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13 The present study developed two Cu-free brake materials using carbon fiber or
14  carbon nanotube as the replacement for copper fiber and evaluated their tribology
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1. Introduction

The brake materials for passenger vehicles commonly contain 10 to 20 ingredients.
Based on the function of each ingredient, they can be classified as binders, reinforcing
fibers, fillers and friction additives. The brake materials should satisfy desired tribology
performance such as stable friction with low sensitivity to the braking conditions, low
wear rate, low brake noise and good fade and recovery performance [1, 2]. In addition,
the environmental protection requirement is also a driving force for the development of
new brake materials. For example, the application of asbestos fiber in brake materials
was prohibited by the European nations in 1985 and the United States in 1989 because
they are carcinogenic [3].

After 2000, the copper pollution from the vehicle brake systems has become an
environmental concern and attracted more and more attention. Copper is a very good
ingredient due to its high thermal conductivity and high ductility. The application of
copper in the brake materials reduces the intensity of high temperature spots, contributes
to form compacted friction layers and stabilizes the variation of coefficient of friction
(COF) in the braking process [4, 5]. The average contents of copper in the brake pads in
the U.S. market and European market are 5% and 10% respectively [6-8]. But copper is
toxic to the aquatic organisms and human health. Brake wear particles are one of main
sources for the copper pollution. To avoid the toxic effects of Cu-containing wear
particles, United States requires a reduction of copper in brake pads to <5% (Cu-low
brake pad) by 2021 and <0.5% (Cu-free brake pad) by 2025 [9].

In recent years, some studies have been conducted on developing Cu-free brake
materials. Mahale and Bijwe [1] used the plasma treated and untreated stainless steel
swarf (SSS) as the replacement for the copper fiber and reported that the Cu-containing
brake materials presented a better performance in wear resistance, but lower fade and
recovery COFs than the SSS brake material. In addition, the SSS treated with plasma
could further improve the wear resistance by 10% due to the stronger adhesion between
the plasma treated SSS and phenolic resin. Mahale et al. [10] used Promaxon-D as the
replacement for copper powder in a brake material and found that Promaxon-D can
reduce the sensitivity of COF towards speed and contact pressure. But the Cu-containing

brake material exhibited larger COF than the Cu-free brake materials. Tavangar et al. [5]
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developed a Cu-free brake materials using cellulose fiber and thermal graphite and
reported that the COF of Cu-free brake materials is a bit higher than that of Cu-
containing brake materials. In our previous study, we manufactured two Cu-free brake
materials using the steel fiber or ceramic fiber as the replacement for Cu fiber. The Cu-
free brake materials exhibited comparable tribology performance with Cu-containing
brake materials, but they presented higher particle emissions [11].

Among various fibers, carbon fiber and carbon nanotube own a series of excellent
properties that can be used in the brake materials. Carbon fibers have the properties of
high strength, high modulus, self-lubricating and good thermal stability [12]. Carbon
nanotubes have the properties of high stiffness, high thermal resistance and high aspect
ratio with low density [13, 14]. Some previous studies have shown that carbon fiber and
carbon nanotube can improve the wear resistance and friction stability of brake materials
[15, 16]. Moreover, carbon nanotube can reduce vibration of brake materials [16]. As
introduced above, copper fibers also exhibits the similar functions in the brake materials.
Therefore, carbon fibers and carbon nanotubes have the potential to replace the copper
fiber in the brake materials. Regarding the effects of carbon fiber and carbon nanotube on
the tribology performance of brake materials, Ahmadijokani et al. [12, 15] analysed the
effects of short carbon fiber on the mechanical properties and tribology performance of
brake materials. They found that the application of carbon fiber increased the storage
modulus and decreased the damping factor of the brake materials [12]. Moreover, they
observed the inclusion of carbon fiber decreased the specific wear rate and COF [15].
Lertwassana et al. [17] developed a aramid pulp and carbon fiber reinforced NAO brake
material and found the new developed brake material exhibited high and stable friction
coefficient and good wear resistance. The optimal aramid pulp to carbon fiber mass ratio
was 75:25. El-kashif et al. [16] found carbon nanotube could improve the mechanical
properties of the brake material, including hardness, strength and modulus. Moreover,
they also observed that the use of carbon nanotube could reduce the brake noise and
brake material vibration as well as increase the wear resistance of the brake material. As
introduced above, both of carbon fiber and carbon nanotube can be regarded as the
possible replacements for the copper fiber. However, only a few studies investigated the

roles of carbon fiber and carbon nanotube in the Cu-free brake materials.
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The present study aims to investigate the tribology performance, brake wear particle
emissions and brake squeal noise of two Cu-free brake materials using carbon fiber or
carbon nanotube as the replacement for copper fiber and compare them with the Cu-
containing brake material. In addition to the copper pollution, particles emitted from the
automotive brakes can induce some adverse effects on human health due to their size
distribution, chemical composition, surface area, etc [18]. Braking squeal noise is a major
issue in automotive industry causing the customer uncomfortableness [19]. Thus, it is
necessary to investigate the brake wear particles and brake squeal noise emitted from the
new developed Cu-free brake materials. Brake squeal noise involves the whole system
dynamic and the local dynamic at the contact surface and the second item includes the
impacts between contact asperities and the variation of contact plateaus [20, 21]. The
replacements of copper fiber with carbon fiber and carbon nanotube affect the size, shape
and element compositions of the contact plateaus on the brake pad surface leading to
different local dynamics at the contact surface [20, 22]. Therefore, the present study
investigated the brake squeal noise focusing on the correlation between the characteristics
of contact plateaus and the brake squeal noise. We expected the new developed Cu-free
brake materials could present appropriate tribology performance as well as comparable

brake wear particle emissions and brake squeal noise with Cu-containing brake material.
2. Experimental set-up

2.1. Materials

The Cu-free brake materials were prepared based on a Cu-containing NAO brake
material, named as RBM, including 10 ingredients. Its composition is listed in Table 1
and copper fiber content is 10 vol%. Two Cu-free brake materials, carbon fiber brake
material (CABM) and carbon nanotube brake material (CNBM), were prepared by
replacing the copper fiber with carbon fiber and carbon nanotube respectively and
keeping the other 9 ingredients (named as parent composition) unchanged. The properties
of the fibers and the brake materials are listed in Tables 2 and 3 respectively.

The fabrication of brake materials was carried out in 3 steps. Firstly, to obtain a
homogeneous mixture of the ingredients, all the ingredients were mixed with a high-

speed mixer equipped with high speed choppers in a rotating speed of 2,000 rpm for 20
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minutes. Secondly, the mixture was compression molded at a curing temperature of
150 °C and a compression pressure of 15 MPa for 10 minutes. Finally, the mixture was
post cured in an oven at a 180 °C for 4 hours. Then, pin samples were milled from the
mixture and machined to a cubic shape with 10+0.2 mm in length and 7+1 mm in
thickness. Fig. 1 shows the Backscatter electron (BSE) pictures of the pin samples. The
densities of pin samples were calculated as the ratio of the pin mass and the pin volume
as shown in Table 3. It can be observed that all the ingredients were mixed very well, and
the fibers are uniformly distributed in the brake materials. A commercial brake disc made
of pearlitic grey cast iron was used in the present study with 239 mm in diameter and 9
mm in thickness. The surface hardness of brake discs ranges from 90 to 93 HRB 100.

2.2. Test set-up

A pin-on-disc tribometer was used to conduct braking tests as shown in Fig. 2. It has
been used and validated to analyze the tribology performance of automotive brake
contact pairs [23, 24]. It includes a horizontal rotating brake disc and a deadweight
loaded brake pad sample (pin). The brake disc was mounted horizontally and driven by a
motor at constant rotating speed. Tests were conducted under constant sliding velocity
and constant contact pressure which are different from the real driving conditions. But the
simplified geometry of pin sample in this tribometer makes it adequate to investigate the
novel brake materials without considering the design of disc brakes at the early phase of
the material design process [25]. The tangential force was measured with an HBM
ZLFC3/20 kg load cell with 1 Hz data sampling rate. Then, the COF was calculated from
dividing the measured tangential force by the applied load. The temperature of pin was
measured using a K-type thermocouple placed in a hole inside the pin body with 2 mm
away from the pin surface. Pin temperature and tangential force were measured in during
whole process of each braking test. The mass of each pin was measured before and after
the test using an analytical balance with a sensitivity of 0.01 mg. Then, the wear volumes
(m®) of pin samples were calculated using the densities in Table 3 and the measured mass
loss. Finally, the wear of brake material was assessed by the specific wear rate (k). It was

calculated as [26]:
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Where ks (m?/N) is the specific wear rate; Fx (N) is the applied load; As (m) is the sliding
distance; AV (m?) is the wear volume of the pin sample. This equation was also used to
evaluate the specific wear rate of the brake disc. The wear volumes of brake discs were
obtained by measuring the wear track perpendicularly to the sliding direction with a
surface profiler. Three measurements were conducted for each brake disc sample which
was cut from the brake disc. A typical cross section surface profile of wear track is shown
in Fig. S1 of supplementary information (SI). More information about this tribometer is
shown in refs. [11, 27]. Braking tests were carried out at room temperature and humidity.
A JEOL Model JSM-6490 scanning electron microscope (SEM) equipped with an energy
dispersive X-ray spectroscopy (EDXS) detector was used to investigate the morphology
and elemental compositions of friction layers on the pin sample surface as well as the
morphology of the brake disc surface. To the obtain repeatable result, eight randomly
selected SEM observations were performed for each pin and brake disc.

Fractal dimension is a parameter for the rough surface that reflects its surface
roughness. In addition, the value of fractal dimension is independent from the resolution
of the measurement instrument and the sample length [28, 29]. The brake pad surface
roughness affects the friction and wear behaviours on the contact surface. Therefore, it is
necessary to investigate the fractal dimension of the brake pad surface. Fractal dimension

(Ds) was calculated as [28]:
N(A>a) a®™?
2)

Where N (A>a) is the total number of contact plateaus larger than a particular area, a; Ds
is the fractal dimension of a surface. The number and areas of contact plateaus on the pin
sample surface were measured using low resolution SEM images (50 X) with a
commercial image processing software Image-pro Plus 6.0. In the present study, the
smallest area of contact plateau is about 700 pm?. Areas smaller than 700 pm? were
considered as noise and neglected in counting. The picture processing procedure for

measuring the number and areas of contact plateaus is shown in ref. [27].
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Particles emitted from the brake contact pairs were investigated with the tribometer
using a closed chamber to control the air cleanness in it as shown in Fig. 2 [30, 31]. The
air was introduced into the chamber via an air flow meter and a high efficiency particle
absorber (HEPA, Whatman Polycap 36 TF, retention efficiency: 99.97% for particles

larger than 0.3 pum) so that an almost particle-free atmosphere was obtained inside the

chamber. Before and after each test, the background particles in the sealed chamber were
measured with a scanning mobility particle sizer (SMPS). The background particle
concentrations were about 2.6 #/cm? and hardly impacted the particle measurement. The
air in the chamber transported the particles to the outlet (diameter: 50 mm) for the
particle measurement. The inlet air velocity was set to 0.28 m/s corresponding to an air
flow rate of 47.5 liter/min which gave an approximate air exchange rate of 94/hr. The
temperature and humidity of ambient air were about 26 °C and 58 to 62% respectively
which remained constant during the braking tests. The air in the chamber was well mixed
because of high air change ratio, the complicated test-rig shape and the rotating of brake
disc.

The number and mass concentrations of particles were measured with a scanning
mobility particle sizer (SMPS, model 3494) and a tapered element oscillating
microbalance (TEOM, series 1105) respectively, as described in ref. [11]. SMPS includes
a differential mobility analyzer (DMA model 3071A) and a condensation particle counter
(CPC model 3022). SMPS measured the particles with the diameters of 15-750 nm and
provided information of particle number-size distribution, total number concentration
(TNC) and geometric mean diameter (GMD). The sampling flow rate for SMPS was
0.3L/min with a sheath air flow of 3 L/min. Five measurements were performed for these
three parameters in each test. TEOM measured the mass concentration of PMio (PMC) in
1 Hz data recording rate. Its sampling flow rate was in the range of 1 to 2.5 L/min. PMC
was recorded for 10 minutes in each test. The detailed information about the equipment
for particle measurement is shown in ref. [11].

Brake squeal noise was investigated with this tribometer as shown in Fig. 3. Pin-on-
disc tribometer is adequate to investigate the correlation between the brake squeal noise
and local dynamics on the contact surface [11, 21]. The sound signal was recorded using

a 1/2-inch microphone as shown in Fig. 3. It was placed 10 cm higher than the contact
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surface and 50 cm away from the center of the brake disc. The analyzed frequency for
brake squeal noise was in the range of 1,000 to 15,000 Hz with a frequency resolution of
25 Hz. The brake squeal noise lower than 1,000 Hz was neglected because it was mainly
related to the low-frequency structure dynamic. The friction-induced vibration response
in tangential and normal directions were measured with two accelerometers installed on
the brake pad holder. A 6-channel B&K LAN-XI signal acquisition system was used to
record the sound and acceleration signals. The acquired signals were processed with a
commercial software PULSE LabShop Version 20.0. The measurement duration for
acceleration and sound signals were 30 seconds and five measurements were conducted
in each test. The background noise was measured before and after the test as shown in
Fig. S2 of SI. After install the brake pad sample, dead weight and accelerometers, an
impact hammer modal test was conducted to identify some natural frequencies of the test
rig. The modal test was performed on the brake disc and brake pad holder respectively
and the relevant frequency response spectra are shown in Figs. S3 and S4 of SI. More
information about the brake squeal measurement is shown in ref. [11].

2.3. Experimental conditions

The applied loads (Fn) were set to 52 (low load), 81 (medium load) and 122 N (high
load) correspond to the nominal contact pressures (p) of 0.52, 0.81 and 1.22 MPa. The
sliding speed was set to 2.8 m/s. Thus, the experimental p-v values are in the range of
1.46 to 3.42 MPa'm/s, corresponding to the mild wear conditions of the brake pads under
urban traffic conditions in which the brake system reduces the vehicle speed but do not
stop it [32-34]. Each braking test was performed for 90 minutes with a new pin sample
and the corresponding sliding distance was 15120 m. Braking tests were conducted 3
times to obtain a repeatable result. The mean result is shown in this study. The brake
discs after the high load braking test were selected to evaluate their wear conditions. The
mean standard errors of the results calculated according to the method in ref. [35] are

shown in Table 4.
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3. Results

3.1. Tribology performance

Fig. 4 shows the variation of COF with sliding distance at the low load braking
condition. More results at the braking conditions are shown in Fig. S5 of SI. Generally,
all the brake materials reach a steady-state stage after a running-in stage. For CNBM at
the low load braking condition, it reaches the steady-state stage very fast so that there is
no obvious running-in stage. Moreover, CABM and CNBM exhibit comparable durations
for the running-in stage at the braking conditions with medium and high loads.

Table 5 shows the mean values and standard deviations of COF at the steady-state
stage. RBM exhibits a larger COF than CABM and CNBM at the braking conditions with
low and medium loads. At the high load braking condition, all the brake materials exhibit
comparable COFs. In addition, the COFs of all the pin samples are in the range for
normal braking conditions of motor vehicles [23]. There is a peak value for the COF at
the medium load braking condition. When further increasing the applied load, the COF
decreases.

The specific wear rates of RBM, CABM and CNBM range from 1075 to 1014 m?/N as
listed in Table 5, indicating that all the brake materials exhibit mild wear conditions.
CABM and CNBM show larger specific wear rates than RBM. The specific wear rates of
brake discs are listed in Table 6 which are in the magnitude of 10-'® m?/N indicating the
mild wear condition for the brake discs. The brake disc sliding against RBM presents
larger specific wear rate than that sliding against CABM and CNBM. It is in agreement
with the COF result that RBM presents a larger COF than CABM and CNBM.

Fig. 5 shows the variation of the pin temperature versus sliding distance for all the
brake materials. It increases continuously during the whole braking test. Table 5 shows
the pin temperatures recorded at the end of braking test in the range of 30 to 75 °C. In the
present study, the pin temperatures are lower than 100 °C which are in the range of the
brake pad temperature for the mild wear conditions [36].

3.2. Characteristics of worn surfaces

Figs. 6-8 show the morphology of the worn pin surfaces. It can be observed that the

morphologies of the worn surfaces are quite different among the brake materials. RBM
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surface contains a lot of unconnected irregular friction layers. Regarding CABM, the
friction layers cover the majority of the worn surface as shown in Figs. 6b and 7b. The
fraction of CABM surface covered by friction layers is obviously larger than that of RBM
surface. Regarding CNBM, there are some friction layers on the worn surface at the
braking conditions with low and medium loads. But the number and areas of the friction
layers on the worn surface of CNBM are smaller than those on the worn surfaces of
CABM and RBM. After the high load braking test, majority of the pin surface for CNBM
is also covered by friction layers. The morphology of the worn surface of CNBM is more
complex than that of the CABM and RBM. The matrix surrounding the friction layers on
the worn surface of the CNBM suffers severer wear than that on the worn surfaces of the
CABM and RBM. Some fibers are extruded from the worn surface as shown in Figs. 6-8.
The sizes of the friction layers and the coverage degree of pin surface are increased with
increasing the applied load for all the brake materials.

Figs 9 and 10 show the high-resolution SEM images and EDXS point spectra of the
worn pin surfaces at the braking conditions with low and high loads. More results at the
medium load braking condition are shown in Fig. S6 of SI. As shown Fig. 9a, a lot of iron
is detected in the friction layers. In addition, the iron concentration in the friction layer is
larger than that in the brake material at some sites. At the braking conditions with low
and medium loads, copper is detected in a few friction layers which concentration is
smaller than that in the brake materials. The low copper content and high iron content in
the friction layers indicates a many primary plateaus are covered by a film of wear debris
these two braking conditions. Alemani et al. [37] also found a very high iron
concentration in the secondary plateaus measured with EDXS which value was even
higher than that in the bulk material. At the high load braking condition, the severe
adhesion and abrasion wear removes this wear debris film so that more primary plateaus
can be detected directly as circled by white line in Fig. 10a. For the CABM, the carbon
fiber plays the role in primary plateaus which blocks the movement of wear debris and
provides the nucleation sites for the formation of secondary plateaus. For the CNBM, the
steel fibers work as the primary plateaus from the EDXS analysis. From the high-

resolution SEM images, the compactness of the friction layers of the CNBM is obviously
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lower than that of the RBM and CABM, as a lot of loosely compacted wear debris can be
observed on the worn surface.

The number area distributions of the contact plateaus on the surfaces of RBM and
CNBM are shown in Fig. S7 of SI. The fractal dimensions are evaluated from the cure
fitting of N (A>a) versus a as shown in Table 5. Fractal dimensions of RBM and CABM
are in the range of 2.45-2.77 which are in agreement with our previous studies [11, 27].
The average fractal dimension of CNBM surface is 2.55 which is statistically smaller
than that of RBM with the value of 2.67. Fractal dimension is not investigated for the
worn surfaces of CABM. This is because the worn surface of the CABM is almost fully
covered by the friction layers so that the number-area distributions of friction layers
cannot be measured. Compared with the fractal dimension of the RBM surface, the
smaller fractal dimension of the CNBM surface is mainly due to the lack of reinforcing
fibers in the CNBM which reduces the areas and number of friction layers on the CNBM
surface and subsequently decreases the fractal dimension of the CNBM surface. In our
previous study [27] the variation of fractal dimension with braking conditions for NAO
brake pad surface ranged from 2.46-2.59 and its average fractal dimension was 2.51. In
another study [11], the average fractal dimensions of steel fiber brake material (STBM)
and ceramic fiber brake material (CEBM) surfaces, prepared based on the same RBM,
were 2.27 and 2.29 respectively. Thus, the fractal dimensions of CNBM surface are in the
reasonable range.

Fig. 11 shows the morphology of the worn surface of brake disc. There are some
abrasive grooves on the brake disc surface indicating that the abrasive wear presents a
significant role in the brake disc wear. The brake disc sliding against CNBM generates
the most abrasive grooves on the brake disc surface. It is because without the coverage of
friction layers, a lot of abrasive particles in CNBM are exposed to the brake disc leading
to the severest abrasive wear.

3.3. Particle emissions

The number-size distributions of particles at the medium load braking condition are
shown in Fig. 12. More results at the other two braking conditions are shown Fig. S8 of

SI. The sizes of most particles range from 40 to 300 nm. There are no obvious peaks for
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all the brake materials at the low load braking condition. But at the braking conditions
with medium and high loads, there are several peaks in the range of 70-100 nm.

Table 7 shows the TNC, GMD and PMC results for all the brake materials. Generally,
The TNC, GMD and PMC increase as increasing the applied load for all the brake
materials in most cases. The average TNC results for RBM, CABM and CNBM are 71.2,
56.9 and 94.7 #/cm? respectively. The GMD ranges from 70 to 130 nm for all the brake
materials. The average PMC results for RBM, CABM and CNBM are 163.0, 166.2 and
394.5 pg/m? respectively.

3.4. Brake squeal characteristics

The brake squeal and vibration spectra at the low load braking condition are shown in
Fig. 13. More results at the other two braking conditions are shown in Figs. S9-S10 of SI.
The peak’s frequency in SPL spectrum matches with the corresponding peak’s frequency
in vibration spectrum. The peaks in the vibration acceleration spectrum are also coincided
with some of the natural frequencies of the test rig as shown in Figs. S3 and S4 of SIL
Since the hammer modal test was conducted under the static condition, there are some
differences between the peaks in the vibration acceleration spectrum and the peaks in the
frequency response spectrum in the modal test. It can be observed that the peaks with the
frequencies around 2000 Hz and larger than 10,000 Hz in the tangential acceleration
spectrum are larger than those in the normal acceleration spectrum which indicates that
the effect of tangential vibration on the brake squeal spectrum is larger than that of
normal vibration at this frequency range. It can also be observed that the peaks with the
frequencies in the range of 2000-10,000 Hz in the normal acceleration spectrum are
larger than those in the tangential acceleration spectrum which indicates that the effect of
normal vibration on the brake squeal spectrum is larger than that of tangential vibration at
this frequency range. Overall, the contribution of vibration to the brake squeal spectrum
is related to the frequency. The relevant A-weighted SPLs of brake squeal noise with
standard deviations are shown in Fig. 14. It can be seen that a higher applied load leads to
a higher A-weighted SPL of brake squeal noise. It is because the increment of applied
load increases the power introduced into the contact leading to more energy dissipated as

acoustics [38]. All the brake materials show comparable A-weighted SPLs. But RBM still
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presents the lowest A-weighted SPL at the braking conditions with medium and high

loads.
4. Discussion

The friction and wear behaviors of the brake materials are influenced by the
morphologies and element compositions of friction layers, also called contact plateaus,
formed on the contact surface [9, 39]. Friction layers can be classified into two types.
One is the primary plateaus formed by some hard and large ingredients protruding from
the pin surface [40]. These protruding primary plateaus form nucleation sites for the
growth of the other one, secondary plateaus. The wear debris accumulates and compacts
against the primary plateaus to form the secondary plateaus [40].

The running-in stage is the duration for the contact pair to reach a steady friction and
wear process on the contact surface. The adhesion and abrasion interactions between the
pin and the brake disc surfaces play a dominating role in determining the friction force.
Moreover, the work of adhesion is determined by the ingredients of the mating surfaces.
Since both carbon fiber and carbon nanotube are organic fibers and composed of carbon
atoms, the adhesive interactions between these two types of fibers and the iron disc are
comparable which leads to the comparable durations of the running-in stages for the
CABM and the CNBM.

The contact pressure for normal braking conditions is commonly in the scope of 1-3
MPa. If the low-pressure braking condition is included, a peak value of COF can be seen.
Friction force is determined by the adhesion and abrasion between contact surfaces.
Abrasive interaction is independent from the applied load because it is mainly determined
by the attack angle of the abrasive particles [41]. Thus, the variation of friction force with
the applied load is mainly influenced by the adhesive interaction between contact
asperities. Regarding the contribution of adhesive interaction to the COF, COF can be
expressed as COF=tm*A/Fn. Where tm is the shear strength of the adhesive bonds
between contact asperities that is independent from the applied load; A; is the real contact
area; Fn is the applied load. Under the low-pressure braking condition, an increase of
applied load leads to the formation of new contact plateaus so that the increase of real

contact area is larger than the relevant increase of applied load. Therefore, a lager COF is
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observed. As increasing the applied load from medium to high, the variation of real
contact area mainly occurs on the existing contact plateaus [40]. In this contact condition,
the increase of real contact area is smaller than the related increase of applied load due to
the elastic deformation of the contact plateaus which results in a decrease of COF.
Regarding the plastic deformation of the contact plateaus, the variation of real contact
area is proportional to the applied load which cannot affect the COF [42]. Straffelini et al.
[32] also found that a peak in COF was recognized at low loads. Bode et al. [43] found
that the COFs of various brake materials under the braking conditions of low contact
pressures were lower than those under the braking conditions of normal contact pressures.

Compared with the COF of RBM, the smaller COFs of CABM and CNBM are
mainly due to the following two factors. Firstly, carbon fiber and carbon nanotube have
lubricating nature that can reduce the COF. Carbon fibers consist of parallel sheets of
carbon atoms arranged along the fiber axis which is similar to the structure of graphite so
that the adjacent carbon atom sheets can slide relatively to each other [15, 44]. This
microstructure of carbon fiber leads to lubricating effect. Carbon nanotubes are too small
to disperse in the brake materials uniformly as a single fiber. Thus, they are agglomerated
as carbon nanotube bundles in the brake material. These carbon nanotube bundles also
have lubricating nature [13]. Secondly, the work of adhesion between steel and copper
(about 0.83 J/m?) is obviously higher than that between steel and carbon fiber or between
steel and carbon nanotube (less than 0.2 J/m?) [42, 45]. Therefore, CABM and CNBM
induce less adhesion interaction between the disc and the pin sample which contributes to
the lower COF compared with that of RBM.

The low specific wear rate of RBM is mainly because the plastic deformation of
copper fiber can generate soft particles which can enter into the friction layers easily and
then improve their mechanical strength [4, 46]. As shown in Fig. 6, many abrasive
grooves are observed on the friction layers of the CABM at the low load braking
condition which indicates that abrasive wear is a significant wear mechanism for CABM.
This phenomenon leads to the high specific wear rate of the CABM. For the CNBM, the
carbon nanotube is too small to individually work as primary plateaus. Therefore, the
secondary plateaus on the CNBM surface are lack of the support of primary plateaus
leading to a low shear strength and could be worn out easily. Thus, the CNBM presents
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the highest specific wear rate among the three brake materials. But the COF can still be
kept in the range for normal braking condition where the COF is in the range of 0.3 to 0.6
[43]. It is because firstly the parent composition already contains 20 vol% of reinforcing
fibers that can work as primary plateaus; and secondly, in regions without the coverage of
friction layers, the abrasion of the pin surface is enhanced which can increase the friction
coefficient.

The CABM presents the highest pin temperature at each braking condition. The
CNBM presents the lowest pin temperature at the braking conditions with medium and
high loads. The pin temperature is related to the thermal conductivity of the pin sample.
Regarding the CNBM, due to the very small size of carbon nanotube, its contribution to
the thermal conductivity of the pin sample is quite limited leading to the lowest pin
temperature. Regarding the CABM, despite the thermal conductivity of PAN based
carbon fiber (ranging from 8-70 W/m.K along the axis [47]) is lower than that of copper
fiber (384 W/m.K [48]), carbon fiber has higher effect on improving the thermal
conductivity of a pin sample than copper fiber. It is because the contact plateaus on the
CABM surface is much larger than that on the RBM surface as shown in in Figs. 6 to 8.
Large contact plateaus enhance the heat transmission from the contact surface into the pin
sample body.

The formation and deterioration of friction layers are closely related to the reinforcing
fibers in the brake materials. For RBM, the copper fiber forms the primary plateaus.
However, the film of wear debris covered the primary plateaus so that only a few of
primary plateaus can be detected. Osterle et al. [49] found that the film of wear debris on
the brake pad surface had an approximate thickness of 10 pm. For CABM, due to the
high strength and flexibility of carbon fibers, they are broken into short fibers or wear
debris more difficultly than copper fiber. Some carbon fibers are orthogonal to the sliding
direction as shown in Figs. 6-7. Therefore, these carbon fibers work as the primary
plateaus as circled in Figs. 6b and 7b that can block the movement of the wear debris
leading to the formation of large secondary plateaus. These large secondary plateaus
almost fully cover the worn surface and cover some primary plateaus. For CNBM, the
fewer friction layers on the worn surface of the CNBM than RBM and CABM are mainly

due to the lack of reinforcing fibers in the brake material.
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A lot of particles consist of iron and iron oxides [50-52]. The iron particles are
generated from the abrasion and adhesion wear of the brake disc. The iron oxides are
generated from the tribo-oxidation of the brake disc [53, 54]. Thus, a large fraction of the
particles is in the size range of 40-300 nm. Some particles are produced from the friction
layer destruction which characteristics are influenced by the compactness of friction
layers. For CABM and CNBM, more particles are produced from the friction layer
destruction compared with the RBM due to the lower wear resistance of the contact
plateaus on the CABM and CNBM surfaces. Therefore, there are more peaks in the
particle number-size distributions for CABM and CNBM. In addition, As increasing the
applied load, the agglomeration process of particles on the contact surface as well as the
abrasion wear of pin sample and brake disc are promoted. The promoted agglomeration
process for particles can result in a larger particle size [11]. The promoted wear for pin
sample and brake disc can result in the larger TNC and PMC results.

The CABM presents the lowest TNC result because some wear debris generated from
the disruption of friction layers is too heavy to become particles that can be measured
with the SMPS. As shown in Figs. 6-8, the secondary plateaus almost fully cover the
worn surface. The wear debris generated from the breakdown of these secondary plateaus
has a flaky shape with a large diameter [51]. Therefore, the TNC result of the CABM is
lower than that of the RBM despite the specific wear rate of the CABM is higher. For the
CNBM, since the friction layers are smaller than those on the CABM surfaces, the wear
debris is more easily emitted as particles which contributes to a higher TNC result.
Moreover, as shown in Figs. 6-8, the worn surface of the CNBM suffers severer abrasive
wear compared with those of the CABM and RBM which also leads to the higher TNC.
The large fraction of particle originates from the disruption of friction layers for CABM
and CNBM also leads to the large particle size. As listed in Table 7, the GMD results of
CABM and CNBM are larger than that of RBM. The average GMDs of RBM, CABM
and CNBM are 92.0, 107.4 and 100.6 nm respectively. Since the friction layers on the
worn surface of the CABM are larger than those on the worn surface of the CNBM, the
particles of CABM present larger diameters than those of CNBM. Lyu et al. [55]
investigated the airborne wear particles emitted from two Cu-free brake materials with a

pin-on-disc tribometer and an optical particle sizer (OPS) and found that the particle
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number concentrations of Cu-free brake materials (about 200-250 #/cm?®) are much larger
than that of Cu-containing brake material (about 90 #/cm?). Gomes Nogueira et al. [56]
measured the airborne wear particles emitted from three Cu-free brake materials with a
pin-on-disc tribometer and an OPS and reported that the average total number
concentration ranged from 200-300 #/cm?®. Alemani et al. [57] analyzed the influence of
braking conditions on the airborne wear particle emissions with a pin-on-disc tribometer
and found the friction power was the most important parameter for the airborne wear
particle emissions and the mean total number concentration measured with an electrical
low pressure impactor (ELPI) varied between 10> and 107 #/cm?®. Wahlstrom et al. [50]
investigated the airborne wear particles emitted from a low metallic brake pad under
different applied loads with a pin-on-disc tribometer and found the mean concentration of
airborne particles measured with a GRIMM was in the range of 150-500 #/cm?.

As shown in Fig. 13 and Figs. S9 and S10 of SI, there are large differences in the
brake squeal spectra among various brake materials at the same braking condition. The
brake squeal spectrum is affected by the friction and wear process [58]. As shown in Figs.
4 and 5, the variation curves of COF and pin temperature are different among different
brake materials. Moreover, different reinforcing fibers in the brake materials lead to
different number size distributions of friction layers. The number size distribution on the
pin surface has significant effect on the amplitude and frequency of the vibration on the
contact surface, hence affecting the vibration and brake squeal spectra.

The vibration of test rig can be triggered by the vibration on the contact surface which
determines the excited frequencies [59, 60]. When pin sample sliding across the brake
disc surface, the formation, deformation and deterioration of friction layers as well as the
abrasion of the contact surfaces lead to the vibration on the contact surface with wide
frequency bands. Rhee et al. [60] called the vibration on the contact surface as the
hammering action between the brake pad and the brake disc [61]. A chain reaction of
hammering among the components in the brake system can be started by it. When some
components are excited into natural modes of vibration, resonance vibration of the brake
system will occur, hence generating brake squeal noise.

The low brake squeal noise of RBM is mainly because the soft copper particles,

produced from the fracture of copper fiber, can work as solid lubricant and then decrease
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the vibration amplitude on the contact surface. Regarding CABM and CNBM, the
lubrication nature of carbon fiber and carbon nanotube bundles can also decrease the
vibration amplitude on the contact surface contributing to lower brake squeal noise.
However, the friction layers on the CABM surface are larger than those on the CNBM
surface. The large friction layer can lead to a lager vibration amplitude on the contact
surface and a higher brake squeal noise [20]. Therefore, CABM present a higher brake
squeal noise than CNBM at each braking condition.

Cu-free brake materials present lower COFs than Cu-containing brake material at
low and medium loads due to the self-lubricating nature of carbon fiber and carbon
nanotube. But the specific wear rates of Cu-free brake materials are larger than that of
Cu-containing brake material due to the lower wear resistant of friction layers. In addition,
Cu-free brake materials show comparable brake squeal noise with Cu-containing brake
material. The encouraging outcome is that CABM shows the lowest particle number
emission among all the brake materials. Thus, carbon fiber is better than carbon nanotube
to replace the copper fiber in the NAO brake materials. Since the specific wear rates of
Cu-free brake materials are larger than that of Cu-containing brake material, a further
investigation should be performed to improve the formulations of Cu-free brake materials

to increase the wear resistant of friction layers and then decrease the specific wear rate.
5. Conclusions

Based on a Cu-containing reference brake material (RBM), two Cu-free brake
materials, namely a CABM and a CNBM, were prepared using carbon fiber or carbon
nanotube as the replacement for copper fiber. Both Cu-free and Cu-containing brake
materials were tested by sliding against an iron disc with a pin-on-disc tribometer. The
results can be concluded as follows:

1. The RBM has higher COFs than CABM and CNBM at the braking conditions
with low and medium loads. At the high load braking condition, all the brake
materials show comparable COFs. RBM exhibits a smaller specific wear rate
than CABM and CNBM, but it induces more severer wear to the brake disc than
CABM and CNBM.
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2. The morphologies of worn surfaces of RBM, CABM and CNBM are quite
different. The friction layers cover the majority of the CABM surface. Regarding
the CNBM, the number and areas of friction layers on the CNBM surface are
much smaller than those on the RBM and CABM surfaces. The fractal dimension
of CNBM surface is smaller than that of RBM surface.

3. CABM exhibits the lowest TNC result and CNBM presents the highest TNC
result. Regarding the particle size, the GMDs of CABM and CNBM are larger
than that of RBM.

4. The different brake squeal spectra among the brake materials are mainly due to
the different wear processes and the different number size distributions of friction
layers on the pin surfaces. But all the brake materials present comparable A-

weighted SPLs for brake squeal noise.
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Fig. 1. BSE-SEM pictures of pin samples (a: RBM, b: CABM, c¢: CNBM)
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Fig. 6. SEM pictures of the worn pin surfaces at the low load braking condition (a: RBM, b: CABM, c: CNBM;
white arrow indicating the sliding direction).
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Fig. 7. SEM pictures of the worn pin surfaces at the medium load braking condition (a: RBM, b: CABM, c:
CNBM; white arrow indicating the sliding direction).
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Fig. 8. SEM pictures of the worn pin surfaces at the high load braking condition (a: RBM, b: CABM, c: CNBM;
white arrow indicating the sliding direction).



Element | Weight%  Atomic%
CK 33.38 57.09
OK 22.48 28.86
SiK 2.96 2.16

SK 2.52 1.62
CIK 1.39 0.80
CaK 1.05 0.54

Fe K 16.10 5.92
BaL 20.13 3.01
Totals 100.00

Spectrum B Spectrum C Spectrum D

Element | Weight%  Atomic% Element | Weight%  Atomic% Element | Weight%  Atomic%
CK 27.02 4931 CcK 32.60 55.25 CK 35.48 59.69
oK 24.16 33.10 0K 23.04 2931 OK 2095 26.46
SiK 237 1.85 SiK 4.40 3.19 :115 i;; }fg
SK 139 0.95 SK 1.67 1.06 CIK 119 0.68
CIK 2.09 1.29 CIK 1.45 0.84 Cak 2.02 1.02
Ccak 1.90 1.04 Cak 131 0.67 FeK 18.29 6.62
Fe K 2536 995 FeK 20.48 7.46 CuK 228 0.72
Bal 15.72 251 BaL 15.04 223 Ba L 16.20 2.38
Tl g Teialls 180 Totals 100.00

(a) RBM



1150 SEl

Spectrum A Spectrum B
Element | Weight% Atomic% Element | Weight% Atomic%
CK 19:15 45.75 CK 68.09 82.77
OK 18.66 33.47 oK 15.36 14.02
SK 9.84 8.81 SiK 1.54 0.80
FeK 3.40 1.73 FeK 525 1L.57
BaL 4895 10.23 BaL 9.76 1.04
Totals 100.00 Totals 100.00

(b) CABM

20kV X100 100pm 11 50 SEI 20kV _  7X500 50pum 1150 SEI
Spectrum A Spectrum B Spectrum C
Element | Weight% Atomic% Element | Weight% Atomic% Element | Weight%  Atomic%
CK 8.42 29.72 CK 6.40 24.13 CK 24.24 51.97
SiK 1.06 1.60 FeK 93.60 75.87 oK 18.45 29.70
FeK 90.52 68.69 Totals 100.00 SiK 2:73 2.50
Totals 100.00 SK 7.94 6.38
FeK 2,57 1.18
BalL 44.08 827
Totals 100.00

(c) CNBM

Fig. 9 SEM pictures and EDXS point spectra of the worn pin surfaces at the low load braking condition (a:
RBM, b: CABM, c: CNBM)



20KV . X100 100um 1050 SEI © 206V - X5005

Spectrum A Spectrum B Spectrum C
Element | Weight% Atomic% Element | Weight%  Atomic% Element | Weight%  Atomic%
CK 25.39 48.11 CK 16.48 3821 OK 12.49 3531
OK 24.11 3431 OK 21.10 36.72 SiK 3.98 6.41
SiK 5:71 4.63 SiK 6.22 6.17 FeK 7.69 6.23
SK 4.50 3.19 SK 4.40 3.83 CuK 70.85 5041
CaK 2.86 1.62 CaK 1.65 1.15 BaL 4.99 1.64
FeK 5.29 2.16 FeK 9.72 4.85 Totals 100.00
CuK 335 1.20 CuK 3.79 1.66
BalL 28.79 4.77 BalL 36.63 743
Totals 100.00 Totals 100.00

(a) RBM

20KV - X100  100pm -/ 150,SEl = . 20KV X500

50pm‘ 11.50 SEI
Spectrum A Spectrum B Spectrum C
Element | Weight%  Atomic% Element | Weight%  Atomic% Element | Weight%  Atomic%
CK 36.88 62.46 CK 20.88 45.82 CK 8.46 22.61
OK 20.70 26.32 OK 21.01 34.61 OK 19.29 38.69
SiK 2.72 1.97 SiK 1.65 1.55 SiK 6.28 7.17
SK 3.56 2.26 SK 9.34 7.68 SK 3.87 3.87
CaK 1.35 0.69 CaK 0.65 043 CaK 2.00 1.60
Fe K 532 1.94 FeK 3.57 1.68 FeK 3522 20.24
Bal 29.46 436 Bal 42.90 8.23 BalL 24.88 5.81
Totals 100.00 Totals 100.00 Totals 100.00

(b) CABM



20kV ~X1QO 100pum ,09 50 SEI

¢ R

Spectrum A Spectrum B
Element | Weight% Atomic% Element | Weight% Atomic%
CK 6.93 23.11 CK 39.50 68.23
oK 5.98 14.96 OK 15.55 20.16
SiK 0.86 123 SiK 1.45 1.07
FeK 83.62 5995 SK 6.29 4.07
BalL 2.60 0.76 CaK 135 0.70
Totals | 100.00 FeK 1.61 0.60
Bal 3425 5.17
Totals 100.00

(c) CNBM

Fig. 10 SEM pictures and EDXS point spectra of the worn pin surfaces at the high load braking condition (a:
RBM, b: CABM, c: CNBM)
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Fig. 11. SEM pictures of the worn surfaces for brake discs (a: RBM, b: CABM, c¢: CNBM; white arrow
indicating the sliding direction)
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Fig. 12. Particle number size distributions at the medium load braking condition
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Fig. 13 SPL and acceleration spectra at the low load braking condition
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Tables

Table 1 The composition of reference brake material (RBM)

Ingredients Functions Amounts (vol%)
Copper fiber (10%)
Aramid pulp Reinforcing fiber 30
Steel fiber
Graphite
MOSz .. c.
7rSiO; Friction additive 20
Cashew dust
Phenolic resin Binder 20
BaSOg4 .
Ca(OH), Filler 30

Table 2 Specification of fibers (Supplier’s data)

Physical properties PAN based Carbon nanotube Copper fiber
Carbon fiber
Color Black Black Yellow
Diameter (um) 6-8 2-5x1073 150-250
Length (mm) 2-5 1-3x1072 1-3
Density (g/cm?) 1.76 2.1 8.94
Tensile strength (MPa) 650 Extremely high 333
Purity >98% >98% >98%

Table 3 Formulations and specifications of brake materials

Ingredients (vol%) RBM CABM CNBM
Copper fiber 10 - -
Carbon fiber - 10 -

Carbon nanotube - - 10

Parent composition 90 90 90

Density (g/cm?) 2.08+0.08 1.75+0.03 1.66+0.02

Hardness (HRM 100) 4342 42+1 42+1




Table 4 Average standard errors of results with 95% confidence level

Parameters Standard error (%) Parameters Standard error (%)
Friction coefficient 3.1 Fractal dimension 1.9
Specific wear rate of 2.5 Total number concentration 4.6
brake materials
Specific wear rate of disc 2.8 Particle mass concentration 6.5
Pin sample temperature 3.5 Geometric mean diameter 2.4
A-weighted SPL of brake 1.5
squeal noise
Table 5 Friction and wear behaviors of brake materials
Type of v p u (SD) Am (SD) ks (SD) T Ds
brake m/s MPa - 10%g 10"m?/N °C -
material
RBM 2.8 0.52  0.335(0.008) 0.75(0.023)  0.45(0.011) 31.0 2.59
2.8 0.81  0.434(0.010) 0.99(0.026)  0.53(0.014) 48.7 2.77
2.8 1.22 0.359(0.007) 3.44(0.077)  0.94(0.021) 54.0 2.65
CABM 2.8 0.52  0.322(0.012) 1.66(0.049) 1.21(0.035) 37.3 -
2.8 0.81 0.416(0.015) 1.92(0.059) 0.91(0.025) 55.8 -
2.8 1.22  0.361(0.022) 2.87(0.078)  0.90(0.022) 71.5 -
CNBM 2.8 0.52  0.328(0.012) 1.15(0.040) 0.88(0.021) 32.7 2.49
2.8 0.81  0.406(0.020) 3.35(0.065)  1.68(0.040) 43.7 245
2.8 1.22  0.354(0.012) 6.87(0.031) 2.26(0.050) 50.8 2.72
SD refers to standard deviation
Table 6 Specific wear rates of the brake discs
Type of brake material N P ks (SD)
m/s MPa 10-1°m?/N
RBM 2.8 1.22 9.54(0.21)
CABM 2.8 1.22 5.03(0.13)
CNBM 2.8 1.22 5.17(0.16)
SD refers to standard deviation
Table 7 TNC, GMD and PMC
Type of brake p TNC (SD) GMD (SD) PMC (SD)
material
MPa #/cm’ nm ug/m?
RBM 0.52 36.4(0.51) 71.8(2.47) 59.8(30.57)
0.81 55.9(1.43) 87.3(2.58) 119.7(75.73)
1.22 121.4(1.40) 117.0(2.18) 309.5(52.41)
CABM 0.52 20.5(0.81) 102.97(1.80) 112.78(72.52)
0.81 44.3(0.55) 97.60(1.81) 170.27(91.33)
1.22 71.2(3.19) 121.50(1.78) 215.61(101.08)
CNBM 0.52 55.1(1.19) 94.97(2.17) 175.08(102.94)
0.81 82.7(2.07) 100.65(1.95) 397.97(124.08)
1.22 146.3(3.11) 106.13(1.97) 610.32(114.80)

SD refers to standard deviation
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Fig. S1. Transverse surface profile of the wear track on disc sample
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Fig. S4. Frequency response spectrum for the hammer impact test on the brake pad holder
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Aramid pulp

Spectrum A Spectrum B Spectrum C
Element | Weight% Atomic% Element | Weight% Atomic% Element | Weight% Atomic%
CK 2427 50.69 CK 26.73 5529 CK 21.25 41.70
OK 19.55 30.64 OK 16.67 25.88 oK 2521 37.14
SiK 4.50 4.02 SiK 4.77 422 AlK 1.98 1.73
SK 542 424 SK 423 327 SiK 922 7.74
CakK 2.11 132 FeK 8.16 3.63 SK 3.62 2.66
FeK 3.85 1.73 CukK 2.74 1.07 CaK 1.58 0.93
BaL 40.30 7.36 BalL 36.70 6.64 FeK 6.90 291
Totals 100.00 Totals 100.00 BalL 30.24 5.19
Totals 100.00
(a) RBM

N

SP20kV_ X100, »100pm .11 50:8E1 ©.20kV X500 = 50pm; ;< ~11°50 SEI
Spectrum A Spectrum B
Element | Weight%  Atomic% Element | Weight% Atomic%
CK 6.22 13.74 CcK 1222 28.06
0K 34.53 57.30 oK 23.90 4121
SiK 1.57 149 SiK 936 9.20
SK 143 118 CaK 1.72 118
CaK  |27.10 17.95 FeK 33.26 16.43
Fe K 8.22 3.91 Bal 19.55 3.93
7rL 3.90 1.13 Totals | 100.00
BalL 17.05 330
Totals | 100.00

(b) CABM



200, X 10 50 8E1
Spectrum A Spectrum B Spectrum C
Element | Weight% Atomic% Element | Weight% Atomic% Element | Weight% Atomic%
CK 14.90 34.16 CK 6.68 2497 CK 16.85 33.57
OK 19.94 3432 Mn K 1.05 0.86 OK 29.29 4381
SiK 1.11 1.09 FeK 92.27 74.17 AlK 2.55 2.26
CaK 0.49 0.34 Totals 100.00 SiK 4.65 3.97
FeK 59.31 29.24 SK 1.80 1.35
BalL 4.24 0.85 CaK 1.98 1.18
Totals 100.00 FeK 25.17 10.78
Bal 1771 3.09
Totals 100.00
(c) CNBM

Fig. S6 SEM pictures and EDXS point spectra of the worn pin surfaces at the medium
load braking condition (a: RBM, b: CABM, c: CNBM)
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Fig. S7. Number-area distributions of friction layers on the pin surface
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Fig. S9. SPL and acceleration spectra at the medium load braking condition
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Fig. S10. SPL and acceleration spectra at the high load braking condition





