https://doi.org/10.1016/j.wear.2020.203215 This is the Pre-Published Version.

1 Tribology performance, airborne particle emissions and brake squeal noise of
2 copper-free friction materials

3 L. Wei, Y.S. Choy*, C.S. Cheung, D. Jin

4

5  Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung
Hom, Kowloon, Hong Kong

8  *Corresponding author.
9  Tel: +852 2766 7813
10  Email: mmyschoy@polyu.edu.hk

11
12 Abstract

13 Copper and its alloy have been widely used in the formulation of non-asbestos
14 organic (NAO) friction materials as reinforcements and/or additives. But U.S.A has
15  raised a legislation to reduce the copper content in friction materials due to the toxicity of
16  copper in wear debris. Thus, there is a need to develop copper-free friction materials
17 which also owns the desired tribology performance. In the present study, two new
18  copper-free non-asbestos organic (NAO) friction materials were developed by replacing
19  the copper fiber with steel fiber (named SFM) or ceramic fiber (named CFM). Friction
20  and wear behaviors, airborne wear particle emissions and brake squeal noise of these two
21  copper-free friction materials were evaluated and compared with a reference copper
22 containing friction material (RFM) by using a pin-on-disc test rig. Results show that all
23 friction materials have comparable friction coefficients, and the specific wear rates of
24 SFM and CFM are larger than that of RFM. The mean fractal dimension of RFM surface
25 is larger than those of SFM and CFM surfaces. For the airborne particle emissions, RFM
26  presents the lowest particle number emissions and particle mass concentrations (PMCs)
27  of PMiy (particles smaller than 10 um) and SFM presents the highest values of these two
28  results. For brake squeal noise, the brake squeal noise of all friction materials has

29  comparable A-weighted sound pressure levels (SPLs). It can be concluded that the
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replacement of copper fiber with steel and ceramic fibers can obtain comparable

tribology performance and brake squeal noise, but it will increase the particle emissions.

Key words: Disc brakes; Copper-free friction materials; Airborne wear particle

emissions; Brake squeal noise

Nomenclature

BSE backscatter electron

CFM ceramic fiber friction material

COF coefficient of friction

CPC condensation particle counter

DMA differential mobility analyzer

EDXS energy-dispersive X-ray spectroscopy

GMD geometric mean diameter

HEPA high efficiency particle absorber

LM low metallic

NAO non-asbestos organic

PM particulate matter

PMC particle mass concentration

RFM reference friction material

SEM scanning electron microscopy

SFM steel fiber friction material

SI supplementary information

SM semi metallic

SMPS scanning mobility particle sizer

SPL sound pressure level

TEOM tapered element oscillating
microbalance

TNC total number concentration
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1. Introduction

Brake pad materials for motor vehicles contain a lot of ingredients that can be
classified into four categories: reinforcing fibers, binders, fillers and friction additives [1,
2]. Copper is one of the commonly used reinforcing fibers and/or friction additives [2, 3].
The primary reason for the use of copper is to increase the thermal conductivity and
eliminate thermal fade of brake pads [4]. In addition, some studies reported that copper
fibers could help to achieve a smooth sliding condition and reduce the possibility for
noise generation [3, 5]. Osterle et al. [3] reported that the copper nano-particles, produced
from the severe plastic deformation of copper fibers, could work as solid lubricant similar
to graphite particles which accommodated the velocity between rotating disc and fixed
pad and reduced the fluctuation of friction force. This phenomenon is mainly due to the
equiaxed structure of copper nanoparticles which were incorporated into the friction layer
easily. Ho et al. [5] investigated the tribological and mechanical characteristics of semi-
metallic (SM) friction materials using copper, brass, steel, cellulose, carbon and ceramic
fibers as the reinforcing fiber respectively. They found that the copper fiber provided
relatively high and stable coefficient of friction (COF) and low wear among all fibers.
Barros et al. [6] found that the increment of copper content in SM friction materials could
decrease the COF and reduce the disc wear. Kumar and Bijwe et al. [7] investigated the
role of copper on the tribology performance and the morphology of worn surface of non-
asbestos organic (NAO) friction materials with various amounts and shapes of copper.
They reported copper powders performed better in improving the wear resistance than
copper fibers and there were no cracks and ingredient degradation on the brake pad
surface for the friction materials containing copper powders.

However, in 2015, the Environmental Protection Agency of United States and the
automotive industry signed a memorandum of understanding to reduce the copper content
in brake pads to less than 5% by weight in 2021 and 0.5% by weight in 2025 because
copper in brake wear debris is one main source for copper in highway stormwater runoff
and can be discharged into the waterways near the road [8]. Copper can cause the rapid
death of aquatic organisms due to its neurobehavioral toxicity [9-11]. Several studies
have been conducted on the possibility of replacing the copper fiber with some other

fibers in recent years. Leonardi et al. [12] replaced the copper fiber in a low-metallic (LM)
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friction material with steel fiber and reported that partial replacement of copper fiber with
steel fiber kept the COF at the similar value while increased the specific wear rate.
Menapace et al. [13] replaced the copper fibe in a NAO friction material with barite and
found that the use of barite improved the wear resistant of brake pad and also obtained a
stable variation of COF against time. Mahale et al. [ 14] replaced the copper fiber in NAO
friction material with stainless steel swarf and found that the copper fiber brake pad
exhibited better performance in recovery ratio and wear, while steel swarf brake pad had
better friction performance during the fade and recovery cycle. Jang et al. [15] found the
copper fiber containing friction material and steel fiber containing friction material had
the similar COF under different sliding velocities and contact pressures but the steel fiber
containing friction material had higher specific wear rate. Kumar et al. [16] investigated
the roles of copper, brass and steel fibers in the friction and wear behaviours of NAO
friction materials and found the copper and brass fibers based friction materials exhibited
better friction and wear performance than steel fiber based friction material.

During braking process, some wear debris become air borne particles that will be
emitted into the environment. Brake wear particles account for 16-55% by mass of non-
exhaust PMio emissions and 11-21% by mass of total traffic-related PMio emissions at
urban environments of Europe [17]. Moreover, since regulations for exhaust particle
emissions become more and more strict and there are no regulations for non-exhaust
particle emissions, relative contribution of non-exhaust particle emissions to the total
traffic-related particle emissions will continually increase. Nosko et al. [18] compared the
airborne wear particle emissions from different friction materials by using a pin-on-disc
test-rig and found airborne wear particle emissions from copper containing friction
material were comparable to other friction materials. Lyu et al. [19] compared the friction,
wear and airborne wear particle emissions between two copper-free brake pads and one
copper-containing brake pad and reported that the copper-free brake pads produced more
airborne particle emissions than the copper-containing brake pad. In the literature, some
studies explored the possibility of replacing copper fibers with some other fibers or
powders, but few of them considered the influence of substitutions on airborne wear

particle emissions.
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Braking noise is another important issue that should be considered when
exploring substitutions of copper fibers in friction materials. Up to 60% of brake system
related warranty issues are related to brake noise [20]. Brake squeal is a type of brake
noise with the main frequencies higher than 1 kHz that is generated from friction induced
high frequency oscillation [21]. Its sound pressure level (SPL) commonly exceeds 70 dB
or is 20 dB higher than the ambient noise level [22]. The brake squeal noise is a strongly
nonlinear dynamic behaviour which is triggered by some external forces [21]. One of the
major external sources is the local oscillation on the contact surface including the impacts
and ruptures between contact plateaus [23] and the role of wear debris [24]. Chan et al.
[25] found that local oscillation with large amplitude could be attributed to the severe
exfoliation of friction layers on the brake pad surface and the formation of adhesively
joined asperities. Eriksson et al. [26] explored the connection between contact surface
topography and brake squeal occurrence. They found that the brake pad with many small
contact plateaus generated more brake squeal noise than the brake pad with few large
contact plateaus. Lee and Jang [27] reported that the contact plateaus distribution affected
the oscillation amplitude and frequency of friction force. But they observed that the brake
pad surface with a few large contact plateaus produced larger oscillation amplitudes than
that with a lot of small contact plateaus. The conflicting results indicate that the effect of
brake pad surface morphology on the friction induced vibration and brake squeal noise
should be further analysed. From the previous studies, different surface morphologies
reflect different local dynamic behaviors on the contact surface which cause different
brake squeal noise. As introduced in our previous study [28], the brake pad surface
morphology is closely related to the friction material formulation especially the metal
content. Several studies have investigated the effects of metal content in friction materials
on the brake squeal noise. Lazzari et al. [21] compared the propensities of different
friction materials to generate brake squeal and found that the copper containing LM
friction material had higher possibility to trigger brake squeal than NAO friction material.
Kchaou et al. [22] investigated the influence of steel fibers in friction materials on the
squeal noise and found that its main frequencies were in the range of 7 to 10 kHz, and
cracks and material braking-off were observed on the brake pad surface after squealing

events. But in the literature, few studies investigated the relationship between local
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oscillation on the contact surface and brake squeal noise with different reinforcing fibers
in friction materials. Moreover, brake squeal noise should be evaluated when developing
new copper-free friction materials.

The purpose of the present study is to investigate the possibility of replacing the
copper in NAO friction material with steel fiber or ceramic fiber taking into consideration
of the airborne wear particle emissions and brake squeal noise. Regarding the airborne
wear particle emissions, both particle number and particle mass concentrations are
evaluated. Regarding the brake squeal noise, this study investigates the relationship
between the local dynamic behaviour and brake squeal noise. The increase of steel fiber
content in friction materials can improve their mechanical strength [16] and increase the
friction coefficient and specific wear rate [15, 29]. As mentioned before, several studies
compared the friction and wear behaviours between steel fiber containing friction
materials and copper fiber containing friction materials and reported that the steel fiber
have the potential to replace the copper fiber in friction materials. But there is still lack of
study on evaluating the variations of airborne wear particle emission and brake squeal
noise when replacing the copper fiber in NAO friction materials with steel fiber. Ceramic
fibers can improve the mechanical strength of friction materials and friction and wear
stabilization [30]. Due to the high thermal resistance, high mechanical strength and light
weight of ceramic fiber, it should be possible to replace the copper fiber in friction
materials. Since friction material formulation contains many ingredients, it is difficult to
compare the friction and wear behaviours between ceramic fiber or steel fiber containing
friction materials and copper fiber containing friction material from different studies.
Thus, there is a need to compare the effects of ceramic, steel and copper fibers on the
friction and wear behaviours, airborne wear particle emissions and brake squeal noise
with the same friction material formulation. The present study developed two copper-free
friction materials by replacing the copper fiber in the NAO friction material with steel or
ceramic fibers. Experiments were conducted with a pin-on-disc test-rig. Friction and wear
behaviours, characteristics of worn surfaces, airborne wear particle emissions and brake
squeal noise were investigated to evaluate the performances of the copper, steel and

ceramic fibers.
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2. Experimental set-up

2.1. Preparation of friction materials

A typical formulation of copper containing NAO friction material was used to
fabricate the reference friction material named as RFM which contains 10 ingredients
[15]. The copper fiber content is 10% by volume. There are two types of copper-free
friction materials: steel fiber friction material (SFM) and ceramic fiber friction material
(CFM). SFM and CFM were fabricated by keeping 9 ingredients (identified as parent
composition) constant and replacing the copper fiber with steel or ceramic fibers. The
parent composition (90 vol%) contains 20 vol% of fibers (aramid pulp and steel fiber), 20
vol% of binder (phenolic resin), 20 vol% of friction additives (graphite, MoS2, ZrSiO4
and cashew dust) and 30 vol% of fillers (BaSO4 and Ca(OH)). The specifications of
fibers and friction material compositions are listed in Tables 1 and 2.

Friction materials were prepared following a typical manufacturing process for
NAO friction material [4, 15, 31]. Firstly, all the raw materials were mixed up together
using a shaker-mixer for 20 minutes. After mixing all the materials homogeneously, the
mixture was placed into a cylindrical mold for a hot-pressing process. The hot-pressing
pressure and duration were 15 MPa and 10 min respectively with a curing temperature of
150 °C. After that, the mixture was post-cured at a temperature of 180 °C for 4 hr.
Finally, the pin samples were cut from the mixture and machined to a cubic shape. They
have a length of 10+0.2 mm and a height of 71 mm. The densities were calculated from
the mass and geometric volume of mixtures as shown in Table 2. The surface hardness of
pin samples was in the range of 40-46 HRM 100 independent from the friction material.
Backscatter electron (BSE) images of prepared pin samples are show in Fig. 1. The discs
were made of pearlitic grey cast iron with a diameter of 239 mm and a thickness of 9 mm.
The surface hardness of grey iron discs was in the range of 90-93 HRB 100. The contact
surfaces of pin samples and discs were not machined and kept as they were. Before each

test, pin samples and discs were cleaned with dry air and ethanol respectively.
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2.2. Test set-up and characterization techniques

2.2.1. Instruments for friction and wear performance

Braking tests were performed with a pin-on-disc tribometer as shown in Fig. 2. It
is a reliable equipment to investigate the tribology performance of friction materials
sliding against an iron disc and has been used in many previous studies [28, 32-34]. The
detailed description of this tribometer is shown in our previous study [28]. An HBM
ZLFC3/20 kg load cell was used to measure the tangential force with 1 Hz data recording
rate. Hence, the friction coefficient can be calculated from the tangential force divided by
the applied normal force. The pin sample temperature was measured with a K-type
thermocouple and recorded every 10 seconds. It was placed inside the pin body at a
distance of 2 mm from the contact surface. The specific wear rates (ks) of the pin sample

and disc were calculated using the following equation [12]:
A

=2 (1

A
Where ks is the specific wear rate in m?/N; AV is the wear volume of the pin sample or
disc in m?; Fx is the applied normal force in N; As is the sliding distance in m. The wear
volume of a pin sample was calculated from the mass loss and density in Table 2. The
mass loss of pin sample was calculated by weighting the pin before and after each test
using a VIBRA analytical balance with an accuracy of 0.01 mg. The wear volume of a
disc was calculated from the transverse surface profile of wear track on the disc sample.
The disc sample was cut from the disc using linear cutting. The surface profile was
measured 3 times for each disc sample by using a Bruker DektakXT surface profiler. The
brake discs after test mode 3 were selected to analyze the specific wear rate and surface
morphology. Fig. S1 of supplementary information (SI) shows an example of the
transverse surface profile of wear track used to calculate the wear volume of a disc. The
friction layers on pin and disc surfaces were observed with a scanning electron
microscope (SEM, JEOL Model JSM-6490) equipped with an energy dispersive X-ray
spectroscopy (EDXS) detector.

The surface roughness of a brake pad surface is another important parameter
which is related to the wear behaviour and the propensity to trigger brake squeal noise.

However, the roughness parameters, such as slope and curvature, are influenced by the



217
218
219
220

221

222
223
224
225
226
227
228
229

230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

resolution of the measuring instrument and sample length. To solve this problem, fractal
dimension, a scale-invariant parameter, is used to describe the contact surface roughness
because of its self-affinity (a small part can be considered as a reduced-scale image of the
whole) [35-37]. Fractal dimension is calculated from the equation below [37]:

NA>a) a ™2 (2)
Where N (A>a) is the total number of friction layers with areas larger than a particular
value, a; Ds is the fractal dimension of a surface which can be obtained from the
nonlinear curve fitting. In this study, the area of the smallest contact plateau that can be
identified was about 800 um?. Thus, the smallest value of a is 800 um?. White points or
areas smaller than 800 um? were considered as noise and neglected in counting. Image-
Pro Plus 6.0 was used to process the SEM images to calculate the fractal dimension of a
pin sample surface. The picture processing procedure for fractal dimension is described

in our previous study [28].

2.2.2. Instruments for airborne wear particle emissions

This pin-on-disc tribometer can also be used to investigate the airborne wear
particles emitted from the disc brakes if it is placed in a sealed chamber as shown in Fig.
2. Its advantage is that the cleanness of ambient air in the chamber can be controlled so
that all measured particles were generated from the wear process between the friction
materials and disc. Similar equipment has been used to study the airborne wear particle
emissions of disc brakes in some previous studies [38-41]. The compressed air flowed
into the chamber through a high efficiency particle absorber, an air flow meter and an
inlet opening connected by flexible tubes. The diameter of inlet opening was 30 mm. All
connections to the chamber were sealed to prevent leakages, while the leakage had little
impact on the experimental results because the air pressure inside the chamber was higher
than outside [41]. In the chamber, the air was well mixed due to the complicated shape of
the tribometer, the rotating of brake disc and the high air change rate [42, 43]. The air in
the chamber transported the brake wear particles to outlet opening (diameter: 50 mm) for
particle measurement.

The inlet air velocity was set to 0.28 m/s corresponding to an air flow rate of 47.5

liter/min. The volumes of chamber and pin-on-disc test-rig were 62 and 32 liters
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respectively so that the air change ratio was about 94/hr. The high efficiency particle
absorber (HEPA) (Whatman Polycap 36 TF) was used to remove particles in the inlet air.
It has a retention efficiency of 99.97% for all particles larger than 0.3 pm. The
background particle concentrations in the sealed chamber ranged from 2.4-3.2 #/cm? in
most cases and reached 6 #/cm? in several tests. The background particles were measured
before and after each test by using a scanning mobility particle sizer (SMPS). As shown
in Fig. S2 of SI, they were only detected in several size classes which were much fewer
than those in particle emission results, in which particles were detected in the rage of 65-
104 size classes. The background particles accounted for 1.4-2% of the total particle
number concentrations. They were removed from the relevant particle number size
distribution and total number concentration results and had little impact on these two
results. The ambient air temperature was about 26 °C with the humidity of 58-62%. They
were not actively controlled, but almost constant during the experiments.

Airborne particles were transported to the outlet opening where the particles were
introduced to particle analyzers. Two instruments were used in this study. The first one
was the SMPS (model 3494) which consisted of a differential mobility analyzer (DMA
model 3071A), classifying the particle size according to their electric mobility, and a
condensation particle counter (CPC model 3022), determining the particle number
concentrations. The SMPS gave results of total number concentration (TNC), particle
number size distribution and geometric mean diameter (GMD). SMPS measured particles
in the size range of 15-750 nm and in 109 size classes. The SMPS was operated at a
sampling flow rate of 0.3 Liter/min with a sheath air flow of 3 Liter/min and gave a result
every 5 minutes. The second one was the tapered element oscillating microbalance
(TEOM, Series 1105). It measured the particle mass concentration (PMC) of particles
smaller than 10 um (PMjo) in the range of 0.1 to 15000 pg/m? with 1 Hz data recording
rate. Its operation depends on the change of Eigen-frequency of the lever-filter unit due to
the deposition of particles on an oscillating filter. The sampling flow rate for the TEOM
ranged from 1 to 2.5 Liter/min. All results from the particle instruments are shown as
measured concentrations. The air flow rate through chamber was kept constant during
tests. Each test was conducted with a new pin sample. After each test, the surface of

tribometer and the inner surface of chamber were cleaned with ethanol.
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2.2.3. Instruments for brake squeal noise

The pin-on-disc tribometer was also used to analyze the brake squeal noise as
shown in Fig. 3. The present study focuses on the relationship between local dynamic
behavior on the contact surface and brake squeal noise with different reinforcing fibers in
the friction material. Therefore, a simplified test-rig is better than a full brake system
because the system dynamic and boundary conditions can be controlled more easily. For
a simplified test-rig, the differences of vibration and noise measurements between
different friction materials are mainly caused by the relevant variation of local oscillation
on the contact surface. Brake squeal phenomenon is very sensitive to the system dynamic
and boundary conditions so that it is difficult to obtain repeatable squeal event from the
complex real brake system [44]. But it is possible to produce some repeatable brake
squeal noise by using a simplified test-rig. Another advantage is that the contact area in
the simplified test-rig is much smaller than that in the real brake system which leads to a
weak coupling between disc and pad holder. It allows to investigate the variation of brake
parameters on the local dynamic behavior because the variation of system dynamic with
the brake parameter is minor.

Two accelerometers were mounted on the brake pad holder to measure the
vibration response in tangential and normal directions. A half inch microphone was
placed 500 mm away from the center of rotating disc to record the sound signal. The
location of microphone follows the suggestion in ref. [45]. Acceleration and sound
signals were acquired with a B&K LAN-XI data acquisition hardware and processed with
a commercial data processing software PULSE LabShop Version 20.0. The analyzed
frequency range was 1k to 15k Hz with a frequency resolution of 25 Hz. The brake noise
at frequencies below 1k Hz was not considered because it was generated from the
vibration of mounting components of the pin sample which was different from the motor

vehicle suspension system [46].
2.3. Design of experiments

The experiments were conducted at the sliding velocity of 2.8 m/s and at the
applied forces of 52, 81 and 122 N, corresponding to the contact pressures (p) of 0.52,
0.81 and 1.22 MPa respectively. The p-v values range from 1.46-3.42 MPa-m/s which are

typical light braking sequences of passenger vehicles under urban driving conditions [47].
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The experimental duration was 90 minutes corresponding to a sliding distance of 15120
m. Pin temperature and friction coefficient were continuously recorded in each
experiment. For SEM observation, there were four randomly selected SEM fields of view
and eight measurements for each pin and disc samples to obtain reliable and repeatable
results. For airborne particle emissions, particle number size distribution, TNC and GMD
obtained from SMPS were measured five times in each test. PMC measured by TEOM
was recorded for 10 minutes. For brake squeal noise, both acceleration and sound signals
were recorded for 30 seconds in each measurement and they were measured five times in
each test. Particle emissions and sound and acceleration signals were recorded when the
friction force reached steady-state stage. Before the experiment, the background noise
was recorded as shown Fig. S3 of SI. The A-weighted sound pressure level (SPL) of
background noise was 40 dB. Experiments were repeated three times and the average
results are shown in the present study. The average standard errors of the experimental

results following the method in Moffat et al. [48], are shown in Table 3.
3. Results

3.1. Friction and wear behaviors

Fig. 4 describes the change of COF against sliding distance at mode 1 test. More
results are shown in Fig. S4 of SI. The mean values of COF with standard deviations in
steady-state stage are listed in Table 4. The variation of COF with sliding distance can be
divided into two stages which are the running-in stage followed by the steady-state stage.
It can be noted that there is no particular trend for the variation of duration of the
running-in stage with contact pressure. For RFM and SFM, durations of running-in stage
are shorter than those of the steady-state stage in most cases. While for CFM, the COF
curve reaches the steady-state stage after a long period of running-in stage at mode 1 and
3 tests.

All friction materials have similar values of COF at each test mode ranging from
0.33-0.44 which are in agreement with the normal brake conditions, in which the COF is
in the range of 0.3-0.6 [29]. Moreover, the COF increases firstly when the contact
pressure is increased from 0.52 to 0.81 MPa, and then decreases as the contact pressure is

further increased from 0.81 to 1.22 MPa. A peak value of COF is observed for all friction
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materials at the contact pressure of 0.81 MPa. Straffelini et al. [47] also observed a peak
value of COF when increasing the contact pressure.

The specific wear rates of RFM, SFM and CFM vary in the scope of 10-'3 to 10-'4
m?N indicating all friction materials exhibit mild wear conditions as listed in Table 4 [49,
50]. The specific wear rates at mode 1 test are lower than those at other test modes.
Additionally, it can also be observed that the specific wear rate of RFM is lower than
those of SFM and CFM at each friction condition and the average specific wear rates of
RFM, SFM and CFM are 0.64x107'4, 1.59x10"'* and 1.74x10"'* m?/N respectively. The
specific ware rates of disc range between 10716 and 10-'> m?/N indicating a mild wear for
iron disc as listed in Table 5. The iron discs sliding against SFM and CFM have similar
values of specific wear rate and they are higher than that of the iron disc sliding against
RFM. The wear mechanisms for the iron disc are abrasive wear and tribo-oxidation [47].
RFM induces the mildest wear for iron disc because copper nano particles can work as
solid lubricant which is similar to the function of graphite [3]. Therefore, the abrasive
wear of iron disc is weakened which results in a lower specific wear rate.

The variations of pin sample temperatures are shown in Fig. 5. The pin
temperature increases continuously until the end of experiment in most cases which
demonstrates that the thermal equilibrium was not reached at the end of the tests. The pin
temperatures measured at the end of tests are listed in Table 4 which are in the range of
30-65 °C. The pin temperatures are in agreement with the mild wear conditions in which
the brake pad temperatures are lower than 100 °C [51]. Moreover, it can be observed that
RFM and SFM have similar pin temperatures and they are lower than that of CFM. It is
because CFM induces a severer wear condition so that more heat is produced leading to a

higher pin temperature compared with RFM and SFM.
3.2. Characteristics of contact surfaces

Fig. 6 shows the friction layers on the pin surface after mode 1 test. Fig. S5 of SI
shows the friction layers on the pin surface after mode 2 and 3 tests. It can be observed
that unconnected irregular friction layers spread over the majority of pin surface for all
friction materials. After the mode 1 test, there are some cracks on the surfaces of CFM
and SFM as shown in Fig. 6; while there are few cracks on the surface of RFM. From the

Fig. S5 of SI, few cracks are observed on surfaces of all friction materials after mode 3
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test. The friction layers on pin surfaces become larger with increasing contact pressure. In
addition, SFM and CFM present smaller friction layers on their contact surfaces than
RFM after modes 2 and 3 tests.

Fig. 7 and Fig. S6 of SI show the high-resolution SEM pictures of friction layers
on SFM surfaces after modes 1 and 2 tests. From the EDXS analysis, the primary
plateaus are formed of steel fibers and the secondary plateaus are formed of compacted
wear debris as circled by black dash lines. In addition, it can also be observed that some
secondary plateaus are higher than adjacent primary plateaus. Some previous studies have
reported that some primary plateaus were covered by thin friction layers extended from
the secondary plateaus [12, 33]. If these thin friction layers are detached from the primary
plateaus, the primary plateaus are exposed with a lower height. Fig. S7 of SI shows the
high-resolution pictures for the friction layers on the CFM surface after mode 2 test. It
can be observed hard particles form the primary plateaus with a circular shape. In
addition, a thin layer of wear debris spreads over the primary plateaus so that most
ingredients in friction materials can be detected. The contact plateaus of CFM are smaller
than those of SFM and RFM. It is mainly because the size of hard particles is smaller
than that of metallic fibers. The hard particles enhance the abrasion wear on the pin
surface and subsequently restrict the wear debris pile up against the primary plateaus
which also contributes to a smaller size of contact plateaus for CFM. Fig. S8 of SI shows
the high-resolution SEM pictures of friction layers on the RFM surface after mode 3 test.
The friction layer with high copper content (38.11 wt%) is obviously smoother than the
adjacent friction layer with low copper content (6.11 wt%). The main elemental
compositions of the secondary plateaus on pin surfaces measured with EDXS point
spectra are listed in Table 6. There are no special trends for elemental compositions with
various contact pressures. It can be found that a lot of iron is detected which indicates
that iron oxides produced from the tribo-oxidation of disc surface enter into the
secondary plateaus. This phenomenon is also observed in our previous study [28] and
Leonardi et al. [12].

The number-area distributions of friction layers are shown in Fig. S9 of SL
Fractal dimensions of pin surfaces are calculated from these number-area distributions as

listed in Table 4. The average fractal dimensions of SFM and CFM are 2.27 and 2.29
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respectively which are smaller than that of RFM with the value of 2.67. Moreover, there
is no particular trend of fractal dimension with contact pressure for all friction materials.
The worn surfaces of iron discs are shown in Fig. 8. A lot of grooves can be
observed on the worn surface of disc for all friction materials. This phenomenon indicates
that the abrasive wear plays an important role in the wear of a disc. In addition, as shown
in the black area in Fig. 8b, graphite lamellae can also be observed on the worn surface of
disc after sliding against SFM. This graphite lamellae emerges on the disc surface can
mitigate the wear condition on the disc surface [52]. Some parts of disc surface can peel
off due to the defects in the disc so that some pits can be observed on the disc surface

after test as shown in Fig. 8.
3.3. Airborne wear particle emissions

Particle number size distributions at mode 2 test are shown in Fig. 9. More results
are shown in Fig. S10 of SI. It can be observed that all friction materials have similar
shape of particle number size distribution and a lot of particles are in the range of 40-300
nm. Moreover, there are multimodal distributions at modes 2 and 3 tests. At mode 1 test,
no obvious peaks can be observed for all friction materials. It should be noted that a lot of
ultrafine particles with the diameter about 15 nm are observed at mode 1 test for all
friction materials.

Total number concentrations (TNCs) and geometric mean dimeters (GMDs)
measured with the SMPS are listed in Table 7. For all friction materials, TNC increases
with increasing the contact pressure. Generally, RFM presents the lowest TNC and SFM
presents the highest TNC. GMD is in the range of 70-140 nm for all friction materials
which is in line with results in our previous study [38]. GMD also increases with
increasing contact pressure in most cases. In addition, the GMD of RFM is smaller than
that of SFM and CFM. Wahlstrom et al. [41] also reported that the particle number size
distributions of airborne wear particles emitted from disc brakes and measured with
SMPS show a dominant peak around 100 nm. The particle mass concentrations (PMCs)
of PMjy are listed in Table 7. Similar to TNC results, mass concentrations also increase
with the increment of contact pressure for all friction materials. Moreover, RFM has the

lowest mass concentration of PM1o and SFM has the highest value of it.
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3.4. Brake squeal noise

Brake squeal and vibration spectra for SFM at mode 2 test are shown in Fig. 10.
More detailed results are shown in Figs. S11-S13. It can be observed that frequencies of
peaks in SPL spectra are consistent with the relevant frequencies of peaks in vibration
spectra for all friction materials. This phenomenon indicates that brake squeal is
generated from the friction induced vibration on the contact surface. Moreover, the peaks
in tangential acceleration spectra are higher than those in normal acceleration spectra at
most frequencies. Especially for the peak around 2000 Hz, the tangential acceleration is
obviously higher than the normal acceleration. It can be concluded that the friction
induced tangential vibration has a larger contribution to the brake squeal noise than
normal vibration. The A-weighted SPLs of brake squeal noise with standard deviation for
all friction materials are shown in Fig. 11. The A-weighted SPL increases with increasing
contact pressure for all friction materials. It is because higher contact pressure introduces
more energy into the contact, and subsequently increases the fraction of energy
dissipating as acoustic energy [21]. The SPLs among different friction materials are
comparable. However, it can still be observed that RFM has the lowest SPL and CFM has
the highest value.

4. Discussion

The formation and deterioration of friction layers on the contact surfaces
determine the wear process between pin and disc [49]. It is a dynamical equilibrium
process that the formation and disruption occur simultaneously at different sites on the
pin sample surface [53]. Friction layers consist of two parts. The primary plateaus are
formed by the ingredients with high wear resistant protruding from the pin surface, such
as metallic fibers [54]. The secondary plateaus are formed by the wear debris
accumulating on the primary plateaus [28]. The variation of COF is affected by the
adhesion and abrasion between the contact surfaces of pin and disc [50, 55]. The adhesive
interaction is closely related to the friction layer’s ingredients. Since the disc is made of
grey cast iron, steel and copper fibers have stronger adhesive interaction than ceramic
fiber. Therefore, stronger junctions between asperities on RFM/SFM surfaces and disc

surface can be built and the steady-state stage can be reached faster [56]. In addition,
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Ceramic fibers contain SiO2 and Al2O; which are hard components that can facilitate the
abrasive wear of contact surfaces. This enhanced abrasion improves the wear intensity
between contact surfaces leading to a longer running-in stage.

The friction force is also affected by the real contact area. When increasing the
contact pressure from 0.52 to 0.81 MPa, the real contact area is enlarged and then the
friction force and friction coefficient are also increased. With further raising the contact
pressure from 0.81 to 1.22 MPa, the friction coefficient is decreased because of the
disproportional extension of real contact area which impacts the increment of friction
force [56]. The normal contact pressure during vehicle braking is in the range of 1-3 MPa.
On the one hand, some studies reported that the COF was increased with increasing
contact pressure when the disc brake was operated under low contact pressure conditions
[15, 57, 58]. On the other hand, some studies found that the COF was decreased with
increasing contact pressure when the disc brake was operated under normal pressure
conditions [34, 59]. If brake conditions contain both low and normal contact pressure
conditions, different variation trends of COF with contact pressures can be observed.

The standard deviation (SD) of COF for RFM is lower than that for SFM and
CFM. SD indicates the variation of COF in the experiments. Lower SD demonstrates a
smoother friction process. It is because the soft copper nano particles can work as solid
lubricant that can mitigate the wear process on the contact surfaces, and then reduce the
variation of COF [3, 12]. Thus, the SD of COF for RFM is lower than those of SFM and
CFM. These copper nano particles produced from the severe plastic deformation are also
responsible for the lower specific wear rate of RFM compared with those of SFM and
CFM. It is because the copper particles commonly own an equiaxed structure which can
be incorporated into friction layers easily. These copper particles improve the strength of
secondary plateaus, restrict their disruption and then reduce the specific wear rate [3, 60].
The higher specific wear rate of CFM is also because of the SiO; and Al>O3 contents
which are generated from the wear of the ceramic fiber in CFM. SiO> and Al,Os are hard
abrasive particles that can aggravate the abrasive wear of friction materials leading to a
higher specific wear rate.

The effect of copper nano particles leads to the absence of cracks on the surfaces

of RFM as shown in Fig. 6a. In contrast, the absence of copper in SFM and CFM is
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responsible for the cracks on the friction layers of SFM and CFM surfaces as shown in
Figs. 6b and 6¢c. The CFM surface exhibits the most cracks in all the friction materials
which is in line with the largest average specific wear rate of CFM. These two
observations indicate that the CFM induces the severest wear condition on the contact
surface of the pin sample. With increasing contact pressure, compactness of friction
layers is improved so that most cracks disappeared in the mode 3 test. Cracks on the
friction layers also indicate the weaker binding force between friction layers and bulk
material for SFM and CFM compared with that for RFM [44]. The binding force between
friction layers and bulk material affect the generation process of airborne particles which
will be discussed later. Leonardi et al. [12] also observed that the lack of copper
introduced some cracks on the pin surface. From the EDXS analysis shown and not yet
shown in this paper, only a small fraction of primary plateaus is detected for all friction
materials because the majority of primary plateaus are covered by a thin film of wear
debris. Similar phenomenon was also observed by Osterle et al. [61] who stated that the
brake pad and disc were separated by a layer of third body consisting of non-crystalline
wear debris and coarse wear particles with a thickness of about 10 um.

Fractal dimension, as a parameter representing the surface roughness, is
determined by the formation and disruption of friction layers on the contact surface. The
majority of primary plateaus are covered by a thin film of wear debris which is extended
from the adjacent primary plateaus. Thus, the shape and size of the friction layers
measured by SEM on the worn pin surface depend on the compactness and wear resistant
of secondary plateaus and the thin film of wear debris above the primary plateaus. Since
the copper nano particles can improve the wear resistant, RFM has a larger fractal
dimension than SFM and CFM. The comparable fractal dimensions between SFM and
CFM indicate the surface roughness of these two friction materials is comparable which
is consistent with the observed morphologies of the contact surface that there are cracks
on the friction layers of SFM and CFM surfaces, while no cracks on the friction layers of
RFM surface. Since fraction dimension is evaluated from the number-area distribution of
the friction layers, a small fractal dimension value indicates a low variation of friction
layer size. In present study, the size variations of friction layers on the SFM and CFM

surfaces are lower than that on the RFM surface. This phenomenon affects the local
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oscillation on the brake pad surface leading to various brake squeal noise emissions
which will be discussed later.

The elemental compositions of airborne wear particles emitted from disc brakes
have been investigated through similar pin-on-disc test-rig in some previous studies [33,
62]. They reported that the main element of particles is iron, and the majority of particles
are produced from the tribo-oxidation and abrasion of the iron disc. The tribo-oxidation
of iron disc is independent from the friction materials. Therefore, all friction materials
have a similar shape for particle number size distributions and a similar size range of
airborne particles. With increasing contact pressure, these two wear mechanisms are
enhanced leading to a higher particle emission. As introduced before, copper nano
particles can work as solid lubricant. Therefore, they can mitigate the abrasion on disc
surface leading to lower particle emission results of RFM compared with those of SFM
and CFM. The steel fiber in SFM can also produce some iron particles under abrasion
wear. Therefore, SFM sliding against iron disc produces higher particle emissions than
CFM. Some particles are generated from the disruption of friction layers which have a
flaky shape with large particle diameter [33, 62, 63]. As introduced above, friction layers
with some cracks exhibited a weaker binding force between friction layers and bulk
material. Therefore, more friction layers on the surfaces of SFM and CFM are disrupted
and emitted into the surrounding environment as airborne particles compared with those
on the surface of RFM. This phenomenon leads to the smaller GMD of RFM particles
compared with that of SFM and CFM particles. The various formation mechanisms of
airborne wear particles result in the multi-peaks in the particle number size distribution.
Contact pressure is the driving force for the particle agglomeration at the interface [64].
Larger contact pressure can promote the agglomeration process of particles leading to a
larger particle size. It should be noted that the SD of particle mass concentration is very
high which can be larger than 50% of the mean values as listed in Table 7. The very high
SD indicates that the particle generation process varies heavily even though the COF
curve keeps stable with low SD.

The SPL spectra are quite different among different friction materials under the
same friction condition. This is because the brake squeal is very sensitive to the friction

process. Small variations in contact temperature and friction coefficient can result in
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different squeal propensities or frequencies [65]. As shown in Figs. 4 and 5, the friction
coefficient and pin temperature vary continuously during the whole friction process and
the variation curves are different among various friction materials. Thus, SPL spectra
among different friction materials are quite different. The lowest SPL of RFM can be
attributed to the following two factors. Firstly, the lubricant effect of copper nano
particles which can reduce the vibration on the contact surfaces leading to a lower SPL
[3]. Secondly, the size variations of friction layers on the SFM and CFM surfaces are
lower than that on the RFM surface. The size of a friction layer affects the amplitude and
frequency of local oscillation, and then influences the brake squeal noise. Low variation
of friction layer size leads to the synchronized oscillation of the friction layers on the
contact surface and subsequently increases the amplitude of total local oscillation [27].
From the acceleration spectra, several peaks are observed at very high frequencies (6000-
10000 Hz). These high frequency vibrations at tangential and normal directions indicate
the local contact stresses on the friction layers also oscillate largely at tangential and
normal directions. The large oscillations of local contact stresses are also responsible for

the cracks on the brake pad surface as shown in Fig. 6.
5. Conclusions

Two copper-free friction materials, SFM and CFM, were manufactured by
replacing the copper fiber in a NAO friction material (RFM) with steel fiber and ceramic
fiber respectively. A pin-on-disc test-rig was employed to investigate the friction and
wear behaviors, characteristics of contact surfaces, airborne wear particle emissions and
brake squeal noise of these three friction materials sliding against an iron disc. The
results can be concluded as follows:

1. All friction materials have comparable values of COF at the steady-state stage.

The specific wear rate of RFM is lower than those of SFM and CFM. SFM and

CFM have similar values of specific wear rate.

2. Contact plateaus on SFM and CFM surfaces have more cracks than those on the
contact surface of RFM. But there are no cracks on the friction layers under the

largest contact pressure for all friction materials. Fractal dimensions vary from



583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601

602

603
604

605

606
607
608
609
610
611
612

2.22 to 2.77 for all friction materials and RFM has larger fractal dimension than

SFM and CFM.

3. There are multimodal distributions for the particle number size distribution of
airborne wear particles. SFM and CFM have higher particle emissions and larger
particle size than RFM.

4. Brake squeal noise is mainly caused by the friction induced tangential vibration.
The A-weighted brake squeal noise among different friction materials are
comparable.

The encouraging outcomes are all friction materials exhibit comparable friction
coefficients and have similar A-weight SPLs of brake squeal noise. But the airborne
particle emissions of SFM and CFM are higher than those of RFM. Results show that
more cracks on the friction layers result in higher particle emissions. Further study should
be conducted to modify the friction material formulation to improve the friction layer’s
quality and reduce the airborne wear particle emissions.

The present study was conducted under the mild wear conditions with low friction
material temperature. However, copper fibers have good tribology performance under
severe wear conditions with high friction material temperature. A future study is also
necessary to compare the tribology performances, airborne wear particle emissions and

brake squeal noise among RFM, SFM and CFM under the severe wear conditions.
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Fig. 1. BSE-SEM pictures of pin samples (a: RFM, b: SFM, c: CFM)
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Fig. 7. SEM pictures and EDXS point spectra of the SFM surface (Test mode 1)
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Fig. 8. SEM pictures of the worn surfaces of iron discs (a: RFM, b: SFM, c: CFM).
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Tables

Table 1 Specification of fibers (Supplier’s data)

Physical properties Steel fiber Ceramic fiber Copper fiber
Color Sliver White Yellow
Diameter (um) 100-250 4-10 150-250
Length (mm) 1-3 0.3-0.5 1-3
Density (g/cm?) 7.85 1.95 8.94
Melting point (°C) 1538 >1200 1083
Tensile strength (MPa) 440 1400-1600 333
Purity >98% >98% >98%

Ceramic fiber ingredients (vol.): Si02: 53-57%, Al203: 43-47%, Fe20s: Trace, TiO2: Trace,

NayOs: <0.5%, Alkali: Trace.
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Table 2 Friction material compositions

Ingredients (vol%) RFM SFM CFM
Copper fiber 10 - -
Steel fiber - 10 -
Ceramic fiber - - 10
Parent composition 90 90 90
Density (g/cm?) 2.08+0.08 2.10+0.10 1.724+0.03
Table 3 Standard errors of results with 95% confidence level
Parameters Standard error (%) Parameters Standard error (%)
Friction coefficient 33 Fractal dimension 1.7
Specific wear rate of 2.9 Total number concentration 4.6
friction materials
Specific wear rate of disc 2.5 Particle mass concentration 6.3
Pin sample temperature 3.7 Geometric mean diameter 23
Table 4 Friction and wear behaviors of different friction materials
Type of Test \% Fn u (SD) Am (SD) ks (SD) T Ds
friction mode
material # m/s N - 10%g 104m*N °C -
RFM 1 2.8 52 0.335(0.008) 0.75(0.023)  0.45(0.012) 31.0 2.59
2 2.8 81 0.434(0.010)  0.99(0.026)  0.53(0.014) 48.7 2.77
3 2.8 122 0.359(0.007) 3.44(0.077)  0.94(0.021) 54.0 2.65
SFM 1 2.8 52 0.337(0.019)  1.46(0.031) 0.89(0.019) 34.0 2.25
2 2.8 81 0.439(0.022) 5.33(0.098)  2.49(0.046) 49.0 2.22
3 2.8 122 0.385(0.010)  6.24(0.14) 1.40(0.032) 50.7 2.35
CFM 1 2.8 52 0.332(0.022) 1.94(0.039)  1.44(0.029) 35.8 2.33
2 2.8 81 0.438(0.023) 3.00(0.069)  1.62(0.037) 59.0 2.23
3 2.8 122 0.384(0.008) 5.64(0.11)  2.15(0.041) 62.9 2.31

SD refers to standard deviation



Table 5 Specific wear rates of the discs

Type of friction material v Fn ks
m/s N 105m?/N
RFM 2.8 122 0.95
SFM 2.8 122 1.43
CFM 2.8 122 1.37

Table 6 Elemental compositions (wt%) of the secondary plateaus on the pin surface (Carbon and oxygen are not

quantified)
(a) REFM
Element 0.52 MPa 0.81 MPa 1.22 MPa
Si 2.64 6.06 6.03
S 2.25 4.29 4.11
Ca 1.59 2.75 2.01
Fe 16.47 12.63 15.70
Cu 2.28 4.27 15.07
Ba 17.41 24.10 21.43
(b) SFM
Element 0.52 MPa 0.81 MPa 1.22 MPa
Si 3.42 4.71 3.20
S 1.69 2.52 4.76
Ca 1.33 1.42 1.49
Fe 25.26 34.88 21.91
Ba 13.11 18.32 33.52
(c) CFM
Element 0.52 MPa 0.81 MPa 1.22 MPa
Si 3.52 7.56 2.94
S 3.43 1.69 9.53
Ca 4.44 7.30 6.49
Fe 12.81 15.50 10.85
Ba 19.43 13.41 50.07




Table 7 TNC, GMD and PMC

Type of friction =~ Test mode TNC (SD) GMD (SD) PMC (SD)
material
# #/cm? nm pg/m?3
RFM 1 36.4(0.51) 71.8(2.47) 59.8(30.57)
2 55.9(1.43) 87.3(2.58) 119.7(75.73)
3 121.4(1.40) 117.0(2.18) 309.5(52.41)
SFM 1 95.9(1.14) 98.9(2.56) 100.6(65.13)
2 200.7(3.36) 133.5(2.14) 310.9(99.01)
3 411.4(1.66) 108.6(2.05) 957.4(123.60)
CFM 1 55.1(0.95) 94.1(2.34) 90.7(55.81)
2 119.4(1.72) 98.5(1.95) 187.7(121.90)
3 427.7(2.02) 117.5(2.07) 474.1(127.75)

SD refers to standard deviation
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20kV X100  100pm 10 50 SEI 20kV X500 500um 1050 SEI
Spectrum A Spectrum B Spectrum C Spectrum D
Element | Weight%  Atomic% Element | Weight%  Atomic% Element | Weight% Atomic% Element | Weight%  Atomic%
OK 27.79 59.00 CK 15.45 34.00 CK 13.07 31.07 FeK 97.79 99.09
SiK 2.75 332 OK 24.50 40.47 OK 22.51 40.19 BalL 221 0.91
SK 1.98 2.10 SiK 2.00 1.88 SK 1.48 1.31 Totals 100.00
CaK 1.42 1.20 SK 1.28 1.06 CaK 1.58 1.13
FeK 49.95 30.38 CaK 1.31 0.86 FeK 44.64 22.83
BalL 16.11 3.98 FeK 39.38 18.64 BalL 16.73 3.48
Totals 100.00 BalL 16.07 3.09 Totals 100.00

Totals 100.00

Fig. S6. SEM pictures and EDXS point spectra of the SFM surface (Test mode 2)
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Fe K 17.38 6.25 Fe K 20.37 7.38
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Totals 100.00 Totals 100.00

Fig. S7. SEM pictures and EDXS point spectra of the CFM surface (Test mode 2)
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Fig. S8. SEM pictures and EDXS point spectra of the RFM surface (Test mode 3)

1000 - —RFM
—SFM
—CFM

Number, N (A>a)

T T T T T T
0 5000 10000 15000 20000 25000 30000

Area, a (um°)

(a) 0.52 MPa



Number, N (A>a

T T T T T T
0 5000

T T T T T
10000 15000 20000 25000 30000

Area, a (um°?)
(b) 0.81 MPa
1200
—RFM
——SFM
1000 4 S
800 -
©
A
<
> 600~
-
O
£ 400-
-]
z
200 -
0 T T T T T T T T T T T T
0 5000 10000 15000 20000 25000 30000
Area, a (um?)
(c) 1.22 MPa

Fig. S9. Number-area distributions of friction layers on the pin surface



p

Particle number conc. [dN/dlogD ] (#/cm3)

p

Particle number conc. [dN/dlogD ] (#/cm?’)

300

250

200

150

100

(&)
o
|

——RFM
—SFM
—CFM

10

1200

Particle diameter (nm)

(a) 0.52 MPa

1000

800

600 —

400

200 -

04
10

——RFM
——SFM
—— CFM

I A
I \ ’~ \,{f:&

|
fl

4 ‘ ’/'A‘. ,‘\ﬁ'ﬁﬂ .

A
100
Particle diameter (nm)

(b) 1.22 MPa
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Fig. S11. SPL and acceleration spectra for RFM
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Fig. S13. SPL and acceleration spectra for CFM





