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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Joining of metallic material combinations with limited solubility is a challenging task. Because of low solubility, such material combinations lead 
to the formation of intermetallic compounds (IMC) during common weld bath. IMC then lead to increased hardness and brittleness. Generally, 
these properties are undesirable and the aim is to reduce intermetallics to a minimum. In this contribution, a process control by real-time pulse 
shaping is realized, whereby the power is adjusted in each individual pulse. The material-specific emissions are continuously detected by 
photodiodes and used as control variable. By equipping the photodiodes with band-pass filters, the wavelength can be selected in a material-
dependent manner. The control loop including data processing and pulse shaping as well as the connection to the power supply of the laser beam 
source is realized by a novel system in less than 10 µs. This enables laser welding of different metals with a nearly constant penetration depth at 
the boundary layer and, therefore, the limitation of IMC. 
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1. Introduction 

Aluminum is a material widely used in several applications, 
e.g. as conductor material in electrical system, power 
technology or housings. In order to adjust certain properties, 
aluminum is often used in combination with other metallic 
materials, leading in many cases to the formation of 
intermetallic compounds (IMC). Examples of hybrid joints are 
the specific adjustment of electrical properties, thermal 
conductivity, damping and chemical resistance. In the ideal 
case, these properties require a firm bonding between both 
joining partners, which is challenging, when IMC are formed. 
Such intermetallics have a high-level of electrical and thermal 
conductivities as well as high brittleness and hardness [1]. 
Therefore, the main challenge in joining such dissimilar 
material combinations is the minimization of such intermetallic 
compounds.  

 
Especially, when joining aluminum with copper [2] and 

with steel [3, 4], the resulting limited solubility is the cause of 
formation of IMC. Depending on the mixing ratio, several 
different intermetallics are formed which lead to a brittle 
fracture within the joining area and high electrical resistance 
[1].  

These challenges will be illustrated by using aluminum-
copper joints as an example. The formation of such IMC should 
therefore be limited in joining processes to achieve ductile 
failure and well-suited electrical and thermal properties [5]. 
Therefore, different approaches are followed in the state of the 
art.  

In order to prevent the formation of IMC, the mixing of the 
joining zone is sought to be strongly reduced. Laser beam 
joining has the advantages of high flexibility, minimal process 
forces, high energy density and fast process speed. But the 
production of a common melt pool between two joining 
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1. Introduction 

Aluminum is a material widely used in several applications, 
e.g. as conductor material in electrical system, power 
technology or housings. In order to adjust certain properties, 
aluminum is often used in combination with other metallic 
materials, leading in many cases to the formation of 
intermetallic compounds (IMC). Examples of hybrid joints are 
the specific adjustment of electrical properties, thermal 
conductivity, damping and chemical resistance. In the ideal 
case, these properties require a firm bonding between both 
joining partners, which is challenging, when IMC are formed. 
Such intermetallics have a high-level of electrical and thermal 
conductivities as well as high brittleness and hardness [1]. 
Therefore, the main challenge in joining such dissimilar 
material combinations is the minimization of such intermetallic 
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Especially, when joining aluminum with copper [2] and 

with steel [3, 4], the resulting limited solubility is the cause of 
formation of IMC. Depending on the mixing ratio, several 
different intermetallics are formed which lead to a brittle 
fracture within the joining area and high electrical resistance 
[1].  

These challenges will be illustrated by using aluminum-
copper joints as an example. The formation of such IMC should 
therefore be limited in joining processes to achieve ductile 
failure and well-suited electrical and thermal properties [5]. 
Therefore, different approaches are followed in the state of the 
art.  

In order to prevent the formation of IMC, the mixing of the 
joining zone is sought to be strongly reduced. Laser beam 
joining has the advantages of high flexibility, minimal process 
forces, high energy density and fast process speed. But the 
production of a common melt pool between two joining 
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partners is disadvantageous, for example, compared to solid 
state joining processes [6]. Nevertheless, there are approaches 
for laser beam welding to address the challenges mentioned: 
The presence of the keyhole in deep penetration welding 
supports mixing in the melt pool [7, 8]. This can be further 
assisted by local beam oscillation [9]. During the laser beam 
deep welding, the keyhole supports mixing in the melting pool 
[7, 8]. Incidentally, a lateral offset of the laser beam in butt joint 
configurations shows comparable advantages, too [10].  

Welding in overlap configuration, therefore, requires a 
precise knowledge of the welding process, especially the 
moment, when the lower joining partner is reached, heated and 
molten through the laser.  

The detection of this particular instant of time is feasible by 
evaluating the process emission in the visible spectrum (VIS) 
[11, 12]. During the welding process, material-specific 
emissions can be detected by spectrometry as shown in figure 
1. The multiple peaks around 450 nm to 560 nm are significant 
as they stand for Al2O3 emission. The double peak at 394.4 nm 
and 396.15 nm is also known to be pure aluminum [12, 13]. 
Compared to the integral plot over 1 min as shown in figure 1, 
time-resolved observation is also possible.  

A time-resolved observation of the process emission is 
achieved by using photodiodes. Due to their high sampling 
rates and by applying suitable band-pass filters, specific 
wavelengths of materials can be addressed [11, 12, 14]. This 
allows the time-dependent identification of the respective 
material to be welded into [15][16]. 

 

Fig. 1. VIS-spectrometry of aluminum-copper weld (signal average over 
1 ms). 

Pulsed laser beam welding offers the possibility of 
controlling the laser beam power input depending on these 
points in time for every pulse. However, previous 
investigations suffered from too long control time and time-
lagged laser beam sources which can typically control the beam 
power at time intervals of 50 µs. The unstable process 
conditions during the welding of aluminum increase these 
requirements even further [3]. 

In this paper, the development of a process control for 
pulsed laser beam welding, which allows the minimal melting 
of the lower joining partner at the interface by addressing 
control times below 10 µs, is presented (figure 2). An analog-
to-digital converter processes the emissions measured by 
means of photodiodes, suitable band-pass filters and, based on 

this, provides the pulse shape for the laser beam source. The 
process control should be used to generate a welding 
penetration depth close to the boundary surface and thus 
minimize the mixing. By implementing the control loop, it may 
be possible in future investigations to limit the formation of 
intermetallic phases due to the minimized mixing of both 
materials. 

 

Fig. 2. Schematic illustration of the control loop being used. 

2. Experiments 

The laser beam source used is YLR-450/4500-QCW-MM-
AC-Y14 from IPG Photonics with a maximum laser beam 
power of 4,500 W and maximum pulse energy of 45 J at a 
wavelength of 1,070 nm. This Q-switched laser has a power 
supply with a control frequency of 100 kHz which is much 
faster than conventional laser beam sources. Therefore, 
minimum control times of 10 µs can be addressed, whereas the 
laser power supply of conventional laser beam sources have a 
maximum control frequency of 20 kHz, resulting in a control 
time of 50 µs [18]. An optical fiber with a diameter of 200 µm 
was used. The collimation lens has a focal length of 85 mm and 
the focusing lens of 200 mm. This results in a focal diameter of 
approx. 470 µm. 

 

Fig. 3. Schematic illustration of the experimental setup. 

All welds have been carried out in an overlap configuration 
as shown in figure 2. Three materials were used for the welds. 
EN AW 1050 (Al 99.5, see [19]) was used on the side of the 
aluminum and in all cases as the upper joining partner. Copper 
EN CW004A with residual oxygen was selected as the lower 
joining partner because this material combination was 
primarily used in battery production and for electrical contacts. 
Furthermore, steel 1.0330 (DC 01, see [20]) was used as an 
alternative lower joining partner to provide general validity of 
results.  

A continuously rising ramp was chosen as a model like pulse 
shape in order to obtain the best results from the detection of 
emission in preliminary investigations [11]. This behavior can 
be explained by a slowly and continuously evolving laser 
process. The ramp starts at 0 W and increases up to 4,200 W. 
All pulses had the same maximum pulse duration of 5 ms. 
Equal power was applied to all welds, aluminum-copper and 
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aluminum-steel. This predefinition is assumed not to be critical 
because the laser beam power is controlled and switched down 
after reaching the interface within the lap joint.  

For the detection of process emission, two photodiodes with 
different band-pass filters were used. BPW 21 type 
photodiodes were used due to their maximum photosensitivity 
at 550 nm [21]. This type is especially suitable for detecting the 
wavelength of 485 nm which is characteristic of several 
aluminum oxides.  

A band-pass filter with 485 nm – 20 nm and a notch filter 
with 1,064 nm – 40 nm were used. The notch filter allows the 
entire emitted spectrum to be monitored which is within the 
sensitivity range of the photodiode while excluding the laser 
wavelength of 1,070 nm. This procedure allows the 
determination whether addressing individual, material-specific 
wavelengths is appropriate or whether the entire emission 
spectrum should be taken into account for process control.  

In order to ensure that both diodes observe the same part of 
the process, they are mounted onto the beam splitters with 
different transmittance and reflectance coefficients (see figure 
3). The first beam splitter shows reflectance of 30 % and 
transmittance of 70 %. The second beam splitter reflects and 
transmits the beam at 50 % each. Therefore, the photodiodes 
with band-pass filter have an illumination power between 30 % 
and 35 %. A pilot laser was used for the adjustment which 
emitted backwards through both beam splitters. The optical 
elements were so adjusted that the whole melting pool and 
metal vapor could be detected. 

 

 

Fig. 4. Schematic illustration of the case with the optical components. 

The controller is the analog-to-digital converter ADWin 
from Jäger Messtechnik. The processor T12 reaches a 
maximum cycle frequency of 1 GHz. The signal acquisition 
and data handling, the control system and the resulting pulse 
shape (power over time) for the laser beam source are 
processed by the ADWin system. It helps to achieve a 
minimum cycle time of 5 µs which is half the cycle time of 
10 µs of the laser beam source and, therefore, fast enough to 
realize the process control.  

The photodiodes output voltages are in the millivolt range. 
The controller operates within a voltage range of 0-10 V. In 
order to make the low voltage change usable as control 
variable, a transimpedance amplifier is used. The amplification 
factor of the circuit can be adjusted variably. For this purpose, 

the electrical resistance of the resistor can be changed. The 
electrical resistance is adapted to the emission signal. 

The Q-switched laser beam source helps realize in-pulse 
power control. The chosen control strategy for the pulses is 
actually interruption control; thus, the power is set to 0 W when 
a critical control value is reached. So the energy of the pulse is 
variable and adjusted to each single pulse as result of the 
control.  

 

Fig. 5. Display of the results from the power measurement. 1. Figure: value of 
set laser power. 2. Figure: measured laser power. 3. Figure: analog laser 

power output value 

The set value of laser beam power is given by the ADWin 
system and the resulting beam power is provided by the laser 
beam source via an analog output signal. In order to ensure that 
the power output signal corresponds to the real laser beam, the 
signal is compared to power measurements. These 
measurements are carried out by a Coherent PowerMax-Pro 
USB/RS which enables the time-dependent acquisition of the 
beam power. Due to the sampling rate of 20 kHz, the power 
increase is resolved with sufficient accuracy. Figure 4 depicts 
the comparison of a power ramp with the duration of 5 min and 
a maximum power of 3000 W. The power is not output from 0 
s, but delayed by 0.87 min which corresponds to a beam power 
of 440 W. This effect is based on the threshold value of the 
laser beam source. From this point in time, a linear increase in 
power can be seen. The power curve, the maximum power and 
the time of pulse end follow the real value adequately. 
Therefore, the analog output of the laser beam source is 
considered sufficient for representing the laser beam power. 
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partners is disadvantageous, for example, compared to solid 
state joining processes [6]. Nevertheless, there are approaches 
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supports mixing in the melt pool [7, 8]. This can be further 
assisted by local beam oscillation [9]. During the laser beam 
deep welding, the keyhole supports mixing in the melting pool 
[7, 8]. Incidentally, a lateral offset of the laser beam in butt joint 
configurations shows comparable advantages, too [10].  

Welding in overlap configuration, therefore, requires a 
precise knowledge of the welding process, especially the 
moment, when the lower joining partner is reached, heated and 
molten through the laser.  

The detection of this particular instant of time is feasible by 
evaluating the process emission in the visible spectrum (VIS) 
[11, 12]. During the welding process, material-specific 
emissions can be detected by spectrometry as shown in figure 
1. The multiple peaks around 450 nm to 560 nm are significant 
as they stand for Al2O3 emission. The double peak at 394.4 nm 
and 396.15 nm is also known to be pure aluminum [12, 13]. 
Compared to the integral plot over 1 min as shown in figure 1, 
time-resolved observation is also possible.  

A time-resolved observation of the process emission is 
achieved by using photodiodes. Due to their high sampling 
rates and by applying suitable band-pass filters, specific 
wavelengths of materials can be addressed [11, 12, 14]. This 
allows the time-dependent identification of the respective 
material to be welded into [15][16]. 

 

Fig. 1. VIS-spectrometry of aluminum-copper weld (signal average over 
1 ms). 
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controlling the laser beam power input depending on these 
points in time for every pulse. However, previous 
investigations suffered from too long control time and time-
lagged laser beam sources which can typically control the beam 
power at time intervals of 50 µs. The unstable process 
conditions during the welding of aluminum increase these 
requirements even further [3]. 
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pulsed laser beam welding, which allows the minimal melting 
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means of photodiodes, suitable band-pass filters and, based on 

this, provides the pulse shape for the laser beam source. The 
process control should be used to generate a welding 
penetration depth close to the boundary surface and thus 
minimize the mixing. By implementing the control loop, it may 
be possible in future investigations to limit the formation of 
intermetallic phases due to the minimized mixing of both 
materials. 
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minimum control times of 10 µs can be addressed, whereas the 
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the focusing lens of 200 mm. This results in a focal diameter of 
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as shown in figure 2. Three materials were used for the welds. 
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aluminum and in all cases as the upper joining partner. Copper 
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primarily used in battery production and for electrical contacts. 
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alternative lower joining partner to provide general validity of 
results.  

A continuously rising ramp was chosen as a model like pulse 
shape in order to obtain the best results from the detection of 
emission in preliminary investigations [11]. This behavior can 
be explained by a slowly and continuously evolving laser 
process. The ramp starts at 0 W and increases up to 4,200 W. 
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The controller is the analog-to-digital converter ADWin 
from Jäger Messtechnik. The processor T12 reaches a 
maximum cycle frequency of 1 GHz. The signal acquisition 
and data handling, the control system and the resulting pulse 
shape (power over time) for the laser beam source are 
processed by the ADWin system. It helps to achieve a 
minimum cycle time of 5 µs which is half the cycle time of 
10 µs of the laser beam source and, therefore, fast enough to 
realize the process control.  

The photodiodes output voltages are in the millivolt range. 
The controller operates within a voltage range of 0-10 V. In 
order to make the low voltage change usable as control 
variable, a transimpedance amplifier is used. The amplification 
factor of the circuit can be adjusted variably. For this purpose, 

the electrical resistance of the resistor can be changed. The 
electrical resistance is adapted to the emission signal. 

The Q-switched laser beam source helps realize in-pulse 
power control. The chosen control strategy for the pulses is 
actually interruption control; thus, the power is set to 0 W when 
a critical control value is reached. So the energy of the pulse is 
variable and adjusted to each single pulse as result of the 
control.  

 

Fig. 5. Display of the results from the power measurement. 1. Figure: value of 
set laser power. 2. Figure: measured laser power. 3. Figure: analog laser 

power output value 

The set value of laser beam power is given by the ADWin 
system and the resulting beam power is provided by the laser 
beam source via an analog output signal. In order to ensure that 
the power output signal corresponds to the real laser beam, the 
signal is compared to power measurements. These 
measurements are carried out by a Coherent PowerMax-Pro 
USB/RS which enables the time-dependent acquisition of the 
beam power. Due to the sampling rate of 20 kHz, the power 
increase is resolved with sufficient accuracy. Figure 4 depicts 
the comparison of a power ramp with the duration of 5 min and 
a maximum power of 3000 W. The power is not output from 0 
s, but delayed by 0.87 min which corresponds to a beam power 
of 440 W. This effect is based on the threshold value of the 
laser beam source. From this point in time, a linear increase in 
power can be seen. The power curve, the maximum power and 
the time of pulse end follow the real value adequately. 
Therefore, the analog output of the laser beam source is 
considered sufficient for representing the laser beam power. 
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3. Results and discussion 

3.1. Initial situation of uncontrolled process and assignment 
of different process stages to emission signals  

The initial situation of a static, uncontrolled pulsed laser 
welding process is given in the following. Figure 5 shows a 
signal of an aluminum-to-copper spot weld. The recorded 
values of the set value of laser beam power, the laser beam 
power output, process emission at 485 nm and the notch filter 
are shown one below the other. It is easy to see that there is no 
specific emission at the signal of the notch filter. It is not 
possible to build a control system on this signal path. Therefore, 
only the emission at 485 nm will be shown in the further 
figures. In addition, the signal curve of the process emission at 
485 nm is represented by a fitted curve, which symbolizes the 
generally valid signal and can be traced back to significant 
process events.  

The set laser power from ADWin system defines the start 
time of the figure. The first red dotted line represents the point 
in time when the power reaches the threshold value of the laser 
beam source and the power is actually emitted. From this point 
in time on, the power output follows the set value.  

The process emission at 485 nm is found to get delayed. This 
can be correlated to the point in time when the vaporization of 
the upper joining partner begins. The signal rises to a local 
maximum (1) (approx. 2.5 ms) and then drops again. Thus, the 
transition between heat conduction welding and deep 
penetration welding in the upper joining partner can be 
detected. The second more significant rise (2) results in a global 
maximum of the emission signal at approx. The maximum at 
4,175 ms represents the progression in welding depth in the 
upper joining partner as the power continues to increase in 
parallel. On exceeding the maximum, the lower joining partner 
is reached. The conditions in the keyhole change or, 
respectively, the keyhole formation starts in the lower joining 
partner, which leads to a significant difference in the emission 
signal. Therefore, the subsequent drop represents the welding 
process in the lower joining partner. This behavior is 
comparable to the drop after the first local maximum at reduced 
power.  

When the end of the pulse is reached, the emission also 
decreases rapidly. The signal does not suddenly drop to zero as 
the closing of the keyhole, the solidification and further cooling 
take a few tenths of a millisecond. The fitted curve also depicts 
the signal course sufficiently well. Also, a trigger value is set 
to 2.75 V after the peak has been exceeded as this is always 
below the previously occurring maximum. The voltage value is 
experimental to ensure that the maximal value of a given 
maximum is a global maximum. 

The consideration of the total emission by using the notch-
filter (1064 nm) of the process is not appropriate here as there 
is no allocation to all relevant process events. 

 

Fig. 6. Overview of all detected signals and the signal trend of the emission at 
485 nm 

Furthermore, the results are cross-checked by welding an 
aluminum-steel joint in an uncontrolled manner (see figure 6). 
It is noticeable that the process emission at 485 nm is 
comparable to the results gained by aluminum-copper welds. 
The emission curve is almost similar to the results provided in 
figure 5. The signal course is associated with the same events 
and also matches the fitted curve. This implies that process 
control can be implemented independent of the materials used.  

Since laser beam power and process emission of 485 nm 
correspond so closely for different material combinations, 
power control is implemented based on a falling edge in the 
laser pulse.  
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3.2. Process control 

The implementation of the process control is shown 
exemplarily for welding of aluminum-copper and aluminum-
steel joints. Based on the fitted emission curve, suitable trigger 
values for power control could be determined. Therefore, the 
controller lowers the laser beam power to the value of 0 W as 
the emission signal drops to the voltage value 2.75 V exceeding 
the global maximum emission peak. The voltage value for the 
regulation is adjusted to the amplification factor of the 
transimpedance amplifier. Therefore, the voltage value is only 
useful in this separate case.  

Figure 7 shows the output laser beam power and the process 
emission at 485 nm of the controlled aluminum-copper weld. It 
can be seen by the laser power output that the termination 
criterion is reached after 4.38 ms when the power output is 
terminated.  

 

Fig. 8. Emission signal of a laser power based controlled weld with aluminum 
as upper and copper as lower sample 

Figure 8 shows a controlled aluminum-steel weld. Again, 
the trigger voltage of the emission signal was set to 2.75 V as 
with the Al copper welding before due to the comparably 
identified process stages. The emission curve of the controlled 
process also resembles the curve of the aluminum-copper joints 
given in figure 7, as already seen in the uncontrolled process.  

This confirms that control of the process is possible 
regardless of the material of the lower joining partner.  

Fig. 9. Emissions signal of a controlled aluminium-steel weld  
The diagrams shown demonstrate the possibility of 

implementing real-time pulse control on different material 
combinations. However, the signal curve provides no 
information about the weld itself. No statements can be made 
about the size of the joining zone or the mixing ratio of the 
materials at this time.  

For further understanding, microsections were prepared out 
of the center of the spot welds for uncontrolled and controlled 
welding processes. In the case of uncontrolled process (see 
figure 9 a), the melted area in copper is smaller than that for 
aluminum. There is a darker area at the bottom of the weld 
which usually represents the formation of intermetallic 
compounds. Adjacent to it are yellow areas (see figure 9 d) that 
are typical for aluminum bronze [22].  

The microsection of the controlled process is given in 
figure 9b. Primarily, it shows that only a minor proportion of 
copper was melted. This corresponds to the desired goal of a 
small weld in the lower joining partner. Incidentally, the small 
connected area between the sheets is disadvantageous. Due to 
the minimized weld penetration, potential cracks will still form 
in the interface between the sheets. These factors can lead to a 
reduced strength of the joining zone. A first starting point is the 
variation of the trigger values to improve the connection area. 
Further investigations are therefore required into this topic.  
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Fig. 10. aluminum copper welds (a) without power control; (b) with power 
control. 
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3. Results and discussion 
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The set laser power from ADWin system defines the start 
time of the figure. The first red dotted line represents the point 
in time when the power reaches the threshold value of the laser 
beam source and the power is actually emitted. From this point 
in time on, the power output follows the set value.  

The process emission at 485 nm is found to get delayed. This 
can be correlated to the point in time when the vaporization of 
the upper joining partner begins. The signal rises to a local 
maximum (1) (approx. 2.5 ms) and then drops again. Thus, the 
transition between heat conduction welding and deep 
penetration welding in the upper joining partner can be 
detected. The second more significant rise (2) results in a global 
maximum of the emission signal at approx. The maximum at 
4,175 ms represents the progression in welding depth in the 
upper joining partner as the power continues to increase in 
parallel. On exceeding the maximum, the lower joining partner 
is reached. The conditions in the keyhole change or, 
respectively, the keyhole formation starts in the lower joining 
partner, which leads to a significant difference in the emission 
signal. Therefore, the subsequent drop represents the welding 
process in the lower joining partner. This behavior is 
comparable to the drop after the first local maximum at reduced 
power.  

When the end of the pulse is reached, the emission also 
decreases rapidly. The signal does not suddenly drop to zero as 
the closing of the keyhole, the solidification and further cooling 
take a few tenths of a millisecond. The fitted curve also depicts 
the signal course sufficiently well. Also, a trigger value is set 
to 2.75 V after the peak has been exceeded as this is always 
below the previously occurring maximum. The voltage value is 
experimental to ensure that the maximal value of a given 
maximum is a global maximum. 

The consideration of the total emission by using the notch-
filter (1064 nm) of the process is not appropriate here as there 
is no allocation to all relevant process events. 
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about the size of the joining zone or the mixing ratio of the 
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For further understanding, microsections were prepared out 
of the center of the spot welds for uncontrolled and controlled 
welding processes. In the case of uncontrolled process (see 
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aluminum. There is a darker area at the bottom of the weld 
which usually represents the formation of intermetallic 
compounds. Adjacent to it are yellow areas (see figure 9 d) that 
are typical for aluminum bronze [22].  

The microsection of the controlled process is given in 
figure 9b. Primarily, it shows that only a minor proportion of 
copper was melted. This corresponds to the desired goal of a 
small weld in the lower joining partner. Incidentally, the small 
connected area between the sheets is disadvantageous. Due to 
the minimized weld penetration, potential cracks will still form 
in the interface between the sheets. These factors can lead to a 
reduced strength of the joining zone. A first starting point is the 
variation of the trigger values to improve the connection area. 
Further investigations are therefore required into this topic.  
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Fig. 10. aluminum copper welds (a) without power control; (b) with power 
control. 
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In comparison to the aluminum-copper weld, the welding 
depth for aluminum steel welding, by the same pulse shape, 
increases. This can be explained by the lower absorption of 
copper compared to steel [23, 24]. Figure 10 a) shows an 
uncontrolled aluminum-steel weld. In the given example, the 
spot weld is dominated by a pore in the entire area of the steel 
material. These pores appear regularly and thus significantly 
reduce the weld quality. In contrast, pore formation is not 
detected in the controlled weld (figure 10 b), d)). In addition, 
only a minor proportion of the lower joining partner is 
recognized. Again, the controlled weld also shows a smaller 
weld interface and a smaller supporting cross-section.  

It can be stated that in-pulse power control can be applied in 
process technology and can be used in a material-independent 
manner. Future work must focus on the material issues related 
to a sufficient connection between both joining partners and 
characterization of the intermetallic compounds.  

 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 11. aluminum steel welds (a) without power control; (b) with power 
control. 

4. Conclusion  

In summary, it has been shown that the steps of the welding 
process can be captured and recognized by using photodiodes 
in combination with band-pass filters. The signal waveform is 
independent of material compounds and is process oriented. By 
using signal amplification and a controller, a break-off control 
could be implemented. A comparison with the micrographs 
could show that the control leads to a lower weld penetration 
in the lower joining partner and, in the case of aluminum-steel 
mixed joints, to minimization of the pores. A disadvantage is 
that the resulting joining area has a small load capacity due to 
the small melted area.  
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