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Abstract: Non-exhaust wear emissions from disc brakes affect the air quality in cities throughout
the world. These emissions come from the wear of the contact surfaces of both the pads and disc.
The tribological and emissions performance of disc brakes strongly depend on the contact surface
characteristics of the pads and discs. The surfaces of conventional pads are scorched by heating it
to several hundred degrees to make the resin carbonize down to a few millimetres deep into the
pad. This is done to have a shorter run-in period for new pads. It is not known how scorching
will affect the amount of airborne particle emissions. Therefore, the aim of the present study is to
investigate how pad scorching influence the airborne particle emissions. This is done by comparing
the pin-on-disc tribometer and inertia dyno bench emission results from a Cu-free friction material
run against a grey cast iron disc. Three types of modified friction material surfaces have been tested:
scorched, extra-scorched and rectified. The results show that the level of scorching strongly affects
the airborne particle emissions in the initial phase of the tests. Even if the scorched layer is removed
(rectified) before testing, it seems like it still has a measurable influence on the airborne particle
emissions. The results from the tribometer tests are qualitatively in line with the inertia dyno bench
test for about the first forty brake events; thereafter, the airborne particle emissions are higher for the
scorched pads. It can be concluded that it seems that the level of scorching has an adverse influence
on both the tribological performance and level of particle emissions.

Keywords: scorching; brakes; non-exhaust; emissions; tribology

1. Introduction

Emissions from the transport sector is one of the main contributors to the total airborne particle
emission in urban areas [1]. Exhaust and non-exhaust emissions (airborne wear particles from tyres,
roads, clutches and brakes) contribute equally to the total traffic generated emissions [2,3]. It has
been reported [4] that wear emissions from brake systems contribute up to 55% of the non-exhaust
airborne emissions.

It should be noted that electric vehicles are about 25% heavier than equivalent internal combustion
engine vehicles [5,6], which means that the non-exhaust wear emissions are expected to increase in
the future. Some electric vehicles use regenerative brakes on the driving wheels, but they are still
equipped with mechanical brakes on all axles. A major drawback with regenerative brakes is that
the efficiency is very low at low vehicle speeds [7] and, therefore, the mechanical brakes are used
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during city driving. Non-exhaust emissions are not yet regulated but the UN-ECE PMP informal
working group for particulates, who developed the limit values for exhaust emissions, and are currently
working on guidelines for non-exhaust emissions.

Most road vehicles are equipped with mechanical brake systems. A mechanical disc brake
basically consists of a calliper with two pads and a disc that is fixed to the wheel. When braking,
the stationary pads are forced into contact with the rotating disc, and the friction between the contact
surfaces makes the vehicle slow down. The emissions from the disc brakes originate from the wear of
the pads and discs’ contact surfaces. A fraction of the wear becomes airborne and a fraction falls to the
ground or get stuck on other surfaces.

The possibility of measuring the friction, wear, and particle emissions generated from automotive
disc brakes has been studied using test stands, both with pin-on-disc tribometers [8] and disc
brake assembly test stands [9-12], as well as on cars, both with chassis dyno [13] and in field [14].
Pin-on-disc tribometers (PoD) have shown to be useful to explain phenomena occurring on a material
level and to rank the pad-to-rotor material contact pairs in terms of tribological and emission
performances [15].

There are several ways to change the tribology and emission performance during the design
process of novel pad and rotor materials. One way is to change the material composition of the
bulk materials and another way is to change the contact surface properties. To change the tribology
performance of the pad material, the bulk composition could be modified by different binders, fillers,
reinforcing fibres, and frictional additives [16]. Manufacturing techniques also affects the pad tribology
performance [17]. The pad surface could be modified by different surface treatment techniques, such as
grinding and pyrolysis.

Matéjka et al. [18] investigated the run-in behaviour with respect to airborne particle emissions
of brand new and used pads and rotors with a dyno bench setup. They concluded that new pads
and rotors emit significantly more airborne particles than used ones and this could be improved by
appropriate surface treatments in the production of new pads. Perricone et al. [19] tested a conventional
disc brake system with an inertia brake dyno bench developed for disc brake emission studies and
concluded that a significant part of the airborne emissions that were generated at severe braking,
with pad bulk temperatures above 180 °C, are volatiles. They discussed that these volatiles probably
originate from the decomposition of the pad resin. Ma et al. [20] compared tests run with a PoD
tribometer and a stationary induction heater to distinguish how much of the emission is generated
only from heat. They concluded that about 5% of the number of airborne particles are heat generated.

The surface of the conventional friction material of the brake pads used in passenger vehicles are
usually treated by scorching at the end of production. During this process, the surface is heated up
to several hundred degrees to make the resin carbonize down to a few millimetres [21]. The heating
can be done either by a hotplate or by infrared radiation. Scorching is also aimed at having a shorter
bedding-in of new pads and to prevent possible initial fading.

There is a lack of studies about the effect of the level of scorching on the amount of airborne
particle emissions presented in the literature. Therefore, the aim of the present study is to investigate
how pad scorching influences the airborne particle emissions. This is done by comparing PoD airborne
emission results of low metallic friction material scorched at different levels run against a grey cast
iron disc. The results are compared with inertia dyno bench tests to validate the methodology.

2. Experimental Methodology

An illustration of the experimental methodology used in the present work can be seen in Figure 1.
First, the reference car, brake system and driving cycle were chosen. When these were set, the test
specimens for both the PoD tribometer and inertia dyno bench testing were manufactured. Thereafter,
the tribometer was run in parallel with the dyno bench tests. The outputs from the tribometer were
used to explain the phenomenon that occurs on a material scale while the dyno bench results were
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used to validate these observations on a system scale. In the following sub-section, each box in Figure 1

will be explained in more detail.

Definition of brake system and driving conditions to be studied:

*  Geometry of components
* Load conditions
» Ambient conditions

'

Definition of pad and rotor materials:
»  Material design

»  Manufacture specimens

*  Surface freatments

v

Tribometer screening to evaluate
friction material characteristics

«  Coefficient of friction
»  Wear of pin and disc
«  Airborne particle emissions

Dyno bench tests to evaluate system
behaviour:

= Wear of pads

« Airborne particle emission

F 3

Validation of tribometer tests by comparison with results from dyno bench tests

Figure 1. Experimental methodology with its validation routine.

2.1. Car and Brake System

In the present study, a disc brake with a fixed calliper used on the front axle in a C-segment car
was used. The main elements of the brake are presented in Figure 2. The main properties of the car
and the brake system are shown in Table 1. The disc brake is made of one grey cast iron disc, one fixed
aluminium calliper, two Cu-free pads and four aluminium pistons.

| Backplates | | Pistons |

Figure 2. Fixed calliper disc brake system.
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Table 1. The main properties of the car and disc brake.

Property Value
Wheel radius 361 mm
Rotor outer radius 171 mm
Rotor inner radius 92.2 mm
Rotor effective radius 136 mm
Pad surface area 7507 mm?
Cylinder diameters 4 x 22 mm

2.2. Materials

The samples for the tribometer tests were cylindrical pin specimens (10 mm in diameter) cut-out
of scorched, extra scorched and rectified full pads, whereas the disc specimens were cut-out from grey
cast iron rotor material of 60 mm diameter and 6 mm thickness. A Cu-free low-metallic pad friction
material was used for this study. The composition of the material, as measured by energy dispersive
X-ray spectroscopy (EDXS), is given in Table 2.

Table 2. Elemental composition of the friction material used in the study. Carbon is not quantified.

Element wt.% Element wt.%
Fe 13.7 S 9.1
Ba 20.2 Sn 7.7
Zn 8.4 Ca 3.2
Mg 7.5 Cr 2.6
Al 7.1 (@) 16.2
Si 4.3

The material was tested with three different surface conditions: scorched (S), extra-scorched
(XS) and rectified (R). The scorched samples represent un-used pads while the rectified pads could
represent pads for which the scorched layer has been worn-off after usage. The extra-scorched could
also represent pad surfaces after high energy braking or long-time downhill braking. The scorched
samples underwent a standard scorching process, as described by Matejka et al. [18], in which a heated
plate presses the pad surface at temperatures up to 700 °C for 60 s. The extra-scorched samples were
subjected to the double scorching time more than the standard scorched ones; the rectified samples were
obtained by removing three superficial millimetres off the standard scorched pads with a mechanically
applied shearing force.

2.3. Pin-on-Disc Tribometer

The tests were performed using a conventional PoD tribometer designed for dry sliding airborne
emission studies [15]. In this setup, the disc specimen was rotating horizontally, and the normal load
was applied by using dead weights. It can run with constantly applied normal forces of up to 100 N
and maximum rotational speeds of 3000 rpm. The coefficient of friction (CoF) was indirectly measured
using an HBM® (Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany) Z6FC3/20 kg load cell
that gives the tangential force.

The mass loss of the test specimens was measured by weighing the test specimens before and after
the test to the nearest 0.1 mg, using a Sartorius® (Sartorius AG, Géttingen, Germany) ME614S balance.

The tribometer was placed inside a closed box to enable airborne particle measurements. The test
equipment is presented in Figure 3. A fan pumps ambient air through a HEPA filter to the air
inlet. The HEPA filter is of class H13 EN 1822 with a collection efficiency of 99.95% at the maximum
penetrating particle size, which ensures particle-free inlet air. The inlet air velocity was measured with
a TSI® air velocity transducer model 8455. The air inside the box was well mixed due to the complex
volume of the pin-on-disc tribometer [22]. The air inside the box transports the generated particles to
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the air outlet where the sampling point for the particle instruments was located. The temperature and
humidity inside the box were measured but not controlled.

PoD tribometer

1 |

Outlet
[ 7

L o

Disc , Pin
Weight Inlet

Fan Filter

Room air @

Figure 3. An overview of the pin-on-disc (PoD) setup with its important parts marked [15].

A Dekati® (Dekati Ltd., Kangasala, Finland) Electrical Low Pressure Impactor (ELPI+) was used
for real-time measurements of particle concentrations for particle diameters from 6 nm to 10 um.
Additionally, a TSI® Optical Particle Sizer (OPS) model 3330 was used to measure the particle number
concentration in the size range of 0.3 um to 10 um. The sampling frequency was 1 Hz for both
instruments. The sampling setup was anisokinetic. The particle losses for different particle size
intervals and sampling setups has been investigated in detail by Riva et al. [23]. However, in the
present work, the concentration as directly measured by the particle instruments were only used
to rank the different surface treatments. The measured concentrations can be used to compare the
different surface treatments since the air flow through the box was about the same for all tests.

Pre-tests were run to find the normal load and sliding velocity, which resulted in a disc temperature
in the steady state that corresponds to the mean disc temperature measured in the Los Angeles city
traffic measurement campaign [15]. The sliding velocity of the disc was set to 2 m/s and the nominal
contact pressure to 0.6 MPa. The wear track on the disc has a mid-diameter of 44 mm. Each test was
run for 2 h and repeated five times.

The surface of the tested pins was observed with a JEOL IT300 scanning electron microscope
(SEM), equipped with an EDXS system, in order to observe the worn surface of the friction material
and its composition.

2.4. Brake Dyno Bench

The inertia dyno bench used for validation of the PoD tribometer results was designed by
Perricone et al. [19]. This bench has been frequently used to study the tribological and airborne
emissions performance of disc brakes. The disc brake was mounted in a chamber in which the
cleanness of the inlet air was controlled. There were two outlets on the roof of the chamber. The larger
outlet was used to control the air velocity in the sampling pipe to have isokinetic sampling. An overview
of the test setup can be seen in Figure 4. In the validation tests, the inlet flow rate was set to 850 m3/s,
which corresponds to a velocity of about 5 m/s. A detailed description of the sampling system can
be found in [19]. The directly measured values are only used in the present work in order to see the
difference between the different surface treatments.

K-type thermocouples were used to measure the disc and pad temperatures online during testing.
An actuator controls the hydraulic pressure and there is a torque feedback to regulate the pressure in
order to obtain a constant torque braking. The disc and pad wear were measured by weighting the
components with a Sartorius balance MSE14202S (repeatability +0.01 g) before and after testing.
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Figure 4. An overview of the inertia dyno bench setup with its important parts marked [24].

A driving cycle designed for airborne brake emission measurements was used to simulate urban
driving [23] and its procedure is shown in Table 3. This cycle was based on car tests conducted in the
city of Bergamo in Italy. Each pad surface condition was tested five times.

Table 3. Test driving cycle used in the dyno bench tests [23].

. Initial Speed Final Speed Initial Rotor Braking NumbeF of
N Section (km/h) (kmy/h) Brake Deceleration (g) Stops in
Temperature (°C) & Present Test (N)
5’ Cleaning

1.1 36 26 70 0.16 2

1.2 36 26 90 0.16 18
1.3 25]/kg specific 36 26 110 0.16 83
1.4 energy 36 26 130 0.16 56
15 36 26 150 0.16 24
1.6 36 26 170 0.16 8

2.1 52 28 70 0.23 5

2.2 52 28 90 0.23 16
23 75 J/kg specific 52 28 110 0.23 22
24 energy 52 28 130 0.23 25
2.5 52 28 150 0.23 12
2.6 52 28 170 0.23

3.1 57 5 70 0.25 2

3.2 . 57 5 920 0.25 3

33 1B ]/el;i rsPe“ﬁC 57 5 110 0.25 6

3.4 &y 57 5 130 0.25 8

3.5 57 5 150 0.25 1

4.1 . 70 17 110 0.31 1

42 P ]g;ge rsPe“ﬁC 70 17 130 0.31 2

4.3 8y 70 17 170 0.31 1

51 225)/kg specific 79 20 110 0.24 1

energy
5’ Cleaning

An ELPI+ and a TSI® (TSI Incorporated, Shoreview, MN, USA) Condensation Particle Counter
(CPC) model 3775 were used to measure the airborne particles in the sampling pipe during testing.
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Both instruments were set to the same sampling frequency of 1 Hz. The CPC can detect airborne
particles from 4 nm to 1 um. Additionally, a DEKATI® PM10 Impactor was used to collect particles
on greased aluminum foils during testing. The filters were conditioned for 24 h in an HEPA climate
chamber (model Sartorius SCC400L-EPA) with controlled temperature and dew point before and after
testing. To get an estimate of the PM, the filters were weighed three times in a row with a 7-digit
laboratory balance (model Sartorius CUBIS MSE2.75-000-DM).

3. Results

3.1. PoD Tests

Figure 5 shows representative curves of the measured CoF versus time for three surface types.
Typical curves of the airborne particle number concentration (PNC) measured by OPS and PM10,
measured by ELPI+, are shown in Figures 6 and 7. The mean value and standard deviation of the
measured response variables are listed in Table 4. It should be noticed that the CoF, air flow rate (Qa;r),
PNC and PM10 (particulate matter for particles with diameters smaller than 10 pm) are only evaluated
after running-in (i.e., in the time interval 4000-6000 s), while the mass losses of the pin and disc samples
correspond to the whole test.

Table 4. Mean value and standard deviation of the measured CoF, particle concentration, air flow rate
and mass losses of the pin and disc samples.

Rectified Scorched Extra-Scorched
CoF 0.47 +0.03 0.47 +£0.01 0.44 + 0.02
cops (em™3) 349 + 60 246 + 91 139 + 11
ceLpiy (mgm3) 2.02 £ 0.29 2.03 +0.31 144 +0.15
Quir (m3>h71) 7.56 + 0.17 7.71 +0.12 7.63 +0.08
Ampin (mg) 702+93 86.5 +15.1 87.9+9.8
Amgise (mg) 69.5+9.7 74.6 +12.3 76.6 £ 9.5

0.6

L
3
—— Scorched o
0.2 Extra scorched
Rectified
0.0-% T T T T
0 1500 3000 4500 6000 7500

Time (s)

Figure 5. Representative measured coefficient of friction curves for the three surface types.

600

Scorched
Extra scorched
Rectified

400

200 4

Particle number concentration (cm™)

0 1500 3000 4500 6000 7500
Time (s)

Figure 6. Representative measured particle number concentration curves for the three surface types.
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Figure 7. Representative measured PM10 curves for the three surface types.

3.2. Characterization of Worn Surfaces

Figure 8 shows the top views of the tested pins, for all three surface types: rectified, scorched and
extra-scorched. The arrows (SD) indicate the sliding direction during the pin-on-disc tests. The friction
layer formed by the primary plateaus, made of the metallic fibre, as well as the secondary plateaus,

produced by the compaction of the wear debris, is visible.

Rectified

Scorched

N

2"
-t
7mm

Figure 8. Cont.
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Extra-scorched

Figure 8. SEM images of the sliding surface of the rectified, scorched and extra-scorched samples ran
with the PoD. The sliding direction (SD) during testing is marked with arrows.

The rectified sample is similar to the scorched one concerning the distribution of the wear fragments
on the surface. The materials display secondary plateaus with good compaction at the interface with
the metallic fibres. Instead, the extra-scorched sample features less compact secondary plateaus made
by coarse particles, and a large area of the pin surface is covered by dispersive wear debris.

Figure 9 shows the results of the EDXS analyses carried out on the secondary plateaus.
The elemental composition is similar for all three surface types. Some minor variations in the
composition are detectable, especially in the content of Fe, Ba and O. Iron is the most concentrated
element, which originates from the wear of both the pins and the discs, whereas the other elements
come only from the pins.

704

60

O Mg Al Si S Ca Cr Fe Zn Sn Ba

Figure 9. Diagram of the element composition of the secondary plateaus for all the samples: rectified (R),
scorched (S) and extra-scorched (XS). Carbon is not quantified.

3.3. Dyno Bench

The mean values and standard deviations of the total measured response variables for the full
dyno bench cycle are listed in Table 5. Figure 10 shows representative curves of the PNC measured by
CPC during the full driving cycle versus time for the three surface types. The measured PNC during
the first 400 s of the test cycle is presented in Figure 11.
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Table 5. Mean and standard deviation of the total measured particle concentration (cgrpry+ and ccpc),
mass of the PM collected on the filters and the mass loss of the pads (Amypaq).

Rectified Scorched Extra-Scorched
ceprs (10%-cm~2) 8.8+ 2.4 9.8+25 12.8 +3.2
cepe (10%-ecm™3) 56+15 65+22 73+22
PM (g) 0.34 + 0.05 0.34 + 0.08 0.44 + 0.06
Atttag (8) 5.7 +0.7 7.6 +0.3 8.6+ 0.6
1000
¥
g o0 | | m‘m ‘ '”1\ “ l ”’ ‘“
|
10

1 256 511 766 1021 1276 1531 1786 2041 2296 2551 2806 3061 3316 3571 3826 4081 4336 4591 4846 5101 5356 5611
Time [s]

Figure 10. Representative measured particle number concentration curves for the three surface types as
measured by the CPC instrument in the dyno bench setup. Rectified (R), scorched (S) and extra-scorched

(XS).

160 _xs
140 —S
120

-
[=]
o

nE

‘ »e\N A \W\ m

lv“,“ I i

Cepc [#icm?]
&

60
40
20
0 L L 1 1 1 1 L L L L 1 1 1 L ¥ L L 1 1 L 1 L L £ 1 1 L 1 L L L 1 1 L L L L L L 1
~ OO OMNMNOULTNONN—COO~MNOUTMNOAN-—TONOMNOUNTOANTONDON~NOWNTONTOOD0MN
T ANOTNDOMNMNODOO T NN T OMNODOODODO T ANMTWLOMNMNODONDO - ANMTWLONNGOD
rrrrrrrrrr NANANNNANANNANNNOOOOOOOOOOOON
Time [s]

Figure 11. Particle concentration as measured by the CPC during the first 400 s of the dyno bench tests
for the three tested surfaces. Rectified (R), scorched (S) and extra-scorched (XS).

4. Discussion

The CoF measured in the PoD tests for the extra-scorched specimen is a bit lower than for the
scorched and rectified ones (see Table 4). It can be seen in Figure 5 that the extra scorched specimen
has a longer run-in time before it reaches a steady-state in CoF at the same level as the scorched
and rectified ones. This could be explained by that the extra-scorched specimens having rougher
initial surfaces than the scorched and rectified surfaces; therefore, it takes a longer time to fill up the
surface holes with worn material debris (third-body) and, in turn, to reach a more stable situation
with relatively larger contact area and lower contact pressure. After being run-in, a larger part of the
pad surface is covered by a third-body nano-sized thick tribofilm, which makes the situation more
stable, and can be seen in the SEM images presented in Figure 8. The relatively lower contact pressure
could also explain that the rectified specimen has the lowest pin/pad and disc wear (see Tables 1 and 4).
The run-in dependence on initial surface roughness of the pad material has been numerically studied
by Wahlstrém [25] and experimentally studied by Matéjka et al. [18] with a dyno bench setup, and the
results of the present study are in line with these studies.
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It can be seen in Table 4 that the particle concentrations are the lowest for the extra-scorched
surfaces during the PoD tests. The scorched surface is lower than the rectified surface in terms of
number concentration while the scorched and rectified surfaces are about the same in terms of mass
concentration. In Figure 11 it can be seen that the extra-scorched pads tested in the dyno bench produce
a lower level of particle number concentration than the rectified and scorched one for about the first
forty brake events (f = 195 s), which is in line with the results of the PoD tests. This could be explained
by the surface conditions introduced by the scorching process itself. At the start of the PoD tests,
the rectified specimens have a relatively larger part of the resin in contact with the disc in comparison
to the scorched and extra-scorched specimens, since the resin at the surface was burned away by
the scorching process. Therefore, the extra-scorched surface with the lowest resin left has the lowest
particle number and mass concentrations. This is in line with result presented by Ma et al. [20], who
studied the generation of airborne particle from a disc brake material combination during pin-on-disc
tribometer and stationary induction heating tests. They concluded that a significant part of the airborne
particles is generated by the heating, which is promising since one way of lowering the emissions
could be to extra-scorch the pad surfaces before they are used in the car.

From the particle number concentration and particulate matter measured during the dyno bench
tests (see Table 5), it seems that scorching only has a positive effect at the beginning of the pad’s life.
This can also be seen in the results from the PoD tests (Figures 6 and 7), in which the trend is that
the measured concentrations for the three surfaces tend to go closer to each other towards the end of
the tests.

5. Conclusions

PoD and inertia dyno bench tests were conducted to investigate the influence of brake pad
scorching on the tribological performance and generation of airborne wear particles from a Cu-free
low metallic pad and a grey cast iron disc contact pair. The following conclusions can be drawn from
the present study:

e  The tribological performance in terms of CoF and wear for the scorched and extra scorched
surfaces are comparable. The rectified pad surface exhibits a lower wear.

e  The level of airborne particle emissions during the PoD tests are qualitatively in line with the
inertia dyno bench test for about the first forty brake events (195 s); thereafter, the airborne particle
emissions are higher for the scorched pads. It can be concluded from these results that the scorched
pads result in higher levels of total PN and PM emissions.
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