materials is difficult due to the requirement 
that 

 𝒏𝒏 ⋅ (𝑩𝑩1 − 𝑩𝑩2) = 0 (23) 

and 

 𝒏𝒏 ×  (𝑯𝑯1 − 𝑯𝑯2) = 0 (24) 

at the interface between two domains. Since 𝑩𝑩 = 𝜇𝜇𝑯𝑯, 
satisfying both these conditions requires the use of spe-
cial electromagnetic edge elements when discretizing 
the equations [13]. This makes the implementation of 
arc simulations somewhat difficult, as the electromag-
netic fields must be computed using finite elements, 
whereas the flow equations are solved using finite vol-
umes. An alternative approach could be to use finite el-
ements in the solid domain and finite volumes both for 
the flow and the electromagnetic equations in the flow 
domain. 
 

2.3 Radiative Heat Transfer  
Due to the high temperatures in gas discharges, a large 
fraction of the power is dissipated as radiation. The 
modeling of thermal radiation is based on the spectral 
radiance 

 𝐼𝐼𝜈𝜈(𝒓𝒓, 𝑠𝑠) = 𝐼𝐼𝜈𝜈(𝒓𝒓, 𝜙𝜙, 𝜃𝜃) (25) 

which measures the amount of radiation with fre-
quency 𝜈𝜈 at point 𝒓𝒓 travelling in the direction 𝒔𝒔. The 
physical unit is [𝐼𝐼𝜈𝜈 ] = W m2 ⋅ sr⁄ . The spectral radi-
ance is typically computed from a simplified version of 
the radiation transfer equation (RTE) 

 𝒔𝒔 ⋅ ∇𝐼𝐼𝜈𝜈 = 𝜅𝜅𝜈𝜈(𝐼𝐼𝜈𝜈
𝑏𝑏 − 𝐼𝐼𝜈𝜈), (26) 

where 𝐼𝐼𝑣𝑣
𝑏𝑏(𝑇𝑇) is the irradiance from a gas in local ther-

mal equilibrium,  

 𝐼𝐼𝜈𝜈
𝑏𝑏(𝑇𝑇) = 2ℎ

𝑐𝑐2
𝜈𝜈3

𝑅𝑅ℎ𝜈𝜈 𝑘𝑘𝐵𝐵𝑇𝑇⁄ −1 . (27) 

and 𝜅𝜅𝑣𝑣 is the absorption coefficient. The equation (26) 
can be solved for a single frequency 𝜈𝜈 using the dis-
crete ordinate method, which is implemented in most 
flow solvers. A less accurate but computationally less 
demanding approach is the P1 method[14]. 
The net emission from each point in space can be writ-
ten ∇ ⋅ 𝒒𝒒𝑟𝑟𝑎𝑎𝑑𝑑 with  

 𝒒𝒒𝑟𝑟𝑎𝑎𝑑𝑑(𝒓𝒓) = ∬ 𝒔𝒔 𝐼𝐼𝜈𝜈(𝒓𝒓, 𝒔𝒔) 𝑑𝑑Ω 𝑑𝑑𝜈𝜈 (28) 

this net emission can be added as an energy sink to the 
energy equation, as discussed above.  
The main difficulty with computing the effect of radia-
tion is the strong frequency dependence of the absorp-
tion coefficient, as shown in Fig. 3. Since it is not pos-
sible to solve the RTE for every frequency, it becomes 
necessary to divide the absorption spectrum into bands 
with averaged absorption coefficients. The question is 

how to select the bands and how to perform the aver-
aging, given the large absorption peaks. Physically, the 
problem is the following: A large value of the absorp-
tion coefficient 𝜅𝜅𝜈𝜈 means that radiation is absorbed on 
a length scale 𝑙𝑙𝜈𝜈 = 1 𝜅𝜅 𝜈𝜈⁄ . If this length is much shorter 
than any relevant length scale, it does not really matter 
how short it is. In other words, it makes sense to renor-
malize the peaks in the spectrum according to  

 𝜅𝜅𝜈𝜈 → 𝜅𝜅𝜈𝜈
𝑅𝑅 = 1

ℎ (1 − 𝜌𝜌−𝜅𝜅𝜈𝜈ℎ), (29) 

where ℎ is some suitably chosen length scale. The 
renormalized spectrum will look be the original one, 
but without the largest peaks. Choosing ℎ = 3𝑅𝑅, where 
𝑅𝑅 is the arc radius, leads to good results. [15, 16] 
 

  
Fig. 3 Absorption spectrum 𝜅𝜅𝜈𝜈 for air and air with 
10% mass ratio of copper [17]. 
 

2.4 Electrodes and Walls 
A key aspect of arc simulation is the interaction of the 
arc with the electrodes and walls. In both cases, de-
tailed modeling of the processes is neither possible nor 
desirable, as everything happens on length scales 
which are too short to be resolved by a reasonable 
mesh. It is therefore useful to implement a 2D model, 
which can be implemented as a boundary condition on 
the surface. 

2.4.1 Arc Root Models 
The physical processes taking place at the electrodes 
are too complex to be included into a simulation di-
rectly, even if suitable physical models were available 
[18, 19]. Fortunately, as we only need an arc root model 
for the simulation of the thermal plasma, we do not 
need to know all the details. We only need to know the 
voltage drop, the energy balance, and the possible 
evaporation of electrode material. In other words, the 
task is to develop an integral model for a thin sheath 
close to the electrode. 
A crucial part of this model is the voltage drop 𝑈𝑈(𝑗𝑗) as 
a function of current density and temperature. Methods 
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4 Outlook 

The numerical simulation of gas discharges in switch-
ing devices has been a research topic for more than two 
decades. Looking back, significant progress has been 
made and we are now at a point where such simulations 
can be used for product development. The accuracy is 
still far from optimal and the simulation times are still 
too long. Nonetheless, arc simulations today provide 
valuable insights into the operation of switching de-
vices.  
On the other hand, progress has clearly been hampered 
by short-term thinking. In contrast to other industrial 
sectors, there has not been a coordinated effort to de-
velop arc simulation capabilities using publicly funded 
research projects driven by industrial consortia. Chang-
ing this will require a different mindset in the industry. 
First, an efficient and publicly available research code 
for gas discharge simulations needs to be developed. 
This code could be based on other open-source tools 
and would allow researchers to experiment with the 
physical modeling. In addition, the code would provide 
insights into the numerical issues related to arc simula-
tions. 
Second, improving the physical modeling will require 
numerous systematic experiments performed under 
controlled laboratory conditions. Experiments in com-
plex geometries contain too many unknown parameters 
to allow for systematic improvement of the models. 
Experiments will be needed to investigate turbulence, 
radiation transfer, ablation and erosion models, and 
material properties.  
The ongoing decarbonization of our society will only 
be possible through increased electrification. Both the 
integration of renewable energy into the power grid and 
the rise of electromobility will require new solutions 
and many more electrical contacts at different current 
and voltage levels. In addition, the use of electric arcs 
for other applications, such as waste treatment and met-
allurgy, is on the rise. In this respect, we are only at the 
beginning of fascinating research journey. 
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Remarks Concerning Arc Roots in CFD Modeling 
of Switching Arcs 

Manfred Lindmayer 1, TU Braunschweig, Braunschweig, Germany, M.Lindmayer@tu-braunschweig.de 

Abstract 

This paper reviews arc root models used to represent the processes at anode and cathode of arcs in a simplified 
way. From the electrical potential distribution, there are the voltage falls VA and VC across thin sheaths in front of 
both electrodes. Their product with the current and current density, respectively, characterize the power (power 
density) generated in these areas. The powers (power densities) that flow to the electrodes and thus determine 
their heating and erosion are often expressed by equivalent voltages VeqA, VeqC. A frequent approach to model arc 
roots within computational fluid dynamics (CFD) models of switching arcs is to replace the root region within 
the CFD volume by a thin layer adjacent to the electrodes of voltage drops VA(J), VC(J), depending on the cur-
rent density there. An equivalent “contact resistance” is an alternative. The power generated in this region is the 
product of voltage and current density. Its partition between the electrodes and the arc column then follows the 
rules of the CFD differential equations (“Navier-Stokes” equations). However, the physics of the fall regions is 
completely different, with charge carriers freely falling without collisions, and hitting the electrodes. It is there-
fore better to separate both effects. For this, the knowledge of VA, VC, VeqA, and VeqC is necessary. After a sum-
mary of the methods used so far by the author’s own research group, experimental work is considered to deter-
mine the required values, and additionally the current density at the roots. Two ways can be differentiated: Com-
parison of experiments with simulations of fall regions, and with simulations of the electrode heating. Based on 
voltage data from the literature, a modified model of the power flows in the electrode fall regions is derived. It 
also holds for zero length of the arc column. Finally, an implementation into CFD programs suitable for  
complete simulations is suggested. 
 
1 Problem, Objectives 
A low-voltage switching arc consists of three essential 
regions [1]: The main area is the so-called arc column. 
Its length lies in the millimeter to centimeter range, 
and It can be treated in simulations as a fluid continu-
um following the rules of Computational Fluid Dy-
namics (CFD). They describe the balances of mass, 
momentum, and power in the form of second order 
partial differential equations. Often it is justified to as-
sume the plasma of the column to be in thermal equi-
librium, allowing identical temperatures for all parti-
cles (electrons, ions, neutral molecules and atoms)  
[2-4]. Then the properties of this “single fluid” depend 
on the local temperature and pressure. Under special 
conditions, the plasma is treated as a “two fluid” mod-
el, with different temperatures for the lightweight elec-
trons and the heavier ions and neutrals [5]. Immediate-
ly adjacent to anode and cathode the regions of the 
anode and cathode falls (“sheaths”) extent over a 
thickness of around one mean free path, i.e. across 
micrometer length. The physical processes there are 
completely different from the CFD case. Particles 
freely fall across the fall regions and hit the elec-
trodes, as well as the ends of the column facing both 
electrodes. Equivalent to the three regions, the arc 
voltage (Varc) consists of the voltage fall along

the column (Vcol) plus the anode fall and cathode fall 
voltage drops (VA, VC). In analogy power losses and 
power generation, respectively, take place in these 
three regions. The aim of complete simulations of 
switching arcs can be twofold: The temporal devel-
opment of arc voltage in interaction with the electric 
circuit determines the switching success. On the other 
hand, the power flowing to the contacts, the insulating 
walls, or the splitter plates (“deion plates”) provides 
information about the thermal stress and the thermal 
erosion of these parts. 
 

Often the powers flowing in the arc are expressed in 
terms of voltages [6, 7]. For a current I = const across 
all three parts the powers are proportional to the volt-
age. Similarly, power densities and current densities 
are linked by the appropriate voltage. 
 

Fig. 1 demonstrates this. It is assumed that the power 
generations (power densities) in both the anode and 
cathode falls (pA, pC) split up each into one “equiva-
lent” part flowing toward the electrode (peqA, peqC) and 
toward the column (pcolA, pcolC), see Fig. 1a. Fig. 1b 
shows the corresponding voltages. Additionally, 
Fig. 1c depicts for both arc roots an example of char-
acteristics fall voltage vs. current density [3, 8, 9], 
here from [9]. They will be explained later. 
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Fig. 2 Power Balance of Arc Roots [15]; see also [16] 
 
 

                                      a)                                              b)                                     c) 
Fig. 1 Power Flows (a) and Voltages (b, c) in Switching Arcs 

 
There have been complete simulations where the sys-
tem of CFD equations has been solved together with 
equations from cathode and anode fall theories [5, 10-
13]. For a more simplified consideration concerning 
the arc roots, it is sufficient to take Fig. 1 as starting 
point. Besides characteristics like Fig. 1c, the 
knowledge of the fall voltages VA, VC, and the equiva-
lent portions to the electrodes VeqA, VeqC is required. 
The corresponding power densities can then be ap-
plied as boundary conditions for a CFD simulation of 
the plasma column, as well as a coupled power simu-
lation of the electrode heating. For pure contact ero-
sion simulations [14], only solid body heat transfer 
simulation and the knowledge of VeqA, VeqC are neces-
sary. Then the root diameters and power densities 
there must also be known. 

2 Literature Survey on Arc 
Root Models for Simulations 

As an initial overview, Fig. 2 [15] shows the compo-
nents of power balances in the fall regions and at the 
adjacent metallic electrodes. Investigations published 
so far differ in which processes have been used to de-
rive the simplified characteristic values for the simu-
lation of fall regions. 

2.1 Author’s Working Group  
at TU Braunschweig 

One of the earliest representations of arc roots within 
CFD simulations is a purely thermal one [2, 17]. At 
the interface (boundary) between the plasma column 
and the electrode the total current I is subdivided to 
the interface area by weighting factors depending on 
the local temperature. They resemble the emission 
current density of thermionic or thermo-field emission 
at cathodes. This leads to the root center where the 
electrodes are hottest, and to a continuous decrease of 
the current density away from this point. The voltage 
distribution along the arc and the “fall voltages” close 
to the electrodes become then a consequence of the 
CFD calculation coupled with current flow. 
 
A later model [1, 3, 8], also taken by others in a simi-
lar way [9], starts with the nearly constant and cur-
rent-independent anode and cathode voltage drops, 
without consideration of the electrode temperatures. 
To enable modelling of the splitting-up process at me-
tallic splitter plates [18], it is useful to apply a steady 
Voltage = f(Current Density), V = f(J), characteristic 
with zero voltage at zero current density. Two differ-
ent types of characteristics were investigated, Fig. 3: 

A monotonically rising voltage curve V1(J) 
of (1-exp)-shape up to a constant value , 
and a curve shape with an initial “ignition 
peak” Vi, followed by an asymptotic  
decrease toward this fall voltage . Fig. 1c 
shows examples of the latter case from [9]. 
Here the end values are different for both 
polarities, 10 V for cathode, and 5 V for  
anode. In model [1, 3, 9, 18] they were  
assumed identical = 10 V for both polarities. 
The V(J) charcteristics are either applied on 
a thin discretized layer, e.g. 0.1 mm thick, or 
as a “contact resistance” of zero thickness 
between column and electrode [8]. 
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Fig. 3 V(J) Characteristics of Electrode Falls [3] 
 

 
Fig. 4 Equivalent ρ(J) Characteristics of Electrode 
Falls for 0.1 mm Sheath Thickness [3] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 From [19] 

Fig. 4 shows the equivalent resistivity ρ vs. current 
density J curves for the same cases. 
 
While the characteristic values of arc root parameters 
in the next sections predominantly refer to pure cop-
per or copper compounds as contact material, Fig. 5 
shows measured arc root diameters and current densi-
ties, Fig. 6 minimum arc voltages (VA + VC) for silver 
compound materials like AgCdO (obsolete) and 
AgSnO2 [19]. The current densities are roughly con-
stant and equal for both polarities, 108 A/m² for 
AgCdO, 2·108 A/m² for AgSnO2. The sum of fall 
voltages rises only moderately with the current. 
 

 
Fig. 6 From [19] 

2.2 Other Reseachers’ Results 

2.2.1 Detailed Physical Models of Arc Roots 

In a number of research projects, in addition to the 
fluid dynamics simulation (CFD) of the arc plasma 
(“column”), the physical processes of power flow as 
well as particle movements have been taken into ac-
count for the anodic and cathodic arc roots. For arcs 
like welding arcs with thermionic cathodes, Lowke et. 
al. [10] postulate that the cathodic situation is deter-
mined by ambipolar diffusion. In addition to the rota-
tionally symmetric 2D CFD plasma model, they dis-
cretize their cathode model in 1D. Wendelstorf [5] de-
velops for similar applications a complete two-
temperature CFD model for the quasi-neutral arc col-
umn, linked to the complex processes at both elec-
trodes by so-called transfer functions. Purandare et. 
al. [12] try to describe the particle, current and power 
flows in the electrode regions by systems of algebraic 
equations. In [13] they also take into account the 
thermo-field emission and the secondary electron 
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emission by ion bombardment of the cathode. The 
FEM Multiphysics simulation program Comsol [14] 
provides a “Plasma Module”, from which the 
“Equilibrium DC Discharge Interface” looks suitable 
for simulations of thermal arcs. With reference to 
[11], it contains boundary couplings for both polari-
ties. The author’s experience with this program, how-
ever, is ambiguous. While 2D geometries with current 
flow perpendicularly to the x-y plane could be handled 
easily [21, 22], trials with 3D geometries failed be-
cause of convergence problems. 

2.2.2 Results from Experiments  
and Simulations 

This section describes research work, where typical 
values of electrode characteristics, like VA, VC, VeqA, 
VeqC, or the current and power densities, respectively, 
have been determined from experiments in comparison 
with theoretical models. Both theoretical calculations 
of the heat propagation into the contact material and the 
power acting on the contacts from the fall mechanism 
can be utilized and compared with optical arc shape 
measurements or arc traces on the contacts. Teste et. al. 
[23] have gained their results from comparison of arc 
craters with results of heat propagation simulations 
within the Cu contacts, including material melting and 
vaporization. Fig. 7 shows their summary. 

Fig. 7 Characteristic Values from [23] 
 
Sharakovsy et. al. [24] have received such values 
from experiments with magnetically driven arcs. 
Landfried et. al. [7] have concentrated on copper elec-
trodes with cathode polarity only. 
 
Abbaoui et. al. [25] have investigated the context of 
erosion losses with the theoretical energy fluxes from 
the fall regions for 40 A millisecond arcs on silver 
electrodes. Theit theoretical estimations are summa-
rized in Fig. 8. The cathodic current and thermal 
power densities lie orders of magnitude above those 
known for low-voltage switching arcs, and more re-
semble those of cathodic micro-spots in vacuum dis-
charges. Therefore they are put in square brackets in 
the summary table of next chapter. 
 
Yokomizu et. al. [26] have studied the fall voltages 
(VA + VC) of axially blasted arcs on tungsten-based as 
well as Cu and Fe contact materials. The current has 
no influence, and the gas plays only a minor role. 

 

Fig. 8 Estimations of Electrode Values from [25] 

3. Summary of Characteristic 
Values 

Fig. 9 summarizes characteristic values of voltages as 
well as current and power densities in the electrode 
regions. The values in curly brackets mark data in the 
references concluded from other literature. For square 
brackets see the section above, related to [25]. Fig. 10 
shows the conditions for Fig. 9. The relevant values 
and their means that can be used as a recommenda-
tion, are highlighted dashed in Fig. 9. 
 

 
Fig. 9 Summary of Characteristic Arc Root Values  
 

 
 
Fig. 10 Conditions from Fig. 9 
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4. Consequences for Modeling 
4.1 General 

 
                                    a)                                             b)                                          c) 

Fig. 11 Modified Power Flow Schemes according to Eqns. (1) and (2) 
 

We assume for simplicity that the current-carrying 
cross-section is constant along the whole arc path in-
cluding the arc roots (1D simplification). Then the volt-
ages VA, VC, VeqA, VeqC, VcolA, VcolC are synonyms for the 
corresponding power densities (Fig. 1). We first stay 
with Fig. 1, where the power input from the electrode 
sheaths pA, pC is split up into one portion going to the 
metallic electrode, and a second portion toward the 
column. Based on the recommended values of Fig. 9, 
and with the equations in Fig. 1 we then get 
 

VcolA = VA – VeqA = - 6V,  (1) 
VcolC = VC – VeqC = 6 V,  (2) 

 
meaning that their algebraic signs are opposite, or that 
the power flow of identical magnitude on the cathodic 
side goes to the column, and on the anodic side away 
from it. This situation is represented in Fig. 11 by re-
versed white arrows on the anode side and by the en-
circled algebraic signs in the appropriate equations. 
Fig. 11 also shows that these findings are consistent 
with the concept that the situation in the arc root re-
gions should not change when the arc length, and 
hence the column length, are varied. When the col-
umn length is reduced to zero from Fig. 11a to c, there 
is no more column left, meaning that there is no more 
volume and/or area for power dissipation by radiation 
and heat conduction to the vicinity (lateral arrows in 
Fig. 11a, b). The “column power density” just goes 
through from the cathodic to the anodic side. 

4.2 Implementation Example 

Fig. 12 shows an implementation of the preceding 
perceptions into CFD programs. The simulation space 
is separated between the metallic parts – contacts, 
splitter plates, etc., which must not necessarily be 
connected – with a temperature Tm, and one or several 
plasma part(s) with temperature Tp. For the plasma, all 
Computational Fluid Dynamics (CFD) equations have  

 
to be solved, for the metal only heat conduction is 
necessary. Plasma and metal are coupled by boundary 
conditions of location-dependent normal power densi-
ties pn. 
 

 
 
Fig. 12 Implementation into CFD Program 
 
On the anodic side of the electrode(s) 
 

pneqA = jnA·VeqA,  (3) 
 

and on the cathodic side 
 

pneqC = jnC·VeqC,  (4) 
 

go into the metal. 
 
jn are the location-dependent normal current densities 
on the electrode – plasma interface. Due to the high 
difference in conductivity between metal and plasma, 
they are practically identical with the total local cur-
rent densities j. Their local distributions and magni-
tudes are not necessarily identical between anode and 
cathode, but they follow within the course of the 
complete simulation. 
 
On the plasma part(s), 
 

pcolA = jnA·VcolA,  (3) 
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and 
 

pcolC = jnC·VcolC,  (4) 
 
Since VcolA is negative and VcolC is positive, pcolA 
leaves (= cools) the column, pcolC enters (= heats) it. 
 
For the simulation of current and voltage distribution, 
as well as magnetic field and resulting forces, only 
one unified body is taken. The V(J) characteristics at 
the metal/plasma interfaces or equivalent “contact  
resistances” can be applied as internal boundaries. 

5 Summary 
For simplified models of switching arcs where the correla-
tion between the current densities and the power densities  
 

at the electrodes is represented by equivalent voltages, 
these values are required. This paper studies and summa-
rizes research results from the literature with such data. 
While the mean voltage drop VC = 12 V at the cathode is 
higher than at the anode with VA = 6 V, the situation with 
the equivalent voltages, i.e. the proportionality factor be-
tween current density and power density, is opposite: 
 

VeqA = 9 V > VeqC = 3 V  (5) 
 
This means that the cathodic boundary of the column is 
heated, while the anodic one is cooled by the same power. 
This paper ends with an implementation example for CFD 
programs, where the metallic parts and the plasma are 
separated into two spaces with different temperature vari-
ables, coupled by boundary conditions at the metal/plasma 
interfaces. 
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Abstract 

Direct current (DC) circuit breaker is a crucial component for controlling and protecting the DC power system, 
especially in photovoltaic power generation system. It should switch off the DC load current. The motion process of 
the moving contact (arm) greatly affects the arc voltage and arc evolution process. Therefore, this paper focuses on 
the arc evolution process considering the motion of moving contact in a DC circuit breaker. A 2-D magneto-hydro-
dynamic (MHD) model of a miniature circuit breaker is built. Based on this model, the temperature distribution and 
airflow field distribution are obtained. The arc evolution process with two different structures is analyzed. At the 
same time, the results with arm motion and without arm motion are compared and analyzed. In addition, the related 
experiments are carried out. It turns out that the arc evolution considering arm motion is closer to the experimental 
results. 

1 Introduction 

With the development of the photovoltaic power 
generation system, energy storage system and the electric 
vehicles, the DC power supply and distribution system 
receive more and more attention [1,2]. The direct current 
circuit breaker is a crucial component for controlling and 
protecting the DC power distribution network.  
In order to interrupt the load current, the arc must be 
extinguished in the arc chamber. The DC arc is more 
difficult to break than an AC arc because the current does 
not have a natural zero. Therefore, the circuit breaker 
usually makes the arc current be zero by increasing the 
arc voltage above the supply voltage. In order to increase 
the arc voltage, an external magnetic field and gassing 
material are usually used to make the arc quickly enter 
the splitter plates in low-voltage circuit breakers [3-8]. 
However, the effect of external magnetic field and 
gassing material are not very effective with smaller 
current. Therefore, the motion of an arc can probably be 
accelerated by the change of contact structure. The tilting 
contact structure is proposed in [9]. The motion of 
moving contact (arm) will affect the motion process of 
arc. Therefore, this paper focuses on the arc evolution 
process considering motion of the moving contact and the 
calculation results with arm motion and without arm 
motion are compared. 

In this paper, a 2-D MHD model considering arm motion 
is built. The effect of a permanent magnet is replaced by 
an external magnetic field. The self-generated magnetic 
blast field of arc is calculated using magnetic vector 
potential method. The ablation of electrode and splitter 
plates are not considered. The arc temperature and gas 
flow field distribution are obtained by simulation. The 
arc motion process of tilting contact structure and non-
tilting contact structure are analyzed. 

2 Numerical Geometry and 
Method 

2.1 Numerical geometry 

The computational domain for the fluid of two structures 
are shown in Figure 1. The non-tilting contact structure 
is shown in Figure 1 (a) and the tilting contact structure is 
shown in Figure 1 (b). 
The extinguishing arc chamber of a DC miniature circuit 
breaker includes the moving contact (arm), static contact, 
arc runner, splitter plates and arc domain. The main 
difference between two structures are structures of 
moving and static contact. The current density is applied 
in “Iin” as shown in Figure 1. The electric potential is set 
to zero in “Iout”. The current is I=3.2A at t=0s, and drops 
to 0 at t=35ms in the calculation. 
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(a) The non-tilting contact structure 

 
(b) The tilting contact structure 

Fig. 1 Numerical geometry for fluid domain 

2.2 Technology of dynamic mesh 

The moving contact will rotate and separate from static 
contact when interrupting the load current. The arc is 
ignited between static contact and moving contact. The 
motion process of moving contact is very important to 
interruption of arc. However, the challenge connected 
with the modeling of low voltage circuit breaker is the 
representation of the contact arm motion. For the 
representation of moving objects in the soft ANSYS 
Fluent [10], several technology of dynamic mesh update 
methods are described in following [10,11]. 

2.2.1 Smoothing method 

When smoothing is used to adjust the mesh of a zone 
with a moving and deforming boundary, the interior 
nodes of the mesh move, but the number of nodes and 
their connectivity remain unchanged. In this way, the 
interior nodes “absorb” the movement of the boundary. 

2.2.2 Dynamic layering 

In prismatic (hexahedral and/or wedge) mesh zones, 
dynamic layering can be used to add or remove layers of 
cells adjacent to a moving boundary, based on the height 
of the layer adjacent to the moving surface. The dynamic 

mesh model in ANSYS Fluent allows to specify an ideal 
layer height on each moving boundary. The layer of cells 
adjacent to the moving boundary is split or merged with 
the layer of cells next to it.  

2.2.3 Remeshing method 

ANSYS Fluent agglomerates cells that violate the 
skewness or size criteria and locally remeshes the 
agglomerated cells or faces. If the new cells or faces 
satisfy the skewness criterion, the mesh is locally updated 
with the new cells (with the solution interpolated from 
the old cells). Otherwise, the new cells are discarded and 
the old cells are retained. 
According to the motion process of the moving contact in 
a miniature circuit breaker, the remeshing method is used 
in the arc domain. Therefore, the elements of the arc 
domain are formed into triangular mesh. The rigid body 
is used with the moving contact and the rotation speed is 
set to 166 rad/s in the calculation.  
The position of the moving contact shown in Figure 1 is 
the initial position. The contact moves to maximum 
position at t=3ms. 

2.3 Governing equations 

The arc plasma can be modelled by N-S equations for 
mass, momentum and energy conservation to describe 
the gas dynamic processes [12]. 
(1) Mass balance equation: 
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(3) Energy balance equation: 
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Where, 2E  is the Joule heat, which represents the 
energy injected into the arc plasma, and J B  is the 
Lorentz force density. The radiation energy source term 
is calculated using the net emission coefficient (NEC) 
method due to the calculation accuracy in arc core [13]. 
The radiation energy source term radq  can be defined by: 

rad n4πq                                     (5) 
Where, n  is the net emission coefficient [14]. 
The air plasma’s physical properties depend strongly on 
temperature and pressure [13]. The material of moving 
and static contact, arc runner is cooper and the splitter 
plates are ferromagnetic materials. In order to take the 
form process of new arc root, a 0.1mm sheath with a 
nonlinear resistance completely surrounding the splitter 
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plates and contacts (arc runner) is applied. The local 
value of the nonlinear resistance is chosen according to a 
specific voltage-current density characteristic [12]. 

3 Simulation Results and Analysis  

The temperature and airflow field distribution of a 
miniature circuit breaker are obtained by the simulation 
and the DC arc evolution process will be analyzed in the 
following. 

3.1 Arc Motion Process 

The temperature distributions of two different contact 
structures considering arc motion are shown in Figure 2 
and Figure 3 respectively. 

 
Fig. 2 Temperature distribution sequences of the non-
tilting contact structure 

The arc initiation process of arc is not considered in this 
calculation due to its complexity. Therefore, there is a 
distance between the moving contact and the static 
contact at t=0ms and the distance is 2mm. The 
calculation begins with a stationary temperature 
distribution between two contacts. The initial position is 
shown in Figure 1. 

The arc column begins to expands and diffuses with the 
rotation of moving contact. For the non-tilting contact 
structure, the arc column moves along the upper arc 
runner. However, the arc root moves slowly as shown in 
Figure 2. The arc column moves slowly after a hesitation 
time of 3ms. The temperature of arc core is higher than 
tilting contact structure during the whole motion process. 

 
Fig. 3 Temperature distribution sequences of the 
tilting contact structure 

For the tilting contact structure, the arc column expands 
with the motion of moving contact. At the same time, the 
arc roots move along the contact with a higher speed, 
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especially after t=3ms. Comparing the calculation results 
of the two structures, it can be seen that the arc 
temperature is lower in the tilting contact structure. This 
can be explained by the fact that the nozzle structure is 
formed between moving contact and static contact [9]. 

To further analyze the differences between the two 
structures, the airflow field distributions are obtained and 
shown in Figure 4. The motion velocity at t=2ms of the 
tilting contact structure is higher than that of the non-
tilting contact structure. Moreover, it can be observed 
that a significant vortex appears under the moving 
contact in the titling contact structure. The existence of a 
vortex will increase the convection effect and thus 
reduces the arc temperature. 

 
(a) t=2ms 

 
(b) t=3ms 

Fig. 4 Airflow field distribution sequences of two 
structures 

It is found that the airflow diffuses to both sides along the 
moving and static contact at t=3ms in the tilting contact 
structure. However, the airflow channel is more 
concentrated in the non-tilting contact structure. This also 
explains the lower temperature in the tilting contact 
structure. 

Although the airflow velocity is higher at t=3ms in the 
non-tilting contact structure, it is not conducive to energy 
dissipation because the arc column is more concentrated. 

3.2 Comparative analysis of calculation 
results 

The simulation for motion of a moving contact is 
difficult. Therefore, the motion of the moving contact is 
ignored in reference [9]. The comparison of calculation 
and experimental results are shown in Figure 5. 

The arc shape of calculation results is represented by 
temperature distribution in Figure 5. The legend is the 
same as in Figure 2 (Figure 3). And the arc shape 
obtained by experiment is represented by arc image. 
Therefore, the physical quantities are not appeared in 
Figure 5. 

It can be seen that the temperature is lower when the 
motion of the moving contact is not considered. It 
appears that the front and rear have moved further but the 
position of the hot core is not much different. This is due 
to the airflow channel is wider and the velocity of arc 
front and rear is higher. It is better for arc cooling. For 
the arc shape, the experimental results agree better with 
calculation result when the motion process of moving 
contact is considered as shown in Figure 5. And the 
evolution process of the arc is closer to the experimental 
results. Therefore, the motion process of moving contact 
must not be ignored in simulation. 

 
(a) Non-tilting contact structure 
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(b) Tilting contact structure 

Fig. 5 Comparison of calculation and experimental 
results. (Left: calculation without arm motion; Middle: 
experiment; Right: calculation with arm motion) 

we calculate the arc voltage according to the arc current 
and circuit parameters in experiment. The supply voltage 
is 1050V. The resistance and the inductance are 328Ω 
and 328mH respectively. The arc voltage and arc current 
curves are shown in Figure 6. 

 
(a) Non-tilting contact structure 

 
(b) Tilting contact structure 

Fig. 6 The curves of arc voltage and current  

It is noted that the arc voltage rises faster in tilting 
contact structure and the arcing time is lower. The main 
mechanism is that a nozzle structure is formed between 
the moving contact and the static contact of tilting 
contact structure. The arc velocity will be accelerated by 
nozzle structure. 

4 Conclusion 

Based on the two-dimensional (2D) magneto-hydro-
dynamic (MHD) method, the simulation model of a 
miniature circuit breaker is built. The motion process of 
moving contact is considered by the method of dynamic 
mesh.  

The temperature and the gas flow field distribution 
are obtained by simulation. It can be concluded that: 

1) For non-tilting contact structure, the arc column 
moves along the upper arc runner with motion of the 
moving contact. However, the arc roots move slowly. For 
the tilting contact structure, the arc column expands with 
the motion of the moving contact. At the same time, the 
arc roots move along the contact with a higher speed. 

2) The airflow diffuses to both sides along the 
moving and static contact in the tilting contact structure. 
However, the airflow channel is more concentrated in the 
non-tilting contact structure. Therefore, the temperature 
is lower in the tilting contact structure. 

3) The temperature is lower when the motion of the 
moving contact is not considered. In this case the 
temperature is lower due to a wider airflow channel and 
higher velocity of the arc which is beneficial to arc 
cooling. 

4) The evolution process of the arc is closer to the 
experimental results when the motion process of the 
moving contact is considered. Therefore, contact motion 
should be included in the simulation as the results are 
closer to the experiment. 
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Abstract 

The market requirements for surge protection devices (SPD) call for improvements of their technical parameters, 
characterized by; higher impulse currents, higher short-circuit currents and at the same time reduced size. This 
leads to a significantly increased level of complexity for the tools used in design, simulation, and production. 
Another very crucial business aspect is time to market, forcing shorter development cycles. Implementing the SPD 
digital prototyping workflow into design cycle reduces both the development time and development costs. This 
paper presents virtual spark gap model development steps and simulation results of the real physical processes 
occurring in a spark gap-based SPD device. The virtual spark gap simulation is based on the full compressible 
Navier-Stokes equations, the energy conservation law, the radiation heat transfer and Maxwell equations. Presented 
simulation results include arc behaviour, gas flow dynamics and electromagnetic forces. The results are validated 
using a high-speed camera for arc visualization and compared with experimental data. This virtual simulation 
technology shows the ability for the further increase of product reliability, performance and size optimization. 

1 Introduction and background 

To ensure high quality products, it is necessary to con-
sider market requirements, which are constantly be-
coming more complex for SPD products. In line with 
market trends, performance characteristics, such as im-
pulse and short-circuit currents, are becoming higher 
and the size of the product needs to get smaller. These 
requirements force the design team to increase their ef-
forts to add more physical design loops in the SPD 
standard development process, see Fig. 1a. In each loop 
of the standard workflow, a physical test must be exe-
cuted at the laboratory. This is a very time-consuming 
process and puts a lot of strain on expensive and highly 
loaded laboratory resources. The digital prototyping is 
an ideal concept to reduce these efforts.  

Fig. 1 Product design process and comparison of the 
SPD standard workflow (a) with the SPD digital work-
flow (b). 

The SPD digital workflow (Fig. 1b) is based on virtual 
testing, which includes design and downstream com-
puter-aided engineering (CAE) simulation. Computer 
simulation enables product optimization without the 
need for physical tests in the laboratory. Physical tests 
are only necessary to ensure confidence in the final de-
sign. Comparison of the digital workflow with the 
standard workflow (see Fig.1) shows that the digital 
process can reduce the time required for product devel-
opment and provide significant cost savings. 
The content of this paper is focused on the SPD digital 
prototyping based on spark gaps. Modern lightning and 
overvoltage arresters are mainly integrated into low-
voltage installations, such as DIN-rail devices. SPD de-
vices are installed directly at the entry point of the 
power and data lines onto the building or installations. 
These devices provide potential equalization and pro-
tection of electrical and electronic equipment against 
high-energy, conducted and field-based interference. 
After the lightning current arrester has operated due to 
an overvoltage, impulse currents flow to earth. In case 
of spark-gap-based lightning current arresters, an arc 
discharge occurs, and the separation gap is ionized. The 
impulse current is followed by the mains current con-
trolled by the mains voltage. Spark gaps with arc split-
ters or deionization chambers have a high follow cur-
rent extinguishing capability and follow current limita-
tion in case of both alternating and direct currents. The 
important requirements for modern lightning protec-
tion systems [1, 2] are divided into the following main 
topics. SPD devices must be able to safely extinguish 
the prospective short-circuit current in the system sev-
eral times. Effective encapsulation of arresters is re-
quired to prevent the release of hazardous ionized 
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gases, especially under loads with high lightning im-
pulse currents. Particularly relevant is a space-saving 
rule that uses the horn principle with asymmetrical 
shapes. Therefore, along with the physical properties 
of the plasma, the electrodynamic spark gap processes 
and hot gas control play a crucial role in product devel-
opment to determine whether the arc will be able to ex-
tinguish in time to keep the device operational. The op-
timization of the geometric and gasdynamic parame-
ters can only be achieved in combination with the 
plasma physical processes. Due to the complex mul-
tiphysical processes, digital prototyping is highly use-
ful for the further development of modern SPD de-
vices. 
The basic principle of the lightning current arrester 
with its most important components, including the es-
sential spark gap processes, is shown in Fig. 2.  

Fig. 2 Schematic diagram of the lightning current ar-
rester and spark gap processes. 

The lightning protection device consists of two elec-
trodes and an extinguishing chamber. The distance be-
tween these electrodes increases in a horn-shaped and 
asymmetric way from the ignition area over the arc 
movement area to the arc splitting chamber. The cham-
ber has many ferromagnetic splitter plates with a V-
shaped recess. In the practical implementation [1, 2] 
the splitter plates are fixed in a plastic support with ex-
haust openings, so that the gases released from the 
chamber are directed through special channels in the 
housing. The outer casing of the device is fully encap-
sulated to prevent interference with the environment. 
The overvoltage triggers the lightning current arrester. 
The electrical current flows from the anode to the cath-
ode as the electric field intensity reaches values higher 
than the breakdown electric intensity of the gas [3]. The 
electrical arc occurs in the ignition area between the di-
verging electrodes. The electrical arc in the lightning 
arrester is supported by two sources. Impulse current is 
the ignition source, which can be triggered by 10/350 
µs or 8/20 µs waveforms and then accompanied by the 
mains following current. During ignition a high pres-
sure is generated by intense gas heating. Due to the 
pressure gradient and Lorentz force, the arc moves in 
the direction of the splitter plates, see Fig. 2. Some 

lightning protection devices include ferromagnetic 
concentration plates, which create an additional mag-
netic field to increase the Lorentz force. During the 
splitting process, the arc starts to stretch around the 
splitter plates and the voltage rises for forming the arc 
roots on the plates. When the current flowing through 
the plates reaches the total current, the arc splits into 
small parts. 
In order to describe these spark gap processes, the 
three-dimensional virtual spark gap model for SPD 
digital prototyping is developed. The model is based on 
the FlowVision computational fluid dynamics (CFD) 
code [10]. The mathematical model reflects the real 
physical processes of spark gap formation and is based 
on the compressible Navier-Stokes equations, the en-
ergy conservation law, Maxwell equations for electric 
and magnetic fields and the radiation heat transfer 
equations.  
There are many publications about arc numerical mod-
els [4, 5, 6, 7, 8], where arc simulation frameworks 
consist of two or more separate solvers working on dif-
ferent numerical domains. These frameworks require 
additional software for solvers synchronization and 
their data exchange. In this work, the arc model is 
based on the magnetohydrodynamic approach (MHD), 
where the gas flow solver and the electromagnetic 
equations are solved conjointly on one simulation do-
main, which uses the finite volume method (FVM). 
For the simulation of the arc motion and splitting pro-
cesses, the arc root model at the gas-solid interfaces 
must be taken into account. Generally, voltage drop is 
modelled by introducing an effective electrical conduc-
tivity [4, 5, 8] in a computational cell adjacent to the 
metal surface. This approach leads to a mesh-depend-
ent solution.  
In this paper, the modified arc root model based on 
boundary conditions is described. In addition, this pa-
per presents the results of a simple design shape opti-
mization using the developed virtual 3D spark gap 
model based on local thermal equilibrium assumption 
and modified arc root model parameters. The simula-
tion results are compared with the experimental data to 
verify the proposed model. 

2 Physical tests for confidence 

A high-speed camera is used to obtain arc information 
through videos with high temporal and spatial resolu-
tion. To make this possible, the spark gaps are modified 
to make the inner processes optically accessible. These 
preparations are carried out without affecting the func-
tionality of the equipment to ensure comparability. In 
addition to the high-speed camera, various lenses, op-
tical filters and evaluation software are used to obtain 
information. This enables examinations of the general 
arc behaviour, the contour of the arc, and the arc root 
movement. This experimental method can be used for 
validation of digital spark gap results. 
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Abstract 

The market requirements for surge protection devices (SPD) call for improvements of their technical parameters, 
characterized by; higher impulse currents, higher short-circuit currents and at the same time reduced size. This 
leads to a significantly increased level of complexity for the tools used in design, simulation, and production. 
Another very crucial business aspect is time to market, forcing shorter development cycles. Implementing the SPD 
digital prototyping workflow into design cycle reduces both the development time and development costs. This 
paper presents virtual spark gap model development steps and simulation results of the real physical processes 
occurring in a spark gap-based SPD device. The virtual spark gap simulation is based on the full compressible 
Navier-Stokes equations, the energy conservation law, the radiation heat transfer and Maxwell equations. Presented 
simulation results include arc behaviour, gas flow dynamics and electromagnetic forces. The results are validated 
using a high-speed camera for arc visualization and compared with experimental data. This virtual simulation 
technology shows the ability for the further increase of product reliability, performance and size optimization. 

1 Introduction and background 

To ensure high quality products, it is necessary to con-
sider market requirements, which are constantly be-
coming more complex for SPD products. In line with 
market trends, performance characteristics, such as im-
pulse and short-circuit currents, are becoming higher 
and the size of the product needs to get smaller. These 
requirements force the design team to increase their ef-
forts to add more physical design loops in the SPD 
standard development process, see Fig. 1a. In each loop 
of the standard workflow, a physical test must be exe-
cuted at the laboratory. This is a very time-consuming 
process and puts a lot of strain on expensive and highly 
loaded laboratory resources. The digital prototyping is 
an ideal concept to reduce these efforts.  

Fig. 1 Product design process and comparison of the 
SPD standard workflow (a) with the SPD digital work-
flow (b). 

The SPD digital workflow (Fig. 1b) is based on virtual 
testing, which includes design and downstream com-
puter-aided engineering (CAE) simulation. Computer 
simulation enables product optimization without the 
need for physical tests in the laboratory. Physical tests 
are only necessary to ensure confidence in the final de-
sign. Comparison of the digital workflow with the 
standard workflow (see Fig.1) shows that the digital 
process can reduce the time required for product devel-
opment and provide significant cost savings. 
The content of this paper is focused on the SPD digital 
prototyping based on spark gaps. Modern lightning and 
overvoltage arresters are mainly integrated into low-
voltage installations, such as DIN-rail devices. SPD de-
vices are installed directly at the entry point of the 
power and data lines onto the building or installations. 
These devices provide potential equalization and pro-
tection of electrical and electronic equipment against 
high-energy, conducted and field-based interference. 
After the lightning current arrester has operated due to 
an overvoltage, impulse currents flow to earth. In case 
of spark-gap-based lightning current arresters, an arc 
discharge occurs, and the separation gap is ionized. The 
impulse current is followed by the mains current con-
trolled by the mains voltage. Spark gaps with arc split-
ters or deionization chambers have a high follow cur-
rent extinguishing capability and follow current limita-
tion in case of both alternating and direct currents. The 
important requirements for modern lightning protec-
tion systems [1, 2] are divided into the following main 
topics. SPD devices must be able to safely extinguish 
the prospective short-circuit current in the system sev-
eral times. Effective encapsulation of arresters is re-
quired to prevent the release of hazardous ionized 
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2.1 Spark gap effects 

 
The high-speed camera captures the events with the 
voltage and current development over time. Fig. 3 de-
picts the comparison of two measurements with the 
same parameters. The current pulse with I8/20 = 500 A 
is used for ignition. The prospective short-circuit cur-
rent has the same value Ip = 500 A. The red (dashed) 
curve shows good behaviour, whereas the blue curve 
shows a re-ignition event. As a result, there is a drop in 
the spark gap voltage and a plateau in the arc current. 

Fig. 3 Comparison of two measurements. 

Additionally, this event is recorded with the high-speed 
camera at the resolution of 336 x 240 px, the framerate 
of 15 kfps, and the exposure time of 1 µs. By using the 
camera’s trigger signal, the recorded frames can be as-
signed to the correct position in the timeline, and thus 
it is possible to observe where the arc is before and af-
ter the re-ignition event (Fig.4). 

Fig. 4 Visualization of the re-ignition event by frame 
assignment. 

However, such recordings are not able to deliver the 
physical parameters – e.g. temperature or pressure – 

that lead to spark gap effects like this. In the previous 
example, the re-ignition leads to an increase in specific 
let-through energy of 13 %. Re-ignition events at cur-
rent rise can even cause a much higher energy the spark 
gap has to handle. Hence, understanding spark gap ef-
fects is highly relevant for product development as they 
strongly influence the physical parameters of the de-
vice. Digital prototyping offers a possibility to obtain 
this understanding. 

3 Spark gap digital workflow 

3.1 Numerical model 

CFD code FlowVision is used for the simulating arc ig-
nition, propagation and splitting in the surge protection 
devices. The software provides automatic mesh gener-
ation with local adaptation based on the sub-grid ge-
ometry resolution method (SGGR) [9]. The numerical 
method for calculating the Navier-Stokes equations is 
based on the finite volume method (FVM) and solves 
flows with any Mach number in the computational do-
main [10]. Moreover, this software includes the paral-
lel code architecture with mixed parallelism - simulta-
neously shared and distributive memory. 

3.1.1 Governing equations 

The arc phenomenon in gas is characterised by the 
wide range of physical effects. The most important of 
these are such as shock waves, ionisation, gas flow 
with transonic and supersonic velocities, radiation and 
conjugate heat exchange, the formation of a magnetic 
field and the generation of pondermotive and Lorentz 
forces [12]. These physical effects are described by the 
following system of governing equations. 
Mass conservative law (continuity equation): 

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

+ ∇ ∙ (𝜕𝜕𝜕𝜕𝐕𝐕𝐕𝐕) = 0. (1) 

Moment conservation law (Navier-Stokes equation): 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑽𝑽𝑽𝑽
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

+ 𝛻𝛻𝛻𝛻 · (𝜕𝜕𝜕𝜕𝑽𝑽𝑽𝑽⊗ 𝑽𝑽𝑽𝑽) = −𝛻𝛻𝛻𝛻𝑃𝑃𝑃𝑃 + 𝛻𝛻𝛻𝛻 · 𝝉𝝉𝝉𝝉
∧

+ 𝑭𝑭𝑭𝑭𝐿𝐿𝐿𝐿. (2) 

Energy conservation law:  
𝜕𝜕𝜕𝜕(𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

+ 𝛻𝛻𝛻𝛻 · (𝜕𝜕𝜕𝜕𝑽𝑽𝑽𝑽𝜌𝜌𝜌𝜌) =
𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

+ 𝑄𝑄𝑄𝑄𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟 + 

𝑄𝑄𝑄𝑄𝐽𝐽𝐽𝐽𝑜𝑜𝐽𝐽𝐽𝐽𝑃𝑃𝑚𝑚𝑚𝑚 +  𝛻𝛻𝛻𝛻 · �
𝜆𝜆𝜆𝜆
𝐶𝐶𝐶𝐶𝑝𝑝
�𝛻𝛻𝛻𝛻𝜌𝜌𝜌𝜌 − 𝑽𝑽𝑽𝑽(𝛻𝛻𝛻𝛻 · 𝑽𝑽𝑽𝑽)��, 

(3) 

here 𝝉𝝉𝝉𝝉
∧

= 𝜇𝜇𝜇𝜇 �2𝑺𝑺𝑺𝑺
∧
− 2

3
(𝛻𝛻𝛻𝛻 · 𝑽𝑽𝑽𝑽)𝑰𝑰𝑰𝑰

∧
� is the viscous stress ten-

sor, ρ is the density, t is the time, V is the gas velocity, 
P is the pressure, H is the total enthalpy, µ is the vis-

cosity, 𝑺𝑺𝑺𝑺
∧
 is the shear rate tensor,  𝑆𝑆𝑆𝑆ij = 𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗
+

𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝑗𝑗𝑗𝑗
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖

 and 𝑰𝑰𝑰𝑰
∧
 

– the unit tensor. 
The Maxwell steady-state equations for magnetic and 
electric fields at low magnetic Reynolds numbers and 
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for electroneutral media has the form shown in the be-
low equations. 
Electric charge conservation law (electric current con-
tinuity): 

𝛻𝛻𝛻𝛻 · 𝒋𝒋𝒋𝒋 = 0. (4) 
The equation for magnetic induction, induced by elec-
trical current: 

𝛻𝛻𝛻𝛻 × 𝑯𝑯𝑯𝑯 =  𝒋𝒋𝒋𝒋. (5) 
Gauss law (no magnetic charges):  

𝛻𝛻𝛻𝛻 · 𝑩𝑩𝑩𝑩 = 0. (6) 
Electric current density 𝒋𝒋𝒋𝒋 is specified by Ohm’s law 
and Hall effect 

𝒋𝒋𝒋𝒋 = 𝜎𝜎(𝑬𝑬𝑬𝑬 + 𝑽𝑽𝑽𝑽 × (𝑩𝑩𝑩𝑩 + 𝑩𝑩𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆)), (7) 
where 𝑬𝑬𝑬𝑬 is the electric field strength and 𝜎𝜎 is the con-
ductivity. Magnetic induction 𝑩𝑩𝑩𝑩 and magnetic field 
strength 𝑯𝑯𝑯𝑯 are linked by the material condition 

𝑩𝑩𝑩𝑩 = 𝜇𝜇𝜇𝜇𝑃𝑃𝑯𝑯𝑯𝑯, (8) 
where 𝜇𝜇𝜇𝜇𝑃𝑃 is the absolute magnetic permeability. Exter-
nal magnetic field 𝑩𝑩𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 is an artificial magnetic field 
that is not simulated but can be set up.  
For solving the equations (4-7), the electrical potential 
𝜙𝜙𝜙𝜙 and the magnetic vector potential 𝑨𝑨𝑨𝑨 are represented 
as 

𝑬𝑬𝑬𝑬 = −∇𝜙𝜙𝜙𝜙, (9) 

𝑩𝑩𝑩𝑩 = 𝛻𝛻𝛻𝛻 × 𝑨𝑨𝑨𝑨. (10) 
Substituting (9-10) into (4-7), the equations for the 
electric potential can be written in the form 
−𝛻𝛻𝛻𝛻 · (𝜎𝜎𝛻𝛻𝛻𝛻𝜙𝜙𝜙𝜙) + 𝛻𝛻𝛻𝛻 · 𝜎𝜎(𝑽𝑽𝑽𝑽 × (𝑩𝑩𝑩𝑩 + 𝑩𝑩𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆)) = 0 (11) 

and for the magnetic potential 

𝛻𝛻𝛻𝛻 × �
1
𝜇𝜇𝜇𝜇𝑃𝑃
𝛻𝛻𝛻𝛻 × 𝑨𝑨𝑨𝑨� = 𝒋𝒋𝒋𝒋 (12) 

The electric force for the equation (2) is defined by Lo-
rentz and the pondermotive forces 

𝑭𝑭𝑭𝑭𝑳𝑳𝑳𝑳 = 𝒋𝒋𝒋𝒋 × 𝑩𝑩𝑩𝑩 −
1

8𝜋𝜋𝜋𝜋
𝑬𝑬𝑬𝑬2∇𝜀𝜀𝜀𝜀 (13) 

here 𝜀𝜀𝜀𝜀 is the dielectric permeability of the media. Joule 
heating in the equation (3) is calculated by  

𝑄𝑄𝑄𝑄𝐽𝐽𝐽𝐽𝑜𝑜𝐽𝐽𝐽𝐽𝑃𝑃𝑚𝑚𝑚𝑚 = 𝒋𝒋𝒋𝒋 · 𝑬𝑬𝑬𝑬. (14) 
For the modeling the heat transfer by radiation, so-
called P1 model is used 

∇ �−
4
3

1
𝛼𝛼𝛼𝛼 + 𝛽𝛽𝛽𝛽

∇𝐸𝐸𝑟𝑟𝑟𝑟� = 4𝛼𝛼𝛼𝛼(𝜎𝜎𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟Т4 − 𝐸𝐸𝑟𝑟𝑟𝑟), (15) 

where 𝜎𝜎𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟 is Stefan-Boltzmann constant, T – the tem-
perature, 𝐸𝐸𝑟𝑟𝑟𝑟 – the radiation energy density, 𝛼𝛼𝛼𝛼 and 𝛽𝛽𝛽𝛽 are 
the absorption and scattering coefficients for medium. 
The radiation term in the energy equation (3) equals 

𝑄𝑄𝑄𝑄𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟 = 4𝛼𝛼𝛼𝛼𝑛𝑛2(𝐸𝐸𝑟𝑟𝑟𝑟 − 𝜎𝜎𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟Т4) (16) 
and n is the refraction index.  
Usually this whole system of governing equations is 
solved in separate codes [4, 5, 6, 7, 8] - the hydrody-
namic subsystem (1-4) and (15) in CFD codes, and the 
Maxwell equation subsystem (11-12) in other codes. In 
this work, all systems are solved simultaneously in one 
code on the same computational mesh. This approach 
provides more stable solution due to the possibility of 

using the method of Newton iterations to solve all 
strongly coupled governing systems.  

3.1.2 Modified arc root model 

In a thin layer of plasma near the metal (anode or cath-
ode), the condition of plasma electroneutrality is vio-
lated. Shielding of the interface with charges leads to a 
voltage jump at the metal-plasma interface with non-
linear current density-voltage characteristics [5]. Fig.5 
shows typical current density-voltage characteristics. 

Fig. 5 Current density-voltage characteristics of the 
electric potential drop between plasma and metal. 

As a usual, voltage drop is modelled by introducing an 
effective electrical conductivity [4, 5, 8] in a cell adja-
cent to the metal surface. This approach leads to a 
mesh-dependent solution, the current along the surface 
could be different than in the real case. In this paper, 
special boundary conditions are implemented. In this 
case it is assumed that the layer of voltage drop is very 
thin and can be neglected. Consider the interface be-
tween two substances with the voltage drop U2 and U1 
from the left and right sides of the interface (Fig.6).  

Fig. 6 Schematic diagram of the voltage drop model 

Values 𝜑𝜑𝜑𝜑𝑃𝑃 ,𝑦𝑦𝑦𝑦𝑃𝑃 ,𝜎𝜎𝑃𝑃 in Fig. 6 are the electric potential, the 
distance from the interface and the conductivity for 
points i = 1, 2 near both sides of the interface. Accord-
ing to the continuity condition of the normal current 
density to the interface it leads to 

𝑗𝑗𝑗𝑗𝑛𝑛 = 𝜎𝜎1
𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤1 − 𝜑𝜑𝜑𝜑1

𝑦𝑦𝑦𝑦1
= 𝜎𝜎2

𝜑𝜑𝜑𝜑2 − 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤2
𝑦𝑦𝑦𝑦2

, (17) 

where 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤1 = 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤 + 𝑈𝑈𝑈𝑈1 and 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤2 = 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤 − 𝑈𝑈𝑈𝑈2.  
For the equation (11) the boundary values 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤1 and 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤2 
can easily be found, where U1 and U2 are the nonlinear 
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2.1 Spark gap effects 

 
The high-speed camera captures the events with the 
voltage and current development over time. Fig. 3 de-
picts the comparison of two measurements with the 
same parameters. The current pulse with I8/20 = 500 A 
is used for ignition. The prospective short-circuit cur-
rent has the same value Ip = 500 A. The red (dashed) 
curve shows good behaviour, whereas the blue curve 
shows a re-ignition event. As a result, there is a drop in 
the spark gap voltage and a plateau in the arc current. 

Fig. 3 Comparison of two measurements. 

Additionally, this event is recorded with the high-speed 
camera at the resolution of 336 x 240 px, the framerate 
of 15 kfps, and the exposure time of 1 µs. By using the 
camera’s trigger signal, the recorded frames can be as-
signed to the correct position in the timeline, and thus 
it is possible to observe where the arc is before and af-
ter the re-ignition event (Fig.4). 

Fig. 4 Visualization of the re-ignition event by frame 
assignment. 

However, such recordings are not able to deliver the 
physical parameters – e.g. temperature or pressure – 

that lead to spark gap effects like this. In the previous 
example, the re-ignition leads to an increase in specific 
let-through energy of 13 %. Re-ignition events at cur-
rent rise can even cause a much higher energy the spark 
gap has to handle. Hence, understanding spark gap ef-
fects is highly relevant for product development as they 
strongly influence the physical parameters of the de-
vice. Digital prototyping offers a possibility to obtain 
this understanding. 

3 Spark gap digital workflow 

3.1 Numerical model 

CFD code FlowVision is used for the simulating arc ig-
nition, propagation and splitting in the surge protection 
devices. The software provides automatic mesh gener-
ation with local adaptation based on the sub-grid ge-
ometry resolution method (SGGR) [9]. The numerical 
method for calculating the Navier-Stokes equations is 
based on the finite volume method (FVM) and solves 
flows with any Mach number in the computational do-
main [10]. Moreover, this software includes the paral-
lel code architecture with mixed parallelism - simulta-
neously shared and distributive memory. 

3.1.1 Governing equations 

The arc phenomenon in gas is characterised by the 
wide range of physical effects. The most important of 
these are such as shock waves, ionisation, gas flow 
with transonic and supersonic velocities, radiation and 
conjugate heat exchange, the formation of a magnetic 
field and the generation of pondermotive and Lorentz 
forces [12]. These physical effects are described by the 
following system of governing equations. 
Mass conservative law (continuity equation): 

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

+ ∇ ∙ (𝜕𝜕𝜕𝜕𝐕𝐕𝐕𝐕) = 0. (1) 

Moment conservation law (Navier-Stokes equation): 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑽𝑽𝑽𝑽
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

+ 𝛻𝛻𝛻𝛻 · (𝜕𝜕𝜕𝜕𝑽𝑽𝑽𝑽⊗ 𝑽𝑽𝑽𝑽) = −𝛻𝛻𝛻𝛻𝑃𝑃𝑃𝑃 + 𝛻𝛻𝛻𝛻 · 𝝉𝝉𝝉𝝉
∧

+ 𝑭𝑭𝑭𝑭𝐿𝐿𝐿𝐿. (2) 

Energy conservation law:  
𝜕𝜕𝜕𝜕(𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

+ 𝛻𝛻𝛻𝛻 · (𝜕𝜕𝜕𝜕𝑽𝑽𝑽𝑽𝜌𝜌𝜌𝜌) =
𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

+ 𝑄𝑄𝑄𝑄𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟 + 

𝑄𝑄𝑄𝑄𝐽𝐽𝐽𝐽𝑜𝑜𝐽𝐽𝐽𝐽𝑃𝑃𝑚𝑚𝑚𝑚 +  𝛻𝛻𝛻𝛻 · �
𝜆𝜆𝜆𝜆
𝐶𝐶𝐶𝐶𝑝𝑝
�𝛻𝛻𝛻𝛻𝜌𝜌𝜌𝜌 − 𝑽𝑽𝑽𝑽(𝛻𝛻𝛻𝛻 · 𝑽𝑽𝑽𝑽)��, 

(3) 

here 𝝉𝝉𝝉𝝉
∧

= 𝜇𝜇𝜇𝜇 �2𝑺𝑺𝑺𝑺
∧
− 2

3
(𝛻𝛻𝛻𝛻 · 𝑽𝑽𝑽𝑽)𝑰𝑰𝑰𝑰

∧
� is the viscous stress ten-

sor, ρ is the density, t is the time, V is the gas velocity, 
P is the pressure, H is the total enthalpy, µ is the vis-

cosity, 𝑺𝑺𝑺𝑺
∧
 is the shear rate tensor,  𝑆𝑆𝑆𝑆ij = 𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗
+

𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝑗𝑗𝑗𝑗
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖

 and 𝑰𝑰𝑰𝑰
∧
 

– the unit tensor. 
The Maxwell steady-state equations for magnetic and 
electric fields at low magnetic Reynolds numbers and 
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functions of the current density. The calculation of 
electric potential is done in two steps. Firstly, the nor-
mal current density to the interface is calculated from 
the previous time step and use for calculating the volt-
age drop and 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤1. After that, the equation (11) is cal-
culated. For stabilization and accuracy of the simula-
tion, some iterations of these steps can be required. 

3.2 Design 

Two SPD designs are investigated in this work using 
digital spark gap prototyping. A goal of the study is to 
compare functionality of these different designs. 

Fig. 7 SPD designs: (a) without gas circulation and 
(b) with gas circulation. 

Fig. 8 Simulation model: (a) initial and boundary 
conditions and (b) computational grid. 

As shown in Fig. 7, each geometry consists of two di-
verging electrodes in the horn and asymmetrical shapes 
and 16 splitter plates with the V-shaped recess. There 
is a difference between these two designs. The second 
geometry includes a channel for gas circulation 
through the upper electrode, as shown in Fig. 7b.  

The upper electrode has openings so that the hot gas 
from the arc zone flows through the electrode into the 
special gas channel and back into the arc zone. Com-
pared to the second geometry, the first design (Fig. 7a) 
has no circulation zone inside and the upper electrode 
is closed, has no openings. Fig. 8a describes the simu-
lation model, initial and boundary conditions.  
The SPD design (Fig. 7b) is imported into the MHD 
simulation domain, where the thermodynamic and 
transport properties of the air plasma, the material 
properties of copper for the electrodes and steel for the 
splitter plates are considered. These properties are 
given in the literature [4, 5]. In addition, the splitter 
plates include non-linear ferromagnetic properties 
(µa>1) for steel. The geometry takes the position in the 
centre of a large air box. It is assumed that the magnetic 
field induced by the electrical arc vanishes on the faces 
of this box. The additional volume to the magnetic field 
can be estimated according to the approximation that 
the magnetic field strength around the current-carrying 
conductor decreases outwards by 1/r [4]. The spark gap 
simulation includes heat transfer and electromagnetic 
conjugation between plasma, electrodes, splitter plates 
and air. At plasma-solid interfaces, the voltage drop is 
specified as a function of the current density (Fig.5). 
The cathode roots are treated with the ignition voltage 
of 22.3 V at the current density of 130 kA/m2 and the 
anode roots have the ignition with 19.6 V at 13 kA/m2, 
whereby the anode is positive and the cathode negative. 
The modified arc root model is applied here.  
Reference temperature of 300 K and reference pressure 
of 101325 Pa are specified as initial conditions. The ig-
nition of impulse current is not simulated directly in 
this work. Instead, the arc ignition is carried out by set-
ting the initial temperature 9700 K at the ignition point 
(Fig. 8a red cylinder) with radius 0.5 mm and thus the 
corresponding electrical conductivity. The external 
magnetic field (-0.05, 0, 0) T is applied in the arc run 
area. The resulting force acts in addition to the Lorentz 
force and accelerates the arc from the ignition position 
in the y-direction. This force accelerates the arc of the 
mains-frequency current in roughly the same way as 
the impulse current 8/20 µs with 10 kA. The spark gap 
is applied to the voltage of 230 V with the prospective 
current of 3.7 kA and ignited with the impulse current 
at the phase angle of 90 °. These current characteristics 
are used in the presented spark gap prototyping ap-
proach and the input current corresponds to the exper-
imental values according to Fig. 9. The shape of the 
outlets in the virtual tests are simplified for both de-
signs and the free outlet boundary is used. The pre-
sented MHD model is solving on one computational 
domain. The computational grid is unstructured mesh 
with about 1.3 mln. cells, where the maximum cell 
edge size is 6 mm and the minimum size is 0.25 mm. 

(a) Design A (b) Design B 
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Fig. 9 Comparison of measured and calculated voltage and current.  

Fig. 10 Velocity distribution (vectors) visualises gas circulation and current density isosurface (1.5x107 A/m2) 
shows arc shape in time for Design A and Design B.  
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functions of the current density. The calculation of 
electric potential is done in two steps. Firstly, the nor-
mal current density to the interface is calculated from 
the previous time step and use for calculating the volt-
age drop and 𝜑𝜑𝜑𝜑𝑤𝑤𝑤𝑤1. After that, the equation (11) is cal-
culated. For stabilization and accuracy of the simula-
tion, some iterations of these steps can be required. 

3.2 Design 

Two SPD designs are investigated in this work using 
digital spark gap prototyping. A goal of the study is to 
compare functionality of these different designs. 

Fig. 7 SPD designs: (a) without gas circulation and 
(b) with gas circulation. 

Fig. 8 Simulation model: (a) initial and boundary 
conditions and (b) computational grid. 

As shown in Fig. 7, each geometry consists of two di-
verging electrodes in the horn and asymmetrical shapes 
and 16 splitter plates with the V-shaped recess. There 
is a difference between these two designs. The second 
geometry includes a channel for gas circulation 
through the upper electrode, as shown in Fig. 7b.  

The upper electrode has openings so that the hot gas 
from the arc zone flows through the electrode into the 
special gas channel and back into the arc zone. Com-
pared to the second geometry, the first design (Fig. 7a) 
has no circulation zone inside and the upper electrode 
is closed, has no openings. Fig. 8a describes the simu-
lation model, initial and boundary conditions.  
The SPD design (Fig. 7b) is imported into the MHD 
simulation domain, where the thermodynamic and 
transport properties of the air plasma, the material 
properties of copper for the electrodes and steel for the 
splitter plates are considered. These properties are 
given in the literature [4, 5]. In addition, the splitter 
plates include non-linear ferromagnetic properties 
(µa>1) for steel. The geometry takes the position in the 
centre of a large air box. It is assumed that the magnetic 
field induced by the electrical arc vanishes on the faces 
of this box. The additional volume to the magnetic field 
can be estimated according to the approximation that 
the magnetic field strength around the current-carrying 
conductor decreases outwards by 1/r [4]. The spark gap 
simulation includes heat transfer and electromagnetic 
conjugation between plasma, electrodes, splitter plates 
and air. At plasma-solid interfaces, the voltage drop is 
specified as a function of the current density (Fig.5). 
The cathode roots are treated with the ignition voltage 
of 22.3 V at the current density of 130 kA/m2 and the 
anode roots have the ignition with 19.6 V at 13 kA/m2, 
whereby the anode is positive and the cathode negative. 
The modified arc root model is applied here.  
Reference temperature of 300 K and reference pressure 
of 101325 Pa are specified as initial conditions. The ig-
nition of impulse current is not simulated directly in 
this work. Instead, the arc ignition is carried out by set-
ting the initial temperature 9700 K at the ignition point 
(Fig. 8a red cylinder) with radius 0.5 mm and thus the 
corresponding electrical conductivity. The external 
magnetic field (-0.05, 0, 0) T is applied in the arc run 
area. The resulting force acts in addition to the Lorentz 
force and accelerates the arc from the ignition position 
in the y-direction. This force accelerates the arc of the 
mains-frequency current in roughly the same way as 
the impulse current 8/20 µs with 10 kA. The spark gap 
is applied to the voltage of 230 V with the prospective 
current of 3.7 kA and ignited with the impulse current 
at the phase angle of 90 °. These current characteristics 
are used in the presented spark gap prototyping ap-
proach and the input current corresponds to the exper-
imental values according to Fig. 9. The shape of the 
outlets in the virtual tests are simplified for both de-
signs and the free outlet boundary is used. The pre-
sented MHD model is solving on one computational 
domain. The computational grid is unstructured mesh 
with about 1.3 mln. cells, where the maximum cell 
edge size is 6 mm and the minimum size is 0.25 mm. 
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Fig. 11 Temperature distribution in time for Design A and Design B. 

4 Results 

As shown in Fig. 7, two SPD designs differ in the shape 
of the upper electrode. Design B has holes in the upper 
electrode, allowing the gas to circulate inside the SPD 
product. Design A has no circulation due to the closed 
electrode shape and the gas cannot flow into the circu-
lation channel. 
In Fig. 9, the calculated arc voltages for Design A and 
Design B are compared to the measurement values. 
The measurement was carried out on Design B. The arc 
movement visualization at time steps 205, 310, 349 and 
410 µs, as shown in Fig. 10, is used to analyse the volt-
age profiles for the virtual and physical tests in Fig. 9 
in detail. The results for A and B show that the arc 
movement process towards the splitter plates takes 
about 310 µs. Between 310-349 µs, the arc for Design 
B starts to split on the plates and spreads through these 
plates from about 400 µs. Compared to the experiment 
(Fig. 9), the results for Design B are in good agreement 
with the voltage measurement values.  
Additionally, the simulation results for Design B show 
the gas circulation over time (Fig. 10). The velocity 
visualisation at time 349 µs demonstrates that the gas 
flows back into the arc area and accelerates the arc 
splitting process, see Fig. 10 (Zoom into Design B). 
According to Design A without circulation at time 349 
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them. In this case, the gas acceleration behind the arc 
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jumps back deep into the arc area and re-ignition ef-
fects are observed. The position and shape of the re-
ignited arc at 410 µs agree well with the high-speed 
camera image in Fig. 4b. The re-ignition affects the 
voltage profiles as it is shown in the experimental curve 
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5 Conclusion 

In this paper, two SPD designs were investigated using 
the developed digital spark gap prototyping model. The 
following conclusions can be drawn. The virtual spark 
gap model based on the 3D MHD approach and the 
modified arc root model has been implemented and 
validated. The presented MHD model works on one 
computational domain using FVM. The arc root model 
is based on boundary conditions, which leads to mesh-
independent solution. The investigation of two SPD de-
signs has shown that gas circulation within the spark 
gap helps to cool the temperature behind the arc, accel-
erate the arc splitting process and prevent re-ignition. 
The virtual test with the SPD design including gas cir-
culation agrees well with the experiment, where arc 
movement and arc splitting are completed. Thus, this 
design fully satisfies the spark gap requirements. Based 
on these results, the presented virtual spark gap tech-
nology has great potential for further increasing prod-
uct reliability, performance and size optimisation.  
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Numerical arc simulations of radiatively-induced PMMA nozzle wall
ablation
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Abstract

An axially-blown arc in a PMMA nozzle is analyzed with numerical simulations. Previous experiments showed
that wall ablation is observed for current values larger than a threshold and absent otherwise, and it has recently
been found that PMMA is optically thick in the ultraviolet (UV) frequency range. An appropriate definition of
radiation bands for the UV range has recently been published that allows for evaluating irradiance on the nozzle
surface. In this contribution, it is shown that copper vapor affects the spatial temperature profile of the arc column
and increases wall irradiance towards the upstream nozzle section. A caloric estimate for radiation-induced wall
ablation is presented, which sheds some light on the experimental findings.

1 Introduction
An axially-blown electrical arc is considered in a
convergent-divergent nozzle made of PMMA (poly-
methyl methacrylate). The experimental setup was de-
veloped as the main functional element for a cost-
efficient design of a high voltage direct current (HVDC)
circuit breaker. [13] Subsequent work analyzed the elec-
tric field in the nozzle. [2, 3] In [4] it was found that the
amount of ablated wall material was related to the dif-
ferential resistance, and mass loss of the PMMA nozzle
was measured only for currents larger than 350A. How-
ever, the effect could not be explained by the measure-
ments due to many unknown factors.
The experimental setup was investigated by numer-

ical simulations in a magneto-hydrodynamic (MHD)
framework focusing on the gas flow conditions and the
energy budget. [5] The numerical results agreed rea-
sonably with previous measurements although the solid
bodies were modeled as adiabatic, and wall ablation as
well as electrode erosion were neglected. It was found
that the arc column is surrounded by a cold gas layer,
so that the experimentally observed wall ablation must
be due to radiative heat transfer from the plasma to the
nozzle surface.
Recent work focused on radiative properties of poly-

mers that are required for arc simulations. [1] It was
found that PMMA is transparent in the visible range but
opaque in the ultraviolet (UV) range, that is, for wave-
lengths shorter than 420 nm. Moreover, band-averaged
absorption coefficients have been reported that are a key
input for numerical simulations of electrical arcs.
This study is aimed at refining the numerical

model [5] towards the experimentally measured re-
sults [4]. For that, copper vapor due to electrode erosion
shall be included and tested for its effect on observable
quantities by a parametric study. Moreover, the process

of wall irradiation and its ablation shall be investigated,
based on the recent findings of radiative properties of
PMMA.
The paper is structured as follows. Section 2 de-

scribes the model and the effects included in this numer-
ical analysis. It also presents an estimate for a minimum
irradiance required such that wall ablation is observable.
The results are presented in section 3, by comparing arc
voltage to measured values and the effects of copper ero-
sion on the temperature distribution along the arc axis.
We also show the irradiation on the nozzle wall for the
UV range. Conclusions are summarized in section 4.

2 Numerical Model

2.1 Geometry

The geometric setup is taken from [4] and described in
the following using the nozzle throat and its axis as a ref-
erence (see figure 1). The inlet section has a radius of
Rin = 25mm. The nozzle has conical sections of 70mm
length with half-angles 15◦ upstream and 10◦ down-
stream, respectively. The throat radius is Rth = 10mm
and connects the two sections with a rounded edge of
radius 10mm. Copper rods are used as electrodes with
5mm diameter and inserted into the nozzle axially at
positions xA = −30mm and xB = 50mm. The inlet is
located at x = −230mm and the outlet at x = 300mm.
The geometry allows to perform this study with axial
symmetry.
The computational domain has a radius of 100mm

and it is discretized with polyhedral cells. The grid is
refined between the electrode tips to a size of 0.25mm.
The downstream section is refined well beyond the noz-
zle exit with cell diameters of 0.5mm to resolve the
shock fronts appropriately. Prism layers are specified on
all body interfaces to ensure a perpendicular mesh, since
this helps to ensure convergence of the electric potential
solver; their height is specified to be 0.1mm.
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Figure 1: Axisymmetric view of the PMMA nozzle and
electrodes.

2.2 Model equations and framework

The aim of this study is to evaluate thermal irradiation
on the nozzle surface that is exposed to the electrical arc.
Therefore, we are looking for a numerical and coupled
solution in steady state of the Navier-Stokes equations
for gas flow, Maxwell’s equations for electromagnetism,
and the radiative transfer equation accounting for radia-
tive heat transfer. The model is implemented in the nu-
merical framework of Simcenter STAR-CCM+ (version
2019.3.1) [12].
Because the arc is located at the symmetry axis, the

magnetic field has a negligible effect and is discarded; as
a consequence, the electromagnetic equations reduce to
the Gauss law for electric field. The upstream electrode
(cathode) is stressed with a current value I, while the
downstream electrode (anode) is fixed to zero potential.
The electrical conductivity of the plasma is character-
ized by temperature, pressure, and copper mass fraction,
and provided to the software in tabulated format.
The inlet pressure p= 8.4bar is specified in absolute

scale and the outlet pressure is set to ambient conditions.
This results in supersonic flow conditions downstream
of the nozzle throat, and shock fronts will form at the
anode tip and nozzle exit. Turbulent flow conditions are
accounted for by the standard k-ε model. Ohmic heating
is included as energy source term. The thermodynamic
and transport properties of air-copper plasma were pro-
vided by Murphy. [8, 9]
The radiative transfer equation is solved numerically

by the Discrete Ordinate Method. The frequency do-
main is discretized into bands (see table 1) according to
the ionisation energy levels of atomic nitrogen (see [11])
and the UV frequency band definitons in [1]. Mean ab-
sorption coefficients are computed from spectral data
provided by Kloc [6] with Planck-averaging in each
band, and supplied to the software in tabulated format
and as functions of temperature, pressure, and copper
mass fractions (see figure 2).
A detailed model would account for heat conduction

from the plasma to the solid bodies, their erosion, and
also include an arc root model for the detailed physics
at the plasma-electrode interface (see, e.g., [11]). How-
ever, as we are looking for a steady state solution, the
thermal inertia is discarded which would lead ultimately
to solid bodies at evaporation temperature. This situa-
tion is resolved and simplified: the electrodes are ex-
cluded from the energy balance and adiabatic boundary
conditions applied. Nevertheless, we account for elec-
trode erosion with a mass species source term Φ = g j

Band λl/µm λu/µm Radiation category
1 30000.0 4542.3

IR2 4542.3 856.5
3 856.5 700.0
4 700.0 420.0 Visible
5 420.0 290.0

UV

6 290.0 194.7
7 194.7 113.1
8 113.1 102.0
9 102.0 85.2

10 85.2 30.0

Table 1: Definition of radiation band boundaries.
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Figure 2: Mean absorption coefficients at 8 bar and for
copper mass fraction 0% (above) and 10% (below).

Numerical arc simulations of radiatively-induced PMMA nozzle wall
ablation

Roman Fuchs, HSR University of Applied Sciences Rapperswil,
IET Institute for Energy Technology, Rapperswil, Switzerland, rfuchs@hsr.ch

Abstract

An axially-blown arc in a PMMA nozzle is analyzed with numerical simulations. Previous experiments showed
that wall ablation is observed for current values larger than a threshold and absent otherwise, and it has recently
been found that PMMA is optically thick in the ultraviolet (UV) frequency range. An appropriate definition of
radiation bands for the UV range has recently been published that allows for evaluating irradiance on the nozzle
surface. In this contribution, it is shown that copper vapor affects the spatial temperature profile of the arc column
and increases wall irradiance towards the upstream nozzle section. A caloric estimate for radiation-induced wall
ablation is presented, which sheds some light on the experimental findings.

1 Introduction
An axially-blown electrical arc is considered in a
convergent-divergent nozzle made of PMMA (poly-
methyl methacrylate). The experimental setup was de-
veloped as the main functional element for a cost-
efficient design of a high voltage direct current (HVDC)
circuit breaker. [13] Subsequent work analyzed the elec-
tric field in the nozzle. [2, 3] In [4] it was found that the
amount of ablated wall material was related to the dif-
ferential resistance, and mass loss of the PMMA nozzle
was measured only for currents larger than 350A. How-
ever, the effect could not be explained by the measure-
ments due to many unknown factors.
The experimental setup was investigated by numer-

ical simulations in a magneto-hydrodynamic (MHD)
framework focusing on the gas flow conditions and the
energy budget. [5] The numerical results agreed rea-
sonably with previous measurements although the solid
bodies were modeled as adiabatic, and wall ablation as
well as electrode erosion were neglected. It was found
that the arc column is surrounded by a cold gas layer,
so that the experimentally observed wall ablation must
be due to radiative heat transfer from the plasma to the
nozzle surface.
Recent work focused on radiative properties of poly-

mers that are required for arc simulations. [1] It was
found that PMMA is transparent in the visible range but
opaque in the ultraviolet (UV) range, that is, for wave-
lengths shorter than 420 nm. Moreover, band-averaged
absorption coefficients have been reported that are a key
input for numerical simulations of electrical arcs.
This study is aimed at refining the numerical

model [5] towards the experimentally measured re-
sults [4]. For that, copper vapor due to electrode erosion
shall be included and tested for its effect on observable
quantities by a parametric study. Moreover, the process

of wall irradiation and its ablation shall be investigated,
based on the recent findings of radiative properties of
PMMA.
The paper is structured as follows. Section 2 de-

scribes the model and the effects included in this numer-
ical analysis. It also presents an estimate for a minimum
irradiance required such that wall ablation is observable.
The results are presented in section 3, by comparing arc
voltage to measured values and the effects of copper ero-
sion on the temperature distribution along the arc axis.
We also show the irradiation on the nozzle wall for the
UV range. Conclusions are summarized in section 4.

2 Numerical Model

2.1 Geometry

The geometric setup is taken from [4] and described in
the following using the nozzle throat and its axis as a ref-
erence (see figure 1). The inlet section has a radius of
Rin = 25mm. The nozzle has conical sections of 70mm
length with half-angles 15◦ upstream and 10◦ down-
stream, respectively. The throat radius is Rth = 10mm
and connects the two sections with a rounded edge of
radius 10mm. Copper rods are used as electrodes with
5mm diameter and inserted into the nozzle axially at
positions xA = −30mm and xB = 50mm. The inlet is
located at x = −230mm and the outlet at x = 300mm.
The geometry allows to perform this study with axial
symmetry.
The computational domain has a radius of 100mm

and it is discretized with polyhedral cells. The grid is
refined between the electrode tips to a size of 0.25mm.
The downstream section is refined well beyond the noz-
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that is proportional to current density j and a constant
erosion rate g (units: µgC−1). As in [11], the erosion
rate discriminates between anode and cathode by a fac-
tor of two: ga = 0.5gc. A drawback of this approach
is that the electrode surface temperature will be signifi-
cantly higher than copper evaporation temperature.
Similar modeling issues are observed for the nozzle

domain. The solid domain must be included in the en-
ergy balance because we aim to evaluate the irradiation
on the nozzle surface. With this aim, we set the ab-
sorption coefficient as well as the nozzle surface emis-
sivity to zero so that the body is optically transparent
and therefore heating effects are suppressed; as a con-
sequence, we do not model any evaporation of PMMA.
This aspect is justified by the recent results that those
polymer vapors have negligible effects on the total ra-
diative energy balance when exposed to high current
arcs. [1] Moreover, if ablation was included, the ablated
vapors would be transported along the nozzle surface
and likely not be mixed into the arc column. Therefore,
it would only affect the gas flow conditions which could
be mimicked by a source term for air species.
The simulations run for 1500 iterations. It takes about

1000 to 1200 iterations until the initial conditions disap-
peared and the quantities of interest converged. Despite
of the nonlinear coupling among the gas flow, electro-
magnetism and thermal radiation, the residuals system-
atically reduced by three orders of magnitudes.

2.3 Estimate on radiation-induced wall
ablation

This section presents a caloric relation on the irradiance
Ew required to heat the nozzle wall and trigger its abla-
tion in a time interval [0, t].
Let us consider a cylindrical tube with inner wall ra-

dius rw and axial length l irradiated uniformly. We also
assume that the absorption coefficient κ and mass den-
sity ρ of the tube material are given.
Let us consider the radiative intensity I(s) into the

tube wall along a straight line perpendicular to its sur-
face, with s= 0 at the inner tube wall. Moreover, let us
assume that the tube wall is cold such that its emission
is negligible. From the radiative transfer equation, we
find that the radiative intensity decays exponentially on
the scale of its optical depth τ ,

I(s) = I(0)e−τ , τ =
∫ s

0
κ(x) dx. (1)

We may assume that the absorption coefficient is con-
stant along this path, which yields τ = κs. We choose s
such that the radiative intensiy has decayed by two or-
ders of magnitude, i.e., τ = − ln(10−2) = 4.6. Using
this value for optical depth, we define the heated tube
volume as

V = πl((rw+ s)2− r2w)

= 2πl
(
rw+

1
2
s
)
s≈ Aws, (2)

assuming that the material layer thickness s is small
compared to the wall radius, and denoting the irradi-
ated wall area by Aw = 2πlrw. This volume has mass
m= ρAws, and the absorbed energy until time t is equal
to

Q= EwAwt. (3)

On the other hand, the required heat to increase the
temperaure of a mass m from ambient temperature T0 to
vaporization temperature Tv and its latent heat of evapo-
ration Lv is equal to

Q= m(∆h+Lv) , (4)

where ∆h= h(Tv)−h(T0) denotes the difference in spe-
cific enthalpy of the solid material. Therefore, the min-
imum value for wall irradiation Ew required to induce
wall ablation in time t is given by:

Ew =
Q
Awt

=
ρs
t
(h(Tv)−h(T0)+Lv) . (5)

To be specific and relate to the measurements in [4],
in which the nozzle was exposed for t = 10ms to
high current arc, we note that the mass density of
PMMA is ρ = 1.18gcm−3 and its melting temperature
Tv = 160 ◦C. We find data for the enthalpy difference
∆h= 211kJkg−1 [10] and the latent heat of evaporation
Lv = 330kJkg−1 [7], and use an absorption coefficient
κ = 1×104m−1 from the UV range [1]. With this data,
we calculate that the irradiation affects a material layer
of thickness s= 0.46mm, and a minimum irradiance for
radiatively induced ablation

Ew = 3×107Wm−2. (6)

3 Results & Conclusions
Figure 3 provides an overview of the gas flow field. It
shows the temperature field for current I = 1400A and
erosion rate gc = 40µgC−1. We see that the arc tem-
perature in the convergent section is larger than down-
stream of the throat. We observe flow expansion in the
divergent section, and the shock fronts at the anode tip
and after the nozzle exit. The increased temperature at
the cathode and upstream of the nozzle is due to ra-
diative heat transfer from the arcing zone and that we
solved for the steady state. A more detailed analysis of
the temperature in the arc column follows in figure 5.
Figure 4 shows the arc voltage as a function of cur-

rent and erosion rate. We see that the arc voltage re-
duces with arc current and agrees rather well with the
results reported in [4] for low to intermediate currents.
This is an improvement to previous numerical results [5]
which used rounded electrode tips and the k−ω turbu-
lence model, in particular for the lowest current values.
We also note that including electrode erosion leads to
slightly larger arc voltage, and its effect being more pro-
nounced as current increases.
Figure 5 shows the arc center temperature profile in

axial direction. At low currents (I ≤ 300A), we see that
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Figure 3: Temperature field for I = 1400A and
gc = 40µgC−1.
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Figure 4: Arc voltage as a function of current and ero-
sion rate.

copper vapor reduces the arc center temperature only
in a region close to the upstream electrode tip, whereas
for larger currents the temperature profile is reduced for
longer distances downstream.
The temperature profiles reveal further details that are

independent of arc current and characteristic to the gas
flow field in the nozzle. A fewmillimeters after the cath-
ode tip (x=−25mm), we note a temperature maximum;
this is due to the gas flow being directed towards the
nozzle axis enhancing effectively convective heat trans-
fer from the arc column and leading to a constricted arc
column. At x= 15mm, we note a dip in the temperature
profile which is a result of the expanding flow down-
stream of the throat. At the anode tip, we see a sharp
increase in temperature because of a bow shock that is
formed by the supersonic flow. Finally, we see that the
temperature profiles are rather uniform in the convergent
upstream section, whereas a negative slope is observed
in the downstream divergent section.
This last observation may be of interest for further

developments in the design of the geometric setup. It is
interesting to note that these findings on the temperature
profile correspond to results on the electric field, both
numerically [5] and experimentally [3].
Figure 6 shows the boundary irradiance, i.e., the ra-

diant flux received per unit area on the nozzle wall,
summed for all radiation bands with wavelengths in the
UV range (i.e., for band numbers 5 to 10). We note
that irradiance increases with electrode erosion rate. For
low currents, we see that irradiance is larger in the up-
stream section than it is downstream. For larger cur-
rents (I ≥ 500A) we discriminate on the erosion rate:
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Figure 5: Arc center temperature at axial positions.

if electrode erosion is neglected (gc = 0), we see that
irradiance is larger downstream compared to the same
distance upstream of the nozzle. On the other hand, if
electrode erosion is included (gc > 0) irradiance remains
larger in the upstream section for positions |x| ≤ 25mm.
From these findings on arc voltage, arc center temper-

ature, and boundary irradiation, we conclude that copper
vapor enhances radiative heat transfer from the plasma
column to its ambient and, as a consequence, reduces
the plasma temperature in the upstream section (see
also figure 5). Although copper-contaminated plasma
is more conductive than pure air at otherwise identical
temperatures and pressures, the total effect of reduced
arc temperature dominates and leads to larger arc volt-
age (see figure 4).
In section 2.3 we developed an expression for

radiation-induced wall ablation (see eq. (6)). A
closer look at figure 6 reveals that the criterion Ew ≤
3×107Wm−2 is fulfilled for current I ≤ 300A inde-
pendently of the erosion rate, and coincides with the ob-
servations in [4]. It is therefore concluded that those ob-
servations are due to fact that PMMA is opaque in the
UV range (as found in [1]). However, the hypothesis on
the criterion for radiation-induced wall ablation should
be tested with further experiments.
Figure 7 shows the wall irradiance for all bands in

the two cases of I = 100A and I = 1400A. The thick
line shows the sum of irradiance of all bands in the UV
range, and it is the same as in figure 6. We highlighted
the bands that contribute most for the two cases. For
low current it is band 7 and 2 that contribute most along
the full arc column. This picture changes for larger cur-
rent: we observe that band 7 has the largest contribution
only in the downstream section, whereas band 6 has the

that is proportional to current density j and a constant
erosion rate g (units: µgC−1). As in [11], the erosion
rate discriminates between anode and cathode by a fac-
tor of two: ga = 0.5gc. A drawback of this approach
is that the electrode surface temperature will be signifi-
cantly higher than copper evaporation temperature.
Similar modeling issues are observed for the nozzle

domain. The solid domain must be included in the en-
ergy balance because we aim to evaluate the irradiation
on the nozzle surface. With this aim, we set the ab-
sorption coefficient as well as the nozzle surface emis-
sivity to zero so that the body is optically transparent
and therefore heating effects are suppressed; as a con-
sequence, we do not model any evaporation of PMMA.
This aspect is justified by the recent results that those
polymer vapors have negligible effects on the total ra-
diative energy balance when exposed to high current
arcs. [1] Moreover, if ablation was included, the ablated
vapors would be transported along the nozzle surface
and likely not be mixed into the arc column. Therefore,
it would only affect the gas flow conditions which could
be mimicked by a source term for air species.
The simulations run for 1500 iterations. It takes about

1000 to 1200 iterations until the initial conditions disap-
peared and the quantities of interest converged. Despite
of the nonlinear coupling among the gas flow, electro-
magnetism and thermal radiation, the residuals system-
atically reduced by three orders of magnitudes.

2.3 Estimate on radiation-induced wall
ablation

This section presents a caloric relation on the irradiance
Ew required to heat the nozzle wall and trigger its abla-
tion in a time interval [0, t].
Let us consider a cylindrical tube with inner wall ra-

dius rw and axial length l irradiated uniformly. We also
assume that the absorption coefficient κ and mass den-
sity ρ of the tube material are given.
Let us consider the radiative intensity I(s) into the

tube wall along a straight line perpendicular to its sur-
face, with s= 0 at the inner tube wall. Moreover, let us
assume that the tube wall is cold such that its emission
is negligible. From the radiative transfer equation, we
find that the radiative intensity decays exponentially on
the scale of its optical depth τ ,

I(s) = I(0)e−τ , τ =
∫ s

0
κ(x) dx. (1)

We may assume that the absorption coefficient is con-
stant along this path, which yields τ = κs. We choose s
such that the radiative intensiy has decayed by two or-
ders of magnitude, i.e., τ = − ln(10−2) = 4.6. Using
this value for optical depth, we define the heated tube
volume as

V = πl((rw+ s)2− r2w)

= 2πl
(
rw+

1
2
s
)
s≈ Aws, (2)

assuming that the material layer thickness s is small
compared to the wall radius, and denoting the irradi-
ated wall area by Aw = 2πlrw. This volume has mass
m= ρAws, and the absorbed energy until time t is equal
to

Q= EwAwt. (3)

On the other hand, the required heat to increase the
temperaure of a mass m from ambient temperature T0 to
vaporization temperature Tv and its latent heat of evapo-
ration Lv is equal to

Q= m(∆h+Lv) , (4)

where ∆h= h(Tv)−h(T0) denotes the difference in spe-
cific enthalpy of the solid material. Therefore, the min-
imum value for wall irradiation Ew required to induce
wall ablation in time t is given by:

Ew =
Q
Awt

=
ρs
t
(h(Tv)−h(T0)+Lv) . (5)

To be specific and relate to the measurements in [4],
in which the nozzle was exposed for t = 10ms to
high current arc, we note that the mass density of
PMMA is ρ = 1.18gcm−3 and its melting temperature
Tv = 160 ◦C. We find data for the enthalpy difference
∆h= 211kJkg−1 [10] and the latent heat of evaporation
Lv = 330kJkg−1 [7], and use an absorption coefficient
κ = 1×104m−1 from the UV range [1]. With this data,
we calculate that the irradiation affects a material layer
of thickness s= 0.46mm, and a minimum irradiance for
radiatively induced ablation

Ew = 3×107Wm−2. (6)

3 Results & Conclusions
Figure 3 provides an overview of the gas flow field. It
shows the temperature field for current I = 1400A and
erosion rate gc = 40µgC−1. We see that the arc tem-
perature in the convergent section is larger than down-
stream of the throat. We observe flow expansion in the
divergent section, and the shock fronts at the anode tip
and after the nozzle exit. The increased temperature at
the cathode and upstream of the nozzle is due to ra-
diative heat transfer from the arcing zone and that we
solved for the steady state. A more detailed analysis of
the temperature in the arc column follows in figure 5.
Figure 4 shows the arc voltage as a function of cur-

rent and erosion rate. We see that the arc voltage re-
duces with arc current and agrees rather well with the
results reported in [4] for low to intermediate currents.
This is an improvement to previous numerical results [5]
which used rounded electrode tips and the k−ω turbu-
lence model, in particular for the lowest current values.
We also note that including electrode erosion leads to
slightly larger arc voltage, and its effect being more pro-
nounced as current increases.
Figure 5 shows the arc center temperature profile in

axial direction. At low currents (I ≤ 300A), we see that
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Figure 6: Sum of band-integrated boundary irradiance
in UV ranges. The vertical sequence of curves are the
same as in the legend.

largest contribution upstream. We also read from the fig-
ure that the UV bands cover about 2/3 of the total wall
irradiance in both cases. It is concluded that the band
definition in table 1 will be useful for further studies
on PMMA ablation, and it would be useful if measure-
ments of optical properties of PMMA are extended to
shorter wavelengths.
Figure 8 shows the radiant flux, i.e., the surface in-

tegrated value of boundary irradiance, onto the nozzle
wall for frequencies in the UV regime. We clearly see
that the radiant flux increases with current. Moreover,
we see that the total irradiance is enhanced by the ero-
sion rate for currents larger than 300A. This may be
another indication for the observations in [4] that abla-
tion occurs only for currents above a certain threshold.

4 Summary

Numerical results have been presented on an axially-
blown arc in a PMMA nozzle. The computational model
was refined by including copper erosion and defining the
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Figure 7: Band-integrated boundary irradiance, total
irradiance (dashed line), and irradiance of UV-bands
(thick line).
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radiation bands to allow for analysis of wall irradiation
in the UV range, because PMMA is optically thick for
those wavelengths. An estimate for radiation-induced
wall ablation has been developed and tested with pre-
vious results of measurements and the actual data ob-
tained from these simulations. Additionally, a detailed
analysis of the temperature profile in the arc column and
the band-averaged wall irradiance has been provided. It
has been found that copper erosion leads to higher arc
voltage and lower arc center temperature particularly in
the upstream section because it enhances radiative trans-
fer to its ambient. It has also been found that copper
erosion affects the spatial distribution of irradiance as
evaluated on the nozzle wall, in particular that the up-
stream section is more intensly irradiated if copper va-
por is present. Finally, it has been found that irradiance
in the UV range covers about 2/3 of the total wall irra-
diance.
Further work may refine the computational model in

various aspects. For instance, heat conduction to the
solid bodies and their evaporation would lead to a more
complete and consistent model and might help for more
accurate arc voltage at large currents.
The estimate for radiation-induced wall ablation shall

be tested with other testcases. For instance, the experi-
ments by [4] should be repeated with a shorter or longer
time for high arc current, since this will affect the wall
irradiance Ew required to observe ablation as shown by
eq. (5). The numerical simulations may also be repeated
for other inlet pressures and compared to further results
in [4].
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Figure 6: Sum of band-integrated boundary irradiance
in UV ranges. The vertical sequence of curves are the
same as in the legend.

largest contribution upstream. We also read from the fig-
ure that the UV bands cover about 2/3 of the total wall
irradiance in both cases. It is concluded that the band
definition in table 1 will be useful for further studies
on PMMA ablation, and it would be useful if measure-
ments of optical properties of PMMA are extended to
shorter wavelengths.
Figure 8 shows the radiant flux, i.e., the surface in-

tegrated value of boundary irradiance, onto the nozzle
wall for frequencies in the UV regime. We clearly see
that the radiant flux increases with current. Moreover,
we see that the total irradiance is enhanced by the ero-
sion rate for currents larger than 300A. This may be
another indication for the observations in [4] that abla-
tion occurs only for currents above a certain threshold.

4 Summary

Numerical results have been presented on an axially-
blown arc in a PMMA nozzle. The computational model
was refined by including copper erosion and defining the
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Figure 7: Band-integrated boundary irradiance, total
irradiance (dashed line), and irradiance of UV-bands
(thick line).
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Abstract 

Overhead lines can be protected from lightning strikes via so-called multi-chamber systems or 'line lightning pro-
tection devices (LLPDs)'. These systems divert the lightning energy to ground by the use of multiple spark gaps. 
After the lightning strike, the electrically conducting gaps need to be reverted to insulating behavior, which is 
achieved by suitable plasma and gas flow. 
 Existing designs are used up to line voltage ratings of about 35 kV, whereas higher voltage ratings are 
desirable. However, one cannot simply scale this design to significantly higher voltage ratings due to weight and 
space requirements. In this paper an approach is presented, which allowed for a new LLPD design development 
up to voltage ratings of 110 kV exploiting slightly different physical phenomena compared to existing designs. We 
were able to identify key parameters for the device's performance and behavior within an electrical test circuit by 
analytical calculations. On the basis of these findings, we designed a new discharge chamber as the basis of a 
multi-chamber system forming a new type of LLPD. This design was used as input to numerous numerical simu-
lations and was further optimized with respect to line protection performance. The designed chambers will be 
produced and tested by experiments at the high-voltage laboratory at HSR in the near future. 
  
 This work has been done in the framework of a close collaboration of HSR with Streamer-Electric and is 
partly funded by Swiss Innovation Agency 'Innosuisse'. 
 
 
1 Introduction 

Overhead lines are exposed to all weather conditions 
and need to be designed to withstand lightning strikes 
and lightning induced overvoltage. This is done by in-
stallation of so-called Line Lightning Protection De-
vices (LLPDs), which are produced and distributed by 
Streamer-Electric in Chur, Switzerland and Saint Pe-
tersburg, Russia [1]. These devices consist of a series 
of discharge chambers, that divert the lightning energy 
to ground by the use of multiple spark gaps. After the 
lightning strike, the electrically conducting gaps also 
ground the line voltage and need to be reverted to insu-
lating behavior, which is achieved by suitable plasma 
flow within the gap structure [2] [3]. A suitable cham-
ber design is therefore absolutely crucial in order to 
achieve a reliable operation and to meet performance 
requirements [4]. 
Technically, the lightning overvoltage causes an elec-
trical breakdown in the gaps. The resulting current is 
fed by the lightning current and the follow current from 

the power station. As a result, the air inside the cham-
bers is heated, leading to further formation of plasma 
and a significant pressure build-up. As soon as the 
lightning current expires in the range of microseconds, 
the heating mechanism collapses and the plasma is 
blown out of the chamber due to the developed high- 
pressure gradients, resulting in insulating the spark 
gaps and therefore in desirable performance. This kind 
of operation is also called 'Impulse Quenching' [2] [4]. 
However, the level of follow current determines, 
whether the residual heating after the lightning strike 
causes a self-establishing current due to persistent 
ohmic heating in the plasma or if Impulse Quenching 
is achieved. In case of high follow current levels, one 
must await the next current zero crossing to achieve 
quenching behavior. This kind of quenching is called 
'Zero Quenching' [2] [4]. 
Since the line's voltage level determines the follow cur-
rent level, existing LLPD designs are used up to line 
voltage ratings of about 35 kV only. In case of higher 
voltage ratings, the heat input might lead to damage or 
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to self-establishing currents. Nevertheless, the devel-
opment of LLPDs for voltage ratings up to 110 kV is 
highly desirable [5] and is presented in the framework 
of this paper. 
Due to weight and space limitations, one cannot simply 
scale existing designs to significantly higher voltage 
ratings. Therefore, we developed a new design based 
on the amount of know-how regarding the physical 
phenomena in existing LLPDs and with the help of var-
ious numerical simulation techniques. Since the cham-
ber's technical performance strongly depends on the 
voltage and current rating besides the thermodynam-
ical plasma properties, the choice of boundary condi-
tions, which are applied to the LLPD design, must also 
be done with great care. The latter is determined by the 
interaction between plasma physics, chamber geome-
try, and surrounding electrical line components. 
Electric arc simulations are in general challenging, 
since these require a lot of knowledge about the in-
volved physical phenomena, such as compressible 
flow, radiation, material ablation amongst others. In ad-
dition, the interaction between the electric circuit rep-
resenting the overhead line and the electric arc has to 
be taken into account.  
In a first step, we were able to identify key parameters 
for the device's performance and behavior within an 
electrical test circuit by understanding the interaction 
between circuit and electric arc. This approach is doc-
umented in section 2. 
After key parameter identification, we used these pa-
rameters to develop a new chamber design with the 
help of CAD-Systems, which was used afterwards as 
an input for detailed three-dimensional numerical sim-
ulations including the electric circuit as boundary con-
ditions. Details on this project stage can be found in 
section 3. Note, that this development work is still on-
going, thus the presented approach is not to be under-
stood as final. 
The simulation results are presented and discussed in 
section 4 and in section 5. 
Based on numerous simulations, prototypes of single 
chambers will be produced. Validation experiments are 
planned and will be carried out in the near future. 
This work has been done in the framework of a close 
collaboration of HSR with Streamer-Electric and is 
partly funded by Swiss Innovation Agency Innosuisse. 

2 Circuit Model 

Prototypes of existing LLPDs have been tested in the 
electric circuit shown in figure 1. This circuit approxi-
mates the physical behavior of an overhead line [2]. 
The LLPD in this circuit is represented by the re-
sistance RLLPD. The capacitor C0 and the inductor L0 
build an oscillating circuit with a resonant frequency of 
f ≈ 50 Hz. Thus, these components represent the 
power station. The inductor L1 accounts for line induct-

ance, the capacitor Cf and resistance Rf represent ca-
pacitance effects of the line. The current source 
ILightning introduces the lightning current into the cir-
cuit and is represented by a 8-50 μs-pulse with a peak 

value of 30 kA. Its transient data is shown in figure 2. 
From the circuit's perspective, the multiple electric arcs 
in the LLPD represent a highly dynamic ohmic re-

sistance. Its transient behavior can be roughly esti-
mated. Therefore, the electric circuit representing the 
overhead line was formulated as a system of ordinary 
differential equations, forming an initial value prob-
lem. Here, the LLPD's resistance curve was used as an 
input parameter. Different choices of resistance curves 
lead to valuable insights into the system's dynamics.  
 

İ1 = İ2 + İ3 
 

L0Ï2 = I1 C0⁄  
 

−L0Ï2 + L0Ï3 − Rfİ4 = I4 Cf⁄  
 

Rfİ4 − RLLPDİ5 = I4 Cf⁄  
 

İ4 + İ5 = İ3 − İ6 
 

Fig.1: Electric Circuit, that is used as a testing environ-
ment for LLPDs. The component data are as follows: 
𝐶𝐶0 = 350 𝜇𝜇𝜇𝜇, 𝐿𝐿0 = 22 𝑚𝑚𝑚𝑚, 𝐿𝐿1 = 11 𝑚𝑚𝑚𝑚, 𝐶𝐶𝑓𝑓 =
125 𝑛𝑛𝜇𝜇, 𝑅𝑅𝑓𝑓 = 50 𝛺𝛺.  

Fig. 2: Lightning current curve as boundary condition 
in the electric circuit. 
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the power station. As a result, the air inside the cham-
bers is heated, leading to further formation of plasma 
and a significant pressure build-up. As soon as the 
lightning current expires in the range of microseconds, 
the heating mechanism collapses and the plasma is 
blown out of the chamber due to the developed high- 
pressure gradients, resulting in insulating the spark 
gaps and therefore in desirable performance. This kind 
of operation is also called 'Impulse Quenching' [2] [4]. 
However, the level of follow current determines, 
whether the residual heating after the lightning strike 
causes a self-establishing current due to persistent 
ohmic heating in the plasma or if Impulse Quenching 
is achieved. In case of high follow current levels, one 
must await the next current zero crossing to achieve 
quenching behavior. This kind of quenching is called 
'Zero Quenching' [2] [4]. 
Since the line's voltage level determines the follow cur-
rent level, existing LLPD designs are used up to line 
voltage ratings of about 35 kV only. In case of higher 
voltage ratings, the heat input might lead to damage or 
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The ODE-system was solved with the initial vector I0⃗⃗⃗   
using the ode45-solver of the software package Matlab 
and Octave, respectively.  
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Within this approach, we used different transient ohmic 
resistance functions for the new LLPD in order to study 
the dynamic quenching behavior of the system. In this 
manner, reasonable ohmic resistance curves for the 
LLPD in question were identified, that allowed for re-
liable quenching. Finally, the desired resistance curves 
had to be translated into suitable LLPD design ideas in 
a next step (see also section 3). 

Clearly, an ohmic resistance curve, that is shown in fig-
ure 3 (bottom), seems desirable in general, since it al-
lows to divert the lightning energy effectively to 
ground due to a negligible initial resistance value dur-
ing the lightning stage (RLLPD,0 = 0.1 Ω). After been 
exposed to the lightning strike at around 100 μs, the 
rapidly increasing resistance blocks the current path to 
ground, leading to perfect performance. However, as 
the resulting relative high follow current indicates in 
figure 3 (middle), quenching is unlikely to happen un-
der that circumstance. The low LLPD's resistance 
value during the lightning stage doesn't allow for a high 
electric potential between line inductance and LLPD. 
Therefore, almost the whole grid voltage is placed 
across the line inductance, resulting in an increase of 
follow current during the first 100 μs up to a value of 
roughly 1 kA. This relative high follow current rating 
is in reality acting upon the LLPD's plasma as ongoing 

heat input at t = 100 μs, counteracting the cooling 
mechanisms inside the spark gaps or chambers and pre-
venting quenching. Thus, the desired ohmic resistance 
curve is hardly achievable. The amount of heat input 
per chamber can only be lowered by additional cham-
bers, resulting in violating the acceptable maximum 
number of chambers due to the resulting device's 
weight and size. 
A more promising approach consists of the combina-
tion of the Impulse Quenching and the Zero Quenching 
technique, respectively. By manipulating the LLPD's 
resistance in a way, such that the follow current is 
mostly negative during the lightning stage, we can ini-
tiate an artificial current zero crossing right after the 

lightning strike. This can be realized using an initial re-
sistance of RLLPD,0 = 10 Ω during the lightning stage. 
This way, a small time-frame with almost no heat input 
into the LLPD is introduced, that is supposed to allow 
for rapid plasma cooling due to developed pressure. 
The corresponding transient resistance and current 
curves are shown in figure 4. The current zero cross-
ing's point of time is determined mainly by the initial 

Fig. 3: Obtained data for the LLPD's current (top), fol-
low current (middle) and electric LLPD's resistance 
(bottom). The latter was used as input for the circuit 
simulation The ohmic resistance during the lightning 
stage was chosen to 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,0 = 0.1 𝛺𝛺. 

Fig. 4: Obtained data for the LLPD's current (top), fol-
low current (middle) and electric LLPD's resistance 
(bottom). The latter was used as input for the circuit 
simulation. The ohmic resistance during the lightning 
stage was chosen to 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,0 = 10 𝛺𝛺. 

Fig. 5: Comparison of current zero crossing times for 
different initial arc resistance values. 
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arc resistance during the lightning stage as can be seen 
in figure 5.  
As a result of this approach, we derived the following 
desirable LLPD properties: 

• Initial resistance of ≈ 10 Ω. 
• Fast increase of arc resistance at the stage of 

current zero crossing. 
 
3 Full Simulation Model 

Based on the circuit model investigations, we devel-
oped several design ideas for a new LLPD, that seemed 
suitable for 110kV-overhead lines. As a constraint, the 
LLPD shall consist of a series of identically designed 
chambers. Thus, a multiple spark gap is established. 
Hence, the LLPD development is broken down into the 
development of a suitable single chamber design con-
sisting of a pair of electrodes and an air-filled current 
path between them. The overall LLPD resistance 
RLLPD is then easily calculated based on the resistance 
of one chamber RC and the total number of chambers 
nC as: 

RLLPD = nC ⋅ RC 
 
Figure 6 shows a chamber design, that is currently used 
in ongoing simulations and a prototype version will be 
produced and tested in HSR's high-voltage laboratory. 
In case of success, a full LLPD prototype will be com-
piled by a series of chambers and then be tested at 
Streamer-Electric's high-voltage facilities. The cham-
ber's geometry is designed, such that the resulting 

LLPD exhibits a minimum resistance of ≈ 15 Ω, which 
allows for artificial current zero crossing. The elec-
trodes are separated by an inner wall, forming small 
channels, that mainly set the overall initial electric re-
sistance. Further, we aim for a suitable but not harmful 
pressure build-up within the chamber. This is done by 
introducing an air reservoir in the chambers' back side, 
which will be flooded by hot plasma during the light-
ning stage. At that stage, the plasma is supposed to mix 
with the reservoir's cold air supported by turbulent 
flow, leading to a controllable temperature and pressure 
build-up. Finally, after the lightning strike at the stage 
of current zero crossing, the pressure has to be released 

in a rapid manner, that allows for cooling air flow. Fi-
nally, the initially electric conducting area between the 
electrodes shall be filled with cold air again. 
Clearly, the amount of energy, that is introduced into 
the chamber, in combination with small channels lead 
to locally high-pressure peaks, which the chamber has 
to withstand. The right choice of the materials and the 
manufacturability are therefore further unknowns in 
the ongoing development process. At the current work-
ing stage, we focus on prototype simulations in order 
to identify key features of suitable chamber designs. 
As mentioned in section 1, the simulation of electric 
arcs is generally challenging due to numerous physical 
phenomena, that cannot be neglected and that need to 
be coupled. On the one hand, we have a compressible 
fluid, that is heated and then chemically converted into 
a plasma with changing material properties. The Na-
vier-Stokes equations have to be solved in order to ob-
tain the flow and heat situation. The heat transfer is de-
termined by radiation, convection and diffusion. On the 
other hand, electrodynamic effects are present, that are 
described by Maxwell's equations, such that both equa-
tion systems have to be coupled. The formation of a 
plasma can be regarded as turning an insulator into an 
electric conductor surrounded by magnetic flux during 
the presence of electric currents. The magnetic flux dis-
tribution determines the Lorentz Force, which in turn 
acts as a momentum source in the Navier-Stokes equa-
tions. Although not done in the presented work, addi-
tional external magnetic fields or permanent magnets 
as well as moving parts can also be taken into account 
in the simulations. 
Traditionally, software packages mostly kept focus on 
the calculation of the Navier-Stokes equations (CFD) 
or the Maxwell's equations (EMAG), so that an exter-
nal coupling mechanism between the two had to be es-
tablished. We used the software package Star-CCM+ 
from Siemens PLM, that allows for combination of 
both solvers within one software [6]. 
Star-CCM+ offers suitable models, that can be acti-
vated for our situation. The discretized model consists 
of ≈ 700000 finite volume cells representing the insu-
lating chamber, the conducting electrodes and the air 
volume around and inside the chamber (see also figure 
6). Note that due to symmetry, we only simulated one 
half. Through application of electric current into one 
electrode and grounding the other, current starts to flow 
through the chamber and the inner air is heated, form-
ing additional electrically conducting plasma. The cur-
rent is in turn calculated dynamically by integrating the 
model as a dynamic resistance into the electric circuit 
solver. 
  

Fig.6: Cross sectional view including surrounding air-
box and top view of a single chamber design consisting 
of a pair of electrodes and the chamber itself. 

The ODE-system was solved with the initial vector I0⃗⃗⃗   
using the ode45-solver of the software package Matlab 
and Octave, respectively.  
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Within this approach, we used different transient ohmic 
resistance functions for the new LLPD in order to study 
the dynamic quenching behavior of the system. In this 
manner, reasonable ohmic resistance curves for the 
LLPD in question were identified, that allowed for re-
liable quenching. Finally, the desired resistance curves 
had to be translated into suitable LLPD design ideas in 
a next step (see also section 3). 

Clearly, an ohmic resistance curve, that is shown in fig-
ure 3 (bottom), seems desirable in general, since it al-
lows to divert the lightning energy effectively to 
ground due to a negligible initial resistance value dur-
ing the lightning stage (RLLPD,0 = 0.1 Ω). After been 
exposed to the lightning strike at around 100 μs, the 
rapidly increasing resistance blocks the current path to 
ground, leading to perfect performance. However, as 
the resulting relative high follow current indicates in 
figure 3 (middle), quenching is unlikely to happen un-
der that circumstance. The low LLPD's resistance 
value during the lightning stage doesn't allow for a high 
electric potential between line inductance and LLPD. 
Therefore, almost the whole grid voltage is placed 
across the line inductance, resulting in an increase of 
follow current during the first 100 μs up to a value of 
roughly 1 kA. This relative high follow current rating 
is in reality acting upon the LLPD's plasma as ongoing 

heat input at t = 100 μs, counteracting the cooling 
mechanisms inside the spark gaps or chambers and pre-
venting quenching. Thus, the desired ohmic resistance 
curve is hardly achievable. The amount of heat input 
per chamber can only be lowered by additional cham-
bers, resulting in violating the acceptable maximum 
number of chambers due to the resulting device's 
weight and size. 
A more promising approach consists of the combina-
tion of the Impulse Quenching and the Zero Quenching 
technique, respectively. By manipulating the LLPD's 
resistance in a way, such that the follow current is 
mostly negative during the lightning stage, we can ini-
tiate an artificial current zero crossing right after the 

lightning strike. This can be realized using an initial re-
sistance of RLLPD,0 = 10 Ω during the lightning stage. 
This way, a small time-frame with almost no heat input 
into the LLPD is introduced, that is supposed to allow 
for rapid plasma cooling due to developed pressure. 
The corresponding transient resistance and current 
curves are shown in figure 4. The current zero cross-
ing's point of time is determined mainly by the initial 

Fig. 3: Obtained data for the LLPD's current (top), fol-
low current (middle) and electric LLPD's resistance 
(bottom). The latter was used as input for the circuit 
simulation The ohmic resistance during the lightning 
stage was chosen to 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,0 = 0.1 𝛺𝛺. 

Fig. 4: Obtained data for the LLPD's current (top), fol-
low current (middle) and electric LLPD's resistance 
(bottom). The latter was used as input for the circuit 
simulation. The ohmic resistance during the lightning 
stage was chosen to 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,0 = 10 𝛺𝛺. 

Fig. 5: Comparison of current zero crossing times for 
different initial arc resistance values. 
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The following physical phenomena and models are 
taken into account in our simulations: 

• Compressible, supersonic flow 
• Turbulent flow using k-𝜀𝜀-model 
• Chemical plasma composition represented by 

material data tables as functions of tempera-
ture and pressure, respectively 

• Radiation using a 2-Band DO-Model 
• Ohmic heating 
• Electric circuit 
• Electric potential calculation 

 
Clearly, simplifications to the model have to be made 
in order to reach acceptable calculation times without 
losing too much accuracy. Due to the high-voltage 
level applied to the chambers, arc root voltages are ne-
glected as well as magnetic forces in the simulations. 
Further, contact erosion and wall material ablation is 
only included, such that the chamber's and electrode's 
wall temperatures are limited to their respective boiling 
temperatures. Thus, we expect the heat transfer mech-
anisms to be sufficiently realistic. However, the possi-
ble addition of electrode and chamber material mole-
cules into the plasma is neglected. Nevertheless, due to 
the small timescale, this approach seems to be appro-
priate. The mechanical chamber deformation due to the 
pressure levels was not taken into account due to lack 
of material data for this timescale. However, from ex-
isting LLPDs we know, that suitable chambers can 
withstand short pressure level peaks of ≈ 100 bar in 
the range of microseconds. 
The material data for the plasma consists of pressure 
and temperature dependent tables assuming local ther-
mal equilibrium (LTE), that are shown exemplary as 
functions of temperature at p = 1 bar in figure 7. 
  

The model's boundary conditions can be summarized 
as follows: 

• The exterior surrounding air faces act as pres-
sure outlet. 

• Chamber- and electrode-faces act as no-slip 
walls for the air or plasma, respectively, and 

their temperatures are limited to their boiling 
temperatures to roughly account for material 
ablation. 

• One electrode's outer face is electrically 
grounded. 

• The outer face of the other electrode is set to 
a dynamically calculated electric current, 
which considers the surrounding electric cir-
cuit and the whole series of chambers, form-
ing one LLPD. 

• Radiative emissivity is set to 𝜀𝜀 = 0.8 at cham-
ber and electrode walls. 

• A total number of 60 chambers is used in se-
ries for the whole LLPD, whereas only one 
needs to be simulated. 

 
As initial condition, the plasma's electric conductivity 
in the area between the electrodes is artificially set to 
σ = 1 ⋅ 104  S m⁄  for the first 10 μs, since we are not 
able to simulate the electric breakdown itself. By this 
approach, the lightning current path is determined. 
 
4 Simulation Results 

The simulation results generally indicate promising 
chamber performance with respect to the targets, that 
are defined in section 2. The simulated LLPD's current, 
the follow current and the LLPD's resistance are shown 
in figure 8 and can be compared directly to the data 
expected by the circuit model in figure 4. In the circuit 
model, the resistance curve was predefined to obtain 
chamber requirements. From 3D simulations, we see 
that this curve seems to be more or less realizable.  
In addition to the current and resistance results, the 
voltage curves for the LLPD's voltage, the voltage 

Fig. 7: Material properties of air as a function of tem-
perature at 𝑝𝑝 = 1 𝑏𝑏𝑏𝑏𝑏𝑏. 

Fig. 8: Simulated data until 𝑡𝑡 = 0.5 𝑚𝑚𝑚𝑚 for the LLPD's 
current (top), follow current (middle) and electric 
LLPD's resistance (bottom). This data was obtained us-
ing full 3D simulation. 
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across the line inductance L1 and the grid voltage 
across the capacity C0 are shown in figure 9.  
The development of the electric conductivity and the 
absolute pressure is shown in figure 10 and in figure 
11, respectively. It can be seen that the lightning current 
forms an arc inside the chamber. After ≈ 10 μs, the 
plasma starts to fill the reservoir at the chamber's back 
side, where it mixes with cold air by turbulent flow. 
This causes a cooling effect in addition to mainly radi-
ative cooling effects at the chamber surface. Thus, rel-
ative cold plasma is accumulated in the reservoir lead-
ing to a pressure build-up during the lightning stage. At 
the same time, the pressure is also increasing in the arc 
region, preventing the plasma to flow out of the cham-
ber's outlet at the front side. However, after ≈ 0.1 ms 
the lightning current has vanished and the (negative) 
follow current remains, heading towards the artificial 
zero crossing. At that stage, the ohmic heat input col-
lapses, allowing for pressure release in the reservoir 
and therefore the expanding hot plasma is flowing from 
the reservoir to the chamber's outlet while suffering ad-
ditional cooling by the gas expansion. Since the electric 
conductivity is decreasing with decreasing tempera-
ture, the electric resistance increases dramatically at 
that stage as desired by the investigations made in sec-
tion 2. 

  

Fig. 9: Simulated data until 𝑡𝑡 = 5 𝑚𝑚𝑚𝑚 for the LLPD's 
voltage (top), voltage across inductivity L1 (middle) 
and grid voltage across capacity C0 (bottom). This data 
was obtained using full 3D simulation. The LLPD's 
voltage can be regarded as the line voltage provided to 
the consumer (see also figure Fig. for electric compo-
nent notation). Note, that the disturbance due to the 
lightning strike vanishes. 

Fig. 10: Development of electrical conductivity during 
the first 0.13 𝑚𝑚𝑚𝑚. The quenching process at ≈ 0.1 𝑚𝑚𝑚𝑚 
is clearly noticeable (see text for further details). 

The following physical phenomena and models are 
taken into account in our simulations: 

• Compressible, supersonic flow 
• Turbulent flow using k-𝜀𝜀-model 
• Chemical plasma composition represented by 

material data tables as functions of tempera-
ture and pressure, respectively 

• Radiation using a 2-Band DO-Model 
• Ohmic heating 
• Electric circuit 
• Electric potential calculation 

 
Clearly, simplifications to the model have to be made 
in order to reach acceptable calculation times without 
losing too much accuracy. Due to the high-voltage 
level applied to the chambers, arc root voltages are ne-
glected as well as magnetic forces in the simulations. 
Further, contact erosion and wall material ablation is 
only included, such that the chamber's and electrode's 
wall temperatures are limited to their respective boiling 
temperatures. Thus, we expect the heat transfer mech-
anisms to be sufficiently realistic. However, the possi-
ble addition of electrode and chamber material mole-
cules into the plasma is neglected. Nevertheless, due to 
the small timescale, this approach seems to be appro-
priate. The mechanical chamber deformation due to the 
pressure levels was not taken into account due to lack 
of material data for this timescale. However, from ex-
isting LLPDs we know, that suitable chambers can 
withstand short pressure level peaks of ≈ 100 bar in 
the range of microseconds. 
The material data for the plasma consists of pressure 
and temperature dependent tables assuming local ther-
mal equilibrium (LTE), that are shown exemplary as 
functions of temperature at p = 1 bar in figure 7. 
  

The model's boundary conditions can be summarized 
as follows: 

• The exterior surrounding air faces act as pres-
sure outlet. 

• Chamber- and electrode-faces act as no-slip 
walls for the air or plasma, respectively, and 

their temperatures are limited to their boiling 
temperatures to roughly account for material 
ablation. 

• One electrode's outer face is electrically 
grounded. 

• The outer face of the other electrode is set to 
a dynamically calculated electric current, 
which considers the surrounding electric cir-
cuit and the whole series of chambers, form-
ing one LLPD. 

• Radiative emissivity is set to 𝜀𝜀 = 0.8 at cham-
ber and electrode walls. 

• A total number of 60 chambers is used in se-
ries for the whole LLPD, whereas only one 
needs to be simulated. 

 
As initial condition, the plasma's electric conductivity 
in the area between the electrodes is artificially set to 
σ = 1 ⋅ 104  S m⁄  for the first 10 μs, since we are not 
able to simulate the electric breakdown itself. By this 
approach, the lightning current path is determined. 
 
4 Simulation Results 

The simulation results generally indicate promising 
chamber performance with respect to the targets, that 
are defined in section 2. The simulated LLPD's current, 
the follow current and the LLPD's resistance are shown 
in figure 8 and can be compared directly to the data 
expected by the circuit model in figure 4. In the circuit 
model, the resistance curve was predefined to obtain 
chamber requirements. From 3D simulations, we see 
that this curve seems to be more or less realizable.  
In addition to the current and resistance results, the 
voltage curves for the LLPD's voltage, the voltage 

Fig. 7: Material properties of air as a function of tem-
perature at 𝑝𝑝 = 1 𝑏𝑏𝑏𝑏𝑏𝑏. 

Fig. 8: Simulated data until 𝑡𝑡 = 0.5 𝑚𝑚𝑚𝑚 for the LLPD's 
current (top), follow current (middle) and electric 
LLPD's resistance (bottom). This data was obtained us-
ing full 3D simulation. 
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5 Discussion 

The simulations allowed for valuable insights into the 
chamber's and therefore into the LLPD's electric and 
thermodynamic behavior and also into the interaction 
with the surrounding electric circuit. Further, with the 
simulation environment we were able to test upcoming 
ideas and strategies in short time, which in turn enabled 
a significant knowledge build-up. 
However, due to the simplifications made, the pre-
sented results and insights have validity limitations. 
The reasons can be summarized as follows: 

• The mechanical deformation determines the 
pressure levels inside the chamber but is not 
considered in the simulation due to lacking 
mechanical data for the short timescales, 
where equilibrium assumptions cannot be 
made. 

• Despite the fact, that additional vapors influ-
ence the plasma properties [7] [8], the mate-
rial data does not reflect material ablation as 
well as contact erosion. 

• Thermal radiation plays a major role in elec-
tric arc's heat transfer mechanisms but can 
only be considered in numerical simulations 
in a simplified manner [8]. 

• Additionally, the total number of 60 chambers 
in the simulation might be too much for the 
device's real suitability. 

 
By comparing performance and simulation data of al-
ready existing LLPDs to former and current simulation 
results, we are nevertheless confident, that the pre-
sented approach is suitable regarding the development 
of new LLPDs. The gained insights and the knowledge 
build-up are undoubtedly valuable for further develop-
ment tasks. Clearly, prototypes must be produced and 
tested, not only to validate the simulations, but also to 
reveal possible manufacturability issues and to choose 
appropriate materials from a technical and also an eco-
nomic point of view. Even in case of failures in pending 
prototype experiments, design optimizations and im-
provements can still be made with the help of a simu-
lation approach. 
  

Fig.11: Development of absolute pressure during 
the first 0.13 𝑚𝑚𝑚𝑚. The pressure build-up in the res-
ervoir can be seen clearly (see text for further de-
tails). 
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Abstract 

With the development of FEM and other modern numerical analysis methods, simulation analysis methods for 
hermetically sealed electromagnetic relays（HSER）have developed rapidly. A much more precise simulation 
analysis can be obtained for the design and analysis of static, dynamic, thermal and mechanical properties of relays 
in recent year. Taking the simulation method of dynamic and static characteristics of HSER as an example, the 
application of virtual prototyping technology (VPT) in electromagnetic relay is studied. Firstly, the VPT calcula-
tion model of static characteristics for a relay is established, and the attractive force and static data table of HSER 
are obtained. On the basis of the establishment of flexible part, the VPT model of dynamic characteristics is estab-
lished. Finally, the parameters of the relay, such as the make time, release time, make voltage, release voltage, 
dynamic contact resistance, bounce characteristics of make spring and bounce characteristics of release spring, are 
calculated. The quantitative analysis from design to performance for a relay is realized. Based on this, the VPT 
model is applied to a certain type of relay. In the parameter design of a HSER, the performance improvement and 
optimization of relay are realized. 

1 Introduction 

The dynamic characteristics of electrical appliances is 
related to the life of electrical apparatus, so it is neces-
sary to calculate the dynamic characteristics of electri-
cal apparatus. With the application of the finite element 
method, the calculation of the dynamic characteristics 
of electrical apparatus becomes more simple, efficient 
and low cost. 
As early as the 1990s, finite element method (FEM) 
was applied to the calculation of electrical dynamic 
characteristics [1-4]. With the development of FEM, 
Harbin Institute of technology uses FEM software to 
optimize the design of sealed electromagnetic relay 
characteristics such as dynamic characteristics, over-
load capacity and thermodynamic characteristics [5,6], 
which improves the efficiency of optimization design 
and reduces the cost of manufacturing prototype. The 
concept of virtual prototyping technology (VPT) in 
electromagnetic relay is established, and its application 
is studied[7-9]. In addition, the finite element software 
can also be used to build VPT and improve the reliabil-
ity of electrical apparatus in design process even in pa-
rameter design [10]. 
In this paper, based on VPT, the performance of a typ-
ical hermetically sealed electromagnetic relays (HSER) 
is improved and optimized. 

2 Virtual prototyping 
technology 

2.1 Technological process 

In order to analysis the changes brought by the im-
provement of the contact system more accurately, an 
improved dynamic calculation model need to be estab-
lished, which can be used to evaluate the effort of the 
improved design. 
There are mainly two issues need to be paid attention 
in the process of model establishment. The first one is 
that, the calculation of electromagnetic force influ-
enced by electromagnetic parameter. The other one is 
that, the motion parameters of armature influenced by 
electromagnetic force. For the first problem, it can be 
solved by the voltage balance equation. While for the 
second one, it can be solved by Darren Bell's motion 
equation. 
Although there are many ways to calculate the dynamic 
characteristics of electromagnetic mechanisms, the 
core is to solve the differential equations by numerical 
methods. 
Although there are many ways to calculate the dynamic 
characteristics of electromagnetic mechanisms, the 
core is to solve the differential equations by numerical 
methods. 
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where ( , , )movi x t  represents the magnetic chain of ex-
citation coil(Wb), movv   represents the armature mov-
ing speed(m/s), u represents the rated voltage of the 
coil (V), R(t)  represents the resistance of the coil (Ω), 
i represents the current of the coil(A), t  represents the 
temperature of the coil(K), ( , , )E movF i x t  represents the 
electromagnetic force(N), ( )f movF x   represents the 
counter force(N), m represents the quality of the arma-
ture (kg), movx  represents the displacement of the ar-
mature (mm). 
Based on the dynamic calculation software, the process 
of rigid-flexible coupled mechanical systems modeling 
is showed in Fig. 1. 

Create non-spring 3D models

Set material properties

Add movement restrictions

Establish the dynamic analysis model

Create 3D models of spring

Meshing

Export transmission file

Solving the dynamic characteristics

Data processing
 

Fig. 1 Flowchart of FEM 
In dynamic characteristic simulation, the whole model 
of the typical relay needs to be established in ADAMS, 
and the interface program with MATLAB is derived. 
Then a joint simulation circuit diagram is set up in Sim-
ulink, which includes the electromagnetic simulation 
data used by linear interpolation. The software module 
is included, which can invoke ADAMS in the circuit 
diagram, so as to realize the joint simulation model. 
Due to the output data of MATLAB, the characteristic 
parameters of electromagnetic relay can be obtained. 
Finally, the simulated data could be processed. 

2.2 Static analysis VPT for HSER 

After the solid model is established, several different 
subnet nodes are established in Flux, each subnet node 
is set with different subnet density, and then the points 
in the model are divided into these subnet nodes ac-
cording to the needs of the actual problems, so as to 
realize the subnet of different density for different re-
gions of the model, which can not only save the calcu-
lation time but also be more convenient to observe the 
reality test results. 
The electromagnetic system model established in An-
soft maxwell is shown in Figure 2. The voltage range 
of the relay is 0 to 27V, and the angle range is 0 to 4.57 

degrees. In order to establish a more accurate simula-
tion model, and to take into account the static analysis 
and calculation time, the simulation voltage step is set 
to 1V and the angle step is set to 0.24052 degrees. After 
the simulation script setting, the model is simulated and 
the preliminary results are obtained.  

  
a) Electromagnetic system model 

 
b) Vector map of magnetic induction intensity 
Fig. 2 Static analysis magnetic induction intensity 
distribution 
Export the calculated data in Excel format in flux and 
process the data with MATLAB software, and draw the 
relationship diagram among voltage, electromagnetic 
torque and rotation angle, as shown in Fig. 3.  
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Fig. 3 Static analysis results 

2.3 Dynamic analysis VPT for HSER 

From the above results, we can see the trend among 
voltage, angle, electromagnetic torque and flux. From 
Fig. 3, it can be seen that the electromagnetic torque is 
positively related to the voltage and the angle of rota-
tion. The three-dimensional graphs of voltage, rotation 
angle and electromagnetic torque can clearly character-
ize the change relationship between the three.  
By assembling the rigid body model established in Ad-
ams and the flexible body model established in FEM 
software, the relay HSER's original structure model is 
showed in Fig. 4.  
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JiaxinYou, Rao Fu, Xiangdong Feng, Bo Li and Huimin Liang 
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Abstract 

With the development of FEM and other modern numerical analysis methods, simulation analysis methods for 
hermetically sealed electromagnetic relays（HSER）have developed rapidly. A much more precise simulation 
analysis can be obtained for the design and analysis of static, dynamic, thermal and mechanical properties of relays 
in recent year. Taking the simulation method of dynamic and static characteristics of HSER as an example, the 
application of virtual prototyping technology (VPT) in electromagnetic relay is studied. Firstly, the VPT calcula-
tion model of static characteristics for a relay is established, and the attractive force and static data table of HSER 
are obtained. On the basis of the establishment of flexible part, the VPT model of dynamic characteristics is estab-
lished. Finally, the parameters of the relay, such as the make time, release time, make voltage, release voltage, 
dynamic contact resistance, bounce characteristics of make spring and bounce characteristics of release spring, are 
calculated. The quantitative analysis from design to performance for a relay is realized. Based on this, the VPT 
model is applied to a certain type of relay. In the parameter design of a HSER, the performance improvement and 
optimization of relay are realized. 

1 Introduction 

The dynamic characteristics of electrical appliances is 
related to the life of electrical apparatus, so it is neces-
sary to calculate the dynamic characteristics of electri-
cal apparatus. With the application of the finite element 
method, the calculation of the dynamic characteristics 
of electrical apparatus becomes more simple, efficient 
and low cost. 
As early as the 1990s, finite element method (FEM) 
was applied to the calculation of electrical dynamic 
characteristics [1-4]. With the development of FEM, 
Harbin Institute of technology uses FEM software to 
optimize the design of sealed electromagnetic relay 
characteristics such as dynamic characteristics, over-
load capacity and thermodynamic characteristics [5,6], 
which improves the efficiency of optimization design 
and reduces the cost of manufacturing prototype. The 
concept of virtual prototyping technology (VPT) in 
electromagnetic relay is established, and its application 
is studied[7-9]. In addition, the finite element software 
can also be used to build VPT and improve the reliabil-
ity of electrical apparatus in design process even in pa-
rameter design [10]. 
In this paper, based on VPT, the performance of a typ-
ical hermetically sealed electromagnetic relays (HSER) 
is improved and optimized. 

2 Virtual prototyping 
technology 

2.1 Technological process 

In order to analysis the changes brought by the im-
provement of the contact system more accurately, an 
improved dynamic calculation model need to be estab-
lished, which can be used to evaluate the effort of the 
improved design. 
There are mainly two issues need to be paid attention 
in the process of model establishment. The first one is 
that, the calculation of electromagnetic force influ-
enced by electromagnetic parameter. The other one is 
that, the motion parameters of armature influenced by 
electromagnetic force. For the first problem, it can be 
solved by the voltage balance equation. While for the 
second one, it can be solved by Darren Bell's motion 
equation. 
Although there are many ways to calculate the dynamic 
characteristics of electromagnetic mechanisms, the 
core is to solve the differential equations by numerical 
methods. 
Although there are many ways to calculate the dynamic 
characteristics of electromagnetic mechanisms, the 
core is to solve the differential equations by numerical 
methods. 
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Fig. 4  Dynamic model of HSER 

2.4 Calculation result of VPT 

After confirming that the model setting is correct, the 
dynamic simulation analysis is carried out. The analy-
sis results can be divided into two parts: the make pro-
cess and the release process.  
The analysis results are shown in the figure below, in-
cluding coil voltage waveform, armature displacement. 
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Fig. 5 Coil voltage and armature displacement curve 
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Fig. 6 Coil voltage and armature displacement curve 
during release 
According to the analysis in Fig. 5, the simulation cal-
culation value of the movement speed of the armature 
is close to the measured value, and the trend of the 
speed is the same. The make time is about 2.25ms, 
which is close to the measured average value of 2.35ms. 
It shows that the accuracy of dynamic simulation 

model is high and it can be used in dynamic character-
istic analysis. 
According to Fig. 6, the release time of armature is 
about 0.5ms, and the breaking speed of dynamic clos-
ing and static spring is 314.9mm/s, which is close to 
the measured value. 

3 Parameter design 

The structure of HSER relay is relatively complex, and 
its structural dimension parameters and assembly pa-
rameters are numerous. It is impossible to calculate the 
influence of each parameter on the output parameters 
when considering the parameter design. Therefore, it is 
necessary to preliminarily screen the input parameters, 
select some parameters that have a significant impact 
on the system, and select some parameters that have a 
very small impact on the system output parameters 
Numbers can be excluded from parameter design. 
The most intuitive way to measure the impact of a pa-
rameter on the system output is to study the impact of 
this parameter on the output parameter when it fluctu-
ates within a certain range. Take HSER electromag-
netic system as an example, select several parameters 
of armature and yoke in the electromagnetic system, 
determine the variation range of these parameters ac-
cording to the drawings, and then calculate the influ-
ence of parameters on the output parameters within 
these variation range. This kind of influence quantifi-
cation, defined as the contribution rate of input param-
eters to output parameters, can be used to quantify the 
influence degree of design parameters on output dy-
namic parameters. Finally, through this method, five 
key parameters are obtained, including three for elec-
tromagnetic system and two for contact spring system.  
Three key parameters in electromagnetic system: coil 
resistance, yoke width and armature width. 
There are two key parameters in the contact spring sys-
tem: normal open(NO) spring stiffness, armature over-
travel. 
In the process of selecting the key parameters, the 
change of some parameters in the calculation model of 
electromagnetic system will greatly affect the magnetic 
circuit, so when the magnetic circuit structure changes 
obviously, such as the obvious influence on magnetic 
flux leakage, the accuracy of the finite element calcu-
lation model of static magnetic field needs special at-
tention in the calculation process. When it is applied to 
the parameter robust design, the fast calculation model 
and other methods need to carry out appropriate results 
inspection and calculation compensation in the process 
of using. Therefore, the virtual prototype model based 
on the finite element static magnetic field calculation 
is used in the parameter design of the electromagnetic 
system. This problem also exists in the calculation 
model of contact spring system based on the variable 
energy method. After weighing the calculation effi-
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ciency and accuracy, it is determined that the size pa-
rameters in the electromagnetic system structure will 
fluctuate within the reasonable range of technology. 
The parameter robust design in the contact system will 
take the calculation method of dynamic characteristics 
of the electromagnetic system as the main calculation 
mode through indirect indicators. 
According to the main performance public relations 
point of HSER overload capacity, the main measure-
ment standards are the kinetic energy of NC spring and 
the kinetic energy of NO spring. According to the var-
iation range of five key parameters of electromagnetic 
system and contact spring system, the value level is de-
termined, and combined with tolerance, based on or-
thogonal test and Taguchi robust design theory, the in-
ternal and external direct product table is constructed, 
and the test scheme is as follows. 

Parameter Design

Single factor analysis
Orthogonal table 

filtering
Results and analysis

Noise factors

Coil resistance

Armature overtravel

NO spring stiffness

Armature width

Yoke width

Control factors

Coil resistance Yoke width Armature width NO spring stiffness Armature overtravel
Result

Coil resistance

Armature overtravel

NO spring stiffness

Armature width

Yoke width

Coil resistance

Armature overtravel

NO spring stiffness

Armature width

Yoke width

Control factors

Noise factors

Outside array

Orthogonal design

Inside arrayName Initial condition Quantity Upper limit Lower limit

Name Initial condition Quantity Tolerance

  
Fig. 7 Orthogonal design by inside and outside array 
The 1, 2 and 3 of coil resistance correspond to 710, 750 
and 790Ω. The 1, 2 and 3 of yoke width correspond to 
3.42, 3.92 and 4.42mm. The 1, 2 and 3 of armature 
width correspond to 2.62, 3.12 and 3.62mm. The 1, 2 
and 3 of NO spring stiffness correspond to 12, 32 and 
52N/mm. The 1, 2 and 3 of armature correspond to 0.02, 
0.03 and 0.04mm. 
According to the combination of parameter values, 
modify the values of the above five parameters in the 
calculation model in turn and carry out simulation, cor-
responding to the results of 2 dynamic output parame-
ters in all tests. Some results are as follows. 

Parameter Design

Single factor analysis Orthogonal table filtering Results and analysis

Results Data analysis Quality verification

Parameter Speed of NC 

Noise factors

Coil resistance

Armature overtravel

NO spring stiffness

Armature width

Yoke width

Control factors

Coil resistance Yoke width Armature width NO spring stiffness Armature overtravel
Result

 
Fig. 8 Simulation results of angular velocity at arma-
ture of static closing and breaking speed 
Using the result data to calculate the sensitivity and sig-
nal-to-noise ratio, the analysis of variance is carried out 
respectively, and then the significance of 5 input pa-
rameters corresponding to 2 output parameters is deter-
mined. The results are as follows: 
Tab. 2 Result of significance of input factors on kinetic 
energy of NC spring  

 
Signal-
to-noise 
ratio 1 

Signal-
to-noise 
ratio 2 

Signal-
to-noise 
ratio 3 

conclusion 
of 

significance 
coil 

resistance 19639.5 19537 19481.8 other  

yoke width 19484.4 19658.6 19515.3 other  
armature 

width 19474.4 19612.5 19571.4 other  

NO spring 
stiffness 85.9853 85.7618 85.6682 significant 

armature 
overtravel 85.7766 86.0193 85.6195 significant 

Tab. 3 Result of significance of input factors on kinetic 
energy of NO spring  

 
Signal-
to-noise 
ratio 1 

Signal-
to-noise 
ratio 2 

Signal-
to-noise 
ratio 3 

conclusion 
of 

significance 
coil 

resistance 10607.2 9616.16 10126.9 other  

yoke width 10577.2 9866.47 9906.56 other  
armature 

width 11254.1 9341.27 9754.92 other  

NO spring 
stiffness 9496.07 10921.5 9932.64 Adjustable 

armature 
overtravel -83.0404 -78.1757 -79.515 significant 

4 Result comparison 

From the above calculation and analysis, it can be seen 
that among the five key parameters of the electromag-
netic system, the NO spring stiffness and the armature 
overtravel have obvious nonlinear properties for the ki-
netic energy of NO spring. The armature overtravel has 
obvious nonlinear properties for the kinetic energy of 
NO spring, and the NO static spring stiffness has obvi-
ous linear properties for the kinetic energy of NO 
spring. 
It can be concluded that the optimal level of the input 
parameters to the kinetic energy of the dynamic spring 
at the static end is 12212, and the optimal level of the 
kinetic energy of the dynamic spring at the dynamic 
end is 22212. Because the coil resistance has no signif-
icant effect on the two output parameters, and the im-
pact on the collision kinetic energy of the dynamic and 
static spring is slightly greater than the impact on the 
breaking kinetic energy of the static and dynamic 
spring, it is considered that the best scheme is to choose 
level 2. That is to say, the level selection combination 
of the new scheme is 22212.The parameter values of 
the two schemes before and after design are shown in 
Tab. 4. 
Tab. 4 Comparison of parameter values of two 
schemes before and after parameter design 

parame-
ter 

Name 

Coil re-
sistance  

Yoke 
iron 

width 

Arma-
ture 

width 

NO 
spring 
stiff-
ness 

Armature 
over-
travel 

Original 
scheme 

800 4 3.2 60 0.03 

New 
scheme 

760 4 3.2 20 0.04 

 
Fig. 4  Dynamic model of HSER 

2.4 Calculation result of VPT 

After confirming that the model setting is correct, the 
dynamic simulation analysis is carried out. The analy-
sis results can be divided into two parts: the make pro-
cess and the release process.  
The analysis results are shown in the figure below, in-
cluding coil voltage waveform, armature displacement. 
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Fig. 5 Coil voltage and armature displacement curve 
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Fig. 6 Coil voltage and armature displacement curve 
during release 
According to the analysis in Fig. 5, the simulation cal-
culation value of the movement speed of the armature 
is close to the measured value, and the trend of the 
speed is the same. The make time is about 2.25ms, 
which is close to the measured average value of 2.35ms. 
It shows that the accuracy of dynamic simulation 

model is high and it can be used in dynamic character-
istic analysis. 
According to Fig. 6, the release time of armature is 
about 0.5ms, and the breaking speed of dynamic clos-
ing and static spring is 314.9mm/s, which is close to 
the measured value. 

3 Parameter design 

The structure of HSER relay is relatively complex, and 
its structural dimension parameters and assembly pa-
rameters are numerous. It is impossible to calculate the 
influence of each parameter on the output parameters 
when considering the parameter design. Therefore, it is 
necessary to preliminarily screen the input parameters, 
select some parameters that have a significant impact 
on the system, and select some parameters that have a 
very small impact on the system output parameters 
Numbers can be excluded from parameter design. 
The most intuitive way to measure the impact of a pa-
rameter on the system output is to study the impact of 
this parameter on the output parameter when it fluctu-
ates within a certain range. Take HSER electromag-
netic system as an example, select several parameters 
of armature and yoke in the electromagnetic system, 
determine the variation range of these parameters ac-
cording to the drawings, and then calculate the influ-
ence of parameters on the output parameters within 
these variation range. This kind of influence quantifi-
cation, defined as the contribution rate of input param-
eters to output parameters, can be used to quantify the 
influence degree of design parameters on output dy-
namic parameters. Finally, through this method, five 
key parameters are obtained, including three for elec-
tromagnetic system and two for contact spring system.  
Three key parameters in electromagnetic system: coil 
resistance, yoke width and armature width. 
There are two key parameters in the contact spring sys-
tem: normal open(NO) spring stiffness, armature over-
travel. 
In the process of selecting the key parameters, the 
change of some parameters in the calculation model of 
electromagnetic system will greatly affect the magnetic 
circuit, so when the magnetic circuit structure changes 
obviously, such as the obvious influence on magnetic 
flux leakage, the accuracy of the finite element calcu-
lation model of static magnetic field needs special at-
tention in the calculation process. When it is applied to 
the parameter robust design, the fast calculation model 
and other methods need to carry out appropriate results 
inspection and calculation compensation in the process 
of using. Therefore, the virtual prototype model based 
on the finite element static magnetic field calculation 
is used in the parameter design of the electromagnetic 
system. This problem also exists in the calculation 
model of contact spring system based on the variable 
energy method. After weighing the calculation effi-



512

   
 a) normal open contact b) counter spring 

Fig. 9 surface topography of contact before parameter design. 

The contact morphology after the overload test is 
shown in Fig. 9. Compared with the improved product 
passing over load, the reed of the original design is se-
riously eroded, some even melted, which proves the 
progress of the design and the effectiveness of the VPT 
parameter design.  

5 Conclusion 

The quantitative analysis from design to performance 
for a relay is realized. Based on this, the VPT model is 
applied to a certain type of relay. In the parameter de-
sign of a HSER, the performance improvement and op-
timization of relay are realized. 

6 Literature 

[1] Y. Kawase, O. Miyatani, T. Yamaguchi and S. Ito, 
“Numerical analysis of dynamic characteristics of 
electromagnets using 3-D finite element method 
with edge elements,” IEEE Trans. Magn., vol. 30, 
no. 5, pp. 3248-3251, Sept. 1994. 

[2] Y. Kawase, S. Tatsuoka, T. Yamaguchi and S. Ito, 
“3-D finite element analysis of operating charac-
teristics of AC electromagnetic contactors,” IEEE 
Trans. Magn., vol. 30, no. 5, pp. 3244-3247, Sept. 
1994. 

[3] W. Yan, L. Rao, Q. Yang, Y. Li, X. Shen and J. 
Wang, “Finite element dynamic analysis for the 
electromagnet of AC contactor,” IEEE Trans. 
Magn., vol. 27, no. 5, pp. 4133-4135, Sept. 1991. 

[4] M. A. Juds and J. R. Brauer, “AC contactor motion 
computed with coupled electromagnetic and struc-
tural finite elements,” IEEE Trans. Magn., vol. 31, 
no. 6, pp. 3575-3577, Nov. 1995. 

[5] R. Wanbin, L. Huimin and Z. Guofu, "Thermal 
analysis of hermetically sealed electromagnetic re-
lay in high and low temperature condition," Elec-
trical Contacts - 2006. Proceedings of the 52nd 
IEEE Holm Conference on Electrical Contacts, 
Montreal, QC, 2006, pp. 110-116. 

[6] H. Yu, H. Liang, K. Bo, X. Ye and G. Zhai, "Vir-
tual Prototype and Optimal Design of Short Cir-

cuit Current Capability of Magnetic Latching Re-
lay," 2018 IEEE Holm Conference on Electrical 
Contacts, Albuquerque, NM, 2018, pp. 124-129. 

[7] Z. Guofu, W. Qiya, Y. Wenying and L. Huimin, 
"Permanent-Magnet Equivalent Model of Calcu-
lating Relay's Static Attractive Torque Character-
istics by Finite Element Method," IEEE Transac-
tions on Magnetics, vol. 48, no. 9, pp. 2467-2471, 
Sept. 2012. 

[8] Z. Guofo, W. Qiya and R. Wanbin, "An Output 
Space-Mapping Algorithm to Optimize the Di-
mensional Parameter of Electromagnetic Relay," 
IEEE Transactions on Magnetics, vol. 47, no. 9, 
pp. 2194-2199, Sept. 2011. 

[9] J. You, B. Li, S. Zheng, Y. Ruan, S. Wang and H. 
Liang, "Break Kinetic Energy-based Overload 
Dynamic Model for a Small Hermetically Sealed 
Relay," 2019 IEEE Holm Conference on Electri-
cal Contacts, Milwaukee, WI, USA, 2019, pp. 
223-226. 

[10] S. Yamada, K. Ishikawa, Q. Yu, R. Ramadoss and 
L. Almeida, "Tri-state multi-contact lateral 
MEMS relay with high mechanical reliability," 
2006 International Conference on Electronic Ma-
terials and Packaging, Kowloon, 2006, pp. 1-13. 



513

Robust and Efficient Software-based 3D Clearance and Creepage 
Analysis 

Dr. Michael Martinek, e-laborate Innovations GmbH, Nuremberg, Germany, martinek@e-laborate.net 

Abstract 

In almost every component in the field of automotive, power electronics or mechatronics, engineers have to fulfil 
strong requirements regarding clearance and creepage distances in order to avoid shortages between different elec-
tric circuits. Determining all possible safety violations manually is not only time-consuming, but also highly inac-
curate and can lead to severe product failures, especially when compactness of an assembly is an additional design 
rule. After a decade of research, scientists at the university of Erlangen-Nuremberg have developed methods to 
perform an automatic 3D clearance and creepage analysis on the CAD data of electric assemblies. These methods 
have already been successfully implemented in various software products [1],[2], which significantly assist an 
engineer to robustly detect and to eliminate all safety violations in an early product stage. The fast and exact 
computation of clearance and creepage paths also allows a product designer to regularly check his design during 
development and, thus, to find the perfect compromise between safety and compactness. This is particularly im-
portant for components such as electrical switchgear, connectors, electric engines, power converters or high-volt-
age battery systems used for e-mobility, where space is limited and safety is an inevitable requirement. 

1 Introduction 

Wherever circuits with higher operational voltages are 
forced to coexist close to each other, the risk of hazard-
ous shortages caused by clearance or creepage currents 
in extremely high. Industry standards such as IEC 
60664 [3] or UL 840 [4] define rules as to the minimum 
acceptable distance between electric circuits with re-
spect to clearance and creepage distances in order to 
reduce this risk. These distances have been established 
by means of experiments and depend on various pa-
rameters such as voltage difference, pollution degree, 
insulation class or height above sea level. However, de-
spite knowing the distance to be fulfilled between two 
different networks, there are two problems an engineer 
is facing: first, the industry standards are often not 
clearly formulated, leaving room for different interpre-
tations and second, the shortest path of a clearance or 
creepage current is impossible to measure exactly on 
complex 3D assemblies without a corresponding tool. 
As the requirements are ever increasing, so is the need 
for automatic methods for computing exact clearance 
and creepage paths. Especially in e-mobility, compo-
nents must be more and more powerful while still being 
compact as space in an electric vehicle is extremely 
limited. In this paper, we will address this topic by 
providing ideas to eliminate degrees of freedom arising 
from different interpretations of the industry standards 
and introducing software methods for computing exact 
clearance and creepage paths on 3D data. These meth-
ods arose from over five years of research at the Uni-

versity of Erlangen-Nuremberg and have been imple-
mented by the company e-laborate Innovations in com-
mercial software products [1],[2]. 
The rest of this paper is organized as follows: In Sec-
tion 2, we will briefly describe the existing industry 
standards for clearance and creepage while Section 3 
addresses the math behind these complex measure-
ments and reveals various inconsistencies in the exist-
ing industry standards. Section 4 describes a method 
for the efficient end exact computation of clearance and 
creepage by means of software and Section 5 provides 
an insight of future improvements of these methods. 

2 Industry Standards for Clear-
ance and Creepage 

The behavior of a current which does not take the way 
it is supposed to go is actually quite unpredictable. 
However, regulation authorities such as IEC or UL 
have derived definitions which try to give an engineer 
concrete rules as to avoid clearance and creepage fail-
ures in his design. These rules have been formulated in 
standard tables, which map a set of various parameters 
such as operational voltage difference, pollution degree 
or insulation class to a distance value expressed in mm 
or inch.  
Such tables reformulate the electric problem to a pure 
geometric problem as one simply needs to measure the 
shortest clearance and creepage path in his model only 
to compare it with the corresponding value in the table 
in order to tell whether there is a violation or not. How-
ever, “simply” is by far the wrong word for this task as 

   
 a) normal open contact b) counter spring 

Fig. 9 surface topography of contact before parameter design. 

The contact morphology after the overload test is 
shown in Fig. 9. Compared with the improved product 
passing over load, the reed of the original design is se-
riously eroded, some even melted, which proves the 
progress of the design and the effectiveness of the VPT 
parameter design.  

5 Conclusion 

The quantitative analysis from design to performance 
for a relay is realized. Based on this, the VPT model is 
applied to a certain type of relay. In the parameter de-
sign of a HSER, the performance improvement and op-
timization of relay are realized. 
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the solution to this geometric problem is almost impos-
sible to solve for complex models as the following Sec-
tion 3 will point out. 
Additionally, the clearance and creepage currents are 
allowed to take shortcuts through potential-free ele-
ments such as screws or spring, which adds a signifi-
cant amount of complexity to the exact determination 
of shortest paths. An example of such a shortcut is 
shown in Figure 1. 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1 Sketch of a clearance path at a screw. The path 
is shorter than the direct line between A and B as the 
way within the screw does not count to the total length. 

3 The Geometry behind Creep-
age and Clearance Paths 

The industry standards render two different geometric 
distance metrics for clearance and creepage, which 
need to be measured separately. 

3.1 Clearance Metric 

The clearance is defined as shortest path between two 
electric nets through air. 
In simple situations, where the shortest path between 
two electric networks is obviously a straight line, a 
manual measurement of exact clearance might be pos-
sible. However, as soon as the geometry gets a little 
more complex, there is no chance to get the optimal 
path just by using a thumb or a ruler. Consider the sit-
uation from Figure 2, where just a single step of a stair-
case lies between the source and the target. 
 
 
 
 
 
 
 
 
 

Fig. 2 Example of a clearance path over a single con-
vex edge 

Without any further help, one could hardly determine 
the exact point P at which the clearance breaks at the 
convex edge. 
Even for a computer, the exact computation of shortest 
paths through air is actually an impossible task, as the 
problem is known to be NP complete for three dimen-
sions, meaning that the number of operations is grow-
ing exponentially with the distance. However, the fact 
that clearance distances are relatively short compared 
to the dimensions of the entire model allows to perform 
computer-aided checks for violations. It might not be 
possible to compute the shortest clearance between 
from one end of a large model to the other end as this 
would take centuries even with the world’s most pow-
erful computer, but it is feasible to determine whether 
there is a clearance violation between two circuits or 
not as this only requires to compute the minimum ac-
ceptable distance around one circuit. If no other circuit 
is located within this distance, there is no violation.  

3.2 Creepage Metric 

The creepage is the shortest distance between two elec-
tric nets on the surface of insulators. If this was the en-
tire definition, the creepage would be the geodesic dis-
tance and dozens of algorithms exist for an efficient 
computation of such. However, there are two additional 
aspects which make the math behind creepage paths 
much more complex and unsolvable with classic algo-
rithms. These will be described in the following sub-
sections. 

3.2.1 The Groove Width Parameter 

According to Industry standards, the creepage is al-
lowed to jump for a certain distance x, which may be 
between 0.25mm and 2.5mm depending on the pollu-
tion degree. This parameter is also referred to as 
“groove width” as it allows the path to jump over a 
groove if it is smaller than x, as shown in Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 The course of a creepage paths in various ge-
ometric situations according to industry standards. 
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The groove width parameter is subject to various dif-
ferent interpretations of the industry standards. While 
Figure 3d) shows a jump over a non-convex edge, the 
subfigures b) and c) do not include such jumps at the 
corners despite the fact that they could also foreshorten 
the path. 
Many engineers derive from the sketches in Figure 3 
that the creepage can only jump over edges with an an-
gle less than 90 degree while on edges where the angle 
is greater or equal 90 degree, the creepage has to go all 
the way down to the corner. This interpretation creates 
a highly discontinuous metric, making it impossible to 
define deterministic algorithms for computing such 
distances. We therefore hold the opinion that if one al-
lows the creepage to jump a certain distance x, it should 
do so whenever it leads to a shorter path. Therefore, the 
sketches b) and c) in  Figure 3 should look like the 
ones in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 4 Modified sketches of creepage paths. The path 
exploits the jump x whenever it can lead to a shorter 
path 

This formulation creates a unique definition and a con-
tinuous distance metric for creepage. However, the ex-
act computation of the optimal jumps remains a very 
complex task, especially in three dimensions. In the 2D 
sketches from the industry standards, it seems pretty 
straight-forward how the jumps must look for an opti-
mal foreshortening at the non-convex corners, but 
these sketches are not very helpful when it comes to 
real three-dimensional situations. Consider Figure 5 as 
an example. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Fig. 5 Example of a creepage path taking a jump 
over a non-convex edge. 

Now where exactly does the creepage jump and how 
are the angles at the respective jump points 𝐽𝐽1and 𝐽𝐽2 
such that the path is the global minimum among all 
possible paths? Just to get an idea of the complexity of 
this rather simple situation, Figure 6 show the compu-
tation parameter required to determine the exact jump 
points 𝐽𝐽1and 𝐽𝐽2. 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Sketch illustrating the computation of the op-
timal jump points 𝑱𝑱𝟏𝟏and 𝑱𝑱𝟐𝟐 according to an incoming 
path p1 approaching a non-convex edge ej. 
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While the point O and the vectors r1 and r2 are known 
for an incoming path 𝑝𝑝1, the required parameters λ1 and  
λ2 compute to: 
 
𝜆𝜆1 = 𝑥𝑥

√1+𝐴𝐴−2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and  𝜆𝜆2 = 𝑥𝑥
√1+𝐴𝐴−1(1−2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 

With 𝐴𝐴 = 𝑐𝑐𝑐𝑐𝑠𝑠2𝛼𝛼 ⋅ 𝑐𝑐𝑐𝑐𝑠𝑠2𝛽𝛽 + 𝑠𝑠𝑠𝑠𝑛𝑛2𝛼𝛼 
 
Where α is the angle between p1 and the edge ej and β 
is the angle between the two surfaces on which 𝐽𝐽1 and 
𝐽𝐽2 are located. Needless to say that the one path which 
follows this quotation is impossible to guess manually 
and it required sophisticated software to determine the 
minimum path shown in Figure 5, which is yet a very 
simple scenario. In complex designs, the creepage can 
make an entire sequence of jumps, making the room for 
error in a manual measurement even larger.  

3.2.2 Creepage over Materials with dif-
ferent CTI Values  

As the tables from Figure 1 implies, the minimum ac-
ceptable creepage distance depends on the material 
group of the underlying insulator. There are four differ-
ent material groups defined by corresponding ranges of 
the Comparative Tracking Index (CTI), which are 
shown in Table 1. Additional Information about CTI 
values can be found in [8]. 
 
 
 
 
 
 

 

Tab. 1 Definition of material groups by means of CTI 
ranges. 

The CTI value is a measure for the quality of insulators. 
The higher the value, the better the insulation, which 
explains why the acceptable creepage distances are 
shorter for lower groups. However, what if the creep-
age paths goes over different insulation groups, as 
shown in Figure 7. 
 
 
 
 
 

 

Fig. 7 Creepage path over materials with different 
insulation classes. 

Let the acceptable creepage be 5mm for CTI 600 and 
10mm for CTI 100. If the insulation in Figure 7 was 
all 600, the design would be OK, while for 100, we 
would have a violation. But how should be interpret the 
combined situation as displayed in the figure? Industry 

standards suggest to take the worst case for the entire 
path, rendering a violation as we need to fulfil 10mm. 
We think that this approach can be massively optimized 
as we will described later in Section 5 while in this sec-
tion, we only want to address the geometric aspects of 
creepage paths and the geometry of the path from Fig-
ure 7 is always the same independent of the underlying 
CTI value. However, there are also situations where the 
entire course of the path can change due to different 
CTI values, as shown in Figure 8. 
 
 
 
 
 
 

 

Fig. 8 Another creepage path over different insula-
tion classes. Path a) is 7.5mm and path b) is 9.5mm. 
While a) is ok according to industry standards, path b) 
would be a violation despite the fact that it is longer 

Path a) is obviously the shortest one and the industry 
standard suggests that this path is OK as it fulfils the 
required 5mm on CTI 600. However, path b) would be 
a violation as it requires 10mm due to partly traveling 
on CTI 100. 
Thus, we actually should not search for the path with 
the minimum distance when dealing with different in-
sulation classes, but the path with the minimum re-
sistance. But what exactly are the geometric properties 
of such a path? As proven in [5], it turns out that the 
path of minimum resistance follows Snell’s Law of re-
fraction at the border between two different insulations, 
whereas the refraction index is derived from the ratio 
of minimum acceptable creepage distances of the two 
insulation classes. 
Again, such paths are impossible to determine without 
the help of a powerful software. Even the current state 
of the art software products [1],[2] are not yet capable 
of handling the scenario from Figure 8 correctly as this 
requires a whole new approach for measuring paths. 
Section 5 describes, how we will solve this problem in 
the future. 

4 Software-based Clearance and 
Creepage Analysis 

The exact measuring of minimum clearance and creep-
age paths is inevitable for telling if an assembly con-
forms to the industry standard or not. However, the pre-
vious section has pointed out the impossibility of de-
termining the shortest paths in complex geometries 
manually. Thus, there has always been a strong demand 
for a software to solve this particular geometric prob-
lem. 
 
 

Group Range 
I CTI >= 600 
II 400 <= CTI < 600 
IIIa 175 <= CTI < 400 
IIIb 100 <= CTI < 175 
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4.1 Previous Work 

Kaguera and Shimada [7] formulated the problem al-
ready in 2002, but failed to implement a solution de-
spite announcing one in their “future work” section. 
PTC released the “Spark Analysis Extension” [6] in 
2009, which promised to compute exact 3D clearance 
and creepage paths. However, the method was too in-
efficient for larger assemblies and could not handle the 
creepage jumps properly. 
Our proposed method has undergone a research project 
at the University Erlangen-Nuremberg between 2010 
and 2014, where the important mathematical funda-
ment for an efficient solution was established [5]. This 
was the basis for the first commercial software prod-
ucts to allow for a robust and efficient clearance and 
creepage analysis on real CAD data [1],[2]. The rest of 
this section describes important aspects of the entire 
analysis workflow using the software described in [1]. 

4.2 Preparation of the CAD Data 

This subsection describes mandatory preparation steps 
before an automatic analysis can be performed. All of 
these steps can be fully performed within the software. 

4.2.1 Assigning Meta Information  

First of all, the software must know which elements are 
conductive and which are insulating. This can be done 
by an intuitive assignment of CTI values for parts and 
surfaces. As an optional step, it can also perform auto-
matic optimizations for certain part types such as 
springs (see Figure 9).  
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Fig. 9 Creepage path which takes a shortcut through 
a spring. “AutoCrear” can automatically replace the 
spring by a cylinder in order to obtain the worst case 
scenario under all possible rotations 

4.2.2 Combining Mechanical and Elec-
trical Data  

Each layer of a printed circuit board (PCB) is internally 
checked regarding clearance and creepage distances 
with simple 2D methods. However, circuits on the PCB 
must also be checked against the peripheral mechanic 
elements, which requires a 3D computation. “Au-
toCrear” provides an interface to ECAD data by means 
of an odb++ import, where a 3D model of the PCB is 
automatically created, as illustrated in Figure 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 10 AutoCrear can generate a 3D model out of the 
2D layer information of a PCB. 

 The generated 3D model features all the material and 
network information from the ECAD system and can 
be assembled with the mechanics in order to allow for 
a combined analysis. 

4.2.3 Defining Electric Nets  

Electric circuits are the main entities of a clearance and 
creepage analysis as they are eventually the sources 
and targets of a path. The software automatically de-
tects electric networks by means of the geometric adja-
cency of conductive elements. The nets can be assigned 
a type in order to distinguish between live, grounded, 
or potential-free nets. As for PCB, the nets are automat-
ically obtained from the odb++ import. 

4.2.4 Specifying Analysis Parameters  

Basically, one can already compute the shortest clear-
ance and creepage paths between the net pairs accord-
ing to the information specified so far. However, in or-
der to get an automatic interpretation of the paths, the 
program must know the minimum acceptable distances 
between the nets. This can be obtained either manually 
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Let the acceptable creepage be 5mm for CTI 600 and 
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tion classes. Path a) is 7.5mm and path b) is 9.5mm. 
While a) is ok according to industry standards, path b) 
would be a violation despite the fact that it is longer 

Path a) is obviously the shortest one and the industry 
standard suggests that this path is OK as it fulfils the 
required 5mm on CTI 600. However, path b) would be 
a violation as it requires 10mm due to partly traveling 
on CTI 100. 
Thus, we actually should not search for the path with 
the minimum distance when dealing with different in-
sulation classes, but the path with the minimum re-
sistance. But what exactly are the geometric properties 
of such a path? As proven in [5], it turns out that the 
path of minimum resistance follows Snell’s Law of re-
fraction at the border between two different insulations, 
whereas the refraction index is derived from the ratio 
of minimum acceptable creepage distances of the two 
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Again, such paths are impossible to determine without 
the help of a powerful software. Even the current state 
of the art software products [1],[2] are not yet capable 
of handling the scenario from Figure 8 correctly as this 
requires a whole new approach for measuring paths. 
Section 5 describes, how we will solve this problem in 
the future. 
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age paths is inevitable for telling if an assembly con-
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vious section has pointed out the impossibility of de-
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or automatically by applying a pre-defined standard ta-
ble, which map the operational voltage difference and 
the insulation class onto the corresponding distance 
value [3],[4]. Additionally, altitude correction can be 
applied automatically so that the results for clearance 
can be seen for all relevant altitudes.  

4.3 Performing and Evaluating an Analy-
sis 

Once all the analysis parameters are set, the program 
can perform an automatic computation of all clearance 
and creepage paths within the critical section of each 
circuit  pair according to the distance metrics described 
in Section 3. Figure 11 shows various results of such a 
computation.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

Fig. 11 Various example results of clearance (blue) 
and creepage (red). 

 
 
 
 

The time for an entire analysis may vary between a few 
seconds and several hours depending on the complex-
ity of the assembly and the distance to be computed. 
The resulting path can be visualized in a special 3D 
viewer including functions to quickly identify paths in 
the interior.  
If desired, one can generate an automatic analysis re-
port, which is an important aspect of safety documen-
tation. Customers or certification authorities often de-
mand such a document and they will be much more im-
pressed by receiving a systematically generated report 
which contains exact results rather than a hand-made 
drawing with rough approximations. 

5 Future Work 

In the future, we will establish a new approach to de-
termine and evaluate creepage paths, which eliminates 
the problems described in Section 3.2.2. As described 
in said section, especially in Figure 8, it is not always 
meaningful to determine the path with minimum dis-
tance in order to detect violations, we rather need to 
find the path with minimum resistance when materials 
with different insulation classes are involved. 
Also, the approach suggested by industry standards to 
take the worst involved CTI value for the entire path 
can create absurd situations as illustrated in Figure 12. 
 
 
 
 
 
 
 
 

Fig. 12 Creepage paths on different CTI values. The 
pairs AB as well as AC must fulfil a distance of 5mm 
on CTI 600 and 10mm on CTI 100 

While the net pair A and C are considered to be OK as 
the required 5mm on CTI 600 are fulfilled, the nets A 
and B render a violation despite the fact that B is even 
further away from A. Intuitively, AB should actually be 
safer than AC but by no means is this reflected by the 
classical approach. 
In order to eliminate such a discontinuous behavior, the 
idea is not to measure the distance of a path but the 
percentage of fulfilment of the acceptable minimum 
distances on each insulation class. In the example of 
Figure 12, the path between A and B travels 7mm on 
insulation class I and 0.5mm on insulation class IIIb. 
As the acceptable distances for creepage are 5mm and 
10mm, respectively, we have a fulfilment of 140% in 
insulation class I (7mm where we only need 5mm) and 
an additional 5% on insulation class IIIb (0.5mm where 
we need 10mm) resulting in a total value of 145%. The 
path between A and C renders a value of 120% which 
reflects the intuition much better.  
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Another advantage of this new violation measure com-
pared to the classical distance-based approach is the 
fact that the software would indeed find the path of 
minimum resistance. In the example from Figure 8, 
path b) would be computed as the worst creepage path 
instead of path a), allowing to detect the violation at 
hand. 

6 Summary 

Meeting the standards regarding minimum acceptable 
clearance and creepage paths is an important aspect in 
the development of electric assemblies, especially 
when compactness of the design is an additional re-
quirement. Traditional methods, which are based on 
manual measurements and rough approximations are 
not only time consuming but also inaccurate and can 
thus lead to product failures in service as safety viola-
tions can easily be missed. New software-based ap-
proached [1],[2] to measure clearance and creepage 
paths are capable of computing exact results under con-
sideration of complex aspects such as groove width for 
creepage or the fact that currents can take shortcuts 
through conductive-free elements. The knowledge of 
the minimum paths not only allows for a robust detec-
tion and target-oriented elimination of violations, it 
also can assist an engineer to design the assemblies as 
compact as possible. The standalone solution “Au-
toCrear” [1] also allows for an efficient import of both, 
MCAD and ECAD data in order perform a combined 
analysis between mechanical elements and PCBs. In 
the future, the method for creepage computation will 
be further improved in order to eliminate the existing 
discontinuities arising from current industry standards. 
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or automatically by applying a pre-defined standard ta-
ble, which map the operational voltage difference and 
the insulation class onto the corresponding distance 
value [3],[4]. Additionally, altitude correction can be 
applied automatically so that the results for clearance 
can be seen for all relevant altitudes.  

4.3 Performing and Evaluating an Analy-
sis 

Once all the analysis parameters are set, the program 
can perform an automatic computation of all clearance 
and creepage paths within the critical section of each 
circuit  pair according to the distance metrics described 
in Section 3. Figure 11 shows various results of such a 
computation.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

Fig. 11 Various example results of clearance (blue) 
and creepage (red). 

 
 
 
 

The time for an entire analysis may vary between a few 
seconds and several hours depending on the complex-
ity of the assembly and the distance to be computed. 
The resulting path can be visualized in a special 3D 
viewer including functions to quickly identify paths in 
the interior.  
If desired, one can generate an automatic analysis re-
port, which is an important aspect of safety documen-
tation. Customers or certification authorities often de-
mand such a document and they will be much more im-
pressed by receiving a systematically generated report 
which contains exact results rather than a hand-made 
drawing with rough approximations. 

5 Future Work 

In the future, we will establish a new approach to de-
termine and evaluate creepage paths, which eliminates 
the problems described in Section 3.2.2. As described 
in said section, especially in Figure 8, it is not always 
meaningful to determine the path with minimum dis-
tance in order to detect violations, we rather need to 
find the path with minimum resistance when materials 
with different insulation classes are involved. 
Also, the approach suggested by industry standards to 
take the worst involved CTI value for the entire path 
can create absurd situations as illustrated in Figure 12. 
 
 
 
 
 
 
 
 

Fig. 12 Creepage paths on different CTI values. The 
pairs AB as well as AC must fulfil a distance of 5mm 
on CTI 600 and 10mm on CTI 100 

While the net pair A and C are considered to be OK as 
the required 5mm on CTI 600 are fulfilled, the nets A 
and B render a violation despite the fact that B is even 
further away from A. Intuitively, AB should actually be 
safer than AC but by no means is this reflected by the 
classical approach. 
In order to eliminate such a discontinuous behavior, the 
idea is not to measure the distance of a path but the 
percentage of fulfilment of the acceptable minimum 
distances on each insulation class. In the example of 
Figure 12, the path between A and B travels 7mm on 
insulation class I and 0.5mm on insulation class IIIb. 
As the acceptable distances for creepage are 5mm and 
10mm, respectively, we have a fulfilment of 140% in 
insulation class I (7mm where we only need 5mm) and 
an additional 5% on insulation class IIIb (0.5mm where 
we need 10mm) resulting in a total value of 145%. The 
path between A and C renders a value of 120% which 
reflects the intuition much better.  
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Abstract

The climate protection targets require a feed-in of renewable energies such as wind power. Special conditions,
regarding the temperature dependence of the dielectric system properties of cable insulation and accessories, apply 
here for HVDC (High-voltage direct current) cables. Due to the limited transportable length of power cables, 
especially with large conductor cross-sections, it is necessary to connect several cable sections in order to cover 
long distances. It is not sufficiently known, how to connect the cable ends in order to achieve a permanent reliable 
connecting system and the availability of the entire cable route. To achieve this, it is necessary to understand the 
criteria, under which a conductor connector can be optimized. Therefore, a depth simulation of the contact behav-
iour of a single-core conductor in a screw connector with regard to the resulting power dissipation is necessary. 
Accordingly, it will be determined which factors are decisive for the optimization. In particular, the mechanical 
behaviour of different aluminium alloys, used as conductor material, is investigated. It will be shown which me-
chanical changes are necessary, in order to describe the contact pressure, contact surface and thus the contact 
resistance in more detail.

1 Introduction

High-voltage cables are used especially in urban areas 
but also to transport large quantities of electrical energy 
over long distances. Due to the portable length of cable 
drums, it is necessary to connect the cables with a joint
and the connector inside. A special field of application 
is energy transmission by HVDC. Transporting high 
direct currents safely via cable connections, is of spe-
cial importance.
Due to the cable sizes, only small sections can be trans-
ported, which in turn must be joined. With a conductor 
cross-section of up to 3000 mm² and a rated current of 
over 2000 amperes, the connection must be designed in 
such a way that it does not endanger the safety of the 
entire system. The contact resistance, in particular, is 
decisive here in order to keep the power dissipation and 
thus the heat emission low. 
In order to guarantee this, certain mechanical prerequi-
sites have to be considered. Later in this paper, the me-
chanical limitations for generating an electrical contact 
is examined in more detail. The penetration depth, the 
contact pressure generated between connector and con-
ductor, as well as, the contact area generated are inves-
tigated.

Figure 1 shows a screw connector with a 240 mm² 
solid wire aluminium conductor and a high voltage 
connector with a 1000 mm² solid wire aluminium con-
ductor.

Fig. 1 Medium-voltage and high-voltage screw con-
nector
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2 Theoretical background

In order to infer the quality of an electrical connection, 
screw connectors for medium and high voltage are ex-
amined in the following. Since there are a large number 
of parameters in the screw joint system under investi-
gation, influencing the joint resistance, the following
parameters will be examined in more detail: Alumin-
ium alloys, applied contact pressure, connector internal 
geometry, contact area produced, number of screws 
and screw arrangement.

2.1 Contact resistance

Maintaining a very low transition resistance is the most 
important prerequisite for ensuring the long-life and re-
liability of bolted connections for power cables. This is 
influenced by the contact pressure achieved, the mate-
rial combination and the current distribution within the 
connector. The contact resistance in a typical metal-to-
metal contact, can be divided mainly into electrical 
contact resistance and thermal contact resistance [1].
The major factors affecting the electrical contact re-
sistance are as follows:

• Surface roughness
• Shape of contact surfaces
• Contact pressure between metals in contact
• Used metal type

As far as the type of metal used is concerned, materials 
with high electrical conductivity such as copper or sil-
ver give considerably lower electrical resistances. Even 
metal surfaces finished to optimal flatness, will have 
peaks or hills at the microscopic level as shown in Fig-
ure 2. When these metal surfaces are brought into con-
tact under low contact pressure, the electrical current 
will experience higher resistance at these isolated 
points, thus increasing contact resistance. Moreover, 
the current density will also increase at these points. 
However, as contact pressure increases, these peaks 
flatten out, thus increasing the metal to metal contact 
area and reducing contact resistance [2].

Fig. 2 Microscopic contact surface for metal-to-
metal contact [3]

2.2 Contact mechanics 

Contact mechanics is a fundamental discipline of the 
tribology, which mainly deals with the interaction of 
solid surfaces. In a typical metal-to-metal contact, the 
surfaces are almost uneven. Contact problems between 
metals are strongly non-linear and lead to plastic defor-
mation [4].
The main drawback with contact problems is the un-
certainty in contact area. Based on the loads, material 
type, surface roughness and boundary conditions, the 
surfaces can come in contact and then suddenly be-
come contactless or be separated by a large gap. The 
contact areas are highly unpredictable and behaves in 
an abrupt manner. This is the biggest challenge in metal 
to metal contact. Moreover, from an electrical point of 
view, the rise in conductor temperature, makes it even 
more complicated. Analytical solutions, associated 
with contact problems, are highly limited. Therefore, 
Finite Element Method (FEM) approach is widely used 
as an industry standard to predict the behaviour of bod-
ies under contact [4, 5, 6].

2.3 Stress-strain curve

The resistive property of deformable bodies is of high 
importance while dealing with contact mechanics. This 
is illustrated in terms of stress-strain curve obtained 
from various experiments such as tensile and compres-
sion testing. The stress-strain curve (see Figure 3)
gives a clear indication about the behaviour of materi-
als under load.
Stress is described as the force acting per unit area [7].

• Stress = Force / Cross sectional area, 
σ = F / A

Strain is defined as the change in unit length of a ma-
terial under tensile/compressive testing [7].

• Strain = Change in length / Original length, 
ε = ΔL / L

Fig. 3 Stress-Strain-Curve [8]
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1 Introduction

High-voltage cables are used especially in urban areas 
but also to transport large quantities of electrical energy 
over long distances. Due to the portable length of cable 
drums, it is necessary to connect the cables with a joint
and the connector inside. A special field of application 
is energy transmission by HVDC. Transporting high 
direct currents safely via cable connections, is of spe-
cial importance.
Due to the cable sizes, only small sections can be trans-
ported, which in turn must be joined. With a conductor 
cross-section of up to 3000 mm² and a rated current of 
over 2000 amperes, the connection must be designed in 
such a way that it does not endanger the safety of the 
entire system. The contact resistance, in particular, is 
decisive here in order to keep the power dissipation and 
thus the heat emission low. 
In order to guarantee this, certain mechanical prerequi-
sites have to be considered. Later in this paper, the me-
chanical limitations for generating an electrical contact 
is examined in more detail. The penetration depth, the 
contact pressure generated between connector and con-
ductor, as well as, the contact area generated are inves-
tigated.

Figure 1 shows a screw connector with a 240 mm² 
solid wire aluminium conductor and a high voltage 
connector with a 1000 mm² solid wire aluminium con-
ductor.

Fig. 1 Medium-voltage and high-voltage screw con-
nector
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2.4 Contact resistance vs. contact 
pressure

Investigations show that both electrical and thermal re-
sistances are primarily a function of the contact pres-
sure and surface condition between a metal-to-metal 
contact [2]. At low contact pressure, only the hills or 
peaks touch the material surface. As the pressure in-
creases, the peaks become flatter and both the electrical 
and thermal contact resistance decreases. This phe-
nomenon is called "spreading resistance". Another type 
of resistance caused by oxide layers or impurities on 
metal surfaces is called "interfacial resistance". Studies
show that the presence of oxide layers prevents metal-
to-metal contact [9]. At high contact pressures, these 
oxide layers are broken up and ensure metal-to-metal 
contact. The contact pressure, at which these oxide lay-
ers break up, depends on the properties of the oxide 
layer and the underlying material. Soft metals such as 
aluminium consist of thin, brittle oxide layers that can 
break open easily. If the material and the oxide layer 
have the same mechanical strength (e.g. iron), the ox-
ide layers deform with the metal and thus prevent 
metal-to-metal contact. Experimental investigations 
show that the contact resistance values achieved for lu-
bricated and non-lubricated surfaces are comparatively 
similar and have little effect [10]. The contact pressure 
between the metals in contact plays an important role 
in regulating the contact resistance. A low contact re-
sistance is decisive for the reduction of energy losses 
and the durability of screw connections. The contact 
resistance depends on many factors, such as the con-
nector, the conductor and bolt material. From a theoret-
ical point of view, the metal surface roughness and the 
shape of the contact surfaces influence the contact pres-
sure and the contact area between the metals. This pa-
per focuses on the effect of material thickness on con-
tact pressure and contact area, in which the influence 
of conductor material, connector design, bolt type and 
number of bolts on contact pressure and the contact 
area is examined.

3 Aluminium conductors

Due to its excellent mechanical and electrical proper-
ties, aluminium is one of the most common metals used 
for the production of electrical cables. Aluminium sur-
faces quickly form a corrosion-resistant oxide layer 
(Al2O3), when exposed to oxygen. This thin oxide
layer is formed immediately when exposed to air and 
is about 2-4 nm thick. Although the oxide layer protects 
the material from corrosion, this is not desirable for 
electrical connections. The non-conductive oxide layer 
worsens the electrical conductivity and also increases 
the contact resistance. Therefore, connecting an oxi-
dized aluminium conductor increases the contact re-
sistance between the aluminium conductor and the con-
nector body. To avoid such problems, the oxide layer 

must be removed or broken before connecting. Brush-
ing the aluminium conductor surface prior to assembly 
is one of the most commonly used methods. In addi-
tion, if an oxide inhibitor is used immediately, contact 
grease is also used. Contact grease consists of fine, 
abrasive material such as corundum. Under pressure 
the grease particles have an abrasive effect on the con-
ductor surface and break up the non-conductive oxide 
layer. In addition to removing the oxide layer, the con-
tact grease prevents the penetration of moisture and ox-
ygen. In some commercially available screw connect-
ors, the connector body contains transverse or longitu-
dinal grooves. These grooves break into the aluminium
oxide layers of the conductor when plugged in, thus en-
suring the metal-to-metal contact and reducing the con-
tact resistance [11, 12].

3.1 Aluminium alloys

The prime focus of this study is to find out the most 
ideal aluminium alloy that can be used as conductor 
material. The ideal one will be selected based on the 
following parameters:

• Electrical conductivity of the alloy
• Maximum contact pressure achieved between 

conductor and the bottom connector surface
• Contact area between conductor and con-

nector surface

As the strength of the alloy increases, the greater the 
ability to adapt to the deformation and thus the increase 
in contact pressure. The simulations are performed by 
using different aluminium alloys as conductor material
(see Table 1).

Table 1 Aluminium Alloy Comparison Chart [14]

Alumin-
ium
Alloy  

Maximum 
Contact 
Pressure 

Contact 
Area 

Electri-
cal Con-
ductivity

1060-H18
264 MPa
at 
1 mm

1241 mm2

at 1 mm
61
% IACS

1350-H19
423 MPa 
at 
1.25 mm

1230 mm2

at 1.25 mm
61
% IACS

6101-T6
440 MPa
at
1.25 mm

1190 mm2

at 1.25 mm
57
% IACS

6201-T81
671 MPa
at 
1.5 mm

1141 mm2

at 1.5 mm
52.5
% IACS

8176-H24
355 MPa
at 
1.25 mm

1179 mm2

at 1.25 mm
61
% IACS
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Table 1 shows the simulation results of the most com-
monly used aluminium alloys by HV cable manufac-
turers and their relevant properties. The design of the 
connector remains the same, only the conductor mate-
rial is changed in order to investigate how the contact 
pressure and contact area varies based on different alu-
minium alloys. The selection of the appropriate alu-
minium alloy, considers the alloys with the highest 
electrical conductivity, among which, the 1350-H19
has the highest maximum contact pressure per square 
millimetre. The main chemical composition of the se-
lected aluminium alloy 1350-H19, are given as follow
in % weight: Al: 99.5; Fe: 0 - 0.4; Si: 0 - 0.1 [14].
Therefore this aluminium alloy is chosen as conductor 
material for further simulations. Its ability to achieve 
good contact pressure and area values in combination 
with excellent electrical properties makes it the most 
suitable alloy for conductor material [13].

4 Connector design

Seven different connector variants for 240 mm² and 
five variants for 500 mm² and 1000 mm² round solid 
conductors were investigated as model. The connector 
inner surface was modified in two variants (round and 
V-shaped), and the screw arrangement and number of 
screws was also varied. Only the combinations with the 
best results of contact pressure and area are presented 
in Figure 4, in which two variants for 240 mm² con-
ductors are shown.

Fig. 4 Connector-Design-Variation 1 (left) & Varia-
tion 2 (right)

4.1 Simulation results for 240 mm²

The results of the simulations for a 240 mm² aluminium 
conductor are shown below. The results for the previ-
ously mentioned geometries are shown. Figure 5 indi-
cates the value of contact pressure and the area at a bolt 

displacement of 2.25 mm in radial direction, for a con-
nector with a V-shaped inner surface and two non-stag-
gered bolts (Variation 1).

Fig. 5 Contact Pressure & Area from Variant 1 
(V-shape / two bolts in a row)

As shown in Figure 6, a maximum contact pressure of 
532 MPa is achieved at a bolt displacement of 1.5 mm.
Further displacement of bolts results in the reduction of 
contact pressure.

Fig. 6 Contact Pressure vs. Bolt Displacement (Var-
iant 1)

Figure 7 shows that the contact area is 1346 mm² with 
a bolt offset of 1.5 mm. The contact area fluctuates at a 
low rate, which is to be expected for contact problems 
within metals.

Fig. 7 Contact Area vs. Bolt Displacement (Vari-
ant 1)

2.4 Contact resistance vs. contact 
pressure

Investigations show that both electrical and thermal re-
sistances are primarily a function of the contact pres-
sure and surface condition between a metal-to-metal 
contact [2]. At low contact pressure, only the hills or 
peaks touch the material surface. As the pressure in-
creases, the peaks become flatter and both the electrical 
and thermal contact resistance decreases. This phe-
nomenon is called "spreading resistance". Another type 
of resistance caused by oxide layers or impurities on 
metal surfaces is called "interfacial resistance". Studies
show that the presence of oxide layers prevents metal-
to-metal contact [9]. At high contact pressures, these 
oxide layers are broken up and ensure metal-to-metal 
contact. The contact pressure, at which these oxide lay-
ers break up, depends on the properties of the oxide 
layer and the underlying material. Soft metals such as 
aluminium consist of thin, brittle oxide layers that can 
break open easily. If the material and the oxide layer 
have the same mechanical strength (e.g. iron), the ox-
ide layers deform with the metal and thus prevent 
metal-to-metal contact. Experimental investigations 
show that the contact resistance values achieved for lu-
bricated and non-lubricated surfaces are comparatively 
similar and have little effect [10]. The contact pressure 
between the metals in contact plays an important role 
in regulating the contact resistance. A low contact re-
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resistance depends on many factors, such as the con-
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sure and the contact area between the metals. This pa-
per focuses on the effect of material thickness on con-
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3 Aluminium conductors
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(Al2O3), when exposed to oxygen. This thin oxide
layer is formed immediately when exposed to air and 
is about 2-4 nm thick. Although the oxide layer protects 
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electrical connections. The non-conductive oxide layer 
worsens the electrical conductivity and also increases 
the contact resistance. Therefore, connecting an oxi-
dized aluminium conductor increases the contact re-
sistance between the aluminium conductor and the con-
nector body. To avoid such problems, the oxide layer 

must be removed or broken before connecting. Brush-
ing the aluminium conductor surface prior to assembly 
is one of the most commonly used methods. In addi-
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suring the metal-to-metal contact and reducing the con-
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3.1 Aluminium alloys
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ideal aluminium alloy that can be used as conductor 
material. The ideal one will be selected based on the 
following parameters:

• Electrical conductivity of the alloy
• Maximum contact pressure achieved between 

conductor and the bottom connector surface
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As the strength of the alloy increases, the greater the 
ability to adapt to the deformation and thus the increase 
in contact pressure. The simulations are performed by 
using different aluminium alloys as conductor material
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Figure 8 shows the contact pressure for a connector 
design with a round connector inner surface and an off-
set arrangement of 3 bolts. The contact pressure shown 
is achieved with a bolt penetration of 2.25 mm.

Fig. 8 Contact Pressure & Area from Variant 2
(Round / three bolts displaced)

As shown in Figure 9, a maximum contact pressure of 
442 MPa is achieved at a bolt displacement of 1.5 mm.
Further displacement of bolts results in the reduction of 
contact pressure.

Fig. 9 Contact Pressure vs. Bolt Displacement (Var-
iant 2)

The contact area is 1343 mm² with a bolt offset of 
1.5 mm (see Figure 10). The area is highly unstable 
and fluctuates in an unpredictable manner, as can be 
seen in the range of 1.25 mm to 2.0 mm bolt displace-
ment.

Fig. 10 Contact Area vs. Bolt Displacement (Vari-
ant 2)

Design variants with V-shaped inner surface achieves 
the maximum contact pressure. V-shaped inner surface 
helps to increase the contact area in comparison to cir-
cular (round) inner surfaces. However, most of the 
commercially available screw connectors consists of a 
circular inner surface. Therefore, the use of V-shaped 
connector design must be validated from an electrical 
point of view to check its suitability. The unpredicta-
bility of contact area after reaching a specific bolt dis-
placement is especially visible in Figure 10. The con-
tact area increases and decreases in an unstable manner. 
As discussed, the fluctuation in contact area is mainly 
due to the bolt position and the unpredictability of con-
tact areas in metal to metal contact. Other design vari-
ants with angled bolts show similar behaviour with re-
spect to contact area.
Contact pressure range are as follows:

• For variants with circular inner surface:
357 MPa to 442 MPa 

• For variants with V-shaped inner surface:
528 MPa to 532 MPa

4.2 Simulation results for 500 mm² and 
1000 mm²

The results show almost the same characteristics in 
comparison to 240 mm² conductors. Increasing the 
number of bolts helps to achieve the maximum contact 
pressure at a small bolt displacement. Design variants 
with V-shaped inner surface achieves the maximum 
contact pressure similar to that of 240 mm² connectors. 
It is evident that the contact pressure decreases as the 
conductor cross-section increases.

Contact pressure for 500 mm²

• V-shaped inner surface: 510 MPa

• Circular shaped inner surface: 381 - 410 MPa

Contact pressure for 1000 mm²

• V-shaped inner surface: 501 MPa

• Circular shaped inner surface: 346 - 401 MPa

The contact area increases with increase in conductor 
cross-section, which is self-explanatory. However, 
500 mm² and 1000 mm² connector designs with angled 
bolts (30°, 45°, 135°, etc.) shows unstable contact areas 
compared to connector designs without any angled
bolts which has only slight deviations in contact area. 
The contact area increase and decreases in an unpre-
dictable manner. The deviation in contact area is 
mainly due to the position of bolts and also due to the 
unpredictability of contact areas in metal to metal con-
tact as discussed in the literature review.
In comparison with the 240 mm² conductor, the bigger 
cross-sections have almost the same characteristics. 
Design variants with V-shaped inner surface achieves 



525

the maximum contact pressure similar to that of
240 mm² connectors. Also it is evident that as conduc-
tor cross-section increases, the achieved contact pres-
sure decreases.

5 Conclusion and outlook

The contact resistance between the aluminium conduc-
tor and the connector body should be kept very mini-
mal, in order to ensure efficient transmission of power. 
High-contact resistance leads to power loss in the form
of heat, which might result in connection breakdown.
Studies indicate that contact resistance between metals 
reduce with increase in contact pressure. The main fo-
cus of this investigations is to study the major factors 
which affects the contact pressure and area between al-
uminium conductor and connector body. Screw con-
nector designs with various combination of conductor 
material, bolt type and numbers, etc., were simulated 
and studied.

The following results can be summarised from the in-
vestigations:

1. The correct ratio between conductivity and 
mechanical strength is a prerequisite for the 
lowest possible connection resistance.

2. The contact resistance depends on the contact 
pressure, which in turn has a maximum value 
depending on the geometry.

3. This maximum depends on the following pa-
rameters:

a. Contact area of the elements to be 
connected 

b. Penetration depth of the contact bolts
4. The required penetration depth varies with the 

number of contact bolt.
5. The size of the contact surface becomes insta-

ble with offset screw angulation.

Further investigations are aimed at evaluating the find-
ings on a real connector system. For this purpose, the 
material properties of the connector and conductor 
must be determined as accurately as possible. In addi-
tion, further simulations will be carried out to electri-
cally simulate the arrangements that have already been 
mechanically investigated in order to investigate their 
resistance. 
In addition, a measuring principle is being developed 
which is intended to reproduce the resistance values 
determined in the simulations. Furthermore, the influ-
ence of temperature, the force reduction and the transi-
tion from elastic to plastic deformation must be inves-
tigated in more detail.
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Figure 8 shows the contact pressure for a connector 
design with a round connector inner surface and an off-
set arrangement of 3 bolts. The contact pressure shown 
is achieved with a bolt penetration of 2.25 mm.

Fig. 8 Contact Pressure & Area from Variant 2
(Round / three bolts displaced)

As shown in Figure 9, a maximum contact pressure of 
442 MPa is achieved at a bolt displacement of 1.5 mm.
Further displacement of bolts results in the reduction of 
contact pressure.

Fig. 9 Contact Pressure vs. Bolt Displacement (Var-
iant 2)

The contact area is 1343 mm² with a bolt offset of 
1.5 mm (see Figure 10). The area is highly unstable 
and fluctuates in an unpredictable manner, as can be 
seen in the range of 1.25 mm to 2.0 mm bolt displace-
ment.

Fig. 10 Contact Area vs. Bolt Displacement (Vari-
ant 2)

Design variants with V-shaped inner surface achieves 
the maximum contact pressure. V-shaped inner surface 
helps to increase the contact area in comparison to cir-
cular (round) inner surfaces. However, most of the 
commercially available screw connectors consists of a 
circular inner surface. Therefore, the use of V-shaped 
connector design must be validated from an electrical 
point of view to check its suitability. The unpredicta-
bility of contact area after reaching a specific bolt dis-
placement is especially visible in Figure 10. The con-
tact area increases and decreases in an unstable manner. 
As discussed, the fluctuation in contact area is mainly 
due to the bolt position and the unpredictability of con-
tact areas in metal to metal contact. Other design vari-
ants with angled bolts show similar behaviour with re-
spect to contact area.
Contact pressure range are as follows:

• For variants with circular inner surface:
357 MPa to 442 MPa 

• For variants with V-shaped inner surface:
528 MPa to 532 MPa

4.2 Simulation results for 500 mm² and 
1000 mm²

The results show almost the same characteristics in 
comparison to 240 mm² conductors. Increasing the 
number of bolts helps to achieve the maximum contact 
pressure at a small bolt displacement. Design variants 
with V-shaped inner surface achieves the maximum 
contact pressure similar to that of 240 mm² connectors. 
It is evident that the contact pressure decreases as the 
conductor cross-section increases.

Contact pressure for 500 mm²

• V-shaped inner surface: 510 MPa

• Circular shaped inner surface: 381 - 410 MPa

Contact pressure for 1000 mm²

• V-shaped inner surface: 501 MPa

• Circular shaped inner surface: 346 - 401 MPa

The contact area increases with increase in conductor 
cross-section, which is self-explanatory. However, 
500 mm² and 1000 mm² connector designs with angled 
bolts (30°, 45°, 135°, etc.) shows unstable contact areas 
compared to connector designs without any angled
bolts which has only slight deviations in contact area. 
The contact area increase and decreases in an unpre-
dictable manner. The deviation in contact area is 
mainly due to the position of bolts and also due to the 
unpredictability of contact areas in metal to metal con-
tact as discussed in the literature review.
In comparison with the 240 mm² conductor, the bigger 
cross-sections have almost the same characteristics. 
Design variants with V-shaped inner surface achieves 
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1 Introduction 

It is well known that the real contact area between 
rough surfaces is only a small fraction of the nominal 
contact area for a wide range of contact loads [1-2]. 
This not only causes much higher contact pressures and 
contact temperatures locally [3-4], but also induces ad-
ditional electrical and thermal resistance at the inter-
face [5-6]. Accordingly, the accurate estimation of the 
real contact area is necessary to better understand the 
behaviors of materials in contact. 

The most ideal way to directly obtain the sizes and 
distributions of the real contact area between rough sur-
faces is in-situ observation during the loading process 
by using the visualization techniques [7-10]. However, 
the common experimental methods remains highly 
challenging due to the lower lateral resolution (about 
0.2 mm) [11] for the ultrasonic technique and higher 
requirement of one transparent contact pair for the op-
tical method. As for the finite element method, the 
computational time is very high for tens of hours or 
even several days since the meshes for the concerned 
rough surface must be enough dense to capture the 
whole details in the contact process. 

Nowadays, the deterministic 3D contact method is 
becoming more popular to evaluate the evolution of 
real contact area with convenient acquisition for the 
height information of the rough surface [12-15]. The 
general process for the deterministic 3D contact 
method is shown in Fig. 1. Firstly, the height distribu-
tions of engineering rough surfaces could be obtained 
by the scanning instruments to characterize the surface 
topography digitally. Then, these height information is 
used to reconstruct the rough surface by fitting the dis-
crete points locally to asperity-peaks. Subsequently, 
the mechanical deformation and electrical performance 

for each possible asperity are conducted based on the 
Hertz theory and Holm conductivity. Finally, the total 
contact load, the size and distribution of the real con-
tact area and contact resistance are output to analyze 
the contact behaviors of rough surfaces. It is noted that 
the second step, i.e. reconstruction of the rough surface 
by the asperity-peaks, is the most critical one in four 
steps. And the level of what could be considered as as-
perity-peaks mainly depends on our ability to identify 
and quantify them. The evaluation of the contact char-
acteristics is also directly determined by the identifica-
tion of the shapes and relevant parameters for the as-
perity-peaks. Though some literatures have proposed 
identification methods for determining the asperity-
peaks, only the sphere-peaks are identified and there is 
no further contact analysis conducted [16-17]. 

Reconstruct the rough surface by the 
asperity-peaks

Analyze the mechanical deformation 
and electrical performance based on 

each contact asperity 

Output the mechanical force, real 
contact area and contact resistance

Read the height distributions of 
3D rough surface

 
Fig. 1 The general four steps for the deterministic 3D contact 
method. 

The purpose of this paper is to propose a method for 
identifying the evolution of rough surface contact by 
introducing the elliptical asperity. For this purpose, a 
determination process for the elliptical asperity-peak in 
3D is presented in detail. Then, the real contact area 
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and contact load are identified by combining the Hertz 
theory for the fractal rough surface. Subsequently, a 3D 
finite-element model of rough surface is built and the 
mechanical simulation results are compared with the 
analytical methods. The comparison results show the 
proposed method based on elliptical asperity is more 
effective. 

2 Determination of Elliptical 
Asperity-peak in 3D 

The 3D topography of engineering surfaces could be 
measured by using different scanning instruments, 
such as stylus profilometers, optical interferometers 
and AFM [18]. And the surface measurement results 
would consist of a number of discrete points with 
height information, which are spaced by a certain dis-
tance apart. Fig. 2(a) shows a top view of the schematic 
surface consisting of discrete dots. And the asperity-
peak (denoted as AP for asperity point) is defined as a 
point which is higher than its nearest-neighbor finite 
points (denoted as NP for neighboring point). The most 
widely used spherical asperity-peak determination 
method in the literature are the 5- and 9-point square 
definitions [19-20]. And Greenwood suggested using 
the 9-point sphere-peak method (9PSP method) in 3D 
to avoid the possibility of finding false asperity-peak 
by using the 5-point one [16]. The 3D schematic view 
of the 9-point sphere-peak in 3D is shown in Fig. 2(b). 
However, there would be some asperities with a large 
aspect ratio on the rough surfaces, even for isotropic 
surface. Thus, the sphere-peak assumption becomes in-
valid and might cause inaccurate evaluation of rough 
surface. Therefore, it is necessary to introduce ellip-
soid-peak to determine the properties of ellipsoid-as-
perity exactly. 
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Fig. 2 The schematic graph of (a) the top view of the 9-point 
sphere-peak. (b) 9-point sphere-peak in 3D. AP and NP rep-
resent the asperity point and neighboring point, respectively. 

The general identification process for elliptical as-
perity-peak is as follows: Firstly, it is necessary to iden-
tify the asperity point AP with the highest height lo-
cally due to the fact that the higher point is always more 
likely to be in contact during the actual loading process 
[1]. Then, if the highest NP around AP is also higher 
than the seven nearest-neighboring points (except for 
AP) around it, we further define this point as a sub-as-
perity point which is denoted as SAP. Thus, the height 
order of involved points is AP > SAP > NPs. In addi-
tion, if the NP which locates in line with determined 
AP and SAP, is the second highest one in eight original 
NPs and also higher than the seven nearest-neighbor-
ing points (except for AP) around it, then it also could 
be recognized as another SAP. Once some SAP is de-
termined, then other possible SAP(s) would be further 
identified only along the directions of identified AP 
and SAP. And this identification process would con-
tinue until there is no SAP identified. It is noted that 
the core of this identification process is to determine 
the numbers and relative directions of the sub-asperity 
points (SAPs). There are multi-points (more than 9 
points) to reconstruct an elliptical asperity-peak com-
pared with the traditional 9PSP method due to the in-
troduced point SAP. Thus, the determination process 
mentioned above is called multi-points ellipsoid-peak 
method (MPEP method). 
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Fig. 3 Determination process for three identified SAPs. (a) 
One AP surrounded by eight NPs in Loop 1. (b) The point 
NP13 in Loop 2 is defined as the first SAP. (c) The point NP23 
in Loop 3 is identified as the second SAP. (d) The point NP16 
in Loop 4 is identified as the third SAP. (e) The identified AP, 
three SAPs and twenty NPs. 
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1 Introduction 

It is well known that the real contact area between 
rough surfaces is only a small fraction of the nominal 
contact area for a wide range of contact loads [1-2]. 
This not only causes much higher contact pressures and 
contact temperatures locally [3-4], but also induces ad-
ditional electrical and thermal resistance at the inter-
face [5-6]. Accordingly, the accurate estimation of the 
real contact area is necessary to better understand the 
behaviors of materials in contact. 

The most ideal way to directly obtain the sizes and 
distributions of the real contact area between rough sur-
faces is in-situ observation during the loading process 
by using the visualization techniques [7-10]. However, 
the common experimental methods remains highly 
challenging due to the lower lateral resolution (about 
0.2 mm) [11] for the ultrasonic technique and higher 
requirement of one transparent contact pair for the op-
tical method. As for the finite element method, the 
computational time is very high for tens of hours or 
even several days since the meshes for the concerned 
rough surface must be enough dense to capture the 
whole details in the contact process. 

Nowadays, the deterministic 3D contact method is 
becoming more popular to evaluate the evolution of 
real contact area with convenient acquisition for the 
height information of the rough surface [12-15]. The 
general process for the deterministic 3D contact 
method is shown in Fig. 1. Firstly, the height distribu-
tions of engineering rough surfaces could be obtained 
by the scanning instruments to characterize the surface 
topography digitally. Then, these height information is 
used to reconstruct the rough surface by fitting the dis-
crete points locally to asperity-peaks. Subsequently, 
the mechanical deformation and electrical performance 

for each possible asperity are conducted based on the 
Hertz theory and Holm conductivity. Finally, the total 
contact load, the size and distribution of the real con-
tact area and contact resistance are output to analyze 
the contact behaviors of rough surfaces. It is noted that 
the second step, i.e. reconstruction of the rough surface 
by the asperity-peaks, is the most critical one in four 
steps. And the level of what could be considered as as-
perity-peaks mainly depends on our ability to identify 
and quantify them. The evaluation of the contact char-
acteristics is also directly determined by the identifica-
tion of the shapes and relevant parameters for the as-
perity-peaks. Though some literatures have proposed 
identification methods for determining the asperity-
peaks, only the sphere-peaks are identified and there is 
no further contact analysis conducted [16-17]. 

Reconstruct the rough surface by the 
asperity-peaks

Analyze the mechanical deformation 
and electrical performance based on 

each contact asperity 

Output the mechanical force, real 
contact area and contact resistance

Read the height distributions of 
3D rough surface

 
Fig. 1 The general four steps for the deterministic 3D contact 
method. 

The purpose of this paper is to propose a method for 
identifying the evolution of rough surface contact by 
introducing the elliptical asperity. For this purpose, a 
determination process for the elliptical asperity-peak in 
3D is presented in detail. Then, the real contact area 
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Table 1. The detailed corresponding relationship between the 
superscript of NP and the relative direction to the centre point. 

The superscript 
of NP 

The relative direction to 
the centre point 

1 Top left 
2 Top 
3 Top right 
4 Left 
5 Right 
6 Bottom left 
7 Bottom 
8 Bottom right 

In order to describe this determination process 
clearly, an example with three identified SAPs is illus-
trated in Fig. 3. There is one AP surrounded by eight 
NPs within Loop 1 in Fig. 3a. The subscript and super-
script of NP represent the ith loop and the relative di-
rection to the centre point of the corresponding loop, 
respectively. The numbers of the superscript of NP and 
the correspondingly relative directions to the centre 
point are described in detail in Table 1. In this example, 
we assume that the point NP1

3 is the highest one com-
pared with the other seven NPs in the Loop 1. Next, if 
the NP1

3 also has the highest height compared with the 
seven nearest-neighboring points (except for AP) 
around it in Loop 2, the point NP1

3 is further defined as 
the first SAP in Fig. 3b. Then, if the NP2

3 which is the 
centre point in Loop 3 also has the highest height com-
pared with the seven nearest-neighboring points (ex-
cept for the first SAP) around it in Loop 3, the point 
NP2

3 is further defined as the second SAP in Fig. 3c. 
And if the point NP3

3 is not the highest one in the next 
loop, then the identification of SAP along the top right 
direction is terminated. Thus, the direction of the major 
axis of the elliptical asperity peak has been determined. 
Subsequently, if the centre point NP1

6 is the second 
highest point in Loop 1 and also the highest one com-
pared with the seven nearest-neighboring points (ex-
cept for AP) around it in Loop 4, then this point could 
be taken as the third SAP along the bottom left direc-
tion in Fig. 3d. And if the point NP4

6 is not the highest 
one in the next loop (except for the third SAP), then the 
identification of SAP along the bottom left direction is 
also terminated. Thus, there are one AP, three SAPs 
and twenty NPs in the whole identification process as 
shown in Fig. 3e and these points could be equivalent 
to a 3D elliptical asperity-peak. Therefore, the axis ra-
dii in three orthogonal directions of the ellipsoid-peak 
could be calculated by the least-square fitting to all AP, 
SAPs and NPs. Then, the identified ellipsoid i could be 
characterized by the obtained axis radii ai, bi, ci and 
height zi. Fig. 4 shows the 3D fitting case of the ellip-
soid-peak corresponding to the Fig. 3e. 
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Fig. 4 The 3D schematic view of ellipsoid-peak in 3D corre-
sponding to the case in Fig. 3e. 

3 Contact Model of 3D Rough Sur-
faces 

3.1 Deformation of single asperity 
When a rough surface is in contact with a flat surface, 

there are only some higher discrete asperities bearing 
the load. And the possible contact asperities are 
identified by the aforementioned identification process. 
Therefore, it is necessary to primarily analyze the 
deformation of the single asperity. Fig. 5 shows 
representatively an elastic half-ellipsoid with three 
orthogonally axial radii rx, ry and rz contacting with an 
elastic plane with smooth surfaces. The equivalent 
curvature radius re of contact position is re = (r'r'')1/2, 
where r' = rx

2/rz and r'' = ry
2/rz are the principal 

curvature radii in the x-z and y-z planes. When the 
interference is δ between half-ellipsoid and elastic 
plane under the normal load P, the initial contact point 
is extended to an ellipse with semi-major axis a and 
semi-minor axis b (b < a). And the eccentricity of the 
produced ellipse is defined as 𝑒𝑒 = √1 − (𝑏𝑏2/𝑎𝑎2). The 
relationship between contact load P, contact area A and 
interference δ are written as [21] 

1/2 3/24( ) ( )
3 eP Er F e                      (1) 

( ) ( )eA r A e                             (2) 

where E* = ((1-ν1
2)/E1+(1-ν2

2)/E2)-1 is a constant con-
sisting of Young’s modulus and Poisson’s ratio of the 
involved materials. 

And the contact load coefficients F(e) and contact 
area coefficients A(e) are 

3/2 2 1/4( ) ( ) {[( ) ( ) ( )] [ ( ) ( )]}
2

a
F e K e E e K e K e E e

be

      (3) 

2 1/ 2

2

2( ){[( ) ( ) ( )] [ ( ) ( )]}
( )

( )

b a
E e K e K e E e

a bA e
e K e

  
    (4) 

where K(e) and E(e) are the complete elliptic integrals 
of the first and second kind, respectively. 
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Fig. 5 The contact schematic diagram of an elastic flat with 
an elastic asperity. 

If the axial radii satisfy rx = ry = rz = r, then this el-
lipsoid becomes to a sphere with curvature radius r. 
Thus, the elliptical a-spot becomes a circular one and 
the coefficients F(e) = A(e) = 1 in Eqs.(5) and (6). Fig. 
6 shows the results of illustrative calculations of the de-
pendence of coefficients F(e) and A(e) on the eccen-
tricity e. When the eccentricity e is 0.972, the bearing 
load increases to 1.1 times compared with a circular a-
spot. When the eccentricity e reaches up to 0.991, the 
contact area decreased to 0.9 times. This demonstrates 
that the two coefficients F(e) and A(e) are affected sig-
nificantly by high values of e. And the contact force 
would be underestimated and the contact area would be 
overestimated if the elliptical a-spot is simplified to a 
circular one. 

 
Fig. 6 Evolution of the coefficients F(e) and A(e) for contact 
load and contact area in terms of the eccentricity e. 

3.2 Contact model of rough surface based 
on the elliptical asperity 

It is well known that there are only some paralleled 
asperities bearing the load when two rough surfaces 
contact. Thus, an improved method to model rough sur-
faces contact could be proposed by applying the MPEP 
determination process for possible asperities men-
tioned above. It is assumed that all the asperities de-
form elastically during the whole loading process. And 

the interaction effects between asperities during defor-
mation process are neglected for simplicity. To illus-
trate how to model contact between rough surfaces 
based on the elliptical asperity in more detail, a recur-
sive procedure is developed and the flow chart of this 
process is given in Fig. 7. Firstly, the obtained 3D point 
cloud data of rough surface topography consisting of 
the positions and heights are read. Then, the identified 
local maximum heights are marked as AP, and the cor-
responding positions and total numbers n are recorded. 
Next, continue to find out the possible SAP around AP 
and record its direction and position. Furthermore, if 
there is SAP around the AP, the identified AP, SAP(s) 
and NPs would be fitted to an ellipsoid by the least-
square method. Otherwise, the AP and NPs would be 
fitted to a sphere by the least-square method. Subse-
quently, the bearing load and contact area of identified 
ellipsoid or sphere i could be calculated according to 
the Eqs.(1) and (2) under the given Young’s modulus E 
and indentation depth δ. Thus, the total contact load Pj 
and contact area Aj are updated. When the deformation 
δ reaches to the prescribed displacement of δc, the cal-
culation ends. 

Record the positions and total 
numbers n of AP

Find out the possible SAP around 
AP along eight directions

Is there any SAP around AP?

i = 1, j = 1 , δ = 0, N = δc/Δδ

Ellipsoidal fitting for 
AP, SAP(s) and NPs

Spherical fitting for AP
and NPs

Yes No

Set Young’s modulus E, indentation 
depth δc and variation δ

Compute load Pi,j and contact 
area Ai,j of each ellipsoid-peak 
according to Eqs. (1) and (2)

i = n ? No

Yes

j = N ?

i = i + 1 j = j + 1

 δ = j ·Δδ

Update total load Pj 
and contact area Aj

Done

Yes

No

Read the height distributions of 
3D rough surface

 
Fig. 7 Flow chart of iterative procedure for rough surface 
contact model based on the elliptical asperity. 
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Table 1. The detailed corresponding relationship between the 
superscript of NP and the relative direction to the centre point. 

The superscript 
of NP 

The relative direction to 
the centre point 

1 Top left 
2 Top 
3 Top right 
4 Left 
5 Right 
6 Bottom left 
7 Bottom 
8 Bottom right 

In order to describe this determination process 
clearly, an example with three identified SAPs is illus-
trated in Fig. 3. There is one AP surrounded by eight 
NPs within Loop 1 in Fig. 3a. The subscript and super-
script of NP represent the ith loop and the relative di-
rection to the centre point of the corresponding loop, 
respectively. The numbers of the superscript of NP and 
the correspondingly relative directions to the centre 
point are described in detail in Table 1. In this example, 
we assume that the point NP1

3 is the highest one com-
pared with the other seven NPs in the Loop 1. Next, if 
the NP1

3 also has the highest height compared with the 
seven nearest-neighboring points (except for AP) 
around it in Loop 2, the point NP1

3 is further defined as 
the first SAP in Fig. 3b. Then, if the NP2

3 which is the 
centre point in Loop 3 also has the highest height com-
pared with the seven nearest-neighboring points (ex-
cept for the first SAP) around it in Loop 3, the point 
NP2

3 is further defined as the second SAP in Fig. 3c. 
And if the point NP3

3 is not the highest one in the next 
loop, then the identification of SAP along the top right 
direction is terminated. Thus, the direction of the major 
axis of the elliptical asperity peak has been determined. 
Subsequently, if the centre point NP1

6 is the second 
highest point in Loop 1 and also the highest one com-
pared with the seven nearest-neighboring points (ex-
cept for AP) around it in Loop 4, then this point could 
be taken as the third SAP along the bottom left direc-
tion in Fig. 3d. And if the point NP4

6 is not the highest 
one in the next loop (except for the third SAP), then the 
identification of SAP along the bottom left direction is 
also terminated. Thus, there are one AP, three SAPs 
and twenty NPs in the whole identification process as 
shown in Fig. 3e and these points could be equivalent 
to a 3D elliptical asperity-peak. Therefore, the axis ra-
dii in three orthogonal directions of the ellipsoid-peak 
could be calculated by the least-square fitting to all AP, 
SAPs and NPs. Then, the identified ellipsoid i could be 
characterized by the obtained axis radii ai, bi, ci and 
height zi. Fig. 4 shows the 3D fitting case of the ellip-
soid-peak corresponding to the Fig. 3e. 
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Fig. 4 The 3D schematic view of ellipsoid-peak in 3D corre-
sponding to the case in Fig. 3e. 

3 Contact Model of 3D Rough Sur-
faces 

3.1 Deformation of single asperity 
When a rough surface is in contact with a flat surface, 

there are only some higher discrete asperities bearing 
the load. And the possible contact asperities are 
identified by the aforementioned identification process. 
Therefore, it is necessary to primarily analyze the 
deformation of the single asperity. Fig. 5 shows 
representatively an elastic half-ellipsoid with three 
orthogonally axial radii rx, ry and rz contacting with an 
elastic plane with smooth surfaces. The equivalent 
curvature radius re of contact position is re = (r'r'')1/2, 
where r' = rx

2/rz and r'' = ry
2/rz are the principal 

curvature radii in the x-z and y-z planes. When the 
interference is δ between half-ellipsoid and elastic 
plane under the normal load P, the initial contact point 
is extended to an ellipse with semi-major axis a and 
semi-minor axis b (b < a). And the eccentricity of the 
produced ellipse is defined as 𝑒𝑒 = √1 − (𝑏𝑏2/𝑎𝑎2). The 
relationship between contact load P, contact area A and 
interference δ are written as [21] 

1/2 3/24( ) ( )
3 eP Er F e                      (1) 

( ) ( )eA r A e                             (2) 

where E* = ((1-ν1
2)/E1+(1-ν2

2)/E2)-1 is a constant con-
sisting of Young’s modulus and Poisson’s ratio of the 
involved materials. 

And the contact load coefficients F(e) and contact 
area coefficients A(e) are 
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    (4) 

where K(e) and E(e) are the complete elliptic integrals 
of the first and second kind, respectively. 
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4 Results and Discussion 

4.1 Reconstruction of rough surface 
In order to validate the identification effects on the 

properties of the asperity-peaks (shapes, numbers, radii 
and heights) for rough surfaces by using the proposed 
equivalent method, the 3D self-affine fractal rough sur-
face independent of scale is selected. The three-dimen-
sional fractal surface topography could be generated 
using a modified two-variable Weierstrass-Mandelbrot 
function which is described as [22] 
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where L is the sample length, G is the fractal roughness, 
D is the fractal dimension (2 < D < 3 for 3D rough sur-
face). The fractal roughness G is a height scaling pa-
rameter independent of the frequency and the magni-
tude of the fractal dimension D determines the contri-
bution of high- and low-frequency components in the 
surface function z(x,y). Other parameters and corre-
sponding detailed definitions in Eq.(5) are described in 
Ref[23]. Fig. 8(a) shows a representative 0.5×0.5mm2 
fractal surface with G = 10-13 and D = 2.4, simulated 
from Eq.(5) using M = 10, γ = 1.5, L = 500μm, and Ls 
= 1nm. The lateral data resolution is Δx = Δy = 1μm. 
And a 21μm×21μm part of the simulated rough surface 
shown in Fig. 8(b) is further chosen to verify the iden-
tification accuracy for the numbers and properties of 
the asperity-peaks on the rough surface. It is noted that 
there are many local points with higher heights in Fig. 
8(b). And these points would play an important role 
when analyzing the mechanical and electrical behav-
iors in contact. 

z (um)

z (um)

(a)

(b)

 
Fig. 8. The simulated three-dimensional fractal rough sur-
faces (M = 10, γ = 1.5, L = 500μm, Ls = 1nm, G = 10-13m and 
D = 2.4). (a) 500μm×500μm rough surface. (b) A local 
21μm×21μm rough surface. 

Table 2 Total numbers N, average curvature radii r and aver-
age heights h of identified asperity-peaks 

        Determination 

method 

Asperity  

parameters 

9PSP method 

(Only sphere-

peak) 

The proposed  

MPEP method 

(Considering 

ellipsoid-peak) 

Numbers N 46 46  
Sphere:  17 

Ellipsoid: 29 

Curvature radius r (μm) 1.912 4.437 

Heights h (μm) 0.342 0.272 

The results of the total numbers N, the average cur-
vature radii r and the average heights h for the 9PSP 
method and the MPEP method introduced in Section II 
are represented in Table. 2. The number of determined 
asperity-peaks is 46 (about 9.5% of the total 484 points) 
for both two methods. However, there are 29 ellipsoid-
asperities and 17 sphere-asperities for the MPEP 
method when further considering the existence of ellip-
soid-peak. And the proposed method determines the 
higher average curvature radius of 4.437μm and the 
lower peak-height of 0.272μm. Fig. 9(a) and (b) show 
the relative positions and height distributions of the 
identified 3D asperity-peaks for the 9PSP method and 
MPEP method, respectively. To highlight the differ-
ences between two methods, the identified ellipsoid-
peaks by the MPEP method are marked as red in Fig. 
9(b). The 3D solid model based on the local point cloud 
is also reconstructed using the Pro/ENGINEER com-
mercial software shown in Fig. 9(c). The comparison 
results indicate the asperity-peaks identified by the 
MPEP method and 9PSP method are in good agree-
ment with the 3D surface topography. And the MPEP 
method has a more accurate characterization especially 
for the ellipsoid-peaks. 

 
(a) 

 
(b) 
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(c) 

Fig. 9. The identified three-dimensional distributions for (a) 
9PSP method and (b) MPEP method. (c) The solid model 
generated by the Pro/ENGINEER software. 
4.2 Evaluation of rough surface contact 

For further validating the deformation of asperities 
on the rough surfaces during loading process, the com-
mercial program COMSOL Multiphysics 5.3a version 
is used to perform simulations by solving mechanical 
contact equations through FEM. Based on the extracted 
topography of rough surface with fractal dimension D 
= 2.4, 3D finite element contact model is developed. 
Fig. 10 illustrates two parts of this model in which a 
21μm×21μm×2.5μm elastic cube with smooth surfaces 
and a 21μm×21μm×2μm elastic cube with a fractal 
rough surface are built. The material properties are 
listed in Table 2 for the smooth and rough cubes. The 
upper and lower surfaces are defined as target surface 
and source surface, respectively. Both of two bodies are 
meshed with 3D traditional tetrahedral elements. Spe-
cially, the zone near contact surfaces is highly meshed 
with the finest elements with the maximal size of 
0.25μm to get the more accurate results, and the sizes 
of elements increases gradually with increasing dis-
tance from the contact surfaces as shown in Fig. 10. 
The base surface of the cube with rough surface is fixed, 
and no displacement is allowed in the x- and y- planes. 
The displacement load is vertically applied to the top 
surface of the cube with smooth surface using a single 
0.01μm step with 50 sub-steps. As for the FE simula-
tion results, contact load F and real contact area A are 
calculated by integrating the built-in variables 
“solid.Tn” and “incontact_p1” for the smooth surface, 
respectively. And the contact resistance Rc is obtained 
by the global evaluation of the built-in variable 
“ec.R11. 

Table 2 Material properties in FEM 

Material 
Elastic modulus 

(GPa) 
Poisson's 

ratio 

Copper for the smooth surface  110 0.35 
Gold for the rough surface  70 0.44 

21μm 21μm

2μm

(a)

Rough 
surface

(c)

Smooth 
surface

(b)

 

Fig. 10 Three-dimensional finite element simulation model. 
(a) The contact models of rough surface. (b) The surface 
mesh of the smooth surface cube. (c) The surface mesh of the 
rough surface cube. 

The distribution of contact stresses on rough surface 
corresponding to δc = 0.5μm by the FE simulation is 
shown in Fig. 11(a). As expected, higher contact 
stresses are always at the centre of each contact asperity. 
And there are many ellipse-shape contact a-spots in the 
simulation contact stress map. Three representative de-
formation of asperities are extracted when the indenta-
tion depth δ are 0.4μm, 0.45μm and 0.5μm as shown in 
Fig.11(b), (c) and (d), respectively. With the indenta-
tion depth increasing which is corresponding to the in-
creasing contact load, the contact shapes of asperities 
①, ② and ③ all extend to ellipse with different direc-
tions of major axis. This could be attributed to the de-
formation of ellipsoid-peaks which is not similar to the 
spherical one. And this unequal deformation also 
demonstrates that it is reasonable to introduce the ellip-
soid to simulate the asperity-peak with a large aspect 
ratio feature in some direction. And the proposed 
MPEP method has a better performance in identifica-
tion accuracy than traditional sphere-peak method, i.e. 
9-point method. 

 
Fig. 11. The contour map of contact stresses on the rough sur-
face by FEM. (a) Distributions of contact stresses under dis-
placement load of 0.5μm for 21μm×21μm. Deformations of 
(b) asperity ①. (c) asperity ②. (d) asperity ③ under displace-
ment load of 0.4μm, 0.45μm and 0.5μm. 

The revolutions of contact load F, real contact area 
A and contact resistance Rc versus the indentation depth 
δ between rough surface and flat surface are repre-
sented for two methods and FE simulation in Fig. 12. 

 

4 Results and Discussion 

4.1 Reconstruction of rough surface 
In order to validate the identification effects on the 

properties of the asperity-peaks (shapes, numbers, radii 
and heights) for rough surfaces by using the proposed 
equivalent method, the 3D self-affine fractal rough sur-
face independent of scale is selected. The three-dimen-
sional fractal surface topography could be generated 
using a modified two-variable Weierstrass-Mandelbrot 
function which is described as [22] 
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where L is the sample length, G is the fractal roughness, 
D is the fractal dimension (2 < D < 3 for 3D rough sur-
face). The fractal roughness G is a height scaling pa-
rameter independent of the frequency and the magni-
tude of the fractal dimension D determines the contri-
bution of high- and low-frequency components in the 
surface function z(x,y). Other parameters and corre-
sponding detailed definitions in Eq.(5) are described in 
Ref[23]. Fig. 8(a) shows a representative 0.5×0.5mm2 
fractal surface with G = 10-13 and D = 2.4, simulated 
from Eq.(5) using M = 10, γ = 1.5, L = 500μm, and Ls 
= 1nm. The lateral data resolution is Δx = Δy = 1μm. 
And a 21μm×21μm part of the simulated rough surface 
shown in Fig. 8(b) is further chosen to verify the iden-
tification accuracy for the numbers and properties of 
the asperity-peaks on the rough surface. It is noted that 
there are many local points with higher heights in Fig. 
8(b). And these points would play an important role 
when analyzing the mechanical and electrical behav-
iors in contact. 
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Fig. 8. The simulated three-dimensional fractal rough sur-
faces (M = 10, γ = 1.5, L = 500μm, Ls = 1nm, G = 10-13m and 
D = 2.4). (a) 500μm×500μm rough surface. (b) A local 
21μm×21μm rough surface. 

Table 2 Total numbers N, average curvature radii r and aver-
age heights h of identified asperity-peaks 

        Determination 

method 

Asperity  

parameters 

9PSP method 

(Only sphere-

peak) 

The proposed  

MPEP method 

(Considering 

ellipsoid-peak) 

Numbers N 46 46  
Sphere:  17 

Ellipsoid: 29 

Curvature radius r (μm) 1.912 4.437 

Heights h (μm) 0.342 0.272 

The results of the total numbers N, the average cur-
vature radii r and the average heights h for the 9PSP 
method and the MPEP method introduced in Section II 
are represented in Table. 2. The number of determined 
asperity-peaks is 46 (about 9.5% of the total 484 points) 
for both two methods. However, there are 29 ellipsoid-
asperities and 17 sphere-asperities for the MPEP 
method when further considering the existence of ellip-
soid-peak. And the proposed method determines the 
higher average curvature radius of 4.437μm and the 
lower peak-height of 0.272μm. Fig. 9(a) and (b) show 
the relative positions and height distributions of the 
identified 3D asperity-peaks for the 9PSP method and 
MPEP method, respectively. To highlight the differ-
ences between two methods, the identified ellipsoid-
peaks by the MPEP method are marked as red in Fig. 
9(b). The 3D solid model based on the local point cloud 
is also reconstructed using the Pro/ENGINEER com-
mercial software shown in Fig. 9(c). The comparison 
results indicate the asperity-peaks identified by the 
MPEP method and 9PSP method are in good agree-
ment with the 3D surface topography. And the MPEP 
method has a more accurate characterization especially 
for the ellipsoid-peaks. 

 
(a) 

 
(b) 
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The calculated contact area and contact load both in-
crease during the whole 0.5μm loading process for two 
methods and the tendency is similar to the simulation 
results shown in Fig. 12(a) and 12(b). And the results 
for the proposed MPEP method show better agreement 
with FE simulation compared with that of the 9-point 
method. The contact area and contact load increase sig-
nificantly when the indentation depth exceeds 0.05μm 
for the pure sphere-peak method (9-point method). 
However, both the results of the proposed method and 
FE simulation show a significant growth after 0.2μm. 
And the calculation results by the 9-point method are 
always higher than that of the MPEP method and FE 
simulation and show a faster increase rate. When the 
indentation depth reaches up to 0.5μm, the contact area 
and contact load for the 9-point method are about 1.8 
times and 1.3 times than that of simulation results, re-
spectively, while the results of the proposed method is 
lower than 1.1 times. And the calculations of 9-point 
method deviate from that of the proposed method and 
FE simulation with further loading. The main reason 
for this phenomenon is that there are only equivalent 
sphere-peaks for the 9-point method. And this method 
would overestimate the heights of asperities due to less 
strict identification as shown in Table 1. Then, when 
the indentation depth is smaller, there would be some 
higher asperities in contact with the plane and this 
falsely estimate the contact area and contact load ini-
tially. For the proposed method, the calculation results 
for contact load and real contact area have the similar 
increasing trend with FE simulation before the inden-
tation depth reaches 0.25μm and becomes higher as the 
loading process continuing. The contact resistance de-
creases nonlinearly with the indentation depth increas-
ing for two methods and FE simulation shown in Fig. 
12(c). The results for the 9PEP method are the lowest 
one due to the overestimation of real contact area. 
When the indentation depth is smaller than 0.16 μm, 
the contact resistance for the proposed MPEP method 
shows better agreement with FE simulation results. 
However, an obvious deviation occurs between these 
two results with the indentation depth further increas-
ing. This could be attributed to the fact that all the as-
perities identified by the proposed method are assumed 
to be discrete and the interactions especially the com-
binations between neighboring asperities are neglected 
when loading. 

 
(a) 

 
(b) 

 
(c) 

Fig. 12. Analytical and FE simulation results for the rough 
surfaces. (a) Indentation depth vs contact load. (b) Indenta-
tion depth vs contact area. (c) Indentation depth vs contact 
resistance. 

It is obvious that the real contact area is the mixture 
of the elliptical a-spots and spherical a-spots as shown 
in Fig. 11(a). Thus, the total contact resistance contains 
the constriction resistance of each elliptical a-spot and 
spherical a-spot. For the ith elliptical a-spot, the con-
striction resistance associated with semi-axes ai and bi 
presented by Holm could be written as [24] 

2 2 2 2 1/202 [( )( )]ci
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            (6) 

where ρ = 1.92×10-8 Ω·m is the average resistivity of 
the contact members. It is noted that Eq.(6) degrades 
into the classic Rci = ρ/2ai when the elliptical a-spot be-
comes to the spherical one. For a large number of small 
a-spots, the calculation for the contact resistance when 
no interactions between a-spots are considered as fol-
lows 
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The variations in the numbers of contact a-spots N, 
contact area A, contact resistance Rc as functions of the 
indentation depth δ between rough surface and flat sur-
face in the whole 0.5μm loading process for the pro-
posed MPEP method are shown in Fig. 13. When the 
indentation depth is smaller than 0.205μm (corre-
sponding to the point A), there is only one elliptical as-
perity in contact. After that, the numbers of contact a-
spots increases from 1 to 4 with the total contact area 
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increasing and the calculated contact resistance de-
creasing nonlinearly. With the numbers of contact a-
pots further increasing, the total contact area increases 
and the calculated contact resistance decreases linearly 
in the log-log domain with slopes of 121.3 and -5.08 
after point B, respectively. This demonstrates that the 
calculation results of the proposed MPEP method 
could accurately capture the evolution of the contact 
area and contact resistance with the loading process 
continuing. 

 

 
Fig. 13. Variations in numbers of contact a-spots N, contact 
area S and contact resistance Rc as functions of the indenta-
tion depth during the whole 0.5μm loading process. 

5 Conclusions 

This paper proposed an improved method by intro-
ducing the elliptical asperity to predict the evolution of 
contact area and contact resistance for rough surfaces 
based on the purely elastic deformation of asperities. A 
determination process for the ellipsoid-peak with a 
large aspect ratio feature in some direction which is dif-
ferent from the traditional sphere-peak is described in 
detail. And the real contact area and contact load under 
progressive indentation depth are identified by com-
bining the Hertz contact theory for the fractal rough 
surface. The analytical results for the proposed MPEP 
method show good agreement with the simulation re-
sults using the FE method during the loading process 
compared with the traditional sphere-peak method. 
However, a slight deviation appears for a larger contact 
load due to the combinations of neighboring asperities. 
Overall, the presented method is also advantageous in 
comparison with the 9PEP method and FEM due to its 
accuracy and efficiency. 
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The calculated contact area and contact load both in-
crease during the whole 0.5μm loading process for two 
methods and the tendency is similar to the simulation 
results shown in Fig. 12(a) and 12(b). And the results 
for the proposed MPEP method show better agreement 
with FE simulation compared with that of the 9-point 
method. The contact area and contact load increase sig-
nificantly when the indentation depth exceeds 0.05μm 
for the pure sphere-peak method (9-point method). 
However, both the results of the proposed method and 
FE simulation show a significant growth after 0.2μm. 
And the calculation results by the 9-point method are 
always higher than that of the MPEP method and FE 
simulation and show a faster increase rate. When the 
indentation depth reaches up to 0.5μm, the contact area 
and contact load for the 9-point method are about 1.8 
times and 1.3 times than that of simulation results, re-
spectively, while the results of the proposed method is 
lower than 1.1 times. And the calculations of 9-point 
method deviate from that of the proposed method and 
FE simulation with further loading. The main reason 
for this phenomenon is that there are only equivalent 
sphere-peaks for the 9-point method. And this method 
would overestimate the heights of asperities due to less 
strict identification as shown in Table 1. Then, when 
the indentation depth is smaller, there would be some 
higher asperities in contact with the plane and this 
falsely estimate the contact area and contact load ini-
tially. For the proposed method, the calculation results 
for contact load and real contact area have the similar 
increasing trend with FE simulation before the inden-
tation depth reaches 0.25μm and becomes higher as the 
loading process continuing. The contact resistance de-
creases nonlinearly with the indentation depth increas-
ing for two methods and FE simulation shown in Fig. 
12(c). The results for the 9PEP method are the lowest 
one due to the overestimation of real contact area. 
When the indentation depth is smaller than 0.16 μm, 
the contact resistance for the proposed MPEP method 
shows better agreement with FE simulation results. 
However, an obvious deviation occurs between these 
two results with the indentation depth further increas-
ing. This could be attributed to the fact that all the as-
perities identified by the proposed method are assumed 
to be discrete and the interactions especially the com-
binations between neighboring asperities are neglected 
when loading. 

 
(a) 

 
(b) 

 
(c) 

Fig. 12. Analytical and FE simulation results for the rough 
surfaces. (a) Indentation depth vs contact load. (b) Indenta-
tion depth vs contact area. (c) Indentation depth vs contact 
resistance. 

It is obvious that the real contact area is the mixture 
of the elliptical a-spots and spherical a-spots as shown 
in Fig. 11(a). Thus, the total contact resistance contains 
the constriction resistance of each elliptical a-spot and 
spherical a-spot. For the ith elliptical a-spot, the con-
striction resistance associated with semi-axes ai and bi 
presented by Holm could be written as [24] 

2 2 2 2 1/202 [( )( )]ci
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            (6) 

where ρ = 1.92×10-8 Ω·m is the average resistivity of 
the contact members. It is noted that Eq.(6) degrades 
into the classic Rci = ρ/2ai when the elliptical a-spot be-
comes to the spherical one. For a large number of small 
a-spots, the calculation for the contact resistance when 
no interactions between a-spots are considered as fol-
lows 
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The variations in the numbers of contact a-spots N, 
contact area A, contact resistance Rc as functions of the 
indentation depth δ between rough surface and flat sur-
face in the whole 0.5μm loading process for the pro-
posed MPEP method are shown in Fig. 13. When the 
indentation depth is smaller than 0.205μm (corre-
sponding to the point A), there is only one elliptical as-
perity in contact. After that, the numbers of contact a-
spots increases from 1 to 4 with the total contact area 
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Abstract

This study investigates the predictions of the real contact area for perfectly elastic rough surfaces using a boundary 
element method (BEM). Sample surface measurements were used in the BEM to predict the real contact area as a 
function of load. The surfaces were normalized by the root-mean-square (RMS) slope to analyze if contact area 
measurements would collapse onto one master curve. If so, this would confirm that the contact areas of manufac-
tured, real measured surfaces are directly proportional to the root mean square slope and the applied load. The data 
predicts a complex response that deviates from this behavior. The variation in RMS slope and the spectrum of the 
system related to the features in contact are further evaluated to illuminate why this property is seen in some types 
of surfaces and not others.

1 Introduction

The surfaces of electrical connectors are rough, 
and when brought together, what is actually touching is 
a fraction of the surface area. The contact spots occur-
ring between the peaks or asperities act as bottlenecks 
of the electrical current conducted between the sur-
faces. This results in spreading resistance to occur be-
tween the contacting surfaces. Many rough surface 
contact models exist to predict the spreading resistance 
[1-8].

The real area of contact between rough surfaces is 
often assumed to only be a function of the average pres-
sure normalized by the equivalent elastic modulus and 
the RMS slope [9, 10] . The idealized surfaces are of-
ten modeled as a set of asperities of different scales and 
sizes based on geometric shape (e.g. Archards’ bumps 
on bumps) or as self-affine fractals [10, 11]. When us-
ing the same idealized surface the majority of contact 
models developed from these assumptions converge, 
more or less, on to a single contact area vs applied pres-
sure plot (Cite Contact challenge). A similar master 
curve is replicated experimentally by producing sev-
eral self-affine fractal surfaces (via 3D-printing) of var-
ying roughness and performing in situ contact meas-
urements (Bennett, McGhee). However, not all models 
and experimental measurements produce the same re-
sults. Campana and Muser [12] noted a 20% variation 
between the contact area as a function of the pressure 
normalized by the RMS slope of real measured and 
random rough surfaces. The RMS slope is calculated 
by squaring the slope at each point on a rough surface, 

taking the mean value of these, and then taking the 
square root of the mean. Putignano et al. used deter-
ministic modeling of elastic rough surface contacts to 
find the proportion between the normalized contact 
area and average pressure to be approximately 2 [13]. 
Additionally, a recent analysis of generated fractal sur-
faces suggests that the contact area is not solely de-
pendent on the root mean squared gradient but must 
also factor in the bandwidth or Nayak parameter, α 
[14]. These discrepancies may tie back to the original 
surfaces many of the current models are based upon. 
Greenwood and Williamson [15], Whitehouse and Ar-
chard [16], McCool [17] and others have observed that 
some real surfaces have nearly Gaussian distributions 
in surface heights and are highly random, but they are 
never perfectly Gaussian nor perfectly fractal. Sayles 
and Thomas also showed that many different surfaces 
appeared to follow a self-affine fractal structure, but 
just approximately[18]. Recent work by Zhang and 
Jackson have found discrepancies between different 
mathematical theories of fractals and the parameter ex-
traction methods employed [19, 20].

Here we examine the relationship between 
contact experiments with real (measured), imperfect 
surfaces and the contact mechanics literature [21, 22]
using a boundary element method. If the theories men-
tioned above are correct, using surfaces that each have 
the same RMS slope we should expect to see full col-
lapse of the contact area over the pressure data. If they 
do not, it suggests that additional parameters should at 
least be considered to refine contact results and emu-
late manufactured surfaces. An examination of the hi-
erarchy of the surface features on the surface will be 
explored to preliminarily assess the key parameters. 



535

This said, other models already exist that suggest the 
rough surface contact is dependent on many rough sur-
face contact parameters and not the RMS slope alone.

Table 1: Properties of surfaces in [23] as measured.
Parameter Surface 1 Surface 2 Surface 3
σ (µm) 0.4057 0.6513 15.01
mo (10-12/m2) 0.1646 0.4242 225.3
m2 0.0286 0.1143 8.03
m4 (1012/m-2) 0.01904 0.07683 3.560
Bmax 0.019 0.0283 0.1958

2 Methods

The same measured surfaces used in Jackson and 
Green [23] are again employed here to consider the ef-
fectiveness of RMS surface slope on normalizing the 
contact area to pressure function. Their measured sur-
face properties are listed Table 1. The properties of the 
original surfaces are given in Table 1. σ is the root mean 
square roughness and mn are the spectral moments of 
the surface. B is the ratio of the amplitude to wave-
length ratio taken from a Fourier transform of the sur-
face, and Bave is the average value and Bmax is the min-
imum value. Finally, �̅�𝑔𝑔𝑔 is the root mean square slope or 
gradient, which is of course related to m2 by 

�̅�𝑔𝑔𝑔 = �𝑚𝑚𝑚𝑚2

The 1001 nodex1001 node surfaces in [23]
were reduced to 512x512 in the current work so that an 
existing boundary element method [24, 25] and code 
can be used to solve the contact problem. Two addi-
tional experimentally measured surfaces are added and 
also considered (Surfaces 4 and 5). They were also 
scaled to be 100 micrometers in width on each side. 
Plots of all the surfaces are in the Appendix.

Next, the surface heights of each were scaled 
by a single factor such that all the surfaces had an RMS 
slope of unity. This same factor also adjusts the rough-
ness by the same proportion. The resulting surfaces 
have the parameters listed in Table 2. Note that the val-
ues of m2 and �̅�𝑔𝑔𝑔 are both now unity due to the normali-
zation. In addition, many of the other parameters are 
now within an order of magnitude.

The effective elastic modulus (E*) between 
the surfaces is also set to unity. The surfaces are con-
sidered to be perfectly elastic in nature. As mentioned 
previously, a boundary element model is used to pre-
dict the real contact area of the surfaces as they are ef-
fectively brought into contact with a frictionless rigid 
flat surface.  

3 Results and Discussion

As shown in Figure 1, the real area of contact 
curves as function of normalized pressure do not col-
lapse onto one curve. The five surfaces immediately 
start to diverge after the surfaces are put into contact 
and do not begin to converge until they reach a dimen-
sionless contact pressure of 2 which is associated with 
over 90% of the surfaces in contact. Surface 2 had the 
strongest response as a function of applied pressure and 
Surface 1 and 5 had the weakest responses over differ-
ent ranges. Although the differences may visually ap-
pear small, they are as large as 50% in some locations 
on the curves. The differences in the results might be 
due to the anisotropic and random nature of real meas-
ured surfaces that preclude perfectly fractal, self-affine 
surfaces. 

The differences might therefore be explained 
by how the structure of the surface changes as the 
scales are traversed. The spectrum of the surfaces are 
plotted in Figs. 2-3. A spectrum is a description of a 

signal’s (here a surface) amplitude at different har-
monic scales, or wavelengths (frequency is the inverse 
of wavelength and defines the number of peaks per 
length). In this work the spectrum was calculated using 
a Fast Fourier Transform. Here the spectrums are plot-
ted in two ways: first the spectrums are plotted simply 
as the amplitude as a function of the wavelength (see 

Table 2: Properties of surfaces in after normalization.
Parameter Surface 1 Surface 2 Surface 3 Surface 4 Surface 5
σ (µm) 0.2282 0.2293 0.5241 0.4133 0.7838
mo (10-12/m2) 0.05207 0.05257 0.2748 0.1708 0.6144
m2 1.000 1.000 1.000 1.000 1.000
m4 (1012/m-2) 79.41 76.88 61.72 65.14 2.584
α 4.135 4.042 16.96 11.12 1.588
Bave 0.0158 0.0158 0.0165 0.0136 0.0168
Bmax 0.0329 0.0307 0.0257 0.0237 0.0224
�̅�𝑔𝑔𝑔 1.000 1.000 1.000 1.000 1.000
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1 Introduction

The surfaces of electrical connectors are rough, 
and when brought together, what is actually touching is 
a fraction of the surface area. The contact spots occur-
ring between the peaks or asperities act as bottlenecks 
of the electrical current conducted between the sur-
faces. This results in spreading resistance to occur be-
tween the contacting surfaces. Many rough surface 
contact models exist to predict the spreading resistance 
[1-8].

The real area of contact between rough surfaces is 
often assumed to only be a function of the average pres-
sure normalized by the equivalent elastic modulus and 
the RMS slope [9, 10] . The idealized surfaces are of-
ten modeled as a set of asperities of different scales and 
sizes based on geometric shape (e.g. Archards’ bumps 
on bumps) or as self-affine fractals [10, 11]. When us-
ing the same idealized surface the majority of contact 
models developed from these assumptions converge, 
more or less, on to a single contact area vs applied pres-
sure plot (Cite Contact challenge). A similar master 
curve is replicated experimentally by producing sev-
eral self-affine fractal surfaces (via 3D-printing) of var-
ying roughness and performing in situ contact meas-
urements (Bennett, McGhee). However, not all models 
and experimental measurements produce the same re-
sults. Campana and Muser [12] noted a 20% variation 
between the contact area as a function of the pressure 
normalized by the RMS slope of real measured and 
random rough surfaces. The RMS slope is calculated 
by squaring the slope at each point on a rough surface, 

taking the mean value of these, and then taking the 
square root of the mean. Putignano et al. used deter-
ministic modeling of elastic rough surface contacts to 
find the proportion between the normalized contact 
area and average pressure to be approximately 2 [13]. 
Additionally, a recent analysis of generated fractal sur-
faces suggests that the contact area is not solely de-
pendent on the root mean squared gradient but must 
also factor in the bandwidth or Nayak parameter, α 
[14]. These discrepancies may tie back to the original 
surfaces many of the current models are based upon. 
Greenwood and Williamson [15], Whitehouse and Ar-
chard [16], McCool [17] and others have observed that 
some real surfaces have nearly Gaussian distributions 
in surface heights and are highly random, but they are 
never perfectly Gaussian nor perfectly fractal. Sayles 
and Thomas also showed that many different surfaces 
appeared to follow a self-affine fractal structure, but 
just approximately[18]. Recent work by Zhang and 
Jackson have found discrepancies between different 
mathematical theories of fractals and the parameter ex-
traction methods employed [19, 20].

Here we examine the relationship between 
contact experiments with real (measured), imperfect 
surfaces and the contact mechanics literature [21, 22]
using a boundary element method. If the theories men-
tioned above are correct, using surfaces that each have 
the same RMS slope we should expect to see full col-
lapse of the contact area over the pressure data. If they 
do not, it suggests that additional parameters should at 
least be considered to refine contact results and emu-
late manufactured surfaces. An examination of the hi-
erarchy of the surface features on the surface will be 
explored to preliminarily assess the key parameters. 
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Fig. 2), next they are plotted by normalizing the ampli-
tudes of the Fourier series by the wavelength at each 
scale (see Fig. 3). In previous literature the aspect ratio  
(amplitude to wavelength ratio) has been assigned the 
symbol, B [5, 26]. If B were constant across all scales, 

this indicates that a surface’s asperities (the peaks on a 
rough surface) have the same aspect ratio or shape 
across all scales. This structure would indicate a self-
similar fractal surface. Figure 3 demonstrates that the 
normalized amplitude for each surface is divergent 

Fig. 1 Real contact area for each surface from BEM predictions

Fig. 2 Spectrum of each surface.
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from each other for wavelengths exceeding 10-6 m and 
non-constant at all length-scales. For most of the sur-
faces the ratio B appears to increase as the scale (wave-
length) decreases. Surface 5 does have a shoulder in the 
data spanning between 300 nm and 10 µm wavelength 
which you would expect in a self-similar structure. 

However, a completely self-affine fractal sur-
face would not experience the drop off seen at higher 
wavelengths, and would be represented by a straight 
line without deviation. The deviation seen here for nor-
malized amplitude for the five RMS-equal surfaces in-
dicates a likely vector for the divergence between tra-
ditional models and real surfaces.

To further explore the potential link between 
variable RMS roughness and surface contact response, 
the RMS slope (𝑔𝑔𝑔𝑔) is plotted as a function of the surface 
height in Figure 4. For a certain truncation height (h)
only the portion of the surface taller than h is used to 
calculate the RMS slope (g). As shown in Fig. 4, the 
RMS slope (g) varies based on the truncation height 
(h). Since only the taller peaks on the surface will be in 
contact at lighter loads and rest of the surface will only 
move into contact as the load increases, it stands to rea-
son that the RMS surface roughness will only be de-
pendent upon the surface area currently in intimate 
contact. In this way RMS surface roughness will vary 
throughout the loading of a real surface. We can call 
the RMS slope of the contacting surface the effective 
RMS slope. The data in Fig. 4 shows that the effective 
RMS slope will start at a higher value for lightly loaded 

contacts and decrease gradually until approaching the 
RMS slope of the entire surface for heavier loads as 
expected. The effective RMS slope appears to ap-
proach the RMS slope of the entire slope at an h value 
of approximately -σ or -2 σ which is just after passing 
the mean height of the surface. The trends for each sur-
face are complex, containing plateaus but are roughly 
monotonic. It is likely that this variation in the slope 
during loading is a direct cause of disparity between 
contact response of real, imperfect surfaces and com-
putational models, and is a result of these natural sur-
faces lack of perfectly self-affine features. 
Contact theories incorporating self-affine features 
remain one of the most critically important tools we use 
to understand how surfaces will generally behave when 
creating an interface. It is not surprising that the data 
set that is most nearly self-affine (surface 5) sat in-
between all the other data sets at appreciable loads. 
However, there is always room for refinements. 
Moving forward it would be interesting to compare and 
evaluate the many existing rough surface contact 
mechanics models when real surface measurements are 
employed.

4 Conclusions

This work considers five different measured 
rough surfaces that are scaled such that they all have an 
equal RMS slope. A BEM method is used to predict the 

Fig. 3 Normalized spectrum of each surface.

Fig. 2), next they are plotted by normalizing the ampli-
tudes of the Fourier series by the wavelength at each 
scale (see Fig. 3). In previous literature the aspect ratio  
(amplitude to wavelength ratio) has been assigned the 
symbol, B [5, 26]. If B were constant across all scales, 

this indicates that a surface’s asperities (the peaks on a 
rough surface) have the same aspect ratio or shape 
across all scales. This structure would indicate a self-
similar fractal surface. Figure 3 demonstrates that the 
normalized amplitude for each surface is divergent 

Fig. 1 Real contact area for each surface from BEM predictions

Fig. 2 Spectrum of each surface.
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real area of contact for these surfaces as a function of 
load. Based on some existing theories, the predicted 
real area of contact versus load curve of these surfaces 
should collapse onto one unified curve. However, they 
do not. This work also provides several possible rea-
sons for this deviation. Measured surfaces are not per-
fect self-affine fractals that many of these theories are 
based on, and therefore this is probably why the theo-
ries do not hold for measured surfaces. The spectrums 
of the measured surface clearly show that they are not 
perfect fractals because the curves are not linear. In ad-
dition, it is also shown by using a truncation approxi-
mation that the RMS slope of the surface portion actu-
ally in contact (the real area of contact) can actually 
change non-linearly with load and area of contact. This 
too provides an explanation as to why the real contact 
area vs. load curves do not collapse.
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Figure A1: 3-D plot of Surface 1

real area of contact for these surfaces as a function of 
load. Based on some existing theories, the predicted 
real area of contact versus load curve of these surfaces 
should collapse onto one unified curve. However, they 
do not. This work also provides several possible rea-
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Figure A2: 3-D plot of Surface 2

Figure A3: 3-D plot of Surface 3
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Figure A4: 3-D plot of Surface 4

Figure A5: 3-D plot of Surface 5

Figure A2: 3-D plot of Surface 2

Figure A3: 3-D plot of Surface 3
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Abstract 

The press-fit technology is a solder-less electrical connection which offers many advantages to the conventional 
soldering technology. Since the restriction of lead usage in electronic equipment, also the surface finish of press-
fit contacts has been migrated to pure tin finishes. The press-fit technology, by definition, relies for the electrical 
contact in the mechanical contact pressure between Pin and Printed Circuit Board (PCB). The presence of free tin 
in the transition area of the contact, with an undesirable mechanical stress condition, may grow into long whiskers, 
which can lead to electrical short circuits or parasitic current flows. The present work describes a method based 
on finite element analysis (FEA) to evaluate the stress field in the contact area of the Pin to the PCB, and to assess 
the risk for whiskers for the given Pin - Plated Through Hole (PTH) combination. 

Key words: whiskers, tin, press-fit, FEA, finite element analysis, simulation, risk assessment. 

 

1 Introduction 

1.1 Background 

Tin whiskers are electrically conductive, crystalline 
structures of tin that under specific environmental and 
mechanical conditions may grow from the surfaces 
where tin is used as protective layer. If long enough, 
they may cause a short circuit to the adjacent circuit 
elements with a different electrical potential, eventu-
ally leading to catastrophic failures [1]. 
Despite the comprehensive research in the field of tin 
whiskers, the phenomena behind the whisker growth is 
yet not fully understood but seems to be related to the 
compressive stress in the superficial layer of the tin-
plated parts. As reported, the whiskers are caused by 
the formation of inhomogeneous intermetallic phases 
[2,3]. 
In the press-fit technology for electronic contacts, there 
are several studies for tin whiskers describing the 
growth mechanisms and the severity of wiskering for 
different geometrical shapes of the existing press-fit 
zones [4,5]. 
Preconditions for the tin whiskers’ formation are not 
only the presence of free tin and available space for 
whiskers to grow (gap larger than 1 µm), but the exceed 
of certain mechanical stress values and local stress gra-
dients. Studies on general whisker theory indicates that 
the excess of compressive stresses larger than -8 to -15 
MPa in combination with stress gradients beyond -35 
to -50 MPa/µm, lead to whisker formation [2,6]. 
The scientific knowledge of the established whisker 
theory on mechanical stress and stress gradients was 

transferred to the press-fit technology. Finite element 
analyses have been performed to determine the likeli-
hood and the critical positions for whiskering, consid-
ering the global and local stress results for the given 
press-fit zone - plated through hole combination. [7]. 

1.2 Motivation 

The main purpose of the finite element simulation is to 
determine the local deformation of the PCB hole when 
the pin is inserted and the stress gradient on the surface 
of the PTH. 
As shown in Figure 1, to capture whisker-size effects, 
the study [7] was using a domain discretization with 1 
µm elements size in the contact region of the pin - 
plated hole.  

Fig. 1 – Pin-PTH top view mesh with 1µm element 
size in the contact area 

Due to the size of the finite element model and the long 
calculation time, the described technique [7] consisted 
in performing a coarse 3D simulation of the press-fit 
connection, followed by a transversal 2D cut of the do-
main in the highest stress region. The 2D model was 
calibrated to reassemble an equivalent stiffness with 
the 3D model. Figure 2 shows the stress distribution of 
the press-fit connection of the 3D analysis (left) and the 
2D cut model (right). 

The drawback of this method is the subjectivity of 
picking the correct position in vertical direction for the 
2D cut and the stiffness calibration from 3D to 2D. It 
may work for specific press-fit zones without difficul-
ties, but it may require artificially induced elements for 
stiffness compensation of various pin geometry fea-
tures, such as cavities or holes. 
The current work describes an evolution of the 2D cut 
method [7] using the submodeling technique in the 
contact zone. Similarly, a coarse 3D simulation is per-
formed to retrieve the global deformation and stress 
state, followed by a local 3D cut of the volume of in-
terest, where a finer mesh is going to be used. All this 
to avoid the expense of a large-size mesh model of the 
complete Pin - PTH assembly. 
The advantage is having a stiffness-balanced local 
model with a fine enough mesh that can capture the mi-
crometric scale effects of whiskering. 

2 Simulation Model 

2.1 Method 

The submodeling is an easy and efficient method to get 
accurate results from a finite element model without 
having the hassle of a fully meshed model with super-
small elements. The method dates from the early days 
of FEA when the computing power was limited and the 
engineers did not have the luxury to refine the mesh in 
the areas of concern, not even thinking of creating a 
full-size fine-mesh model. The way it was accom-
plished implied that a local refined-mesh model was 

realized only in the area of interest, and a coarse-mesh 
model for the whole structure. The displacements from 
the coarse model were applied as boundary conditions 
to the refined model. The method is based on St. Ve-
nant’s principle: “… the difference between the effects 
of two different but statically equivalent loads becomes 
very small at sufficiently large distances from load.”  
As the computers got more powerful, to the areas of 
interest was just applied a mesh refinement in the full 
part model, and the use of submodeling technique de-
cayed in the simulation communities. As of today, the 
localized mesh refinement is still the best option for lo-
calized stress analysis [8]. 
In the simulation of a press-fit connection there are 
some major drawbacks for either of the two methods: 
- A fully fine-mesh model of a volume of 2x2x1.6 mm 
with 1µm mesh size would require more than 1 billion 
elements, inappropriate for the current available com-
puting power. A fine mesh only at the interface Pin-
PTH may still require over 20 million elements, not 
very attractive for optimization studies. 
- The submodel must be carefully constructed, as the 
area of interest is exactly at the interface Pin-PTH, 
where contact elements must be used. The cut bound-
ary conditions must be carefully chosen to avoid de-
gree-of-freedom constraints applied directly to the con-
tact elements. 
The current FEA study was made using ANSYS Work-
bench 2019 R3, but the method is not limited to the 
software selection, the only prerequisite being the ca-
pability of interpolating nodal results from one model 
to another. 

1.2 Geometry 

The 3D geometry of the current study is shown in Fig-
ure 3, consisting in a generic “Eye of the Needle” pin 
(left) assembled in ANSYS SpaceClaim with a generic 
6-layer copper 1.6 mm thick PCB (right). 

  

Fig. 2 – Stress plot of the press-fit connection 

Fig. 3 – Pin geometry (left) and the assembly Pin-PCB 
(right) 
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Due to the size of the finite element model and the long 
calculation time, the described technique [7] consisted 
in performing a coarse 3D simulation of the press-fit 
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to avoid the expense of a large-size mesh model of the 
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The advantage is having a stiffness-balanced local 
model with a fine enough mesh that can capture the mi-
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2 Simulation Model 

2.1 Method 
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accurate results from a finite element model without 
having the hassle of a fully meshed model with super-
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of FEA when the computing power was limited and the 
engineers did not have the luxury to refine the mesh in 
the areas of concern, not even thinking of creating a 
full-size fine-mesh model. The way it was accom-
plished implied that a local refined-mesh model was 

realized only in the area of interest, and a coarse-mesh 
model for the whole structure. The displacements from 
the coarse model were applied as boundary conditions 
to the refined model. The method is based on St. Ve-
nant’s principle: “… the difference between the effects 
of two different but statically equivalent loads becomes 
very small at sufficiently large distances from load.”  
As the computers got more powerful, to the areas of 
interest was just applied a mesh refinement in the full 
part model, and the use of submodeling technique de-
cayed in the simulation communities. As of today, the 
localized mesh refinement is still the best option for lo-
calized stress analysis [8]. 
In the simulation of a press-fit connection there are 
some major drawbacks for either of the two methods: 
- A fully fine-mesh model of a volume of 2x2x1.6 mm 
with 1µm mesh size would require more than 1 billion 
elements, inappropriate for the current available com-
puting power. A fine mesh only at the interface Pin-
PTH may still require over 20 million elements, not 
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- The submodel must be carefully constructed, as the 
area of interest is exactly at the interface Pin-PTH, 
where contact elements must be used. The cut bound-
ary conditions must be carefully chosen to avoid de-
gree-of-freedom constraints applied directly to the con-
tact elements. 
The current FEA study was made using ANSYS Work-
bench 2019 R3, but the method is not limited to the 
software selection, the only prerequisite being the ca-
pability of interpolating nodal results from one model 
to another. 

1.2 Geometry 

The 3D geometry of the current study is shown in Fig-
ure 3, consisting in a generic “Eye of the Needle” pin 
(left) assembled in ANSYS SpaceClaim with a generic 
6-layer copper 1.6 mm thick PCB (right). 

  

Fig. 2 – Stress plot of the press-fit connection 

Fig. 3 – Pin geometry (left) and the assembly Pin-PCB 
(right) 
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As the Computed Aided Design (CAD) model repre-
sents an ideal pin, symmetrical to the vertical planes 
XZ and YZ, the FEA model will take advantage for the 
model size reduction, by using only a quarter of it. 

2.3 Material Properties 

The material properties in any finite element analysis 
are crucial for the accuracy of the results. For the stress 
analysis of press-fit connections, we are mainly inter-
ested in the elastic moduli, yield strength, tangent mod-
uli and ultimate strength, respectively. 
The copper and the dielectric layers of the PCB are 
modelled discreetly and use a generic set of material 
properties based on supplier test data. As the interest is 
the impact of the press-fit pin to the plated through hole 
stress, the construction and the material properties of 
the PCB are kept fixed among these studies. 
The pin though, sees a wide range variation in elasticity 
properties. Although its base material is a Copper-Tin 
alloy, the chemical composition differs from supplier 
to supplier, implying also a different mechanical be-
havior. Even more, for the same part number, a supplier 
may use several alloys with similar, but different prop-
erties. Therefore, for any press-fit connection simula-
tion it is advisable to characterize the pin mechanical 
behavior under compression loads. 

2.3.1 Pin Elasticity Test 

A standard test method [9] was developed a for the pin 
elasticity, to characterize its compressive behavior. 
The test is performed using a compression tool of semi-
cylindrical shape, according to the through hole diam-
eter, as shown in Figure 4 left. The amount of displace-
ment and elasticity recovery characteristics are meas-
ured taking into consideration the maximum and mini-
mum diameter of the through hole, Figure 4 right. 

Understanding the Force - Displacement diagram is the 
key in the calibration of the simulation model. To em-
phasize it, the same test curve is shown now in Figure 
5, where the following points are marked: 

A) The start of the compression, usually when the 
force exceeds a minimum threshold value set 
to the equipment. 

B) The point where the stress reaches the propor-
tional limit of the material. Up to this point, 
the stress is proportional to the strain, accord-
ing to the Hooke’s law. The gradient of the AB 
segment indicates the elastic modulus of the 
pin material. From here, the force is ramping 
towards point C”, the pin exhibiting both elas-
tic and plastic deformation. 

C) The point where the pin’s material reaches the 
yield strength; very important when later ana-
lyzing the plastic deformation of the pin. 
From here, the pin is deforming mainly in 
plastic domain and is ramping towards point 
D with the tangent modulus of the material. 

D) End of the compression displacement, when 
the tool has reached its final diameter. It is ad-
vised to perform the test in both conditions, 
minimum and maximum hole diameter, to 
check that the pin is appropriate for the stand-
ard hole tolerances. 

E) The compression tool retracts, the pin deform-
ing elastically. This point can be used to verify 
the plasticity calibration, as the segment AE 
represents the permanent plastic deformation 
of the pin. 

Although looking straight forward, the results diagram 
of this case shows a glitch of the test data, as the return-
ing path DE intersects the pressing path AD. For the 
current calibration of the FEA model, only the AD path 
was used, but for deeper understanding of the phenom-
ena, this result is under investigation. It is the perfect 
example of FEA engineers questioning test data and 
test engineers not trusting the simulation results. 

2.3.2 Simulation of Pin Elasticity Test 

The elasticity test setup is replicated with a simulation 
model, using a bilinear plasticity model for the pin ma-
terial. As the geometry of the investigated pin is sym-
metrical, only a quarter of  the model was discretized 
in FEA, as shown in Figure 8. The elements size 
should be fine enough to capture the plastic strains, but 
not exaggeratedly small. 

Fig. 4 – Compression test setup (left) and test data 
(right)  

Fig. 5 – Compression characteristic diagram  
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As the Computed Aided Design (CAD) model repre-
sents an ideal pin, symmetrical to the vertical planes 
XZ and YZ, the FEA model will take advantage for the 
model size reduction, by using only a quarter of it. 

2.3 Material Properties 

The material properties in any finite element analysis 
are crucial for the accuracy of the results. For the stress 
analysis of press-fit connections, we are mainly inter-
ested in the elastic moduli, yield strength, tangent mod-
uli and ultimate strength, respectively. 
The copper and the dielectric layers of the PCB are 
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The test is performed using a compression tool of semi-
cylindrical shape, according to the through hole diam-
eter, as shown in Figure 4 left. The amount of displace-
ment and elasticity recovery characteristics are meas-
ured taking into consideration the maximum and mini-
mum diameter of the through hole, Figure 4 right. 

Understanding the Force - Displacement diagram is the 
key in the calibration of the simulation model. To em-
phasize it, the same test curve is shown now in Figure 
5, where the following points are marked: 

A) The start of the compression, usually when the 
force exceeds a minimum threshold value set 
to the equipment. 

B) The point where the stress reaches the propor-
tional limit of the material. Up to this point, 
the stress is proportional to the strain, accord-
ing to the Hooke’s law. The gradient of the AB 
segment indicates the elastic modulus of the 
pin material. From here, the force is ramping 
towards point C”, the pin exhibiting both elas-
tic and plastic deformation. 

C) The point where the pin’s material reaches the 
yield strength; very important when later ana-
lyzing the plastic deformation of the pin. 
From here, the pin is deforming mainly in 
plastic domain and is ramping towards point 
D with the tangent modulus of the material. 

D) End of the compression displacement, when 
the tool has reached its final diameter. It is ad-
vised to perform the test in both conditions, 
minimum and maximum hole diameter, to 
check that the pin is appropriate for the stand-
ard hole tolerances. 

E) The compression tool retracts, the pin deform-
ing elastically. This point can be used to verify 
the plasticity calibration, as the segment AE 
represents the permanent plastic deformation 
of the pin. 

Although looking straight forward, the results diagram 
of this case shows a glitch of the test data, as the return-
ing path DE intersects the pressing path AD. For the 
current calibration of the FEA model, only the AD path 
was used, but for deeper understanding of the phenom-
ena, this result is under investigation. It is the perfect 
example of FEA engineers questioning test data and 
test engineers not trusting the simulation results. 

2.3.2 Simulation of Pin Elasticity Test 

The elasticity test setup is replicated with a simulation 
model, using a bilinear plasticity model for the pin ma-
terial. As the geometry of the investigated pin is sym-
metrical, only a quarter of  the model was discretized 
in FEA, as shown in Figure 8. The elements size 
should be fine enough to capture the plastic strains, but 
not exaggeratedly small. 

Fig. 4 – Compression test setup (left) and test data 
(right)  

Fig. 5 – Compression characteristic diagram  
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The intent is to calibrate the elastic modulus, the yield 
strength and the tangent modulus, and a good starting 
point is to use datasheet material properties. 
Firstly, is used only the elastic behavior of the material, 
to calibrate the compression rate to the slope of the BC 
segment of the test data. When the fit is good enough, 
the plasticity in the model is enabled and the yield 
strength and tangent modulus are alternately adjusted 
until reaching the desired accuracy of the compression 
diagram. The integration time step should be ade-
quately chosen to capture the plasticity starting point. 
Note in Figure 6 the current calibration, with solid blue 
line the test data, and the calibrated FEA model with 
orange dotted line. Both, the elasticity and plasticity 
slopes of the test data were matched, and the pin gen-
erated the same reaction force at the end of the com-
pression, as in the physical test. 

Some remarks and lessons learned from personal expe-
rience and other distinguished fellow analysts [10] re-
garding the correlation of a simulation model to a test 
result: 
- The test is not always right! 
- Too much correlation can ruin you! 
- Correlation metrics are bad! 
If the calibration process seems not to go in the ex-
pected direction, think what other parameters may in-
fluence your result: elements order, friction coeffi-
cients, boundary conditions, geometrical simplifica-
tions. Check also if the CAD model resembles the real 
geometry of the pin. A 3D-scan overlapped to the ex-
isting CAD model may show unexpected differences. 
Cross-sections are always welcomed to verify the sym-
metry of the insertion, the contact lengths, the state of 
deformation, and the way the pin indents the PTH. 

3 Pin Insertion Simulation 

A coarse mesh model may be the only currently viable 
option to reach simulation convergency for the pin in-
sertion into the PCB plated hole. The challenges are 
coming from the non-linearities involved, such as con-
tact elements, material plasticity and large defor-
mations. 
The results give valuable insights about the stress lev-
el and deformation, as shown in Figure 7. 

The authors consider that developing a simulation 
method for the pin insertion with a micrometric-size 
mesh in the contact area, the next step in simulation-
based whisker risk assessment. The target is to include 
also the longitudinal effects of the insertion force. 

4 Pin Compression Simulation 

To overcome the issues of the pin insertion simulation 
described in Paragraph 3, an alternative method was 
developed, more robust, but changing the perspective 
of applying the stress field in the Pin - PTH assembly. 
Instead of inserting the pin, a transversal compression 
is applied to the pin by the PCB, similarly to the elas-
ticity test described in Paragraph 2.3.1.  
As the press-fit connection is mainly realized by radial 
mechanical forces, the longitudinal insertion force is 
neglected for the moment. 
The simulation model is setup in the same manner as 
the pin elasticity test, replacing the compression tool 
with the PCB model. As shown in Figure 8 left, the 
mesh size was kept in the optimal balance, targeting the 
correct plastic deformation and computational speed, 
having in mind that a submodel for local stress analysis 
will follow. In Figure 8 right, is shown the displace-
ment applied to the PCB to compress the pin until the 
designated hole diameter (minimum or maximum tol-
erance case). 

Fig. 6 – Calibration data 
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Fig. 7 – Stress plot during the insertion phase 

Fig. 8 – Compression FEA model (left) and boundary 
conditions (right) 
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The solution of the coarse model shown in Figure 9 
matches the observations from physical cross-sections 
of “Eye-of-the-Needle” pins: the deformation is low, 
without excessive indentation in the PTH surface. 

The pin deformation is shown in Figure 10, pointing 
with red color the areas which exceed the material’s 
yield strength and exhibit permanent plastic defor-
mation. 

Reviewing the contact status pressure plot in Figure 11 
left and the minimum principal stress (compressive) on 
the PTH in Figure 11 right, there is the clear indication 
of the actual contact area, and we can easily identify 
the best suited locations for the submodel boundaries. 

As shown in Figure 12, using a geometrical model de-
rived from the full model, and defining a micrometric-
size mesh, the displacements from the full model are 
interpolated on the cut boundary conditions of the Sub-
model. 

Figure 13 shows the contact status (left) at the inter-
face Pin-PTH and the contact pressure (right). This is a 
good indication for the for the stress gradient analysis, 
as the critical location for whiskering is at the boundary 
of the contact patch. Regarding the contact pressure, to 
be recognized that the -8 to -15 MPa compressive stress 
limit for general whisker growth [2,6] is by far ex-
ceeded in the case of press-fit connections. 

To analyze the tangential stress gradient, a cylindrical 
coordinate system (x=radial, y=tangential, z=vertical) 
was defined on the PTH axis. Figure 14 plots the stress 

Fig. 12 – Submodel mesh (left) and interpolated 
boundary conditions (right) 

Fig. 11 – Pin contact pressure (left) and PTH compres-
sive stress (right) 
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Fig. 13 – Contact status (left) and contact pressure 
(right) 

Fig. 9 – Cross-section deformation, simulation (left) vs. 
physical test (right) 

Fig. 10 – Equivalent stress plot 
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Fig. 14 –Stress plot in tangential direction on the PTH 
surface 
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The solution of the coarse model shown in Figure 9 
matches the observations from physical cross-sections 
of “Eye-of-the-Needle” pins: the deformation is low, 
without excessive indentation in the PTH surface. 
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with red color the areas which exceed the material’s 
yield strength and exhibit permanent plastic defor-
mation. 
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the PTH in Figure 11 right, there is the clear indication 
of the actual contact area, and we can easily identify 
the best suited locations for the submodel boundaries. 
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rived from the full model, and defining a micrometric-
size mesh, the displacements from the full model are 
interpolated on the cut boundary conditions of the Sub-
model. 

Figure 13 shows the contact status (left) at the inter-
face Pin-PTH and the contact pressure (right). This is a 
good indication for the for the stress gradient analysis, 
as the critical location for whiskering is at the boundary 
of the contact patch. Regarding the contact pressure, to 
be recognized that the -8 to -15 MPa compressive stress 
limit for general whisker growth [2,6] is by far ex-
ceeded in the case of press-fit connections. 

To analyze the tangential stress gradient, a cylindrical 
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physical test (right) 

Fig. 10 – Equivalent stress plot 

Plastic 
deformation

Fig. 14 –Stress plot in tangential direction on the PTH 
surface 

in tangential direction. For stress analysis, nodal paths 
were defined through the location of maximum com-
pressive stress (dark blue area) in horizontal (azi-
muthal, Y) and vertical (Z) directions. 
The graphs on Figure 15 reveal a maximum compres-
sive stress gradient of -5.43 MPa/µm for a 40µm mesh 
size. This mesh size is proper for global press-fit con-
nection stress analysis but too coarse to capture 
whisker-size effects. To capture whisker-size effects, 
the elements size must be comparable to the whisker 
diameter, typically 1-2 µm [7]. 

The beauty of the submodeling method is that it allows 
creating multiple submodels, in different regions of the 
structure, and even more, cascading submodels, having 
sequential steps of mesh refinement. For this analysis, 
the mesh size was reduced from 40 µm to 10 µm and 
finally 2 µm, as shown in Figure 16. 

Similarly, to the global model, in a cylindrical coordi-
nate system was defined a horizontal (azimuthal, Y) 
nodal path, in the high stress area of the PTH surface. 
In Figure 17 we identify for the 2 µm mesh size, two 
locations of high stress gradient, closely to the pin’s 
mid-plane (location A), and towards the exit of the con-
tact area (location B). 

Plotting the nodal stresses onto the defined path we can 
see in Figure 18 that the minimum principal stress (S3) 
is exceeding, as expected, the normal stress in tangen-
tial direction (SY). As a parenthesis, this is a common 
fault in strain-gauge measurements when measuring 
only axial strains and overlooking the principal strains. 

Analyzing the gradients for both stresses, the tangential 
and minimum principal respectively, we see in Table 1 
that the simulated values are larger than the considered 
limit of -35 to -50 MPa/µm [7] and therefore the risk 
of whisker formation for the current studied geometry 
seems to be confirmed. 
 
 Table 1 - Compressive Stress Gradient 

Stress Gradient 
[MPa/µm] 

Location A Location B 

Tangential, dSY/dx - 65.5 -62.3 
Min. Principal, dS3/dx -142.0 -90.5 

Fig. 17 – Stress plot in tangential direction on the PTH 
surface 

Fig. 15 – Nodal stress results on tangential (top) and 
vertical (bottom) direction respectively 
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Fig. 18 – Nodal stress results in tangential direction on 
the PTH surface 
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5 Conclusions 

The submodeling method applied to the press-fit pin 
connection analysis is very attractive regarding the ac-
curacy of the stress results, the cascading refinement 
option and the efficiency of the calculation time. It is a 
step beyond the 2D cut method developed for the local 
deformation and stress analysis of the plated through 
hole [7] 
Being only a transversal compression, the current sim-
ulation setup does not include the longitudinal effects 
of the insertion force, especially at the entrance side of 
the PTH, where whiskers are more likely to be seen. 
The authors of this article consider the vertical inser-
tion simulation with a micrometric size mesh as a next 
step in our continuous research in simulation-based 
whisker risk anal. 
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Abstract 
 

 
 
The mathematical model describing the dynamics of temperature field in electrical contacts at the initial 
stage of a blow-off repulsion is presented. It is based on the Stefan problem for the disk of a short arc and 
two spherical domains for the liquid and solid zones. All coefficients in the equations such as the thermal 
and electrical conductivities, density, thermal capacity are dependent on the temperature. The analytical 
solution of this problem is obtained using the similarity principle. The results of calculation are compared 
with the data obtained in published papers and with the experimental data. 

 
 

1.  Introduction 
 
   Mathematical modeling of the electrical arc is very 
important to understand its dynamics and to estimate 
arc parameters because experimental methods give as a 
rule only the resulting information about arcing and arc 
erosion because of a fleeting process. General models 
describing phenomena in the arc plasma are based on 
the systems of partial differential equations of the 
magneto-hydrodynamics (MHD) [1] – [4]. These 
models are too complicated for the practical 
investigation of the arc dynamics in electrical contacts. 
The non-stationary model presented in the paper [5] 
describes temperature and electromagnetic fields in a 
short electrical arc taking into account near-electrode 
phenomena. However, its application is also not so 
simple.  
   The arc appearing at blow-open contact repulsion has 
specific particular qualities conditioned by the 
electromagnetic and metallic vapor pressure. The non-
stationary model of the dynamics of repulsion is 
presented in the paper [6].    It was found that the 
metallic vapor pressure plays a very important role in 
the process of the repulsion. However, this model has 
two drawbacks. Firstly, in this model there was no heat 
equation for the arc, and secondly, all the coefficients 
appearing in the model, such as thermal and electrical 
conductivities, heat sources, heat capacitance etc. were 
assumed constant. However, for a high current the 
temperature dependence of all these coefficients is very 
essential, thus this model should be corrected, and this 
idea is the main aim of this paper. 
. 

 
 
2.    Mathematical model 
  

  At the initial stage of the blow-off repulsion, when the 
arc is burning in the metal-dominated phase with 
following transition to the gas-dominated phase, it can 

be considered as a short arc, i.e. the occupied by the arc 
domain AD  has the form of a thin disk which radius 

( )Ar r t= is much greater than the thickness ( )h h t=  
(Fig. 1) 
 
 
 
 
 
 
 
 
 
 

𝜃𝜃0 
 
 
 
 
 
 
Fig.1. The axial contact cross-section of the spherical 
domains. AD - the disk occupied by the arc, 0D - the 

Holm sphere of  the ideal conductivity, 1D - the sphere  

of metallic vapours,  2D  - the sphere of liquid metal, 

( )r t - the solid zone                     
 
 
   The equation for the temperature field of the arc 

( ),A r t can be written in the form 
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5 Conclusions 

The submodeling method applied to the press-fit pin 
connection analysis is very attractive regarding the ac-
curacy of the stress results, the cascading refinement 
option and the efficiency of the calculation time. It is a 
step beyond the 2D cut method developed for the local 
deformation and stress analysis of the plated through 
hole [7] 
Being only a transversal compression, the current sim-
ulation setup does not include the longitudinal effects 
of the insertion force, especially at the entrance side of 
the PTH, where whiskers are more likely to be seen. 
The authors of this article consider the vertical inser-
tion simulation with a micrometric size mesh as a next 
step in our continuous research in simulation-based 
whisker risk anal. 
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Here ( ),  ( ),  ( ),  ( )A A A A A A A Ac          are the 
coefficients of the arc heat capacity, density, thermal 
and electrical conductivity correspondingly, 

                        2
( )

( )A

I tj
r t

=     

 is the arc current density,  ( )r AW    and    ( , )P r t    
are the volumetric arc power radiation and power losses 
due to the arc heat conduction into contacts.  
The temperature dependence of the coefficients [7] is 
presented in Fig. 2 and Fig. 3   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig, 2 Temperature dependence of the thermal and 
electrical conductivity and radiation losses for the arc 
burning in air 

         1 13 ) ( / ),   (10 mW mK  − −  and 
9 3(10  / )rW W m  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig, 3 Temperature dependence of   and c  for the arc 
burning in air. 
 
 
   
The metallic arc phase continues up to the time git t=

,when the temperature maximum at the center of the 
arc disk reaches the value of the gas ionization 
(approximately about 7000 K   
                                  (0, )A gi git =                   (2) 

   Thus, for the equation (1) we consider the domain 
 
                 : 0 ,     0 ( )A gi AD t t r r t            (3) 
for the temperature range 
                     
                        ( , )mi A gir t                      (4) 

where mi  is the temperature of the metallic vapor 

ionization (approximately about 5000 K ) 
   As can be seen from Fig. 2, the arc radiation ( )r AW   
can be neglected in the temperature range (4) and we 
should take into account only the power losses ( , )P r t  
due to the arc heat conduction into the zone of metallic 
vapour 1D  via the zone of the ideal thermal and 

electrical conductivity 0D   introduced by R. Holm [8].  
This loss can be calculated using the formula 

                           1 1
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2( , )
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=


= −


       (5) 

It was shown in the paper [6] that the contact gap, i.e. 
the arc disk thickness ( )h t , increases in the initial 
stage of the metallic arc phase at the blow-off repulsion 
due to the summary action of electromagnetic and 
vapor forces according to the expression 
                                0( ) th t h=                         (6)  

where the constant  0h   depends on the current 

amplitude 0I .  
    For the considered time interval 0 igt t    it is 
possible to approximate the alternative current   

0( ) sinI t I t=      by the expression 

                              ( )I t k t=                           (7) 
Where 

                                
( )0 sin ig
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=                  (8) 

  Substituting the expressions (5) – (8) into the equation 
(1) we get 
            

( )2
11

42
0

1( ) ( ) ( )

( ),2 ,  
( ) ( )

 : 0 ( ),    0

A A
A A A A A A

Ab

A A

A A jg

c r
t r r r

r t tk t
rr t h t

D r r t t t

     


  

   = +    


+ −


   

  (9)   

                                                                                      
where 
                      ( )( ) ( )1 1 1 1( )b A mir t    = =     

      At the initial time the domain AD collapses into a 

point , where the temperature should be 
equal to the threshold of metal ionization temperature

mi : 

                (0,0)A mi =                                           (10) 
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This temperature remains the same value on the 
boundary of the disk for 0t  :  
 
                      ( ( ),0)A A mir t =                        (11) 
  The arc heat flux passes through the sphere of ideal 
conductivity 0D  without any power losses and enters 

into vapor zone 1D  through the spherical surface  

( )Ar r t=   which temperature is the same like (11): 
 
                           1( ( ),0)A mir t =                         (12) 
The phenomena occurring in the vapor zone are too 
complicated for mathematical modeling in the frame of 
our approach, thus let us consider this zone as the 
thermal resistivity between the arc zone AD  and the 

liquid zone 2D with a linearly decreasing temperature 
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The temperature fields of the liquid zone 2D   and the 

solid zone 3D e   satisfy the heat equations 
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The Stefan conditions hold on the interfaces of the 
phase transformations: 
 

                                                                                (15) 
 
Here ,b mL L  are specific heats of evaporation and 
melting, 
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The last boundary condition for the solid zone is 
 
                                      3( , ) 0t  =                   (16) 
At the initial time all zones collapse into a point: 

                 (0) (0) (0) 0Ar  = = =      (17) 
                                                        

   The solution of the above-formulated problem can be 
found using the similarity principle (See Appendix 2).  

 
3. Numerical calculation 
 
The arc temperature at the transition from metallic 
phase to the gaseous stage, which changes in the 
range 4000 7000K K− , was calculated for the 
parameters of the blow-off repulsion presented in 
the paper [6], which are shown in Fig. 4.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         Fig. 4. Dynamics of voltage ( )U t , current 
                   ( )I t , and     contact displacement ( )x t  

 
The metallic and transition stages last from 0 to 4 
ms (AB C zone). During this stage the temperature 
increases up to 05000 K , and  the function ( )M T
in the expressions (32) and (37), which is the 
quantity inverse to the thermal diffusivity of the 
air) decreases more than twice, as can be seen from 
Fig. 5 and Fig. 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Fig. 5.  The temperature dependence of  

( )M T [7] 
 

The results of the numerical solution of the 
problem  (21) – (29) of the appendix 2 is presented 
in the Fig.6  
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Here ( ),  ( ),  ( ),  ( )A A A A A A A Ac          are the 
coefficients of the arc heat capacity, density, thermal 
and electrical conductivity correspondingly, 
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 is the arc current density,  ( )r AW    and    ( , )P r t    
are the volumetric arc power radiation and power losses 
due to the arc heat conduction into contacts.  
The temperature dependence of the coefficients [7] is 
presented in Fig. 2 and Fig. 3   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig, 2 Temperature dependence of the thermal and 
electrical conductivity and radiation losses for the arc 
burning in air 
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Fig, 3 Temperature dependence of   and c  for the arc 
burning in air. 
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Fig.6.Dynamics of the arc temperature 

               1 - experimental data [6] ,  
               2 – calculation by the non-linear model, 
               3 – calculation by the linear model [9]  
 
One can see that presented in this paper non-linear 
model gives better approximation to the experimental 
data in the considered transition time interval than the 
linear model, however outside this interval it cannot be 
applied. The results of calculation of the radii of zones 
indicated in Fig. 1 are shown in Fig. 7. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.7. Dynamics of the arc radii.  
         ( )r t  is the arc radius calculated in [9] 
 

Thus, the average value of the arc radius at the 
transition arc stage is equal approximately 51.5 10 m

−  
that in a good agreement with experimental data [10]. 

 
  4. Conclusion 

 
1. The non-linear mathematical model of a short 

arc temperature at its transition from metallic 
to gaseous stages describes the dynamics of 
the blow-off repulsion of electrical contacts in 
a good agreement with experimental data. 
 

2. The dynamics of increase of the radii of 
interfaces between zones of the phase 
transformations can be described by the self-
similar law  
 

3. Generalizing of this model for the gaseous arc 
stage is possible by the replacement of the 

one-dimensional model of the arc disc for the 
two-dimensional model of the arc cylinder.  
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Appendix 1. Temperature dependence of the coefficients for the arc 
burning in nitrogen [7] 

                        

Temperature 
        0, K   

Density 
2, /kg m  

Viscosity 
/g m s  

Radiation 
3 3,10 /rW W sm  

Enthalpy 
/J g  

     Heat 
conductivity 

/W m K  

   Heat 
capacity 

/J kg K  

Electrical 
conductivity 

1 1m− −   
300 1.1400 0.0179 0 311 0.026 1050 0 
500 0.6340 0.0257 0 526 0.039 1100 0 
1000 0.3420 0.0400 0 1091 0.065 1160 0 
1500 0.2280 0.0506 0 1686 0.094 1220 0 
2000 0.1710 0.0694 0 2316 0.126 1300 0 
2500 0.1370 0.0810 0 2976 0.152 1340 0 
3000 0.1130 0.0920 0 3656 0.180 1380 0 
3500 0.0978 0.1040 0 4355 0.210 1415 0 
3700 0.0924 0.1090 0 4641 0.226 1450 0 
4000 0.0853 0.1160 0 5090 0.255 1540 0 
4500 0.0755 0.1270 0 5942 0.369 1870 0 
5000 0.0668 0.1380 0 7085 0.657 2700 0 
5500 0.0575 0.1520 0 8960 1.278 4800 2 
5700 0.0541 0.1580 0 10080 1.645 6400 6 
6000 0.0495 0.1680 0 12352 2.550 8750 14 
6500 0.0419 0.1810 0 17890 4.500 13400 50 
7000 0.0335 0.1950 0 25590 5.160 17400 179 
7500 0.0273 0.2080 0.001 34257 4.525 16700 590 
7700 0.0253 0.2120 0.002 37377 4.000 14500 700 
8000 0.0233 0.2170 0.005 41315 3.130 11750 915 
8500 0.0210 0.2270 0.010 46377 2.200 8500 1550 
9000 0.0192 0.2330 0.025 49685 1.730 5450 2010 
9500 0.0180 0.2390 0.060 52470 1.575 5050 2550 
10000 0.0167 0.2430 0.100 55083 1.525 5470 3030 
10500 0.0156 0.2420 0.240 58063 1.620 6450 3500 
11000 0.0144 0.2370 0.420 61763 2.050 8350 4000 
12000 0.0123 0.2100 1.000 72213 2.850 12550 4950 
13000 0.0102 0.1720 2.150 87343 3.720 17710 5860 
14000 0.0085 0.1170 3.800 107248 4.330 22100 6720 
14500 0.0077 0.0940 4.700 118423 4.420 22600 7150 
15000 0.0071 0.0760 5.650 129635 4.370 22250 7500 
15500 0.0066 0.0610 6.650 140473 4.170 21100 7910 
16000 0.0060 0.0490 7.400 150473 3.875 18900 8180 
17000 0.0053 0.0330 8.550 166573 3.325 13300 8800 
18000 0.0049 0.0250 9.200 177948 2.975 9450 9410 
19000 0.0045 0.0210 9.460 186273 2.850 7200 9960 
20000 0.0043 0.0180 9.260 191891 2.900 5950 10500 
21000 0.0040 0.0170 8.650 197403 3.070 5500 11030 
22000 0.0038 0.0170 8.050 203203 3.270 6100 11500 
23000 0.0036 0.0170 7.680 210003 3.525 7500 11960 
24000 0.0034 0.0160 7.550 218928 3.825 10350 12260 
26000 0.0030 0.0150 8.250 248478 4.400 19200 12350 
28000 0.0026 0.0130 9.800 296478 5.000 28800 12160 

 

 

 
 
 
 
 
 
 
 
 
 
 
  

 
 
 
Fig.6.Dynamics of the arc temperature 

               1 - experimental data [6] ,  
               2 – calculation by the non-linear model, 
               3 – calculation by the linear model [9]  
 
One can see that presented in this paper non-linear 
model gives better approximation to the experimental 
data in the considered transition time interval than the 
linear model, however outside this interval it cannot be 
applied. The results of calculation of the radii of zones 
indicated in Fig. 1 are shown in Fig. 7. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.7. Dynamics of the arc radii.  
         ( )r t  is the arc radius calculated in [9] 
 

Thus, the average value of the arc radius at the 
transition arc stage is equal approximately 51.5 10 m

−  
that in a good agreement with experimental data [10]. 

 
  4. Conclusion 

 
1. The non-linear mathematical model of a short 

arc temperature at its transition from metallic 
to gaseous stages describes the dynamics of 
the blow-off repulsion of electrical contacts in 
a good agreement with experimental data. 
 

2. The dynamics of increase of the radii of 
interfaces between zones of the phase 
transformations can be described by the self-
similar law  
 

3. Generalizing of this model for the gaseous arc 
stage is possible by the replacement of the 

one-dimensional model of the arc disc for the 
two-dimensional model of the arc cylinder.  
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Appendix 2. Solution of the problem 
 
   According to the similarity principle we represent the solution in the form 
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Similarly, the equations (14) can be written in the form 
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 Thus, the problem is reduced to the solution of the ordinary differential equations (21), (22). The boundary 
conditions (12), (15) for these substitutions transform into expressions                               

                           (0) 0Au  =                                              (23) 

                            (1/ 2)A miu =                                         (24) 
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                             2 0( / 2 ) bu a =                                     (25) 

                       2 0 3 0( / 2 ) ( / 2 ) mu a u a  = =                        (26) 
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 = −                             (28) 

2 2 0 3 3 0( / 2 ) ( / 2 ) m mLu a u a
a
    − = − +                         (29) 

The problem (21) – (29) can be solved using the Runge-Kutta method.  Sometimes, for an analytical analysis of 
the temperature dynamics, it is more convenient to reduce this problem to the system of the integral equations. In 
particular, the equation (21) after the substitution 

                                 ( ) ( )A A Au V  =                                 (30) 
can be written in the form 
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 The equation (31) is equivalent the non-linear integral equation               
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 Similarly, the equations (22) can be written in the form 
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or in equivalent form of integral equations 
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The integral equations (34), (38),(39) are the equations of the Volterra type, and if the kernels of integral 
operators are differentiable, then these operators are contraction and the solution can be obtained by the iteration 
method      
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Abstract 

The short time current (STC) test is one of the most challenging tests for power devices. Components on the current 
path need to withstand a few seconds of operation under a very high short circuit current (e.g. 3s 80kA). STC tests 
are necessary but expensive and can significantly increases the cost of the design process of a power device. The 
integration of computer simulations into the design process can significantly reduce both the design cost (by re-
duction of physical tests to the absolute minimum) as well as the device cost (by optimization of material usage 
and implementation of easily manufacturable shapes). This paper deals with coupled electro-thermal transient 
simulations of examples of current carrying components with special attention afforded to their bolted contact 
area. The influence of the shape and mass of a conductor on the temperature of the contact was investigated. Both 
electrical and thermal contact resistances were included in the analysis together with skin and proximity effects 
related to the AC current flow. ABB inhouse simulation software has been developed and used for the simulation 
process. The goal of the analysis was to optimize the shape of the conductor to have the lowest possible mass and 
manufacturing cost whilst still successfully passing the STC test. 

1 Problem description 

1.1 Introduction  

STC – short time current tests are mandatory for power 
devices. Details of the test, such as the current charac-
teristics, the test duration and the pass criteria are de-
scribed by international and local standards, e.g. in [1], 
[2]. Ohmic losses are generated in the bulk components 
on the current path (typically made of aluminum or 
copper alloys) and on the joints (contacts) between 
them. Different types of contacts may be distinguished 
from one another: 

• Bolted contacts, 
• Spring/lamella contacts, 
• Sliding (e.g. finger) contacts, 
• Mixed. 

Due to the high current ratings of the STC test there is 
a risk of mechanical (cracks) and/or thermal (melt-
ing/welding) failures of the tested device. Problems are 
mainly observed at the electrical contacts because of 
their mechanical weakness and the significant local 
density of the ohmic losses. STC testing is complex and 
expensive due to the requirements of the power 
sources. When a failure occurs the test object is usually 
destroyed or damaged such that it may not be reused in 
further testing. A numerical simulation approach to 
STC allows a significant reduction of development 
time and cost. It enables the virtual testing of dozens of 

design variations in a reasonable time, allowing only a 
few of the most promising designs to be selected and 
physically tested. This significantly reduces the risk of 
failure. This paper focuses on the thermal behavior of 
the tested objects. An example model that includes 
three aluminum alloy components connected with steel 
bolts was chosen as the investigation object. These 
kind of components and connections are widely used 
in HV GIS devices like grounding switches, discon-
nectors and breakers. 
Previously, Ostrowski et al. [3] have investigated how 
statistical variation in electrical contacts influence the 
probability of an STC test being passed. This paper can 
be treated as a continuation of the mentioned work, 
with specific focus being given to the thermal re-
sistances and the mass distribution in the vicinity of the 
contact, under the assumption that the electrical re-
sistance of the connection is known. 
 
1.2 Simulation model  

The investigated device is presented in Figure 1, while 
the contacts and the location of the current inlets and 
outlets are presented in Figure 2. 
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Fig. 1 Current path of HV device 

 

Fig. 2 Components joints/contacts 
 
The simulated test conditions are collected in Table 1. 
 

Current (RMS) 80kA 
Frequency 50Hz 
Test duration 3s 
Electrical contact resistance for Contact 1 1.2µΩ 
Electrical contact resistance for Contact 2  1.5µΩ 
Ambient temperature 20oC 
Initial temperature of test object 20oC 

Table 1. Test conditions 
 
All components of the simulated device were made of  
EN AW-6082 aluminum alloy. The material properties  
of this alloy which are relevant for the analysis are 
given in Table 2.  
 

 
Specific electrical resistance 0.04 µΩm 
Linear thermal coefficient or resis-
tivity increase 

0.0036 1/K 

Density 2700 kg/m3 
Specific heat capacity 896 J/kg K 
Thermal conductivity 170 W/mK 
Melting temperature 615 oC / 888 K 

Table 2. EN AW-6082 aluminum alloy properties 
 
1.3 Thermal contact resistance 

All mechanical joints on the electrical current path can 
be characterized by an electrical and a thermal re-
sistance (ECR and TCR respectively). The complexity 
of the exact determination and the statistical fluctua-
tions of ECR was presented in [3]. In case of TCRs the 
problem is even more complicated as the measurement 
procedure is very complex and, in contrary to the cur-
rent path resistance, their measurement is not required 
by the standards. 

In theory the TCR (the same as ECR) is formed 
between two contacting solids and is caused by the fact 
that the surface of each body is not perfectly flat. Ra-
ther it can be imagined as a wavy structure, where the 
actual contact between two bodies occur only at some 
small areas (less than 2% of total contact area) [4]. The 
rest of the contact area is filled with the surrounding 
medium, for example air or electrically insulated by 
oxide or impurity layers. Due to this resistance an ad-
ditional temperature drop can be observed in the vicin-
ity of a contact. Although the TCR itself is related to 
the simple conduction heat transfer mechanism, the 
theoretical calculation of its exact value between two 
contacting surfaces is challenging, as it depends on va-
riety of parameters. In addition to readily-available in-
formation such as the geometry of the contact, thermal 
conductivity of contacting solids and fluid gap, more 
specific information such as [5]: 

• surface condition (roughness, asperity slope, 
surface waviness), 

• interstitial gap thickness  
• hardness or yield pressure of the contacting 

asperities of solid surfaces, which affects the 
plastic deformation of the highest peaks of the 
softer solid, 

is also necessary. Despite the general complexity of 
TCR calculations, some approaches of its theoretical 
approximation can be found in literature. A relatively 
simple formulation, previously proposed by Cooper 
[6], Mikic [7] and Yovanovich et al [8], takes the gen-
eral form (1) 

1
𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑎𝑎 ∙ 𝑘𝑘𝑠𝑠

𝑚𝑚
𝜎𝜎 ( 𝑃𝑃

𝐻𝐻𝑐𝑐
)

𝑏𝑏
                           (1) 

 
where ks – thermal conductivity of the interface, P – 
contact pressure, Hc – surface microhardness of the 
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softer of the two surfaces, m – asperity slope of the in-
terface, σ – RMS value of surface roughness of the sur-
faces that are in contact. a and b are constants which 
vary between the models [6]-[8].  

More recently, Bahrami et. al [9] proposed a for-
mula where in addition to solid contact resistance, also 
a resistance of interstitial gas was included (2-4)  

 

 𝑅𝑅𝑠𝑠 = 0.565𝐻𝐻 ∙(𝜎𝜎 𝑚𝑚⁄ )
𝑘𝑘𝑠𝑠𝐹𝐹               (2) 

 𝑅𝑅𝑔𝑔 = 𝑌𝑌
𝑘𝑘𝑔𝑔𝐴𝐴𝑔𝑔

[1 + 𝑀𝑀
𝑌𝑌 + 0.304𝜎𝜎

𝑌𝑌
1+𝑀𝑀

𝑌𝑌
− 2.29(𝜎𝜎

𝑌𝑌
)

2

(1+𝑀𝑀
𝑌𝑌 )

2 ]       (3) 

   𝑇𝑇𝑇𝑇𝑅𝑅 =  ( 1
𝑇𝑇𝑠𝑠

+ 1
𝑇𝑇𝑔𝑔

)
−1

              (4) 

 
At the same time Tomimura et. al. [10] introduced the 
so-called Unit Cell model for TCR calculations which 
also included a resistance of solid and interstitial fluid 
resistance (4) 

 
1

𝑇𝑇𝑇𝑇𝑇𝑇 = 1
𝛿𝛿1
𝜆𝜆1

+𝛿𝛿2
𝜆𝜆2

∙ 𝑝𝑝𝑚𝑚
𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚

+ 𝜆𝜆𝑓𝑓
𝛿𝛿1+𝛿𝛿2

∙ (1 − 𝑝𝑝𝑚𝑚
𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚

)     (5) 

In equation (2) F describes the force acting on a 
surface as a results of its contact with another surface. 
H is the surface microhardness which may be calcu-
lated using the methods described in [9]. In equation 
(3) kg denotes the thermal conductivity of the gas, Ag is 
the gap heat transfer area and d represents the distance 
between two parallel contacting surfaces. The values of 
M and Y define the gas parameter and the mean surface 
plane separation value [10].  

δi, λi (where i = 1,2) and λf  in equation (5) are the 
maximum surface roughness, the thermal conductivity 
of both contacting surfaces and the interstitial fluid 
thermal conductivity respectively. pm and Hmin de-
scribes the mean nominal contact pressure and hard-
ness value – see [10] for details. 

It may be noted that each of the given equations 
requires specific information about the contact condi-
tion in order to approximate thermal resistance. Even 
when all of the required parameters are available, the 
TCR values calculated by the equations can differ sig-
nificantly (even more than 60%). This further high-
lights the complexity of TCR determination. 

One of the simplest ways to approximate the TCR 
value, based on the calculated ECR is the application 
of Wiedeman-Franz law which states that for metals 
where a dominant part of heat and electric conduction 
is carried by free electrons, the ratio of electrical to 
thermal conductivity is proportional to the temperature 
[11]. The proportionality factor here is a Lorenz num-
ber L = 2.44·10-8 WΩK-2. This law yields a simple re-
lation between TCR and ECR 

 

𝑇𝑇𝑇𝑇𝑅𝑅 = 𝐸𝐸𝑇𝑇𝑇𝑇
𝐿𝐿𝑇𝑇             (6) 

 

In the conducted calculations it was decided to use 
equation (6) for a calculation of thermal contact re-
sistance. Taking advantage of its simplicity and keep-
ing in mind significant differences in TCR vales calcu-
lated by more complex equations it was considered as 
a reasonable choice that provides satisfactory accuracy 
of the calculations. In addition, eq. (6) is always a 
“worst case” approach since in reality, there are parallel 
conducting paths through the gaps, as represented in 
eqs. (3)-(5), which will lower the TCR. 

1.4 Simulation environment 

In order to ensure proper and accurate virtual STC test-
ing it is necessary to implement the following physical 
phenomena into the simulation procedure: 

• Two way coupling between the electro-mag-
netic (EM) and the thermal (TH) solver 

• Integration of the ECRs in the EM solver to 
ensure the correct calculation of the current 
and loss distribution, in both the bulk materi-
als and on the contacts 

• The integration of TCRs in the TH solver to 
ensure the proper calculation of the heat con-
duction and the temperature distribution 

An inhouse ABB Simulation Toolbox was selected as 
it incorporates all of the above mentioned aspects in 
one single and robust environment.  
The computation of the ohmic loss distribution is con-
ducted by the Full Maxwell Module. It computes the 
Maxwell equations in the frequency domain in a for-
mulation that is based on the electric field E, i.e. it 
solves the equation 
 

𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 1/𝜇𝜇 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝑬𝑬  + 𝑖𝑖𝑖𝑖 (𝜎𝜎(𝑇𝑇)𝑬𝑬 + 𝑖𝑖𝑖𝑖𝜔𝜔𝑬𝑬) = 0     (7) 
 
Herein  is the permeability, i is the imaginary unit, 
 is the angular frequency,  is the electrical conduc-
tivity that depends on the temperature T and  is the 
permittivity. This equation is numerically solved with 
a Galerkin Finite Element Method (FEM). The ECRs 
are integrated by utilizing a discontinuous local scalar 
electric potential. 
The temperature is also computed using an FEM 
method for the transient heat conduction equation 

𝜌𝜌𝑐𝑐𝑃𝑃𝑡𝑡𝑇𝑇 − 𝑑𝑑𝑖𝑖𝑑𝑑(𝑘𝑘 ∙ 𝑔𝑔𝑔𝑔𝑎𝑎𝑑𝑑  𝑇𝑇) = 𝑃𝑃  (8) 
with the mass density 𝜌𝜌, the heat capacity 𝑐𝑐𝑃𝑃 , the ther-
mal conductivity 𝑘𝑘, and the ohmic loss density 𝑃𝑃 = 𝜎𝜎 ∙
 𝑬𝑬𝟐𝟐 that results from the electromagnetic solution. The 
temperature dependency of the involved thermal mate-
rial parameters is negligible and much smaller than the 
dependency of the electrical conductivity. The heat ex-
change between the parts and the environment is not of 
high importance because the overall process is so fast 
that only a small amount of the generated heat is lost. 
As a result it is possible to simulate the process as an  
adiabatic process. However, we instead used heat trans-
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fer coefficients at the surface of the parts to approxi-
mate this cooling. The boundary used for this purpose 
may be given as 

𝑘𝑘 ∙ 𝑛𝑛 ∙ 𝑔𝑔𝑔𝑔𝑎𝑎𝑑𝑑  𝑇𝑇 = ℎ ∙ (𝑇𝑇𝑏𝑏 − 𝑇𝑇)  (9) 
with the exterior normal 𝑛𝑛, the heat transfer coefficient 
ℎ, and the environmental temperature 𝑇𝑇𝑏𝑏 . 
Electromagnetic and thermal phenomena occur over 
very different timescales. The frequency of the current 
is 50 Hz thus the variations of the electromagnetic field 
primarily occur in the milliseconds range. For the ther-
mal part the typical timescale of any variation is much 
larger, in the range of a tenth of a second, because it 
takes some time for the heat to be conducted and dissi-
pated. Thus the electrical conductivity of bulk material 
does not change much during one electromagnetic pe-
riod (detailed investigation of single contact spots is 
not covered by this study). This is why the electromag-
netics are computed in the frequency domain, whilst 
the thermal phenomena are calculated in the time do-
main. The electrical conductivity is updated when the 
local change exceeds a predefined value. 
The simulation method was verified with STC test for 
HV GIS grounding switch and was described in [12], 
where device failure was observed after 2 seconds of 
test while according to simulation melting temperature 
was reached after 1,7s. 
Since the time of verification additional feature of ther-
mal contact resistance was added to the simulation 
software. Benchmark model was then recalculated and 
provided even better correlation with the test.  

2 Results 
2.1 Results for the base design 

The coupled transient electro-thermal analysis of the 
base design showed that the temperature in the area of  
Contact 2 exceed the aluminum alloy melting temper-
ature of 888K after 2.1s, reaching 1071K (at the end of 
the test). This indicates that the device would fail the 
STC test with a high level of probability.  

Fig. 3 Temperature distribution on base design at the 
end of the test (after 3 seconds) – cross-section view 
The risk of failure during the testing of such an arrange-
ment is so high that a redesign of the device was nec-
essary. The detailed temperature distribution at the end 
of the test (after 3s) is presented in Figure 3, the vol-
ume with a  temperature exceeding the melting point is 
shown in Figure 4 and the temperature of the hotspot 
during the test in Figure 5. 
The temperature at Contact 2 not only exceeds the 
melting point of aluminum alloy but is also non uni-
form on both sides of the contact. This effect is caused 
by the TCR and clearly shows that neglecting the TCR 
in the numerical analysis can significantly reduce the 
hotspot temperature. This may subsequently result in 
an under dimensioning of the current carrying compo-
nents and failure during the test. 

Fig. 4 Molten aluminum volume (marked with red 
color) 
 

Fig. 5 Hotspot temperature vs. time 
 
2.2 Design improvements 

The design of the investigated device was changed to 
reduce the hotspot temperature below the melting 
point. It was decided to use 10% safety margin, result-
ing in a limit of 800K limit for the hotspot temperature, 
that margin should cover negative effects like local 
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At the same time Tomimura et. al. [10] introduced the 
so-called Unit Cell model for TCR calculations which 
also included a resistance of solid and interstitial fluid 
resistance (4) 
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In equation (2) F describes the force acting on a 
surface as a results of its contact with another surface. 
H is the surface microhardness which may be calcu-
lated using the methods described in [9]. In equation 
(3) kg denotes the thermal conductivity of the gas, Ag is 
the gap heat transfer area and d represents the distance 
between two parallel contacting surfaces. The values of 
M and Y define the gas parameter and the mean surface 
plane separation value [10].  

δi, λi (where i = 1,2) and λf  in equation (5) are the 
maximum surface roughness, the thermal conductivity 
of both contacting surfaces and the interstitial fluid 
thermal conductivity respectively. pm and Hmin de-
scribes the mean nominal contact pressure and hard-
ness value – see [10] for details. 

It may be noted that each of the given equations 
requires specific information about the contact condi-
tion in order to approximate thermal resistance. Even 
when all of the required parameters are available, the 
TCR values calculated by the equations can differ sig-
nificantly (even more than 60%). This further high-
lights the complexity of TCR determination. 

One of the simplest ways to approximate the TCR 
value, based on the calculated ECR is the application 
of Wiedeman-Franz law which states that for metals 
where a dominant part of heat and electric conduction 
is carried by free electrons, the ratio of electrical to 
thermal conductivity is proportional to the temperature 
[11]. The proportionality factor here is a Lorenz num-
ber L = 2.44·10-8 WΩK-2. This law yields a simple re-
lation between TCR and ECR 
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𝐿𝐿𝑇𝑇             (6) 

 

In the conducted calculations it was decided to use 
equation (6) for a calculation of thermal contact re-
sistance. Taking advantage of its simplicity and keep-
ing in mind significant differences in TCR vales calcu-
lated by more complex equations it was considered as 
a reasonable choice that provides satisfactory accuracy 
of the calculations. In addition, eq. (6) is always a 
“worst case” approach since in reality, there are parallel 
conducting paths through the gaps, as represented in 
eqs. (3)-(5), which will lower the TCR. 

1.4 Simulation environment 

In order to ensure proper and accurate virtual STC test-
ing it is necessary to implement the following physical 
phenomena into the simulation procedure: 

• Two way coupling between the electro-mag-
netic (EM) and the thermal (TH) solver 

• Integration of the ECRs in the EM solver to 
ensure the correct calculation of the current 
and loss distribution, in both the bulk materi-
als and on the contacts 

• The integration of TCRs in the TH solver to 
ensure the proper calculation of the heat con-
duction and the temperature distribution 

An inhouse ABB Simulation Toolbox was selected as 
it incorporates all of the above mentioned aspects in 
one single and robust environment.  
The computation of the ohmic loss distribution is con-
ducted by the Full Maxwell Module. It computes the 
Maxwell equations in the frequency domain in a for-
mulation that is based on the electric field E, i.e. it 
solves the equation 
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Herein  is the permeability, i is the imaginary unit, 
 is the angular frequency,  is the electrical conduc-
tivity that depends on the temperature T and  is the 
permittivity. This equation is numerically solved with 
a Galerkin Finite Element Method (FEM). The ECRs 
are integrated by utilizing a discontinuous local scalar 
electric potential. 
The temperature is also computed using an FEM 
method for the transient heat conduction equation 

𝜌𝜌𝑐𝑐𝑃𝑃𝑡𝑡𝑇𝑇 − 𝑑𝑑𝑖𝑖𝑑𝑑(𝑘𝑘 ∙ 𝑔𝑔𝑔𝑔𝑎𝑎𝑑𝑑  𝑇𝑇) = 𝑃𝑃   (8) 
with the mass density 𝜌𝜌, the heat capacity 𝑐𝑐𝑃𝑃 , the ther-
mal conductivity 𝑘𝑘, and the ohmic loss density 𝑃𝑃 = 𝜎𝜎 ∙
 𝑬𝑬𝟐𝟐 that results from the electromagnetic solution. The 
temperature dependency of the involved thermal mate-
rial parameters is negligible and much smaller than the 
dependency of the electrical conductivity. The heat ex-
change between the parts and the environment is not of 
high importance because the overall process is so fast 
that only a small amount of the generated heat is lost. 
As a result it is possible to simulate the process as an  
adiabatic process. However, we instead used heat trans-
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overheating in contact spots and non-uniform distribu-
tion of resistance on contact surface. 
The shape and size of high voltage electrical power de-
vices is determined by the electric field distribution (in-
sulation requirements), the thermal management 
(losses generation and heat dissipation), mechanical 
properties, manufacturing and cost. 
The mentioned parameters  determine the boundaries 
for the device optimization. To represent this kind of 
criteria the following boundaries/assumptions have 
been incorporated to the optimization study: 

• Only the middle part can be modified (insu-
lation requirements) 

• The contact resistance cannot be changed for 
mechanical reasons 

• The material of any component cannot be 
changed due to manufacturing, supply chain 
and cost reasons. 

In addition to those limitations the final design should 
also be easy to manufacture and lightweight.  
The ohmic losses that are generated by the  current  due 
to the bulk material resistivity are accumulated in the 
material, conducted from hotter to colder areas, and  
transmitted to the environment via convection and ra-
diation. Due to the short duration of the test and the 
high loss generation, the  transmission to the environ-
ment is significantly smaller than the heat accumula-
tion in the material. As a result, the temperature of the 
hotspot can be  diminished by reducing the losses or by 
increasing the heat capacity or preferably both to-
gether. Two possibilities were considered due to man-
ufacturing and electric field limitations: A change in 
the axial direction and a change in the symmetrical side 
direction. The virtually tested designs are presented in 
Figure 6. 

Fig. 6 Calculated designs of connecting component 
a) original design, b) +10mm axial, c) +20mm axial, 
d) +30mm axial, e) 2x 5mm side, f) 2x 10mm side, 
g) optimal design - mixed 2x 5mm side and +10mm 
axial (reduced to contact area)  
 
The influence of the design changes on the hotspot 
temperature is presented in Figure 7.  
 
The increase of the connector length provides a signif-
icant improvement for the first added 10 millimeters of 

material, but after 20mm the effect saturates. Only an 
increase of the length by more than 30mm reduced the 
hotspot temperature to an acceptable level around 
800K. Such a design change also results in a significant 
increase of the volume (and mass) of the component by 
76%. This is unacceptable due to cost limitations. 
The alternative design based on the addition of material 
to the side of the contact area (increasing of width) had 
much better effects. For example the version with 2x 
10mm increase yielded temperatures below 800K with 
a mass increase of only 10%. However, this kind of 
modification would also lead to problems during the 
device assembly, possibly necessitating a redesign of 
the enclosure, which could again increase the overall 
costs of device. The final design change is a combina-
tion of axial and side changes. 5mm of material was 
added to the sides of the contact and 10mm in axial di-
rection, but only in area of contact (see Figure 6g). Us-
ing this approach the temperature requirements were 
achieved with only a small increase of the material 
mass  (14% only) together with a compact shape that is 
easy to manufacture and to assemble.  

Fig. 7 Hotspot temperature (K) at the end of the test 
after 3s. Red line – melting point 888K, orange line – 
temperature limit 800K. 

3 Conclusions and next steps 

Numerical simulation can significantly improve the de-
sign process of electrical devices. With the proper ap-
proach that includes the most important physical ef-
fects, even such a complex test as short time current 
test can be represented virtually. The associated costs 
are significantly lower than in experimental based de-
sign. This publication shows that virtual testing helps 
to find weak points in the design of  high current con-
ductors. It allows a wide range of different designs to 
be evaluated to find the component that is cheapest and 
easiest to manufacture, which will pass the STC test 
with high probability. 
This investigation showed that even with restricted de-
sign options related to contact parameters (ECR and 
TCR) and dimensions, it is possible to propose solu-
tions that are very likely to pass the STC test. The key 
to reduce the contact temperature is to increase the heat 
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capacity by adding material in a close proximity to the 
connection point. This reduces the ohmic losses, in-
creases the heat accumulation (in a short distance from 
the hot-spot) and leads to a more uniform temperature 
distribution on both sides of the joint. 
The presented results are an example of a step by step 
manual investigation of different designs. The next step 
would be to implement an optimization algorithm 
(preferably freeform) to automatically search for opti-
mal design, and/or to create a reduced order model for 
a connector based on DoE results.  
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fects, even such a complex test as short time current 
test can be represented virtually. The associated costs 
are significantly lower than in experimental based de-
sign. This publication shows that virtual testing helps 
to find weak points in the design of  high current con-
ductors. It allows a wide range of different designs to 
be evaluated to find the component that is cheapest and 
easiest to manufacture, which will pass the STC test 
with high probability. 
This investigation showed that even with restricted de-
sign options related to contact parameters (ECR and 
TCR) and dimensions, it is possible to propose solu-
tions that are very likely to pass the STC test. The key 
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Abstract 

Series arc fault modelling provides an effective simulation approach for understanding arc fault characteristics in 
photovoltaic (PV) systems. However, the measured arc fault signals are synthetic results between arc faults and 
many system interference factors, which makes the modelling process complicated. This paper aims at providing 
an effective arc fault model for the simulation research in PV resistive systems. In this paper, various arc fault data 
are acquired through the designed experiment platform firstly. Then the establishment direction is summarized for 
the arc fault modelling in PV resistive systems. Next, the series arc fault model is proposed by combining the U-I 
model and pink noise model. Finally, the simulation analysis of series arc fault is carried out in PV resistive systems. 
By comparing with the obtained experimental data, the effectiveness of the arc fault model is verified. 
 

1 Introduction 

With the increasing demand of renewable energy, 
photovoltaic (PV) power generation system has been 
applied worldwide. With more and more PV arrays 
connected to power system, the safe operation of PV 
system has become the focus [1]. However, series arc 
faults often occur in PV systems due to loose 
connectors and disconnected socket switches [1]. The 
occurrence of PV series arc fault endangers the normal 
operation of PV components and devices, causing 
safety threats to the around surroundings and people. 
Therefore, it is very important to detect and extinguish 
arc faults in time. However, PV series arc faults may 
bear the interference from many system factors 
including the wire and parameters of the load side. The 
increase of cable length would attenuate the arc noise 
signal in the frequency band of 10~105Hz [2]. Then the 
interaction relationship between the PV arc fault and 
load is still unclear, requiring the study of the effective 
arc fault model. Furthermore, the arc fault model could 
be used to imitate complex arc fault conditions, which 
is helpful for the reliability development of arc fault 
detection algorithm in PV resistive systems. 

At the beginning of the 20th century, researchers began 
to study the arc fault models in power systems. So far, 
arc fault models are generally divided into three types: 
the dynamical state model, the stationary state model, 
and the high-frequency component model [3]. In the 

1940s, Cassie and Mayr established a dynamical state 
model from the perspective of energy conservation and 
heat balance principles [4]. Yao proposed a V-I model 
including transient and stable arc processes in 2014, 
which is applicable to the most common arc faults in 
power systems [5]. It could well simulate the arc 
characteristics, which is similar to the real arc 
characteristics in the time domain. Uriarte found that 
the dynamic component of arc voltage was similar to 
hyperbola through analyzing a large number of arc 
fault experimental data [6]. They used the sum of two 
hyperbolic approximate equations to represent the arc 
voltage, which is called a heuristic arc model. This 
modeling process is complex. Besides, the simulation 
performance of time-domain arc fault waveform is not 
significantly improved by comparing with the V-I 
model [7]. Therefore, the heuristic model is not the best 
method to simulate the arc fault waveform in the time 
domain. Due to the chaotic nature of the arc, the zero-
mean Gaussian noise was used to describe the voltage 
fluctuation of the arc fault [8]. According to recent 
studies, the practical arc fault noises are closer to pink 
noises instead of white noises in the frequency domain 
[9][10]. Therefore, there are some limitations for zero-
mean Gaussian noises to well display the arc fault noise 
distribution.  

In this paper, various arc fault experiments are carried 
out with different current levels and arc gap lengths in 
the PV resistive system. Then the arc fault model is 
proposed to be accorded with the variation tendency of 
the arc fault current and spectrum. Based on MATLAB 
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platform, the proposed arc fault model is simulated in 
the PV resistive system. Through comparing the 
experimental and simulated results, the effectiveness of 
the proposed arc fault model is verified. 

2 Arc fault experimental data 
and modelling directions 

2.1 Experimental setup and method 

To understand arc fault characteristics in the PV 
resistive system, series arc fault tests are conducted 
several times. As shown in Fig. 2.1, arc fault generator 
(AFG) is put on the incoming bus in front of the resistor 
to acquire the arc fault condition [11]. As shown in Fig. 
2.2, two rod-type electrodes made of copper are used 
to get normal connections [12]. The system power 
supplies including the PV array and PV simulated 
source have the nonlinear V-I output characteristic 
curve, which are connected to the loop under the 
control of the switch. While the PV simulated source 
acts as a power supply, the arc fault current would be 
influenced by switching noises from the ac/dc rectifier 
and dc/dc converter. While the real PV array acts as a 
power supply, the arc fault current is relatively pure 
without switching noise interferences.  
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Fig. 2.1 Experiment schematic of PV series arc fault 
test [11]. 

 
Fig. 2.2 Arc fault generator [12]. 

Through applying the pull-apart method according to 
UL1699B standard, arc fault starts to ignite and the 

whole PV system steps into fault state [13]. The 
precisely sampled loop current signal is the core of the 
PV series arc fault detection, which measured by two 
kinds of current sensors at the same time. One is 
measuring the current signal with the dc component 
based on the Hall effect, having the bandwidth of 
1MHz. The other one is measuring the current signal 
without the dc component based on the principle of the 
current transformer, having the bandwidth of 500kHz. 
They are applied to conduct the time-domain and 
frequency-domain analysis separately [14]. Arc 
voltage, PV voltage, and resistor voltage signals are 
measured by high voltage probes. After each 
experiment, the surface of electrodes is rubbed smooth 
to ensure that the arc gap length is the required value.  

2.2 Typical arc fault electrical signal 

When the switches of the PV simulated source or the 
PV array closes, an off-grid PV system is formed with 
the composition of the resistor. Due to the lack of 
inverter, the system does not have the adjustment 
ability of maximum power point tracking (MPPT) 
algorithm. Therefore, the initial operating point of the 
off-grid PV system depends on the set resistance. 
While the initial operating point is set in the non-linear 
operating area, the measured PV voltage and loop 
current signals will display the non-linear system 
output property. In this experiment, the resistance is 
29Ω. Then an arc fault is introduced by separating the 
electrodes during the normal system operation, the 
measured electrical signals are shown in Fig. 2.3. 

In stage I, the two electrodes of AFG are tightly closed 
and the PV resistive system is in the normal operating 
state. Since there is no arc, the arc voltage is zero. The 
output voltage of the PV array is almost applied to the 
resistor. All electrical signals seem to be relatively 
stable in the PV system. 

In stage II, the electrodes are uniformly pulled apart by 
the motor at the speed of 2mm/s until the arc gap length 
reaches 3.2mm. When the electrodes are pulled apart, 
the arc voltage rapidly rises to about 20V. At the 
moment of the initial arc ignition process, the loop 
current decreases sharply. During the transient process 
of arc fault, the arc voltage increases with the longer 
arc gap length. The inserted arc fault gradually 
decreases the loop current, causing the decrease to the 
resistor voltage. On the other hand, the decreased loop 
current force the increase of the PV voltage under the 
control of the nonlinear output characteristic curve of 
PV array, which in turn would have the influence on 
the loop current. In the end, the arc gap length reaches 
the set value of 3.2mm. For the lack of MPPT 
adjustments, all four electrical signals come into the 
stable state in the end.  

In stage III, the PV system is forced to stop after 
acquiring the enough arc fault waveform. Then the 
resistor voltage, loop current and arc voltage drop 
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Abstract 

Series arc fault modelling provides an effective simulation approach for understanding arc fault characteristics in 
photovoltaic (PV) systems. However, the measured arc fault signals are synthetic results between arc faults and 
many system interference factors, which makes the modelling process complicated. This paper aims at providing 
an effective arc fault model for the simulation research in PV resistive systems. In this paper, various arc fault data 
are acquired through the designed experiment platform firstly. Then the establishment direction is summarized for 
the arc fault modelling in PV resistive systems. Next, the series arc fault model is proposed by combining the U-I 
model and pink noise model. Finally, the simulation analysis of series arc fault is carried out in PV resistive systems. 
By comparing with the obtained experimental data, the effectiveness of the arc fault model is verified. 
 

1 Introduction 

With the increasing demand of renewable energy, 
photovoltaic (PV) power generation system has been 
applied worldwide. With more and more PV arrays 
connected to power system, the safe operation of PV 
system has become the focus [1]. However, series arc 
faults often occur in PV systems due to loose 
connectors and disconnected socket switches [1]. The 
occurrence of PV series arc fault endangers the normal 
operation of PV components and devices, causing 
safety threats to the around surroundings and people. 
Therefore, it is very important to detect and extinguish 
arc faults in time. However, PV series arc faults may 
bear the interference from many system factors 
including the wire and parameters of the load side. The 
increase of cable length would attenuate the arc noise 
signal in the frequency band of 10~105Hz [2]. Then the 
interaction relationship between the PV arc fault and 
load is still unclear, requiring the study of the effective 
arc fault model. Furthermore, the arc fault model could 
be used to imitate complex arc fault conditions, which 
is helpful for the reliability development of arc fault 
detection algorithm in PV resistive systems. 

At the beginning of the 20th century, researchers began 
to study the arc fault models in power systems. So far, 
arc fault models are generally divided into three types: 
the dynamical state model, the stationary state model, 
and the high-frequency component model [3]. In the 

1940s, Cassie and Mayr established a dynamical state 
model from the perspective of energy conservation and 
heat balance principles [4]. Yao proposed a V-I model 
including transient and stable arc processes in 2014, 
which is applicable to the most common arc faults in 
power systems [5]. It could well simulate the arc 
characteristics, which is similar to the real arc 
characteristics in the time domain. Uriarte found that 
the dynamic component of arc voltage was similar to 
hyperbola through analyzing a large number of arc 
fault experimental data [6]. They used the sum of two 
hyperbolic approximate equations to represent the arc 
voltage, which is called a heuristic arc model. This 
modeling process is complex. Besides, the simulation 
performance of time-domain arc fault waveform is not 
significantly improved by comparing with the V-I 
model [7]. Therefore, the heuristic model is not the best 
method to simulate the arc fault waveform in the time 
domain. Due to the chaotic nature of the arc, the zero-
mean Gaussian noise was used to describe the voltage 
fluctuation of the arc fault [8]. According to recent 
studies, the practical arc fault noises are closer to pink 
noises instead of white noises in the frequency domain 
[9][10]. Therefore, there are some limitations for zero-
mean Gaussian noises to well display the arc fault noise 
distribution.  

In this paper, various arc fault experiments are carried 
out with different current levels and arc gap lengths in 
the PV resistive system. Then the arc fault model is 
proposed to be accorded with the variation tendency of 
the arc fault current and spectrum. Based on MATLAB 
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sharply to zero. The PV voltage reaches the open-
circuit point value of the PV array. 
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Fig. 2.3 Electrical signals in the PV resistive system 
(Loop current is measured with the dc component). 

According to the measurement results of the current 
transformer, the loop current measuring without the dc 
component is shown in Fig. 2.4. In stage I, the arc fault 
has not yet been ignited, in which the PV system also 
operates normally. The non-zero value is derived from 
background system noises. At the beginning of stage II, 
the suddenly occurred arc fault forms significantly 
larger pulse. With the influence from arc fault noises, 
the amplitude of the signal fluctuation would increase. 
Compared with the transient process, the stable arc 
fault with longer arc gap length generally displays the 
larger amplitude. After the PV system stops operating 
in stage III, the arc fault current decrease to the smallest 
value among three stages.  
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Fig. 2.4 Loop current is measured without the dc com-
ponent. 

2.3 Establishment direction of arc fault 
model 

The time-domain description of the arc fault model 
should be accorded with the variation tendency of elec-
trical signals shown in Fig. 2.3. For the arc fault 
generated by pulling the electrodes apart, the arc fault 
current displays the continuously decreasing tendency 
at the beginning in the time domain. Corresponding arc 
voltage should increase to the expected value. After the 
arc gap length keeps constant, the arc fault signals 
display the relatively stable tendency in the time 
domain. 

As for the frequency characteristics of arc faults, most 
literatures focus on the frequency band below 100kHz 
with the sampling frequency of 250kHz [3]. On the 
basis of above experimental results shown in Fig. 2.4, 
the loop current is analyzed by short-time Fourier 

transform (STFT) shown in Fig. 2.5. This arc fault 
spectrum result is the guidance for the frequency-do-
main description of the arc fault model. After the arc 
fault occurs, the spectrum would display the increasing 
amplitude in the frequency domain. These extra arc 
fault noises are the key to the large fluctuation of the 
time-domain current waveform in stage II of Fig. 2.4 
[3][15]. Based on the experimental results, the arc 
noise itself displays 1/f phenomenon from around 
50kHz to 150kHz in the PV resistive systems. The 
measured arc fault noise amplitude increases from zero 
to about 50kHz due to the high-pass effect of the 
current sensor. The sudden increasing pulse in 
amplitude of the spectrum is caused by the external 
switching processes from the ac/dc rectifier and dc/dc 
converter in the PV simulated source. The arc fault 
noise displays the similar amplitude to the normal 
spectrum after 150kHz, which would not provide 
significant differences for the arc fault identification. 
Therefore, the arc fault spectrum has the power spectral 
density inversely proportional to the frequency.  
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Fig. 2.5 Spectrum of the loop current during the nor-
mal and arc fault states in Fig. 2.4. 

3 Simulation and verification of 
photovoltaic series arc fault 

The proposed PV series arc fault model combines the 
modified Paukert model with the built pink noise 
model [14]. Through a large number of experiments, 
parameters of the modified Paukert model are obtained 
by statistical fitting methods, the equation is as follows: 

 arc
0.223 0.02445

32.83 12.79
arc L

arc
arc

L
I

V
+

+
=  (1) 

where Larc is the arc gap length, Iarc and Varc are the 
current and voltage separately. A digital filter could be 
designed with auto-regressive moving average model 
(ARMA) to generate the desired pink noise from the 
white noise. The arc noise model is built by further 
processing the generated pink noise through the high-
pass and low-pass filters. 
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3.1 Simulation analysis of series arc 
fault in photovoltaic resistive sys-
tems 

In order to verify the imitate accuracy of the proposed 
arc fault model, the model is connected to a PV 
resistive system, as shown in Fig. 3.1. The system 
consists of the PV array, the proposed arc fault model 
and the resistor. The output voltage of PV array is 
controlled by the input parameters setting of the 
temperature and solar irradiance. 

Arc model

Nois
e

V-I model

Arc Fault Model

Noise
Model

V-I Model
PV Array

Resistor

  
Fig. 3.1 Simulation of series arc faults in the PV resis-
tive system. 

3.2 Effectiveness verification of arc 
fault model through obtained ex-
perimental data 

In order to verify the effectiveness of the arc fault 
model for simulation, the imitation effectiveness of the 
V-I model is firstly discussed. As shown in Fig. 3.1, the 
PV system works normally at 334V while the resistor 
is 29.5Ω. The arc fault is introduced to the PV system 
at 2.4s. The current and voltage signals of the 
dynamically burning arc process are continuously 
recorded through the MATALAB simulation analysis, 
which are shown in Fig. 3.2.  

Before the arc ignites, both the normal current and 
voltage waveforms are relatively stable. They acquire 
the similar variation tendency to the experimental 
waveforms. It could be seen the current drops rapidly 
and the voltage rises up sharply at the moment of the 
arc fault ignition. This proves that the inserted arc fault 
gives the similar result to the experimental waveform. 
During the arc transition, the 3.2mm-long arc gap is 
formed by continuously increasing the arc gap Larc 
from zero to 3.2mm at a speed of 2mm/s. Then the arc 
gap remains at 3.2mm, and the arc fault burns steadily 
from 4s. With the increasing arc gap length, the arc 
current decreases and the arc voltage increases 
smoothly. Then the arc gap reaches the maximum set 
length, forming the relatively stable arc voltage and 
current. However, the fluctuation of the stable arc 
voltage amplitude is within the normal range. In 
summary, the dynamically varying current level and 
arc gap length decides the arc voltage output. 
Comparing with the experimental arc fault electrical 
signals, it shows that the variation tendency of 

simulated electrical signals are generally consistent 
with the experimental results in the time domain. 

Four points are selected to describe the relative error 
between simulated and experimental data shown in Fig. 
3.2. Iinit and Uinit mean the final decreased arc fault 
current and increased voltage value separately when 
the arc ignites. Isustain and Usustain means the initial arc 
fault current and voltage separately when the arc start 
to burn steadily.  

For each group of four arc gap length conditions, arc 
fault experiment and simulation are carried out at three 
current levels. By comparing the experimental 
waveform with the corresponding simulated waveform, 
the relative error of four selected points are calculated 
shown in Fig. 3.3. All the relative error of the four 
points are less than 10%. Meanwhile, the relative error 
of the initial and sustaining current simulation is less 
than 4%, which proves the loop current is better 
simulated. Therefore, the well performance of the 
proposed V-I arc fault model is verified in simulating 
arc faults with different arc gap lengths and current 
levels. 
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Fig. 3.2 The simulation and experiment comparison of 
arc fault current and voltage in time domain. 
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Fig. 3.3 Time-domain relative error analysis between 
simulation and experiment with different arc gap 
lengths and current levels. 

Based on the high-pass filter designed by the 
MATLAB platform, the STFT spectrum of the 
proposed arc noise model is obtained shown in Fig. 3.4. 
At first, the simulated spectrum presents a process of 
oscillatory rising from 0 to 50kHz. After 50kHz, the 
simulated spectrum descends gradually. After about 
150kHz, the decrease is significantly smaller than the 
spectrum from 50 to 150kHz. In general, the simulated 

sharply to zero. The PV voltage reaches the open-
circuit point value of the PV array. 
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Fig. 2.3 Electrical signals in the PV resistive system 
(Loop current is measured with the dc component). 

According to the measurement results of the current 
transformer, the loop current measuring without the dc 
component is shown in Fig. 2.4. In stage I, the arc fault 
has not yet been ignited, in which the PV system also 
operates normally. The non-zero value is derived from 
background system noises. At the beginning of stage II, 
the suddenly occurred arc fault forms significantly 
larger pulse. With the influence from arc fault noises, 
the amplitude of the signal fluctuation would increase. 
Compared with the transient process, the stable arc 
fault with longer arc gap length generally displays the 
larger amplitude. After the PV system stops operating 
in stage III, the arc fault current decrease to the smallest 
value among three stages.  
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Fig. 2.4 Loop current is measured without the dc com-
ponent. 

2.3 Establishment direction of arc fault 
model 

The time-domain description of the arc fault model 
should be accorded with the variation tendency of elec-
trical signals shown in Fig. 2.3. For the arc fault 
generated by pulling the electrodes apart, the arc fault 
current displays the continuously decreasing tendency 
at the beginning in the time domain. Corresponding arc 
voltage should increase to the expected value. After the 
arc gap length keeps constant, the arc fault signals 
display the relatively stable tendency in the time 
domain. 

As for the frequency characteristics of arc faults, most 
literatures focus on the frequency band below 100kHz 
with the sampling frequency of 250kHz [3]. On the 
basis of above experimental results shown in Fig. 2.4, 
the loop current is analyzed by short-time Fourier 

transform (STFT) shown in Fig. 2.5. This arc fault 
spectrum result is the guidance for the frequency-do-
main description of the arc fault model. After the arc 
fault occurs, the spectrum would display the increasing 
amplitude in the frequency domain. These extra arc 
fault noises are the key to the large fluctuation of the 
time-domain current waveform in stage II of Fig. 2.4 
[3][15]. Based on the experimental results, the arc 
noise itself displays 1/f phenomenon from around 
50kHz to 150kHz in the PV resistive systems. The 
measured arc fault noise amplitude increases from zero 
to about 50kHz due to the high-pass effect of the 
current sensor. The sudden increasing pulse in 
amplitude of the spectrum is caused by the external 
switching processes from the ac/dc rectifier and dc/dc 
converter in the PV simulated source. The arc fault 
noise displays the similar amplitude to the normal 
spectrum after 150kHz, which would not provide 
significant differences for the arc fault identification. 
Therefore, the arc fault spectrum has the power spectral 
density inversely proportional to the frequency.  
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Fig. 2.5 Spectrum of the loop current during the nor-
mal and arc fault states in Fig. 2.4. 

3 Simulation and verification of 
photovoltaic series arc fault 

The proposed PV series arc fault model combines the 
modified Paukert model with the built pink noise 
model [14]. Through a large number of experiments, 
parameters of the modified Paukert model are obtained 
by statistical fitting methods, the equation is as follows: 

 arc
0.223 0.02445

32.83 12.79
arc L

arc
arc

L
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V
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+
=  (1) 

where Larc is the arc gap length, Iarc and Varc are the 
current and voltage separately. A digital filter could be 
designed with auto-regressive moving average model 
(ARMA) to generate the desired pink noise from the 
white noise. The arc noise model is built by further 
processing the generated pink noise through the high-
pass and low-pass filters. 
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arc noise and the experimental arc noise show a 
consistent variation trend in the frequency domain. 
Therefore, the well performance of the proposed pink 
noise model is verified in simulating practical arc fault 
noises. 
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Fig. 3.4 Frequency-domain comparison between sim-
ulated and experimental spectrum results with different 
arc gap lengths and current levels. 

Through applying the STFT analysis method intro-
duced in Fig. 2.5, more arc fault data are considered to 
conduct the spectrum analysis. As shown in Fig. 3.5, 
the variation range of the arc fault spectrum is acquired 
for each frequency band. The arc fault noise is varying 
especially in the frequency band from 50kHz to 75kHz. 
With the decreasing amplitude value in higher fre-
quency band, the variation range becomes smaller. 
Similarly, the simulated arc fault noise gives larger 
fluctuation in the frequency band of 50~75kHz than the 
higher frequency band. The global level of arc fault 
noises depends on the power of input white noises. The 
varying range is related to parameters of high-pass and 
low-pass filter.  

The proposed arc fault model could also be used to 
simulate the arc fault characteristics in the PV system 
with converters and inverters [14]. The inverter is made 
up various power electronic devices and the MPPT 
control strategy, which would produce the background 
system noise during the normal operation period. After 
the comparison analysis, it is found that system noises 
would have the influence on high-frequency arc fault 
features. Noises from the power electronic equipment 
would interfere arc fault behaviors in the low and 
switching frequency bands. 
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Fig. 3.5 The variation range of the arc fault spectrum. 

4 Conclusions 

In this paper, an arc fault model that could be applied 
to PV resistive systems is proposed based on the 
analysis of arc fault conditions. This model combines 
the modified Paukert model with the built pink noise 
model. In the established PV resistive system, the arc 
fault experiments are carried out with different arc gap 
lengths and current levels. Four test points are 
proposed, and the comparison between experimental 
and simulation results shows that the proposed 
modified Paukert model has good fitting results in the 
time domain. The simulation result of the arc noise 
model shows that the simulation and the experiment 
have the similar variation trend from 0 to 250kHz in 
the frequency domain.  
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arc noise and the experimental arc noise show a 
consistent variation trend in the frequency domain. 
Therefore, the well performance of the proposed pink 
noise model is verified in simulating practical arc fault 
noises. 
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Fig. 3.4 Frequency-domain comparison between sim-
ulated and experimental spectrum results with different 
arc gap lengths and current levels. 

Through applying the STFT analysis method intro-
duced in Fig. 2.5, more arc fault data are considered to 
conduct the spectrum analysis. As shown in Fig. 3.5, 
the variation range of the arc fault spectrum is acquired 
for each frequency band. The arc fault noise is varying 
especially in the frequency band from 50kHz to 75kHz. 
With the decreasing amplitude value in higher fre-
quency band, the variation range becomes smaller. 
Similarly, the simulated arc fault noise gives larger 
fluctuation in the frequency band of 50~75kHz than the 
higher frequency band. The global level of arc fault 
noises depends on the power of input white noises. The 
varying range is related to parameters of high-pass and 
low-pass filter.  

The proposed arc fault model could also be used to 
simulate the arc fault characteristics in the PV system 
with converters and inverters [14]. The inverter is made 
up various power electronic devices and the MPPT 
control strategy, which would produce the background 
system noise during the normal operation period. After 
the comparison analysis, it is found that system noises 
would have the influence on high-frequency arc fault 
features. Noises from the power electronic equipment 
would interfere arc fault behaviors in the low and 
switching frequency bands. 
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Fig. 3.5 The variation range of the arc fault spectrum. 

4 Conclusions 

In this paper, an arc fault model that could be applied 
to PV resistive systems is proposed based on the 
analysis of arc fault conditions. This model combines 
the modified Paukert model with the built pink noise 
model. In the established PV resistive system, the arc 
fault experiments are carried out with different arc gap 
lengths and current levels. Four test points are 
proposed, and the comparison between experimental 
and simulation results shows that the proposed 
modified Paukert model has good fitting results in the 
time domain. The simulation result of the arc noise 
model shows that the simulation and the experiment 
have the similar variation trend from 0 to 250kHz in 
the frequency domain.  
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Abstract

The temperature rise of automotive relays, to a certain extent, restricts the development of miniaturization and
weight reduction. Therefore, it is important to have a better understanding of the temperature field of automotive
relays. A simulation method of temperature field is proposed by using computational fluid dynamics
(CFD)software that is based on heat conduction differential equation, fluid motion control equation and radiation
heat transfer equation. The temperature rise data gained from calculation and by measurement shows good
agreement, which verifies the feasibility of the simulation method. The method is applied to analyse the heat
transfer laws of the relay under different ambient temperatures and load current levels, which establishes the
foundation of the thermal design and optimization of automotive relay. This method can be used for thermal
analysis and optimization of other types of relays, too.

1 Introduction
Automotive relay is a low-voltage switch designed for
low-voltage DC system. It used for control, protection,
conversion and regulation in vehicle system, it is one
of the most widely used switching appliances in low
voltage DC system [1]. As the customer has more and
more request about the automotive relay, such as
working on the high ambient temperature like 125℃,
miniaturization and reduction of weight. To meet
these high requirements, the temperature rise must be
well controlled. So, study on the temperature field and
the law of heat dissipation is important for the design
and optimization of automotive relay [2-3].
The temperature field analysis of switchgear by
numerical calculation software shortens the research
and development time compared with the traditional
experimental method, and one can more intuitively
understand the overall temperature distribution of
switchgear [4-5]. In recent years, many researchers in
China have done a lot of temperature field simulation
on low voltage switchgear by using numerical
calculation software. The electromagnetic-thermal
coupling of AC solenoid valve was analysed by
ANSYS in document [6]. The electromagnetic-
thermal coupling of electromagnetic relay was
analysed by Flux and Simulink in document [7]. The
transient temperature field of DC relay was analysed
by ANSYS in document [8].The steady state
temperature fields of DC relay were analysed by
ANSYS in documents [9] and [10]. So far, all existing
literatures adopt the finite element method to analyse
the temperature field of relay based on the differential
equation of heat conduction. When considering the
heat boundary conditions of convection and radiation,
only empirical formula is used to convert the heat
dissipation coefficient to impose on the outer wall of
the model, without considering that the heat boundary

conditions are restricted by the interaction between
the fluid and the wall. It is difficult to get the
temperature field distribution which is consistent with
the reality, since the heat transfer laws of radiation
and convection inside and outside the relay are unable
to simulate well.
In the light of the above problems, using CFD
simulation tool which bases on heat conduction
differential equation, fluid motion control equation
and radiation heat exchange equation, a fluid-solid
coupling simulation method of temperature field of
automotive relay is presented in this paper. This
method can simulate the relay temperature field under
three heat transfer laws: conduction, convection and
radiation. The simulation results are compared with
the temperature rise test, and the results verify the
feasibility of the simulation method.
After that, this method is used to obtain the heat
dissipation ratio of the whole relay and the coil, and
analyse the heat dissipation laws under different
ambient temperatures and load currents, which lay the
foundation for the subsequent thermal design and
temperature rise optimization of the automotive relay.

2 Automotive relay’s thermal
analysis

2.1 Structure of automotive relay

The investigation object of this paper is a plug-in
automotive relay. Because it is an asymmetric
structure, it is necessary to carry out three-
dimensional modeling analysis on the whole relay.
The relay structure is shown in Figure. 1.



569

Fig. 1 The model of automotive relay

2.2 Heat source of automotive relay

Most of the automotive relays belong to water tight
relays. On the one hand, the heat source and main
components are concentrated in the internal space,
and with small thermal conductivity parts in it like
plastic parts; on the other hand, the internal sealing
space is narrow, which will cause the heat is not easy
to dissipation, resulting in high temperature rise inside
the relay and the pin. The temperature is very high
inside the relay and outside terminals due to the heat
is difficult to dispersion. Normally the heat source of
automotive relays consists of resistance loss and arc
heating [11]. The resistance loss mainly includes: 1)
Joule heat of relay coil ； 2) Joule heat of contact
resistance of load circuit during conduction. The arc
heating is caused by contact opening and closing. In
the case of long-term stable current-carrying this part
of heat can be ignored. Therefore, this paper mainly
considers the Joule heat caused by resistance loss.
When the automotive relay works, the coil is
energized by rated DC voltage, and the current flows
into the coil to produce joule heat. The formula for
calculating the heating power is as follows:

coil

coil
coil R

UP
2

 (1)

In the formula(1) Ucoil—coil voltage ， Rcoil—coil
resistance.
When the load circuit of the relay is on, the contact
resistances between the contact and the contact,
between the contact and the spring, between the
spring and the armature, between the spring and the
moving pin and between the yoke and the spring will
generate the Joule heat due to the load current. The
formula calculating the heating power is as follows:

2
cont load contP I R (2)

In the formula (2), Iload—load current，Rcont—contact
resistance.
Using the above formula, according to the measured
coil resistance and contact voltage drop, the heating
power consumption of automotive relay under
different test conditions can be calculated.

2.3 Heat transfer principle

When a certain temperature difference is generated in
a certain space, the heat transfer will occur. According
to the principle of heat transfer, there are three basic
modes: heat conduction, convection and radiation.
The heat transfer process is often carried out in one of
these three basic ways or in two or three ways at the
same time. The process of heat transfer can be divided
into conduction heat dissipation, convective heat
dissipation and radiation heat dissipation according to
the characteristics of heat medium [12].

1) Conduction heat dissipation exists in any
substance. Its essential phenomenon is the transfer of
energy between particle and particle due to the
existence of temperature difference. The formula
describing the transfer law of heat conduction
differential equation is

cz
T

y
T

x
T

ct
T

ρ


ρ


+













+



+







2

2

2

2

2

2
(3)

In the formula (3), T is temperature, ρ is the density of
matter, c is the Specific heat capacity of matter, λis
thermal conductivity of matter, θ is the heat generated
by an internal heat source in the unit volume within a
unit time.
2) Convective heat dissipation refers to the heat
exchange between fluid and solid when the fluid (gas
or liquid) flows through the solid surface. The heat
transfer phenomenon is often the combination of heat
convection and heat conduction under different
conditions. The heat transfer law is described by the
fluid control equations (conservation equations of
mass, momentum and energy) [13].
According to the CFD software to calculate the
Rayleigh number of this type of automobile relay
model, the Rayleigh number of is 1.58×106, which is
much smaller than the Rayleigh number of 1×108

using the turbulent model, so this paper uses the
laminar flow model of natural convection to simulate
the thermal convection of the relay.
3) Radiation heat dissipation refers to the process of
electromagnetic wave energy transfer excited by the
change of thermal motion state of microscopic
particles in an object. The difference between
radiation heat dissipation and conduction and
convective heat dissipation is that it does not need to
consider whether there is a temperature difference
between the object and the fluid in the heat transfer
path, but only considering the temperature level on
the radiation surface of the object. According to the
law of Stefan-Boltzmann, the radiation heat transfer
law is described with the radiation heat transfer
equation

( )4
0

4
rad TTP − (4)

In the formula (4), Prad is radiation power; σ is Stefan-
Boltzmann constant, 5.67×10−8W/ (m2·K4); ε is
surface emissivity of objects. In this paper, the surface
emissivity of black plastic parts is different from that
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low-voltage DC system. It used for control, protection,
conversion and regulation in vehicle system, it is one
of the most widely used switching appliances in low
voltage DC system [1]. As the customer has more and
more request about the automotive relay, such as
working on the high ambient temperature like 125℃,
miniaturization and reduction of weight. To meet
these high requirements, the temperature rise must be
well controlled. So, study on the temperature field and
the law of heat dissipation is important for the design
and optimization of automotive relay [2-3].
The temperature field analysis of switchgear by
numerical calculation software shortens the research
and development time compared with the traditional
experimental method, and one can more intuitively
understand the overall temperature distribution of
switchgear [4-5]. In recent years, many researchers in
China have done a lot of temperature field simulation
on low voltage switchgear by using numerical
calculation software. The electromagnetic-thermal
coupling of AC solenoid valve was analysed by
ANSYS in document [6]. The electromagnetic-
thermal coupling of electromagnetic relay was
analysed by Flux and Simulink in document [7]. The
transient temperature field of DC relay was analysed
by ANSYS in document [8].The steady state
temperature fields of DC relay were analysed by
ANSYS in documents [9] and [10]. So far, all existing
literatures adopt the finite element method to analyse
the temperature field of relay based on the differential
equation of heat conduction. When considering the
heat boundary conditions of convection and radiation,
only empirical formula is used to convert the heat
dissipation coefficient to impose on the outer wall of
the model, without considering that the heat boundary

conditions are restricted by the interaction between
the fluid and the wall. It is difficult to get the
temperature field distribution which is consistent with
the reality, since the heat transfer laws of radiation
and convection inside and outside the relay are unable
to simulate well.
In the light of the above problems, using CFD
simulation tool which bases on heat conduction
differential equation, fluid motion control equation
and radiation heat exchange equation, a fluid-solid
coupling simulation method of temperature field of
automotive relay is presented in this paper. This
method can simulate the relay temperature field under
three heat transfer laws: conduction, convection and
radiation. The simulation results are compared with
the temperature rise test, and the results verify the
feasibility of the simulation method.
After that, this method is used to obtain the heat
dissipation ratio of the whole relay and the coil, and
analyse the heat dissipation laws under different
ambient temperatures and load currents, which lay the
foundation for the subsequent thermal design and
temperature rise optimization of the automotive relay.

2 Automotive relay’s thermal
analysis

2.1 Structure of automotive relay

The investigation object of this paper is a plug-in
automotive relay. Because it is an asymmetric
structure, it is necessary to carry out three-
dimensional modeling analysis on the whole relay.
The relay structure is shown in Figure. 1.
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of other components. T and T0are absolute surface
temperatures of radiation emitter and radiation
receiver, respectively.The radiation model used in this
paper is the discrete ordinate (DO) radiation transfer
model, which uses the DO method to discrete the
direction change of radiation intensity. The solution of
the problem is obtained by solving a set of radiation
transfer equations covering the whole solid angle in
the discrete direction to simulate the radiation
relationship between objects.
For the automotive relay, the internal heat is
transferred from the inside of the relay to the outer
surface of the relay under the combined actions of the
conduction, radiation and convection of the sealed air.
And finally, it emits into the external space
environment under the actions of external air
convection and radiation heat transfer.

3 Numerical simulation and
experimental verification

3.1 Numerical simulation of temperature
field
According to the above analysis of heat source and
transfer law, the temperature field simulation of
automotive relay is carried out by using CFD
simulation software. The flow chart of temperature
field simulation of automotive relay is shown in
Figure 2.

Fig. 2 Flow chart of temperature field simulation of
automotive relay

Firstly, the steady state temperature field under natural
cooling of the automotive relay is simulated by
natural convection and radiation in this paper. The
physical property parameters of air, such as density,
thermal conductivity, kinetic viscosity and constant
pressure heat capacity, affect the natural convective

heat dissipation. These parameters vary according to
the temperature [14]. In order to simulate the natural
convection accurately, the variations of air physical
parameters with temperature in the literature [15] are
mainly used in this paper. The nonlinear variation of
these parameters and temperature is embedded in
CFD software.

Fig. 3 Solid model of simulation

The solid simulation model is shown in Figure 3.The
cylinders of pins are used to simulate the function of
wires which are welded pins during test. Density of
heat flow rate is added at the bottom of the cylinder
according to the convection and radiation of wire
which are mentioned to calculate in literature [16].
In the simulation and calculation, the finite volume
method and the wall function are used by the CFD
simulation software to discrete the convection-solid
coupling model to solve the parameters such as
temperature, gas flow rate, gas pressure and so on.
Therefore, the quality of meshes plays a decisive role
in the convergence and accuracy of temperature field
calculation [17]. Because the three-dimensional
model of the automotive relay is more complex, the
Mesher-HD hexahedral mesh type is used in this
paper. And local mesh refinement is carried out by
adopting a non-continuous grid division mode to
ensure that the meshes closely fit the model and the
CFD simulation calculation amount is reduced (in
Figure 4).

a) Solid domain b) Fluid domain
Fig. 4 Mesh section of automotive relay CFD model

Finally, the boundary conditions are set according to
the different heat dissipation conditions, such as the
laminar flow boundary under natural convection,
radiation boundary, and so on. Heat consumption of
each device and convergence criterion is also set for
thermal calculation. Because in the actual temperature
rise test, the relay is in the constant temperature test
chamber with constant temperature and no forced air,
and the volume of the relay is far smaller than the
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working area of the test chamber, it can be considered
that the influence of the wall of the test chamber on
the temperature rise of the relay is small. The relay is
considered in the infinite space. Therefore, the six
faces of the calculation domain are set to the opening,
so that the solid-free space of the calculation domain
is filled with air without forced air flow.
When the ambient temperature is 23 ℃, the coil
voltage is 13.5 V and the load current is 30 A, the
simulated contour image of the temperature field of
the automotive relay is shown in Figure 5.

a）Outside relay b）Inside relay

c）Overall section d）Internal section of the relay

Fig. 5 Temperature field of automotive relay

3.2 Experimental verification of
temperature rise results

In order to verify the accuracy of the simulation
results, according to the technical standard [19], the
temperature rise test of 12 relays of the same type is

carried out by means of direct current stabilized
power supply, natural convection high temperature
box and direct current electronic load and other
equipment’s. Due to the different installation position
of the automotive relay and the load condition, it is
required that the automotive relay functions normally
with different ambient temperature and load current
[18].Therefore, this paper mainly simulates and
verifies the temperature rise at different ambient
temperatures (23 ℃, 85 ℃, 125 ℃) with load current
30A and different load current (10 A, 20 A, 30 A) with
ambient temperature of 125 ℃, in which the coil
voltage is set to 13.5 V DC voltage.
The temperature rises of the moving and static spring
pins are measured by using a resistance method and a
thermocouple. Taking into account the differences of
the performance of relays themselves, the average
value of the temperature rise of the 12 relays is taken
as the measured value, and the temperature rise test
chart is shown in Figure 6.

Fig. 6 Diagram of temperature rise test

When 13.5 V DC voltage is applied at both ends of
the coil, 30 A DC and different load loop current (10
A, 20 A, 30 A) are applied to the load loop at different
ambient temperatures (23 ℃, 85 ℃, 125 ℃) and the
ambient temperature is 125 ℃, respectively. The
temperature rise values of coil, moving spring and
static spring pins’ simulation and test are compared
with that in Table 2 and Table 3.

Table 2 Comparison of simulation and test temperature rise at different ambient temperatures (load current is 30 A)
Ambient

temperature
/[℃]

Temperature rise of coil /[℃] Temperature rise of moving spring
terminal /[℃]

Temperature rise of static spring
terminal /[℃]

Simulation
value

Test
value

Error
/[%]

Simulation
value

Test
value

Error
/[%]

Simulation
value

Test
value

Error
/[%]

23 89.48 90.96 1.63 73.44 74.57 1.51 69.07 68.38 1.01

85 79.40 78.39 1.29 64.62 62.07 4.11 61.30 58.46 4.86

125 68.51 73.62 6.94 52.66 55.56 5.22 51.37 56.19 8.58

Tab.3 Comparison of simulation and test temperature rise at different load currents (ambient temperature is 125℃)
Load

current
/[A]

Temperature rise of coil /[℃] Temperature rise of moving spring
terminal /[℃]

Temperature rise of static spring terminal
/[℃]

Simulation
value

Test
value

Error
/[%]

Simulation
value

Test
value

Error
/[%]

Simulation
value

Test
value

Error
/[%]

10 44.56 43.44 2.58 24.03 22.88 5.03 23.20 22.06 5.17

20 53.1 56.05 5.26 38.37 36.87 2.09 36.68 34.64 5.95

of other components. T and T0are absolute surface
temperatures of radiation emitter and radiation
receiver, respectively.The radiation model used in this
paper is the discrete ordinate (DO) radiation transfer
model, which uses the DO method to discrete the
direction change of radiation intensity. The solution of
the problem is obtained by solving a set of radiation
transfer equations covering the whole solid angle in
the discrete direction to simulate the radiation
relationship between objects.
For the automotive relay, the internal heat is
transferred from the inside of the relay to the outer
surface of the relay under the combined actions of the
conduction, radiation and convection of the sealed air.
And finally, it emits into the external space
environment under the actions of external air
convection and radiation heat transfer.

3 Numerical simulation and
experimental verification

3.1 Numerical simulation of temperature
field
According to the above analysis of heat source and
transfer law, the temperature field simulation of
automotive relay is carried out by using CFD
simulation software. The flow chart of temperature
field simulation of automotive relay is shown in
Figure 2.

Fig. 2 Flow chart of temperature field simulation of
automotive relay

Firstly, the steady state temperature field under natural
cooling of the automotive relay is simulated by
natural convection and radiation in this paper. The
physical property parameters of air, such as density,
thermal conductivity, kinetic viscosity and constant
pressure heat capacity, affect the natural convective

heat dissipation. These parameters vary according to
the temperature [14]. In order to simulate the natural
convection accurately, the variations of air physical
parameters with temperature in the literature [15] are
mainly used in this paper. The nonlinear variation of
these parameters and temperature is embedded in
CFD software.

Fig. 3 Solid model of simulation

The solid simulation model is shown in Figure 3.The
cylinders of pins are used to simulate the function of
wires which are welded pins during test. Density of
heat flow rate is added at the bottom of the cylinder
according to the convection and radiation of wire
which are mentioned to calculate in literature [16].
In the simulation and calculation, the finite volume
method and the wall function are used by the CFD
simulation software to discrete the convection-solid
coupling model to solve the parameters such as
temperature, gas flow rate, gas pressure and so on.
Therefore, the quality of meshes plays a decisive role
in the convergence and accuracy of temperature field
calculation [17]. Because the three-dimensional
model of the automotive relay is more complex, the
Mesher-HD hexahedral mesh type is used in this
paper. And local mesh refinement is carried out by
adopting a non-continuous grid division mode to
ensure that the meshes closely fit the model and the
CFD simulation calculation amount is reduced (in
Figure 4).

a) Solid domain b) Fluid domain
Fig. 4 Mesh section of automotive relay CFD model

Finally, the boundary conditions are set according to
the different heat dissipation conditions, such as the
laminar flow boundary under natural convection,
radiation boundary, and so on. Heat consumption of
each device and convergence criterion is also set for
thermal calculation. Because in the actual temperature
rise test, the relay is in the constant temperature test
chamber with constant temperature and no forced air,
and the volume of the relay is far smaller than the
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Since the contact resistance consists in the closed
contacts, contact and spring, spring and armature,
spring and terminal and also the riveting between
yoke iron and terminal, the measured contact
resistance is the sum of all the contact circuit.
Therefore, it is impossible to accurately apply the heat
consumption of the contact resistance at each place.
Meanwhile the individual difference of relay and the
error of measuring equipment itself will also cause
certain error. However, from the Tab. 2 & Tab. 3, the
error between simulation and measurement is less
than the limitation 10 % of the allowable error of
engineering. Therefore, in this paper, the fluid-solid
coupling method is used to analyze the automotive
relay, which is feasible and meets the requirements of
engineering accuracy.

4 Heat dissipation analysis of
Relay

For the fluid-solid coupled heat transfer, the thermal
boundary conditions are determined dynamically by
the heat exchange process rather than predetermined.
It overcomes the problem that only the heat boundary
conditions of convection and radiation are converted
into the corresponding heat dissipation coefficient and
regarded as constant in the traditional finite element
temperature field simulation of relay, but not
considering that the corresponding heat boundary
conditions are often different because of the different
environmental temperature and load conditions. For
different ambient temperatures, Figure 7 shows the
figures of heat dissipation ratio of relay and coil, and
Figure 8 shows the pictures of whole relay gas flow
field under different ambient temperatures by CFD
software based on the temperature field analysis
model constructed above. Figure 9 shows the figures
of heat dissipation ratio of relay and coil, and Figure
10 shows the airflow field of relay at different load
current levels, respectively.

a）Relay

b）Coil

Fig. 7 Heat dissipation ratios of the relay and the coil at
different ambient temperatures

(coil voltage 13.5 V, load current 30 A)

a) 23 ℃ b) 85 ℃ c) 125 ℃

Fig. 8 Airflow field of relay at different ambient
temperatures (coil voltage 13.5 V, load current 30 A)

From the Figure 7a) we can find that, with the
increase of ambient temperature, the proportion of
convective heat dissipation of relay decreases
gradually, and the proportion of radiation heat
dissipation increases gradually. This is because when
the ambient temperature rises, the relay temperature
rise falls, reducing the density difference of the air
around the relay, resulting in a drop in the air velocity
around the relay (This phenomenon can also be found
from the nephogram of the airflow field in Figure 8).
The decrease of air flow velocity leads to the
weakening of convective heat dissipation intensity. In
addition, according to the radiation heat dissipation
formula, the overall radiation heat dissipation ability
of relay increases with the increase of ambient
temperature.
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a) Relay

b) Coil

Fig. 9 Heat dissipation ratios of the relay and the coil at
different load currents (ambient temperature 125 ℃, coil

voltage 13.5 V)

a) 10 A b) 20 A c) 30 A

Fig. 10Airflow field of relay at different load currents
(ambient temperature 125 ℃, coil voltage 13.5 V)

From the Figure 9a),it is found that, with the increase
of load current, the proportion of convective heat
dissipation in relay increases gradually, while the
proportion of radiation heat dissipation decreases
gradually. This is because when the load current
increases, the temperature of the relay rises, which
increases the density difference of the air around the
relay and makes the air velocity around the relay (It
can be seen in the picture of air flow field in Fig.10).
Therefore, the increase of air velocity leads to the
enhancement of convective heat dissipation.
Meanwhile, according to the radiation heat dissipation
formula, the absolute temperature of the relay
increases with the increase of load current. It leads to
the gradual enhancement of the thermal radiation
ability.

Because the intensity of convective heat dissipation is
greater than that of radiation heat dissipation, the
proportion of convective heat dissipation increases
and the proportion of radiation heat dissipation
decreases gradually as a whole. However, the range of
change is much smaller than that in Fig.7a).
It can be seen from Fig. 7b) and Fig. 9b) that the heat
transfer mode of the coil is mainly conduction heat
dissipation, and the proportion of convection and
radiation heat dissipation is small. This is because the
coil is inside the relay, the internal space of the relay
is relatively small, the internal air flow velocity is low,
the convective heat conduction is dominated by the
heat conduction of air, and the air is a bad heat
conductor, which leads to the low proportion of coil
convective heat dissipation. Meanwhile, the absolute
temperature difference between the internal
components of the relay is small, so the proportion of
radiation heat dissipation of the coil is also low.
On the other hand, the proportion of coil conduction
heat dissipation decreases with the increase of
ambient temperature or load current, while the
proportions of convection and radiation heat
dissipation increase with the increase of ambient
temperature or load current. This is because in these
two cases, the absolute temperature of the inner
components and air of the relay increases, the thermal
conductivity of the coil decreases with the increase of
the absolute temperature of the coil, while the thermal
conductivity of the air increases with the increase of
the absolute temperature of the air, which leads to the
decreasing of conduction proportion and the
increasing of convection proportion ； According to
the radiation heat dissipation formula, the radiation
heat dissipation of the coil will increase with the
increase of the absolute temperature in the inner space
of the relay, so the radiation proportion increases.
Generally speaking, the internal heat transfer mode of
relay is mainly conduction heat dissipation,
accounting for about 80 %, convection and radiation
accounting for about 10 % respectively.
From the Fig.8 and Fig.10, in the condition of natural
convection, the maximum velocity of air caused by
temperature rise under different ambient temperatures
and loads is about 0.28 m/s.

5 Conclusion

In this paper, through the simulation of an automotive
relay, the following conclusions are drawn.

1）A simulation method of temperature field of
automotive relay based on fluid-solid coupling is
proposed. This method can simulate the heat transfer
of conduction, convection and radiation of automotive
relay well.

2）For heat dissipation of the whole relay, the
convective heat dissipation decreases with the
increase of ambient temperature, and the radiative

30 68.51 73.62 6.94 52.66 55.56 5.22 51.37 56.19 8.58

Since the contact resistance consists in the closed
contacts, contact and spring, spring and armature,
spring and terminal and also the riveting between
yoke iron and terminal, the measured contact
resistance is the sum of all the contact circuit.
Therefore, it is impossible to accurately apply the heat
consumption of the contact resistance at each place.
Meanwhile the individual difference of relay and the
error of measuring equipment itself will also cause
certain error. However, from the Tab. 2 & Tab. 3, the
error between simulation and measurement is less
than the limitation 10 % of the allowable error of
engineering. Therefore, in this paper, the fluid-solid
coupling method is used to analyze the automotive
relay, which is feasible and meets the requirements of
engineering accuracy.

4 Heat dissipation analysis of
Relay

For the fluid-solid coupled heat transfer, the thermal
boundary conditions are determined dynamically by
the heat exchange process rather than predetermined.
It overcomes the problem that only the heat boundary
conditions of convection and radiation are converted
into the corresponding heat dissipation coefficient and
regarded as constant in the traditional finite element
temperature field simulation of relay, but not
considering that the corresponding heat boundary
conditions are often different because of the different
environmental temperature and load conditions. For
different ambient temperatures, Figure 7 shows the
figures of heat dissipation ratio of relay and coil, and
Figure 8 shows the pictures of whole relay gas flow
field under different ambient temperatures by CFD
software based on the temperature field analysis
model constructed above. Figure 9 shows the figures
of heat dissipation ratio of relay and coil, and Figure
10 shows the airflow field of relay at different load
current levels, respectively.

a）Relay

b）Coil

Fig. 7 Heat dissipation ratios of the relay and the coil at
different ambient temperatures

(coil voltage 13.5 V, load current 30 A)

a) 23 ℃ b) 85 ℃ c) 125 ℃

Fig. 8 Airflow field of relay at different ambient
temperatures (coil voltage 13.5 V, load current 30 A)

From the Figure 7a) we can find that, with the
increase of ambient temperature, the proportion of
convective heat dissipation of relay decreases
gradually, and the proportion of radiation heat
dissipation increases gradually. This is because when
the ambient temperature rises, the relay temperature
rise falls, reducing the density difference of the air
around the relay, resulting in a drop in the air velocity
around the relay (This phenomenon can also be found
from the nephogram of the airflow field in Figure 8).
The decrease of air flow velocity leads to the
weakening of convective heat dissipation intensity. In
addition, according to the radiation heat dissipation
formula, the overall radiation heat dissipation ability
of relay increases with the increase of ambient
temperature.
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heat dissipation increases with the increase of ambient
temperature. At 85 ℃ ambient temperature, both of
them about 50 % proportion of the total heat
dissipation. With load increases, the convective heat
dissipation proportion increases slightly, and the
radiative heat dissipation proportion decreases slightly.

3）For the coil, conductive heat dissipation is
dominant, about 80 %, both convection and radiation
are about 10 %. Conductive heat dissipation decreases
with the increase of ambient temperature and load,
and convection and radiation increase with the
increase of ambient temperature and load.

4 ） In the condition of natural convection, the
maximum flow velocity is less than 0.3 m/s, which is
caused by the temperature rise of the relay.
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Abstract 

The overload protection of a miniature circuit breaker is mainly accomplished by the deformation caused by the 
heating of the bimetal sheet, which affects the performance of the miniature circuit breaker directly. Accurate 
calculations of thermal distribution and deformation degree of the bimetal sheet are significant to the design of 
miniature circuit breakers. In this paper, the temperature change and deformation process of the bimetal sheet at 
various instants are studied. Firstly, a finite element model of the bimetal sheet is built. Then the heating process 
of the bimetal sheet under different current values is simulated. The transient temperature distribution and the real-
time displacement curve of the bimetal sheet are obtained. Meanwhile, the corresponding experimental research 
is completed. The maximum errors of temperature and deformation are 2.8 K and 0.026 mm respectively and the 
relative errors are 6.4% and 2.8% respectively. The correctness of the simulation method is verified. The simulation 
model can provide a empirical basis for the optimal design of a circuit breaker.

1 Introduction 

Low voltage circuit breakers are mainly applied in low 
voltage distribution lines or electrical equipment. It is 
important for the control and protection of power sys-
tems. Nowadays, with the higher requirements for elec-
trical protection, heat tripping problems of circuit 
breakers have been troubling production quality. To 
correctly design bimetal materials and improve re-
quired performances, the materials are the key to the 
problem. At present, the manufacturers conduct ther-
mal analysis through experiments. This increases the 
product design cost and prolongs the life cycle. One 
main aim of the application of the simulation method 
in switchgear design is to cut the costs for experimental 
investigations and to shorten the development cycle. 
Therefore, if we can use virtual prototyping technology 
in the product design stage, the design cost and produc-
tion cycle will be reduced. Therefore, it serves im-
portant practical value and development prospects to 
study the thermal analysis of bimetal sheets. 
In recent years, different simulation techniques of tem-
perature rise have emerged continuously. The thermal 
conduction model is usually used for the power equip-
ment with a plastic shell. In this model, the convection 
and thermal radiation of the equipment shell surface are 
equivalent to the heat transfer coefficient. The equip-
ment only takes into the thermal conduction process 
consideration. Kawase carries out simulation analysis 
on the temperature distribution of the thermal relay by 
using the finite element method [1]. Barcikowski found 

that the convective and radiative heat transfer process 
inside the MCB was relatively small, and the effect on 
the steady-state temperature rise can be ignored [2]. 
Paulke focused on the analysis of the thermoelectricity 
process of conductor contact point [3]. It provided the 
theoretical basis for the thermal analysis of the switch-
ing device contact point. According to the actual struc-
ture and size of the circuit breaker, Frei further refined 
the model and carried out a finite element simulation 
calculation [4]. 
This paper studies the transient temperature change and 
deformation process of different types of bimetal 
sheets at different environments. To obtain the transient 
temperature distribution and real-time displacement 
curve of the bimetal sheets, this paper also measures 
the key component temperature rise of the bimetals by 
using a temperature rise experiment and makes com-
parisons with the simulation result.  

2 Simulation model and simulation 
method 

2.1 Calculation of thermal conductivity 

In thermal analysis, the thermal conductivity of the 
metal conductor determines the temperature distribu-
tion of the whole model. The thermal conductivity of 
each material always changes with the purity of the 
metal, temperature, pressure and material structure. 
Generally, temperature plays a decisive role. In engi-
neering calculations, the relationship between thermal 
conductivity and temperature of materials is [5]: 

heat dissipation increases with the increase of ambient
temperature. At 85 ℃ ambient temperature, both of
them about 50 % proportion of the total heat
dissipation. With load increases, the convective heat
dissipation proportion increases slightly, and the
radiative heat dissipation proportion decreases slightly.

3）For the coil, conductive heat dissipation is
dominant, about 80 %, both convection and radiation
are about 10 %. Conductive heat dissipation decreases
with the increase of ambient temperature and load,
and convection and radiation increase with the
increase of ambient temperature and load.

4 ） In the condition of natural convection, the
maximum flow velocity is less than 0.3 m/s, which is
caused by the temperature rise of the relay.
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0 (1 )b  = +            (1) 

where λ0 is the thermal conductivity of the material at 
0°C,  is the temperature of the material, and b is a con-
stant. 
According to the theory of heat transfer, with the in-
crease of temperature, the thermal conductivity of cop-
per alloy and aluminum alloy changes little. Therefore, 
in engineering calculations, the thermal conductivity 
can be considered as constant within a certain temper-
ature range [6]. The thermal conductivity of red copper 
is 400 W·m-1·K-1. Cast aluminum is 144 W·m-1·K-1. 

2.2 Calculation of heat dissipation coeffi-
cient 

The heat transfer mechanism in the model is heat con-
duction, convection and radiation. Generally, heat 
transfer is determined by the material and thermal con-
vection depends on the geometry and surface of the ob-
ject [7]. In the investigated circuit breaker, the bimetal 
sheet is wrapped by the air inside the plastic shell. 
Therefore, we need to calculate the convective heat 
transfer coefficient of bimetal to simulate the heat 
transfer between bimetal sheet wall and air. Convective 
heat transfer belongs to natural convective heat transfer 
in limited space, which is related to the temperature of 
medium [8]: 

0 0( )con fq A T T=   −        (2) 

where con is the convective heat transfer coefficient of 
bimetal surface. A0 is the convective heat transfer area 
of bimetal surface. T0 is the ambient temperature and Tf 
is the surface temperature of the material. 
The convective heat transfer coefficient of the surface 
is also related to the characteristics of the surrounding 
fluid [9]. In engineering calculations, the correlations 
of natural convection experiments are widely used: 
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where Gr is the Grashof number. Pr is the Prandlt 
number. Nu is the Nusselt number. g is acceleration of 
gravity. ΔT is temperature difference between wall and 
room temperature. l is characteristic length of the 
object. av, v, a and λ are coefficient of thermal 
expansion of air, kinematic viscosity, thermal 
diffusivity and thermal conductivity respectively. C is 
a constant. 
Radiation is also a major way of heat dissipation. Ac-
cording to Stefan Boltzmann's law, the calculation for-
mula of heat radiation and the coefficient of heat radi-
ation are following [10]: 
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where Fij is a material coefficient. When calculating 
the radiation and heat dissipation of the outer surface 
of the shell and the conductor, the value is 1. i is the 
emissivity. The metal material has a emissivity of 0.3. 
The insulation material has a emissivity of 0.8.  is the 
Boltzmann constant. The value is 5.67×10-8 W·m-2·K-4. 
Ai is the radiation heat dissipation area.  

2.3 Establishment of simulation model 

Figure 2.1 shows the miniature circuit breaker model. 
On the top is the operating mechanism of the circuit 
breaker, including handle, connecting rod, lock catch 
and rotating plate. On the left sides of the circuit 
breaker are coil, push rod and arc extinguishing grids 
for short circuit protection of the circuit breaker. The 
bimetal is located on the right side of the circuit breaker. 
The left side of the bimetal is connected with the mov-
ing contact through a conducting wire and the right side 
is connected with the right external wire through the 
copper strip. 

 
1-Shell, 2-Handle, 3-Connecting rod, 
4-Rotating plate, 5-Moving contact, 

6-Bimetallic strip, 7-Grating, 8-Screw 
Figure 2.1 Diagram of the miniature circuit breaker 

When the temperature of bimetal rises, the bimetal will 
bend to the right. When the right lever is contacted and 
the thermal thrust reaches a certain value, the circuit 
breaker will trip. The thermal thrust of bimetal sheet is 
shown in the formula below. 

2

4
k Tb EF

L


=                         (8) 

where F is thermal thrust. ΔT is temperature rise of the 
bimetal sheet. b is width of the bimetal sheet.  is 
thickness of the bimetal sheet. E is modulus of 
elasticity of the bimetal sheet. L is length of the bimetal 
sheet. k is a constant, depending on the material of the 
bimetal sheet. 
The temperature rise inside the circuit breaker is not 
considered in this paper. This paper focuses on the 
temperature rise of the bimetal. Because there are many 
parts in the circuit breaker, it is simplified to the 
bimetal model. Figure 2.2 shows a simplified model. 
The bimetal sheet is 35.5 mm long, 6 mm wide and 0.8 
mm thick. The long side of the welding point is 4.1 mm. 



577

The short side is 3.8 mm and the thickness is 1.1 mm. 
The thickness of contact resistance is 0.1 mm. The 
resistivity and thermal conductivity of contact 
resistance are calculated by formula[11]. The contact 
resistance between the welding point and bimetal sheet 
is 1 Ω. 

R s
l

 
=                            (9) 

L T



=                                (10) 

where λ is the thermal conductivity.  is the electrical 
resistivity. R is the resistance measured in the 
experiment. s and l are the cross-sectional area and 
height of the contact resistance. L is the Lorentz 
coefficient and the value is 2.8×10-8(V/K)2. T is the 
temperature. 

 
1-Conductive sheet, 2-Passive layer, 3-Active layer,  

4-Contact resistance, 5-Welding point, 6-Wire 
Figure 2.2 Diagram of the simplified circuit breaker 

Figure 2.3 shows the simulation process. Firstly, the bi-
metal geometry is simplified by SolidWorks software 
and the bimetal simulation's geometry is obtained. 
Then, the geometry is imported into the ANSYS APDL 
module. The material properties of each component are 
set and the finite element mesh is generated. Figure 2.4 
shows the finite element mesh. Finally, according to the 
ambient temperature and current of bimetal, the heat 
dissipation coefficient of each part is obtained. Given 
the boundary conditions of the model, the thermal sim-
ulation is carried out to obtain the results of tempera-
ture and deformation. We set the ambient temperature, 
current input surface, current output surface, and add a 
fixed constraint at the bottom of the bimetal. Then, the 
convective heat transfer coefficient of bimetallic sheet 
is set. We can get the temperature and deformation re-
sults of bimetal under different conditions. 

 
Figure 2.3 Simulation flow chart 

 
Figure 2.4 The finite element mesh 

3 Calculation results of bimetal tem-
perature rise 

3.1 Simulation result 
There are three kinds of bimetal parameters used in the 
simulation, which are taken from 63 A rated current cir-
cuit breaker, 40 A rated current circuit breaker and 32 
A rated current circuit breaker respectively. Table 2.1 
shows the main material parameters. 
Table 2.1 Table of the miniature circuit breaker 

Type Flexivity 
(10-6/°C) 

Mdulus of 
Elasticity 

(≧N/mm2) 

Resistivity 
(Ω·m) 

Density 
(g/cm3) 

63 A 33.8 1.45×105 4.8×10-8 8.15 
40 A 27.6 1.22×105 6×10-8 8.2 
32 A 28.1 1.22×105 10.5×10-8 8.2 

The temperature rise results of bimetals are obtained by 
ANSYS software. We set material properties of the 
model material properties of the model, the ambient 
temperature, current input surface, current output sur-
face, and adding a fixed constraint at the bottom of the 
bimetal. The temperature distribution and the maxi-
mum displacement of different bimetals under different 
conditions can be obtained. Figure 3.1 shows the tem-
perature distribution of bimetals of 63 A circuit breaker 
when the ambient temperature is 16 ℃ and the current 
is 51 A. Figure 3.2 shows the maximum displacement 
at the same conditions. 

 

 
Figure 3.1 Diagram of temperature distribution 

0 (1 )b  = +            (1) 

where λ0 is the thermal conductivity of the material at 
0°C,  is the temperature of the material, and b is a con-
stant. 
According to the theory of heat transfer, with the in-
crease of temperature, the thermal conductivity of cop-
per alloy and aluminum alloy changes little. Therefore, 
in engineering calculations, the thermal conductivity 
can be considered as constant within a certain temper-
ature range [6]. The thermal conductivity of red copper 
is 400 W·m-1·K-1. Cast aluminum is 144 W·m-1·K-1. 

2.2 Calculation of heat dissipation coeffi-
cient 

The heat transfer mechanism in the model is heat con-
duction, convection and radiation. Generally, heat 
transfer is determined by the material and thermal con-
vection depends on the geometry and surface of the ob-
ject [7]. In the investigated circuit breaker, the bimetal 
sheet is wrapped by the air inside the plastic shell. 
Therefore, we need to calculate the convective heat 
transfer coefficient of bimetal to simulate the heat 
transfer between bimetal sheet wall and air. Convective 
heat transfer belongs to natural convective heat transfer 
in limited space, which is related to the temperature of 
medium [8]: 

0 0( )con fq A T T=   −        (2) 

where con is the convective heat transfer coefficient of 
bimetal surface. A0 is the convective heat transfer area 
of bimetal surface. T0 is the ambient temperature and Tf 
is the surface temperature of the material. 
The convective heat transfer coefficient of the surface 
is also related to the characteristics of the surrounding 
fluid [9]. In engineering calculations, the correlations 
of natural convection experiments are widely used: 
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where Gr is the Grashof number. Pr is the Prandlt 
number. Nu is the Nusselt number. g is acceleration of 
gravity. ΔT is temperature difference between wall and 
room temperature. l is characteristic length of the 
object. av, v, a and λ are coefficient of thermal 
expansion of air, kinematic viscosity, thermal 
diffusivity and thermal conductivity respectively. C is 
a constant. 
Radiation is also a major way of heat dissipation. Ac-
cording to Stefan Boltzmann's law, the calculation for-
mula of heat radiation and the coefficient of heat radi-
ation are following [10]: 
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where Fij is a material coefficient. When calculating 
the radiation and heat dissipation of the outer surface 
of the shell and the conductor, the value is 1. i is the 
emissivity. The metal material has a emissivity of 0.3. 
The insulation material has a emissivity of 0.8.  is the 
Boltzmann constant. The value is 5.67×10-8 W·m-2·K-4. 
Ai is the radiation heat dissipation area.  

2.3 Establishment of simulation model 

Figure 2.1 shows the miniature circuit breaker model. 
On the top is the operating mechanism of the circuit 
breaker, including handle, connecting rod, lock catch 
and rotating plate. On the left sides of the circuit 
breaker are coil, push rod and arc extinguishing grids 
for short circuit protection of the circuit breaker. The 
bimetal is located on the right side of the circuit breaker. 
The left side of the bimetal is connected with the mov-
ing contact through a conducting wire and the right side 
is connected with the right external wire through the 
copper strip. 

 
1-Shell, 2-Handle, 3-Connecting rod, 
4-Rotating plate, 5-Moving contact, 

6-Bimetallic strip, 7-Grating, 8-Screw 
Figure 2.1 Diagram of the miniature circuit breaker 

When the temperature of bimetal rises, the bimetal will 
bend to the right. When the right lever is contacted and 
the thermal thrust reaches a certain value, the circuit 
breaker will trip. The thermal thrust of bimetal sheet is 
shown in the formula below. 
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where F is thermal thrust. ΔT is temperature rise of the 
bimetal sheet. b is width of the bimetal sheet.  is 
thickness of the bimetal sheet. E is modulus of 
elasticity of the bimetal sheet. L is length of the bimetal 
sheet. k is a constant, depending on the material of the 
bimetal sheet. 
The temperature rise inside the circuit breaker is not 
considered in this paper. This paper focuses on the 
temperature rise of the bimetal. Because there are many 
parts in the circuit breaker, it is simplified to the 
bimetal model. Figure 2.2 shows a simplified model. 
The bimetal sheet is 35.5 mm long, 6 mm wide and 0.8 
mm thick. The long side of the welding point is 4.1 mm. 
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Figure 3.2 Diagram of deformation distribution 

It can be seen that bimetal has the highest temperature 
at the welding point and the highest temperature is 43.8 
oC. The rule of temperature distribution on the bimetal 
is that the bimetal near the welding point has the high-
est temperature. And the farther away from the welding 
point, the lower is the conductor temperature. The tem-
perature near the welding point on wire is higher, and 
the temperature far away from the welding point is 
lower. The temperature on the copper sheet is the low-
est. The maximum displacement of bimetal sheet is 
0.921 mm, and the maximum displacement points are 
at the top of bimetal. 
The specifications of three kinds of circuit breakers 
used in this paper are different. The degree of defor-
mation required is also different. For 32 A rated current 
circuit breaker, switching can be realized when the de-
formation is 0.9 mm. For 40 A rated current circuit 
breaker, switching can be realized when the defor-
mation is 1 mm. For 63 A rated current circuit breaker, 
switching can be realized when the deformation is 1.2 
mm. 
Figure 3.3 and Figure 3.4 show the maximum temper-
ature rise and maximum displacement of bimetals of 
three specifications at different times. In the simulation, 
the current of 63 A rated current breaker is 51 A, that 
of 40 A rated current breaker is 51 A, and that of 32 A 
rated current breaker is 40 A. It can be seen that with 
the increase of time, the temperature and the maximum 
deformation of bimetal increase continuously. At 1200 
s, the stable temperature and the maximum defor-
mation are achieved. 
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3.2 Experimental result 

In order to verify the simulation model, the correspond-
ing temperature rise experiment of bimetal is com-
pleted. In the experiment, the transformer provides a 
stable AC voltage and the experimental current is 
measured by a current coil. A thermocouple is used to 
measure the temperature rise. In order to measure the 
deformation of bimetallic sheet, the manufacturer pro-
vides a kind of miniature circuit breaker with transpar-
ent shell for experiment. Figure 3.5 and Figure 3.6 
show the experimental device and the measured speci-
men. The current of 63 A rated current breaker is 51 A. 
The current of 40 A rated current breaker is 51 A. The 
current of 32 A rated current breaker is 40 A, and the 
temperature measuring points are shown in Figure 3.7. 
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Figure 3.7 Measurement points of experiments 
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4 Summary 

Based on the bimetallic simulation and temperature 
rise experiment, this paper mainly studies the tempera-
ture change process and deformation process of bimet-
als at different times. The following conclusions can be 
drawn: In this paper, the thermal simulation model of 
bimetal is established, and the heating process of bi-
metal is simulated. At the same time, the corresponding 
experimental research is completed to verify the model. 
The maximum absolute error of temperature is 2.8 K 
and the relative error is 6.4%. The maximum error of 
deformation is 0.026 mm and the relative error is 2.8%. 
The calculated steady-state temperature distribution is 
in good agreement with measurements. The tempera-
ture and deformation of bimetallic sheet can be calcu-
lated by the finite element model. The deformation of 
bimetal sheet under different working conditions can 
be calculated conveniently by adjusting the boundary 
conditions. The error between simulation and experi-
ment may be caused by the lack of refinement of the 
circuit breaker model. The simulation accuracy can be 
improved by building a more refined circuit breaker 
model. 

5 Acknowledgement  

The current work is supported by the Science and Tech-
nology Program of China Southern Power Grid Co. 
Ltd.(YNKJXM20180011). 

6 Literature 

[1] Kawase, Y. Ichihashi, T. and Ito, S.: Heat analysis 
of thermal overload relays using 3-D finite 
element method. IEEE Trans. on Magnetics, vol. 
35, no. 3, pp. 1658-1661, May 1999. 

[2] Barcikowski, F. and Numerische Berechnungen 
zur Wärme-und An-triebsauslegung von 
Schaltgeräten.: Göttingen, Germany: Tech-nische 
Universität Braunschweig, 2003. 

[3] Paulke, J. Weichert, H. and Steinhuser, P.: 
Thermal simulation of switchgear. IEEE Trans. 
Compon. Packag. Technol. vol. 25 no. 3 pp. 434-
439 Sep. 2002.  

[4] Frei, P. U. and Weichert, H. O.: Advanced thermal 
simulation of a circuit breaker. Proceedings of the 
50th IEEE Holm Conference on Electrical Con-
tacts and the 22nd International Conference on 
Electrical Contacts Electrical Contacts, 2004, Se-
attle, WA, USA, 2004, pp. 104-110. 

[5] Yang, J. Yin, F. Wang, W. and Shi, X.: Numerical 
simulation on temperature field for arc spray 
rapid prototyping. 2011 Second International 
Conference on Mechanic Automation and Con-
trol Engineering. Hohhot, 2011, pp. 4195-4198. 

[6] Shi, X. Ni, J. and Zheng, Y.: 3-D numerical 
simulation and computation for transient 

temperature field of drum brake. 2011 
International Conference on Electric Information 
and Control Engineering.Wuhan, 2011, pp. 4701-
4704. 

[7] Patankar, S. Numerical heat transfer and fluid 
flow. Hemisphere Publishung Corporation, 1980. 

[8] Sparrow, E. M. Stretton, A. J.: Natural convection 
from variously orientated cubes and from other 
bodies of unity aspecr ratio. Int. J. Heat Mass 
Transfer 28 (1985), P. 741-752. 

[9] Singh, S. Summer, R. Kaltenborn, U.: A novel ap-
proach for the thermal analysis of air insulated 
switchgear. 21st International Conference on 
Electricity Distribution, 2011:0495-0499.  

[10] Kaltenborn, U. Dong, X.: Dynamic thermal sim-
ulation of gas insulated switchgear. 21st Interna-
tional Conference on Electricity Distribution, 
2011:0492-0496. 

[11] Pradille, C. Bay, F. Mocellin, K.: An experimental 
study to determine electrical contact resistance. 
2010 Proceedings of the 56th IEEE Holm Confer-
ence on Electrical Contacts (HOLM), 2010: 5 
pages. 

 



581

SF6 alternative gases and future switching arc research  
[«Invited Presentation, ICEC 2020 Switzerland, Christian M. Franck»] 

 

In the past decades, circuit breakers in medium and high voltage networks have been dominated by 
vacuum and SF6 gas technology, respectively. The increasing awareness of the high global warming 
potential of SF6, the related national and international regulation and legislation efforts, and the 
consequential increasing objection to use this technology have triggered substantial R&D-efforts to 
find environmental friendly alternatives. This invited presentation will give an overview on the 
ongoing and planned activities and recent advancements associated with finding alternative high 
voltage circuit breaker technologies [1]. 

In contrast to the harmonized and standardized use of SF6, the proposed and investigated 
alternatives are numerous and include various gases as well as vacuum. Pre-standardization 
initiatives (e.g. Cigre working groups (WG)) try to identify common grounds and suitable measures 
for comparison. WG B3.45 (“Applications of Non-SF6 Gases or Mixtures in Medium and High Voltage 
Gas Insulated Switchgear”) collected the needs for adaptations or new requirements for the safe, 
reliable and sustainable application of non-SF6 gases and gas mixtures in gas-insulated 
switchgear [2]. D1.67 (“Electric Performance of New Non-SF6 Gases and Gas Mixtures for Gas-
Insulated Systems”) collected the state-of-the-art about the electrical behaviour of the different 
novel insulation gas mixtures. As a satisfactory comparison was not possible based on the available 
literature, the group also designed and performed an international round-robin test initiative 
focussing on the electric strength. A3.41 (“Interruption and switching performance with SF6 free 
switching equipment”) summarizes information with focus on the switching performance with novel 
gas mixtures. Also here, the present state-of-the-art does not allow for a satisfactory comparison.  

Thus, the High-Voltage Laboratory of ETH Zürich proposed to start “investigations and measurements 
of basic experiments that allow an unbiased comparison of properties of alternative gas mixtures 
relevant for switching” [3]. Here, “basic experiments” refers to the fact that the investigations shall be 
performed under realistic stresses, but not on real breakers and not with type-test conform test 
circuits. “Comparison” refers to the plan that empirical experimental investigations shall be performed 
to show differences, but that it is not necessarily the goal to explain differences. “Properties relevant 
for switching” indicate that basic dependencies shall be studied, but not direct switching performance. 
To go beyond the state-of-the-art and to be of practical relevance for users, focus is also laid on 
“unbiased” investigations. For this, the freedom of academic research at a technical university is 
combined with a wide basis of financial supporters, backed with suggestion of tests by a large group 
of switching experts. Currently, 19 representative utilities and manufacturers support these activities. 

One of the innovative “experimental tools” to investigate the interruption performance is a flexible 
pulsed current source with which sophisticated current shapes can be generated and which enables 
advanced tests, e.g. the determination of dissociation, ablation and erosion rates of gas molecules, 
nozzles and arcing contacts, respectively.  

References:  

[1] C. M. Franck, A. Chachereau, J. Pachin “SF6-Free Gas-Insulated Switchgear: Current Status and Future 
Trends”, IEEE Electrical Insulation Magazine 37(1), 7-16 (2021). 

[2] CIGRE working group: B3.45 “Application of non-SF6 gases or gas-mixtures in medium and high voltage 
gas-insulated switchgear” investigated various aspects of non-SF6 gases use in substations (Technical 
Brochure 802, 2020) 
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als at different times. The following conclusions can be 
drawn: In this paper, the thermal simulation model of 
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Abstract  

The knowledge of current density distribution gives important information for the study of the electric arc in low-
voltage circuit breakers. At present, available experimental approaches to investigate the electric arc behavior include 
electrical measurements, optical and magnetic diagnostic techniques where electric arc shapes and movement can be 
obtained by these approaches. However, non-invasive experimental methods able to obtain the electric arc current 
density cannot be found in literature. This paper presents a non-intrusive diagnostic technique which is able to 
reconstruct the three-dimensional electric arc current density from its magnetic field measurements by solving a 
magnetic inverse problem. This inverse problem is known to be ill-posed and therefore Tikhonov regularization is used 
together with the L-curve method to deal with the ill-posedness. Zero-divergence condition on the current density and 
boundary conditions are incorporated into the formulation of the inverse problem with the help of Whitney elements. 
A magnetic field measurement system is developed based on a Hall effect magnetic sensor array and a data acquisition 
board. The sensor array is composed of 64 mono-axial analog-bipolar sensors distributed in eight columns and eight 
rows. The data acquisition board consists of eight analog-to-digital converters with a maximum sampling rate of 200 
kHz and a 16-bit resolution. Experimental tests are carried out using the proposed method in order to study the arc 
dynamics. The three-dimensional arc current density reconstruction are obtained with the experimental magnetic field 
data. The reconstructions are compared with the optical images of the arc by using an optical diagnostic technique 
based on a charge-coupled device camera.  
 

1 Introduction  

The current interruption in low-voltage circuit breakers 
(LVCBs) is characterized by an electric arc. When a fault 
current occurs in an electrical circuit, the contact opening 
ignites an electric arc, which slides between two 
electrodes due to the electromagnetic force and gas flow 
and finally is extinguished in splitter plates. The electric 
arc current density gives us very important information to 
investigate the temperature distribution, the erosion ratio 
of electrodes and the interactions of the electric arc with 
nearby sidewalls. It helps to understand the complex 
physical behavior of the electric arc plasmas in LVCBs 
during the transient arcing process.  

Nowadays, available experimental approaches to 
investigate the electric arc behavior in a circuit breaker 
include total current and voltage measurements, optical 
and magnetic diagnostic techniques.  

The first approach is based on current and voltage 
measurements during the transient arcing process which 
are then post-processed in order to analyze the arc 
dynamics [1], [2]. However, processing electrical 
quantities as well as their time derivatives is not enough 
to obtain details of the arc plasma, such as the trajectory 

of the arc movement and of the arc current density 
distribution.  

Optical diagnostic techniques include optoelectronical 
cameras [3], fast charge-coupled device (CCD) cameras 
[4], optical fiber arrays [5], spectrum analysis [6]. The 
electric arc commutation and movement can be well 
studied from two-dimensional (2D) optical images in a 
light pattern. However, optical methods require the use of 
transparent walls in the experimental device, which 
would have dramatic influences on the physical 
properties of the arc plasma [7]. Optical methods are 
therefore intrusive. Moreover, they can obtain 
information on the light pattern of the arc which does not 
perfectly coincide with its current density.  

On the other hand, magnetic diagnostic methods are 
non-intrusive approaches. In [8], [9] the arc phenomenon 
in LVCBs is studied based on magnetic field 
measurements where the electrodes and the arc column 
are assumed to be a succession of 2D rectilinear and 
thread-like segments of current. Moreover, these methods 
can only reconstruct the position of the arc in an 
approximate way. At present, non-intrusive experimental 
methods able to obtain the 3D electric arc current density 
cannot be found in literature.  

This work focuses on a non-intrusive magnetic 
diagnostic technique able to reconstruct the 3D electric 

[3] C. M. Franck, J. Engelbrecht, M. Muratovic, P. Pietrzak, P. Simka, Current Zero Club Members of Gas Inner 
Circle “Comparative tests for non-SF6 switching gases”, in preparation for the Special issue of the Journal 
"B&H Electrical Engineering", Cigre 2021. 
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arc current density from its magnetic field measurements 
by solving a magnetic inverse problem.  

Different formulations of the magnetic inverse 
problem of the arc current density reconstruction are 
presented and numerically analyzed in [10]-[13] and the 
one in [13] leads to the most accurate reconstructions. In 
this paper, we present the experimental set up and 3D 
current density reconstructions obtained from 
experimental magnetic field measurements using the 
formulation [13].  

2 Experimental setup 

The experimental set-up includes a pulsed current source 
for arc generation, a simplified arc chamber, current and 
voltage transducers to measure the total current and the 
arc voltage, a magnetic field measurement system, and a 
complementary optical diagnostic method based on a 
CCD camera (Fig. 1).  

2.1 Pulsed current source  

In order to produce the arc, we use an oscillating 
discharge into a low-resistance inductance L0 of a bank of 
capacitors, of total capacity C0 and initially charged at a 
desired voltage Uc. The circuit can generate a half-wave 
of approximately f0 = 50 Hz sinusoidal current in order to 
simulate a low-voltage single-phase network, with a peak 
current Ip varying depending on the value of Uc, i.e., I(t) 
= Ipsin(2f0t). The maximum value of the charging 

voltage Uc is 1000 V, with its corresponding peak current 
Ip equal to 9000 A.  

2.2 The Simplified Arc Chamber  

The arc chamber is composed by two parallel copper 
electrodes (anode and cathode, Fig. 2), a typical geometry 
used in modeling and experimental activities when 

studying low-voltage electric arcs [4]. In real circuit 
breakers the arcing process is composed by three stages: 
arc ignition and commutation, arc movement, and arc 
splitting. In the first two stages the arc is far enough from 
the splitters so that their influence can be neglected and 
the described arc chamber is representative.  

The electrodes are 240 mm long (y-axis), 10 mm wide 
(z-axis) and 5 mm thick (x-axis). They are enclosed 
between two walls, one of which is transparent, in order 
to keep the arc confined in the chamber. The air gap 
between the electrodes is 30 mm. The left side of the 
chamber is open, allowing a free gas flow, while the right 
side is closed. The transparent wall is used in order to 
allow the light transmission so that the complementary 
optical diagnostic technique based a the CCD camera 
imaging can be used.  

The electrodes are connected by a copper wire with a 
diameter equal to 0.1 mm. During the experiments, as 
soon as the switchgear S0 is closed, the current starts 
flowing and the electric arc is ignited because of the 
explosion of the copper wire. Then, the arc stretches and 
moves from one side to the other along the y-axis, due to 
gas blowing and magnetic forces. The time delay of the 
arc ignition is approximately in the range of 0.5-1 ms after 
the switching of S0.  

2.3 The Magnetic Field Measurement 
System 

The magnetic field measurement system is composed of 
a matrix of 64 Texas Instruments DRV5053 Hall effect 
magnetic sensors mounted on a PCB [14], as shown in 
Fig. 3. The Hall sensor array covers an area of 39.5 mm 
 39.5 mm and are uniformly distributed in eight columns 
and eight rows, with a distance of 3.5 mm between each 
other. Each analog Hall-effect sensor is housed in a 2.92 

 
Fig. 1 Diagram of the experimental system.  

 
Fig. 2 Magnetic field measurement system and arc-
breaking device.  
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mm  1.30 mm SOT package and its measurement range 
is  9mT. The sensors are mono-axial, i.e. only the 
component of the magnetic flux density perpendicular to 
the device can be sensed. The array is placed at 10 mm 
from the side wall of the arc-chamber.  

The PCB is connected to the data acquisition card via 
a SCSI-68 connector. A high-performance multi-function 
data acquisition board is used for sampling and buffer the 
64 single-ended analog signals synchronously. The core 
components of this card includes eight AD7606 analog-
to-digital converters and a FPGA chip. The maximum 
sampling rate of AD7606 reaches 200 kHz with a 16-bit 
resolution. The FPGA module serves as a control unit. 
The analog outputs of the sensors are converted into 
digital signals by AD7606, and then buffered in a RAM. 
Finally, the measurement data are sent to the computer 
through a USB interface.  

The arc voltage between the two electrodes is 
measured by a differential voltage probe and the total 
current flowing through the arc column is measured by a 
current transducer based on a Hall effect sensor.  

In addition, a CCD camera is used to obtain the optical 
images of the electric arc during the arcing process. The 
spatial resolution of the CCD camera is 51264 pixels, 
focused on a 240 mm  50 mm area of the cross section 
on yOz plane such that the completely arc chamber can be 
recorded. The exposure time of the camera is 5 s. The 
recording speed is 104 frames per second. The obtained 
optical images will be compared with the electric arc 
current density reconstructions by the proposed magnetic 
diagnostic method.  

3 Methodology 

3.1 Governing Equations 

We consider the geometric model of the arc chamber as 
shown in Fig. 4. Displacement current is neglected 
according to magnetoquasistatic approximation. In this 
work, no magnetic materials are considered.  

Given a current density J(r,t), the corresponding 
magnetic field is described by Ampere’s and Gauss laws, 
complemented by the constitutive relation for linear and 
isotropic materials, as follows  

( ) ( ) ( ), , ,t t =B r r J r                              (1) 

( ), 0.t =B r                                   (2) 
where H is the magnetic field, B is the magnetic flux 
density, r is the position vector,  is the permeability, and 
t is time. The boundary conditions for the current density 
read  

( ), 0,
JS

t =n J r                                     (3) 

( ) ( ), , 1, 2,
Ci

totS
t dS I t i =  = n J r                          (4) 

on the boundary  = SJ  SC1  SC2. Itot is the total current 
and n is the outward normal unit vector of the boundary. 
As shown in Fig. 4, SC1 and SC2 are the terminal sections 
of the upper and the lower electrodes. The surface 
integration in (4) is −Itot (resp., +Itot) for SC1 (resp., SC2). 
SJ is the remaining surface of the model with no current 
flowing through.  

Magnetic flux density is then given by Biot-Savart’s 
law  

( ) ( ) ( ) 3
3 .

4
d

 

  −
=

−
J r r r

B r r
r r

                      (5)  

3.2 Discretization with Whitney 
Elements  

We discretize current density with the help of Whitney 
elements [13], [15]. The problem’s domain  is 
discretized with a tetrahedral mesh of N nodes, E edges, 
F faces, and V volumes. The shape function spaces are 
defined using the Whitney forms, and W0, W1, W2, and 
W3 as the nodal, edge, face, and volume function spaces, 
respectively. The physical quantities represented using 
Whitney basis functions have a dimension of N, E, F, and 
V in spaces W0, W1, W2, and W3 respectively. The 
relations between these spaces are given by De Rham’s 
diagram [15]  

 
Fig. 3 Texas Instruments DRV5035-VA Hall-effect 
magnetic sensor array mounted on PCB.  

 
Fig. 4 Geometric model of the simplified arc chamber and 
location of the sensor array.  
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where wn, we, and wf are the shape functions in W0, W1, 
and W2, respectively. One remarkable property of 
Whitney elements is that the physically relevant 
continuity conditions across element boundaries are 
automatically satisfied and need not to be imposed by 
extra conditions. The behavior of one face shape function 
in a tetrahedral element is shown in Fig. 5.  

Using Whitney elements, current density J can be 
appropriately represented in Whitney space W2 as a linear 
combination of face shape functions  

 
1

,
F

i i
i

J
=

= J w f                                    (7) 

where [J] is the vector of the degrees of freedom for J. 
The face shape functions wf are different from zero in two 
adjacent tetrahedrons sharing face f. The degrees of 
freedom in [J] are the fluxes flowing through their 
corresponding faces, i.e., the ith element of [J] is the 
current flux across the ith face. The integral of the face 
shape function over its corresponding face is one and is 
zero over all the other faces. Face shape functions have 
normal continuity, i.e., when passing from one 
tetrahedron to its adjacent tetrahedron both sharing the 
face, the normal component of the current density is 
continuous. Therefore, by representing the current 
density in Whitney space W2, the normal continuity for 
the current density can be automatically satisfied.  

The measurement data collected by the sensor array are 
ordered in a vector [B], where the ith element of [B] is the 
magnetic flux density measured by the ith sensor. We 
denote with Ns the number of the magnetic sensors, here 
Ns = 64. Then, by discretizing (5), the magnetic inverse 
problem reads  

    ,K J B=                                   (8) 

where [K] NsF is the kernel matrix (or lead-field 
matrix). Using Biot-Savart’s law in (5), the generic 
element of kernel matrix [K] which corresponds to the ith 
sensor and jth face shape function wf

j is calculated by  
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where ri is the position vector of ith sensor, rs is the 
integration point, and di is the vector of the orientation of 
ith sensor.  

From (1) it follows that current density is a zero-
divergence vector field, i.e.  

( ), 0.t =J r                                       (10) 
In W2 we can introduce the faces-to-volumes incidence 
matrix [D] VF, which can act as the discrete 
equivalent of the divergence operator. Thus, the 
divergence-free condition for the current density in (10) 
can be represented in the discrete form in space W2 by  

     10 .VD J =                               (11) 
The boundary condition defined in (3) implies a zero 
current flux flowing through surface SJ, i.e., nJSJ = 0. 
Thus, we set  

  0
i J

i f S
J


=                                (12) 

for every face element fi located on boundary SJ. In 
addition, from (4) it follows that for the face elements 
located on SC1 and SC2, the sum of the current flux over 
the area of the terminal sections are the total current, so 
that  
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, .
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f S f S

J I J I
 

= − =               (13) 

3.3 Common Mode Approach 

Following [13], the reconstruction of the electric arc 
current density can be significantly improved with the 
help of a common mode approach. We split the total 
current density J into a known common mode current 
density component Js with its terminal current being 
equal to the prescribed total current Itot and into an 
unknown reduced component Jm representing the internal 
current loops in the problem domain, i.e. the current 
density can be written as the superposition of the known 
component and an unknown one  

,s m= +J J J                            (14) 
or in vector form  

     ,s mJ J J= +                            (15) 
We denote [Bs] and [Bm] as the contribution to the 
magnetic measurements produced by [Js] and [Jm], 
respectively, i.e., [Bs] = [K][Js] and [Bm] = [K][Jm]. Owing 
to the linearity of the Biot-Savart operator, we can rewrite 
the inverse problem of (8) as  

 
Fig. 5 Face shape functions for a tetrahedral element.  
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        .m m sK J B B B= = −                      (16) 
Instead of solving for the total current density J in W2, 

we can solve for the reduced unknowns Jm in W2, i.e. the 
magnetic inverse problem is finally to solve (16).  

The known common mode current density is supposed 
to be known in  and must be zero outside , and it does 
not need to have a physical meaning. Moreover, Js should 
be normally continuous in the whole region, i.e. 
appropriately represented in W2 and has a zero 
divergence, i.e. 0s =J . Then from (10) and (14), the 
divergence of the reduced current density component is 
also zero, i.e.  

( ) 0m s =  − =J J J                        (17) 

   0sD J =                                (18) 
The common mode current density can be defined as 

the solution of a stationary electrokinetic problem by 
imposing a uniform conductivity distribution cm in the 
arc chamber with cm << e, where e is the conductivity 
of the electrodes. Hence, we solve the following equation 

( ) ( )( ), 0,t =r J r                               (19) 

complemented by the boundary conditions given in (3) 
and (4) and the zero-divergence condition given in (10). 
Noting that the total current Itot(t) is known (measured by 
the current transducer), we can calculate the common 
mode current density Js(t) by solving (19) and its 
corresponding magnetic flux density Bs(t) using (5). 
Moreover, the common mode current density takes care 
of the boundary condition (4). Thus, the reduced electric 
vector potential needs only to satisfy the zero boundary 
condition, i.e.  

 
1 2
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J


=                       (20) 

3.5 Tikhonov Regularization 

Due to the reduced space available to locate the sensors 
near the chamber, the number of sensors is typically much 
smaller than the number of unknowns where Ns  F, i.e., 
the inverse problem is strongly underdetermined. 
Moreover, matrix [K] can be considered as the kernel 
matrix of the Fredholm equation of the first kind. Thus, 
the magnetic inverse problem is known to be ill-posed in 
nature. The measurement noise in [B] would be 
amplified, leading to an unstable or even useless solution. 
To deal with the ill-posedness, we use Tikhonov 
regularization to obtain a least-squares solution  

 
       2 22

2 2
arg min

m

reg
m m m mJ

J K J B J  = − +    (20) 

where   0 is the regularization parameter which is 
chosen by using the L-curve method [16]. The final 
solution of the reconstructed current density is given by  

   .reg
rec m sJ J J = +                        (21) 

4 Experimental results  

4.1 Current Density Reconstruction  

The experimental tests are carried out with a 150 V initial 
charging voltage of the capacitors. The values of the peak 
current are in a range of 500-700 A during the tests. Fig. 
6 shows some examples of the reconstructed current 
density during different experimental tests compared with 
the optical images.  

 
Fig. 6 Example of 2D projections of the reconstructed 
electric arc current density in different experimental tests 
compared with the optical image.  
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The tetrahedral mesh used for the discretization of the 
geometric model includes 1281 nodes, 6794 edges, 10088 
faces, and 4574 volumes. Since the number of the 
unknowns is equal to the number of the edges, the inverse 
problem is strongly underdetermined.  

At present, a 3D reference known current density is not 
accessible experimentally. One option is to compare the 
reconstruction with an optical image of the electric arc 
obtained by a CCD camera, carrying out a qualitative 
study.  Alternatively, the error in the reconstruction of the 
arc current density can be evaluated quantitatively from 
numerical simulations as in [10]-[13].  

From the current density reconstructions with 
experimental magnetic field measurement data, good 
agreement in terms of the arc shapes and positions can be 
observed, indicating the feasibility and capability of the 
proposed approach to describe the main characteristics of 
the electric arc with enough resolution. As can be noted 
the most important advantage of the proposed approach 
is its non-invasive nature and that there is no need to 
assume the arc is symmetrical or fills the full width of the 
electrode which are commonly used for both 
experimental and numerical investigation of the arc 
dynamics.  

4.2 Diagnostics of the Dynamic Arcing 
Process via the Current Density 
Reconstructions  

The current density reconstruction leads to a novel 
non-intrusive diagnostic method to study the arc 
dynamics. With the proposed approach, the dynamic 
behavior of the electric arcs during the transient arcing 
process can be studied in terms of the reconstructed 
current density.  

Fig. 7 shows the measured arc current and arc voltage 
waveforms measured by the transducers during one test. 
The switchgear S0 is closed at t0 after which the current 
increases. The electric arc is ignited at instant tarc. The 

 
Fig. 7 Arc current and voltage waveforms.  

 

 
Fig. 8 Reconstructions of the electric arc current density 
during the period of 0.7 ms-1.1 ms.  
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total time duration of the discharging process is about 8 
ms and that of the arcing process is about 7.5 ms.  

Firstly, we focus on the period of 0.7 ms-1.1 ms and 
the arc current density reconstructions are shown in Fig. 
8. At instant t1, a jump of the cathode arc root can be noted. 
Meanwhile, a peak of the arc voltage is also observed 
from the voltage waveform. The characteristics of the arc 
motion are related to the total current and the voltage of 
the electric arc, especially the peaks in the arc voltage 
waveform. The cathode root does not move continuously 
along the cathode. During this period, the total arc current 

 
Fig. 9 Reconstructions of the electric arc current density 
at time instants t2-t5.  

 
Fig. 10  Reconstructions of the electric arc current 
density at time instants t6-t10.  
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increase rapidly. The value of the current density near the 
area of the anode root increase significantly and the anode 
attachment stays in a constricted mode. However, the 
current density near the cathode root become smaller 
since the cathode attachment transfers from a constricted 
mode to a diffuse mode. Then, a new cathode root and a 
new discharging channel appear as we can see from the 
reconstructions at t = 0.9 ms and t = 1.0 ms. Finally, the 
discharging channel transfers from the old one to the new 
one at t1 = 1.1 ms.  

After this jump of the cathode arc root, the arc keeps 
burning in a relatively stable mode between the electrodes 
from t2 to t5, with its arc voltage staying at about 120 V. 
Fig. 9 shows the arc current density reconstructions at 
time instants t2-t5, from which we can see that the arc 
column stays almost in the same shape. During this period, 
the total arc current is approximately in a range of 450-
600 A. Therefore, the energy fedded into the arc is high 
enough to sustain the wall-stabilized arcing process and 
the arc shapes do not change significantly. High levels of 
current density are found in the regions of the arc roots 
touching the electrodes, indicating that both anode and 
cathode attachments stay in the constricted mode.  

However, during time interval t6-t10, the total current 
keeps decreasing, and then the arc column becomes to 
change its shape, as shown in Fig. 10. The arc column 
stretches into curved shapes. The total resistance of the 
arc column is approximately proportional to its length. 
Thus, more voltage peaks can be seen from the voltage 
waveform during this period.  

5 Conclusion 

A non-invasive magnetic diagnostic method is proposed 
in order to study the arc dynamics in a low voltage arc 
chamber. It can reconstruct the three-dimensional electric 
arc current density, with great benefit to the study of the 
arc phenomenon. The method is implemented by means 
of a magnetic field measurement system based on an 88 
Hall effect magnetic sensor array, which is shown to 
guarantee enough resolution to describe the main 
characteristics of the arc dynamics. A complementary 
optical diagnostic method based on a CCD camera is used 
for comparison.  
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Model-based Design of Circuit Protection in DC Grids 
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Abstract 

For DC grids, specific protective devices have to be designed depending on the application and on nominal volt-
age. Not only the basic functionality of switching direct current has to be taken in account, also a general concept 
depending on the topology of the grid and on the control of the converters has to be set up. Methods of factorial 
analysis using simplified equivalent circuits are helpful to establish an overall protection concept and to adapt 
the parametrization of the devices. 

1 Introduction 

For stationary direct current (DC) grids with semi-
conductor-based converter stages, circuit breakers and 
switches have to be redeveloped – in many applica-
tion cases a revision of conventional AC-switchgear is 
not expedient.  
Depending on system topology, on transient inrush 
characteristics, on maximum sustained short circuit 
current and furthermore on converter control dynam-
ics, specific requirements for protective and switching 
devices can be set up. For that purpose, a factorial 
analysis based on component, line and fault models 
delivers basic information about current and voltage 
characteristics in cases of normal operation and in 
cases of faults. Not only short circuit and overcurrent 
fault events have to be analyzed. In the case of con-
trolled load components with constant or only slowly 
changing power demand, serial faults and gradual 
malfunction of subcomponents might also lead to a 
rise in current in the affected branch.  
Comparing normal operation and faulty modes, suita-
ble tripping characteristics have to be defined in order 
to ensure a fast and selective de-energizing of faults 
and to avoid false tripping. For that reason not only 
the characteristics of single devices have to be speci-
fied, but an overall system protection concept has to 
be set up, which may also include additional features 
like power monitoring. Methodologies and parametri-
zation of protective devices have to be coordinated to 
ensure optimum performance between all system 
components.  
In the following, several issues regarding different 
designs for circuit protection devices will be dis-
cussed and compared. Then modeling concepts and 
specific signal analysis methods using simplified 
equivalent circuits for the DC-grid are introduced. 
They can be used to select the suitable switching 
methodology and to define the appropriate tripping 
characteristics for each circuit breaker in the case of a 

distributed grid including loads with constant power 
demand.  
Finally, some practical aspects for DC applications 
with a special focus on load shedding, power man-
agement and remote monitoring capability will be 
discussed. 

2 Electronic, Mechanical and 
Hybrid Switching Devices 

Normative directives regarding personal safety and 
system protection depend on nominal system voltage. 
It is defined whether galvanic isolation has to be 
guaranteed after switching off a certain branch of the 
grid if a protective device has tripped due to a recog-
nized fault or was remotely triggered [1, 2]. For that 
reason, electronic devices based on power-semicon-
ductors are state of the art especially in cases of extra-
low nominal system voltage (< 120 V DC). In cases 
of higher voltages usually mechanical or hybrid com-
ponents are needed.  
For electronic devices suitable semiconductors have 
to be selected in order to withstand maximum perma-
nent current and to show a low on-resistance. Current 
measurement methods delivering an adequate identi-
fication of faulty modes have to be included. Depend-
ing on the characteristics of the measured current sig-
nal, different strategies can be defined to clear a fault. 
In cases of low overcurrent e.g. current limiting mode 
can be selected. However, an instantaneous shut off is 
initialized if a sudden rise of the current signal over a 
threshold value can be detected. Supervised teach-in 
or unsupervised model-based machine learning meth-
odologies can be included for a specific adaption of 
parameter values to system characteristics [3, 4]. 
Mechanical switching devices have to be designed in 
order to clear DC switching arcs within a short time 
of few ms. Due to a missing zero crossing of current 
like in AC, the arcs have to be split up using specifi-
cally designed arcing chambers with splitter plates. 
Permanent magnets are also useful in order to force an 
arc from the contact system towards the switching 

Topics of this work were supported in part by the 
Bundesministerium für Wirtschaft und Energie (BMWi.IIC6), 
Germany, under grant 03EI6009A (project “DC-Schutzsystem”). 
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Fig. 2 Different principal designs of hybrid switch-
es using a semiconductor device (SC), a mechanical 
switch (MEp) in parallel and further an additional me-
chanical switch (MEs) in series in order to ensure gal-
vanic isolation, if needed [8].

chamber especially for lower current amplitudes with 
only a small self-excited magnetic flux [5]. 
Hybrid devices (Fig. 1) combine the advantages of 
electronic and mechanical devices providing short re-
action times on faults and low on-resistance due to a 
mechanical bypass (MEp in Fig. 2) of the semicon-
ductor electronics (SC). Specific strategies have to be 
implemented for the interaction of both subcompo-
nents: In order to prevent contact surface erosion, 
switching at nominal or at lower overcurrent ampli-
tudes is mainly performed by semiconductor devices. 
However, the parallel mechanical subcomponent takes 
over if very high amplitudes are expected, which 
would destroy the electronics. Depending on nominal 
voltage, a second mechanical switch (MEs) in series is 
needed to ensure galvanic isolation. MEs is set up as a 
first-to-make and last-to-break contact and is therefore 
switching at zero current. 
Also overcurrent protection can functionally be in-
cluded into a hybrid switch or hybrid relay in several 
ways. For MEp a mechanical overcurrent circuit 
breaker can be applied operating in coordination with 
the semiconductor switch. As an alternative, a relay is 
used for MEp and internal or external current meas-
urements are evaluated in order to trip the hybrid de-
vice if an overcurrent of a specific amplitude and du-
ration can be measured. Specific tripping characteris-
tics have to be implemented according to a given 
characteristic tripping curve, which is adapted for the 
specific application.

3 Precise and Selective Protec-
tion against Faults in DC-
Grids

In modern DC applications grid architectures show 
great diversity. Often several voltage levels are used. 
E.g. in more and more telecommunication or datacen-
ter installations DC 380/400 V is common for trans-
mission over a longer distance and for primary distri-
bution, whereas -48 V or -60 V is the nominal voltage 
for secondary distribution [6].
Usually AC/DC or DC/DC converters powering high-
er distribution levels (source converter SC0 in Fig. 3) 
are operating with output voltage control including 
output current limitation. If the loads are characterized 
with constant or varying power demand, secondary 
load converters (LC) provide the optimum load oper-
ating point for a specified range of input voltage. As 
long as the load is operating in a quasi-stationary 
mode, the load converter input shows constant power 
sink characteristics with input current limitation. All 
converter devices include input and output filters, 
which mainly consist of capacitors between the lines 
and common mode chokes. 
Even though the converters include self-protection 
functionality during operation, each branch is 

equipped with an overcurrent protective device, usual-
ly located at the distribution unit. It has to limit pro-
spective overcurrent and short circuit current or to 
switch off the affected branch in case of a fault. 
Therefore its task is to provide a selective de-ener-
gizing of a potential fault, keeping alive the unaffect-
ed branches. Electronic devices or mechanical circuit 
breakers (CB) – latter also ensuring galvanic isolation 
– are state of the art for that purpose. In recent years, 
also hybrid devices have been developed [7]. 
Especially if high overcurrent or prospective short 
circuit current can be expected due to a high overall 
grid capacitance, and if further a steep current rise 
may occur in the case of a fault, devices based only 
on semiconductor switching may fail. Mechanical de-
vices or sub-devices have to be used instead or have 
to be combined with the power-electronics resulting 
in hybrid breaker functionality. As mechanical 
switchgear usually takes several milliseconds for 
breaking the contacts, a specific selectivity analysis 
has to be performed depending on the application, in 
order to avoid false tripping of unaffected branches. 
To limit the inrush current involved by the input ca-
pacitance of the load converter and its filter, often pre-
charging circuits are used [5]. Depending on nominal 
voltage and current values, active switch-mode meth-
ods using the semiconductors in electronic protective 
devices, thermistors or additional resistors, which are 
bridged after a certain time-span, can be applied. 
Where technical or financial reasons do not allow the 
use of pre-charging devices or methods, transient in-
rush current values are much higher than sustained 
current rating. For that reason the selection and para-
metrization of precisely operating overcurrent protec-
tion devices is a challenging task. 

Fig. 1 Hybrid relay HVR10 (with nominal voltage 
of 1000 V, nominal current up to 300 A, breaking ca-
pacity of 2000 A) [7].
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4 Modeling Methods

Concerning all possible applications in DC grids, it is 
not possible to give general design suggestions for 
protective devices. In order to surpass basic function-
ality given by standards, model based methods are 
helpful to adapt or select devices for an enhanced sys-
tem performance of a specific application.        
Usually the designer of system protection does not 
know all specific technical details about the used con-
verters. In most cases only input and output ranges of 
voltage and current and maximum transmitted power 

are given. Depending on the application, only the ba-
sics on converter topology and control dynamics are 
described in datasheets. Typical value ranges of input 
capacitance can be estimated, for a more precise de-
termination the input or output impedance has to be 
measured by applying high-frequency test-signals or 
by analyzing signals recorded during trial switching 
events. Also, in most cases the exact cable lengths are 
not known and prior knowledge about cable resistance 
and inductance is unprecise. 
In order to facilitate the selection and tuning of the 
devices to avoid false tripping in the case of inrush 

Fig. 3  DC-grid consisting of source converter SC0 (with input filter 
IF0 and output filter OF0), distribution with circuit breakers CBk at 
each outlet, load converters LCk (with input filters IFk and output fil-
ters OFk), and loads, all connected with cabling; further a possible seri-
al or parallel fault in one line. 
(a) characteristic curve of source converter with output voltage control 
and output current limitation for averaged current and voltage output 
values, (b) tripping curve of circuit breaker (here thermal-magnetic) 
with a statistical variation in tripping-time, (c) characteristic curves of 
load converter input operating as a constant power sink including cur-
rent limitation: averaged quasi-stationary current, power and equiva-
lent conductance values depending on averaged input voltage. 
The	operator	〈…〉 denotes averaging in a floating time-window.
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current and to operate selectively in distributed grids, 
several methods of factorial analysis regarding the 
main equivalent parameters of grid components can 
be used. In the following, transient system modelling 
based on continuous or discrete time domain during 
inrush and faults as well as quasi-stationary grid mod-
elling is presented. In the following examples, the 
grid models are parametrized for data-center or tele-
com applications, but can also be used for grids with 
different system voltages or power demand.

4.1 Modeling of Inrush Behavior and 
of Grids with Parallel Fault Events

As a first simplification for modelling the current in-
rush in the case a branch is activated, stable voltage 
conditions at the distribution unit due to high valued 
connected grid capacitance are assumed. 
The lines of a branch numbered with k usually can be 
modelled using distributed resistance and inductance. 
Distributed cross-capacitance and conductance of the 
cables can be neglected due to low values. For that 
reason line resistance and inductance are concentrated 
to equivalent elements Rlinesk and Llinesk for a given 
length llinesk of a uniform cable (Fig. 4a).
Instead of complicated load input filter circuits only 
the dominant resulting capacitance CIFk is used for the 
simplified linearized model circuit. Common mode 
chokes as well as equivalent capacitor series resistance 
and low-valued EMC-filter components are disregard-
ed. 
For modelling an inrush current behavior for a fault-
less branch, which is switched on at time t = 0 using an 
electronic switch, a mechanical breaker or a relay at 
the distribution unit, a resulting equivalent circuit can 
be used. In the model an ideal switch can be combined 
with a time-dependent switching resistance RCBk (t) for 
that purpose. It can be set to a constant variable for an 
approximate calculation. For mechanical switchgear 
more elaborate models including bouncing effects and 
arcs can be used instead.  
During the switching operation the equivalent load 
converter conductance GLCk,in(t) starts at zero. It shows 

a sudden step up to a high value, when the converter 
starts to work at minimum input voltage, and then de-
clines with a rising voltage level at the input filter ca-
pacitor.  
As already stated, in many applications converter con-
trol dynamics are not known exactly by the user. If (i) 
the load converter is based on a buck topology without 
a conductive serial path through initially deactivated 
converter semiconductors and blocking diodes, (ii) its 
minimum voltage input level is not too low and further 
(iii) its control dynamics can be assumed to be quite 
slow compared to transient effects caused by passive 
line and filter components, then its conductance can be 
disregarded for the principal simulation of the first 
time span of the inrush process.  
If, on the other hand, converter control is very fast 
and its minimum voltage input level quite low, the 
power demand soon rises to an approximately con-
stant level. In that case inrush current modeling must 
be based on a time-dependent conductance GLCk,in (t). 
For a rough estimation in order to define the para-
metrization of a suitable protective device, also a line-
arized circuit model can be calculated using the max-
imum expected conductance GLCk,in,max, which can be 
estimated with given nominal power and minimum 
input voltage disregarding converter losses.
If linearizations can be used and parameter estimations 
are given, the inrush current behavior which results 
after activating the switch can be calculated as 

      (1) 
with the abbreviations 

        (2-6) 
The operator  denotes inverse Laplace-Transform 
and s is the frequency variable in Laplace-domain.  
If no parameter estimations are given, trial switching 

Fig. 4 Equivalent circuit for activating controlled load (a) without or (b) with parallel fault within the cabling.
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events can be performed and the values of equivalent 
elements can be estimated from the measurements in 
time-domain by system identification methods [3, 4].  
With this parametrized model several cases with vary-
ing cable length can be calculated as a factorial analy-
sis. Based on the results, circuit breaker characteristics 
can be adjusted (i) in order not to false-trip in the case 
of normal inrush, (ii) but to trip at start-up, if there is 
an already existing parallel fault in the cabling 
(Fig. 4b), and (iii) to trip in the case of a fault event 
occurring during steady-state operation.  
In Fig. 5 approximations of inrush current have been 
calculated for a test circuit without and with an addi-
tional pre-charging resistor of 4 Ω including a potential 
parallel fault for various fault resistivity and location 
(for further parameter data see Fig. 5). Based on a lin-
ear model in continuous time-domain, different cases 
between zero and a maximum average equivalent load 
converter conductance have been performed. The cur-
rent signal value range for conductance values be-
tween these two limits is depicted.  

Fig. 6 shows current signals for fault events occurring 
during steady-state conditions. In this case the calcula-
tion has been performed with a model in discrete time-
domain based on an average load converter power de-
mand of 5 kW for very slow as well as for very fast 
converter control dynamics (main time-constant
TLCk,in). 
As being shown in both examples, the current signals 
are quite similar for different conductance values or 
control dynamics, respectively. Hence it is obvious for 
common component parametrization that resistivity 
and location of a potential fault have a more signifi-
cant impact on inrush current characteristics than actu-
al converter conductance resulting from converter con-
trol dynamics, even if capacitor values are very small. 
If a suitable circuit protection has to be selected or 
parametrized for such circuits, load-side control dy-
namics are of less relevance than filter parametrization 
as well as nominal voltage and current input data. 
A further application example has been analyzed for
the case of a parallel fault; see Fig. 7 for parametriza-
tion and results, again Fig. 3 for notation. An idealized 
high-power source converter with an output filter in-
cluding resistive, inductive and capacitive equivalent 
elements ROF0, LOF0 and COF0 is feeding a long main 
line with a sufficient cable cross section. At the distri-
bution unit three feeder cables with different lengths 
are connected. The input filters of the idealized load 
converters with very fast control circuits are assumed 
to be mainly capacitive and can be modeled with CIFk . 
To decouple the load units and to provide selective 
fault detection, higher values in the mF-range are used 
for these capacitors. The load converters operate with-
in an input voltage range with a lower limit of 320 V 
and are assumed to switch off immediately, if this lim-
it is reached.  
Starting with steady-state initial conditions with the 

Fig. 6 Estimation of current in case of a parallel 
fault in cabling of test circuit for different fault condi-
tions with steady-state initial conditions during nor-
mal operation, stable voltage at distribution unit as-
sumed (without circuit protection). 

Fig. 5  Estimation of inrush current with potential 
parallel fault in cabling of test circuit for different 
fault conditions, (a) without and (b) with additional 
pre-charging resistor of 4Ω, stable voltage at distribu-
tion unit assumed (without circuit protection). 
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power demands PLCk,in at the load converters, a parallel 
fault with a constant fault resistance of RPF1 is assumed 
in feeder cable 1 at 10% of cable length. For a model-
based circuit analysis in case of a fault, potential over-
current circuit protection is not activated in the model 
circuit. 

Immediately after occurrence of the fault, backward 
currents also in lines 2 and 3 fed by the load side ca-
pacitors can be observed (Fig. 7a). Due to the dis-
charge of all capacitors and due to the voltage drop in 
the cabling, the voltage levels at the distribution unit 
and at the load inverter inputs are decreasing (Fig. 7c). 
At first the load converter of the faulty line switches 
off when reaching its lower input voltage limit 
(320V), then shortly afterwards the converters of the 
other both lines (Fig. 7b). 
For the design of suitable circuit breakers, a fast 
switching off the fault affected line after detecting 
overcurrent (< 15ms) has to be guaranteed in order to 
keep the other loads alive. Well parametrized and fast 
circuit breakers based on mechanical, hybrid or elec-
tronic devices have to be selected for this purpose.  
As a further intermediate result it can be stated: For a 
selective system protection against parallel faults not 
only the specific line parameters and loads have to be 
taken into account. In fact, an overall analysis of signal 
transients has to be performed for different cases of 
fault events and compared with inrush behavior. Only 
by applying these results it is possible to select devic-
es, which trip selectively in the case of faults and 
avoid false tripping during normal operation. If signal 
behavior during faults and during normal operation is 
too similar, a singular fault handling will not be possi-
ble only with mechanical devices. An overall fault de-
tection using online measurements of all branches 
simultaneously has to be implemented instead. 

4.2 Modeling of Grids with Serial 
Faults 

Also potential series faults have to be considered for 
the operation of DC grids. Series arc faults may occur 
in the case of a cable break or loose contacts, depend-
ing on system voltage, nominal operating current, line 
inductances and converter capacitances. Due to the hot 
plasma temperature arcs may lead to serious damage. 
Applying arc fault sensors based on high frequency 
pattern recognition or model based methods analyzing 
the arc ignition event, arc faults can be detected and 
de-energized within a short time (<<100ms) [9]. 
Not only a sudden event like a cable break, but also a 
local rise of contact resistance e.g. in a connector 
might lead to a serious arc fault. In the time frame be-
fore an arc might ignite due to the melting of contact 
material, also a rise of current should be observable, if 
controlled loads with constant or slowly changing 
power demand are used. For the case of contact re-
sistance increase being significant, but slower than 
converter control dynamics, a steady-state analysis is 
helpful to analyze, whether converter self-protection or 
overcurrent protection devices are suitable to clear the 
fault in an early stage.  
As a further example, a model-based simulation for a 
serial fault in a distribution grid was performed. The 
components were mainly parametrized as in the last 

Fig. 7  Estimation of current and voltage behavior in 
distribution grid with three controlled load units in 
case of a parallel fault event in feeder line 1 (without 
circuit protection, load converters with self-
protection). 
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example, but at other operation points, again following 
the notation in Fig. 3.  
Constant source converter output voltage and a small 
series output filter resistance ROF0 are assumed. The 
idealized load converters operate as constant power 
sinks in normal operation mode within given input 
voltage ranges. All load converter filter resistances 
should be negligible.  
Then the following equations hold for average steady-
state values, if one or more upper bounds for the cur-
rents resulting from the lower input voltage limits are 
not reached 

            (7-10) 
PLCk,in is the load converter power demand, RSFk the 

resistance of a potential serial fault in the feeder line k. 
The operator 〈… 〉 denotes averaging in a floating time 
window and represents quasi-stationary conditions for 
a slow change of parameters.  
For a total number of n = 3 loads the quasi-stationary 
states are considered for a slow increase of the re-
sistance of a serial fault in line 1.  
Fig. 8a shows a significantly increasing current in the 
faulty feeder line 1 dependent to fault resistance, 
whereas the current signals in the other feeder lines are 
affected only slightly due to low cable resistance of the 
main line.  
As the load converter input voltage at the faulty line 
decreases simultaneously (Fig. 8b), this converter 
switches off at low input voltage (minimum input 
voltage of 320 V). The other load converters keep on 
operating with a higher input voltage due to lower 
voltage drops in the source converter output filter and 
the main cable. 
The exemplary results can be generalized: If (i) load 
converters with self-protection are used, provoking an 
immediate switch off in the case of low input voltage 
or too high input current, (ii) the upper current limit of 
the source converter exceeds the sum of the maximum 
load converter input currents and further (iii) cables 
with sufficient cross sections and low resistivity are 
installed, then serial faults with low dynamics in the 
feeder lines will mainly affect voltage and current be-
havior only in the faulty line. 

5 Generalized and Sophisticated 
Grid Protection

Depending on the range of potential operating points 
of the load converters and on the passive equivalent 
components in filters and lines, even with modelling 
tools it will be a difficult task to design suitable 
mechanical circuit breakers. Their characteristic 
tripping curves representing the behavior of thermal 
and magnetic actors have to be adjusted in order to 
protect from different kinds of faults independently 
and to be unaffected from inrush and sudden load 
change effects.  
In an actual project called “DC-Schutzsystem” it is a 
subject of research, whether a more sophisticated and 
flexible approach makes sense to achieve an 
improvement in total system safety and performance.
In order to meet this objective, it could make sense to 
split up the sensoric and the actuatoric sub-
functionalities of independent breakers and further to 
combine all data measured within the total grid or 
within sub-grids for an overall and generalized 
evaluation. Using current and voltage sensors in 
electronic devices for each output, online data 
measurements have to be collected in centralized 
microcontroller units preferably located in distribution 
devices.  

Fig. 8  Estimation of quasi-stationary current and 
voltage values in distribution grid with three con-
trolled load units subject to resistivity of serial fault in 
feeder line 1 (without circuit protection, load convert-
ers with self-protection).
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Signal processing, system identification and pattern 
recognition methods are applied to the overall data 
stream in order to collect knowledge on actual system 
parametrization. With these model-based methods in 
addition to the basic functionality of the protective 
devices, refined fault identification procedures 
operating in real-time mode can be implemented for a 
better discrimination of different kinds of faults from 
inrush and load-change events depending on large-
signal operating points [3, 4]. Also additional data 
from other protective devices, like arc-fault sensors 
based on AC small-signal measurements, residual 
current sensors and surge protective devices can be 
included, if provided with real-time capability or with 
a short time delay [7]. 
If an occurring fault and the corresponding line are 
identified within a short time-span, a fast mechanical, 
electronic or hybrid switching device is activated in 
order to switch off the affected load or sub-grid 
selectively and to avoid total system breakdown.  
Based on this overall concept and depending on load 
types and characteristics, priority load shedding can 
additionally be implemented for different power 
applications, e.g. in telecommunication systems or in 
data centers. If mains supply is impaired or 
regenerative generation in a stand-alone micro-grid is 
decreasing due to weather conditions or to diurnal 
cycle, and further battery buffer capacity has to be 
spared, specific less important loads can be switched 
off for some time.  
If, in another application case, DC as well as AC 
supplies are installed due to required high supply 
reliability, a specific switching device can be used to 
change between DC and AC connections depending 
on regenerative generation and battery status (Fig. 9). 
By ensuring a fast switching procedure in accordance 
with load input capacitance, any impairment of load 
operation is avoided.  
Not only load shedding and a change between sources 
can be realized by analyzing total power demand and 
supply. Also a matured and sophisticated power and 
facility management can be set up using the recorded 
data stream for long term remote monitoring purposes, 
for the detection of gradual malfunction and for the 
derivation of predictive maintenance concepts. 
Unsupervised or supervised machine learning methods 
might be helpful in this context.  

6 Conclusion and Further Work 

A short overview in transient and quasi-stationary sys-
tem modelling of DC distribution grids has been given. 
Using factorial analysis and based on exemplary test 
circuits, the behavior of current and voltage signals 
show significant dependencies to parameters of pas-
sive equivalent components and to basic large-signal 
converter parameters in the case of fault events and 
current inrush during start-up. Only with a specific 

analysis of total connected grid components, an effi-
cient fault protection can be set up using independent 
protective devices. A significant improvement is 
achievable applying a generalized system protection 
approach based on a centralized processing of all 
available sensor data.  
For further phases of the actual research project “DC-
Schutzsystem” it is planned to parametrize and to re-
fine the principal system models according to existing 
DC test circuits with different converter architectures 
and control procedures including pre-charging circuits. 

7 Literature 

[1] IEC 60364-4-41: Low-voltage electrical installa-
tions – Protection for safety – Protection against 
electric shock. 

[2] DKE-VDE, Low Voltage DC German Standardi-
zation Roadmap Version 2, 2018. 

[3] C. Strobl, L. Ott, J. Kaiser, K. Gosses, M. 
Schäfer, and R. Rabenstein, “Refined Fault De-
tection in LVDC-Grids with Signal Processing, 
System Identification and Machine Learning 
Methods”, 29th International Conference on 
Electrical Contacts, Together with 64th IEEE 
Holm Conference on Electrical Contacts, Albu-
querque, USA, 2018. 

[4] C. Strobl, M. Schäfer, R. Rabenstein, “System 
Identification Methods for Refined Fault Detec-
tion in LVDC-Microgrids”, IEEE 3rd Interna-
tional Conference on DC Microgrids (ICDCM), 
Matsue, Japan, 2019.  

[5] H. Köpf, “Schalten von Gleichströmen in auto-
mobilen HV-Bordnetzen bis 500V, unter Be-
rücksichtigung der Lichtbogenwanderung im 
Doppelkontaktsystem”, Verlag Dr. Hut, Mün-
chen, 2019. 

[6] ETSI EN 300 132-2 V 2.5.1 (2016-10). 
[7] J. Kaiser, C. Strobl, H. Mann, H. Muhm, M. 

Klimpel, F. Schork, M. März, “A Comprehen-
sive Approach for Safety in DC-Microgrids”, 
IEEE 3rd International Conference on DC Mi-
crogrids (ICDCM), Matsue, Japan, 2019.  

[8] IEC 60947-4-3 ED3. 
[9] C. Strobl, “Arc Fault Detection in DC Mi-

crogrids”, IEEE 1st International Conference on 
DC Microgrids (ICDCM), Atlanta, USA, 2019.

Fig. 9  Prototype of fast switching device to change 
between 380 VDC and 270 VAC supplies (continuous 
operating current 16 A DC, 20 A AC). 



599

Influencing Factors for the Ultrasonic Compacting Process of 
 Insulated Litz Wires for Electric Drives 

Johannes Seefried, Andreas Riedel, Andreas Lohbauer, Hendrik Baessler, Alexander Kuehl and Joerg Franke  
Institute for Factory Automation and Production Systems (FAPS),  

Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Nuremberg, Johannes.Seefried@faps.fau.de 

Abstract 

The increasing demand for new electric drive concepts in the automotive sector leads to innovations in the devel-
opment and production of these drives. Due to the demand for steadily higher drive speeds, litz wires, also called 
stranded wires, offer various advantages in terms of loss reduction. These losses include current displacement due 
to the skin- and proximity effect in the wire at higher frequencies. However, these litz wires complicate the process 
step of contacting the winding ends. For example, during this contacting process it is necessary to connect a high 
number of individual wires electrically conductively and mechanically with each other. However, these individual 
wires must be stripped simultaneously during the process. One possibility to implement this process step is the 
ultrasonic compaction process. By applying and damping ultrasonic oscillations, the individual wires can be ther-
mally stripped and also welded together. However, a wide range of influencing parameters must be validated for 
this process. These include relevant process parameters as well as properties of the litz wires used. Among other 
things, the properties can be divided into the type of insulation, the number of individual wires and their diameter. 
Within this publication, the essential process parameters are identified and evaluated in terms of the quality of the 
compaction by using suitable methods for measuring the node resistance. 

1 Introduction  

To push the development of the electrification in the 
automotive industry, new optimization possibilities for 
increasing the efficiency and performance of electric 
motors are continuously being researched. A crucial 
field of action is the design of the winding in the stator. 
From a manufacturing point of view, the use of hairpin 
winding enables the production of a stator in a short 
process time due to its easier assembling process. In 
this technology, the winding of the stator consists of 
rectangular enamelled copper wires bent into a U-
shape, which are inserted into the lamination stack of 
the stator. Subsequently, the free ends of the hairpins 
are joined together in the contacting process to form the 
complete winding. As a result, the area of the stator slot 
is almost completely filled and thus enables to obtain 
higher power densities. [1] [2] 
However, when realizing higher rotating speeds, cur-
rent displacement losses occur in the solid copper wires 
due to the increase of the frequency in the winding. To 
reduce these current displacement effects, the solid 
copper wires can be replaced by twisted litz wires. Ad-
ditionally, the twisting of the litz wires enables the heat 
losses of the copper wires to be conducted from the 
centre of the stator slot to the slot flanks, which results 
in higher heat dissipation and a better thermal connec-
tivity. In order to ensure a high filling factor, the litz 
wires are pressed to shaped litz wires. The challenge 

when using shaped litz wires is to electrically and me-
chanically connect the individual wires at their free end 
to form a solid conductor unit. The process of laser 
beam welding offers great potential, because of the 
very good automation capability, high process stability, 
accessibility and very low tool wear. However, it is not 
possible to close all cavities between the individual 
wires of the shaped litz wire by fusing the individual 
wires with the laser beam and removing the insulation 
layer in advance. Remaining insulation residues inevi-
tably lead to the formation of pores or to a complete 
destruction of the welded joint due to outgassing dur-
ing the welding process. Therefore, it is necessary to 
compact the individual wires of the shaped litz wire 
ends into a solid node and to remove the wire insulation 
from the node prior to laser beam welding. In addition, 
the compacting technology offers the advantage that 
additional connecting elements are not required and ex-
act mounting dimensions can be achieved. [3][4][5] 

2 State of the Art 

The quality of the compaction is crucial for increasing 
the performance of the electric motor and ensuring the 
required lifetime. Among others, the following pro-
cesses are available for compacting the ends of the 
shaped litz wires. The selected processes offer the pos-
sibility of compacting the shaped litz wires without any 
prior chemical, thermal or mechanical stripping. 
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2.1 Compacting by means of resistance 
heating 

The compacting of conventional non-insulated litz 
wires by means of resistance heating is based funda-
mentally on the formation of a material bond using 
thermal and mechanical energy. The mechanical en-
ergy for compacting the litz wires is applied by two 
electrodes. At the same time, a current is applied to the 
litz wire by these electrodes, which leads to Joule heat-
ing and a firmly bonded connection. [6] 
However, since shaped litz wires for electric motors 
consist of insulated individual wires, it is not possible 
to supply a current without further modifications. Sim-
ilar to the hot crimping process, electrically conductive 
sleeves are therefore required which allow a Joule heat-
ing. This heating finally leads to a stripping of the wires 
of the shaped litz wire. The simultaneous mechanical 
force of the electrodes additionally pushes the insula-
tion residues out of the node. Therefore, the process de-
scribed is basically well suited for shaped litz wires, 
but always requires a conductive sleeve. [7] 
For the sake of completeness, it should be mentioned 
that, beside the process of classical resistance compact-
ing, there are already initial approaches for pressing the 
litz wires with hot punches. This would eliminate the 
disadvantage of additionally required sleeves. How-
ever, the process aims solely at compacting the litz 
wires without welding the individual wires. Neverthe-
less, the preconditions for a subsequent laser beam 
welding process would also be fulfilled in general. [8] 
 
2.2 Compacting by means of ultrasonic 

The ultrasonic compacting of litz wires is a special var-
iant of ultrasonic welding. According to 
DIN 1910-100, ultrasonic welding belongs to the 
group of pressure welding processes. [9] 
Using a generator, a high-frequency alternating current 
is generated and transmitted to an ultrasonic trans-
ducer, which generates a mechanical ultrasonic oscilla-
tion. The oscillations are adapted by an acoustic trans-
formation element and transmitted to the sonotrode. 
The welding tool system consists of sonotrode, anvil, 
end plate and sideshifter and forms the compaction 
chamber where the litz wire is placed on the sonotrode. 
To avoid damage to the welding tools, the welding 
tools should not collide. On the one hand, the gap be-
tween the sonotrode and the tools must be sized so that 
the oscillating sonotrode and the tool elements do not 
collide. On the other hand, the gap must be small 
enough so that the individual wires do not get stuck in 
the gap. [10][11] 
The compacting process starts by pushing the individ-
ual wires to the defined weld seam width bS by moving 
the sideshift in horizontal direction by a stepper motor. 
Subsequently, the anvil moves pneumatically in hori-
zontal direction until it reaches the sideshift with the 
set dimension of the weld seam width bS. The anvil and 

the end plate start to move simultaneous vertically 
downwards until the set welding dimension SM or the 
welding energy ES, depending on the selected welding 
mode, is reached. This compresses the inserted litz wire 
by the welding pressure pS. During this process, the 
sonotrode starts to oscillate mechanically in the longi-
tudinal direction of the litz wire with the amplitude AS, 
which leads to a relative movement between the indi-
vidual wires. The individual wires are plastically de-
formed to form a solid unit whereby the process takes 
place below the melting temperature of the wires. 
However, the process temperatures that can be 
achieved are also suitable for the thermal stripping of 
the shaped litz wires during the compaction process. 
The resulting melting residues of the insulation are also 
pushed out of the node by the compacting process and 
the relative movements. [12]   
Characteristic of an ultrasonic compacted litz wire is a 
grooved surface which is caused by the welding tools. 
These require a grooved contour for the mechanical 
coupling of the oscillation so that a relative movement 
can be generated between the individual wires. De-
pending on the application, despite a low amplitude of 
5 to 50 μm of the relative movement between the parts 
to be joined, a high relative speed of 0.8 to 2.0 m/s re-
sults due to the high frequency of 20 to 65 kHz. This 
results in very short welding times of 0.1 to 3.0 s. Fig-
ure 1 shows the ultrasonic compacting of a litz wire. 
[10][11][12]  

Fig. 1   Ultrasonic compacting of a litz wire accord-
ing to [12] 

Compared to resistance compacting, ultrasonic com-
pacting must be highlighted under the aspect of the pro-
cess energy consumption, as only about 10 % of the 
energy consumption of resistance compacting is re-
quired per connection. Furthermore, no additional 
semi-finished products such as sleeves are required for 
insulated shape litz wires. However, due to the lower 
process heat it is not possible to achieve such high com-
pression ratios compared to resistance compacting. 
[6][10] 
The contacting of the enamelled insulated wires of the 
shaped litz wires by means of compacting processes of-
fers potential and challenges. The high process param-
eters required to remove the enamel insulation, espe-
cially during ultrasonic compacting, lead to a strong 
deformation of the free litz wire ends as well as to wire 
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breaks next to the compacting zone caused by a damp-
ing of the ultrasonic oscillations as shown in Figure 2. 

 
Fig. 2   Litz wire with broken individual wire (black 
circle) 

Especially with regard to a full contact of all individual 
wires and the resulting closing of all cavities between 
the individual wires, it is necessary to completely re-
move the insulation layer of the wires from the weld by 
the compacting process. In order to minimize current 
displacement effects at higher frequencies, the nominal 
wire diameter of the shaped litz wires has to be re-
duced. As a result, the number of wires per shaped litz 
wire increases in order to keep the copper filling factor 
constant, which means that the amount of insulation in 
the compacting zone increases as well. Therefore, it is 
the task of compacting to create a strong mechanical 
and electrical connection, which provides optimal con-
ditions for the subsequent process steps such as laser 
beam welding. Furthermore, due to the concept-related 
high number of contacts per stator, the process time and 
tool wear of the litz wire compacting machine must be 
taken into account. 
Based on the described problems during the compact-
ing process, various factors which are influencing the 
process of ultrasonic compacting are evaluated in the 
following section of this paper. 

3 Experimental evaluation of in-
fluencing factors on the ultra-
sonic compacting process 

The objective of the experiments is to analyze and val-
idate the influence of different shaped litz wire varia-
tions and the corresponding process parameters for the 
ultrasonic compacting process. In this context, the pro-
cess of ultrasonic compacting has to be optimized in 
order to create an optimal compacting for the subse-
quent process steps in the stator production chain. The 
methods used to qualify an optimal compaction are ex-
plained in detail below. 
 
3.1 Requirements and qualification of the 
compaction 
The most important requirement for the compacting of 
the litz wire is the complete electrical contacting of all 
individual wires of the shaped litz wire. For this reason, 
the aim is to achieve the highest possible number of 
contacted wires nk. It is possible that during the weld-
ing process individual wires may break due to a strong 
oscillation stress. The number of broken wires nB must 
be minimized in order to achieve a wide current distri-
bution and a homogeneous heat distribution in the 
shaped litz wire. The second factor to be considered 
when evaluating the quality of the compaction is the 
node resistance RK in the compacted node. The node 

resistance RK should be minimized in order to keep the 
electrical power loss to a minimum. Condition for a 
low node resistance RK is also the complete contacting 
of all individual wires and a complete removal of the 
insulation layer from the compaction node. In a simpli-
fied view, the total resistance of a compacted shaped 
litz wire is composed of the two resistances of the node 
points RK and the resistance of the individual wires REL 
as shown in Figure 3. 

 
Fig. 3   Resistance of a compacted shaped litz wire 

In order to enable the measurement of the node re-
sistance RK independent of the influences of the entire 
shaped litz wire, the measurements were carried out 
with a measurement device mounted perpendicular to 
the direction of the real current flow I as shown in Fig-
ure 4. The measurement is performed by using Kelvin 
pins and a four-wire measurement as well as the use of 
a delta-mode current direction reversal. The measuring 
current used is 105 mA. A measured value determined 
consists of the average value of 10 consecutive meas-
urements. 

 

Fig. 4   Measurement of the node resistance RK 

The node resistance RK can be determined according to 
equation 3.1 by the specific resistance of copper ρ, 
node width bK, node depth tK and node height hK as 
well as contact resistance RÜ between Kelvin pin and 
litz wire.  

𝑅𝑅� =  𝜌𝜌 ×
𝑏𝑏�

𝑡𝑡� ×  ℎ�
+  𝑅𝑅Ü (3.1) [13] 

The contact resistance RÜ of the Kelvin pins is cur-
rently considered negligible in relation to the signifi-
cantly higher node resistance. It depends on a number 
of influencing factors such as impurity layers. For its 
determination, the use of a standard with defined re-
sistance is planned for upcoming investigations. The 
theoretical reference node resistance RK,Ref for a pure 
copper body is approx. 2.45 µΩ. 
To determine the removal of the insulation layer from 
the node, the mass difference ∆m was recorded by 
weighing the shaped litz wire before and after the com-
pacting process with a precision scale. The reference 
mass difference ∆mRef was calculated on the basis of 
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2.1 Compacting by means of resistance 
heating 

The compacting of conventional non-insulated litz 
wires by means of resistance heating is based funda-
mentally on the formation of a material bond using 
thermal and mechanical energy. The mechanical en-
ergy for compacting the litz wires is applied by two 
electrodes. At the same time, a current is applied to the 
litz wire by these electrodes, which leads to Joule heat-
ing and a firmly bonded connection. [6] 
However, since shaped litz wires for electric motors 
consist of insulated individual wires, it is not possible 
to supply a current without further modifications. Sim-
ilar to the hot crimping process, electrically conductive 
sleeves are therefore required which allow a Joule heat-
ing. This heating finally leads to a stripping of the wires 
of the shaped litz wire. The simultaneous mechanical 
force of the electrodes additionally pushes the insula-
tion residues out of the node. Therefore, the process de-
scribed is basically well suited for shaped litz wires, 
but always requires a conductive sleeve. [7] 
For the sake of completeness, it should be mentioned 
that, beside the process of classical resistance compact-
ing, there are already initial approaches for pressing the 
litz wires with hot punches. This would eliminate the 
disadvantage of additionally required sleeves. How-
ever, the process aims solely at compacting the litz 
wires without welding the individual wires. Neverthe-
less, the preconditions for a subsequent laser beam 
welding process would also be fulfilled in general. [8] 
 
2.2 Compacting by means of ultrasonic 

The ultrasonic compacting of litz wires is a special var-
iant of ultrasonic welding. According to 
DIN 1910-100, ultrasonic welding belongs to the 
group of pressure welding processes. [9] 
Using a generator, a high-frequency alternating current 
is generated and transmitted to an ultrasonic trans-
ducer, which generates a mechanical ultrasonic oscilla-
tion. The oscillations are adapted by an acoustic trans-
formation element and transmitted to the sonotrode. 
The welding tool system consists of sonotrode, anvil, 
end plate and sideshifter and forms the compaction 
chamber where the litz wire is placed on the sonotrode. 
To avoid damage to the welding tools, the welding 
tools should not collide. On the one hand, the gap be-
tween the sonotrode and the tools must be sized so that 
the oscillating sonotrode and the tool elements do not 
collide. On the other hand, the gap must be small 
enough so that the individual wires do not get stuck in 
the gap. [10][11] 
The compacting process starts by pushing the individ-
ual wires to the defined weld seam width bS by moving 
the sideshift in horizontal direction by a stepper motor. 
Subsequently, the anvil moves pneumatically in hori-
zontal direction until it reaches the sideshift with the 
set dimension of the weld seam width bS. The anvil and 

the end plate start to move simultaneous vertically 
downwards until the set welding dimension SM or the 
welding energy ES, depending on the selected welding 
mode, is reached. This compresses the inserted litz wire 
by the welding pressure pS. During this process, the 
sonotrode starts to oscillate mechanically in the longi-
tudinal direction of the litz wire with the amplitude AS, 
which leads to a relative movement between the indi-
vidual wires. The individual wires are plastically de-
formed to form a solid unit whereby the process takes 
place below the melting temperature of the wires. 
However, the process temperatures that can be 
achieved are also suitable for the thermal stripping of 
the shaped litz wires during the compaction process. 
The resulting melting residues of the insulation are also 
pushed out of the node by the compacting process and 
the relative movements. [12]   
Characteristic of an ultrasonic compacted litz wire is a 
grooved surface which is caused by the welding tools. 
These require a grooved contour for the mechanical 
coupling of the oscillation so that a relative movement 
can be generated between the individual wires. De-
pending on the application, despite a low amplitude of 
5 to 50 μm of the relative movement between the parts 
to be joined, a high relative speed of 0.8 to 2.0 m/s re-
sults due to the high frequency of 20 to 65 kHz. This 
results in very short welding times of 0.1 to 3.0 s. Fig-
ure 1 shows the ultrasonic compacting of a litz wire. 
[10][11][12]  

Fig. 1   Ultrasonic compacting of a litz wire accord-
ing to [12] 

Compared to resistance compacting, ultrasonic com-
pacting must be highlighted under the aspect of the pro-
cess energy consumption, as only about 10 % of the 
energy consumption of resistance compacting is re-
quired per connection. Furthermore, no additional 
semi-finished products such as sleeves are required for 
insulated shape litz wires. However, due to the lower 
process heat it is not possible to achieve such high com-
pression ratios compared to resistance compacting. 
[6][10] 
The contacting of the enamelled insulated wires of the 
shaped litz wires by means of compacting processes of-
fers potential and challenges. The high process param-
eters required to remove the enamel insulation, espe-
cially during ultrasonic compacting, lead to a strong 
deformation of the free litz wire ends as well as to wire 
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completely stripped individual wires. For this purpose, 
the insulation layer was removed from the individual 
wires using a chemical stripper. 
In addition, the quality of the compacted section is an-
alyzed by producing microsections of selected test 
samples in order to obtain conclusions on the removal 
of the insulation layer. 
The node width bK and height hK are also measured, 
since the shape and dimensional accuracy of the com-
pacted shaped litz wires is decisive for the subsequent 
process chain of stator production. 

3.2 Evaluation of the influencing factors 
and the achievable compacting quality 

Since there is only a limited amount of information 
available about the application case with regard to the 
settings of the process parameters, both the important 
machine dependent influencing factors as well as the 
litz wire dependent influencing factors are evaluated in 
preliminary tests. In this way, information on the rele-
vance of the influencing factors should be determined. 
Figure 5 shows the essential factors influencing the ul-
trasonic compacting of shaped litz wires. In addition, 
there are of course further influences such as environ-
mental conditions, which will not be considered in the 
context of this paper. 

 

Fig. 5   Machine and litz wire dependent influences 
during ultrasonic compacting of shaped litz wires 

The experiments are carried out with the ultrasonic litz 
wire welding machine TelsoSplice 3 from Telsonic AG. 
The TelsoSplice 3 works with a frequency of 20 kHz at 
a power of 3 kW. The node depth tK of the processing 
surface is 12 mm. 
The TelsoSplice 3 offers several welding modes for 
switching off the ultrasonic oscillations at the end of 
the process. During the experiments, the welding mode 
of energy welding is set, in which the process ends 
when a set welding energy ES is reached. Alternatively, 
this can also be controlled by the parameters of welding 
dimension SM or welding time. The welding pressure 
pS is responsible for ensuring the coupling of the ultra-
sonic oscillations into the shaped litz wire. The oscilla-
tion amplitude AS determines the intensity of the fric-

tion between the individual wires to be connected dur-
ing the compacting process. These three influencing 
factors must always be considered in conjunction with 
each other in order to enable successful compaction. 
The weld seam width bS was constantly set to the value 
2.9 mm for all experiments in order to not exceed the 
maximum permissible node width of 3.0 mm.  
The litz wires are manufactured in-house for experi-
mental purposes with the aid of specific equipment. 
The different litz wires are twisted in a Z-twist with a 
length of lay of 105 mm and pressed with a force of 
50 kN. The experimental litz wires are named accord-
ing to the principle nominal wire diameter dCu in mm / 
number of individual wires n / degree of insulation (e.g. 
0.8 mm / 10 individual wires / insulation grade 2). The 
degree of insulation is standardized according to 
DIN EN 60317-0-1. It specifies the range of the layer 
thickness of the insulation of a wire. Depending on the 
nominal wire diameter dCu, this standard specifies val-
ues for the minimum increase through the insulation as 
well as for the maximum allowed outer diameter of the 
wire for the three grades 1, 2 and 3. The thickness of 
the insulation increases with the grade number. Table 1 
shows that the larger the nominal copper wire diameter 
dCu of a individual wire, the smaller the proportion of 
the insulation layer for the same copper wire cross-sec-
tion ACu. [14] 

Tab. 1   Produced litz wire variations for experiments 

Litz wire 0.8/10/2 0.5/25/2 0.355/50/2 0.355/50/1 

dIso [mm] 0.881 0.563 0.407 0.383 

ACu [mm2] 5.027 4.909 4.949 4.949 

AIso [mm2] 1.069 1.315 1.556 0.811 

Figure 6 shows the different variations of shaped litz 
wires produced. 

 
Fig. 6   Shaped litz wires samples 

In order to optimize the parameters of the process and 
to reduce the experimental effort at the same time, the 
influencing variables welding energy ES, amplitude AS, 
welding pressure pS and nominal wire diameter dCu are 
investigated by means of a full factorial experimental 
design. For these experiments, shaped litz wires with 
insulation grade 2 are used first. Table 2 summarizes 
the factor levels of the test design. The factor levels +1 
and -1 define the upper and lower limits of the respec-
tive parameter. In order to ensure that the individual 
wires are contacted in all litz wire variations, the litz 
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wires are compacted with two process cycles in a row. 
From a theoretical point of view, there is the potential 
to influence the target variables node resistance RK and 
mass difference ∆m more positively with the use of two 
compacting processes than with one compacting pro-
cess alone. 

Tab. 2   Factor levels for insulation grade 2 

Factor -1 +1 
Welding energy ES [J] 2532 4468 

Amplitude AS [%] 75 85 
Welding pressure pS [bar] 2.5 3.5 

Nominal wire diameter dCu [mm] 0.355 0.8 

The investigation of the main and interaction effects of 
the full factorial experimental design shows that the 
process parameters nominal wire diameter dCu and 
welding pressure pS have a highly significant influence 
on the number of contacted wires nk. When looking at 
the main effect diagram in Figure 7, the strong causal 
relationship between an increasing welding pressure pS 
of up to 3.5 bar and the increasing number of contacted 
wires nk can be clearly seen. The influence of a larger 
nominal wire diameter dCu of 0.8 mm on the target 
number of contacted wires nk can be seen even more 
clearly. 

 
Fig. 7   Main effect diagram for number of contacted 
wires nk 

In combinations with a nominal wire diameter dCu of 
0.8 mm and a welding pressure pS of 3.5 bar, no indi-
vidual wires of the shaped litz wires break, resulting in 
100 % contacted wires nk. On the other hand, combina-
tions with a nominal wire diameter dCu of 0.355 mm do 
not allow complete contacting of all wires of the 
shaped litz wires. This is due to the facts that, on the 
one hand, the risk of breaking the individual wires in-
creases with a reduction of the nominal wire diameter 
dCu and, on the other hand, the frictional forces between 
the individual wires lead to a wire break with increas-
ing amplitude AS. Figure 8 shows the influence of the 
examined parameters on the number of broken wires 
nB. 

 
Fig. 8   Main effect diagram for number of broken 
wires nb 

The evaluation of the interaction effects shows that 
with the combination of a nominal wire diameter dCu of 
0.355 mm and an amplitude of 85 %, the number of 
broken wires nb is on average 6.3 %. In contrast, the 
experiments with a low amplitude AS of 75 % and a 
high welding energy ES of 4468 J as well as a high 
welding pressure pS of 3.5 bar with a nominal wire di-
ameter dCu of 0.355 mm lead to an average number of 
contacted wires nk of 98.7 %. This result shows that 
with a sufficiently high welding energy ES or welding 
time, even the friction intensity of a low amplitude AS 
removes sufficient insulation to bring nearly all wires 
with a nominal wire diameter dCu of 0.355 mm with in-
sulation grade 2 into contact without breaking wires. 
When evaluating the effects affecting the node re-
sistance RK for shaped litz wire variations with insula-
tion grade 2, only the effects for the nominal wire di-
ameter dCu of 0.8 mm can be statistically evaluated. 
Since, in experiments with factor step combinations 
with a nominal wire diameter dCu of 0.355 mm and a 
low welding pressure pS of 2.5 bar, the low welding 
pressure pS was not sufficient to remove or break up the 
insulation of the individual wires so that all individual 
wires are in contact and a current flow through the litz 
wire node can occur. The evaluation of the main effects 
of the experiments with a nominal wire diameter dCu of 
0.8 mm in Figure 9 shows a tendency to assume that 
factor level combinations with a high welding energy 
ES of 4468 J and/or a welding pressure pS of 3.5 bar 
result in a low node resistance RK. 

 
Fig. 9   Main effect diagram for node resistance RK 

With regard to the correlation between nominal wire 
diameter dCu and node resistance RK, it can be seen that 
with a larger wire diameter dCu of 0.8 mm, considerably 
smaller node resistances are achieved than with a 
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completely stripped individual wires. For this purpose, 
the insulation layer was removed from the individual 
wires using a chemical stripper. 
In addition, the quality of the compacted section is an-
alyzed by producing microsections of selected test 
samples in order to obtain conclusions on the removal 
of the insulation layer. 
The node width bK and height hK are also measured, 
since the shape and dimensional accuracy of the com-
pacted shaped litz wires is decisive for the subsequent 
process chain of stator production. 

3.2 Evaluation of the influencing factors 
and the achievable compacting quality 

Since there is only a limited amount of information 
available about the application case with regard to the 
settings of the process parameters, both the important 
machine dependent influencing factors as well as the 
litz wire dependent influencing factors are evaluated in 
preliminary tests. In this way, information on the rele-
vance of the influencing factors should be determined. 
Figure 5 shows the essential factors influencing the ul-
trasonic compacting of shaped litz wires. In addition, 
there are of course further influences such as environ-
mental conditions, which will not be considered in the 
context of this paper. 

 

Fig. 5   Machine and litz wire dependent influences 
during ultrasonic compacting of shaped litz wires 

The experiments are carried out with the ultrasonic litz 
wire welding machine TelsoSplice 3 from Telsonic AG. 
The TelsoSplice 3 works with a frequency of 20 kHz at 
a power of 3 kW. The node depth tK of the processing 
surface is 12 mm. 
The TelsoSplice 3 offers several welding modes for 
switching off the ultrasonic oscillations at the end of 
the process. During the experiments, the welding mode 
of energy welding is set, in which the process ends 
when a set welding energy ES is reached. Alternatively, 
this can also be controlled by the parameters of welding 
dimension SM or welding time. The welding pressure 
pS is responsible for ensuring the coupling of the ultra-
sonic oscillations into the shaped litz wire. The oscilla-
tion amplitude AS determines the intensity of the fric-

tion between the individual wires to be connected dur-
ing the compacting process. These three influencing 
factors must always be considered in conjunction with 
each other in order to enable successful compaction. 
The weld seam width bS was constantly set to the value 
2.9 mm for all experiments in order to not exceed the 
maximum permissible node width of 3.0 mm.  
The litz wires are manufactured in-house for experi-
mental purposes with the aid of specific equipment. 
The different litz wires are twisted in a Z-twist with a 
length of lay of 105 mm and pressed with a force of 
50 kN. The experimental litz wires are named accord-
ing to the principle nominal wire diameter dCu in mm / 
number of individual wires n / degree of insulation (e.g. 
0.8 mm / 10 individual wires / insulation grade 2). The 
degree of insulation is standardized according to 
DIN EN 60317-0-1. It specifies the range of the layer 
thickness of the insulation of a wire. Depending on the 
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ues for the minimum increase through the insulation as 
well as for the maximum allowed outer diameter of the 
wire for the three grades 1, 2 and 3. The thickness of 
the insulation increases with the grade number. Table 1 
shows that the larger the nominal copper wire diameter 
dCu of a individual wire, the smaller the proportion of 
the insulation layer for the same copper wire cross-sec-
tion ACu. [14] 
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dIso [mm] 0.881 0.563 0.407 0.383 
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Figure 6 shows the different variations of shaped litz 
wires produced. 
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In order to optimize the parameters of the process and 
to reduce the experimental effort at the same time, the 
influencing variables welding energy ES, amplitude AS, 
welding pressure pS and nominal wire diameter dCu are 
investigated by means of a full factorial experimental 
design. For these experiments, shaped litz wires with 
insulation grade 2 are used first. Table 2 summarizes 
the factor levels of the test design. The factor levels +1 
and -1 define the upper and lower limits of the respec-
tive parameter. In order to ensure that the individual 
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smaller wire diameter dCu of 0.355 mm. The test sam-
ples with a wire diameter dCu of 0.8 mm have measured 
node resistances of up to 44 µΩ, which is higher than 
the theoretical reference node resistance RK,Ref of 
2.45 µΩ. In comparison, with a wire diameter dCu of 
0.355 mm, the lowest node resistance is RK 972 µΩ. 
This result is also due to the higher insulation volume 
for the wire diameter dCu of 0.355 mm. For this pur-
pose, Figure 10 shows a comparison of microsections 
located at the center of the compacted area. 

 
Fig. 10   Comparison of microsections between litz 
wire variation 0.355/50/2 (left) and 0.8/10/2 (right) 

In order to determine the influence of the degree of in-
sulation on the target values number of contacted wires 
nk and the node resistance RK more precisely, a second 
experimental plan is carried out with the shaped litz 
wire variant 0.355/50/1. As Table 1 shows, the ultra-
sonic oscillations only have to pass through almost half 
as much insulation AIso as in the case of the shaped litz 
wire variant 0.355/50/2. The setting of the welding en-
ergy ES remains constantly at 5000 J for the series of 
experiments, so only the influence of the control pa-
rameters amplitude AS and welding pressure pS will be 
investigated at this point. 
Again, an increasing amplitude AS of up to 85 % results 
in the highest linear influence on the number of broken 
wires nB. As Figure 11 shows, the welding pressure pS 
hardly influences the number of broken wires nB. 

 
Fig. 11   Main and interaction effect diagram for 
number of broken wires nB at insulation grade 1 

To contact almost 100 % of the individual wires, a high 
welding pressure pS of 3.5 bar is also required. How-
ever, due to insulation grade 1, in contrast to insulation 

grade 2, 96 % of the wires can be contacted even with 
a welding pressure pS of 2.5 bar in combination with a 
low amplitude AS of 75 %, as shown in Figure 12. 

 
Fig. 12   Main and interaction effect diagram for 
number of contacted wires nk at insulation grade 1 

As a result, as shown in Figure 13, an increase in weld-
ing pressure pS of up to 3.5 bar results in the lowest 
average values for the target value of the node re-
sistance RK of 126 µΩ on average. 

 
Fig. 13   Main and interaction effect diagram for 
node resistance RK for insulation grade 1 

Compared to insulation grade 2, the node resistance RK 
for litz wires with a nominal wire diameter dCu of 
0.355 mm and insulation grade 1 can be reduced. In ad-
dition, Figure 14 shows that the small cavities between 
the individual wires and the resulting low node height 
hK in the shaped litz wire with insulation grade 1 (right 
microsection) indicate that the individual wires are 
much more compacted. However, for the subsequent 
process of laser welding of two shaped litz wires, the 
cavities must be minimized even further. Even small 
cavities bear the danger of a direct coupling of the laser 
beam into a cavity which leads to an enormous keyhole 
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effect. The sudden energy coupling can result in the de-
struction of the litz wire. 

 
Fig. 14   Comparison of microsections between litz 
wires 0.355/50/2 (left) and 0.355/50/1 (right)  

Furthermore, the evaluation of the target value mass 
difference ∆m shows that no influencing factor has an 
approximately significant influence on the target value 
in both experimental designs. Nevertheless, it can be 
concluded that an increase in any factor also increases 
the mass difference ∆m. However, the comparison be-
tween the mean values of the measured mass differ-
ences ∆m and the reference values of the theoretical 
mass difference ∆mRef shows that a high proportion of 
the insulation material still remains in the compaction. 

In order to completely remove the insulation residues, 
especially with smaller nominal wire diameters dCu, 
and to completely close the cavities in the compaction 
process without increasing the process parameters, fur-
ther initial tests are being carried out with SST litz 
wires (SST = Special Surface Treated). With these 
types of litz wires, the individual wires have no enamel 
insulation, so a higher fill factor is achieved by using 
additional copper wires. However, the complete litz 
wire is surrounded by a non-conductive tape, which is 
removed from the joining zone with cutting tools be-
fore compacting. The used SST litz wire has 62 indi-
vidual wires with a nominal wire diameter dCu of 
0.355 mm. The individual copper wires are covered 
with a thin insulating oxide layer. In addition to the nat-
ural oxide layer on the copper surface, this oxide layer 
is produced, among other processes, by a multiple heat 
treatment of the litz wires. In order to be able to suc-
cessfully compact this version using ultrasonic, a weld-
ing energy ES of 5000 J is used. The amplitude AS can 
be reduced to 65 %, most likely due to annealed and 
therefore softer wires. The welding pressure pS can also 
be lowered to 2.2 bar. These parameters enable the SST 
litz wires to be completely compacted with the existing 
ultrasonic welding system without the risk of cable 
breaks. An economic comparison of the SST litz wires 
with the litz wires analyzed in this paper cannot yet be 
considered due to the in-house production of the litz 
wires used. 

 

 

4 Conclusion and Outlook 

This paper shows the influencing factors for the ultra-
sonic compaction process of insulated litz wires for 
electric drives. To minimize the current displacement 
effects at higher frequencies, the basic aim is to reduce 
the nominal wire diameter of the shaped litz wires as 
much as possible. However, reducing the individual 
wire diameter of a litz wire increases the risk of break-
age if the parameter settings are set too high during the 
compaction process. On the other hand, if the parame-
ter settings are too low, not all individual wires will be 
contacted with each other. The aim of the experiments 
was therefore to identify the influence of the litz wire 
dependent parameters and machine dependent parame-
ters in order to validate optimal process parameters. 
The litz wires differed from each other in terms of the 
nominal wire diameter, the number of individual wires 
and the degree of insulation. The maximum cross-sec-
tion of the litz wire was 3.0 mm x 2.7 mm. The process 
investigation showed that combinations with a large 
nominal wire diameter and a high welding pressure 
contact all individual wires without breaking any indi-
vidual wires. In contrast, combinations with a smaller 
nominal wire diameter do not ensure a complete con-
tact of all wires of the shaped litz wires. This is due to 
the fact that the risk of breaking the individual wires 
increases as the nominal wire diameter decreases and 
the amplitude additionally increases. With regard to the 
relationship between the nominal wire diameter and the 
node resistance, it was found that with a larger nominal 
wire diameter, considerably lower node resistances 
could be achieved than with a smaller wire diameter 
due to the thinner insulation layer. Further investiga-
tions of litz wire variations with small nominal wire di-
ameter and insulation grade 1 showed that it is also pos-
sible to fully contact all individual wires without break-
ing any individual wires and thus realizing a low node 
resistance. However, microsections showed that the 
cavities between the individual wire could not be com-
pletely closed in any variant of the litz wires. For this 
reason, final tests were carried out with SST litz wires. 
The first results show that, due to the lack of an insu-
lating layer, the compaction results are much better. 
The achievable node resistances are in the range of 
13 µΩ. It can therefore be assumed that the oxide lay-
ers will be sufficiently broken up by the ultrasonic 
compaction to achieve an electrical contact between 
the individual wires. 
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as much insulation AIso as in the case of the shaped litz 
wire variant 0.355/50/2. The setting of the welding en-
ergy ES remains constantly at 5000 J for the series of 
experiments, so only the influence of the control pa-
rameters amplitude AS and welding pressure pS will be 
investigated at this point. 
Again, an increasing amplitude AS of up to 85 % results 
in the highest linear influence on the number of broken 
wires nB. As Figure 11 shows, the welding pressure pS 
hardly influences the number of broken wires nB. 

 
Fig. 11   Main and interaction effect diagram for 
number of broken wires nB at insulation grade 1 

To contact almost 100 % of the individual wires, a high 
welding pressure pS of 3.5 bar is also required. How-
ever, due to insulation grade 1, in contrast to insulation 

grade 2, 96 % of the wires can be contacted even with 
a welding pressure pS of 2.5 bar in combination with a 
low amplitude AS of 75 %, as shown in Figure 12. 

 
Fig. 12   Main and interaction effect diagram for 
number of contacted wires nk at insulation grade 1 

As a result, as shown in Figure 13, an increase in weld-
ing pressure pS of up to 3.5 bar results in the lowest 
average values for the target value of the node re-
sistance RK of 126 µΩ on average. 

 
Fig. 13   Main and interaction effect diagram for 
node resistance RK for insulation grade 1 

Compared to insulation grade 2, the node resistance RK 
for litz wires with a nominal wire diameter dCu of 
0.355 mm and insulation grade 1 can be reduced. In ad-
dition, Figure 14 shows that the small cavities between 
the individual wires and the resulting low node height 
hK in the shaped litz wire with insulation grade 1 (right 
microsection) indicate that the individual wires are 
much more compacted. However, for the subsequent 
process of laser welding of two shaped litz wires, the 
cavities must be minimized even further. Even small 
cavities bear the danger of a direct coupling of the laser 
beam into a cavity which leads to an enormous keyhole 
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mm 
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ES welding energy J 
hK  node height mm 
n number of individual wires  
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pS  welding pressure bar 
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SM  set welding dimension of 

the machine 
mm 
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tK  node depth mm 
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Abstract 

The main objective in the development of electric drives is the continuous effort to increase the performance. One 
possibility to achieve this is the use of shaped litz wires. However, shaped litz wires present major challenges 
regarding the contacting process. In the preparation of the contacting process, the individual conductors of the litz 
wires must be completely stripped without residues and brought into a defined geometry. This preliminary process 
step is also known as compacting. The compacting process is the basis for the subsequent contacting of the litz 
wires with each other or with contact elements. One process for contacting the litz wires is laser beam welding. In 
the context of this publication, the process chain consisting of ultrasonic compacting and laser beam welding is 
evaluated. The focus is put on the possible variations of the litz wire topologies, which differ in single wire diam-
eter, number of wires and degree of insulation. Depending on this, parameters for the two processes are elaborated. 
To evaluate the results, electrical and mechanical testing of the litz wire connections is carried out. In addition, 
different approaches for the qualification of the compaction quality, in particular the evaluation of insulation resi-
dues, are considered. 

1 Introduction 

Strict limits on carbon dioxide emissions implemented 
by the European Union as part of the environmental 
legislation, lead to a strong increase in the number of 
registrations of electrified vehicles. Thus the automo-
tive industry is faced with major challenges of improv-
ing these, both in technical and economic terms. The 
main focus is set on the electric drive train. In order to 
be competitive, manufacturers aim to improve the 
power density and efficiency of electric drives while 
reducing weight, the required installation space and 
costs at the same time [1]  
There has been a rapid progress in the development of 
electrified drives for years. Currently there is a major 
optimization potential, especially from the process 
point of view. Due to the increasing number of drives 
for electrified vehicles, the use of new manufacturing 
processes for larger quantities is suitable. The develop-
ment of novel winding processes and technologies is of 
particular importance. [2] 
Novel winding technologies with shaped litz wires en-
able the production of windings with functions that are 
specifically designed to meet the diverse technical and 
economic requirements of the electric drive. An essen-
tial point is the electrical conductivity of the winding, 
which determines the power density. To reduce losses 
like the skin and proximity effect, research is currently 
investigating the possible use of litz wires in stators for 
electric vehicle drives. Thereby the copper filling fac-
tor can be increased compared to conventional winding 
processes such as needle winding. Litz wires therefore 

have a great potential to improve the power density of 
the electric motor. [3] 
The main challenge when using litz wires is the auto-
mation of the entire production chain. This is particu-
larly important for contacting the ends of the conduc-
tors, as copper is a highly thermally conductive mate-
rial. On the other hand, the structure of the litz wire 
does not have good joining properties due to its con-
struction with single wires and cavities. For this reason, 
in this publication the procedure for identifying suita-
ble contacting parameters for litz wires for use in the 
electric drive will be described. 

2 Challenges of litz wire con-
tacting 

The welding of shaped litz wires requires specific char-
acteristics for the contacting. In contrast to flat wires, 
it is not sufficient to contact exclusively the contact 
zone between two conductors. The welding of litz 
wires requires additionally the detection of each single 
conductor within a litz wire during the welding process 
in order to achieve a complete contact. Another chal-
lenge that occurs when welding litz wires is the pres-
ence of cavities in the contact area. If a laser beam hits 
a cavity between two individual conductors within a 
litz wire, this influences the quality of the contact. In 
addition, the insulation of the individual wires and a 
possible taping of the litz wire influence the contacting 
process. Due to the challenges mentioned above, in this 
study the focus is set on litz wires, in which on the one 
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hand the interspaces between the cavities are mini-
mized and on the other hand the insulation of the indi-
vidual wires is removed. The previous process step of 
compacting is suitable for this. For compacting litz 
wires, the processes of resistance and ultrasonic com-
pacting are suitable. If a bandage exists, it can be re-
moved automatically by means of a laser beam. The 
stripped and compacted litz wire is the starting point 
for this investigation. [3, 7] 
 
2.1. Method for contacting litz wires 

The production of litz wire windings requires the use 
of innovative joining processes. The main objective of 
the joining process is to produce the optimal connec-
tion in regards to electrical conductivity and mechani-
cal resistance. There is a difference between a connec-
tion of each individual wire within a litz wire (“com-
pacting”) and a connection between two litz wires 
(“connecting”). 
Contacts can basically be made by crimping, soldering 
and welding processes. Crimping means that the two 
strands are mechanically pressed together by means of 
a connecting element. The most innovative crimping 
method is ultrasonic crimping, which supplements 
crimping with the principle of ultrasonic welding. The 
combination of these processes makes it possible to use 
the punch and die not only for joining through plastic 
deformation, but also for the implementation of ultra-
sonic waves. This reduces the mechanical stress on the 
electrical conductors significantly. [4] 
However, the crimp sleeve is an additional component 
that increases the winding head height on the one hand 
and the total weight of the winding on the other hand. 
For these reasons, only the soldering and the welding 
processes are considered in the following.  
 
2.1.1. Soldering process 

According to ISO 857-2, brazing is defined as a joining 
process that uses a molten solder whose liquidus tem-
perature is below the solidus temperature of the base 
material. The material of the solder is always different 
from the material of the workpiece. In the industrial ap-
plication, brazing processes such as flame brazing are 
mainly used to contact litz wires. In this process, the 
joining surfaces are heated up to the soldering temper-
ature of the solder. Then the flux is activated and the 
solder is applied to the soldering point until the two litz 
wires are sufficiently moistened. Finally, the flux resi-
dues are removed to prevent corrosion damage. [5] 
An alternative method is resistance soldering. Thereby, 
the joining section is heated up by current flow. This 
brazing process is used for small workpieces with short 
seams, however, in most cases special equipment is re-
quired. Compared to resistance welding, this process 
offers the advantage that the component is not heated 
up as much. [13] 

2.1.2. Welding methods 

Welding technologies are the most widespread joining 
methods in industrial applications. They are divided 
into press joining and fusion welding processes. [10] 
For welding litz wires resistance welding, ultrasonic 
welding and laser beam welding are suitable. [7] 
During the resistance welding, the two litz wires are 
melted in the contact zone and welded together. During 
this process heat conduction in the litz wires leads to a 
major heat loss. As resistance welding is a cost-effec-
tive process it is suitable for mass production. Com-
pared to the other two welding processes, however, 
heat conduction leads to an extremely high thermal 
load on the electrical conductors. In addition, the lim-
ited accessibility of litz wires mounted in the stator is a 
critical factor for resistance welding. [6, 7] 
Figure 1 shows the principle design of an ultrasonic 
welding system for contacting two litz wires. These are 
inserted in the device and then pressed against the spot-
ting plate by the movable sideshift with low force. The 
anvil then closes to prevent a movement of the strands 
during the welding process. The sonotrode transmits 
the contact pressure required for welding as well as the 
high-frequency oscillations by oscillating longitudi-
nally to the anvil. [11] 
 

 

Fig. 1 Design of an ultrasonic welding system ac-
cording to [11] 

Additionally, ultrasonic welding offers the possibility 
to connect wires directly to busbars or metal sheets. [5] 
 
The laser beam welding of litz wires requires a high 
energy input. Therefore, the process version laser beam 
deep welding is suitable, which has a very high power 
density. When the laser beam enters the conductor, a 
vapor capillary is formed. This causes the volume of 
the melt to rise sharply, since the laser beams are re-
flected many times. The vapor capillary is formed be-
cause the heat cannot be removed from the component 
quickly enough. [5] 
The process of laser beam welding depends on a large 
number of adjustment variables. These include the 
welding speed, the laser power, but also the selected 
welding geometry and the welding direction. 
 

FE
Anvil

Sonotrode

End plate

Sideshift
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2.2 Comparison of the contacting methods 

Crimping processes require an additional connecting 
element which influences the winding head height and 
the total weight of the winding. Soldering methods are 
only conditionally suitable for mass production and are 
also only slightly process stable. For this reason, only 
the welding methods for contacting the litz wires are 
considered in the following. In contrast to the other two 
welding methods, laser beam welding is contactless. 
This enables the copper strands to be contacted in areas 
that are difficult to access. As the distances between the 
pairs of conductors to be contacted in the stator are 
minimal, this is a significant advantage for that field of 
application. In addition, the high power density and the 
targeted heat input of the laser enable short process 
times and low thermal stress on the copper conductors. 
Laser beam welding is therefore ideally suitable for the 
given requirements of contacting litz wires mounted in 
a stator. [7] 
Table 1 shows the advantages and disadvantages of the 
presented contacting methods.  
 

Tab. 1 Comparison of contacting technologies [7] 

 

3 Influencing factors in laser 
beam welding of litz wires 

The influencing variables in laser beam welding are di-
vided into the controllable input variables and the dis-
turbance variables that cannot be controlled (directly). 
The combination of the input and disturbance variables 
results in the target variables. These are measurable, 
whereby quantitative measurement results are always 
preferable. Figure 2 shows a black box of laser beam 
welding, which summarizes the most important param-
eters of the mentioned categories.  
 
 

 
Fig. 2 Influences and target values of the laser 
welding process 

The influencing factors can be divided into four cate-
gories. On the one hand, the laser system influences the 
quality of the contacting. This variable can be regulated 
by the laser control. The most important interaction 
within the input variables is the relationship between 
the laser power and the welding speed. This means that 
a higher power and a lower speed leads to a higher en-
ergy input into the wire surface.  
The influence of the device for contacting the litz 
wires, the previous process steps in stator production 
and the structure of the wires themselves cannot be di-
rectly controlled. The task of the device is to prevent 
the offset (height and side). The upstream process step 
of cutting the wire influences the result of the welding 
due to the characteristic of the cut edge as well as the 
process step of compacting. Particularly relevant in this 
case is the compaction, i.e. the minimization of air 
spaces within the litz wire as well as the complete re-
moval of the insulation of the individual wires in the 
contacting zone. Contamination particles can also be 
negative influences on the contacting process. 
The two most important target values are a high me-
chanical strength of the welding joint and a low elec-
trical conductor resistance. These two factors mainly 
depend on the fact that all wires of the two litz wires 
are contacted with each other and that air inclusions in 
the weld bead are minimized. The degree of fulfilment 
of these parameters also increases with increasing 
welding depth. 
The measurement of the target variables can be done in 
different ways. The easiest measuring method is the op-
tical inspection, which analyses the displacements and 
tilting of the welding bead as well as the number of 
contacted single wires.  
The compaction can be determined with micrographs. 
Computer tomographic examinations allow the identi-
fication of pores and cavities in the weld bead. Insula-
tion residues can be determined by fluorescence meas-
urements. The most important measuring method is the 
electrical resistance measurement. Figure 3 shows the 
four-point measurement used in this parameter study 
schematically. 
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hand the interspaces between the cavities are mini-
mized and on the other hand the insulation of the indi-
vidual wires is removed. The previous process step of 
compacting is suitable for this. For compacting litz 
wires, the processes of resistance and ultrasonic com-
pacting are suitable. If a bandage exists, it can be re-
moved automatically by means of a laser beam. The 
stripped and compacted litz wire is the starting point 
for this investigation. [3, 7] 
 
2.1. Method for contacting litz wires 

The production of litz wire windings requires the use 
of innovative joining processes. The main objective of 
the joining process is to produce the optimal connec-
tion in regards to electrical conductivity and mechani-
cal resistance. There is a difference between a connec-
tion of each individual wire within a litz wire (“com-
pacting”) and a connection between two litz wires 
(“connecting”). 
Contacts can basically be made by crimping, soldering 
and welding processes. Crimping means that the two 
strands are mechanically pressed together by means of 
a connecting element. The most innovative crimping 
method is ultrasonic crimping, which supplements 
crimping with the principle of ultrasonic welding. The 
combination of these processes makes it possible to use 
the punch and die not only for joining through plastic 
deformation, but also for the implementation of ultra-
sonic waves. This reduces the mechanical stress on the 
electrical conductors significantly. [4] 
However, the crimp sleeve is an additional component 
that increases the winding head height on the one hand 
and the total weight of the winding on the other hand. 
For these reasons, only the soldering and the welding 
processes are considered in the following.  
 
2.1.1. Soldering process 

According to ISO 857-2, brazing is defined as a joining 
process that uses a molten solder whose liquidus tem-
perature is below the solidus temperature of the base 
material. The material of the solder is always different 
from the material of the workpiece. In the industrial ap-
plication, brazing processes such as flame brazing are 
mainly used to contact litz wires. In this process, the 
joining surfaces are heated up to the soldering temper-
ature of the solder. Then the flux is activated and the 
solder is applied to the soldering point until the two litz 
wires are sufficiently moistened. Finally, the flux resi-
dues are removed to prevent corrosion damage. [5] 
An alternative method is resistance soldering. Thereby, 
the joining section is heated up by current flow. This 
brazing process is used for small workpieces with short 
seams, however, in most cases special equipment is re-
quired. Compared to resistance welding, this process 
offers the advantage that the component is not heated 
up as much. [13] 

2.1.2. Welding methods 

Welding technologies are the most widespread joining 
methods in industrial applications. They are divided 
into press joining and fusion welding processes. [10] 
For welding litz wires resistance welding, ultrasonic 
welding and laser beam welding are suitable. [7] 
During the resistance welding, the two litz wires are 
melted in the contact zone and welded together. During 
this process heat conduction in the litz wires leads to a 
major heat loss. As resistance welding is a cost-effec-
tive process it is suitable for mass production. Com-
pared to the other two welding processes, however, 
heat conduction leads to an extremely high thermal 
load on the electrical conductors. In addition, the lim-
ited accessibility of litz wires mounted in the stator is a 
critical factor for resistance welding. [6, 7] 
Figure 1 shows the principle design of an ultrasonic 
welding system for contacting two litz wires. These are 
inserted in the device and then pressed against the spot-
ting plate by the movable sideshift with low force. The 
anvil then closes to prevent a movement of the strands 
during the welding process. The sonotrode transmits 
the contact pressure required for welding as well as the 
high-frequency oscillations by oscillating longitudi-
nally to the anvil. [11] 
 

 

Fig. 1 Design of an ultrasonic welding system ac-
cording to [11] 

Additionally, ultrasonic welding offers the possibility 
to connect wires directly to busbars or metal sheets. [5] 
 
The laser beam welding of litz wires requires a high 
energy input. Therefore, the process version laser beam 
deep welding is suitable, which has a very high power 
density. When the laser beam enters the conductor, a 
vapor capillary is formed. This causes the volume of 
the melt to rise sharply, since the laser beams are re-
flected many times. The vapor capillary is formed be-
cause the heat cannot be removed from the component 
quickly enough. [5] 
The process of laser beam welding depends on a large 
number of adjustment variables. These include the 
welding speed, the laser power, but also the selected 
welding geometry and the welding direction. 
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Fig. 3 Four-point measurement to check the elec-
trical resistance 

The four-point measurement determines the electrical 
resistance via the welding bead by applying a current 
of 105 mA via the current conductors. At the same time 
the applied voltage is tapped. The two green arrows 
represent the used Kelvin pen. This consists of two in-
dependent contact zones. Via the outer contact ring the 
litz wires are energized, via the inner one the voltage 
difference can be determined. 
Important boundary conditions are that the contact pins 
are in full contact with the stripped and compacted sur-
face and also that the two litz wires are insulated 
against each other. For this purpose, an insulating paper 
is used in this test setup, which is also used in the stator 
as groove base insulation paper. This is necessary be-
cause otherwise the current cannot only flow through 
the welding bead but also through the compaction. 

4 Laser beam welding of litz 
wires  

Before determining suitable parameters for the laser 
beam welding process, various basic conditions must 
be defined. On the one hand, preliminary process steps 
in stator production, such as compacting, influence the 
quality of the contacting. On the other hand, it is nec-
essary to define the most important parameters for the 
laser beam welding process and their interactions. 
Furthermore, the structure of the shaped litz wires dif-
fers.  
 
4.1. Process steps with influence on la-

ser beam welding 

Three preliminary process steps have a decisive influ-
ence on the quality of the connection during laser beam 
welding of litz wires. The first of these three process 
steps is the straightening and cutting process, whereby 

the aim is to achieve a cut edge that is as flat as possi-
ble. An uneven or irregular cut edge will cause the 
welding bead to tilt during the laser beam welding pro-
cess. In addition, the tape surrounding the litz wire 
should be removed as completely as possible before 
contacting, because the laser beam would burn the strip 
and thereby affect the welding process. The third and 
most important preliminary process step is the ultra-
sonic compacting process. This process is a modifica-
tion of the ultrasonic welding described in chapter 
2.1.2. However, compacting is not designed to join two 
litz wires. The process serves exclusively to compact 
the individual wires within the litz wire. In this case, a 
higher degree of compaction within the litz wire pro-
vides better preconditions for the laser beam welding. 
The upper limit for compacting are broken wires. Fur-
thermore, in this process step the insulation of the indi-
vidual wires is removed by friction within the litz wire. 
The lower the amount of residual insulation on the in-
dividual wires after the compacting process, the lower 
the probability of pore formation in the welding bead. 
[7, 8] 
After the laser beam welding process, the quality of the 
contacts must be tested mechanically and electrically. 
Figure 4 summarizes the process steps that influence 
the laser beam welding. 
 

 
Fig. 4 Process steps with influence on the contact-
ing [8] 

 

4.2. Parameters of the laser welding 
system 

The two most decisive parameters for the laser beam 
welding process are the laser power and the welding 
speed, resulting in the line energy. Figure 5 shows that 
the weld depth increases with increasing power and de-
creasing welding speed. In addition, the process range 
increases as well. If the power is selected too high, 
pores and weld spatter occur. [7] 
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Fig. 5 Welding depth depending on laser power 
and welding speed according to [12] 

 
Another parameter of the laser is the welding geometry. 
Basically, three different geometries are possible, 
which are summarized in Figure 6. 

 

Fig. 6 Illustration of different welding geometries 

The first geometry uses three horizontal lines, whereby 
both the number and the direction of the movement of 
the welding lines are basically adjustable. In addition, 
the welding can be done by means of spiral or zigzag 
movement. In this case, the smaller the distance be-
tween two lines and the higher the frequency, the lower 
the geometry speed. The general aim is to achieve the 
shortest possible process time, which enables a reliable 
welding result. 
 
4.3. Defining the litz wires for the ex-

periments 

The stator slot defines the outer dimensions of the litz 
wires. However, the number of individual wires within 
a litz wire as well as their insulation and the choice of 
taping of the litz wire is adjustable. For this series of 
experiments, the variations of litz wires, as shown in 
Table 2, are tested. [9] 
 
 
 
 

Tab. 2  Tested variations of litz wires [9] 

Factor Litz wire 
1 

Litz wire 
2 

Litz wire 
3 

Coating 
enamel 

(grade 0) SST SST 

Number of 
single wires 

55 62 65 

Single wire 
diameter 0.355 mm 0.355 mm 0.355 mm 

Copper filling 
factor low medium high 

 
The SST (Special Surface Treated) variation differs 
from insulation by its lower thickness, consisting of an 
oxide layer, but also offers less resistance to electrical 
voltages. The number of individual wires should be 
chosen as high as possible, as this improves the electri-
cal properties of the litz wire. 

5 Methodical approach for the 
identification of optimized 
process parameters 

The next series of experiments serves to define the 
range of possible parameters in terms of process win-
dows and to determine the relationships between the 
factors. The overall objective is to determine reproduc-
ible welding parameters for laser beam welding of litz 
wires in the stator of electric drives. This requires a fo-
cus on the parameters that have a significant influence 
on contacting and that lead to constant results. These 
primarily include the laser power and welding speed as 
well as the interactions between these factors. The 
more significant a factor is, the earlier it is taken into 
account. 
The experiments are carried out using a kind of funnel 
model, whereby each experimental loop aims to nar-
row down the optimal parameters in more detail. The 
result is therefore not only the basis for the qualifica-
tion, it also indicates a value range that allows a reliable 
production of the contacts. The following figure 7 il-
lustrates the systematic approach. 
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Fig. 3 Four-point measurement to check the elec-
trical resistance 

The four-point measurement determines the electrical 
resistance via the welding bead by applying a current 
of 105 mA via the current conductors. At the same time 
the applied voltage is tapped. The two green arrows 
represent the used Kelvin pen. This consists of two in-
dependent contact zones. Via the outer contact ring the 
litz wires are energized, via the inner one the voltage 
difference can be determined. 
Important boundary conditions are that the contact pins 
are in full contact with the stripped and compacted sur-
face and also that the two litz wires are insulated 
against each other. For this purpose, an insulating paper 
is used in this test setup, which is also used in the stator 
as groove base insulation paper. This is necessary be-
cause otherwise the current cannot only flow through 
the welding bead but also through the compaction. 

4 Laser beam welding of litz 
wires  

Before determining suitable parameters for the laser 
beam welding process, various basic conditions must 
be defined. On the one hand, preliminary process steps 
in stator production, such as compacting, influence the 
quality of the contacting. On the other hand, it is nec-
essary to define the most important parameters for the 
laser beam welding process and their interactions. 
Furthermore, the structure of the shaped litz wires dif-
fers.  
 
4.1. Process steps with influence on la-

ser beam welding 

Three preliminary process steps have a decisive influ-
ence on the quality of the connection during laser beam 
welding of litz wires. The first of these three process 
steps is the straightening and cutting process, whereby 

the aim is to achieve a cut edge that is as flat as possi-
ble. An uneven or irregular cut edge will cause the 
welding bead to tilt during the laser beam welding pro-
cess. In addition, the tape surrounding the litz wire 
should be removed as completely as possible before 
contacting, because the laser beam would burn the strip 
and thereby affect the welding process. The third and 
most important preliminary process step is the ultra-
sonic compacting process. This process is a modifica-
tion of the ultrasonic welding described in chapter 
2.1.2. However, compacting is not designed to join two 
litz wires. The process serves exclusively to compact 
the individual wires within the litz wire. In this case, a 
higher degree of compaction within the litz wire pro-
vides better preconditions for the laser beam welding. 
The upper limit for compacting are broken wires. Fur-
thermore, in this process step the insulation of the indi-
vidual wires is removed by friction within the litz wire. 
The lower the amount of residual insulation on the in-
dividual wires after the compacting process, the lower 
the probability of pore formation in the welding bead. 
[7, 8] 
After the laser beam welding process, the quality of the 
contacts must be tested mechanically and electrically. 
Figure 4 summarizes the process steps that influence 
the laser beam welding. 
 

 
Fig. 4 Process steps with influence on the contact-
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4.2. Parameters of the laser welding 
system 

The two most decisive parameters for the laser beam 
welding process are the laser power and the welding 
speed, resulting in the line energy. Figure 5 shows that 
the weld depth increases with increasing power and de-
creasing welding speed. In addition, the process range 
increases as well. If the power is selected too high, 
pores and weld spatter occur. [7] 
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Fig. 7 Systematic approach of the experiments  

Before carrying out the experiments, the influencing 
factors are divided into variable and fixed parameters. 
For the fixed parameters, the optimal settings are iden-
tified during the experiments, while for the variable pa-
rameters the extreme values are defined at first. This 
means that for variable parameters, process windows 
instead of values are identified. These extreme values 
form the process limits for contacting the litz wires. 
The selection of values within the process window is 
then carried out using quantitative or qualitative evalu-
ation methods. 
The target of the first test loop is to determine possible 
process windows for the laser power and welding 
speed. For this purpose, all other factors are fixed. For 
the experiments, a litz wire type 3 with 65 individual 
wires and SST coating and a welding geometry with 
three lines has been selected. Figure 8 shows the four 
determined process windows. The process windows 
become wider with increasing laser power and welding 
speed. In addition, only the top two process windows 
determined provide very good results. Due to the large 
number of experiments, the basis for the evaluation of 
the first test loop is the optical test, in which the posi-
tion of the weld bead and a complete and mechanically 
stable connection are tested. 
 

 

Fig. 8 Process windows related to laser power and 
welding speed 

The second test loop serves to evaluate the determined 
process windows and to confirm the assumption that 
the upper two process windows are better suitable for 
contacting litz wires. For this purpose, samples with a 
repetition number of n=5 are produced from the centre 
of each process window and compared by means of 
four-point resistance measurement and visual inspec-
tion. Target values are a low electrical resistance and a 
welding bead that is neither tilted nor displaced and en-
closes all wires of the two welded litz wires. The re-
sistance measurement is carried out three times in each 
case and then the average value is calculated to reduce 
the influence of measurement errors. Table 3 summa-
rizes the results of the resistance measurement. As pre-
viously, process windows 3 and 4 show the best results, 
which confirms the visual inspection. It should be con-
sidered that these are preliminary tests. There might 
still be insulation residues on the individual wires in 
the litz wire. Eliminating these is subject to further re-
search. 
 
Tab. 3 Electrical resistance of the samples of each 
process window 

Process window 1 2 3 4 
Result 1 (µΩ) 65.4 44.9 51.8 58.7 
Result 2 (µΩ) 62.3 92.7 81.5 71.6 
Result 3 (µΩ) 74.1 74.5 52.4 55.5 
Average (µΩ) 67.3 70.7 61.9 61.9 
Std. deviation (µΩ) 6.1 24.1 17 8.5 

 
In the third experimental loop, the influence of the 
wobble geometry is investigated. For this purpose, 
samples with the three different welding geometries 
presented in section 4.2 are prepared and compared 
with each other. The evaluation is again carried out by 
visual inspections and resistance measurements. The 
required cycle time is also important for the welding 
geometry. This is to be chosen minimally, therefore the 
welding speeds of the selected geometries are also 
compared. On the basis of the optical inspection and 
the resistance measurements, only the geometry of sev-
eral lines is considered in the following.  
In the last test loop, the selected welding geometry 
must be optimized. According to the third test loop, the 
geometry “several lines” is the most suitable geometry 
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for the selected litz wire type and the process windows 
investigated. Optimization potentials of this geometry 
are the number of welding lines, the position of the 
welding lines as well as the distance of the welding 
lines to each other. Figure 9 shows three possible ar-
rangements for the welding lines. For the number of 
welding lines, again, the target value - minimum cycle 
time - applies. Consequently, the lowest possible num-
ber of welding lines must be selected, with which the 
contacting of the litz wires is possible. For the litz wire 
type the geometry of three lines is preferred. 
  

Fig. 9 Possible variants for the welding geometry 
“several lines” 

The result of the previous series of measurements is the 
optimum setting of the laser welding system for the 
contacting of stranded wires. At the same time, the re-
sult is the basis for a statistical test plan in which dif-
ferent strand types can be compared with each other 
using the determined settings. On the other hand, it also 
provides the basis for the necessary qualification of the 
contacting. This must have a very high level of process 
stability. In addition, the statistical design of experi-
ments enables the identification of interaction effects 
between the variable setting parameters. 

6 Results of the tests 

The four test loops show that good contacts can be pro-
duced with different welding geometries as well as 
with different parameter combinations of laser power 
and welding speed. When conducting the experiments, 
it is important to focus on the target variables. The four 
target parameters considered in this test series are low 
electrical resistance, complete contacting of all wires 
with a well-positioned weld bead, minimization of 
pores and blowholes and a minimum process time.  
The result of the test series is the optimum setting for 
an application. The tested litz wire type has the best 
manufacturing properties with the welding parameters 
in table 4. 
 

Tab. 4 Optimum parameter settings for litz wire 3 

Factor Value 
Laser power 3500 W 
Welding speed 100 mm/s 
Welding geometry Three lines 
Feed direction Horizontal 
Number of passes 1 
Start / End ramp None 

The interpretation of this result implies that the adjust-
ment variables used to achieve the above mentioned 
target variables are partly contradictory. A higher laser 
power leads to a lower electrical resistance due to the 
resulting increase in welding depth, but at the same 
time the risk of pore formation increases. This connec-
tion was already illustrated in Figure 5. For this reason, 
the interactions between the settings and the target var-
iables must be investigated more closely by means of 
statistical design of experiments. 
In contrast to the test series carried out, the statistical 
design of experiments does not aim to develop optimal 
parameters. It enables the identification of the interac-
tions between the setting variables and their influence 
on the target variables. Furthermore, it serves as proof 
of the process stability. This is another target, which is 
of particular importance. In addition, a regression 
equation can be calculated with the help of a statistical 
experimental design, which allows the change of indi-
vidual parameters and their effect on the target varia-
bles to be determined statistically. However, the proof 
of interaction effects as well as of process stability re-
quires the use of highly accurate measuring instru-
ments, because the informative value of the statistical 
experimental design depends on the standard deviation 
of the measurement results. Within the framework of 
this test series, it is not possible so far to achieve a suf-
ficiently low standard deviation.  

7 Summary and outlook 

The laser beam welding of litz wires is subject to a va-
riety of requirements. Therefore, it is important to de-
fine all influencing and target parameters before carry-
ing out the experiments. The most important influenc-
ing variables are the laser power, the welding speed and 
the welding geometry. The main target parameters are 
low electrical resistance, low pore formation in the 
welding bead, the position of the welding bead and the 
mechanical stability of the welded joint. A specific test 
series can then be carried out according to these sizes 
and the specified boundary conditions of the laser 
welding system as well as the material and manufac-
turing properties of the selected litz wires. The objec-
tive is to determine the optimum parameter sets for la-
ser beam welding. In order to reduce the experimental 
effort, only the main influencing variables should be 
designed in a variable way and should be restricted 
more and more by means of a funnel-shaped structure. 
The qualification of the parameter study requires the 
use of statistical design of experiments because only in 
this way the interaction effects of the influencing vari-
ables on the target variables can be identified. How-
ever, the continuous limitation of the variable parame-
ters to the optimum settings is not generally valid, but 
applies exclusively to the tested litz wire type and its 
material properties and dimensions. Other material and 
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Before carrying out the experiments, the influencing 
factors are divided into variable and fixed parameters. 
For the fixed parameters, the optimal settings are iden-
tified during the experiments, while for the variable pa-
rameters the extreme values are defined at first. This 
means that for variable parameters, process windows 
instead of values are identified. These extreme values 
form the process limits for contacting the litz wires. 
The selection of values within the process window is 
then carried out using quantitative or qualitative evalu-
ation methods. 
The target of the first test loop is to determine possible 
process windows for the laser power and welding 
speed. For this purpose, all other factors are fixed. For 
the experiments, a litz wire type 3 with 65 individual 
wires and SST coating and a welding geometry with 
three lines has been selected. Figure 8 shows the four 
determined process windows. The process windows 
become wider with increasing laser power and welding 
speed. In addition, only the top two process windows 
determined provide very good results. Due to the large 
number of experiments, the basis for the evaluation of 
the first test loop is the optical test, in which the posi-
tion of the weld bead and a complete and mechanically 
stable connection are tested. 
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The second test loop serves to evaluate the determined 
process windows and to confirm the assumption that 
the upper two process windows are better suitable for 
contacting litz wires. For this purpose, samples with a 
repetition number of n=5 are produced from the centre 
of each process window and compared by means of 
four-point resistance measurement and visual inspec-
tion. Target values are a low electrical resistance and a 
welding bead that is neither tilted nor displaced and en-
closes all wires of the two welded litz wires. The re-
sistance measurement is carried out three times in each 
case and then the average value is calculated to reduce 
the influence of measurement errors. Table 3 summa-
rizes the results of the resistance measurement. As pre-
viously, process windows 3 and 4 show the best results, 
which confirms the visual inspection. It should be con-
sidered that these are preliminary tests. There might 
still be insulation residues on the individual wires in 
the litz wire. Eliminating these is subject to further re-
search. 
 
Tab. 3 Electrical resistance of the samples of each 
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In the third experimental loop, the influence of the 
wobble geometry is investigated. For this purpose, 
samples with the three different welding geometries 
presented in section 4.2 are prepared and compared 
with each other. The evaluation is again carried out by 
visual inspections and resistance measurements. The 
required cycle time is also important for the welding 
geometry. This is to be chosen minimally, therefore the 
welding speeds of the selected geometries are also 
compared. On the basis of the optical inspection and 
the resistance measurements, only the geometry of sev-
eral lines is considered in the following.  
In the last test loop, the selected welding geometry 
must be optimized. According to the third test loop, the 
geometry “several lines” is the most suitable geometry 
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coating combinations require different parameter com-
binations of laser power and welding speed. For other 
conductor cross-sections, alternative welding geome-
tries and other distances and directions of movement 
are required. The relationships between the most suita-
ble number of welding lines, their vertical distance 
from one another and their direction of movement in 
relation to the selected conductor cross-section must be 
determined in further investigations. The same applies 
to the selection of the conductor material, the coating 
and the diameters of the individual wires. The qualifi-
cation of the parameters, i.e. the proof of process sta-
bility, requires on the one hand the use of statistical de-
sign of experiments and on the other hand the use of 
high-precision measuring instruments which are de-
signed for the specific requirements of copper litz 
wires. In particular, resistance measuring instruments 
with measuring accuracies in the nano-ohm range and 
measuring devices that enable precise resistance meas-
urement of the compacting zone, the contacting area 
and the conductor resistance are essential for proving 
process reliability and must therefore be developed. 
The same applies to the detection of insulation resi-
dues. Due to the litz topology, the experimental setup 
and the methodics of the fluorescence measurement, as 
it is used for flat wires, cannot be adopted, thus further 
research on this topic is required.  
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Investigations on Different Joining Techniques Regarding Cur-
rent-carrying Joints with Normal Conducting Material and 

YBCO Coated Conductors at low temperatures 
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Abstract 

Due to the further development of metal coated, thin film high temperature superconductors (HTS) which operate 
at the temperature of boiling liquid nitrogen (LN2, -195,8 °C) a wide field of application arises. To apply HTS in 
electrical devices, stable current-carrying joints between normal- and superconducting materials as well as joints 
between HTS are needed. To develop and evaluate these current-carrying joints it is necessary to measure and 
investigate the electrical and mechanical behaviour of the conductors themselves and their joints at the temperature 
of LN2. 
This paper presents different joining techniques to establish current-carrying joints for low temperature applica-
tions. In a low temperature test rig, the joint resistance RV was measured at initial state and in current increasing 
tests the power losses PV were evaluated. Besides the electrical characterization, tensile tests were performed, to 
verify the mechanical strength of the joints. Based on the real geometric requirements of an inductive supercon-
ducting fault current limiter (iSFCL), the characterization of the HTS conductor was analysed in a parallel circuit, 
too. In addition, the iSFCL was modelled in a simulation environment with the „Electromagnetic Transients Pro-
gram“ EMTP-ATP and loaded with real network parameters. Based on these results, the measuring results were 
assessed. 
 

 

1 Introduction 

The long-term behaviour and aging of electrical joints 
at high temperatures (above 80 °C) was investigated in 
many experiments. As electrical devices, applying su-
perconductors are becoming more important, electrical 
joints, stable to operate in LN2 have to be established 
and investigated related to their electrical and mechan-
ical behaviour at an operating temperature of boiling 
LN2. An outstanding material property of HTS is their 
quasi zero resistance below a critical temperature of 
about ϑc ≈ -185 °C. When loaded with DC the re-
sistance and respectively the power losses are zero, 
loaded with AC it comes to so called AC - power 
losses. These losses had to be quantified for the follow-
ing 12 mm wide YBCO coated conductors, which are 
schematically shown in Figure 1, and joints of these 
materials: 

• HTSL Var1: AMSC 

(50 µm substrate, 50 µm copper and 3 µm sil-
ver coating) 

• HTSL Var2: Super Power SCS12100-CF 

(100 µm substrate, 2 µm silver over layer and 
40 µm copper stabilizer) 

• HTSL Var3: Super Power SF12100 

(100 µm of substrate and 2 µm of silver over 
layer) 

Fig. 1. Schematic view of a YBCO coated conductor 

[1] 

For establishing a proper electrical joint with these 
three different types of YBCO coated conductors the 
surfaces of the copper coated conductors were cleaned 
with ethanol and treated with a non-woven web. Thus, 
oxide layers were removed, the pollution layer re-
sistance RF lowered and the roughness was increased. 
The silver coated surfaces were only cleaned with eth-
anol and a fine non-woven web to not destroy the thin 
silver layers. As the European Union is working at pre-
sent on different guidelines like RoHS (Restriction of 
Hazardous Substances) [2] to ban cadmium and lead 
for industrial application, this study has focused on al-
ternative joining techniques to the currently applied 
Pb- and Cd-solders. Therefore, techniques as clamping, 

coating combinations require different parameter com-
binations of laser power and welding speed. For other 
conductor cross-sections, alternative welding geome-
tries and other distances and directions of movement 
are required. The relationships between the most suita-
ble number of welding lines, their vertical distance 
from one another and their direction of movement in 
relation to the selected conductor cross-section must be 
determined in further investigations. The same applies 
to the selection of the conductor material, the coating 
and the diameters of the individual wires. The qualifi-
cation of the parameters, i.e. the proof of process sta-
bility, requires on the one hand the use of statistical de-
sign of experiments and on the other hand the use of 
high-precision measuring instruments which are de-
signed for the specific requirements of copper litz 
wires. In particular, resistance measuring instruments 
with measuring accuracies in the nano-ohm range and 
measuring devices that enable precise resistance meas-
urement of the compacting zone, the contacting area 
and the conductor resistance are essential for proving 
process reliability and must therefore be developed. 
The same applies to the detection of insulation resi-
dues. Due to the litz topology, the experimental setup 
and the methodics of the fluorescence measurement, as 
it is used for flat wires, cannot be adopted, thus further 
research on this topic is required.  
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adhesive bonding and soldering with reactive nanome-

ter multilayers (RMS) with stacks of Al/Ni were exam-

ined.  

The clamp consists of two copper blocks whose sides, 

facing the conductors, were covered with an insulating 

foil to prevent electrical contact between the block and 

the conductors. As the conductor dimensions are very 

small, care has to be taken not to compress the material 

too much. The optimum torque was found with 

M = 12,5 Nm.  

Regarding adhesive bonding, a two-component non-

conductive room temperature curing adhesive was 

used for these tests. As most electrically conducting ad-

hesives which include silver components tend to em-

brittle at such low temperatures, this new investigated 

adhesive showed very good properties at low tempera-

tures. A mating force of F = 3.5 kN was found as the 

best comprise between joint resistance RV, tensile force 

FZ and conductor stress while adhesive bonding.  

When using reactive nanometer multilayers (RMS) for 

soldering, the thermal energy is provided by activating 

the atomic diffusion in a reactive nanometer multilayer 

system (Al-Ni). This results in a very short-term and 

localized heat input which can be used to melt the sol-

der applied to both sides of the reactive multilayer. The 

technique enables joining with minimal thermal stress 

for the components. For the tests, RMS films with an 

80 µm Al-Ni RMS stack with Sn solder were used. For 

RMS soldering there is a significant relationship be-

tween the mating force F, the joint resistance RV and 

the tensile force FZ. The best results were achieved 

with a mating force of F = 3.5 kN. 

The detailed joining processes of these three tech-

niques are already reported in [3]. 

The electrical joint resistivity RV will be reflected at 

state of the art joining techniques of YBCO coated con-

ductors [4], [5], [6], [7] which reach joint resistance 

values even below RV < 100 nΩ cm2 [6]. In addition, 

the industrial application in an inductive superconduct-

ing fault current limiter (iSFCL) will be evaluated. 

2 Electrical Characterisation 

2.1 Measurement principle 

First, the material resistance RL,45 of the YBCO coated 

conductors is measured at a distance of 45 mm. A 

4 - point measurement method is used with potential 

tappings. The material resistance RL,15 is calculated at 

a distance of 15 mm: 

RL,15 = 1/3 RL,45 (1) 

Then, the YBCO coated conductors as well as the joints 

between normal and superconducting material are 

jointed with an overlapping length of 15 mm with the 

face-to-face method (Figure 2). Again, the resistance 

RV,45 is measured at 45 mm. 

Fig. 2. Measurement principle at jointed conductors 

The joint resistance RV is calculated from the measured 

values: 

RV = RV,45 – (RL1,15 + RL2,15) (2) 

As most applications in the energy supply sector work 

with AC loads, all measurements have been performed 

at AC currents of IAC = 100 A. 

2.2 Test results 

From each variant of joining technique, 6 samples have 

been built and measured in an AC application, as this 

is the operating condition of networks. These results 

are compared in Figure 3 for the YBCO coated con-

ductor joints and are reflected concerning non-jointed 

continuous HTS conductors, too. 

All samples have been measured 4 times. The shown 

values in Figure 3 represent the mean values from these 

measurement series. A deviation of the resistance val-

ues of maximal 2% was recorded during the tests. 

Fig. 3. AC joint resistances RV of YBCO coated con-

ductors compared to the resistance R of non-jointed 

HTS conductors 

The most obvious observation is, that all joining tech-

niques are resulting in a higher joint resistance RV com-

pared to the non-jointed continuous HTS conductors. 

This behaviour is different compared to normal con-

ductors, like copper conductors. A joint within a super-

conducting material is therefore degrading the re-

sistance behaviour.  

Nevertheless, best joining results were received with 

the RMS soldered joint variants due to the establishing 

substance-to-substance bond between the two joining 
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15 mm 15 mm15 mm
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partners. The complete joining surface is bonded to-

gether in this case and available for the current flow. 

The highest resistance values were measured with the 

clamped joining method. As the YBCO coated conduc-

tors show a high rigidity, the surface pressure during 

joining and thereby the formation of micro-contacts is 

reduced. To receive low resistance values with clamp-

ing technology, a lot of micro-contacts are essential to 

provide a proper current flow in the joining area. With 

adhesive bonded joints, care has to be taken, not to 

compress the YBCO coated conductors too much. The 

formation of micro-contacts for the proper current flow 

is the difference of clamping and adhesive bonding 

compared to the RMS soldering technique [8], [9], 

[10]. 

RMS soldering was only possible with the HTS Var.1 

from AMSC. With HTS Var.2 and Var.3 from Super-

Power, it came after the soldering process to dissolu-

tion of the over- and stabilization layers. 

Compared to state of the art joining techniques, joint 
resistance values even below RV < 100 nΩ cm2 could 
be reached [6]. Even if the presented joint resistance 
values RV were measured in the range of few µohms, it 
has to be highlighted that these results were received 
with AC current load, where already a certain resistiv-
ity of the YBCO coated conductor itself could be meas-
ured as shown in the “continuous” bar of Figure 3. 

In the detailed view of Figure 4, the bypass circuit of 
a superconducting fault current limiter (iSFCL) is 
shown [11]. To realise this bypass circuit, the YBCO 
coated conductors have to be joined to normal conduc-
tors for current commutation in case of a short-circuit 
or failure event. 

Fig. 4. Detailed view of a superconducting fault cur-
rent limiter (iSFCL) 

Based on this application, a low temperature test rig in-
cluding a bypass circuit (Figure 5) was developed, to 
demonstrate the commutation behaviour from super-
conducting to normal conducting material in case of a 
failure. The YBCO coated conductors are joined to 
copper conductors and silver coated copper conductors 
with respect to their surface material. The established 
material combinations are indicated in Figure 6. 
 

 

 

Fig. 5. Schematic illustration of the bypass test cir-
cuit 

Figure 6 shows the joint resistances RV,SL-NL for the dif-
ferent joining techniques for the combined joints. Alt-
hough the real network conditions are AC applications, 
the later on explained current rise test in the presented 
investigation is performed as a DC current test. There-
fore, the joint resistance values RV,SL-NL were measured 
already with both, DC and AC current. 

Fig. 6. Comparison of joint resistances RV,SL-NL of 
RMS soldered, clamped and adhesive bonded conduc-
tors 

Best results are reached with the RMS soldering in a 
DC application, which results in RV,SL-NL = 0,26 µΩ. 
Installing superconducting devices in the network, AC 
applications have to been taken into account. There-
fore, good results were reached with the adhesive 
bonding RV,SL-NL = 1,78 µΩ as well as with the RMS 
soldering technique RV,SL-NL = 1,84 µΩ.  
The reason for low resistance values with RMS solder-
ing is related to the connection between the two joining 
partners. RMS soldering leads to a metallic continu-
ously joint whereas adhesive bonding leads to form or 
force closure of the joining partners. 
The difference between RMS soldering of HTS-Cu and 
HTS-Ag/Cu is due to differences in contacting the nor-
mal conductors’ surface. After the soldering process, it 
came to dissolution of the silver layer, which results in 
a higher resistance RV,SL-NL. 

Installing a clamped HTS Var.3-Cu joint in the main 
current path of the bypass circuit, like shown in Fig-
ure 5, [3], and performing a current rise test (Figure 7), 
the bypass circuit worked as investigated in [12].  
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This test was performed with DC current to avoid the 

electromagnetic influence of time varying currents on 

the accuracy of the voltage measurement. Initially, the 

current I is flowing in the superconductor (green line) 

with a current ratio of IH/I ≈ 0,8. When the critical cur-

rent Ic is reached, the superconductor quenches and the 

current IH is immediately commutated according the 

resistance ratio to the normal conducting copper bypass 

(blue line). This commutation process took place 

within Δt = 50 ms. When raising the current I further, 

only the bypass current IB is increasing. So, in case of 

a failure current, the superconductor is protected by the 

bypass circuit. The normal conducting bypass is essen-

tial to not destroy the superconductor due to thermal 

overheating. After lowering the current I, after 

t = 125 s, the superconductor recovers automatically 

and finally takes again over the current IH at I = 164 A 

which led again to the initial current ratio of IH/I ≈ 0,8 

in the bypass circuit.  

Fig. 7. Behaviour of a clamped superconducting joint 

in parallel to a normal conducting copper bypass 

Regarding an application in an iSFCL, this behaviour 

means, that the current in a network is not completely 

interrupted but limited to the resistive value of the ap-

plied YBCO coated conductors. This reduced value can 

than be interrupted by a circuit-breaker. 

3 Mechanical Characterisation 

Short-circuits, which may occur in electrical networks, 

cause also mechanical stress to the installed compo-

nents. Therefore, the investigated joining techniques 

were tested regarding their mechanical strength, too. 

3.1 Test set-up 

In order to investigate the maximal permissible tensile 

force F, a tensile testing machine was used together 

with a LN2 tight Styrofoam. With this test set-up, the 

YBCO coated conductor and especially the joint area 

could be fully covered in LN2. 

Like the electrical characterization, the joined conduc-

tors were compared to the tensile forces F determined 

with non-joined continuous conductors. In addition, 

the comparison is shown between room temperature 

(RT) and LN2. 

3.2 Test results 

The expectation is, that at low temperatures, the maxi-

mal tensile force F is increasing. This is due to the face-

centered cubic crystal structure of the investigated met-

als and could be observed at tensile tests with joined 

normal copper conductors. 

Testing the adhesive bonded and RMS soldered YBCO 

coated conductors showed a different behaviour as dis-

played in Figure 8. At room temperature (RT) the 

maximal tensile force F was measured with 

1200 – 1400 N for the variants Var.2 and Var.3. With 

Var.1, only F = 750 N could be reached. This can be 

explained with the thinner substrate layer compared to 

Var.2 and Var.3. As mainly the substrate layer is cru-

cial for the mechanical strength of the YBCO coated 

conductors, a thinner layer is resulting in a lower me-

chanical strength. 

In LN2, a different behaviour can be observed. Only for 

Var.1, an increase in the tensile force F could be ob-

served in LN2 due to the mechanically strong RMS sol-

dered substance-to-substance bond. Both adhesive 

bonded variants Var.2 and Var.3 show a similar perfor-

mance. Their maximal tensile force in LN2 is reached 

at F = 640 N, which is the limit for the used adhesive 

in LN2 environment. The adhesive bonded joints broke 

due to cohesion fracture. Tensile tests on continuous 

non-jointed YBCO coated conductors could be 

stressed up to a force of F = 1800 N which is quite sim-

ilar to what was reported under [13], [14].  

With the clamped joint variants, no tensile tests were 

performed. As the clamp was fixed by screws, it is al-

ways the conductor itself to brake prior to the joint. 

Fig. 8. Comparison of the maximal tensile forces F 

of the different joining technologies at RT and in LN2 

For the application of the investigated joining tech-

niques in a real device, not the maximal tensile force F 

is essential but the force at the 0,2% elastic limit (Fig-

ure 9). If the conductors and their joints are only 

stressed up to this limit, no permanent deformation will 

occur, which is essential for a long-term use in a de-

vice. From the recorded force-deflection diagrams, the 
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acceptable force at the 0,2% elastic limit was deter-

mined. 

Fig. 9. Comparison of the forces at the 0,2% elastic 
limit of the different joining technologies at RT and in 
LN2 

In principle, the same behaviour could be observed 

compared to the tensile force measurement, just at 

lower values. The force limit for the adhesive bonded 

Var.3 is even further decreasing in LN2 environment. 

With the used adhesive, a better connection to the cop-

per surface of Var.2 is possible than to the silver sur-

face of Var.3. 

4 Network Integration 

Finally, the investigated YBCO coated conductor joints 
are reflected regarding real network requirements. This 
is done based on an inductive superconducting fault 
current limiter (iSFCL) [15] which is installed in a 
12 kV medium voltage network and is aimed to couple 
an industry network with an utility network (Figure 
10). 

Fig. 10. Installation site of an iSFCL coupling two net-
works 

As the existing 12 kV switchgear is limited to a short-
circuit current rating of ISC = 25 kA, the additional 
short-circuit current infeed from the industrial network 
in case of a failure at location F1, has to be limited to a 
maximum peak short-circuit current of IP = 12,5 kAP. 
 

4.1 Modelling an iSFCL in EMTP-

ATP 

In order to evaluate the requested behaviour, the net-
work is simulated with the “Electromagnetic Transi-
ents Program” EMTP-ATP. First, the three-phase net-
work branch of the industry network is modelled with-
out the iSFCL (Figure 11). 

Fig. 11. 3-phase network branch of the industry net-
work modelled in EMTP-ATP 

The line and TRV parameter are simulated according 
the values given in IEC 62271-100 [16]. The rated cur-
rent of the network is I = 1250 A.  
The short-circuit event is initiated via a switch. Then, 
the 3-phase voltage is breaking down, whereas the 
short-circuit current reaches a peak value of 
IP = 25 kAP (Figure 12). Due to the pure ohmic load 
and the X/R ratio of a cable network, the maximum 
peak short-circuit current is reached, when initiating 
the short circuit in the voltage zero crossing. 

Fig. 12. Unlimited short-circuit current and voltage in 
the industry network branch 

To limit this peak short-circuit current, the iSFCL is 
modelled and integrated in the above shown network 
branch. For better overview, only a 1-phase branch is 
shown in Figure 13. 

Fig. 13. 1-phase network branch including iSFCL 
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The iSFCL is based on the transformer principle and 
modelled with a transfer ratio of 64:1 between primary 
and secondary side. The resistance R1 is representing 
the losses of the normal conducting primary winding. 
Two operational modes, realised with the inductive 
parallel circuit of L1 and L2, simulate either the super-
conducting state, where the total inductance of the par-
allel circuit is active or the resistive state, where only 
the inductance of L2 is active. A TACS operated switch 
is foreseen to change between these two operational 
modes. The iron core was simulated with the „nonlin-
ear current-dependent inductor TYPE 98“. To operate 
the TACS elements, MODELS was used. An input pa-
rameter to MODELS is the secondary current. Is the 
secondary current higher than the critical current IC of 
the YBCO coated conductors, the related TACS ele-
ment changes to high resistive state. These critical cur-
rent values are taken from the HTS suppliers. Further-
more, the inductive parallel circuit is operated with this 
input value as described before.  
When initiating the short-circuit event by closing the 
switch, the voltages breaks down. Furthermore, in Fig-
ure 14, the unlimited short-circuit current (blue line) is 
compared to the limited short-circuit current (green 
line). It was found, that with the chosen design, the lim-
itation requirement was even exceeded. A limited peak 
short-circuit current of IP = 8 kAP was reached. 

Fig. 14. Comparison of limited (green) and unlimited 
(blue) short-circuit current and voltage in the industry 
network branch 

Before the short-circuit event, there is no difference be-
tween the rated current in the industry network with or 
without the iSFCL. This shows, that the iSFCL has no 
negative effect on the normal operation of the network. 

4.2 Evaluation of the electrical param-

eters 

In contrary to normal conductors, the quality factor of 
YBCO coated conductors can’t be determined, as su-
perconductors don’t show a material resistance RM. 
The measured resistance RAC is related to the power 
loss during current carrying process. The evaluation of 
the electrical parameters is therefore based on the 

measured power losses PV at a current of Î = 100 A and 
at the quench. 
High power losses at normal operation at Î = 100 A are 
limiting the current carrying capability of the YBCO 
coated conductors. At the resistive quench mode, high 
power losses result in higher cooling efforts. Therefore, 
the lower the measured power losses, the better for the 
application in a real electrical device like the iSFCL. In 
Table 1, where an overview of the measured power 
losses of the continuous conductors as well as of the 
joint conductors is shown, the preferred joining tech-
niques and conductors are marked in bold. Best results 
were reached with the RMS soldering technique, as it 
leads to a metallic continuously joint whereas adhesive 
bonding leads to form or force closure of the joining 
partners. For the application in a real electrical device, 
RMS soldering is the preferred solution. 

Tab. 1 Overview of the measured power losses PV of 
YBCO continuous and joint coated conductors 

The same result is found for the joints between YBCO 
coated conductors and normal conductors (Tabel 2). 
Due to the normal conducting part, the power losses are 
much higher than for the pure superconducting joints.  

Tab. 2 Overview of the measured power losses PV of 
YBCO coated conductors and normal conductors 

Nevertheless, also in this case, the RMS soldering 
technique using YBCO coated conductor Var.1 is the 
preferred solution for application in an iSFCL. 
Regarding the joints between superconductors and 
normal conductors, the power loss PV at quench mode 
is of special interest. In this mode, the current is 
commutated from the superconductor to the normal 
conductor (Figure 7). The lower the power losses in 
this mode, the better regarding the necessary cooling 
efforts in an iSFCL cryostate. 
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5 Conclusion 

Three alternative Pb-free joining techniques, clamping, 

adhesive bonding and RMS soldering, were presented 

and their short-time usability for LN2 applications was 

tested and confirmed. Their different joint resistances 

RV were compared regarding AC applications, where 

the RMS soldering techniques showed the best results 

with the lowest joint resistances RV, due to a proper 

metallic continuity joint between the two joining part-

ners. This substance-to-substance bond within the 

complete joining surface is available for the current 

flow. Compared with the other two joining techniques, 

only the micro contacts are available for the current 

transportation. This results in higher joint resistances 

RV for clamping and bonding. 

This result was found for the superconducting joints as 

well as for the combination of superconducting and 

normal conducting joints. The joints were applied in a 

parallel bypass circuit and tested related to their com-

mutation behaviour. At the example of a clamped joint 

installed in the bypass circuit the proper functioning 

was shown.  

In addition, the maximal tensile force F, as well as the 

force at the 0,2% elastic limit was determined for the 

different joining techniques. Again, in LN2 environ-

ment, the RMS soldering technique showed the best re-

sults. The investigated adhesive has a limit of 

F = 640 N at low temperatures. With the investigated 

mechanical strength of the YBCO coated conductors 

and their joints, an example of applicability in a real 

fault current limiter was shown. 

With the simulation tool EMTP-ATP an iSFCL was 

modelled. The measured commutation behaviour could 

also be investigated theoretically. Furthermore, an out-

look of application possibilities was given, as the RMS 

soldering technique showed good technical values for 

an implementation in a real electrical device. 

An important point which has still to be investigated is 

the long-time behaviour of the presented techniques. 

Although, the presented resistance values RV are higher 

compared to conventional soldering techniques using 

lead, cadmium or indium solders [4], [5] the presented 

techniques show promising properties which will be 

further investigated and improved. 
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Abstract 

In this paper, analysis of the high definition multimedia interface (HDMI) mated connector contact boundary im-
pedance impacts on a signal integrity of high-speed digital system is conducted. For the HDMI 2.1 mated connect-
ors, tight electrical specifications are proposed to ensure signal-integrity of the high-speed digital system. The 
connector specifications are defined for the mated condition therefore, most of connector companies develop 
mated plug-receptacle connectors together. However, in real applications, HDMI 2.1 plugs and receptacles from 
different developers can be mated. In this analysis, we report severely high impedance at connector contact bound-
ary which fails to meet specification passed the system so called “eye-diagram” simulation test with enough mar-
gin. The eye-diagram test is based on a measured S-parameter of the cable and connector. Since certified connect-
ors are used and eye-diagram tests are passed, those cases can exist in real market but failing mated connector 
specification which can cause severe radiation. Therefore, impacts of connector boundary impedance on system 
performance must be carefully conducted and reported.  

1 Introduction 

    The high definition multimedia interface (HDMI) 
plays an important role in audio-video and computer 
markets. In late 2017, specification of the HDMI 2.1, 
which uses four high-speed differential channels oper-
ating at 12 Gbps/channel is introduced and expected to 
be a key technology for the growing 8K market [1]. For 
the HDMI 2.1 mated connectors, tight electrical speci-
fications are defined: differential characteristic imped-
ance, insertion loss and attenuation-to-crosstalk ratio 
exist to ensure signal-integrity of the high-speed digital 
system. The connector specifications are defined for 
the mated condition only therefore, most of connector 
companies develop mated plug-receptacle connectors 
together. However, in reality, HDMI 2.1 plugs and re-
ceptacles from different manufacturers can and will be 
mated.  
    In this study, we focus on cases when certified 
HDMI 2.1 plug and receptacle from different manufac-
turers are mated and failed to meet impedance specifi-
cation at the contact boundary were observed. Due to 
different mechanical structures between original plugs 
or receptacles, electrical performances are also af-
fected. In some cases, even though severely high im-
pedance at connector contact boundary were observed, 
which fails to meet specification, the combination 
passed the system “eye-diagram” test. The eye-dia-
gram test judges the signal integrity of the interconnec-
tion by accumulating all received data patterns [2]. In 
the HDMI 2.1 cable and connector assembly, there ex-
ist various electrical parameter specifications. If one of 
the tests failed, an alternative eye-diagram test can be 
conducted of the second option. For the system level 

eye-diagram compliance test set-up, we considered 
HDMI 2.1 connectors, cable, PCB used for intercon-
nections, equalizer and appropriate bit patterns based 
on the standard compliance test specification [3]. As 
guided in the specification, we made the standard eye-
diagram simulation set-up using the circuit simulator, 
Keysight ADS. S-parameter touchstone file based on 
measurement for connectors, cable and other intercon-
nections are included in the standard eye-diagram sim-
ulation set-up. We validated that some HDMI 2.1 
mated connectors and cables with more than 140 Ω im-
pedance which violated the standard specification, 90 
to 110 Ω passed the system eye-diagram specification.   
    Since certified connectors are used and the eye-dia-
gram tests are passed, those cases can exist in real ap-
plications but mated connectors failing the specifica-
tion can cause signal integrity issues, severe electro-
magnetic interference (EMI) radiation [4]-[5]. 
Therefore, impacts of connector boundary impedance 
on system performance should be carefully conducted 
furthermore and reported to the community working on 
the standards.  

2 Realization of the standard-
ized “Eye-diagram” Compli-
ance Test Set-up for HDMI 2.1 

    In this section, the realization of standardized eye-
diagram compliance test set-up for a HDMI 2.1 system 
is explained. An “eye-diagram” is important indicator 
used to judge signal integrity of a high-speed digital 
system [6]. We used Keysight ADS ChannelSim to re-
alize the eye-diagram compliance test set-up. In Figure 
1, the overall block-diagram of the test set-up is shown.  
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Since this is a standardized test, the transmitter and re-
ceiver must be universal. Therefore, instead of a spe-
cific circuit model such as input/output buffer infor-
mation specification (IBIS) or IBIS algorithmic mod-
elling interface (IBIS-AMI), an ideal driver model 
provided by the Keysight ADS ChannelSim is used. 
Since there are our high-speed differential channels: 
CK, D0, D1 and D2, four different driver models are 
used with different bit patterns for each driver. For bit 
patterns, transition minimized differential signalling 
(TMDS) bit patterns are used based on our previous 
study [6].  
 To realize the standardized set-up, we must use equal-
izer and worst cable model (WCM) provided by the 
standardization forum first. It is important to find the 
aggressor channels’ input voltage swing values (peak-
to-peak amplitude) and periodic jitter value to make the 
output eye-diagram barely passing the eye-diagram 
width and height when the WCM is used. Especially, 
by adjusting the input voltage swings of the aggressors, 
it is possible to control the amount of cross-talk in-
duced to the target victim channel. In Fig. 1, the block-
diagram is depicted for the case when the differential 
channel D2 is a victim channel. Therefore, the other 
differential channels CK, D0, and D1 are marked as an 
aggressor, which induces cross-talk to the victim chan-
nel that we are monitoring the eye-diagram. 
    In Figure 2(a), the actual set-up that we realized us-
ing the ADS is shown. We also set proper values for the 
random jitter and decision feedback equalizer (DFE) 
[7]. For the differential channel CK and D2, we found 
that input voltage swings for the aggressors should be 
𝑉𝑉agr = ±0.64 V to make the output eye-diagrams at the 
victim receiver  barely passing the specifications which 

are 100 mV opening voltage and 29.167 ps at 12 Gbps. 
For the differential channel D0 and D1, we found that 
𝑉𝑉agr = ±0.50  V is the condition to make the output 
eye-diagrams of D0 and D1 barely passing the specifi-
cation. In Figure 2(b), simulated eye-diagrams for the 
WCM are shown with eye-diagram height and width. 
From the contour, width and height are derived by cal-
culation at the bit error rate (BER) level of 10−6 order. 
Finally, adjustments of -14.4 mV and -4.2 ps for height 
and width are conducted. Note that the slope of the 
specification mask (100 mV/29.167 ps) is the same as 
that of the adjustment values (14.4 mV/ 4.2 ps). Since 
the eye-diagrams for the WCM are barely passing the 
specification, we validated that the set-up we realized 
is satisfying condition of the standard.  
    In the following section, we substitute the WCM into 
an actual connector and cable model which exceeds the 
contact boundary impedance specification severely.  

3 Analysis of HDMI 2.1 Con-
nector and Cable with Bad 
Contact Boundary Impedance 

3.1 A Time-domain Reflectometer 
(TDR) Impedance Analysis 

    In this section, we conduct same eye-diagram test by 
replacing the WCM with actual HDMI 2.1 cable and 
connector models. The “target” cable and connector 
model includes a channel with extremely high contact 
boundary impedance violating the connector specifica-
tion. The connector itself is certified, however, we 
cross mated different certified receptacles and plugs to 
find cases which are violating the specification.  Before 
replacing the WCM with the target connector and cable 
model’s measured S-parameter touchstone file, we 
conducted a time domain reflectometer (TDR) imped-
ance analysis. In Figure 3(a), TDR impedance analysis 
set-up using the measured S-parameter touchstone file 
is depicted. Additional Balun (an electrical device that 
converts between a balanced signal and an unbalanced 
signal) and ideal transmission line models are included 
to provide better convergence at the beginning of the 
transient analysis. For the channel under TDR analysis, 
we realized equivalent circuit model shown in Fig. 3(a) 
and injected step response with amplitude of 1 V and 
rise time of 75 ps. In front of the differential port of the 
Balun, we terminated 100 Ω and monitored voltages at 
the either end of the termination. Then, using equation 
(1), we can calculate the differential TDR impedance. 
It is important to terminate 50 Ω for the remaining 12 
ports. 

 
 
Fig. 1 Block-diagram of the HDMI 2.1 eye-diagram 
test including measured S-parameter touchstone file of 
connector and cable. 
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𝑍𝑍DiffTDR =  100 (𝑉𝑉2/(𝑉𝑉1 − 𝑉𝑉2))   [Ω]          (1) 

 
In Figure. 3(b), plotted differential TDR impedances 
for best and worst channel are shown. In this connector 
and cable model, the connector contact boundaries 
where stub terminals exist showed extremely high dif-
ferential TDR impedance. Note that specification is 
100 Ω ± 10 Ω. For single excursion of ± 15 Ω is al-
lowed if the excursion duration is less than 150 ps. In 
this case, even for the best channel exceeded the spec-
ification boundary significantly. In the following sub-
section, we use the same connector and cable model 
and conduct the eye-diagram test which is important 
for the signal integrity performance analysis of the 
high-speed digital system.  
 
3.2 Eye-diagram Test Results using 

Connector and Cable Model with 
Bad Contact Boundary Impedance 

   In this sub-section, we replaced the WCM model 
shown in Fig. 1 with the connector and cable model 

with bad contact boundary impedance. In Figure 4, 
analysis results for the channel with the lowest imped-
ance peaking profile (best channel among channels in 
the connector and cable model with bad contact bound-
ary impedance) are shown. After deriving the eye-dia-
gram which is shown in (Fig. 4(a)), we calculated the 
BER contours. Among BER contours, we selected the 
BER contour with the order of 10−6 and adjusted to -
14.4 mV opening voltage and -4.2 ps width. As can be 
seen from Fig. 4(b), channel with peaking of 130 Ω dif-
ferential impedance passed the system level eye-dia-
gram test with lot of room.  
    In Figure 5, analysis results for the channel with 
highest impedance peaking profile (worst channel in 
the connector and cable model with bad contact bound-
ary impedance) are shown. In this case, due to in-
creased differential TDR impedance around 140 Ω, 
eye-diagram shown in Fig. 5(a) is even worse com-
pared to that shown in Fig. 4(a). As a result, the BER 
contours shown in Fig. 5(b) have a smaller opening and 
width compared to the contours in Fig 4(b). However, 
the result is still passing the eye-diagram test.  

 
(a)                                                                                                     (b) 

 
Fig. 2 (a) Set-up realized using the Keysight ADS. (b) Eye-diagram simulation results of four differential chan-
nels including connector and cable of WCM. 
 
 
 
 
 
 
 
 
 
 

 
(a)                                                                                                     (b) 

 
Fig. 3 (a) Equivalent circuit model to derive differential TDR impedance using measured S-parameter touch-
stone file. (b) Plotted differential TDR impedances for best and worst channel. 
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elling interface (IBIS-AMI), an ideal driver model 
provided by the Keysight ADS ChannelSim is used. 
Since there are our high-speed differential channels: 
CK, D0, D1 and D2, four different driver models are 
used with different bit patterns for each driver. For bit 
patterns, transition minimized differential signalling 
(TMDS) bit patterns are used based on our previous 
study [6].  
 To realize the standardized set-up, we must use equal-
izer and worst cable model (WCM) provided by the 
standardization forum first. It is important to find the 
aggressor channels’ input voltage swing values (peak-
to-peak amplitude) and periodic jitter value to make the 
output eye-diagram barely passing the eye-diagram 
width and height when the WCM is used. Especially, 
by adjusting the input voltage swings of the aggressors, 
it is possible to control the amount of cross-talk in-
duced to the target victim channel. In Fig. 1, the block-
diagram is depicted for the case when the differential 
channel D2 is a victim channel. Therefore, the other 
differential channels CK, D0, and D1 are marked as an 
aggressor, which induces cross-talk to the victim chan-
nel that we are monitoring the eye-diagram. 
    In Figure 2(a), the actual set-up that we realized us-
ing the ADS is shown. We also set proper values for the 
random jitter and decision feedback equalizer (DFE) 
[7]. For the differential channel CK and D2, we found 
that input voltage swings for the aggressors should be 
𝑉𝑉agr = ±0.64 V to make the output eye-diagrams at the 
victim receiver  barely passing the specifications which 

are 100 mV opening voltage and 29.167 ps at 12 Gbps. 
For the differential channel D0 and D1, we found that 
𝑉𝑉agr = ±0.50  V is the condition to make the output 
eye-diagrams of D0 and D1 barely passing the specifi-
cation. In Figure 2(b), simulated eye-diagrams for the 
WCM are shown with eye-diagram height and width. 
From the contour, width and height are derived by cal-
culation at the bit error rate (BER) level of 10−6 order. 
Finally, adjustments of -14.4 mV and -4.2 ps for height 
and width are conducted. Note that the slope of the 
specification mask (100 mV/29.167 ps) is the same as 
that of the adjustment values (14.4 mV/ 4.2 ps). Since 
the eye-diagrams for the WCM are barely passing the 
specification, we validated that the set-up we realized 
is satisfying condition of the standard.  
    In the following section, we substitute the WCM into 
an actual connector and cable model which exceeds the 
contact boundary impedance specification severely.  

3 Analysis of HDMI 2.1 Con-
nector and Cable with Bad 
Contact Boundary Impedance 

3.1 A Time-domain Reflectometer 
(TDR) Impedance Analysis 

    In this section, we conduct same eye-diagram test by 
replacing the WCM with actual HDMI 2.1 cable and 
connector models. The “target” cable and connector 
model includes a channel with extremely high contact 
boundary impedance violating the connector specifica-
tion. The connector itself is certified, however, we 
cross mated different certified receptacles and plugs to 
find cases which are violating the specification.  Before 
replacing the WCM with the target connector and cable 
model’s measured S-parameter touchstone file, we 
conducted a time domain reflectometer (TDR) imped-
ance analysis. In Figure 3(a), TDR impedance analysis 
set-up using the measured S-parameter touchstone file 
is depicted. Additional Balun (an electrical device that 
converts between a balanced signal and an unbalanced 
signal) and ideal transmission line models are included 
to provide better convergence at the beginning of the 
transient analysis. For the channel under TDR analysis, 
we realized equivalent circuit model shown in Fig. 3(a) 
and injected step response with amplitude of 1 V and 
rise time of 75 ps. In front of the differential port of the 
Balun, we terminated 100 Ω and monitored voltages at 
the either end of the termination. Then, using equation 
(1), we can calculate the differential TDR impedance. 
It is important to terminate 50 Ω for the remaining 12 
ports. 

 
 
Fig. 1 Block-diagram of the HDMI 2.1 eye-diagram 
test including measured S-parameter touchstone file of 
connector and cable. 
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    In the HDMI 2.1 standard specification, there exist 
many signal integrity (SI) and electromagnetic compat-
ibility (EMC) criteria for connectors and cables. This 
is because the high-speed channels are operating at 12 
Gbps and at this data rate, without consideration of the 
SI and EMC, many noise coupling issues can be gen-
erated. However, even if some test fails, if the system-
level eye-diagram test based on measure S-parameter 
passes, then the mated connector and cable set is re-
garded as a specification compliant. However, in this 
study, we found and validated that due to cross-match-
ing of the various certified connectors, some combina-
tion showed extremely bad impedance at the contact 
boundary but still passing the eye-diagram test with lot 
of room.  
    The alternative eye-diagram is especially useful for 
active cables since current electrical parameter tests are 
not applicable for the active cable. However, for the 
passive cables, we worry that assembled connector and 
cable sets with bad electrical parameters use the second 
option eye-diagram test to acquire standard certifica-
tion. Therefore, it is better to allow only electrical pa-

rameter tests for the passive connector and cable as-
sembly sets and allow the eye-diagram test or active 
cables such as optical cables not to cause confusion.  
    Based on current research, serious considerations of 
mandating both eye-diagram test and TDR impedance 
in the standard specification is needed. In the near fu-
ture, we will investigate relationship between other 
electrical parameters and the eye-diagram test.  

4 Conclusion 

   In this paper, we conducted analysis of HDMI 2.1 
mated connector boundary impedance impacts on a 
high-speed digital system performance. In this study, 
we focus on cases when certified HDMI 2.1 plug and 
receptacle from different manufacturers are mated and 
fail to meet the impedance specification at the contact 
boundary. In some cases, even though severely high 
impedance at the connector contact boundary which 
fails to meet specification, the combination passed the 
system-level eye-diagram test which is based on meas-
ured S-parameter of the connector and cable assembly. 

 
(a)                                                                                       (a) 

 
(b)                                                                                       (b) 

 
Fig. 4 Analysis of the best channel. (a) Eye-diagram 
test result is plotted. (b) Calculated eye-diagram height 
and width at BER contour with order of 10−6 are com-
pared with the specification mask.  
 

Fig. 5 Analysis of the worst channel. (a) Eye-dia-
gram test result is plotted. (b) Calculated eye-diagram 
height and width at BER contour with order of 10−6 
are compared with the specification mask. 
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For the first time, we validated that connector with ex-
tremely bad differential TDR impedance passed the 
standard eye-diagram test. The standard eye-diagram 
test set-up is realized based on the specification and the 
WCM provided by the standard forum. The proposed 
set-up showed marginally passing eye-diagram results 
when the WCM is used. 
   After validating the set-up using the WCM, we re-
placed the WCM with the connector and cable model 
with extremely bad TDR impedance profiles at the con-
tact boundary. We validated that the eye-diagram test 
solely cannot screen out the connector and cable with 
bad impedance profiles. Therefore, serious considera-
tions of mandating both eye-diagram test and TDR im-
pedance in the standard specification is needed.  
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active cables since current electrical parameter tests are 
not applicable for the active cable. However, for the 
passive cables, we worry that assembled connector and 
cable sets with bad electrical parameters use the second 
option eye-diagram test to acquire standard certifica-
tion. Therefore, it is better to allow only electrical pa-

rameter tests for the passive connector and cable as-
sembly sets and allow the eye-diagram test or active 
cables such as optical cables not to cause confusion.  
    Based on current research, serious considerations of 
mandating both eye-diagram test and TDR impedance 
in the standard specification is needed. In the near fu-
ture, we will investigate relationship between other 
electrical parameters and the eye-diagram test.  

4 Conclusion 

   In this paper, we conducted analysis of HDMI 2.1 
mated connector boundary impedance impacts on a 
high-speed digital system performance. In this study, 
we focus on cases when certified HDMI 2.1 plug and 
receptacle from different manufacturers are mated and 
fail to meet the impedance specification at the contact 
boundary. In some cases, even though severely high 
impedance at the connector contact boundary which 
fails to meet specification, the combination passed the 
system-level eye-diagram test which is based on meas-
ured S-parameter of the connector and cable assembly. 

 
(a)                                                                                       (a) 

 
(b)                                                                                       (b) 

 
Fig. 4 Analysis of the best channel. (a) Eye-diagram 
test result is plotted. (b) Calculated eye-diagram height 
and width at BER contour with order of 10−6 are com-
pared with the specification mask.  
 

Fig. 5 Analysis of the worst channel. (a) Eye-dia-
gram test result is plotted. (b) Calculated eye-diagram 
height and width at BER contour with order of 10−6 
are compared with the specification mask. 
 

 



628

Innovative switching concept to shutdown circuit currents in DC-
operating systems up to 1000VDC / 30kA or 3600VDC / 12kA 

based on ultrafast Powerfuse (PF) technology without outgasing. 
Dr. Peter Lell, PyroGlobe GmbH, Hettenshausen, Germany, p.lell@pyroglobe.de 

Abstract
In almost all technology areas direct current replaces the alternating current circuits at voltages far over 100V. In 
order to avoid unquenchable electric arcs, the switching of DC-circuits is now the most important issue. These 
DC-circuits must be galvanically separated from the rest of the electrical system in case of thermal overload or a 
short circuit condition, as it may occur after an accident or in other emergency situations, or to switch-away short 
circuit loops, as it is important i.e. in electromobility or control-cabinets. In existing protecting circuits, melting 
fuses and mechanical circuit breakers have been the choice for overcurrent protection at higher voltages. But 
challenging new applications have brought conventional current breaking devices to their limits. Mechanical cir-
cuit breakers and fuses are too slow to prevent the starting of an electrical arc, nor can they quench these arcs 
once started. In this article we outline the newest development of cutters for active and passive triggering with 
pyrotechnic-driven-elements, so called Powerfuses. Powerfuses are actively controllable via a current pulse and 
can switch-off currents of 30kA at 1000VDC or 12kA at 3600VDC in the range of a few milliseconds. The prin-
ciple of Powerfuses, their applications and the last test-results are shown and discussed. 

1 Introduction 

In nearly all technical fields of operations the use of  
high voltage DC high currents is now up-to-date and 
there is an exchange of power systems and distribu-
tions from AC to DC with good and bad conse-
quences! 

The worst consequences are the no more existing 
zero-crossing of the DC-current and the generating of 
a switching arc at the switching over about 20VDC 
[1].

So special switching systems have to be designed 
with respect to switching time, small dimensions and 
the designed usage in different environments. 

2 Field of application and the ba-
sic requirements 

For all fast switching of DC currents at voltages from 
0VDC to 3600VDC in the temperatur range of -40°C 
to +130°C at environment pressure ranges between 
about 100bar till 10mbar. 

Dependent on the used EED (electro explosive de-
vice) the switching starts between 20µsec and 60µsec 
after the trigger impulse finishes between 0,1 and 3 
ms respectiveley to the inductance of the switched 
circuit and the voltage and the current at the begin-
ning of the switching. 

The loop resistance of the smallest powerfuse PF-HV-
A25 is about only 30µOhm. 

Fig. 1 The powerfuse PF-HV-A25 over 5mm cross-
section paper.

2.1 Safety switching of short circuit cur-
rents in battery systems 

Today lithium-ion batteries are used in many systems 
for e-mobility, on ships, on aeroplanes, server or 
transmission stations. They are made mainly of easily 
flammable materials. Consequently, any damage due 
to overheating as a result of excessively high current 
charging or discharging, or by external mechanical 
damages can be extremely critical. Therefore such 
systems have to secured by protective devices.  

For e-cars or e-busses the maximum current can be up 
to 30kA at 1200VDC in short circuit situations that 
must be switched safely, at e-aeroplanes the switching 
task can be up to 10kA at 4000VDC. 

2.2 Safety disconnecting in power net-
works on earth, ships and aeroplanes 
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The task is to disrupt a malfunctioning system from 
the other network, so the other systems and devices 
used in the network can continue their task. 

Normally no overvoltage or overcurrent must be 
switched, but at low currents at high voltages, often! 

2.3 Safety switching of overloaded semi-
conductor switches in power switch-
ing stations 

Here  the switching must be very very fast because 
the currents after a damage of overloaded semicon-
ductor switches can very drastically increase after a 
damage. 

The reason for this are the very low inductancies and 
resistances occurring here. 

3 The basic design of the PF and 
operating principle 

The basic operation principle of the powerfuse is the 
internal detonative disrupting of the switching area of 
a conducting tube (switching tube, conducting ele-
ment) and the compressing of one or both of its sepa-
rated contacts after the disrupting by a sabot. 

So a fast initial gap can be made in the connector and 
an increasing distance between the separated parts of 
the connector, after. 

So an initial high countervoltage can be realized in 
order to break the current instantenously and to force 
it fast to zero. 

The electric arc is famished by an extinguishing fluid, 
generated at the moment of disrupting the conducting 
tube. 

The next figures shows a moment short after the dis-
rupting, the pictures are taken from an existing video: 

Fig.2 The powerfuse PF-HV-A25 just bevore igni-
tion, the current flows over the central connector tube 
made of copper (Cu); the tube is isolated electrically 
by the isolator1 (left) and the sabot (middle in the fig.) 

Fig.3 The powerfuse PF-HV-A25 short after igni-
tion, the central connector tube is disrupted by the ex-
ternal triggered mini-detonator inside the tube, the arc 
starts inside between the separated connectorparts. 

Fig.4 The powerfuse PF-HV-A25 after about 50% 
of the complete separation time; the arc switched 
from one connector to the housing inside, the left 
connectorpart is compressed, the gap between both 
separated connectorparts is grown. 

Fig.5 The powerfuse PF-HV-A25 at the end of the 
switching, the left part of the separated connector tube 
is compressed fully, the gap between both separated 
parts of the connector / contact is now maximum, the 
pressure inside the device is very high and helps so 
preventing late arcing. 

3.1 Basic design 

The connectortube, named switching tube in the Fig.6 
is fitted in a steel housing. Its left side is isolated 
against the housing by the isolator, its right side has 
electrical contact with the housing. 

The switching tube is divided to the named folding 
area and the switching area. 
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In the switching area the tube will be cut after the 
trigger impulse to the EED (Electro Exposive De-
vice), the generated pressure after will press the sabot 
and will therefore fold the tube material in the folding 
area. 

The multiuse screw in the thicker contact can be fitted 
with electrodes or with optical fiber in order to report 
the separation of the tube, or it can fitted with a 
thicker electrode in order to shortcircuit the capaci-
tance of the separated load during the folding of the 
folding area. 

Fig.6 PF_test device with full functionality with 
Al-Tube. 

Fig.7 shows a possible geometry of a serial device 
with welded flat ports. So the device can be screwed 
directly to electronic boards and one needs not to use 
special external contacts / interfaces. 

Fig.7 PF_serial device with Cu-Tube and welded 
flat ports. 

3.2 Parallel- and serial connection with 
fuses

Todays applications use most a parallel connection of 
a ordinary melting fuse with a simple pyroswitch for 
the disconnection of 12V- or 24V-batteries, see Fig.8. 

So a low loop resistance is realized by the pyroswitch 
against the very high inner resistance of the fuse in 
comparison. 

The current is so divided between the pyroswitch and 
the fuse and only a very low voltage is dropped over 
the system of the two devices.  

If the pyroswitch is triggered now the complete cur-
rent is flowing over the fuse that is loaded now and 
act as a normal fuse. 

The negative aspects are here, that: 

1)  the fuse must act slowly enough to give the py-
roswitch the chance to be opened completely before 
the fuse is open - if not, the pyroswitch will explode 
because it cannot treat with the high voltage now im-
pacting 

2)  the characteristics of all fuses are changed with 
time and 

3)  null or low currents  can not be switched, so fore-
sighted actions cannot be fulfilled if possible or nec-
essary. 

Instead of a simple pyroswitch the powerfuse could 
be used, but this is not necessary because the power-
fuse is able to disconnect currents at high voltages 
without an additional fuse, too. 

Fig.8 Pyroswitch oder Powerfuse (shown) in paral-
lel connection with a normal melting fuse. 

A serial connection of a powerfuse with a melting 
fuse (Fig.9) makes sense only in special situations, 
because of the high resistance of the melting fuse and 
the degeneration of its characteristics. 

Only a quick acting and commanded switching could 
realized so and to have the fuse for the consumption 
of high energies by high circuit inductances. 

Fig.9 Powerfuse in serial connection with a normal 
melting fuse. 
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3.3 Parallel- and serial connection with 
other powerfuses or other power cir-
cuit breakers 

With the parallel connection of two powerfuses nei-
ther the reliability of the switching system can be 
doubled, nor the capability of energy consumption. 
The reason for this: If both powerfuses are switched 
together the arc will act first in one of the separating 
powerfuses and will take the main current because of 
the extremely low resistance of the arc there - after the 
second separating powerfuse will take only a low cur-
rent.

With the serial connection of two powerfuses the 
switchable voltage can be doubled because of the ex-
isting of two gaps after triggering. So at every gap act 
half of the voltage loaded to this serial system. 

Additionally the consumptable energy of the system 
can be doubled now. 

But the best method for the serial switching of two 
powerfuses is to trigger the second powerfuse about 4 
to 6ms after the first powerfuse: So the first power-
fuse can be overloaded heavily with high current, with 
high voltage and with high circuit inductance - till all 
its extinguishing media will be exhausted - after the 
second powerfuse switches only at low currents and 
secures so a really good isolation resistance after its 
acting! 

For special tasks it is possible and useful to build a 
serial connection between a powerfuse and a me-
chanical or semiconductor switch. But this is applica-
ble only for a mechanical or semiconductor switch 
which can be overloaded for 4 to 6 ms. Such a system 
is good for continuous / operational switching by the 
mechanical or semiconductor switch and for emer-
gency situations. 

3.4 Passive triggering and switching 

The powerfuse is principally suitable for passive 
switching i.e. triggering, so it can act as a "normal 
fuse":  

If the tube in the switching area is heated up to the 
melting point of the used material, the arc starts and 
vaporises the extinguishing media around it, pressure 
is generated and the sabot will be pressed like it will 
act after an active triggering. 

The same action starts if the used EED is coated with 
a thermal sensible material or the tube is filled with 
such a material near the EED 

Fig.10 shows a passive switching after 5,6sec and 
Fig.11 a passive switching after 25,4sec with another 
switching tube. 

Fig.10 Passive switching of the PF after 5,6sec at 
3000A continuous current load, tube No.1. 

Fig.11 Passive switching of the PF after 25,4sec at 
3000A continuous current load, tube No.2. 

4 The test equipment 

Several equipments of several laboratories were used 
in order to develop, optimize and qualify the power-
fuse. They are shown in a short overview now. 

4.1 Capacitor bank at PyroGlobe 
GmbH, Hettenshausen [2] 

For all testing for development and optimization of 
the powerfuse a capacitor bank is used. 

The main device exists of 2 modules of 6 capacitances 
each (Fig.12), each capacitor has its own ignitron 
(Fig.13).
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Fig.12 Block diagram of the C-bank at PyroGlobe 

Fig.13 Circuit diagram of one module of the C-bank 
at PyroGlobe 

The output of all 12 ignitrons are leaded by coaxial 
cables, parallel conducted on two great ignitrons for 
crowbar purposes (not used for the powerfuse) and 
then connected to a collector, shown in Fig.14. 

Connected to this collector is a battery of threaded 
bars made of stainless steel in series, then removable 
inductances and the testing block at least, Fig. 14. 

The main device has a capacity of 6mF and is charge-
able up to 10kV.  

In order to have more i.e. longer current flow 6 exter-
nal capacitors are addable to the main device. Each of 
these external capacitors has a capacity of 9,5mF and 
is chargeable to 2,7kV (Fig.15). 

Fig.14 Collector of the capacitor network (middle 
behind), the resistor device (behind right), the testing 
block (middle in front of), the vacuum chamber (mid-
dle right), the vacuum pump (middle in front of) and 
one of several external removables inductances. 

Fig.15 Main capacitor block (blue casing) and 3 ex-
ternal capacitors added on each side of the main de-
vice. 

4.2 DC laboratory AIT in Vienna 

For qualification purposes the DC laboratory AIT 
(Austrian Institut of Technology) in Vienna was used.  
Here the energy was taken from the three-phase hi-
voltage power system, is transformed and rectified to 
the wanted voltage. 

Again the current is adjusted by a resistor bridge (left 
in Fig.16), the wished inductivities can be switched 
in.

Because the rectifying is done near the work bench, 
the inductivity of the shorted circuit can be 16µH at 
the minimum. 

Today the maximum voltage is 3kV, the maximum 
current about 30kA, the minimum voltage 150V, and 
again the power is switched by ignitrons. 

Fig.17 shows a typical oscillogramm of the testing of 
the powerfuse. 
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Fig.16 The work bench of the AIT laboratory. Left 
the resistor and inductance device, middle behind the 
connectors of the trafostation and middle in front the 
work table. 

Fig.17 Current over a powerfuse, ignition voltage 
and voltage over the switched tube of the powerfuse 
as function of time, recorded at an typical testing at 
AIT. 

4.3 Comparison of the both testing fa-
cilites AIT and PG 

The AIT can provide a better battery simulation as the 
capacitor bank at PyroGlobe because of the nearly 
constant voltage over the switching, so all qualifica-
tion tasks in the field of automotive should be done at 
the AIT. 

Because the voltage of the capacitor bank sinks dur-
ing the switching the amount of energy flowing into 
the powerfuse is a function of current and voltage at 
every time segment. 

So the energy flow into the powerfuse cannot be fore-
seen so good and can be calculated strictly only by 
integration of the voltage over the switching tube 
multiplied by the current at every moment! 

With a capacitor bank the tests can be made faster, 
cheaper and cause not so high damage if the switching 
is not good. 

The facility at PyroGlobe is better for the testing of 
inductivities smaller than 15µH (down to 3 µH) and 
voltages over 3 kV. 

4.3 Typical parts before and after igni-
tion

The following pictures show some typical parts of the 
powerfuse and parts after the triggering and after the 
delaboration of the triggered powerfuse: 

Fig.18 shows one of the used mini-detonators (EED),  
Fig.19 a composition of switching tube with isolator, 
sabot and closure, here made of plastics (actual the 
closure is made of steel). 

Fig.18 One of the used mini-detonators with a M9x1 
thread for the switching / connecting tubes  of the 
powerfuse. 

Fig.19 shows above the tube undesintegrated, below 
after the ignition of the EED: 
The sabot is completely covering the folding area till 
the isolator and the gap is about 15mm wide, existing 
now. 

Fig.19 The switching tube made of copper before 
(above) and after triggering the internal EED (below); 
the folding area ist completely covered by isolator and 
sabot. 
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Fig.20 Separated tube part 1 after ignition and de-
laboration with a rest amount of extinguishing media 
1, photographed top down. 

Fig.21 Like Fig.20, photo is taken 80° to axis. 

Fig.22 Separated tube part 1 (right) and part 2 in the 
housing (left) after ignition and delaboration of an-
other powerfuse filled with extinguishing media 2, 
photographed top down; no copper particle is broken! 

Fig.23 Separated tube part 1 of Fig.21 after ignition 
and delaboration, photographed more inclined; no 
copper particle is broken! 

5 Basic results 

The first tests were done with the C-bank of Py-
roGlobe, later these tests were verfied by tests at the 
AIT-laboratory in Vienna, after the optimization of the 
device was undertaken at the C-bank of  PyroGlobe 
again. 

5.1 0VDC to 1000VDC switching 

Fig.24 shows a typical situation with tests in a DC 
laboratory: 

The red curve is the current flowing trough the 
switching tube of the tested  powerfuse, the green is 
the ignition current and the black graph is the voltage 
over the switching tube. 

After ignition of the EED there is a time delay of 20 
till 200µsec depending of the used EED and the used 
ignition current. Then a primary countervoltage is 
generated  decreasing with switching time.  

The highest countervoltage is generated short before 
the current is cut completely. It can be up to 3 times 
the generator voltage depending on the switching 
time, the resistance and the inductance (rule of Lenz) 
of the switched circuit. 

After that the voltage over the interrupted switching 
tube is the generator voltage of the powersystem of 
the test bench. 
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Fig.24 Testing at the AIT laboratory in vienna with 
constant power of 490V and 25µH inductivity, switch-
ing at-24kADC; the switching time was 1,1ms. 

Fig.25 Switching test at 1020V and 22000 ADC 
with a switching time of 1,7ms. Above the situation 
without triggering, below after triggering. Current I = 
green curve, voltage over the tube = violett curve, 
voltage at the position of the collector = brown graph, 
voltage over the resistance of the circuit = the blue 
curve. 

For comparison reasons or for optimization purposes 
of the powerfuse and its parts the flowing energies 
during the separating process can be used. 

Fig.26 shows that the energy flowing out of the gen-
erator is divided into the energy consumed of the re-
sistance of the circuit and the powerfuse itself. 

Dependent on the used extinguishing media the con-
sumed energy by it must not exceed a certain amount 

in order to secure a good isolation resistance between 
the separated parts of the switching tube i.e. contacts 
after the ignition. 

Fig.26 Calculating the energy situation during a 
switching (V1110) at 870V, 26,5kA, 10µH, 21mOhm 
with a isolation resistance of 15GOhm at 5kV, switch-
ing time was 980µsec! 

Diagram above:  
Current I = red curve, voltage over the tube = green 
curve, voltage at the position of the collector = blue 
graph, voltage over the resistance of the circuit = the 
orange curve. 

Diagram below:  
Energy flowed into the powerfuse = green curve, en-
ergy flowed out of the collector into the test setup = 
blue graph, energy consumed by the resistance of the 
circuit = the orange curve. 

5.2 Switching over 1000VDC 

When switching a circuit at voltages over 1000VDC 
the switching times becomes more and more longer 
and the break in the graph of the current is now more 
and more a round buckle so as if the current is unde-
cided to decrease or flowing its way along... 

Fig.27 shows the switching of a single powerfuse at 
3200V and 8200ADC with an inductance of the cir-
cuit of 22µH. 

The initial countervoltage is low in comparison with 
the driving voltage and there is no longer a really 
higher countervoltage at the end of the switching. 

The consequence of this is a longer switching time 
with more energy flowing into the powerfuse as it 
would be necessary and degenerating the extinguish-
ing media more as it would be other. 
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Fig.27 Switching test at 3200V and 8200 ADC with 
a switching time of 2,6ms;  
Current I = green curve, voltage over the tube = vio-
lett curve, voltage at the position of the collector = 
brown graph, ignition current = the blue curve. 

5.3 The great influence of the induc-
tance and the resistance of the 
switched circuit 

Fig.26 shows the great influence of the resistance of 
the circuit to be switched. The higher the circuit resis-
tance, the lower is the energy which has to be handled 
by the powerfuse. 

So a given feasibility of a switching device without 
the declaration of the minimum possible resistance at 
a given voltage and current in the moment of trigger-
ing this switch make no sense, one would compare 
apples with nuts! 

The inductance of the circuit is the main driving fac-
tor for the overvoltage and the generated energy feed-
ing the arc.  

After the rule of lenz the decreasing of the magnetic 
field in the inductance should be stopped in the mo-
ment of breaking the circuit, so a voltage is generated 
to drive the current in the same direction as the cur-
rent generating the existing magnetic field short be-
fore the breaking. 

The magnetic field stores so a lot of energy which 
must be changed in other energies in any way, it can-
not be switched off simply! The amount of energy in 
this magnetic field is proportional to the square of the 
generating current. 

Again a given feasibility of a switching device with-
out the declaration of the maximum possible induc-
tance of the circuit at a given voltage and current in 
the moment of triggering this switch make no sense. 

5.4 Switching in hazardous areas 

The powerfuse is sealed completely, so no outgasing 
happens during the switching act or after, there is only 
the outgasing known from o-rings. 

The housing of the powerfuse is coated by an shrink-
ing tube, so its weak heating up after the ignition will 
generate only low temperature differences of  10 to 30 
degrees, there is no activating temperatur for the ini-
tiation of fire or explosions. 

5.5 Switching on low pressure situations 

The same for the usage under low pressures in the 
surrounding of the powerfuse. Only the decreasing of 
the isolating ability of the low pressured gas outside 
the PF has to be considered. So one has to prevent an 
arcing outside the switched powerfuse i.e. by isolating 
plates over the isolated contact part of the PF or to 
bring the PF completely in an isolating cup, that can 
be open on one front surface. 

5.6 Physics in the powerfuse, a short 
overview 

The physical situation in the powerfuse from the mo-
ment of ignition is that of a chemical reactor:  

Temperatures generated through the arc short acting 
between 1000 and 3000 °C,  pressures up to 400 bar 
and a initial existing shock wave from the mini deto-
nator generates a thermal plasma in the housing. 

So all molecules of the extinguishing media are bro-
ken up to their simple elements on all places the arc is 
contacting. Same with the solids in the powerfuse: 
They will be vaporized partly after the contact of the 
arc or/and be changed in their basic elements. 

This has to be considered in the selection of the plas-
tics, the housing material and the extinguisheing me-
dia in order to have a good isolation resistance after 
the condensing of the vaporized materials. 

6 Literature 
[1] R. Holm: Electrical Contacts, Springer-Verlag, 

1967
[2] Permanent loan of the Capacitor bank from the 

division of space technology of the Technical 
University of Munich, Prof. Dr. Walter, to Py-
roGlobe GmbH, Hettenshausen. 

7 Patents and patent applications 
Patent applications and patents concerning the power-
fuse are listed on the next page. The list is not 
completely, some applications were made in China 
and Japan, too. Only the german titels are given. 
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DE101393601 Pyrosicherung ohne Wirkung nach außen bei Fremd- und Eigenauslösung 

DE1020141078535 Elektrisches Unterbrechungsschaltglied, insbesondere zum Unterbrechen von hohen 
Strömen bei hohen Spannungen 

DE1020141108256 Elektrischer Schalter, insbesondere für hohe Spannungen und/oder hohe Ströme 

DE1020141108256 Elektrischer Schalter, insbesondere für hohe Spannungen und/oder hohe Ströme 

DE1020161241768 elektr. Unterbrechungsschaltglied, insbes. Zum Unterbrechen von hohen Strömen bei 
hohen Spannungen 

DE102017123021 elektr. Unterbrechungsschaltglied,mit passiver Unterbrechungsauslösung, insbes. zur 
Unterbrechung von hohen Strömen bei hohen Spannungen. 

DE102018100686.1 elektr. Unterbrechungsschaltglied mit Reaktivbeschichtung in der Reaktionskammer 

DE102018103018.5 Unterbrechungsschaltglied mit Haupt- und Nebenschlußstrompfad 

DE102019102858-2 Verfahren und Vorrichtung zum dauerhaften Trennen eines Stromkreises mit induk-
tiver Last durch zeitversetztes Schalten zweier in Reihe geschalteter Schalter 

DE1020191044510 elektr. Unterbrechungsschaltglied mit einem rohrförmigen Trennelement mit variie-
render Wandstärke 

DE1020191044537 elektr. Unterbrechungsschaltglied mit einem rohrförmigen oder stabförmigen 
Stauchbereich mit variierendem Querschnittsdurchmesser 

DE501099786 Pyrotechnisches Sicherungselement 

EP15742175 Elektrisches Unterbrechungsschaltglied, insbesondere zum Unterbrechen von hohen 
Strömen bei hohen Spannungen 

EP17787320-5 elektr. Unterbrechungsschaltglied, insbes. Zum Unterbrechen von hohen Strömen bei 
hohen Spannungen 

EP201573078 Elektrisches Schaltglied, insbesondere zum Schalten hoher Ströme 

EP201573102 elektr. Unterbrechungsschaltglied mit einem rohrförmigen oder stabförmigen 
Stauchbereich mit variierendem Querschnittsdurchmesser 

GM2020161069319 elektr. Unterbrechungsschaltglied, insbes. Zum Unterbrechen von hohen Strömen bei 
hohen Spannungen 

GM202017106260-0 elektr. Unterbrechungsschaltglied mit passiver Unterbrechungsauslösung, insbes. Zur 
Unterbrechung von hohen Strömen bei hohen Spannungen 

GM202017106261-9 elektr. Unterbrechungsschaltglied, insbes. zum Unterbrechen von hohen Strömen bei 
hohen Spannungen 

GM202018100172.8 elektr. Unterbrechungsschaltglied mit Reaktivbeschichtung in der Reaktionskammer 

GM202018100728 Unterbrechungsschaltglied mit Haupt- und Nebenschlußstrompfad 

P10296442434 Elektrisches Schaltglied, insbesondere zum Schalten hoher Ströme 

PCT/DE2015100218 Elektrisches Unterbrechungsschaltglied, insbesondere zum Unterbrechen von hohen 
Strömen bei hohen Spannungen 

PCT/DE2017100844 elektr. Unterbrechungsschaltglied, insbes. Zum Unterbrechen von hohen Strömen bei 
hohen Spannungen 

PCT/DE2018100812 elektr. Unterbrechungsschaltglied,mit passiver Unterbrechungsauslösung, insbes. zur 
Unterbrechung von hohen Strömen bei hohen Spannungen. 

PCT/DE2019100010 elektr. Unterbrechungsschaltglied mit Reaktivbeschichtung in der Reaktionskammer 

PCT/DE2019100124 Unterbrechungsschaltglied mit Haupt- und Nebenschlußstrompfad 
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