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Al,O5 fiber was introduced into copper-based brake pads in order to improve the braking performance under
high speed and heavy load. Two fabricated samples containing Al,O; fiber and no fiber additive were tested on a
reduced-scale dynamometer using a special designed braking testing procedure. The results indicated Al,O; fiber
additive mainly contributes to promote the increase of friction coefficient at relative low braking speeds and
pressures and helps to stabilize the friction coefficient at high braking speed and heavy load. The addition of

Al,O5 fiber can also greatly reduce the wear loss of brake pads. Moreover, the sample with Al,O5 fiber exhibits
the lower maximum temperature during braking. Further, the relationship between braking properties and tribo-

film is clearly revealed.

1. Introduction

High running speed and large carrying capacity is one of the goals of
rail trains. In InnoTrans 2018, new high-speed railway concept trains
have been proposed, which can achieve the free marshalling of 2-16
carriages and run at the maximum speed of 500 km/h [1]. This is a
huge test for the train's braking system, because when the train ex-
periences an emergency braking, it relies on the friction resistance,
which is developed by the contact of copper-based brake pad and brake
disc, to stop the train in a safe distance [2-4]. Generally, the copper-
based brake pad applied in a high-speed railway train is composed of
copper matrix, friction components and lubricants [5,6]. The much
important characteristic during emergency braking is the dissipation of
thermal energy through the brake pads and disc. Rodrigues et al. [7]
specifically pointed out that copper softens at high temperature on the
friction surface and thus acts as solid lubricant component, which is the
main reason for the decline of the friction coefficient. Su et al. [8] also
thought that the smooth and compacted exogenous copper third bodies
play a solid lubrication role resulting in the reduction in friction coef-
ficient under higher speed. Therefore, enhancing the strength of the
copper matrix is one of the most important ways to maintain the ele-
vated-temperature braking properties. In previous studies, ceramic
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particles were most commonly used to enhance the braking perfor-
mance of the copper-based brake pad. The addition of SiO,, ZrO, and
Al,O3 particles in composites can remarkably improve the friction and
wear properties due to the reinforcement from those particles [6,9,10].

Except for granular ceramics, the fiber additive also facilitates the
formation of contact plateaus and reduces the wear loss at higher
temperature [11-14]. In the early study, Bijwe [11] found that fibers
are responsible for enhancing the structural integrity of the friction
composites due to their reinforcing nature. Inorganic fibers were re-
ported to impart stable coefficient, excellent fade and wear resistance
along with good mechanical strength [12-14]. For example, lapinus
fiber can promote the fade resistance [12], and Satapathy et al. [13]
also found that lapinus and basalt can improve the fade, recovery and
wear characteristics. Al,O5 fiber is a kind of the reinforcing component
which has advantages of both ceramic particle and fiber. Kang et al.
[15] revealed that under asymmetrical cyclic stressing, the part of the
load shared by the matrix is gradually transferred to the Al,O3 fiber
with the increase of cyclic number, and the reinforcing role of the Al,O3
fiber to the matrix is strengthened. Besides, the aligned short Al,O3
fiber improves the resistance of the composite to ratchetting and stress
relaxation under cyclic stressing and straining. Wang et al. [16]
founded that hybrid metal matrix composites (MMC) with Al,O5 fiber
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and Al,O3 particle shows the better wear resistance in comparison with
the same amount of Al,O5 particle reinforced MMC due to the 3-D
distribution of fibers in hybrid-MMC which protects Al,O3 particles
from dropping-off. Moreover, Wang et al. [17] further pointed out that
the wear resistance and the lubricant film of unhybrid-MMC with 20%
Al,O3 fiber are both better than that with hybrid Al,O3 fiber and SiC
particle.

As mentioned above, most of the results were drawn from the or-
ganic brake pad and the effect of Al,O3 fiber on braking performance of
copper-based brake pads has never been reported. This work introduced
Al,O3 fiber into copper-based brake pads in order to achieve better
braking performance, and the main concern was on the variation of
friction coefficient, wear loss, temperature and tribo-film caused by the
addition of Al,O3 fiber. Moreover, a reduced-scale braking tester was
used with a special designed experimental procedure, which comes
from the simplification of the technical condition for the brake pads
applied in high-speed railways trains (TJ/CL 307-2014) [18]. Those
works are effective to promote the design, preparation and testing of
high-performance copper-based brake pad.

2. Experimental
2.1. Materials

The samples used in this paper are composed of substrate compo-
sition and Al,Os fiber additive, as shown in Table 1. The substrate
composition is the mixture which mainly consists of matrix (electrolytic
Cu, 99.5% purity, 48-75 pm), friction components (high-carbon CrFe,
95% purity, < 74 pm; water-atomised Fe, 99% purity, < 74 pum) and
lubricant (graphite powder, 95% purity, 270-400 um; MoS, powder,
99% purity, < 18 um). All commercial powders are supplied by Beijing
Xing Rong Yuan Technology Co., Ltd. When Al,O;3 fiber additive was
added, the content of copper powder was reduced accordingly. All
percentages are weight percentage. Because excessive fiber additive in
the matrix can aggravate the aggregation of fiber and seriously divide
the matrix, we only added 3% Al,Os; fiber additive to the copper-based
brake pads (AF). The morphology of Al,Os fiber is shown in Fig. 1(a).
Al,O3 fibers are between 5 and 10 um in diameter and between 50 and
100 um in length. Besides, in order to reveal the effect of adding Al,03
fiber, the sample without Al,O3 fiber (OF, the ingredients are shown in
Table 1) was prepared. The preparation process was consistent with
that of AF. The powders were blended in a V-shaped mixer for 8 h and
cold-pressed at 400 MPa in steel die, then sintered with the steel
backing at 950 °C for 2h in H, atmosphere under a pressure of 3 MPa.

2.2. Experimental methods

The braking tests were conducted on a reduced-scale braking tester
(TM-1, Xi'an Shuntong Institute of Mechanical and Electrical Applied
Technology, China). The special morphologies and functions have been
reported in the literature [19]. Fig. 1(b) shows the fabricated samples.
The friction area of the sample is 1560 mm?. The four samples were
mounted on two fixtures (Fig. 1(c)), respectively, and then installed
symmetrically on the both sides of the brake disc (Fig. 1(d)). The
mating material was alloy steel (30CrSiMoVA), and the chemical
composition is shown in Table 2. The hardness of the disc was in the
range of 38-44 HRC. The diameter of brake disc is 400 mm and the
thickness of brake disc is 20 mm. The average friction radius is 155 mm.

Table 1
Compositions of copper-based brake pads (wt. %).
Copper CrFe MoS2 Fe Graphite Additive Others
AF 53 8 2 18 10 3% Al,O3 fiber 6
OF 56 8 2 18 10 - 6
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Fig. 1. (a) Image of Al,O; fiber, (b) fabricated samples, (c) testing samples and
(d) pad-on-disk configuration.

Before performing the braking test, the surfaces of the brake pad and
mating material were polished with 400-grit and 800-grit sandpaper. A
micrometer was used to measure different positions of the brake pad
and the mating disc separately to ensure that the two surfaces were
smooth enough to produce a good fit. A thermocouple was located in
the hole about 6 mm beneath the contact surface of brake pad. The
experiment started with a moment of inertia of 44 kg'm? corresponding
to 5.7 tons of mass to be stopped per disk in the real train. The inertia
was calculated in proportion from the inertia of the actual train. The
proportion is related to friction area and radius in the experiment and
that in the actual train.

Moreover, the braking experiments were conducted through four
different stages (I - IV) in turn, as shown in Fig. 2. The first stage (I) was
carried out at low pressure and braking speeds, and pressure increases
from stage I to IIl. Under each braking pressure, the braking speed in-
creases from low to high. The fourth stage (IV) was designed to verify
the braking performance of brake pads after experiencing a series of
emergency braking (generally speaking, the braking speed and pressure
of high-speed railway train in the case of non-emergency braking is the
condition presented by fourth stage). After each experiment, when the
temperature exceeds the temperature set by the experiment program,
the experiment would not start and the air-cooling system would be
turned on automatically until the temperature measured by the ther-
mocouple is lower than the temperature set by the program. This en-
sures that the starting temperature of each experiment is consistent. In
this experiment, the room temperature was 25 °C and the program set a
starting temperature of 60 °C. Thus, except that the first experiment
started at 25 °C, all the other experiments started when the air-cooling
system made the temperature detected by thermocouple lower than
60 °C. After the whole test, the wear loss was tested by an analytical
balance with an accuracy of 0.01 g. According to the manufacturer's
instructions, the relevant errors in the experiment are as follows: The
error of test speed is = 10 r/min; The error of test pressure is = 1%,
The error of moment of inertia is lower than 0.001 kg'm%; The error of
test temperature is + 2 °C; The relative error of test accuracy is + 1%j;
The error of test repeatability is = 1%.

2.3. Characterization

Density was measured via Archimedes' principle. The Brinell hard-
ness of the brake pad was tested on the HB-3000 hardness tester under a
load of 250 kgf and time of 15s. The shear tests were conducted on
mechanical testing machine (ESIDA-L-2000) in order to measure the
bending behavior of composites in the friction directions. The mor-
phology of the powders and microstructure of the tested friction ma-
terials were observed on a scanning electron microscopy (SEM, JSM-
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Table 2
Chemical composition of 30CrSiMoVA (wt. %).
Element C Si Mn P S Cr Mo \ Fe
wt. % 0.27-0.33 0.45-0.65 0.55-0.75 <0.025 <0.025 1.00-1.50 0.40-0.60 0.20-0.30 Balance

Fig. 2. The special designed experimental procedures on TM-1.

6510A) equipped with energy dispersive X-ray spectroscopy (EDS). The
3D morphology and roughness analysis were performed on a Laser
Scanning Microscope (OLS4500).

3. Results and discussion
3.1. Microstructure and physical properties

Fig. 3 exhibits the backscattered electron (BSE) images of sintered
samples. Fig. 3(a) shows obvious existence of Al,Os fibers in the
sample. The microstructure of OF in Fig. 3(b) is similar to that of AF
except for the existence of Al,O3 fibers. Table 3 shows the partial
properties of brake pads. AF shows higher porosity. When adding the
Al,O; fiber in copper-based brake pad, they can create more interface
and cause the discontinuous matrix structure. The orders of Brinell
hardness and shear strength are as follow:

Brinell hardness: AF < OF; Shear strength: AF < OF.

OF exhibits the higher Brinell hardness and shear strength due to the
lower porosity. Interestingly, although the fiber is effective to improve
the mechanical properties [20], the porosity seems to be the decisive
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factor for Brinell hardness and shear strength that lower porosity can
induce higher mechanical strength. However, the mechanical proper-
ties of AF are not actually lower. From the literature [19], the porosity,
Brinell hardness and shear strength of commercial copper-based brake
pads are 21.1%, 13.5 HB and 11 MPa, respectively. Besides, for the
copper-based brake pads used in high-speed railway train fabricated by
Xiao et al. [6], the density, Brinell hardness and shear strength of
commercial copper-based brake pads are 4.8 g/cm?, 15 HB and 16 MPa,
respectively. The porosity of AF is slightly lower, also the shear strength
and Brinell strength of AF are both higher than that of reported brake
pad [6,19]. From the technical condition of TJ/CL 307-2014 [18], the
required Brinell hardness should be within the range of 10-30 HB and
the shear strength should be greater than 6 MPa. The mechanical
properties of AF meet those conditions very well.

3.2. Friction and wear behavior

In order to reveal the effects of braking speed and pressure on brake
performance, instantaneous friction coefficient (y;) and temperature
(T;) of AF at different braking speeds and pressures are shown in Figs. 4
and 5. Fig. 4 shows the effects of braking pressure at different braking
speeds. When the braking speed is 200 km/h, Fig. 4(a), during the first
20s of braking, y; is similar with each other at three different pressures,
then the y; is lower at higher braking pressure. The higher braking
pressure also results in the shorter braking time. The decreased ; at
higher applied pressure was also observed by Gultekin [21] and Uyyuru
[22]. This originates from the flatter friction surface at higher braking
pressure. However, during the last period of braking, the p; increases
sharply, which was commonly called anti-fade. The variation of T; at
different pressure is shown in Fig. 4(b). At the braking pressure of
0.21 MPa, 0.41 MPa and 0.57 MPa, the maximum T; is about 120 °C,
125°C and 130 °C, respectively. The influence of braking pressure on
the maximum T; is limited, while the increasing rate of T; increases
obviously with increase of pressure by comparing the slope of the T;-
time curve. Further, the influence rule of pressure on ; and T; is similar
at 200 km/h, 300 km/h and 380 km/h, respectively. Compared with
Fig. 4(a),(c) and (e), as the braking pressure increases, the braking
duration is shorter and the friction coefficient is lower. Compared with
Fig. 4(b),(d) and (f), the maximum T; is slightly higher at the same
braking speed and higher braking pressures, and the increasing rate of
T; dramatically increases with the increase of brake pressure.

Fig. 5 aims to reveal the effect of braking speed at different braking
pressures. At the lowest pressure (0.21 MPa) in Fig. 5(a), the y; is low in
the initial stage at the braking speed of 120 km/h. In the initial stage of
braking, there is more graphite exposed to the friction surface, which
can provide better lubrication. As the braking continuous, the y; in-
creases gradually to the maximum as the rotational speed of brake disc
decreases. When the friction surface is covered by a tribo-film, the lu-
brication is weaker than graphite. The lower rotational speed means
lower shear strength, inducing higher friction resistance from the as-
perities, which is also the reason why the ; continuous to rise. As the
braking speed increases to 200 km/h, the fluctuation of y; is similar to
that at 120 km/h except for the longer braking time and slightly higher
;. However, ; is the lowest when the braking speed reaches to 220 km/
h. In Fig. 5(b), the sample tested at higher braking speed shows sig-
nificantly higher maximum T; and the increasing rate of T; also in-
creases with the increase of braking speed. When the pressure is
0.41 MPa in Fig. 5(c), the fluctuation of ; at 120 km/h and 200 km/h is
similar to that at 0.21 MPa in Fig. 5(a). When the braking speed is
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Fig. 3. BSE images of AF (a) and OF (b).

Table 3
Partial properties of brake pads.

Samples  Density (g/cm®)  Porosity (%) Hardness (HB) Shear strength
(MPa)

AF 5.00 = 0.07 195 £ 1.1 227 = 21 37.18 = 1.2

OF 5.26 = 0.09 169 + 1.4 273 = 1.7 47.81 = 1.1

300 km/h and 380 km/h, a platform stage appears in the y; - braking
time curve after experiencing a gradual increase. Contrast to that at the
lower braking speed, the higher braking speed can cause more serious
damage to the friction surface and make the friction surface flatter,
which induces the reduction of friction resistance. Thus, as the rota-
tional speed of the brake disc decreases, the friction resistance increases
to a maximum, inducing the stable y; at the platform stage until the end
of the braking. At higher braking speed, the enhanced oxidation on
friction surface also contributes to the appearance of platform stage of
y. The p; increases as the braking speed increases from 120 km/h to
300 km/h and then decreases when the braking speed is 380 km/h. The
slightly lower p; at 380 km/h than that at 300 km/h also indicates a
more rapid material flow on the friction surface. Fig. 5(d) shows that
higher braking speed means more transformation of thermal energy.
Hence, the brake pads show the higher temperature. The influence rules
of braking speed on ; and T; at 0.57 MPa in Fig. 5(e) and (f) are similar
with that at 0.41 MPa. Summarizing Figs. 4 and 5, we can get the fol-
lowing conclusions:

@ For the factor of pressure, ; decreases as the braking pressure in-
creases. According to the friction binomial theorem [31], y; is pro-
portional to the real contact area. Although the higher pressure can
induce the higher p; because of larger contact area, the flatter fric-
tion surface plays the leading role to reduce the p;. During the whole
braking process, the increased pressure not only slightly increases
the maximum T; pressure, but also significantly accelerates the in-
creasing rate of T;. This is consistent with the previous description
that the temperature is also high at high loads during pin on disc test
[19,29]. However, the difference in maximum T; in Fig. 4(b),(d) and
(f) is about 10°C, 20°C and 10 °C, respectively. This means that
increase of maximum T; caused by higher pressure is limited.

@ For the factor of braking speed, in a certain range of braking speed,
y; increases with the increase of braking speed, and when it exceeds
this range, ; decreases. While the increased braking speed not only
increases the maximum T;, but also increases the increasing rate of
T;. This indicates that the increase of maximum Ti of brake pad
mainly depends on the braking speed. As long as the braking speed
is constant, the influence of braking time and braking pressure on
maximum temperature is limited.

The y; and T; of AF and OF at low braking speed (160 km/h) and
different pressures are shown in Fig. 6. The variation of y; and T; at
0.21 MPa is shown in Fig. 6(a) and (b). From Fig. 6(a), y; of AF and OF
has the similar fluctuation and value for the first 50 s. However, during
the final stage of braking, the rise of ; of AF is significantly higher than
that of OF, which indicates that the friction surface of AF can provide
greater friction resistance to the conterface. From Fig. 6(b), the T; of OF
is slightly higher than that of AF, but the difference of T; between AF
and OF is small. When the pressure is 0.41 MPa, form Fig. 6(c) and (d),
the fluctuation of ; and T; of AF and OF is similar to that at 0.21 MPa,
but the y; is slightly lower, which is consistent with the description
about the influence rules of pressure. As the pressure increases to
0.57 MPa, |; of AF is obviously lower than that of OF during the whole
braking process. This means that AF is more sensitive to the pressure
when the pressure exceeds a certain value. Overall, |; of AF and OF
ranges from 0.35 to 0.6 at three different pressures. Except for the last
few seconds of braking time, the range of | is the ideal range for a
braking system (0.35-0.5) [7]. Through the studies of Ilo et al. [23] and
So et al. [24], the ; is at the range of 0.4-0.6 when the friction occurs
between iron oxides and the p; decreases with the addition of graphite
[25]. Further, Rodrigues [7] also pointed out that pure Fe;0,4 between
contact surface provides p; in the range of 0.4-0.45 and the binary Cu-
magnetite mixtures tested at room temperature promote higher
(0.47-0.71). From those we can roughly analyze the variation of
composition of tribo-film on the friction surface at 160 km/h. At the
beginning of the braking, although there is large friction resistance
from copper and hard particles on the friction surface, the amount of
graphite exposed to the surface is high, which induces the lower ;
(0.35). As the braking continuous, the graphite is covered by a gradu-
ally formed tribo-oxide film and the abrasive particles re-extruded on
the friction surface, which promote the increase of ;. In addition, some
broken graphite is still present in the friction film, which leads to a
lower ; (0.35-0.6) than mentioned when using the binary Cu-magne-
tite mixtures (0.47-0.71) [7]. From Fig. 5(b),(d) and (f), the T; of OF is
slightly higher than that of AF at 0.21 MPa and 0.41 MPa, but the dif-
ference of T; is not significant.

The y; and T; of AF and OF at high braking speed (350 km/h) and
different pressures are shown in Fig. 7. Fig. 7(a) and (b) exhibit the
variations of ; and T; under severe braking conditions (0.41 MPa,
350 km/h). In Fig. 7(a), during the braking period of 0-50s, y; of OF
increases, and then decreases rapidly until the end of braking proce-
dure. For AF, ; also goes up in the braking time of 0-50s, and then
stays more stable in the braking time of 50-70s than that of OF. The
occurrence of platform stage is related to the stabilization of the ma-
terial on the friction surface, which attributes to the contribution of
fiber additive. In Fig. 7(b), the maximum T; of AF is about 30 °C lower
than that of OF, suggesting that AF has better applicability for braking
at high speed than OF. As the pressure increases to 0.57 MPa, the var-
iation of y; and T; shown in Fig. 7(c) and (d) is similar to that at
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Fig. 4. Instantaneous friction coefficient (ui) and temperature (Ti) of AF at different braking speeds and pressures during an emergency braking: (a, b) 200 km/h,
0.21 MPa-0.57 MPa; (c, d) 300 km/h, 0.41 MPa-0.57 MPa; (e, f) 380 km/h, 0.41 MPa-0.57 MPa.

0.41 MPa.

Fig. 8 shows the mean friction coefficient (y,,) at different braking
speeds and pressures, corresponding to the testing process shown in
Fig. 2. At the first stage (I) (0.21 MPa, 120 km/h - 220 km/h), the p,
increases when the braking speed increases from 120 km/h to 200 km/h
and then decreases once the braking speed reaches 220 km/h. Besides,
U of AF is higher than that of OF. As the braking pressure increases to
0.41 MPa at the second stage (II), Uy, of OF and AF increases gradually as
the increase of braking speed. The contact plateaus formed by com-
paction of wear debris and tribo-oxide film start breaking down and
then act as hard particles under the interfacial contact to hinder the
rotation of the brake disc, which induces the increase of p,, [26,27].
Meanwhile, 1, of AF is also higher than that of OF when the braking
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speed is less than 300 km/h. At the first stage (I) and second stage (II),
Um ranges from 0.35 to 0.55, while at third stage (III), the pressure
increases to 0.57 MPa and the range of p,, is small (0.35-0.48) and the
increasing rate of i, is slow before 300 km/h. Once the braking speed
exceeds 300 km/h, y,,, maintains relative stable. After testing stages (I) -
(II1), the p,, of two samples in the fourth stage (IV) is obvious lower
than that at the second stage (II) under the same braking conditions.
This is due to flatter friction surface resulting from the repeated ex-
trusion and deformation. Nevertheless, even after a series of emergency
braking, y,, at the fourth stage (IV) is in the range of 0.35-0.36, which
is suitable for the high-speed railway train [18]. Overall, AF shows
slightly higher p,, at the first stage and the second stage, while p,, of
two samples are similar at the third stage (III) and the fourth stage (IV).
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Fig. 5. Instantaneous friction coefficient (ui) and temperature (Ti) of AF at different braking speed and pressures during an emergency braking: (a, b) 0.21 MPa,
120 km/h - 380 km/h; (c, d) 0.41 MPa, 120 km/h — 380 km/h; (e, f) 0.57 MPa, 120 km/h - 380 km/h.

This is attributed to the fact that Al,Os fiber can contribute to the
surface roughness at lower pressure and braking speed and the flatter
friction surface at higher braking speed and pressure can eliminate this
effect from Al,Os fiber. Table 4 shows the wear loss of AF and OF at the
end of testing. It is significant that the addition of Al,O3 fiber additive
can greatly reduce the wear loss. For AF, wear loss decreased by 45%
compared with the sample without fiber additives.

Since the stability of Wy, is significant for steady braking operation
and low vibration, it is evaluated by a term of friction stability (FS) in
Fig. 9 [15]:

FS = Hmean
(€Y

“max
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where ,,,,, is the mean friction coefficient and p,,,, is the maximum
friction coefficient. The higher FS means a stable braking performance
in friction coefficient. At the first stage (I), as the braking speed in-
creases, FS of AF increases from 0.7 to 0.78 while FS of OF is in the
range of 0.72-0.8. At 220 km/h, FS of AF is suddenly higher than that of
OF. As the braking pressure is increased at the second stage (II), OF
shows the higher FS (0.8-0.9) when the braking speed is less than
300 km/h. AF shows the low FS, which initially decreases at first and
then increases as the braking speed increases. When the braking speed
exceeds 300km/h, FS of OF decreases from 0.9 to 0.82 while AF
maintain the stable FS (0.82-0.83). At the third stage (III) with the
highest pressure (0.57 MPa), the fluctuation of FS is similar to that at
the second stage (II): when the braking speed is less than 300 km/h, the
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Fig. 6. Instantaneous friction coefficient (;) and temperature (T;) of AF and OF at 160 km/h and different pressures during an emergency braking: (a, b) 0.21 MPa,

160 km/h; (c, d) 0.41 MPa, 160 km/h; (e, ) 0.57 MPa, 160 km/h.

stability rating of the composites is: OF > AF; as the operating condi-
tions of speed become more severe (> 300 km/h), the FS of OF de-
creases rapidly, while FS of AF also maintains about 0.84. At the fourth
stage (IV), FS of OF exhibits an obvious decline (from 0.86 to 0.68) and
it is lower than that at the second stage (II) (0.8). However, for AF, FS at
the fourth stage is similar to that at the second stage. Overall, when the
braking speed is less than 300 km/h, the OF shows higher FS and once
the braking speed exceeds 300 km/h, AF exhibits more stable ,, under
the more severe operating conditions (overload and higher braking
speed).

3.3. Worn surface

The worn surface morphology of AF and OF at the end of testing was
investigated by backscattered electron image (BSE image), as shown in
Fig. 10. Fig. 10(a) shows the worn surface of AF. The friction surface is
mainly composed of graphite and discontinuous tribo-film. Fig. 10(b)
exhibits the worn surface of OF, showing a smoother tribo-film and
graphite still exist simultaneously on the friction surface. However,
compared with AF, the area covered by the tribo-film is larger. The
rapid transferring of material to the friction surface would reduce the
friction stability, which is consistent with the variation of FS of OF at
higher braking speed and overload in Fig. 9. Less graphite is exposed on
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Fig. 7. Instantaneous friction coefficient (i) and temperature (Ti) of AF and OF at 350 km/h and different pressures during an emergency braking: (a, b) 0.41 MPa,
350 km/h and (c, d) 0.57 MPa, 350 km/h.

Fig. 8. Mean friction coefficient of AF and OF at different braking stages.

Table 4
Wear loss of AF and OF.
Samples AF OF
Wear loss (g) 8.1 = 0.03 14.9 = 0.02

the friction surface which also contributes to the unstable friction
coefficient and the higher maximum T;. In order to observe the char-
acteristic of the worn surface in detail, two different area on the worn
surface of AF (Al and A2) and OF (Bl and B2) are magnified in
Fig. 10(c)-(f), respectively. From the magnified image of Al in
Fig. 10(c), although the friction surface of AF is not flat, the wear debris
are fully compacted on the friction surface. No ploughing is observed on
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Fig. 9. Friction stability of AF and OF at different braking stages.

Fig. 10. BSE images of worn surface after the whole test: (a) AF; (b) OF; (c, e) corresponding magnified images of area Al and A2 in (a), respectively; (d, f)

corresponding magnified images of area B1 and B2 in (b), respectively.

the friction surface, indicating that abrasive wear is not the main wear
mechanism. Form the magnified image of B1 in Fig. 10(d), loose wear
debris stores in the peeling pit. This also suggests the rapid transfer of
material on the friction surface. The existence of spherical wear debris
(red arrow) relates to the melting and solidification process, indicating
the high flash temperature on friction surface. Form the magnified

image of A2 in Fig. 10(e), Al,O3 fibers are observed in the tribo-film and
there is a lot of wear debris around the fibers. The Al,O5 fiber acts as
the primary plateaus and hinders the movement of wear debris, which
reduce the wear loss. The magnified image of B2 in Fig. 10(f) exhibits
the obvious existence of peeling of tribo-film. This results from the
adhesion between the brake pad and counterface. Moreover, cyclic
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Fig. 11. Cross section of worn surface of AF and OF.

Fig. 12. Analysis of the worn surface covered by tribo-film and corresponding 3D morphology and roughness by laser scanning confocal microscope: (a, b) AF; (c, d)

OF.

fatigue stress under high pressure can also accelerate peeling behavior.
Peeling of large areas can increase wear loss and accelerate the flow of
material.

Fig. 11 shows the cross section of worn surface of AF and OF. From
Fig. 11(a), Al,O5 fibers exist in both the friction surface and the sub-
strate. The Al,Os; fiber in the friction surface impedes the movement of
softened surface material and promotes the formation of secondary
plateaus, while Al,O3 fiber in the substrate also bear the load and
strengthen the substrate. From Fig. 11(b), the tribo-film on the friction
surface is thicker and deformable severely.

For revealing the variation of surface height intuitively, a laser
scanning confocal microscope was used to analyze the worn surface
covered by the tribo-film, as shown in Fig. 12. In Fig. 12(a), the bright
parts represent the discontinuous tribo-film covering the friction sur-
face. In contrast with the black area, the tribo-film shows higher

heights. From the 3D morphology in Fig. 12(b), except for a few deep
peeling pits, the difference in height between the bright and black areas
is about 24 um (from 150 um to 126 pm). Some unusual high areas exist
on the worn surface, and the height is about 22 ym (from 172 pm to
150 um). Those areas are attributed to “elastic highlands”, which are
expected to not contribute significantly to the friction force [28]. From
Fig. 12(c), the bright regions are larger than that of AF. The peeling of
the tribo-film is also shown in this Fig. 3D morphology in Fig. 12(d)
shows a deep furrow with the depth of 22 um (from 90 um to 68 um) on
the worn surface. Compared with the roughness analysis in Fig. 12(b)
and (d), the tribo-film of OF is smoother than that of AF.

Fig. 13 shows variation of surface height of the worn surface with no
tribo-film. For AF in Fig. 13(a), there are many high platforms (marked
by the red dash line). The size of the platforms is larger than 100 pm.
From the corresponding 3D morphology in Fig. 13(b), the platforms are
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Fig. 13. Analysis of the worn surface with no tribo-film and corresponding 3D morphology and roughness by laser scanning confocal microscope: (a, b) AF; (c, d) OF.

Fig. 14. Statistical analysis of the size distribution of the secondary plateaus on the worn surface: (a, b) AF, (c, d) OF.
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pretty evident represented by the red regions. The height of the plat-
form is about 27 ym (from 85 pm to 58 pm). For OF in Fig. 13(c), there
are some less obvious platforms (marked by the red dash line) in the
areas without tribo-film. Further, these platforms are much smaller in
size than that shown in Fig. 13(a). From the 3D morphology in
Fig. 13(d), a big yellow area covers this area. The difference of height of
the platform is only about 7 pum (from 35 um to 28 um), which is far less
than that in Fig. 13(b). It is this small difference in height that makes
the insignificant color difference in the 3D morphological image.

In order to reveal the difference of secondary plateaus clearly, we
analyzed the size distribution of the secondary plateaus on the worn
surface of AF and OF, as shown in Fig. 14. By adjusting the contrast, the
brighter regions of the image, which represents the higher surface area,
are extracted using software, and the images of the processed examples
are shown in Fig. 14(a) and (c). Fig. 14(b) and (d) are the statistical
analysis of area distribution of the single bright region through five
different region images similar to Fig. 14(a) and (c), respectively. For
AF in Fig. 14(b), the size distribution of the secondary plateaus is low in
the range of less than 400 um?, and the accumulated fraction is only
about 30%. Most of the size of the secondary plateaus distributes in the
range more than 400 um?, especially when the size exceeds 1000 um?,
and the percentage is up to 30%. However, for OF in Fig. 14(d), the size
of secondary plateaus is mainly less than 200 um?, and the accumula-
tion fraction exceeds 90%. This indicates that the size of secondary
plateaus of OF is much smaller than that of AF.

Summarizing the characteristics of the worn surface from
Figs. 10-13, we can speculate on the role of Al,O5 fiber in the friction
process. For Al,O3 fibers exposed to the friction surfaces, the movement
of wear debris and softened material is impeded by Al,O5 fiber, which
promotes the formation of secondary plateaus and contributes to the
stable friction coefficient at high braking speed and pressure. The
slower flow of material and lower release of wear debris on the friction
surface also greatly reduce the wear loss. In addition, Al,Os fiber acts as
a friction component, inducing the high friction coefficient. The Al,O3
fibers existing in the substrate can resist the deformation of the worn
surface and prevent damage from the secondary plateaus. According to
Noh and Jang [30], the correlation between static friction and total
contact area was poor, and the static friction coefficient is high when
there are high secondary plateaus on the worn surface. This can explain
well that the AF shows the rapid increase of friction coefficient at the
end of each braking. For the sample with no fiber (OF), the tribo-film is
weak due to a lack of the strengthening phase. Under lower braking
speed (< 300 km/h), the tribo-film is easier to form on the friction
surface, inducing the high FS. When the braking speed exceeds 300 km/
h, the weak tribo-film of OF peels off easily, which causes the higher
wear loss. The material on the friction surface flows easily and form a
thick tribo-film. Under cyclic shear stress, the weak tribo-film can de-
form violently, which is also the reason that OF shows the fade and
fluctuated friction coefficient at high braking speed and pressure.

4. Conclusions

Copper-based brake pads were fabricated by utilizing Al,O3 fiber
additives and tested from mild braking conditions to severe braking
conditions. From the detailed investigation of the variation of friction
coefficient, wear loss, temperature and tribo-film caused by the addi-
tion of Al203 fiber, it is found that:

(1) The new test procedures can distinguish the braking performance of
different samples under different test conditions. For the same
sample, the maximum temperature of brake pads mainly depends
on the braking speed. Once the braking speed is constant, braking
pressure shows only a slightly influence. However, the increasing
rate of temperature can be accelerated by the increased braking
speed and pressure. For the different samples, the sample with
Al,O3 fiber additive exhibits the lower maximum temperature
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during braking than that with no fiber additives. Especially at
higher braking speed, the decline of temperature is up to 30 °C,
which is about 14% of maximum.

(2) Compared to the sample with no fiber additive, at lower braking
speed and pressure, the sample with Al,O; fiber exhibits higher pi,.
Al,Os; fiber acts as a friction component between the contact surface
of the brake pad and disc and improves the surface roughness.

(3) At higher braking speed and overload, the flatter friction surface
can eliminate the effect of surface roughness from Al,O; fiber.
However, the Al,O5 fiber additives can still improve the stability of
um effectively. Al,Oj3 fiber exists in the tribo-film and acts as the
primary plateaus, and then promotes the formation of high-strength
secondary plateaus by hindering the rapid transferring of surface
material. The Al,O3 fibers existing in the substrate can also resist
the deformation of the worn surface and prevent damage from the
secondary plateaus. Those are also the reasons that wear loss of AF
greatly decreased by 45% compared with the sample with no fiber
additives.
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