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Abstract: In this study, different disc brakes and friction materials are evaluated with respect to
particle emission output and characteristic features are derived. The measurements take place on
an inertia dynamometer using a constant volume sampling system. Brake wear particle emission
factors of different disc concepts in different sizes are determined and compared, using a grey cast
iron disc, a tungsten carbide-coated disc and a carbon ceramic disc. The brakes were tested over
a section (trip #10) novel test cycle developed from the database of the worldwide harmonized
Light-Duty vehicles Test Procedure (WLTP). First, brake emission factors were determined along the
bedding process using a series of trip-10 tests. The tests were performed starting from unconditioned
pads, to characterize the evolution of emissions until their stabilization. In addition to number-
and mass-related emission factors (PM2.5-PM10), the particle size distribution was determined.
Another focus was the evaluation of temperature ranges and the associated challenges in the use
of temperature readings in a potential regulation of brake wear particle emissions. The results
illustrate the challenges associated with establishing a universal bedding procedure and using disc
temperature measurements for the control of a representative braking procedure. Using tungsten
carbide coated discs and carbon ceramic discs, emission reduction potentials of up to 70% (PM10)
could be demonstrated along the WLTP brake cycle. The reduction potential is primarily the result of
the high wear resistance of the disc, but is additionally influenced by the pad composition and the
temperature in the friction contact area.

Keywords: brake-wear particle emissions; particulate matter; alternative friction materials; WLTP
brake cycle

1. Introduction

Airborne particulate matter has long been associated with negative environmental
and health impacts [1]. Road traffic and transport are one of the main sources of airborne
particulate matter in urban areas [2,3]. The contribution of exhaust emissions has decreased
worldwide due to increasingly stringent regulations, the application of efficient powertrain
units and exhaust aftertreatment systems [4]. Different studies show that other vehicle-
related sources of particulate matter are a significantly higher contributor to traffic-related
emissions. These include particulate brake wear [5]. Since most of the emitted particles
belong to the size classes of particulate matter (<10 um) and differ significantly in their
physico-chemical properties from automotive exhaust emissions, this source is of particular
relevance to human health and is therefore the focus of scientific studies [6-11].
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1.1. Brake Wear Particle Sampling and Measurement

Different approaches have been employed for the characterization of brake-wear
particles. These can be classified into on-road, laboratory (inertia brake and chassis dy-
namometer), and pin-on disc measurements. A review of relevant studies identified
inconsistencies possibly related to the lack of a standardized methodology for brake wear
particle measurement [12]. To address the need for harmonization, a task force was estab-
lished within the Particle Measurement Program (PMP) informal working group, under
the auspices of the UNECE Working Group on Pollution and Energy (GRPE). The first step
included the analysis of the database of the Worldwide harmonized Light-Duty vehicles
Test Procedure (WLTP) to establish a brake emissions test cycle that would be representative
of real-world operating conditions [13,14]. This concerns not only the driving and braking
conditions, but also the temperature of the braking system. During the development pro-
cess, the definition of a thermal load on the braking system, which is representative of the
real operating conditions, was identified as a critical aspect. Since the release of nanoscale
organic compounds was observed above a critical temperature threshold, a method was
developed to limit the maximum temperatures [7-10,15,16]. The next step addressed the
definition of an appropriate sampling setup. This is followed by the development of a brake
emission protocol to guide future brake emission measurements. The development of the
test procedure aims to determine particle number and particle mass equally. The challenge
is to guarantee comparable and representative test conditions for the wide variety of brake
system configurations available on the market. Particularly, the influence on the flow
profile and particle dispersion makes the collection of representative samples a difficult
task. This is already influenced by the particle injection, which is very inhomogeneous and
shows a high time dependence [17].

Accordingly, the group decided on the brake test rig approach and the use of a dilution
tunnel, which allows the parallel measurement of emission factors of particle number and
mass fractions [18]. The evacuation of the particle-laden flow to the sampling position
follows the driving direction. This results in another challenge in terms of transport
and sampling of super-micron particles [19]. The method currently developed allows
for realistic driving and braking conditions, definition of the test inertia based on the
force distribution specified by the vehicle manufacturer, options to correct for parasitic
vehicle losses and adjustment of the cooling flow rate based on real vehicle temperature
profile data. Nevertheless, there is currently, and probably will be in the future, no way to
mimic the aerodynamics of the vehicle, given the wide variety of configurations available
on the market. In addition, the method replicates the primary brake emissions under
strictly controlled laboratory conditions and does not capture the ambient dilution, particle
transport, losses and deposition on the vehicle and on the road that occur in the real world.
To allow reproducible test conditions, the simulation of extreme weather conditions that
may occur in the real world is also omitted [13].

1.2. Influence of Brake Disc Temperature and Interaction with the Flow Rate

This section contains an excerpt on the current state of research on the temperature
distribution within the friction contact of disc brakes, the correlation between temperature
and formation of nanoparticles (defined in this study as particles <1 um), and the current
PMP working group approach to temperature regulation. In addition, it outlines the
challenges in developing a methodology for measuring brake particle emissions as a basis
for a potential legislative process, which is a primary motivation for conducting this study.

Brake wear aerosol is a complex physico-chemical mixture whose composition and
morphology depends on the chemical-physical properties of the friction partners and the
braking conditions [16,20]. The particle number concentration is known to be influenced
by the use of differently calibrated condensation particle counter (CPC) cut-offs [16,17]. In
these tests, ECE (Economic Commission for Europe; low steel brake pads for the European
market) and non-asbestos organic (NAO) brake pads were tested with conventional grey
cast iron discs of an upper middle class vehicle (D-segment). Peak temperatures < 180 °C
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could be recorded under WLTP data basis (trip #10 of the WLTP brake cycle) according
to the PMP temperature specifications. A linearity comparison between CPCs with dif-
ferently calibrated cut-offs (10 nm and 23 nm) results in a coefficient of determination
R? = 0.99, which indicates a very high comparability. The particles are assigned to a size
spectrum > 23 nm or 55 nm (plateau of the CPC efficiency curve). From measurements
of the particle size distribution using an electrical low-pressure cascade impactor (ELPI)
(Dekati, Ltd., Tampere, Finland), concentration peaks between 0.8-3.0 pm (monomodal
distribution) with a lower limit of 0.2-0.3 um can be derived for ECE and NAO brake
pad materials. The formation of nanoparticles results from locally occurring peak tem-
peratures (hot bands) > 180-200 °C (temperature threshold 1). The actual chemistry and
morphology of the emitted particles will depend on both the brake—pad formulation and
the operating conditions [7,15,20-24]. Nucleation of evaporated organic constituents like
phenolic resins typically employed in binders is identified as the most likely pathway [7,10].
Another threshold temperature could be assigned to a temperature range of 450-500 °C
(temperature threshold 2) [17].

The inhomogeneous and dynamic temperature profiles on the surface of the brake
disc, shown in Figures 1 and 2, are the result of inhomogeneous contact conditions due to
the dynamic processes in the contact area [24].

t;=00s t,=3.0s t;=50s °C

160—130 km/h | 120—80 km/h
10 bar 10 bar

200—170 km/h
10 bar

t1=0.05 t2=0.55 t3=1.05 °C

120—80 km/h
80 bar

160—130 km/h
80 bar

200—170 km/h
80 bar

Figure 2. Temperature distribution over the disc surface—Speed variation at 80 bar [24].
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The dynamic brake pressure-dependent change in local energy transfer is related to
this. For the floating caliper brake used, the energy transfer at brake pressures < 30 bar
occurs primarily via the inner ring. In the other case, the energy is transferred via the outer
ring at maximum brake pressures. This effect results from the expansion of the brake caliper
under increasing brake pressure [25]. The hotband characteristics are very dynamic and
not constant over time, which can be explained by the dynamic processes in the frictional
contact. The temperature profiles were measured using a thermographic camera (InfraTec
GmbH, Dresden, Germany). This enables the measurement of surface temperatures in the
visible area of the friction ring. To follow the current recommendations of the PMP group,
the measurement of the braking temperature in this study is done with embedded Ni-Cr-Ni
thermocouples. These are positioned 0.5 & 0.1 mm below the disc surface 10 mm outwards
of the centre of the friction path. With embedded thermocouples, the temperature of the
brake disc body can be measured due to heat conduction, which is the result of friction and
energy conversion. This results in temperature differences between these two measurement
methods, which are higher the higher the converted friction energy and friction power per
braking event. As a result of the described inhomogeneous temperature distribution, it
is to be expected that reproducible and representative temperature measurements using
embedded thermocouples is a challenge [17]. It is to be expected that the local temperature
peaks occurring in the frictional contact, which seem to be responsible for the formation
of nanoparticles, cannot be clearly detected. This is especially the case for high power
braking events. Previous studies have demonstrated temperature differences of up to
120 °C (200—170 km/h) [17]. The temperature distribution should also be influenced by
the material properties of the brake disc, which has not been investigated so far. Cur-
rently, it is recommended that temperature profiles be bound within specific ranges (e.g.,
average and maximum brake temperature) and that the flow rate be used as a means of
adjusting the measured temperatures. An extract of the specified temperatures is shown
in Table 1 [14,26].

Table 1. PMP (Particle Measurement Program) temperature specifications for brake discs during trip
#10 of the WLTP (Worldwide harmonized Light-Duty vehicles Test Procedure) brake cycle (IBT =
initial brake temperature; FBT = final brake temperature) [14,26].

Average Average Average Maximum

Axle Brake Type  romp. [gOC] IBT [OgC] FBT ["gC] Temp. [°C]
Front Disc vented 85 85 135 170
Rear Disc vented 65 65 95 115
Rear Disc solid 80 85 135 180
Rear Drum 60 65 120 175
Acceptance +10 *15 +25 +£25

In addition to the challenges associated with measuring maximum temperatures
described above, non-compliance with the PMP minimum average temperature specifi-
cations for some brakes was demonstrated in previous studies [17]. Flow velocities of
approximately 4.5 km/h were selected for the tests, which corresponds to a low cooling
capacity. The deviation from the PMP temperature specifications can be explained by the
dimensioning and heat capacity of the disc to ensure high friction power and high stability
of the coefficient of friction even under very sporty driving conditions. Even tests with
deactivated cooling current did not lead to compliance with the temperature specifications.

Additional investigations were conducted to evaluate the influence of varying flow
rates (Table 2) on the disc temperature [27]. The flow velocities around the brake correspond
to 6,25, and 50 km/h. An ECE pad and an internally ventilated disc of a C-segment car
were used for the tests. The disc has a mass of 6.5 kg and a diameter of 278 mm. A moment
of inertia of 56.7 kg/m? was simulated. A test without activated cooling represents the
reference. As expected, the average temperature decreases as the flow rate increases. It is
remarkable that the maximum temperature is significantly less influenced by the flow rate
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compared to the average temperature. The range is up to 28 °C for the average temperature
and 18 °C for the maximum temperature. The specified average temperature is maintained
for flow rates significantly lower than 25 km/h.

Table 2. Influence of varying flow rates on the disc temperature of a disc brake of a C-segment car
(IBT = initial brake temperature; FBT = final brake temperature) [27].

Flow Speed Average Temp. Average Average Maximum
(km/h) (@) IBT (°C) FBT (°O) Temp. (°C)

0 90 91 154 191

6 86 86 147 185

25 70 79 142 180

50 62 75 137 173

It can be assumed that conductive heat transfer at the disc during actual braking
is much faster than convective cooling. This means that regulating the flow rate will
have only a marginal effect on the maximum temperatures [28]. With respect to the
average temperature, the spatial inhomogeneity of the temperature profile during transient
braking maneuvers will only slightly influence the measurement accuracy. Due to the
inhomogeneous temperature distribution described above, embedded thermocouples
are not expected to be able to detect the local and microscopic temperatures within the
friction contact in a repeatable manner, which are associated with the formation process
of nanoparticles. Large differences between flow rates are to be expected with the chosen
method to meet the specified temperature values for each individual brake available on the
market. This also concerns differences between laboratories due to different dimensions
and designs of the sampling systems. The challenge for the PMP IWG (Informal Working
Group) will be to ensure the requirements for transport efficiency and uniformity despite
these differences in order to enable reproducible and representative measurements [14].

The local friction contact between pad and disc can lead to secondary particle emis-
sions [17]. These emissions can be observed in Figure 6 in the time range of 2.020-2.060 s
during the phases of constant acceleration and constant velocity, measured as particle
number concentration (GCI disc). Secondary emissions are defined as emissions that are
not the result of a deceleration using hydraulic pressure. These emissions can occur as soon
as the restoring force does not completely decouple the brake pads from the disc. Due to
the continuous rotation of the disc, individual particles embedded in the friction layer can
be released and emitted, which is described as local and continuous wear. It is also possible
that the critical threshold temperature (threshold 1) is locally exceeded, which leads to a
temperature-dependent emission of nanoparticles (< 23 nm). The proof was provided by
measuring the temperature on the disc using a thermographic camera. Temperature differ-
ences of up to 15 °C could be detected through local contact. The available information on
the condition of these volatile nanoparticles suggests that the exhaust solid PN method
(e.g., with a volatile particle remover tempered to 300/350 °C) can effectively eliminate
them [17,25,29]. Only limited recommendations can be made for solid nanoparticles.

1.3. Bedding Procedure to Achieve Representative Friction and Emission Behaviour

The formation process of the friction layer typically results in a drop in the wear rate
due to reduced abrasive wear and an increase in the coefficient of friction. The reduction of
the wear rate is associated with a reduction of the particle emission rate, which is strongly
influenced by the composition of the friction partners. [17,30-34]. The inhomogeneous
contact conditions and surface topography as a result of the unformed friction layer are
mentioned as an explanation. Due to the inhomogeneous contact conditions, the real
microscopic contact pressures are significantly higher than the nominal contact pressures.
The dynamic surface changes result in dynamic and locally occurring friction values,
temperatures and wear rates. The bedding process is completed when an equilibrium
is reached between the particles migrated into the friction layer and those released and
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emitted [17,31,32]. The speed at which the friction layer forms is approximately constant
compared to the degrading layers. After completion of the bedding process, the brake wear
particle emissions and the composition of the friction layer remain almost constant as long
as the operating conditions do not change. Inhomogeneous surface structures, which are
significantly more pronounced with the ECE compared to the NAO, are smoothed out by
wear particles. If the operating conditions, such as the surface pressure, rotational speed or
temperature are changed, the contact conditions or the composition of the friction layer, the
coefficient of friction and the number of emitted particles can change. In addition, the bed-
ding process can occur again after a time interruption (standstill) or due to environmental
influences (e.g., humidity) [17,34].

The number of cycles and friction energy required to complete the bedding processes
differed for different friction materials. For a tested grey cast iron disc with an ECE brake
pad, a factor of 2 less cycles was required compared to a conventional grey cast iron disc
with an NAO brake pad. At the same time, the number-related emission factor using the
ECE brake pad was higher by a factor of 3.5 and different concentration curves can be
observed. The drop in the number-related emission factors is clearly more pronounced for
the ECE brake pad. Influenced by the material properties of the friction partners, a different
composition of the friction layer and the emitted wear particles results. In summary, the
friction energy and number of cycles converted until the end of the bedding process as
well as the emission process are material characteristics that are particularly influenced by
the wear rate [17,35].

1.4. Brake Emissions Reduction

The trade-off between brake performance and brake wear particle emissions can only
be resolved to a limited extent with the pad mixtures known to date. Brake wear particle
emissions can be reduced by using low-wear brake pad mixtures, such as NAO-friction
materials [17]. Significantly higher reduction potentials can be expected by using wear-
resistant brake discs such as tungsten carbide-coated discs (HMC) or carbon-ceramic discs
(CC) [17]. However, market penetration of these disc concepts is currently limited to use in
high-performance sports cars and luxury class vehicles due to the continuing high costs.
HMC discs are much cheaper to produce than CC discs and offer significantly higher
market penetration. Scientific studies confirming the reduction potential of wear-resistant
brake discs are not available. In addition, filtering and extraction devices for capturing the
emitted particles are under development. Advantages have already been demonstrated
with prototypes. Information on the required replacement intervals of the filters as well as
the energy consumption to be calculated is not yet finally possible.

With increasing electrification of the drive train, the possibility of regenerative braking
increases. The use of the friction brake for vehicle deceleration decreases dramatically.
This is especially true for low decelerations. Nevertheless, modern BEVs (Battery Electric
Vehicle) have a high recuperation capacity, making decelerations of up to 3.8 m/s? feasible
without using the friction brake. For BEVs, a reduction in brake wear emissions of up to
> 90% (particle number) is possible. Emission reductions of well over 50% can also be
demonstrated for mild hybrids with an integrated 48-V starter generator [17] (p. 123).

1.5. Required Examinations

Studies on brake wear emissions have so far primarily been carried out with con-
ventional cast iron brake discs [19,24,25,36,37]. There is a lack of studies to identify the
emission characteristics and emission reduction potential of alternative friction materials.
For this purpose, front axle brake discs (conventional grey cast iron disc (GCI), tungsten
carbide-coated disc (HMC), and carbon ceramic disc (CC)) of the same vehicle (vehicle 1)
with comparable disc dimensions (max. difference of the diameter: 4 mm; identical disc
thickness) and serial brake pads adapted per disc concept are compared. To classify the
emission reduction potentials and evaluate influencing variables (such as temperature or
friction surface), a comparison of varying disc and pad dimensions (vehicle 2) is included.
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The operating conditions for sampling and measurement remain identical for all tests.
Differences exist in the design of the fixed caliper used and the number of pistons.

Measured properties included gravimetric PM2.5 and PM10, and particle number
(PN) concentrations to relate to a potential legislative procedure. Part of the comparison is
the analysis of the emission behaviour over the bedding process as well as the evaluation of
the influence of temperature. By measuring disc temperature and particle size distribution
in parallel, the correlation between temperature and the formation of nanoparticles per disc
concept is evaluated. The disc temperature is measured according to the method developed
by the PMP IWG, which allows a variation of the flow rate in case of non-compliance with
the temperature specifications. A chemical and physical analysis of the friction partners
concludes the study.

2. Experimental
2.1. Brake System and Friction Materials

A conventional GCI (diameter: 390 mm) is compared with a HMC disc (diameter:
390 mm) and a CC disc (diameter: 394 mm) in terms of particle emission behaviour. The
front axle brakes (J-segment vehicle) are tested under identical conditions; described as ve-
hicle 1. The moments of inertia and effective radius designated by the vehicle manufacturer
were employed in the study corresponding to 90.9 kg*m? and between 161.7 mm (GCI) and
164.8 mm (CC). The geometric design of the brake discs aims at efficient cooling and high
friction performance. To ensure realistic test conditions, serial ECE-brake pads are used
that are adapted and approved for the different brake discs. One set of components (pad
and disc) is tested per brake. The GCI disc is protected against environmental influences by
an anti-corrosion layer which is removed during the initial phase. The brake pads shown
in Figure 3 differ significantly in their composition (Table 3).

Figure 3. Comparison of friction materials—left: GCI (Grey Cast Iron) brake pad; centre: HMC (Hard Metal Coated) brake
pad; right: CC (Carbon Ceramic) brake pad.

The elemental proportions were determined using a scanning electron microscope
(energy dispersive X-ray analysis; JEOL JSM-6610). In addition, proportions of Mg, Si, Cr,
Zn, and Sn can be detected in all brake pads. What is different is that the friction materials
of the tungsten carbide-coated disc contains Zr. Ti is also detected in the CC-brake pad.
To classify the results, additional tests are made for a second vehicle (vehicle 2; J-segment)
with series brakes available on the market in each case.
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Table 3. Chemical composition of the serial brake pads used (GCI, HMC, CC)—X-Ray analysis (vehicle 1).

Weight Percentage (%)

C (0] Mg Al Si S Ca Ti Cr Fe Zn Zr Sn

GCI brake pad 51.7 18.0 5.1 53 1.4 2.3 0.0 0.0 1.2 9.4 1.3 0.0 44
HMC brake pad  48.9 21.0 23 3.8 0.9 0.9 0.9 0.0 3.0 84 4.0 2.1 3.8
CC brake pad 52.0 16.8 32 2.0 2.0 1.3 0.7 1.9 24 10.6 3.6 0.0 3.6

The serial brakes available on the market are selected in the dimensions of 350 mm-GClI,
415 mm-HMC, and 440 mm-CC. Even though the disc dimensions differ, this comparison
allows a deeper understanding of the influence of the disc dimensioning on the temperature
and emission behaviour. For vehicle 2, a moment of inertia of 115.97 kg*m? is simulated.

2.2. Brake Dyno and Dilution Tunnel

All brakes were tested on an inertia dynamometer (Link 3900 NVH) in a fully air-
conditioned test chamber. The brake assembly is fully closed (exchange time < 2.5 s) and is
rotating in the direction of evacuation. A photo of the dilution tunnel used in this study is
shown in Figure 4. A high efficiency particulate air (HEPA H13) filter is installed at the
inlet of the chamber. Airflow is controlled by a blower located downstream which was
set at 850 m>/h, which corresponds to an average flow velocity of 1.66 m/s around the
periphery of the brake. The particle loaded air flow is transported to the sampling position.
The specific exhaust duct configuration was established following CFD simulations as
the best compromise between space limitations in commercial brake-dyno chambers and
optimized particle mixing and penetration [38].

HEPA-Filter

/

Sample point

J

Blower

Chamber

Figure 4. Constant volume sampling (CVS) system—A HEPA filter is installed on the right side of
the enclosure. Arrows indicate the PM and PN sampling probes employed in the study [38].

2.3. Particle Sampling and Measurement

Samples were extracted from the dilution tunnel using isokinetic probes compliant to
EN 13284-1 and ISO 9096 (Paul Gothe GmbH). The air flow is determined downstream of
the sampling position with a differential pressure transmitter (KIMO). A 90° bend probe
design was used with the sample nozzle installed vertically facing the flow. PN and PM
samples are collected in parallel, each with one probe placed in the same plane at a distance
of 1 cm from the duct center. A third probe is installed to take a sample to determine the
particle size distribution. For PN samples, a TSI 3708 4-way flow divider was used to
provide the collected sample to two connected particle counters. Probe nozzle diameters
were selected to achieve isokinetic ratios of 1 & 0.1 for both tunnel flows tested.

The sample is sucked into the 3-stage cascade impactor (Paul Gothe GmbH) through
the inlet of the plane filter device (ISO 23,210 and VDI 2066 part 7) and the aerosol is
fractionated in the particle size classes > 10 um, 10-2.5 um (coarse PM) and < 2.5 pum (fine
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PM). The impactor was designed and calibrated for PM10/PM2.5 in-stack measurements.
Due to a relatively high volume flow of 3.2 m3/h (depending on the gas conditions)
corresponding to the nominal 50% cutoff sizes at 10 and 2.5 um, sampling times are kept
short (for dust concentrations of 20 mg/m?3/h) [39]. The sample is deposited per size
fraction on glass fiber filters (Munktell MG 160). According to VDI 2066, the detection limit
of the filter loading is 0.3 mg for PM2.5 and 0.4 mg for PM10. To ensure that the particle
deposition and the isokinetic sampling conditions do not change over the course of a test
cycle, the ambient conditions (temperature and pressure) must be monitored continuously.
For this purpose, an automatic control unit is used, which regulates the impactor flow rate
according to the ambient conditions. In addition to determining mass-related PM emission
factors, the PM10-PM2.5 ratio is used to evaluate emission characteristics and size-specific
differences. This allows differences between the tested friction materials to be identified in
terms of size distribution.

The XSR225DU precision balance from Mettler Toledo is used for gravimetric deter-
mination of the filter mass. The weight of the filter inserts is determined before and after
each test. The accuracy is 0.01 mg with a repeatability of 0.02 mg. Despite the relatively
large amount of mass collected, the pressure drop was insignificant and the sample flow
rate remained constant during the tests due to the regulation of the isokinetic control unit.
The filters were conditioned for 24 h in a temperature and humidity controlled climatic
cabinet before each measurement. Weighing was done 5 times to minimize measurement
inaccuracies.

A 10-nm (D50) CPC (TSI 3772) with dual-dilution system was used to measure the
PN emissions in accordance to the automotive exhaust European regulation [40]. The
CPC is configured with a sampling unit, a volatile particle remover (primary diluter
(PND1)/secondary diluter (PND2)/catalytic stripper (CS)), and a particle counter. First,
the sample is collected from the dilution tunnel and coarse mode-particles are removed by a
pre-classifier (cyclone) with a cut off size of 2.5 um. Next, the samples were diluted 15 times
(PND1) in a heated diluter using hot air at 191 °C, and then thermally treated in a catalytic
stripper (CS) operating at 350 °C. A second 10:1 dilution with air at room temperature
cooled down the sample bringing it to the appropriate concentration levels for the counting
unit (35 °C or less). An ELPI was used in dedicated tests to investigate the size of the
emitted particles. The ELPI is using a unipolar corona charger to condition the particle
charge but utilizes impactors (connected to sensitive electrometers) for size classification of
the charged particles. The ELPI has 13 impactor stages and an absolute filter stage, covering
the aerodynamic mobility size range of 6 nm to ~10,000 nm. The ELPI shows acceptable
agreement with a CPC (reference for determining particle number concentration) [16,17].
Calculating the electrical mobility size distribution from the ELPI, requires an assumption
on the effective particle density, which in general may vary with particle size and friction
material composition. To ensure uniform assumptions, the calculation of the size-resolved
number concentration is carried out within the scope of this work with a uniform density
of 1 g/cm? (corresponding to the aerodynamic diameter).

2.4. Test Protocol

Currently, the brake emissions protocol specifies a fixed number of cycles (WLTP brake
cycle) to generate a stable transfer layer, brake effectiveness and level of brake emissions
before the actual cycle to characterize the friction brake in terms of emissions is performed.
The aim is to achieve an emission level equivalent to the service life of the brake. This
approach was developed using GCI discs, which are expected to shorten the duration of
the bedding procedure in the case of higher wear. The extent to which this approach can be
transferred without restriction to alternative brake concepts and friction materials has been
clarified in the following investigations.

The bedding process is analysed along a series of trip #10 of the WLTP brake cycle.
Since no definition is available in the literature that can be used to describe the bedding
process on the basis of particle emission behaviour, a trend analysis is carried out. A
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deviation of <5% over 5 consecutive number-related emission factors (CPC) is assumed as
the target value. From this point on, a completed bedding process and an emission level
that is reproducible over the further test period is assumed. According to the previous
descriptions, the formation of the friction layer and the duration of the bedding process
depend on the test cycle, the temperature and brake pressure level. The bedding process can
be accelerated under certain operating parameters [41]. The disadvantage is that increasing
the brake pressure, the rotation speed, and possibly the temperature significantly changes
the structure and composition of the friction layer. This can result in deviating emission
behaviour and should be avoided against the background of representative test conditions.
The bedding process cannot be understood as a universal and arbitrarily transferable
process in which a fixed predefined number of cycles always leads to the identical result.
To verify the assumptions, the emission behaviour for the presented brakes of different
dimensions (vehicle 1 and 2) and material properties (GCI, HMC and CC) is to be compared.
The test procedures remain identical to those described above.

The tests were performed according to the PMP brake protocol at an environment
temperature of 20 & 2 °C and a relative humidity of 50 + 5% [25]. Testing is done with
production brake and wheel assemblies (unused, brand new brake components). The trip
#10 of the novel braking test cycle, derived from the analysis of the WLTP database [13],
was selected for the investigations. A series of trip #10 tests were performed starting from
unconditioned pads, to characterize the evolution of emissions until their stabilization. For
all cycles performed, the initial temperature is set to 40 °C according to the protocol. This
last trip #10 corresponds to ~33% of the total cycle duration and total driven distance. Trip
#10 includes the top 5% braking events that are considered by the PMP group as indicators
for the representativeness of the established temperatures [42]. Disc temperature measure-
ments were measured for all brakes with embedded thermocouples. The thermocouple is
positioned radially 10 mm off the centre of the friction path and recessed 0.5 mm deep into
the face of the disc, in accordance to the recommendations of the PMP working group.

3. Results
3.1. Correlations between Bedding Process and Brake Wear Particle Emissions

In Figure 5, the number and mass-related emission factors for the tested disc concepts
(vehicle 1) are compared. The number of trip #10 simulated until completion of the bedding
process differs significantly for the brakes tested. For each disc, characteristic and strongly
deviating curves of the number and mass-related emission factors can be identified. The
drop in the emission factors observed for the disc brake can be explained by two reasons.
The first is the removal of the anti-corrosion coating of the disc in the initial phase. The
particle number concentration, measured over the course of a cycle, is particularly high
during the first 5 to 10 braking events and then decreases continuously [17,41].

The second reason is the increased wear rate during the bedding process, which results
from inhomogeneous contact conditions and surface topography as well as the non-formed
friction layer [32]. The measured particle number concentration is considered as a function
of the wear rate and decreases continuously. To demonstrate this correlation, Figure 6
shows the particle number concentration of a section of trip #10 of the WLTP brake cycle
for the first 5 runs for the GCI disc.
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T 40000
3]
# 35,000 |
.é 30,000 |
g 25,000 //-'_'_ = '
£ 20000 = N iy
= 15000 el M AN \
3 | 7 Al W
£ s Wal Al
g BEEVANN A A NN A YV
& 2000 2020 2040 2060 2080 2100 2120
time (s)
——Run1 ——Run 2 ——Run 3 “Run 4 —Run 5 ——speed

160
140
120
100
80
60
40
20

Velocity (km/h)

Figure 6. Course of the particle number concentration of a section of trip #10 of the WLTP brake cycle for the first 5 runs
(GCI disc—vehicle 1).

As a result, the number-related emission factor decreases over the course of 5x trip
#10 by up to a factor of 5 and the mass-related emission factor decreases by up to a
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factor of 2.2 (Figure 5). For the CC disc, which is not provided with an anti-corrosion
coating, a decrease by the factors 3 (number) and 2 (mass) can be identified. The trend is
different for the HMC, the number-related emission factor increasing over the first three
cycles. The mass-related emission factors of the GCI are at a significantly higher level
compared to the HMC and CC, which suggests a higher proportion of mass-relevant
particles > 2.5 um. While a constant level can be observed for the GCI emission factors
after 8 x trip #10, the emission level for the CC and HMC is continuously decreasing. This
indicates that the bedding process is still ongoing. After a number of cycles > 25 (HMC)
and > 30 (CC) the process appears to be completed. A comparison of the number-related
emission factors after 10x trip #10 would result in an increased value of up to 22% (HMC
disc; cycles 24-28). The HMC disc is assigned the highest and the CC disc the lowest
number-related emission factor.

The mean particle size distribution (ELPI+) per test cycle compared in
Figures 7 and 8 serve to explain this result. For braking events with high friction en-
ergy and friction power, the emissions of the HMC are characterised by a bimodal size
distribution. Particle formation is the result of the critical threshold temperature being
temporarily exceeded (threshold 1).
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Figure 7. Mean particle size distribution of different friction materials (vehicle 1)—WLTP brake cycle
trip #10.
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In addition to the modal distribution, the particle spectrum emitted by the GCl is char-
acterised by an increased proportion of the particle fraction > 2.5 um. The concentrations
of nanoparticles (<100 nm) recorded for the GCI and CC (Figure 7) as well as for the HMC
and CC (Figure 8) are associated with the noise level of the instrument. The count median
diameter (CMD) calculated over the course of trip #10 is 2.13 pm for the GCI, 1.83 pum for
HMC, and 1.61 um for CC. The maximum concentrations of all brakes tested are found
in a size range between 0.8-2.2 um. In addition to the highest concentration in the size
spectrum > 1 um, the 350-mm GCI (Vehicle 2) has a comparatively higher share in the size
spectrum < 1 um. A change in the modal distribution as a result of temporary exceedances
of the temperature threshold can be expected for this vehicle brake system configuration.

As discussed above, the high wear in the initial phase can be explained by the in-
homogeneous contact conditions (surface topography) and the non-formed friction layer.
The consequence of the small contact area is a local moment transfer, which leads to high
temperatures of the areas in friction contact. The moment transfer occurs via primary and
secondary patches. The primary and secondary patches are assigned a diameter of 50 um
to 500 um during soft braking maneuvers [43]. The nominal contact area was determined
exemplarily for the GCI with 10-20% for different 10 measuring positions, which are evenly
distributed in the radial direction of the contact area. A contact area analysed using 3D-laser
scanning microscopy is shown in Figure 9.

Figure 9. Microscopy images of the surface structure of a GCI brake pad; left: unused condition; right: after 10x trip #10 of

the WLTP brake cycle.

The nominal contact areas are marked (white) by means of digital image processing
software (DatInf Scientific counter). A small contact area over the initial phase is to be
expected for unused brake pads due to the inhomogeneous surface topography. For the
embedded pad, the contact areas are clearly highlighted. At high temperature and high
pressure, the plateaus can be up to 1 mm in size and cover up to 50% of the surface area.

A different result can be derived from the mass-related emission factors (Figure 10).
To classify the results, the number- and mass-related emission factors for vehicle 1 and 2
are additionally shown.
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Figure 10. Number- and mass-related emission factors of the tested disc concepts (Vehicles 1 and 2)—WLTP brake cycle

trip #10.

Each of the emission factors shown represents the finished bedding process and is
the average of the last five values (the measured values for vehicle 1 are compared in
Figure 5). The mass-related emission factors were determined via gravimetric measurement.
The standard deviation results from weighing the unloaded and loaded filter pads five times
after the conditioning procedure described above. The comparison of the 390/394-mm brakes
(vehicle 1) reveals a 50% (PM2.5) and 55% (PM10) reduction in the mass-based emission
factor of the HMC disc compared to the GCI disc. For the CC disc, the emission factor is
even lower (reduction of 63% (PM2.5) and 70% (PM10)). This result can be explained by
the increased wear resistance of the HMC and CC discs. Using mass-related PM10 and
PM2.5 emission factors, the PM10-PM2.5 ratio can be calculated. For the GCI disc, the
highest ratio can be determined with 1.90 (HMC: 1.70; CC: 1.55).

The PM10-PM2.5 ratio remained relatively constant over all trip-10 tests at the nominal
tunnel flow rate. Clear changes over the bedding process could not be identified. Therefore,
the reduction in the PM emission levels during the bedding of the pads did not affect the
mass weighted size distributions. Compared to Vehicle 2, the GCI brake of Vehicle 1 has a
brake disc that is approximately 40 mm larger, with a 16.9% increase in pad area and a 22%
lower moment of inertia. The weight of the GCI discs is 14.48 kg (Vehicle 1) and 12.13 kg
(Vehicle 2). This results in a difference in the number-related emission factor by a factor of 4
and in the mass-related emission factor by a factor of 2.5. The PM10-PM2.5 ratio increases
from 1.90 (Vehicle 1) to 2.07 (Vehicle 2). The high increase in the number-related emission
factor is due to the described change in modal distribution. From the comparison of the
HMC discs, the number-related emission factor observed for Vehicle 1 cannot be observed
for Vehicle 2. Instead, the value decreases by > 60%, although the mass-based emission
factor increases by 62% (PM10) and 50% (PM2.5) due to different particle size distributions.
Although the temperature values (Figure 12) are almost identical for the HMC discs, a
reduction of the microscopic temperatures in the contact area can be assumed for the
415 mm disc as a result of an increased contact area. For the CC disc, a holistic reduction of
the emission factors occurs due to the 46 mm larger disc of Vehicle 2.

The mass loss (mg/km) of the individual brake components is again used to classify
the results. The total wear for the GCI disc results predominantly from the wear of the disc
(Figure 11).
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Figure 11. Comparison of different friction materials in terms of mass loss (Vehicles 1 and 2)—WLTP brake cycle trip #10.

This result is identical to the observations in the first part of this study. The alternative
brake materials (HMC and CC) are characterised by a high wear resistance and hardly
contribute to the total wear. For the CC disc, a reduction of the emission factors can be
confirmed despite an increased disc diameter, pad area and simulated moment of inertia.

Overall, the mass loss factors correlate in a good approximation with the mass-related
emission factors.

3.2. Correlations between Bedding Process and Temperature

A comparison of the trip #10 cycle results of the brakes tested for vehicles 1 and 2
shows significant differences in the mean and maximum brake temperatures (Figure 12)
under the same test conditions (cooling volume flow).
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Figure 12. Comparison of the average and maximum temperatures of the different friction materials (Vehicles 1 and
2)—WLTP brake cycle trip #10.

The average temperatures of the tested brake concepts are almost the same for the
comparable dimensioning (390-394 mm). In addition, the maximum temperature of
the HMC disc is clearly below the level of the CC disc. The course of the average and
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maximum temperatures per cycle shown in Figure 13 (Vehicle 1) illustrates the already
known material-specific differences. While the maximum temperatures per cycle increase
by up to 36 °C for the CC, an increase of 9 °C (GCI) to 13 °C (HMC) is measurable for the
other brakes. For the HMC disc, the maximum temperature drops from cycle 1 to 2. The
average temperatures are at a comparable level. The material-specific influence is primarily
limited to the formation of the maximum temperatures.
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Figure 13. Course of the average and maximum temperatures per cycle over the bedding process (Vehicle 1) —WLTP brake

cycle trip #10.

Overall, the differences in temperature level are higher for Vehicle 2, which is due to
the variation in disc diameter and mass. A comparison of the temperature curves over a
section of trip #10 is shown for the GCI in Figure 14, for the HMC in Figure 15, and for the
CC in Figure 16. The GCI (Vehicle 1/390 mm) and the CC (Vehicle 2/440 mm) have to be
assigned a high repeatability. The maximum deviations over the analysed cycles are < 6 °C.
The maximum deviations typically occur during a braking event and become larger the
higher the energy conversion is.
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Figure 14. Temperature profile of the conventional grey cast iron (GCI) discs along brake event 106 of trip #10 of the WLTP
brake cycle (Vehicles 1 and 2).
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Figure 15. Temperature profile of the tungsten carbide-coated (HMC) discs along brake event 106 of trip #10 of the WLTP
brake cycle (Vehicles 1 and 2).
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Figure 16. Temperature profile of the carbon—ceramic (CC) discs along brake event 106 of trip #10 of the WLTP brake cycle

(Vehicles 1 and 2).

An example is the marked braking event 106 of trip #10 (braking speed: 132.49 km/h).
The hot bands formed during braking arise as a result of uneven distribution of the surface
pressure on individual contact areas through dissipation energy. The radial position of
these rings changes within the contact region of the pads with time, which can lead to
test-to-test deviations when measuring with embedded thermocouples. Deviations of
up to 17 °C can be determined with the embedded thermocouples. The HMC can be
assigned a comparable temperature level at the beginning of the represented braking
(time: 4912 s). This means that the higher the friction energy per braking event, the less
precise and reproducible is the method for determining maximum temperatures by means
of thermocouples.

4. Discussion
4.1. Bedding Procedure

The main target of the bedding procedure is to ensure a representative and repro-
ducible emission level. As mentioned at the beginning of this study, the PMP brake
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emissions protocol currently defines the bedding procedure by a fixed number of test cy-
cles. This approach is intended to be universally valid for disc brakes. Alternative friction
materials (e.g., tungsten carbide-coated discs) are not currently excluded from this. From
the findings presented, the bedding process can be assigned a high significance with regard
to the particle emission behaviour. In addition, a correlation could be observed between the
properties of the friction partners and the emission factors as well as the friction energy or
number of cycles required until completion of the bedding process. The number of cycles
differed by up to a factor of 3 (Vehicle 1). A brand-new vehicle is delivered with already
actuated brakes. The distance travelled is the result of the transfer drives as well as func-
tion tests carried out by the car manufacturer. The distinguishing features of brand-new
vehicles are the test conditions, the driving distance and the brake system installed on the
vehicle. Consequently, neither a universal bedding procedure nor a universally formed
friction layer can be assumed. The driving distance to be completed before delivery is
rather to be assessed as partial bedding. In the case of grey cast iron discs, the influence
of (micro-) corrosion, which can occur over the period of vehicle delivery, contributes to
a change in the wear and emission behaviour. Furthermore, corrosion is an important
issue for grey cast iron discs installed on electric vehicles. As a result of numerous differ-
ences, the delivery condition of a vehicle cannot be regarded as the basis for a universal
bedding procedure.

Following the PMP brake emissions protocol, unused brake components or already
embedded brake components can be used. For already embedded brake components,
there is currently no restriction regarding the preconditioning procedure. Only bedding
procedures should be permitted in which the test conditions (speed, brake pressure and
temperature profile) correspond to those of the main emission test. Test cycles that have
different operating conditions (thermal, mechanical) compared to the test cycle of the main
emission test can lead to a deviating emission value [41]. Conditioning with high speeds
and brake pressures (test parameters: 80 bar; 200-170 km/h; 100 °C) leads to an increase in
emission factors by up to a factor of 4. In the opposite case, a reduction of the emission
level by thermal conditioning to 330 °C could be confirmed. If the aim is to shorten the
bedding process by increasing temperature or braking pressure, additional conditioning
must be carried out. The simulated operating conditions should be comparable to those of
the emission test cycle.

According to the observations, a predefined number of test cycles, derived from inves-
tigations using GCI disc, is not sufficient to complete the bedding process for alternative
friction materials. Although the reduction of the number-related emission factor after
10x trip #10 is small, the values can be increased by up to 20%. Nevertheless, a trend
analysis would have the advantage of statistical validation, but the disadvantage of a high
and partly varying time expenditure. It should be mentioned that the brakes of a vehicle
are exposed to continuously changing and hardly reproducible load scenarios in real driv-
ing tests. The driving and braking conditions simulated on the inertia dynamometer can
only be compared to some extent with the field conditions. Furthermore, the influence of
climatic conditions (like humidity and temperature) as well as extreme braking events (like
emergency braking) have a high impact on the characteristics of the friction layer, on the
wear and emission level.

The contact area ratio can be used to evaluate the bedding condition of friction brakes.
The approach was presented as an example using the GCI disc. The measurement should
be done using surface analysis techniques (e.g., 3D-laser scanning microscope). This
allows calculation of the contact area of a brake pad and the ratio between contact area
and total pad area. The contact area ratio is the portion of the pad surface that is in
frictional contact with the disc and contributes to the torque transmission. As a result
of manufacturing tolerances or inhomogeneous surface topographies, the contact area
ratio increases continuously during the bedding process [32]. The bedding process is not
complete until the contact area ratio converges towards a specific value. Due to the different
material properties, this value is expected to differ for different brake concepts (e.g., GCI
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disc and HMC disc). In addition, it is difficult to check the contact ratio within the scope of
a homologation process. If the contact area ratio is checked by removing the brake pads,
reconditioning is required afterwards. This makes it difficult to integrate this approach
into a potential homologation approach. Trend analysis is another potential approach. The
evaluation of the emission behaviour in the form of a trend analysis can only be transferred
to a partial section of the real wear and emission behaviour. To ensure comparable test
and inspection conditions, especially between different laboratories, the specification of a
fixed number of cycles is possible as a compromise. Differentiated specifications between
conventional grey cast iron discs and alternative friction materials are conceivable. For
this definition, a wide range of different friction materials must be tested. In addition,
a combined procedure of specifying a minimum number of cycles and a trend analysis
could be a compromise. In addition, the formation of nanoscale particles was observed
during the bedding process of the HMC disc. This effect results from exceeding the critical
temperature thresholds due to inhomogeneous contact conditions in the initial phase.
As the number of cycles increases, the probability of formation decreases. Since these
nanoparticles are hardly mass-relevant (especially for PM10), the use of particle mass is
recommended for the evaluation of emission stabilisation along the bedding process.

The PM10-PM2.5 ratio should be used as a benchmark for evaluating the measurement
capability of electrically-based measurement systems, transport efficiency, and uniformity
within a sampling system. Influences of varying parameters can be evaluated in a target-
oriented manner or optimal parameter settings (e.g., the evacuation volume flow) can
be identified. For example, it can be assumed that a reduced ratio under variation of
operating conditions or changes in the design of the sampling system is the result of reduced
transport efficiency. This makes the PM10-PM2.5 ratio an integral part of the design of a
sampling system.

Using alternative friction materials (HMC and CC discs), emission reduction potentials
of up to 70% (PM10) can be achieved (Figures 5 and 10). The significantly lower emission
factors compared to the GCI discs are the result of the high wear resistance of the disc.
However, the reduction potentials can only be achieved if the temperature regime is in
a non-critical range. Exceeding critical threshold temperatures, which result in a change
of the modal distribution, must therefore be avoided. This relationship must be taken
into account in the development and design process of the brakes. If market penetration
of alternative friction materials is possible due to cost, function, and durability, a high
contribution to particulate matter reduction is possible.

4.2. Temperature Observations

In this study, embedded thermocouples were used as recommended by the PMP
group. The detection of near-surface peak temperatures can only be reconciled with the
particle formation process and the critical temperature thresholds to a limited extent due
to the dynamic temperature distribution and the rather punctual temperature detection,
which can be classified as a disadvantage of this measurement method. This applies in
particular to sharp braking with high friction energy and friction power. The higher the
friction energy and friction power converted per brake event, the higher the difference to
the temperature at the disc surface. It follows that the representative and reproducible
measurement of the peak temperature at high friction energy and friction power is the
limitation of this measurement method. In addition, the reproducibility can vary when
using different disc materials with comparable disc dimensions, which makes the universal
use of this approach a challenge. The investigations on the influence of different friction
materials with almost identical disc dimensions (Vehicle 1) result in a deviation of up to
35 °C of the maximum disc temperatures. Higher temperatures can be attributed to the
inner friction ring, which contributes to a higher proportion of the energy transfer in
floating caliper brakes and brake pressures < 30 bar (Figures 1 and 2) [25]. Only at brake
pressures > 30 bar is torque transmission primarily to be expected via the centre and
outer friction ring. Along trip #10 of the WLTP brake cycle, maximum brake pressures
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of 14.8 bar could be measured for the GCI disc. In general, the maximum brake disc
temperature determined by means of a thermocouple cannot be used directly to explain
the formation process of nanoparticles. The formation is less to be defined by a universal
temperature threshold, but rather as a material characteristic. For the HMC and CC, the
mean temperatures of the different brake sizes differ only slightly. The increased moment
of inertia for Vehicle 2 is almost compensated for by the enlarged disc.

The GCI disc has to be assigned a moderate reproducibility with regard to the temper-
ature measurement in the case of decelerations with high friction energy. The temperature
deviations have to be considered especially in the development of a robust measurement
procedure and have a negative impact on the representativeness of the temperature-based
methodology. Only using the 350-mm GCI disc, the PMP temperature specifications were
met. According to the PMP brake emissions protocol, a reduction of the cooling volume
flow would be necessary for all other brakes tested to comply with the specifications for
the average and maximum brake temperature. Since the mean flow velocity around the
periphery of the brake is low at 1.66 m/s, further reduction of the cooling effect would not
be successful. Tests under deactivation of the cooling volume flow have shown a 4-5 °C
higher average and 5-6 °C higher maximum temperature for the GCI disc. This means
that, for some of the tested brakes, the temperature ranges predefined by the PMP IWG
cannot be met. Based on the results presented in Table 2, the influence of the tunnel flow
on the maximum temperature can be considered low compared to the heat capacity of the
disc [27]. To meet the targets, the temperature ranges can be divided into classes, whereby
the wheel load /disc mass ratio is conceivable as a distinguishing feature. Furthermore, the
elimination of the lower mean temperature value per cycle should be discussed, which
reduces the probability of a change in the flow rate by several factors. This gives greater
consideration to the specific cooling behaviour of each brake system, ensuring a more
realistic temperature profile under WLTP brake cycle simulation. In general, the variation
of the flow velocity influences the particle transport efficiency, the particle distribution
and the particle residence time. This is especially important when comparing two labo-
ratories and sampling systems with different geometries and operating conditions. Due
to complex geometric differences, such as cross-sectional transitions and curvatures in
the enclosure and in the duct, deviating mass-related emission factors (PM10) are to be
expected [16,44]. Variation of the flow velocity should be as small as possible (i.e., not by
several factors when using a constant volume sampling system with the same geometry) or
completely prevented.

Based on this study and confirmed by numerous other authors, the disc temperature
can be identified as a critical parameter [7-10,15,16,29]. When the critical threshold temper-
ature was exceeded, the release of nanoparticles was observed. The formation process of
nanoparticles is particularly influenced by the material composition [17,45]. This results
from the evaporation of organic components of the friction material matrix (e.g., pheno-
lic resins in binders). Under high thermal load, carbon single bonds in the particle size
range < 0.1 um were detected, which are typical for organic carbon (OC) [17]. The emis-
sion product showed carbon-oxygen double bonds, which can be assigned to organic
species. The analysis of the exact chemical composition of the emitted nanoparticles, the
identification of the formation mechanisms and the separation between solid and volatile
nanoparticles represent research priorities for the future. For a realistic evaluation of brake
wear, the PMP IWG aims to reproduce real disc temperatures by specifying threshold
temperature ranges on the inertia dynamometer [13,25]. Due to the temporal and spatial
non-uniformity, some limitations have to be considered. On the one hand, the measured
temperature is influenced by the position of the thermocouple. On the other hand, the
measurement methodology is based on the principle of heat conduction, which means that
the influence of the thermal conductivity of the material of the brake disc is of particular
importance. The latter has a particular influence on the measurement of the maximum tem-
peratures. The average temperature is hardly influenced according to the results described
above. The geometry of the friction partners and the composition of the friction partners
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can be expected to have an influence. The more inhomogeneous the individual components
are distributed in the brake pad, the more likely are large temperature differences in the
radial direction. Finally, a dependency between the bedding condition and the maximum
temperature was observed. Therefore, a reproducible and representative measurement of
the maximum temperature is a challenge. The maximum temperature measured by means
of thermocouples can be determined with a measurement deviation due to the distance to
the friction contact. Although the average temperatures can be at a comparable level when
using different friction materials, the maximum temperatures differ significantly.

5. Conclusions

The focus of the present study was initially on comparing the particle emission
behaviour of different disc brakes and friction materials. For this purpose, number- and
mass-related emission factors as well as the particle size distribution were measured. The
emission behaviour along the bedding process was analysed using a series of trip #10 of
the WLTP brake cycle. The bedding process is characterised by a reduction of the emission
power. The course and duration of the bedding process can differ for different friction
materials. At the maximum, the number-related emission factor was reduced by a factor
of > 10. A change in the maximum temperatures could be observed, whereas the mean
temperatures did not show any noteworthy abnormalities. A stable and reproducible
bedding procedure is necessary to ensure comparable and reproducible measurement and
test conditions, especially between different laboratories. Using tungsten carbide-coated
discs and carbon-ceramic disc, emission reduction potentials of up to 70% (PM10) can be
achieved. The findings are an important basis for the further development and finalisation
of the PMP brake emissions protocols.

Another focus of this study was the evaluation of the temperature profiles. The tem-
perature profiles recorded with embedded Ni-Cr-Ni thermocouples show high spatial
non-uniformities during demanding braking processes. As a result, critical threshold tem-
peratures of 180-200 °C can be exceeded, which can lead to the formation of nanoparticles.
The peak temperatures leading to the formation occur in the area close to the surface and
are thus difficult to detect with this measurement method. For conventional grey cast iron
discs, the deviation of the maximum temperatures over demanding braking under WLTP
database amounts to up to 17 °C. This means that the reproducibility is only slightly accept-
able. However, when using different friction materials with different material properties
(e.g., thermal conductivity), significantly higher differences (up to 35 °C) were observed.
Overall, it is questionable to what extent it is possible to reproduce these differences ef-
fectively with embedded thermocouples. It should be critically questioned whether the
temperature ranges determined on the basis of conventional grey cast iron discs can be
adopted for alternative friction materials and serve as a basis for the temperature-based
PMP test method. Nevertheless, the measurement method (embedded thermocouples) can
be recommended for the measurement of the average temperature, as the differences in the
peak temperatures are only of short temporal duration. The investigations have shown that
the reproducibility and comparability of the mean temperatures is very high. To further
improve data quality, it is recommended to measure the temperature with at least two
(or even three) embedded thermocouples in parallel, which minimizes the influence of
inhomogeneous temperature distribution.
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