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Abstract

Copper particles emitted from braking have become a significant source of environmental pollution. However,
copper plays a crucial role in resin-based braking materials. Developing high-performance braking materials with-
out copper has become a significant challenge. In this paper, the resin-based braking materials were filled with fly-
ash cenospheres to develop copper-free braking materials. The effects of fly-ash cenospheres on the physical
properties, mechanical and friction and wear properties of braking materials were studied. Furthermore, the wear
mechanism of copper-free resin-based braking materials filled with fly-ash cenospheres was discussed. The results
indicate that the inclusion of fly-ash cenospheres in the braking materials improved their thermal stability, hard-

ness and impact strength, reduced their density, effectively increased the friction coefficient at medium and high
temperatures, and enhanced the heat-fade resistance of the braking materials. The inclusion of fly-ash cenospheres
contributed to the formation of surface friction film during the friction process of the braking materials, and facilitated
the transition of form from abrasive wear to adhesive wear. At 100-350 °C, the friction coefficient of the optimal for-
mulation is in the range of 0.57-0.61, and the wear rate is in the range (0.29-0.65) X 10~ cm®N~"-m~", demonstrating
excellent resistance to heat-fade and stability in friction coefficient. This research proposes the use of fly-ash ceno-
spheres as a substitute for environmentally harmful and expensive copper in brake materials, which not only improves
the performance of braking materials but also reduces their costs.
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1 Introduction

Braking materials, as crucial components of various
transportation vehicle braking systems, have a direct
impact on the safety and reliability of people’s lives
and property [1]. According to the World Association
of Automotive Industry, the total production of cars
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worldwide was over 90 million in 2023. Resin-based
braking materials are currently the most widely used
automotive braking materials due to their simple produc-
tion process, low cost, and easy performance adjustment
[2]. In recent years, research has revealed that the debris
generated by braking materials during braking contains
heavy metal components like zinc powder and copper
powder. These components can remain suspended in
the atmosphere as aerosol particles for extended peri-
ods of time. Cu-containing particles with a particle size
of less than 10 pm can be deposited in the lungs of peo-
ple through the respiratory system, posing a significant
health risk to individuals [3-6]. In addition, copper has
neurotoxic properties that can cause rapid mortality of
aquatic organisms and varying degrees of pollution in
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rivers [7, 8]. Countries worldwide have gradually started
to restrict the use of copper in braking materials [9, 10].

Resin-based braking materials are a multi-component
composite material system consisting of various organic
and inorganic components, There are more than 10-20
different formulations designed to meet various friction
performance requirements, including moderate and sta-
ble friction coefficients, good heat-fade resistance and
recovery, low abrasiveness on brake discs, good wear
resistance, low sensitivity to braking parameters, and
absence of braking noise. Numerous studies have shown
that copper is an essential element in asbestos-free resin-
based braking materials and plays a critical role in the tri-
bological properties of braking materials [11]. In recent
years, numerous researchers have focused on develop-
ing copper-free organic braking materials and have made
significant progress. For instance, they have explored
the use of stainless steel [12, 13], basalt fibers [14], spe-
cial graphite [15, 16], high thermal conductivity materi-
als [17], barite [18], and ceramic fibers [19] as alternatives
to copper. However, the high-temperature frictional
performance of most copper-free braking materials is
not as good as that of copper-containing formulations
[20]. Developing high-performance copper-free brak-
ing materials is a significant challenge for manufacturers
in various countries. Fly ash is an industrial solid waste,
primarily emitted by the coal-burning industry. In recent
years, the production of fly ash has steadily increased.
As a major coal-producing country, China annually pro-
duces up to 800 million tons of fly ash. The substantial
volume of fly ash not only takes up a significant amount
of land and leads to resource wastage, but also gives rise
to a range of ecological problems. Currently, fly ash waste
is frequently utilized in construction, agriculture, and
other industries, but its comprehensive utilization rate is
only about 75%. The main components of fly-ash ceno-
spheres include SiO,, Al,O,. The material has a hollow
spherical structure with the lowest specific surface area
[21-23]. Using it as a filler material for resin-based com-
posites can reduce the amount of phenolic resin used
in the composite. In addition, fly-ash cenospheres have
favorable tribological and mechanical properties [24—26].
Utilizing them to fill braking materials not only promotes
the efficient utilization of waste but also has the potential
to improve the performance of braking materials.

Table 1 Composition of fly-ash cenospheres (mass fraction, %)
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This study utilizes fly-ash cenospheres as a filler to fab-
ricate brake composites, substituting copper in the brak-
ing materials. The study investigates the effects of fly-ash
cenospheres on the physical properties, mechanical char-
acteristics, and frictional wear properties of the braking
materials, and aims to develop an optimized formulation.
The research results not only enable the high-value utili-
zation of fly-ash cenospheres but also provide new ideas
for the preparation of copper-free resin-based braking
materials.

2 Experiment

2.1 Materials and Fabrication

The copper-free resin-based braking materials were filled
with fly-ash cenospheres (60—80 mesh), with cashew nut
shell oil-modified phenolic resin (60—100 mesh) as the
binder, coir fiber (diameter of 10-20 um, length of 15+3
mm) as the reinforcing phase, and BaSO, (325 meshes),
Al,O4 (120 mesh), rubber (120 mesh), and graphite (100
mesh) as the remaining fillers. The braking material was
prepared using a dry hot-press molding process. The
preparation process is as follows: drying of raw materi-
als — batching — mixing — hot pressing and forming —
heat treatment — sample processing. The chemical com-
position of fly-ash cenospheres is presented in Table 1,
and the surface morphology of fly-ash cenospheres is
depicted in Figure 1. Table 1 indicates that the primary
constituents of fly-ash cenospheres are SiO, and Al,Os.
As depicted in Figure 1, the fly-ash cenospheres exhibit
a spherical shape, with a rough microscopic surface that
enhances their adhesion to the resin.

2.2 Test Method

2.2.1 Single-Factor Experiment

To study the effect of fly-ash cenospheres content on
braking material performance, the content of fly-ash
cenospheres in the braking material was varied from 0%
to 25%, as detailed in Table 2.

2.2.2 Formula Optimization

The braking material formulation was optimized using
orthogonal experiments to analyze the impact of the
interaction between fly-ash cenospheres, resin, coir
fiber, and Al,O, as well as the interaction between
components, on the wear rate and friction coefficient of
the sample, and to obtain the optimal formulation. In

Composition Sio, Al,0, Fe,0,

Ca0 MgO K,0 Na,O Others

Content 532 37.71 4.18

0.07 263 1.24 0.30 0.67
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Figure 1 SEM micrograph of fly-ash cenospheres
Table 2 Formula of braking materials (mass fraction, %)
Composition Fly-ash cenospheres Resin Coir fibre Al,0,4 BaSO, Rubber Graphite
Content 0 20 10 20 42 5 3
5 37
10 32
15 27
20 22
25 17
Table 3 Design of orthogonal test (mass fraction, %)
List 1 2 3 4 5 6 7 8 9 10 11 12 13
Factor A B AxB C AxC D AxD Empty Empty Empty

Table 4 Level of orthogonal test (mass fraction, %)

Code A B C D
Factor Fly-ash Resin Coir fibre Al,0,4
cenospheres
Level
1 10 10 5 10
2 15 15 7.5 15
3 20 20 10 20

this experiment, an L,, (3'%) orthogonal table was used,
with the thread design shown in Table 3. AxB, AXC,
and AXD represent the interactions between A and B,
A and C, and A and D, respectively. For each factor,
three levels were selected, as shown in Table 4.

The significance of the influence of each factor and
their interaction on the experimental results was deter-
mined using analysis of variance. The specific calcula-
tion steps are as follows:

(1) Calculate the value of K, which is the sum of the

test results at level i in column j.
(2) Calculate the sum of the squared deviation §; as fol-
lows:

r n
r p 1 2
§j=-> Kj——Q
i=1 i=1

where r is the number of levels, # is the total number of
experiments, and the test results are denoted as y;, y,,
Y3.es V- In this experiment, r = 3, and n = 27.

(1)

(3) Calculate the observed value of F using the following
formula:
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ItS; /f; < S, ! f S;will be incorporated into the sum of
squares of error S, as a new sum of squares of error, while
its degrees of freedom f; will also be incorporated into f,
as a new error degrees of freedom f,,. Where f; =1 -1,

and f, =ZfEmpty'

(4) Use the following formula to determine the signifi-
cance of the influence of the testing factors on the
test results:

_ Sl
KRNIV ®)

e e

If F; > Fy g1 (5 fea) it is considered to be significant at
the & = 0.01 level, indicating that this factor has a highly
significant influence on the test results and is recorded as
U F o1 By fen) >F; 2 Froos (fj Jea)s it is considered
to be significant at the a = 0.05 level, indicating that this
factor has a significant influence on the test results and
is recorded as " If Fyqo5 (s fon) >F; = Fio1 (fy fea)s it
is considered to be significant at the « = 0.10 level, indi-
cating that this factor has an influence on the test results
and is recorded as “ If Fy o (f; fop) >F; 2 Fio5 (5 fon), it
is considered to be statistically significant at the a = 0.20
level, indicating that this factor has a minor impact on
the test results and is recorded as “A” If F; < Fy o, (f}, fe),
then at the significance level a = 0.20, this factor is con-
sidered to have no influence on the test results.

2.2.3 Performance Characterization

The thermal stability of the material was tested using a
NETZSCH model 449F5 synchronous thermal analyzer
manufactured by in Germany. The test conditions include
a powder mass of less than 20 mg, a test temperature
range of 25-1000 °C, a heating rate of 10 °C/min, and a
heating atmosphere of air.

According to the gas density measurement method out-
lined in the GB/T 24586-2009 standard, the true density
of the braking materials was tested using a model 1340
true density meter. The hardness of the braking materi-
als was tested using an XHRD-150 electric plastic Rock-
well hardness tester. The diameter of the ball indenter
used for the hardness test was 6.35 mm, the initial load
was 98 N, and the total load was 980 N. The test process
was conducted in accordance with the GB/T3398.2-2008
standard. The sample’s impact strength was tested using
a model XJJ-5 simple beam pendulum impact tester,
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following the experimental process outlined in the GB/T
1451-2005 standard. Sample size: 50 mm (+ 1 mm) X 6
mm ( + 0.5 mm) X 4 mm ( + 0.2 mm). Repeat the meas-
urement for each sample three times, and calculate the
average value from the result.

The X-DM variable speed friction testing machine
model was utilized to evaluate the macroscopic fric-
tion and wear characteristics of the braking materials.
The temperature range is 100-350 °C, and the experi-
ment is conducted at 50 °C intervals from 100 °C to 350
°C, resulting in a total of 6 groups. The testing process
is conducted in accordance with the national standard
GB5763-2008. The utomatically calculates the friction
coefficient, measures the wear thickness using a microm-
eter, and calculates the volumetric wear rate.

The microscopic morphology and composition of the
worn surface of the braking materials were analyzed
using a model Quanta250 tungsten filament scanning
electron microscope with a tungsten filament and an
energy dispersive spectroscopy analyzer.

3 Results and Discussion
3.1 Effect of Fly-Ash Cenospheres on the Thermal Stability
of Braking Materials
To investigate the impact of fly-ash cenospheres on the
thermal stability of braking materials, thermal gravimet-
ric analysis was performed on fly-ash cenospheres, brak-
ing materials without fly-ash cenospheres, and braking
materials with 20% fly-ash cenospheres. The results are
depicted in Figure 2. As illustrated in Figure 2(a), the hol-
low fly-ash cenospheres exhibit minimal mass loss from
room temperature to 1000 °C in an air atmosphere, with
a weight loss rate of only 0.92%. The DTG curve exhib-
its a minor endothermic peak in the temperature range
of 80—120 °C, primarily attributed to the precipitation of
water in the material’s phase. There is a slight mass loss
indicated on the TG curve, after which the material sta-
bilizes without any significant weight loss. It is evident
that the fly-ash cenospheres exhibit good thermal stabil-
ity, and incorporating them into braking materials can
enhance the thermal stability of the braking materials.

As depicted in Figures 2(b) and (c), the TG and DTG
curves of the samples with and without 20% fly-ash ceno-
spheres exhibit similarities. The weight loss process of the
braking material can be roughly divided into three stages.
The first stage occurs around 100 °C, and the weight loss
rate of the material is approximately 0.35%. The weight
loss during this stage is primarily caused by the release of
adsorbed water and crystal water from certain raw mate-
rials, which corresponds to a small endothermic peak
on the DSC curve. The second stage is the temperature
interval of A (250-350 °C), during which a significant
endothermic peak appears on the DTG curve, and the



Zheng et al. Chinese Journal of Mechanical Engineering (2024) 37:28

(a) 1.0
100
r&’—\x‘_ 108
98 - 10.6 ~
=
3 104 E
% 96 £
= 102
9 | (ED
WW 40.0
2T 1-0.2
90 L L L . — -0.4
0 200 400 600 800 1000
Tempurature (°C)
(b) {a
12 ~
=
~ X
] 1o
& <
jast
a
{2
1 L 1 1 1 -4
100 200 300 400 500
Tempurature (°C)
(c) 4
100
95} %
~ =
8 ~
90 - 8
a
85
L L L L |
100 200 300 400 500
Tempurature (°C)
(d)IOO L 20% fly-ash cenospheres
95
S
=
90 + /
0% fly-ash cenospheres
851

100 200 300 400 500
Tempurature (°C)

Figure 2 TG/DTG curves of fly-ash cenospheres and braking

materials: (a) Fly-ash cenospheres, (b) Braking materials

without fly-ash cenospheres, (c) Braking materials with 20% fly-ash

cenospheres, (d) Comparison of thermogravimetry

Page 5 of 12

2.10
‘1 —t 45,00 65.0
i Lt &
P I Density i £ a
S £ \ Impact strength = 160.0 T
o i b=, g
& P
= P I 1400 5 2
200} ' i 3 s
8 v T g 15502
] =~ Hardness . =
¥
1.95 " L L . —3.00 -50.0

ot

5 10 15 20 25
Fly-ash cenosphere content (%)

Figure 3 The density, hardness and impact strength of braking
materials

material’s weight loss accelerates, with a weight loss rate
of 6.6%. This stage primarily involves heating and decom-
posing the cellulose, hemicellulose, and lignin in the resin
and coir fiber. The third stage is a B temperature inter-
val (250-500 °C), during which the material experiences
a weight loss rate of 6.85%. This corresponds to a small
endothermic peak on the DTG curve. The weight loss of
materials in this stage mainly results from the carboniza-
tion and decomposition of resins and fibers. Figure 2(d)
illustrates that while the thermal weight loss patterns of
the two samples are similar, the weight loss rates at dif-
ferent stages vary. The thermal weight loss of the sam-
ple containing 20% fly-ash cenospheres at temperatures
above 250 °C is lower than that of the sample containing
no fly-ash cenospheres. The addition of fly-ash ceno-
spheres to the braking materials can enhance the thermal
stability of the composite material during the medium
and high temperature stages.

3.2 Effect of Fly-Ash Cenospheres on the Density,
Hardness, and Impact Strength of Braking Materials

The effect of different fly-ash cenospheres content on
the density of the braking materials is illustrated in Fig-
ure 3. As depicted in Figure 3, the density of the sample
initially decreases and then increases with the rise in
the content of fly-ash cenospheres. The sample without
fly-ash cenospheres has the highest density. Incorporat-
ing fly-ash cenospheres as a filler in the braking materi-
als can effectively decrease the density of the composite
material. Fly-ash cenospheres exhibit characteristics such
as lightweight, hollow structure, and low density. Add-
ing them to the braking materials can reduce the den-
sity of the composite material. As the content of fly-ash
cenospheres increases, the density of the braking mate-
rials gradually decreases. When the cenospheres con-
tent is 20%, the density of the braking material reaches a
minimum value of 1.97 g/cm?. As the content of fly-ash
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cenospheres increases, the cenospheres in the composite
material gradually transition from the original dispersed
arrangement in the resin to a tightly ordered accumula-
tion form. This results in an increase in the density of the
material.

The hardness of the braking materials increases with
the higher content of cenospheres. The hardness of the
sample without fly-ash cenospheres is the lowest, and
the hardness of the sample containing 25% fly-ash ceno-
spheres reaches a maximum of 65.7 HRM, which is 24%
higher than that of the sample without fly-ash ceno-
spheres. As shown in Table 1, primary constituents of
fly-ash cenospheres are SiO, and Al,Os;, both of which
are materials known for their high hardness. Therefore,
fly-ash cenospheres also exhibit high hardness. When
the sample is compressed by external forces, the ceno-
spheres dispersed throughout the sample can resist the
penetration of external objects. As the content of ceno-
spheres increases, their ability to resist pressure from
hard objects on the surface strengthens, leading to an
overall increase in the macroscopic hardness of the brak-
ing materials.

The impact strength of the braking material initially
increased and then decreased with the increasing con-
tent of fly-ash cenospheres. The impact strength of the
braking material containing 20% fly-ash cenospheres
reached a maximum value of 4.63 kJ/m?, while the impact
strength of the sample without fly-ash cenospheres was
3.68 kJ/m? representing a 28.76% increase compared
to the sample without fly-ash cenospheres. The fly-ash
cenospheres are small, spherical particles with high
strength and hardness. Cenospheres added to braking
materials can disperse well within the matrix. According
to the energy dissipation theory [27], the dispersed hol-
low particles can generate numerous small cracks within
the composite material and absorb a significant amount
of energy to hinder the propagation of these cracks,
thereby effectively enhancing the toughness and strength
of the composite material.

3.3 Effect of Fly-Ash Cenospheres on the Friction and Wear
Performance of Braking Materials
A series of friction and wear performance tests were
conducted on braking materials with varying levels of
fly-ash cenospheres at temperatures ranging from 100
°C to 350 °C. The results of these tests are depicted in
Figure 4. It can be observed from Figure 4(a) that the
friction coefficient of braking materials without fly-
ash cenospheres initially increases and then decreases
with rising temperature, reaching a peak of 0.60 at 150
°C. In the temperature range of 300-350 °C, the fric-
tion coefficient of the sample decreases significantly,
dropping below that at 100 °C. The inclusion of fly-ash
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Figure 4 Friction and wear properties of braking materials: (a)
Friction coefficient, (b) Heat-fade rate, (c) Wear rate

cenospheres significantly improved the friction coef-
ficient of the braking material at temperatures ranging
from 200 °C to 350 °C. Additionally, the friction coef-
ficient at 300—350 °C remained higher than that at 100
°C. When the cenosphere content reached 20%, the
friction coefficient of the sample decreased at 300—
350 °C. The addition of fly-ash cenospheres to braking
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materials has been shown to effectively increase the
material’s friction coefficient at moderate and high tem-
peratures. This is primarily attributed to the excellent
thermal stability of fly-ash cenospheres.

To compare the heat-fade resistance of fly-ash ceno-
spheres in braking materials with varying levels of con-
tent, the thermal decay rate R is defined to characterize
the heat-fade resistance of the sample’s friction coeffi-
cient. The formula is as shown in Eq. (4):

_ M300-350
H100-150

R x 100%, (4)

where 540350 is the average friction coefficient of the
sample at 300-350 °C. The average friction coefficient of
the sample at 100-150 °C is p;99.150- A higher the R value
indicates better the heat-fade resistance of the braking
materials. R < 100% indicates that the coefficient of fric-
tion of the braking materials in high temperatures (300—
350 °C) is lower than that at low temperatures (100-150
C), suggesting thermal decay of the material. R > 100%
indicates that the friction coefficient of the braking mate-
rials remains unchanged at high temperatures, dem-
onstrating excellent heat-fade resistance. The heat-fade
rate of the braking materials with varying fly-ash ceno-
spheres content is depicted in Figure 4(b). As depicted
in Figure 4(b), the incorporation of fly-ash cenospheres
in braking materials can significantly enhance their
heat-fade resistance. Braking materials containing 10%
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and 15% fly-ash cenospheres demonstrated the highest
improvement.

As depicted in Figure 4(c), the wear rate of resin-based
braking materials steadily increases with rising brake
temperature. Moreover, the rate of wear exhibits a more
pronounced increase at temperatures exceeding 250 °C.
This is primarily because organic polymer materials, such
as phenolic resin and natural fiber in resin-based brak-
ing materials, start to undergo thermal decomposition
and carbonization at temperatures exceeding 250 °C,
leading to an increase in the wear rate. The inclusion of
fly-ash cenospheres in the braking materials has minimal
effect on the wear rate of the sample at 100-200 °C, but it
increases the wear rate of the braking materials at 250—
350 °C. Compared to the specifications for the fourth
type of disc brake lining in the national standard for disc
brake linings (GB5763-2008), the wear rate of braking
materials containing fly-ash cenospheres remains at a
relatively low level, indicating excellent wear resistance.

3.4 Wear Mechanism of Fly-Ash Cenospheres Filled
Braking Materials

To further investigate the influence of fly-ash ceno-
spheres on the wear characteristics of resin-based brak-
ing materials, the wear surfaces of braking materials with
and without 10% fly-ash cenospheres were observed and
analyzed after friction and wear tests at temperatures of
100 °C, 250 °C, and 350 °C. The results are presented in

Figure 5 Wear morphology of braking materials at different temperatures: (@) 0%-100 °C, (b) 0%-250 C, (c) 0%-350 C, (d) 10%-100 °C, (e) 10%-250
C, (f) 10%-350 °C
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Figure 5. As depicted in Figure 5(a), at a braking tempera-
ture of 100 °C, the friction surface integrity of the sample
without fly-ash cenospheres exhibits good integrity, with
no visible cracks or peeling pits, and some scratches are
clearly evident on the surface. The scratching on the fric-
tion surface is primarily caused by two factors. Firstly,
during the friction process, the micro-convex bodies on
the surface of the brake disc create a ploughing action
on the surface of the braking materials under the load,
leading to scratches on the sample surface. Secondly, the
abrasive particles produced during friction contain high-
hardness fillers, and some of these particles with high
hardness are present between the contact surfaces of
the braking materials and the mating component, result-
ing in three-body abrasive wear. At present, the primary
form of wear on the braking material is abrasive wear.
As depicted in Figure 5(d), at a braking temperature of
100 °C, the brake material containing 10% fly-ash ceno-
spheres also exhibits good surface integrity. In compari-
son to Figure 5(a), a blocky friction film starts to emerge
on the surface layer of the sample. At present, the pre-
dominant form of wear on the braking material is a com-
bination of abrasive wear and adhesive wear.

As depicted in Figure 5(b), at a braking temperature
of 250 °C, a significant quantity of wear debris and some
exposed coir fiber can be observed on the friction sur-
face of the braking materials without fly-ash cenospheres.
This is because resin-based braking materials contain a
significant amount of organic components, particularly
phenolic resins, which undergo viscous flow decompo-
sition under mechanochemical action during high-tem-
perature friction. The tar-like substances formed during
decomposition decrease the friction coefficient of the
braking materials, resulting in thermal degradation [28,
29]. The thermal decomposition of certain resin layers on
the surface weakens their bonding effect on other com-
ponents, leading to the exposure of fibers, shedding of
some fillers, and the generation of a significant amount of
abrasive debris. This results in an increased in wear rate
of the sample. The primary cause of wear on the braking
material is thermal degradation of the resin. As shown
in Figure 5(f), at 250 °C, the braking materials contain-
ing 10% fly-ash cenospheres still has a relatively smooth
surface, and a more consistent and continuous friction
film is present on the sample’s surface. The friction film
forms and covers the friction surface during the friction
and wear process, becoming the primary contact area
between the braking materials and the brake disc. This
phenomenon is beneficial for the friction performance of
the braking materials [11, 30]. This is primarily attributed
to the inclusion of fly-ash cenospheres, which aid in the
formation of a friction film on the surface of the brak-
ing materials. Additionally, its excellent thermal stability
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delays the thermal decomposition of the resin to a cer-
tain extent, thereby suppressing the thermal degradation
behavior of the braking materials. The primary form of
wear for braking materials is adhesive wear.

As shown in Figure 5(c), at 350 °C, some of the resin
and coir fiber on the friction surface of the braking
materials without fly-ash cenospheres have undergone
carbonization, and some of the fibers and filler have
detached, forming large pits on the surface. The fric-
tion coefficient of the sample decreases, and the wear
rate increases, which is attributed to significant ther-
mal degradation. At this point, the wear of the braking
material is caused by the carbonization of the organic
polymer material. As depicted in Figure 5(f), the sur-
face of the braking materials containing 10% fly-ash
cenospheres remained smooth, and some friction
film could still be observed. However, the fiber com-
ponent of the sample surface began to carbonize, the
fly-ash cenospheres started to wear, and the surface
debris also began to increase. Consequently, this led to
a decrease in the friction coefficient and an increase
in the wear rate of the braking materials. The pri-
mary forms of wear of braking materials are adhesive
wear and wear caused by the carbonization of organic
polymers.

To further investigate the elemental distribution on
the wear surface of resin-based braking materials filled
with fly-ash cenospheres, the surface of braking materials
containing 10% fly-ash cenospheres was analyzed using
energy spectrum technology after a 350 °C friction and
wear test, as shown in Figure 6. The sample’s surface is
primarily composed elements such as C, O, Al, Si, Fe,
and Ba. Through analysis of the circular region on the
surface of the sample, it was determined that the main
components were Al, Si, and O. This indicates that the
area was left behind when the fly-ash cenospheres were
worn away. The friction film on the surface and some
wear debris contain Fe, which was transferred from the
brake disc to the sample surface during the braking pro-
cess. This further indicates that the friction film formed
and covering the friction surface during the friction and
wear process becomes the main contact area between the
braking materials and the counterpart. Additionally, the
friction film also contains Al, Si, and O elements, with a
composition corresponding to that of the fly-ash ceno-
spheres. This finding further confirms that the inclusion
of fly-ash cenospheres contributes to the formation of the
friction film on the surface of the braking material during
the friction and wear process.

3.5 Formula Optimization
The results of the orthogonal experiment variance analy-
sis for the orthogonal test reveal the effects of the factors
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== 5 Atom | Normalized | Atom | abs. error [%)]
number | quality [%] [%] (3 sigma)
C 6 40.09 56.09 6.33
o 8 30.93 32.49 4.87
Al 13 6.60 4.11 0.52
Si 14 2.46 1.47 0.22
Fe 26 19.05 5.73 0.75
S5 smsuasssesssseas | Ba| 36 0.88 0.1 0.11
v : : 8 ieheR 8 10 E"eléy[ket; 16 18 20 22 24 10000 10000
Figure 6 EDS analysis for wear surface of braking materials filled with fly-ash cenospheres
Table 5 Effect of the factors and their interactions on the friction coefficient
Temperature (C) 100 150 200 250 300 350
Significance AFFE AFF* AxB* B* AFFF AF*
B** B*** CA D*** B*** B**
AXBA AxB* AXCA AxB* AXB**
CA D** D*** C*
AXDA AXCA
Table 6 Effect of the factors and their interactions on the wear rate
Temperature ('C) 100 150 200 250 300 350
Significance BA AA A** A** AT A¥*
AXBA AXBA cA AXB**
AxXCA (G Dx** CA
DA DA AxCA

DA
AxDA
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Table 7 Optimum formulation of braking materials (mass, %)
Component Cenospheres Resin Fiber Al,O; BasoO, Rubber powder Granite
Content 20 15 10 15 32 5 3
Table 8 Test results of optimum formulation of braking materials
Optimum formulation Test temperature

100 C 150 C 200°C 250°C 300°C 350°C
Friction coefficient (u) 0.60 0.58 0.59 0.60 0.57 061
Wear rate (x10~ cm®N~"m™) 029 0.34 048 052 0.56 0.65

and their interactions on the friction coefficient and wear
rate, as presented in Tables 5 and 6. Among them, “***”
represents a highly significant influence, “**” represents
a significant influence, “*” represents an influence, and
A represents a minor impact.

As depicted in Table 5, it is evident that within the
low-temperature range of 100-150 °C, the effect of fly-
ash cenospheres content on the friction coefficient of the
specimen is highly significant, followed by the impact
of resin content. The friction coefficient of the braking
materials is slightly influenced by the coir fibers content,
the interaction between resin and cenospheres, and the
interaction between Al,O; and cenospheres. At 200—250
°C, the primary factor contributing to the improvement
of the friction coefficient of the sample is Al,O;. The
resin content and the interaction between the fly-ash
cenospheres and the resin have a slight influence on the
friction coefficient of the sample. However, the coir fiber
content and the interaction between fly-ash cenospheres
and coir fibers have little influence on the friction coef-
ficient of the sample. At 300-350 °C, the effect of fly-ash
cenospheres content and resin content on the friction
coefficient of the specimen is most significant. The inter-
action between resin and cenospheres significantly influ-
ences on the friction coefficient of the sample. Overall,
the primary factors influencing the friction coefficient of
the samples are cenospheres, resins, and Al,Os.

As shown in Table 6, at 100—150 °C, the resin content has
a significant effect on the wear rate of the sample, while the
other components have little impact on the wear rate of
the sample. At 200-250 °C, the resin content has the most
significant influence on the sample’s wear rate, followed
by the cenospheres content. During the high-temperature
stage (300—350 °C), the resin content has the most signifi-
cant influence on the wear rate of the sample, followed by
the cenospheres content. It is evident that the factors that

the cenospheres and resin content are the significant fac-
tors affecting the wear rate of the sample.

Aiming to enhance the high-temperature friction and
wear performance of braking materials and based on the
analysis of orthogonal experiment results, the optimized
formula for braking materials was obtained, as shown in
Table 7. The friction and wear test results are presented in
Table 8. As indicated in Table 8, within the temperature
range of 100-350 °C, the optimized formula exhibits a
friction coefficient of 0.57—-0.61 and a wear rate of (0.29—
0.65) x10™7 cm®N~tm™1, indicating excellent heat-fade
resistance and stability of the friction coefficient.

4 Conclusions

(1) The addition of fly-ash cenospheres to the brak-
ing materials enhances the thermal stability of the
composite material at medium and high tempera-
tures. The density of the composite material ini-
tially decreases and then increases as the content of
fly-ash cenospheres increases, while the hardness
increases with the increase of fly-ash cenospheres.
The impact strength initially increases and then
decreases with the increase of fly-ash cenospheres.

(2) The inclusion of fly-ash cenospheres in braking
materials can substantially enhance the friction
coefficient at moderate and high temperatures
(200-350 °C), effectively improving the heat-fade
resistance of the braking materials.

(3) The main type of wear for braking materials with-
out fly-ash cenospheres is abrasive wear at low and
medium temperatures. At elevated temperatures,
the primary cause of wear is thermal degradation
and carbonization of the resin. The incorporation of
fly-ash cenospheres improves the formation of sur-
face friction films during the friction and wear pro-
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cess of braking materials, promoting the transition
from abrasive wear to adhesive wear.

(4) The optimal formulation of the resin-based brak-
ing material filled with fly-ash cenospheres is as fol-
lows: 20% cenospheres, 15% resin, 10% Coir fiber,
15% Al,Oj, 32% BaSO,, 5% rubber powder, and 3%
graphite. At 100-350 °C, the friction coefficient of
the optimal formulation ranges from 0.57 to 0.61,
and the wear rate ranges from 0.29x1077 to 0.65
%1077 ¢cm®N~!.m™!, demonstrating excellent resist-
ance to heat-fade and stability in friction coefficient.
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