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Abstract

In the present study, influences of friction conditions on friction and wear
behaviors, as well as characteristics of brake pad surfaces were investigated. Low
metallic (LM), semi metallic (SM) and non-asbestos organic (NAQO) brake pads
sliding against an iron disc were tested using a pin-on-disc tribometer. Results show
that the friction coefficient and specific wear rate decrease with increasing contact
pressure and sliding velocity. For the morphology of brake pad surface, friction layers
are large with few cracks on surfaces of SM and LM brake pads. While for NAO
brake pad, friction layers have a comparatively slender and irregular shape. From
fractal analysis, the fractal dimension of brake pad surface is in the range of 2.38-2.84

for all brake pads.
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1. Introduction

Disc brakes are used to slow down or stop vehicles and trains through pushing
brake pads against a brake disc. Performances of disc brakes are determined by the
friction and wear process between the brake pad and brake disc which are made of
friction materials and grey cast iron respectively. Brake pads contain more than 30
ingredients which can be categorized as binder, reinforcements, fillers and frictional
additives [1, 2]. Moreover, brake pads can be classified into three types: low metallic
(LM), semi metallic (SM) and non-asbestos organic (NAO) brake pads according to
different contents of ingredients. As described in a previous study [3], LM brake pads
have a high friction and good braking capacity at high temperature, but have a high
wear rate. SM brake pads have a low wear rate but cause high braking noise. NAO
brake pads have a low wear rate and brake noise, but they lose braking capacity at

high temperature.

Researchers have proved that the wear process is characterized by the formation
and disruption of friction layers formed on the contact surfaces of pad and disc [4-6].
Friction layers consist of primary and secondary plateaus [7, 8]. Primary plateaus are
formed by hard components, including metal and ceramic fibers, which protrude from
the surface. These components had higher hardness than pearlitic grey cast iron [9].
Secondary plateaus are made by compacted wear debris which can move in channels
between pad and disc and stack up against the primary plateaus. These wear debris
consist of copper, graphite, iron oxides and some other soft components [6, 8].
Previous studies have found that small wear particles, such as copper, can form well
compacted secondary plateaus leading to a smooth and stable coefficient of friction
(COF). In contrast, less compacted secondary plateaus result in unstable evolution of
COF [8]. Secondary plateaus could be classified into type I, with the support of
primary plateaus, and type II, without support of primary plateaus [10]. Osterle and

Urban [11] found the thickness of friction layer was 100 nm and its surface was
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covered by a thin film of metal sulphides and graphite which could help to fix wear
particles. Alemani et al. [2] investigated characteristics of the friction layer of a LM
brake pad under three contact loads and reported iron and copper were major elements
of secondary plateaus and iron oxides formed a very thin layer on the surface of
secondary plateaus. Federici et al. [6] found the primary plateaus of NAO brake pad
consisted of large ceramic particles, such as ZrO> and Mg-K-silicate particles. From
the literature review, little attention is paid on investigating the change of friction
layer of the brake pads when the contact load and sliding velocity are varied.
Moreover, most studies related to the characteristics of friction layers were conducted
using LM and NAO brake pads, while for SM brake pads with 30-65% of metal

content [12, 13], properties of friction layers have not been studied in depth.

Fractal geometry has been introduced to describe the morphology of contact
surfaces in tribology because of the self-affinity (a small part can be considered as a
reduced-scale image of the whole) of contact surfaces [14-16]. Moreover, fractal
properties of contact surfaces can be characterized by a non-integer dimension, called
fractal dimension, which value is independent of the resolution of measuring
instrument [17]. Yan and Komvopoulos [18] investigated the normal contact of
elastic-plastic rough surfaces using three-dimensional fractal geometry and obtained
the relationships between total contact force and real contact area in terms of the mean
surface separation distance, fractal diameters and material properties. Zhu et al. [19]
investigated contacts between two carbon steels with hardness of HRC 30 and HRC
24 and between a carbon steel with hardness of HRC 30 and Cu-Zn alloy under the
contact pressure of 0.56 MPa and sliding velocity of 0.55 m/s during running-in stage.
They reported fractal dimensions of surface profiles ranging from 1.11 to 1.20 for the
worn surface of steel in steel-steel contact and 1.10 to 1.29 for the worn surface of
Cu-Zn alloy in steel-Cu-Zn alloy contact at different friction times. Wu et al. [20]
investigated the contact between GCrl5 steel and C45 steel under different contact

pressures and sliding velocities and reported that the fractal dimensions of profiles for
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worn surfaces of GCrl5 steel were in the range of 1.83-1.90. Contact surfaces on
brake pads should also be consider as a self-affine fractal, while their fractal

dimensions are lack of study.

In the present study, characteristics of brake pad surface, including morphology,
fractal dimension, elemental composition and phase composition were investigated
using different brake pads sliding against a pearlitic cast iron disc under different
friction conditions. The objectives of the present study are (1) to study the influence
of contact pressure and sliding velocity on the change of properties of the brake pad
surface; (2) to investigate the characteristics of surface of brake pad with high metal
content (larger than 30 wt%). To conduct a broader analysis, SM, LM and NAO brake

pads were used in present study.

2. Experimental set-up

2.1.Test set-up and characterization techniques

In order to study the friction and wear behaviors of disc brakes, a pin-on-disc
tribometer was built up based on the design of Olofsson et al. [21]. It is considered as
a reliable equipment for measuring the wear and friction behaviors of brake pad
materials sliding against iron disc [1, 2, 8], although it cannot reflect the actual brake
condition. Fig. 1 shows the schematic diagram of the tribometer that includes a
horizontal rotating disc and a deadweight loaded brake pad sample (pin). Braking
tests were conducted at room temperature and humidity. The tribometer runs under
steady conditions with constant normal force and constant rotating speed. The friction
coefficient was calculated as the measured tangential force divided by the applied
normal force. The tangential force was measured by an HBM Z6FC3/20kg load cell
with 1 Hz data sampling rate. A K-type thermocouple was inserted in a hole drilled
inside the pin body at a distance of 2 mm from the contact surface to estimate the

brake pad temperature. The brake pad temperature was recorded every 10 seconds.
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Specific wear rate (ks) was used to evaluate the wear behavior of brake pad sample

and it was calculated based on the equation in ref. [1]:

Am

k,=——— 1
o p-As-F, M

Where is the specific wear rate in 2/ ;A is the mass loss of sample during
the test in g as determined by weighing the sample before and after the test;  is the
density of sample in g/m?; A is the sliding distance in m; is the applied normal
force on the sample in N. The sample’s mass is measured through a VIBRA analytical

balance with an accuracy of 0.01 mg.

Morphologies and elemental compositions of friction layers on brake pad surface
were investigated using a scanning electron microscopy (SEM) equipped with an
energy-dispersive X-ray spectroscopy (EDXS) system and a backscatter electron
(BSE) detector. Before conducting a SEM measurement, the brake pad sample was
coated with a thin layer of gold. About 10 measurements were conducted for each
brake pad sample to ensure that the results are reliable and repeatable. To further
identify the crystalline phases of friction layers, X-ray diffraction (XRD)
measurements were conducted with an IPD 3000 diffractometer using Cu-Ka
radiation with Ni-filter. Phase composition was determined through a full pattern
fitting procedure based on Rietveld’s method [22-24]. SEM pictures with low
resolution (50x) were used to calculate the fractal dimension of brake pad surface.
Areas of contact plateaus were measured and counted by using a commercial picture
processing software Image-Pro Plus 6.0. The corresponding SEM pictures were
transformed to white-and-black as shown in Fig. S1 of supplementary information
(SI). Contact plateaus became white, while the surroundings became black after the
segmentation process. The smallest area of contact plateau was about 500 pm?. White
points or areas smaller than 500 um? were considered as noise and neglected in

counting.
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2.2. Friction materials

The Pin samples were milled from commercial brake pads and machined to a
cubic shape with 10+0.2 mm in length and 7-8 mm in thickness. Three types of brake
pad including SM, LM and NAO were used in the present study which were bought
from a major manufacturer of brake pads in China. The exact ingredients in a brake
pad were not known because they are commercial secret. Therefore, an X-ray
fluorescence spectroscopy (XRF) was used to measure the elemental composition of
each brake pad as shown in Table 1. Since some light elements such as carbon and
oxygen cannot be detected by XRF, the sum of element concentrations is not equal to
one hundred. BSE-SEM npictures of brake pad samples are shown in Fig. 2. Some
components on brake pad surfaces were identified using EDXS point spectra as
shown in Fig. S2 of SI. A commercial brake disc with a diameter of 239 mm and a
thickness of 9 mm, bought from BOSH and made of pearlitic grey cast iron, was used
in this study. Before conducting the experiments, pin samples were cleaned with air

and disc was cleaned with ethanol.

2.3. Design of experiments

Braking tests were conducted at three sliding velocities (v) of 1.6 (low speed), 2.8
(medium speed) and 4.9 m/s (high speed) and at three applied loads of 52 (low load),
81 (medium load) and 122 N (high load) which correspond to nominal contact
pressures (p) of 0.52, 0.81 and 1.22 MPa respectively. Friction power (P) is used to
analyze the relationship between friction/wear results and friction conditions as shown

in the equation below [25, 26].

P=uF,yv (2)

Where P is the frictional power in W; is the friction coefficient; Fv is the applied
normal load in N; v is the sliding velocity in m/s. Frictional power combines the

friction force with sliding velocity which represents the work applied on contact
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surfaces by the friction force. The wear track on the disc had a mean diameter of 220

mm. Detailed test conditions and frictional powers are listed in Table 2.

The p-v values range from 0.83-5.98 MPa'm/s which are adequate to investigate
these materials because in real brake systems p-v values are in the range of 0.3-20
MPa-m/s [27]. If scaled up to the reference vehicle, the sliding velocities correspond
to vehicle speeds of 15.2-46.6 km/h. The selected test conditions are appropriate for
simulating the light braking process of a vehicle under urban driving conditions which
reduces the vehicle speed but do not stop it. The sliding distance was 22050 m in the
middle of the wear track for all tests. The duration of each test varied from 75-230
minutes. Friction force and brake pad temperature were recorded during each test.
Experiments were repeated three times and average results are shown in the present
study. Analysis of variance (ANOVA) for 32 factor design using three repetitions was
also conduced to compare influences of sliding velocity and contact pressure on
experimental results based on the method in Montgomery [28]. Standard errors, as
shown in relevant tables and figures, were calculated following the method in Moffat

et al. [29].

3. Results

3.1. Friction and wear behavior

Fig. 3 shows the average friction coefficients with standard errors at steady-state
stage for all brake pads and Fig. S3 of SI shows the typical variation of friction
coefficient with sliding distance at mode 2 test. The 3> ANOVA results of friction
coefficient are shown in Table S1 of SI. The friction coefficients are in the ranges of
0.38-0.46, 0.37-0.49 and 0.4-0.48 respectively for SM, LM and NAO brake pads. The
friction coefficient increased continually from an initial value to a steady-state value
after a running-in stage for all the brake pad samples. Moreover, the running-in stages

of SM and LM brake pads are shorter than that of NAO brake pad. Similar
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phenomena were also observed in other test modes.

The friction coefficient decreases with increasing contact pressure for all the
brake pads. With increasing sliding velocity, the friction coefficient also decreases in
most cases. Both contact pressure and sliding velocity have a significant effect on the
friction coefficient based on results of ANOVA analysis. In addition, contact pressure
has a higher effect on friction coefficient than sliding velocity for LM and NAO brake
pads. But for SM brake pad, they have similar effects on friction coefficient. The very
low P-values of interaction for all the brake pads indicates that the variation of friction

coefficient with sliding velocity and contact pressure is independent of each other.

Fig. 4 shows the average brake pad temperatures with standard errors at
steady-state stage and Fig. S4 of SI shows the variation of brake pad temperature with
sliding distance at mode 6 test. The 32 ANOVA results for brake pad temperature are
shown in Table S2 of SI. The average brake pad temperatures increase with increasing
contact pressure and sliding velocity for all the brake pads. From ANOVA results,
both sliding velocity and contact pressure can significantly affect the brake pad
temperature. Moreover, there is a significant interaction on the brake pad temperature
between the contact pressure and sliding velocity. Sliding velocity has a stronger
effect on brake pad temperature than contact pressure. Due to the difference of
thermal conductivity among brake pad samples, the brake pad temperature increases
in the order of NAO, LM and SM brake pads which is also in line with the metal
contents in these brake pads. The brake pad temperature ranges from 45-130 °C
indicating that the degradation of resin did not occur. Thus, the influence of resin

degradation on friction and wear behaviors can be neglected.

The specific wear rates (ks) with standard errors are shown in Fig. 5. The 32
ANOVA results for specific wear rate are shown in Table S3 of SI. The specific wear
rates are in the range of 10!° to 10"'* m?/N which are in line with the previous studies

[8, 30, 31]. The specific wear rates decrease with increasing the contact pressure for
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all the brake pads and the maximum reduction can reach 36%, 75% and 56% for SM,
LM and NAO brake pads respectively when comparing results at the sliding velocity
of 4.9 m/s. The specific wear rates also decrease with increasing sliding velocity and
the maximum reductions are 69%, 57% and 57% for SM, LM and NAO brake pads
respectively when comparing results at the contact pressure of 1.22 MPa. Both sliding
velocity and contact pressure have a significant effect on specific wear rate based on
the ANOVA analysis. Moreover, there is a significant interaction on the specific wear

rate between sliding velocity and contact pressure.

3.2. Characteristics of brake pad surface

3.2.1. Morphology of friction layers

The friction layers on the contact surfaces of brake pads after mode 4 test (low
load test) and mode 6 test (high load test) are shown in Figs. 6 and 7 respectively. It
can be observed that most of the pin surface is covered by widely distributed friction
layers with irregular shape. Comparing the friction layers of these two tests, the
following two differences are observed. Firstly, high contact pressure results in more
compacted secondary plateaus. Many coarse particles can be observed at the edge of
the friction layers after mode 4 test as shown in squares with dashed line in Fig. 6.
Secondly, some parts of the friction layers were blown off from the bulk material with
some cracks on them as shown in circles with dashed line in Fig. 6. In addition,
abrasive grooves can be identified on the surfaces of all brake pads as shown in Fig. 7.
This phenomenon indicates the effect of third-body abrasion on the wear behavior of
brake pads sliding against iron disc. Generally, the SM and LM brake pads have
similar morphology of friction layers with properties of large and well compacted. In
contrast, friction layers of the NAO brake pads are slender and more irregular in

shape.

Typical friction layers on the surfaces of brake pads after mode 7 test (high speed

test) are shown in Fig. S5 of SI. Compared with the friction layers on brake pad after
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low speed test, there are more and deeper abrasive grooves on the surface of brake
pad. With increasing sliding velocity, kinetic energy of wear debris is increased,
which enhances the third-body abrasion on the brake pad surface, leading to deeper

abrasive grooves.

Widths of friction layers (D), as marked in Fig. 7, are used to describe the size of
friction layer. Four different SEM fields of view were randomly selected and
photographed to determine the widths of friction layers. About 20 friction layers were
measured in each SEM picture. Fig. 8 shows the average widths of friction layers with
standard errors. The 32 ANOVA results for the width of friction layer are shown in
Table S4 of SI. The mean widths of friction layers increase with increasing contact
pressure, while decrease with increasing sliding velocity. In addition, the widths of
friction layers of NAO brake pad are smaller than those of SM and LM brake pads.
From ANOVA analysis, sliding velocity has significant effect on the width of friction
layer, while contact pressure cannot significantly affect it. There is no significant
interaction on the width of friction layer between sliding velocity and contact

pressure.

High resolution SEM pictures of friction layers for the LM brake pad after mode
6 test (high load test) are shown in Fig. 9. High resolution SEM pictures for the SM
and NAO brake pads are shown in Fig. S6 of SI. The primary plateaus circled by
white dash lines are formed by Fe fibers. The secondary plateaus are made of

compacted wear debris which commonly have a larger size than the primary plateaus.
3.2.2 Fractal dimension measurement

The distribution of contact plateaus on the contact surface of a brake pad follows
the power-law relationship as shown below [16].
N(A > a)~a( ~1/2

3)
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Where N(A>a) is the total number of contact plateaus with areas larger than a
particular area, a; Ds is the fractal dimension of a surface. The lowest value of a is 500
um?, corresponding to the smallest contact plateau that can be identified. Typical
number-area distributions of contact plateaus after mode 4 test are shown in Fig. 10. It
can be observed that the relationship between N(A>a) and a follows the power-law
very well with R? larger than 0.99. Then, the fractal dimensions can be evaluated
through curve fitting for N(A>a) versus a. Detailed results of fractal dimensions are
shown in Table 2. The average fractal dimensions with standard deviations for SM,
LM and NAO brake pads are 2.61+0.13, 2.58+0.11 and 2.51+0.06 respectively. The
SM and LM brake pads have similar values of fractal dimension and standard
deviation which are larger than that of the NAO brake pad. But the difference in
fractal dimension among SM, LM and NAO brake pads are not significant at 95%

confidence level.
3.2.3. Elemental and phase compositions

Fig. 9 shows the EDXS point spectra acquired from the friction layers of LM
brake pad surface after mode 6 test. EDXS point spectra of the SM and NAO brake
pad surfaces after mode 6 test are shown in Fig. S6 of SI. Some major elements in the
friction material are identified. The friction layers are found to be rich in Fe for all the
tested brake pads. The LM and SM brake pads have similar elemental compositions

for the friction layers.

The metallic elements, including Fe and Cu, were selected to analyze the
variation of elemental composition of friction layers with friction conditions. Ten
EDXS measurements were conducted for each brake pad samples. Mean element
concentrations with standard errors are shown in Fig. 11 and the relevant 3> ANOVA

results are shown in Tables S6 and S7 of SI.

As shown in Fig. 11a, the mean values of iron concentrations vary from 54-72%,

42-66% and 17-58% for the SM, LM and NAO brake pads respectively. Iron contents
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in the friction layers of SM and LM brake pads are similar and they are higher than
that in the friction layer of NAO brake pad. In addition, iron concentrations in the
friction layers are also much higher than those in the bulk material of brake pads, as
shown in Table 1, in most cases. This phenomenon indicates that most of the iron
element is produced from the tribo-oxidation and abrasion of iron disc, which is in
line with the previous studies [2, 32]. The influences of contact pressure and sliding
velocity are complicated. There are no particular trends for the variation of iron
concentration with either the contact pressure or the sliding velocity. The average
concentrations of copper with standard errors are shown in Fig. 11b. The copper
contents range from 4.8-10.3%, 2.8-8.0% and 3.1-13.5% respectively for the SM, LM
and NAO brake pads. There are no special trends for the variation of copper

concentration with either the sliding velocity or the contact pressure.

Main phase compositions of the friction layers on brake pad surfaces were
measured through XRD analysis. Concentrations of the major phases are quantified
following the method in ref. [22] and shown in Table 3. Some minor phases, such as
tenorite and zinc, are not quantified because their concentrations are less than 1% and
cannot be detected in each brake pad sample. There is no special trend for the phase
composition with either the sliding velocity or the contact pressure for each brake pad.
As shown in Table 3, mass fractions of graphite are in the ranges of 37.0-60.5%,
43.9-62.1% and 34.1-53.4% respectively for SM, LM and NAO brake pads, which are
much higher than that of other elements. It can be observed that the concentration of
iron oxides measured by the XRD system is much lower than the concentration
measured by the EDXS in most cases. Another finding is that the pure copper
concentrations in the friction layers are higher than those in the friction materials in

most cases.

4. Discussion

The decrease of friction coefficient with increasing contact pressure can be
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attributed to the un-proportional increase of contact area on asperities which results in
a reduction of local pressure on the asperities and subsequently a lower friction
coefficient [33]. The un-proportional increase of contact area on asperities is mainly
due to the viscoelastic properties of friction materials [34]. The decrease of friction
coefficient with increasing sliding velocity is due to the increment of sliding velocity
which reduces the contact time between asperities of brake pad and disc, then

reducing the possibility of forming strong junctions by adhesion [35].

Shorter running-in stages of the LM and SM brake pads compared with that of the
NAO brake pad can be attributed to higher metal contents in LM and SM brake pads.
As shown in Table 1, metal contents in the NAO brake pad (Fe+Cu: 14.97%) are
much lower than those in LM (Fe+Cu: 31.61%) and SM brake pads (Fe+Cu: 38.47%).
Higher metal content can generate more primary plateaus which provide the majority
of friction force and more type I secondary plateaus with good compactness and
adhesion strength. Therefore, friction force increases and reaches a steady-state value

quickly.

The reduction of specific wear rate with increasing contact pressure is mainly due
to the higher contact pressure which improves the compactness of secondary plateaus
and subsequently reduces their possibility to be detached. The reduction of specific
wear rate with increasing sliding velocity is due to the lower friction coefficient
results in the lower shear force on contact plateaus leading to a lower specific wear
rate. The relationship between specific wear rate and frictional power is shown in Fig.
12. A good linear relationship is observed for the NAO brake pad and close to linear
relationship is observed for the SM brake pad. The fitting parameters are shown in
Table S5 of SI. The friction and wear process are determined by adhesion and
abrasion between contact surfaces. Adhesion varies with sliding velocity and contact
pressure [35] while abrasion is almost independent from contact pressure and sliding
velocity [36]. The high values of adjusted R square, as shown in Table S5 of SI,

indicate that the wear mechanism for brake pad is mainly determined by the adhesive
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wear mechanism.

Different morphologies between SM/LM brake pads and NAO brake pads are due
to the lower iron content in the NAO brake pad than that in SM and LM brake pads,
as shown in Table 1. Effects of iron on friction layers have been introduced in ref. [37].
With the lack of iron, other hard elements, such as ceramic particles, quartz and
Aluminum oxides, can work as primary plateaus. Thus, the different characteristics
between steel fibers and these hard particles, including size and shape, result in
different shapes of primary and secondary plateaus. Moreover, comparing NAO brake
pad with SM and LM brake pads, more type Il secondary plateaus with an irregular
shape are formed on the brake pad surface because type Il secondary plateaus do not

have the support of primary plateaus.

Sliding velocity can significantly affect the width of a friction layer. It is mainly
because the higher sliding velocity leads to higher kinetic energy of the wear debris
which reduces the probability of wear debris being blocked by the primary plateaus
and hence reducing the width of friction layer. With increasing contact pressure, the
space between the brake pad and disc is reduced. Therefore, more wear debris is
blocked by the primary plateaus and larger secondary plateaus are formed. In this
mechanism, extension of secondary plateaus is mainly along the sliding direction. For
the width of a friction layer, which is orthogonal to the sliding direction, contact
pressure cannot significantly affect it. Therefore, contact pressure cannot significantly

affect the width of a friction layer.

There is no special trend for the variation of fractal dimension with either the
contact pressure or sliding velocity for all the brake pads. On the one hand,
increments of sliding velocity and contact pressure lead to a more complicated friction
and wear process and subsequently increase the complexity of surface profile which
contributes to a higher fractal dimension [20]. On the other hand, contact plateaus

with a high slope, corresponding to a high fractal dimension, would be very fragile
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and easily damaged by interactions with other objects [38]. Therefore, no special
trends are observed for the variation of fractal dimension with either contact pressure

or sliding velocity.

Standard deviation of the fractal dimension for the NAO brake pad surface is
smaller than those for the SM and LM brake pad surfaces. This smaller standard
deviation indicates that the variation of rms slope for the surface of the NAO brake
pad is lower than those for the surfaces of SM and LM brake pads. This phenomenon
can be attributed to the different wear resistant of contact plateaus on the contact
surfaces between SM/LM brake pads and NAO brake pad. High metal contents in SM
and LM brake pads can provide many primary plateaus and type I secondary plateaus
with high wear resistant on contact surfaces. For SM and LM brake pads, the high
wear resistant of contact plateaus reduces their possibility to be cracked, hence
contributing to a high fractal dimension [38]. This phenomenon becomes more
pronounced in friction conditions with high frictional power, as shown in Fig. S7 of
SI, leading to high standard deviations of fractal dimensions for the SM and LM brake
pads. For the NAO brake pad, the relatively low wear resistant of contact plateaus on

its surface reduces the fractal dimension leading to a lower standard deviation.

Person [38] reported most natural and man-made rough surfaces are
three-dimensional fractal surface with a typical dimension ranging from 2-2.3 because
when the fractal dimension is larger than 2.3, the surface will be very fragile and
damaged easily due to the high average surface slope. But in the present study, all the
fractal dimensions are higher than 2.3. This phenomenon may be due to the large
difference in hardness between the contact plateaus and surrounding matrix of the
brake pad surface. Eriksson and Jacobson [5] reported the hardness of secondary
plateaus of NAO brake pad ranges from 0.2-4 GPa through nanoindentation test,
while the hardness of surrounding matrix is about 200 MPa through regular
microhardness indentation test. The large difference in hardness between the contact

plateaus and matrix increases the height variation of surface profile, leading to a high
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Compared with the iron contents measured with EDXS, the lower iron contents
measured with XRD are mainly due to the much smaller penetration depth for X-rays
of EDXS system than that for X-rays of XRD system. Iron oxides generated from
tribo-oxidation are widely distributed in the friction layers on the brake pad surface.
But they form a thin layer and contributes a limited fraction to the total diffraction
intensity. Therefore, the mass fraction of iron oxides measured by XRD is much

smaller than that measured by EDXS.

The higher copper contents in friction layers compared with that in bulk materials
is mainly due to the copper fibers milled into copper particles which are widely
dispersed in the friction layer. These copper particles can improve the compactness of
the friction layer and reduce its tendency to be broke down into wear debris [39].
Therefore, higher copper content is measured in the friction layers. This phenomenon
becomes more pronounced for the NAO brake pad at the sliding velocity of 4.9 m/s or
at the contact pressure of 1.22 MPa. As shown in Fig. 11b, the copper contents in the
friction layers of NAO brake pad at these heavy friction conditions are significantly
higher than those measured at other friction conditions. For NAO brake pad, there are
many type II secondary plateaus on the contact surface where wear resistance relies
more on copper compared with type I secondary plateaus. Therefore, copper contents
in the friction layers of the NAO brake pad after brake tests with high sliding velocity
or high contact pressure become very high. For SM and LM brake pads, similar
phenomenon cannot be observed due to their high iron contents. Most secondary
plateaus of SM and LM brake pads are supported by primary plateaus which reduces

their tendency to be broken down.

5. Conclusions

Three types of brake pad were tested by sliding against an iron disc to investigate
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the influences of sliding velocity and contact pressure on friction and wear behaviors,

as well as characteristics of the brake pad surfaces. The following conclusions can be

drawn from the present study.

1.

Friction coefficient and specific wear rate decrease with increasing the contact
pressure and sliding velocity. From ANOVA analysis, both contact pressure and

sliding velocity have significant effect on these two parameters.

Friction layers on surfaces of SM and LM brake pads are large with few cracks,
while the friction layer on surface of NAO brake pad has comparatively slender

and irregulated shape.

The number-area distribution of contact plateaus follows the power-law very well
and fractal dimension of brake pad surface ranges from 2.38-2.84. With different
friction conditions, the variation of the fractal dimension for NAO brake pad is

smaller than that for SM and LM brake pads.

There are no particular trends for iron and copper contents and main phase
compositions with either the sliding velocity or the contact pressure. Iron oxides
are widely dispersed in the friction layer with a shallow depth leading to the

different iron concentrations between XRD and EDXS results.

Results present a deeper understanding of the role of friction conditions on the

morphologies and elemental compositions of the friction layers on brake pad surfaces

which helps to understand the variation of composition of airborne wear particles

emitted from disc brakes under different friction conditions.

Experiments were conducted under constant sliding velocity and contact pressure.

But in real friction conditions, some brakes occur in a short time only including the

running-in stage. Further study should be conducted in the running-in stage to validate

if results obtained under steady-state stage are still correct under running-in stage. In

the present study, the brake pad temperature is lower than the critical temperature of
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resin degradation (230-475 °C). Thus, resin degradation is not considered. Future

studies should investigate the change of properties of brake pad surface with different

friction conditions under the critical temperature that resin degradation occurs.
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Figure 1. Schematic of tribometer
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Figure 2. SEM pictures of brake pad samples. Some components are indicated. (a: SM brake pad, b: LM
brake pad, c: NAO brake pad)
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Fig. 7. SEM pictures of brake pad surfaces after mode 4 test (a: SM brake pad, b: LM brake pad, c: NAO
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Tables

Table 1. Element compositions and densities of brake pads

Element  SM brake pad (wt%) LM brake pad (wt%) NAO brake pad (wt%)

Mg 0.68 0.80 0.77
Al 1.10 1.38 4.16
Si 2.89 3.90 6.28
p 0.05 0.05 0.08
S 4.62 5.02 1.28
Cl 0.11 0.13 0.02
K 0.27 0.21 3.14
Ca 10.08 9.34 25.57
Ti 0.21 0.10 3.69
Cr 0.05 0.03 -

Mn 0.15 0.20 0.08
Fe 34.38 25.94 13.42
Ni 0.04 0.06 -
Cu 4.09 5.67 1.55
Zn 0.75 1.37 1.06
As - - 0.44
Se 0.02 - -
Sr 0.02 - 0.03

Zr 0.03 - -
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Mo
Sb
Pb

Densities
(g/cm?)

0.01
7.41
0.31

2.76+0.04

6.94
0.22

2.75+0.12

4.01

2.12+0.07

Table 2. Test conditions and fractal dimensions

Test Sliding Nominal contact Frictional power (W) Fractal dimension (Ds)
mode  velocity (m/s) pressure (MPa) SM LM NAO SM M NAO
1 1.6 0.52 3850 4042  40.10 2.56 2.62 2.53
2 1.6 0.81 56.30 55.72  55.28 2.67 2.61 2.46
3 1.6 1.22 83.41 80.84  82.83 2.59 2.49 2.53
4 2.8 0.52 64.87 68.19  69.43 2.64 2.53 2.46
5 2.8 0.81 93.01 94.08  96.07 2.51 2.52 2.46
6 2.8 1.22 133.61 135.79 138.07 242 2.38 2.48
7 4.9 0.52 107.77 11551 11392 247 2.71 2.59
8 4.9 0.81 152.60 15798 16130 2.84 2.71 2.45
9 4.9 1.22 229.11 223.56 242.21 2.76 2.60 2.59




Table 3. Main phase compositions (wWt%) of the friction layers on brake pad surface

(a) SM brake pad

1.6m/s 2.8m/s 4.9m/s
0.52M 0.81M 1.22M 0.52M 0.81M 1.22M 0.52M 0.81M 1.22M
Pa Pa Pa Pa Pa Pa Pa Pa Pa
Gr?ephl 556 43.4 39.5 507 41.9 38.2 60.5 37.0 48.6
Cofpe 123 112 115 137 113 128 108 116 96
Hemat
e 11.2 18.9 17.6 10.1 22.6 234 12.4 12.6 14.4
(Fe20s
)
Calcit
© 15.9 18.5 25.3 21.1 19.6 20.6 10.7 30.9 16.3
(CaC
03)
Stibnit
e
4. ) 2 4. 4. ) ) ) 11.
(SbsSs 8 8.0 6 3 5 5.0 53 7.9 0
)
(b) LM brake pad
1.6m/s 2.8m/s 4.9m/s
0.52M 0.81IM 1.22M 0.52M 0.81M 1.22M 0.52M 0.81M 1.22M
Pa Pa Pa Pa Pa Pa Pa Pa Pa

Graphi ., 474
te

Coppe ¢ 129
I
Hemat
ite
(Fe.0: 121 135

468 479 641 497 o9 600 439

16.9 15.3 1.5 24.7 10.5 7.6 9.1

12.3 16.8 10.5 10.5 10.2 13.6 14.0



Calcit
e

15.7 22.0 17.5 19.6 19.2 12.5 243 12.1 22.4
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Figures
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Fig. S1. SEM pictures before (left) and after (right) segmentation process (Test mode 6)
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Fig. S2. SEM pictures of brake pad samples. Some components are indicated by EDXS point spectra. (a: SM
brake pad, b: LM brake pad, c: NAO brake pad)
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Fig. S3. Variation of friction coefficient during test (Test mode 2)
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Fig. S4. Variation of brake pad temperature with sliding distance (Test mode 6)
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Fig. S5. SEM pictures of brake pad surfaces after mode 7 test (a: SM brake pad, b: LM brake pad, ¢c: NAO
brake pad; white arrow indicating the sliding direction)
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Spectrum: B
Element Weight% Atomic%
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20kV X100 100um 10 50 SEI ; 20kV ‘X500 10 50 SEI FeK 7107 53.06
CukK 3.38 222
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Spectrum: D
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OK 14.41 37.95
CaK 226 238
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10 50 SEI Rb L 4.84 239
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(a) SM brake pads
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SiK 322 5.06 ALK 1.02 1.39 SiK 336 434 0K 17.88 3217
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K 1.31 1.20 KK 1.13 1.06 CaK 799 722 SiK 3.20 3.28
FeK 60.23 47.58 CakK 6.29 5.78 IiK 1.27 0.96 CaK 6.44 4.62
Cuk 729 5.06 FeK 57.46 37.87 FeK 56.95 3697 TiK L13 0.68
ZnK 420 283 CuK 7.66 444 CuK 6.77 3.86 FeK 5218 26.89
SbL 559 2.02 ZnkK 4.09 230 ZnkK 335 1.86 Cuk 2.66 121
SbL 335 0.79
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(b) NAO brake pads
Fig. S6. SEM pictures and EDXS point spectra of SM and NAO brake pad surface (Test mode 6)
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Fig. S7. The variation fractal dimension versus frictional power



Tables

Table S1. 32 ANOVA results for friction coefficient

(a) SM brake pad

Source Sum of Degrees of Mean F P-value
squares  freedom square
Sliding velocity ~ 0.00804 2 0.00402 17.66 <0.01
Contact pressure ~ 0.00759 2 0.00380 16.67 <0.01
Interaction <0.001 4 <0.001 0.48 0.75
Error 0.00408 18 <0.001
Total 0.0201 26
(b) LM brake pad
Source Sum of Degrees of Mean F P-value
squares  freedom square
Sliding velocity ~ 0.00474 2 0.00237 13.22 <0.01
Contact pressure 0.0236 2 0.0118 65.80 <0.01
Interaction <0.001 4 <0.001 0.13 0.97
Error 0.00323 18 <0.001
Total 0.0317 26
(c) NAO brake pad
Source Sum of Degrees of Mean F P-value
squares  freedom square
Sliding velocity ~ 0.00231 2 0.00116 6.33 <0.01
Contact pressure 0.0147 2 0.00737  40.41 <0.01
Interaction <0.001 4 <0.001 1.10 0.39
Error 0.00328 18 <0.001
Total 0.0211 26
Table S2. 32 ANOVA results for contact temperature
(a) SM brake pad
Source Sum of Degrees of Mean F P-value
squares  freedom square
Sliding velocity 5445 2 2722 158 <0.01
Contact pressure 3449 2 1724 100 <0.01
Interaction 255 4 63 3.70 0.02
Error 311 18 17
Total 9459 26




(b) LM brake pad

Source Sum of Degrees of Mean F P-value
squares  freedom square
Sliding velocity 9126 2 4563 352 <0.01
Contact pressure 4104 2 2052 158 <0.01
Interaction 420 4 105 8.10 <0.01
Error 233 18 13
Total 13883 26
(c) NAO brake pad
Source Sum of Degrees of Mean F P-value
squares  freedom square
Sliding velocity 7496 2 3748 534 <0.01
Contact pressure 3858 2 1929 275 <0.01
Interaction 448 4 112 16 <0.01
Error 126 18 7
Total 11928 26
Table S3. 32 ANOVA results for specific wear rate
(a) SM brake pad
Sum of Degrees of Mean
Source P-value
squares  freedom square
Sliding velocity ~ 7.51E-28 2 3.75E-28 2072 <0.01
Contact pressure  1.17E-28 2 5.83E-29 321 <0.01
Interaction 2.14E-29 4 5.35E-30 30 <0.01
Error 3.26E-30 18 1.81E-31
Total 8.92E-28 26
(b) LM brake pad
Source Sum of Degrees of Mean F P-value
squares  freedom square
Sliding velocity  5.36E-29 2 2.68E-29 125 <0.01
Contact pressure  3.46E-28 2 1.73E-28 807 <0.01
Interaction 2.05E-30 4 5.12E-31 13 <0.01
Error 3.86E-30 18 2.14E-31
Total 4.06E-28 26




(¢) NAO brake pad

Sum of Degrees of Mean

Source P-value
squares  freedom square
Sliding velocity ~ 1.19E-28 2 5.94E-29 460 <0.01
Contact pressure  1.06E-28 2 6.31E-28 411 <0.01
Interaction 1.56E-29 4 3.9E-30 30 <0.01
Error 2.33E-30 18 1.29E-31
Total 2.43E-28 26
Table S4. 32 ANOVA results for width of friction layer
(a) SM brake pad
Sum of Degrees of Mean
Source P-value
squares  freedom square
Sliding velocity 285659 2 142829 9.36 <0.01
Contact pressure 33768 2 16884 1.11 0.33
Interaction 14183 4 3546 0.23 0.92
Error 3981951 261 15257
Total 4315561 269
(b) LM brake pad
Source Sum of Degrees of Mean F P-value
squares  freedom square
Sliding velocity 306891 2 153445 8.12 <0.01
Contact pressure 76227 2 38113 2.02 0.14
Interaction 28426 4 7106 0.38 0.83
Error 4930488 261 18891
Total 5342031 269
(¢) NAO brake pad
Sum of Degrees of Mean
Source P-value
squares  freedom square
Sliding velocity 96312 2 48171 4.33 0.01
Contact pressure 65765 2 32883 2.96 0.05
Interaction 2250 4 563 0.05 0.99
Error 2903941 18 11126

Total 3068299 26




Table SS. Linear fitting parameters for the relationship between frictional power and specific wear rate

Type of brake pad Slope Intercept Adj. R-Square
SM -9.29E-17 2.38E-14 0.77
LM -5.70E-17 1.59E-14 0.59
NAO -4.95E-17 1.79E-14 0.95

Table S6. 32 ANOVA results for Fe content in secondary plateaus

(a) SM brake pad

Sum of Degrees of Mean

Source P-value
squares  freedom square
Sliding velocity 89.5 2 44.7 0.72 0.49
Contact pressure 1891 2 946 15.27 <0.01
Interaction 593 4 148 2.39 0.057
Error 5018 81 61.9
Total 7591 89
(b) LM brake pad
Sum of Degrees of  Mean
Source P-value
squares freedom square
Sliding velocity 230.2 2 115 0.46 0.63
Contact pressure 1373 2 687 2.75 0.07
Interaction 1893 4 473 1.90 0.12
Error 20208 81 249
Total 23704 89
(c) NAO brake pad
Source Sum of Degrees of Mean F P-value
squares freedom square
Sliding velocity 3533 2 1766 12.5 <0.01
Contact pressure 10422 2 5211 36.9 <0.01
Interaction 197 4 48.9 0.35 0.85
Error 11435 81 141

Total 25587 89




Table S7. 32 ANOVA results for Cu content in secondary plateaus
(a) SM brake pad

Sum of Degrees of Mean
Source

P-value
squares freedom  square
Sliding velocity 36 2 18.2 1.19 0.31
Contact pressure 185 2 92.4 6.04 <0.01
Interaction 44 4 10.9 0.71 0.59
Error 1240 81 15.3
Total 1505 89
(b) LM brake pad
Sum of  Degrees of  Mean
Source P-value
squares freedom square
Sliding velocity 243 2 122 14.48 <0.01
Contact pressure 6.36 2 3.18 0.38 0.66
Interaction 14.5 4 3.63 0.43 0.79
Error 680 81 8.40
Total 944 89
(c) NAO brake pad
Source Sum of Degrees of Mean F P-value
squares freedom square
Sliding velocity 631 2 316 18.2 <0.01
Contact pressure 240 2 120 6.91 <0.01
Interaction 35 4 8.67 0.50 0.74
Error 1408 81 17.4

Total 2314 89






