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Abstract

With the opening of complex service routes, the importance of the service performance
of brake pads under long slope braking conditions is increasing. It is necessary to ana-
lyze the slope braking adaptability of current brake pad products. This work takes the
copper-based powder metallurgy brake pads of a certain in-service high-speed train as the
research object and conducts friction and wear behavior tests of the brake pads based on
a full-scale brake test bench. Through microscopic observation and damage analysis, the
differences in friction and wear behavior of the brake pads under stop braking and slope
braking conditions are compared, revealing the wear mechanism and damage evolution
characteristics of the brake pads. The results show that under the impact of high speed,
high braking force, and severe thermal load in the stop braking conditions, the uneven wear
of brake pads is high, and the eccentric wear of friction blocks is affected by both the friction
radius and friction direction. The friction surface has a large number and size of damages,
and the stability of the friction interface is poor. The brake pad exhibits a composite wear
mechanism dominated by abrasive wear and brittle fracture induced exfoliation. In the
slope braking condition, under the action of low speed, low braking force, and long-term
stable thermal load, the uneven wear of the brake pads is relatively low, the surface damage
size is small, and the friction block only has eccentric wear along the friction direction. The
brake pad mainly initiates cracks along the interface of the components, which propagate
parallel to the friction surface, exhibiting a progressive delamination and flaking exfolia-
tion mechanism with a low wear rate. Although the friction interface of the brake pad is
relatively stable under slope braking conditions, the cumulative delamination wear of the
brake pads under long-term braking action needs further attention.

Keywords: copper-based powder metallurgy brake pads; full-scale brake bench test; slope
braking; friction and wear; high-speed trains

1. Introduction

The service performance of brake pads is crucial for the safety of train operation [1-3].
With the rapid development of high-speed railway technology, the running speed of trains
is getting higher and higher, reaching up to 380 km/h [4,5]. Whether safe parking can be
achieved at high speeds is a key indicator that restricts the development of high-speed
trains [6]. Generally speaking, stop braking aims to consume the train’s kinetic energy
in the shortest possible time and distance, including common braking and emergency
braking [7,8]. Stop brakes typically have high braking force and high initial braking
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speed, and complete intense heat input in a short period of time, resulting in significant
temperature gradients and high thermal stresses at the friction interface between the brake
disk and brake pads [9,10], causing the brake pads to experience severe frictional wear in a
short period of time [11].

However, with the opening of complex railway lines, braking systems need to face
more diverse operating conditions [12], such as mountainous railway lines with long slopes.
Slope braking aims to control speed, and compared to stop braking, slope braking is usually
implemented at lower speeds and lower braking forces, but the braking time can reach
several tens of minutes [13]. Under such long-term continuous braking conditions, the
frictional heat and temperature of the friction pair continuously accumulate, resulting in
the continuous evolution of the interface friction coefficient, brake pad wear rate, and
surface morphology with the braking process, and cause changes in brake pad wear
behavior [14-16], see Figure 1. At present, the brake pad products for high-speed trains
are generally evaluated for their braking performance under high-speed and high braking
force conditions [17]. However, given the significant differences in stop braking and slope
braking conditions, and the potential for significant differences in brake pad wear behavior,
it is urgent to analyze and reveal whether current brake pad products are suitable for
continuous slope braking conditions.

Wheel

(b) Brake pad service perfor mance (¢) Friction and wear of brake pad
bench test friction block

Adaptability of brake pads for y)
continuous braking on slopes

Figure 1. The performance of brake pads during service: (a) Disk brake system of high-speed train,
(b) Braking service performance bench test [17], (c) Friction and wear of brake pad.

At present, a relatively systematic research system has been formed for the perfor-
mance evaluation and wear mechanism analysis of high-speed train brake pads under
stop braking conditions, including full-scale brake bench tests, scaled or simplified bench
tests, etc. For example, in terms of full-scale testing, Xiao et al. [17] prepared copper-based
composite materials and evaluated their braking performance during emergency parking
braking using a full-scale test bench, believing that the material showed good potential
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for application. Zhong et al. [18] compared the service performance of brake pads with
rigid connections and flexible connections; the full-scale braking test results indicate that
when the speed is higher than 200 km /h, the friction coefficient of brake pads using rigid
connections shows more significant attenuation and fluctuation, and their wear rate is
significantly higher than that of brake pads with flexible connections. In terms of scaled
test bench experiments, Chen et al. [19] studied the braking behavior and wear mechanism
of copper-based powder metallurgy brake pads combined with C/C-SiC and 30CrMnSi
steel disks under emergency braking conditions. It was found that a dense nanostructured
oxide layer of about 600 nm could be formed on the surface of the C/C-SiC disk, thereby
improving the friction coefficient and stability, and reducing the wear rate. Deng et al. [20]
focused on the connection configuration of brake pads and used a scaled brake test bench
to investigate the effect of the floating connection of friction blocks on high-temperature
tribological behavior. The results showed that a floating connection helps alleviate the
eccentric wear of brake pads. Kasem et al. [21] focused on thermal response in high-energy
braking and revealed the correlation between friction interface temperature and deforma-
tion through scaled braking tests. The results indicate that the deformation of the brake
friction pair is closely related to the level of energy dissipation. From the perspective of
geometric structure, Yu et al. [22] demonstrated through scaled bench tests that a reason-
able friction block shape can improve the system’s service friction behavior, reduce wear,
and enhance braking reliability. Zhang et al. [23] studied the structural evolution of the
friction film layer of brake pads under high-temperature conditions using a scaled test
bench. It was found that as the temperature increased, the friction film changed from a
single-layer structure to a double-layer structure, and the wear mechanism shifted from
abrasive wear to adhesive wear. Overall, the research on brake pads under stop braking
conditions has covered multiple aspects such as friction materials, connection structures,
thermal response, and friction layer evolution, forming a relatively mature experimental
method and evaluation approach.

Compared with stop braking, the research on the friction and wear behavior of brake
pads under continuous slope braking conditions, especially on long slopes, is still relatively
limited. The current work generally uses scaling tests and simulation analysis, focusing on
issues such as thermal mechanical response, friction coefficient evolution, and wear mech-
anism transformation during the slope braking process. In terms of scaling test research,
Zhang et al. [24] conducted slope braking tests and diskussed the evolution of friction and
wear behavior of friction blocks under different braking durations. The results showed
that with the extension of braking time, the friction coefficient tended to stabilize after
initial fluctuations, and the wear rate of the friction blocks significantly increased. The wear
mechanism gradually shifted from abrasive wear to adhesive wear and oxidative wear. Lu
etal. [16] conducted a scaling test on extreme continuous braking conditions and found that
the friction coefficient first increased and then decreased with the increase in temperature,
and the severe decrease in friction coefficient occurs at temperatures above 400 °C. The
wear rate of the friction block showed an upward trend with the increase in temperature.
Yin et al. [25] used a small brake test bench to investigate the effect of connection structure
on the interfacial frictional behavior, and pointed out that the interfacial frictional behavior
is determined by the contact state, interfacial wear, and pressure distribution. The floating
connection mode can effectively improve the frictional behavior of the brake system. Ma
et al. [26] investigated the sustained braking wear behavior of high-speed train friction
pairs under low-temperature environments using a pin-on-disc tribometer and reported
significant changes in wear modes with decreasing temperature. Liu et al. [27] simulated
slope parking braking under extremely low-temperature conditions using a scaled brak-
ing test bench and observed that rapid heat dissipation promoted crack propagation and

https://doi.org/10.3390/lubricants14040146


https://doi.org/10.3390/lubricants14040146

Lubricants 2026, 14, 146

40f19

interfacial debris accumulation, resulting in friction coefficient fluctuations. In terms of
simulation analysis, Lu et al. [28] proposed a wear simulation method that combines finite
element modeling, Archard theory, and arbitrary Lagrangian-Euler techniques. The model
was validated through ramp braking scaling tests, providing methodological support for
predicting friction block wear degradation. Chen et al. [29] focused on the matching of
thermal expansion and braking parameters, and found through simulation analysis that a
reasonable matching of thermal expansion and braking parameters can optimize the wear
performance of friction pads. It can be seen that the studies under continuous slope braking
conditions, especially on long slopes, have increased in recent years, and provide important
references for understanding the frictional behavior and wear mechanism of brake pads
during continuous slope braking, but overall, scaling tests and modeling analysis are still
the main research methods; the full-scale experimental investigations are still relatively
limited. Due to the inability of scaling tests to fully reproduce full-scale test results, espe-
cially the high-temperature phenomenon, further analysis is needed on the friction and
wear behavior of brake pads with full-scale tests under long slope braking conditions.

In summary, the existing research on brake pads under stop braking conditions is
relatively complete. However, the study on the friction and wear behavior of brake pads
under slope braking conditions mainly uses scaled bench tests for equivalent analysis, and
there is relatively little research on the friction and wear behavior of brake pads under slope
braking conditions using full-scale brake test benches. Therefore, this work takes a certain
type of high-speed train copper-based powder metallurgy brake pad as the research object,
conducts full-scale brake bench tests to analyze the differences in friction and wear behavior
of brake pads under stop braking and slope braking, and uses microscopic observation and
damage analysis methods to reveal the slope braking adaptability of brake pads.

2. Experimental Description
2.1. Test Bench

This study used the BD2500/15000 full-scale brake performance test bench manufac-
tured by ZF in Friedrichshafen, Germany to systematically investigate the friction and wear
behavior of copper-based powder metallurgy brake pads under slope braking conditions.
The schematic diagram of the test bench structure is shown in Figure 2. The test bench
adopts a modular design as a whole, mainly including a base that supports and fixes the
overall test bench, a driving module that provides power, an emergency braking module
that ensures safety, interchangeable flywheel sets, clutches, static friction sensors, brake
friction pairs, etc. Among them, the drive module provides controllable speed and power
input to the system through the motor and cooperates with interchangeable flywheel sets to
simulate different input conditions of equivalent moment of inertia and braking energy. The
clutch is set between the drive system and the brake system to achieve rapid engagement
and disengagement of power, thereby meeting the needs of switching between different
braking conditions. The emergency braking module is used to quickly cut off the power
source in case of problems during the test, ensuring the safety of the test. The braking
friction pair applies stable and adjustable braking pressure under the action of the control
system, achieving simulation of long-term and continuous braking on a slope.

In addition to the main structure mentioned above, the experimental system also
integrates various auxiliary devices to meet the test requirements of complex service
environments. For example, by using a sprinkler system to quantitatively supply water to
the contact interface between the brake disk and friction block, it is possible to simulate
braking conditions under rain, snow, or humid environmental conditions. The temperature
of the brake system is monitored in real time by an infrared temperature measuring device
and an embedded thermocouple to obtain the temperature evolution characteristics of the
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brake pair. The test bench is also equipped with a forced air-cooling device, which controls
the heat dissipation conditions during the braking process by adjusting the ventilation
configuration and air volume, thus reproducing the actual cooling environment during
operation more realistically. The test bench meets the UIC standard [30], and its overall
operation action, parameter setting, and data acquisition are completed by a centralized
control console. Precise control and synchronous recording of brake pressure, friction
coefficient, interface temperature, speed, equivalent mass, water spraying conditions, and
cooling conditions can be achieved.

Al

Figure 2. Diagram of the test bench: (1) base, (2) drive module, (3) emergency braking unit, (4) clutch,
(5) interchangeable flywheels, (6) static friction actuator, (7) disk brake system.

2.2. Test Sample

This study conducted braking tests on copper-based powder metallurgy brake pads
of a certain in-service high-speed train. By comparing the frictional behavior of brake pads
under stop brake and slope brake conditions, the focus is on studying whether the brake
pads have good performance and adaptability under continuous slope brake conditions.
The analyzed friction pad and its main elemental components are Cu, Fe, C, Si, Cr, Sn, Zr,
etc., as shown in Figure 3. The nominal composition of the powder metallurgy brake pad is
summarized in Table 1, and the basic physical and mechanical properties of the material
are listed in Table 2. Due to the fact that in disk brake systems, brake pads are usually
symmetrically distributed on both sides of the brake disk to ensure uniform distribution
of braking force and stability during the braking process, this article selects one side of
the brake pad for further analysis. In order to facilitate the subsequent analysis of the
friction and wear behavior of the brake pad friction block under different friction radius,
the sampling locations are marked here, namely A, B, and C, which represent different
friction radius. The friction radius of A sample is greater than the average friction radius of
the brake pad, the friction radius of B sample is equal to the average friction radius of the
brake pad, and the friction radius of C sample is smaller than the average friction radius of
the brake pad.

Table 1. Composition of the powder metallurgy brake pad.

Component Cu Fe Graphite FeCr MoS; SiC Else
Content (wt%) 50 20 10 8 8 3 Balance

Table 2. Basic physical and mechanical properties of the material.

Shear Strength Hardness Density Compressive Strength
(MPa) (HBW) (g/cm®) (MPa)
20 19 5.2 160
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Figure 3. Brake pad and its element distribution: (a) brake pad, (b) friction block, (c) elemental
composition.

2.3. Analysis Process

This study designs two braking conditions: stop braking and continuous slope braking.
By studying the friction and wear behavior of brake pads, the braking efficiency of copper-
based powder metallurgy brake pads under slope braking conditions is evaluated. In the
stop braking bench test, a 17-ton axle load was adopted as the test inertia, the maximum
braking speed is 380 km /h and the maximum braking force is 36 kN; the braking pressure
during the stop braking test is controlled under a constant pressure braking mode. In the
slope braking bench test, the equivalent simulated slope is 25%., the maximum continuous
braking speed is 200 km/h, the maximum braking force is 12 kN, and the continuous
braking time is 3000 s. The slope braking test is conducted under a constant braking
power control mode to simulate the continuous drag braking process during long downbhill
operation. To account for adverse factors such as tailwind and other extreme operating
conditions, a safety amplification factor of 1.1 was applied in the final braking power
selection. The braking power during the slope braking is 130 kW. Before the formal test,
conduct a sufficient running-in process to ensure that the friction contact area after running
in exceeds 85% of the nominal friction surface of the brake pad. In the formal test, record
and save various frictional behavior data during the braking process. After the brake test is
completed, the overall weight change in the brake pad is tested. Take the friction blocks
at positions A, B, and C as the target test samples, test the thickness and mass changes in
each friction block, and analyze the wear condition of the brake pad. Measure the overall
two-dimensional contour and three-dimensional surface morphology of the friction block
surface, and analyze the surface morphology characteristics of the brake pad. Observe the
macroscopic and microscopic morphology of the surface and cross-section of the friction
block, and analyze the friction and wear state and wear mechanism of the brake pad.
Through the multidimensional characterization data above, the frictional behavior and
wear mechanism of the brake pads are compared and analyzed, and the adaptability of
copper-based powder metallurgy brake pads under slope braking conditions is studied.

https://doi.org/10.3390/lubricants14040146


https://doi.org/10.3390/lubricants14040146

Lubricants 2026, 14, 146

7 of 19

3. Analysis of Experimental Results
3.1. Overall Condition of the Brake Pad

After completing the experiment, take photos of the brake pad and record its overall
surface condition, as shown in Figure 4. Figure 4a shows the brake pad after undergoing
high-speed and high braking force stop braking tests. There are obvious scratches and
exfoliation on the surface of the friction block and severe damage at the edges. The overall
surface is relatively rough. There are darker colored areas on the surface of some friction
blocks, which result from the debris compacted on the surface of the friction blocks during
the braking process. Figure 4b shows the brake pad after undergoing a slope braking test.
Although some friction blocks also have severe damage at the edges, the surface of the
brake pad friction blocks is relatively flat, and the scratches and exfoliation on the surface
are relatively light compared to the stop braking. From the overall surface state, there are
significant differences in the surface of the brake pads under the two operating conditions.
Various characterization analyses will be carried out in the following to further study their
friction and wear behavior.

(a)

PEriction direction|

. e——

Figure 4. Overall surface condition of the brake pads after the test: (a) stop braking, (b) slope braking.

3.2. Temperature and Friction Coefficient

The variations in braking interface temperature (represented by the temperature of
the brake disk at the average friction radius) are presented in Figure 5, where Figure 5a
represents the temperature variation in the stop braking condition and Figure 5b represents
the results in the slope braking condition. During the stop braking, the temperature reaches
a peak temperature of approximately 750 °C. Subsequently, as the train speed gradually
decreases, the braking power continuously declines, resulting in reduced thermal input at
the interface and a gradual decrease in temperature. Overall, the temperature evolution
during stop braking is characterized by a high peak temperature and a relatively short
thermal duration. In contrast, the temperature evolution during slope braking exhibits a
significantly different trend. The temperature gradually increases with time and reaches a
peak temperature of approximately 680 °C. After that, the temperature remains stable and
fluctuates within a certain range. Overall, the temperature evolution during slope braking
is characterized by a relatively slow heating process, long duration, and a stable interface
temperature maintained for an extended period, indicating that the friction interface
gradually reaches a relatively stable thermal state during slope braking.
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Figure 5. Temperature variation during the braking process: (a) stop braking, (b) slope braking.

Figure 6 shows the evolution of the friction coefficient under the two braking condi-
tions, where Figure 6a corresponds to stop braking, and Figure 6b corresponds to slope
braking. The results show that the friction coefficients in both cases remain within a rea-
sonable operating range, which indicates that the powder metallurgy brake pad maintains
relatively stable friction performance under both braking conditions. The average friction
coefficient under stop braking is approximately 0.326, while that under slope braking is
approximately 0.367. To stop braking, the friction coefficient exhibits an overall increasing
trend during the braking process. The maximum value appears near the end of braking.
This behavior is mainly associated with the gradual reduction in braking energy input and
the reduction in interface temperature at the later stage of braking. For slope braking, the
friction coefficient remains relatively stable throughout the braking process. Although local
fluctuations can be observed, the overall behavior remains in a dynamically stable state.

0.6 " 0.6
(a) —— Stop braking (b)

Slope braking

20 40 60 80 100 120 0 500 1000 1500 2000 2500 3000
Braking time (s) Braking time (s)

Figure 6. Friction coefficient variation during the braking process: (a) stop braking, (b) slope braking.

3.3. Braking Power

The braking power variation is presented in Figure 7. For the stop braking condition,
it can be seen that the initial peak instantaneous braking power under stop braking is ap-
proximately 822 kW. As the braking process proceeds, the train speed gradually decreases,
leading to a reduction in sliding velocity at the friction interface, and the instantaneous
braking power correspondingly decreases. In contrast, the slope braking is conducted
under a constant power control mode, with the braking power maintained at approximately
130 kW for a prolonged period. Although the instantaneous power is significantly lower
than that of stop braking, the long braking duration leads to continuous heat input at the
friction interface. Consequently, the slope braking exhibits the characteristic of lower but
sustained power input. The significant difference in the time history of braking power
between the two conditions indicates that stop braking is dominated by short-duration high-
power thermal loading, whereas slope braking corresponds to long-duration low-power
thermal input.
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Figure 7. Braking power variation during the braking process: (a) stop braking, (b) slope braking.

3.4. Wear Characteristics

The wear amount of brake pads is an important indicator for evaluating the service
performance. Due to the shape deviation of the friction blocks at different positions, the
wear percentage can better reflect the wear of the friction blocks at different positions. The
wear of the brake pad is shown in Table 3. As shown in the table, notable mass loss occurred
in the friction pads under both braking conditions, but there were significant differences in
wear levels. The overall wear of brake pads under stop braking conditions is significantly
higher than that under slope braking conditions. Under stop braking conditions, the wear
percentages of friction blocks A, B, and C are 26.90%, 21.81%, and 16.83%, respectively,
with an average of 21.85%. The wear percentages of friction blocks A, B, and C under slope
braking conditions are 8.26%, 7.66%, and 7.20%, respectively, with an average of 7.71%. It
should be clarified that the absolute mass loss is strongly influenced by the friction distance,
which is different under the two braking conditions. But the relative wear differences
among friction blocks at different positions can be a certain indicator for the uneven wear
of the brake pad. Further comparison of the wear differences at different positions reveals
that the degree of wear under both operating conditions follows a pattern of A (outer) > B
(middle) > C (inner), indicating significant uneven wear of the friction blocks at different
positions. However, under slope braking conditions, the uneven wear of the friction blocks
at different friction radius is relatively light, and the overall wear of the brake pads is
relatively uniform.

Table 3. The wear of the friction blocks at positions A, B, and C.

Braking Position Initial Mass Final Mass Wear Mass Wear
Conditions (g) (g) (g) Percentage

A 197.3 144.3 53.0 26.90%

Stop braking B 211.6 165.5 46.1 21.81%

C 197.3 164.1 332 16.83%

Slope A 197.3 181.0 16.3 8.26%

brakri)n B 211.6 195.4 16.2 7.66%

8 C 197.3 183.1 14.2 7.20%

After obtaining the overall wear mass of the brake pad friction blocks at different
positions, further measurement of the remaining thickness of the friction blocks is carried
out to obtain the eccentric wear characteristics of the friction blocks at different positions.
When measuring the remaining thickness, ensure that the friction block is placed at the
same angle as its installation position on the steel backplate. The remaining thickness is
measured at six vertices of the friction block, and each vertex is measured three times to
reduce measurement uncertainty. If chipping or local breakage occurs at the vertex, the
measurement position is shifted to the nearest contact platform adjacent to that vertex, and
the height of this contact platform is taken as the remaining thickness for that location.
The thickness cloud map is displayed in Figure 8. It can be seen that apart from uneven
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wear of friction blocks at different positions, i.e., the wear of the friction block increases
along the friction radius. For a single friction block, there is eccentric wear along the radius
and friction direction under stop braking conditions, while the eccentric wear along the
radius direction is weaker than along the friction direction under slope braking conditions.
The differences in eccentric wear characteristics between the two braking conditions are
closely related to the thermo-mechanical loading history. Under the stop braking condition,
the heat input is highly concentrated, and the temperature rises rapidly. The outer side
experiences a longer sliding distance; the difference between the radial temperature field
and the thermal stress field of the brake pad is amplified, which dominates the difference in
radial eccentric wear of the brake pad. In contrast, the slope braking has a longer duration
and more stable heat input, resulting in a more uniform temperature field, which weakens
the temperature difference and thermal stress difference between the inside and outside of
the brake pads. The eccentric wear is mainly along the friction direction.

-p\ \‘ 20.00

\\ .

44— Friction direction 44— Friction direction
Stop braking Slope braking

Figure 8. Thickness distribution of friction blocks.

To further establish a quantitative energetic baseline between the two braking con-
ditions, the energy input and the corresponding brake pad wear characteristics are sum-
marized in Table 4. In terms of total dissipated energy, the two braking conditions show
comparable values, with 760 MJ for stop braking and 780 M]J for slope braking, indicating a
similar overall level of energy input. However, a significant difference exists in the average
specific power density at the friction interface. The average specific power density under
stop braking reaches 1.117 kW /cm?, which is substantially higher than that under slope
braking at 0.325 kW /cm?. Under stop braking, the high average specific power density
leads to a rapid and concentrated energy input within a short duration, resulting in a sharp
temperature rise at the interface. Under such conditions, the interface stability is more
easily disrupted, and the material response is characterized by intense material removal,
ultimately leading to a higher wear rate of 0.38 cm®/M]J. In contrast, slope braking is charac-
terized by a lower average specific power density combined with a much longer duration.
The energy is introduced in a gentler manner, allowing the friction interface to maintain
a relatively stable state, resulting in a mild material removal process. Consequently, the
wear rate is 0.14 cm®/M] in the slope braking condition. Further analysis of surface mor-
phology and damage characteristics is presented in the following section to clarify the
underlying mechanisms.
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Table 4. Comparison of brake pad wear characteristics under different braking conditions.
Total . Average .
Braking Number of Dissipated Nominal Specific Power Total Weight Wear Rate
. . Contact Area . Loss 3
Conditions Cycling Energy (cm?) Density (@) (cm>/MJ)
™)) (KW/cm?) 8
Stop braking 16 760 400 1.117 1502 0.38
Slope braking 2 780 400 0.325 569 0.14

3.5. Two-Dimensional Contour Features

To further analyze the wear and damage of the brake pad surface, the two-dimensional
profile of the brake pad friction block surface is measured, as shown in Figure 9, which
displays the surface profile curves of the friction block along the friction direction (Red line)
and the radial direction (Blue line). Comparing the overall trend of the two-dimensional
contour, it can be found that the contour of the friction block has different characteristics
under different braking conditions. After experiencing stop braking, although the friction
block has eccentric wear in both the radial and friction directions, the degree of eccentric
wear in the radial direction is higher. After slope braking, there is mainly eccentric wear
along the friction direction, and the degree of wear along the radius direction is relatively
uniform. In addition, from the fluctuation trend of the contour curve, it can be seen
that the contour curve of stop braking fluctuates more frequently, with more local short
wavelength fluctuation, which usually corresponds to more damaged areas on the surface.
In contrast, the contour curve of slope braking is generally smoother, with lower fluctuation
frequency and amplitude compared to stop braking, indicating that brake pads tend to
wear out gradually, and the surface morphology evolution is more continuous under slope
braking conditions.

Stop braking Slope braking
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Figure 9. 2D profile of friction blocks.

3.6. Surface Morphology

In order to further study the surface damage of the brake pad, the macroscopic
morphology of the friction block surface is observed, as shown in Figures 10 and 11, which
are the surface morphology of the friction block under stop braking and slope braking
conditions, respectively. Under stop braking conditions, the surface of the friction block is
generally rough, and the contact platform presents a fragmented and pitted appearance.
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The surface is mainly characterized by a large and dense amount of exfoliation, which has
become interconnected and fused into larger spalling. At the same time, it can be seen
that there are obvious scratches distributed along the friction direction, with a relatively
dense number and large scale. This is because the brake pads are severely worn under
stop braking conditions, and the debris remains at the contact interface as a third body
participating in surface plowing. Under slope braking conditions, the overall surface of the
friction block is relatively flat, and the contact platform is relatively smooth. Compared
to the stop braking, the friction block surface has a small amount of exfoliation, with a
smaller size and sparse distribution, and the damage is not connected. At the same time,
the surface scratches are relatively minor.

——1mm

Figure 11. Surface morphology of the friction block after slope braking.

3.7. Characteristics of Surface Damage

The typical surface damage to friction blocks is characterized, as seen in Figures 12 and 13,
which are the characteristics of brake pad surface damage under stop braking and slope brak-
ing, respectively. The color image on the left side of the figure shows the three-dimensional
morphology of local damage features, with the red and yellow areas being relatively high
in height, generally corresponding to contact platforms and residual protrusions; the blue
and green areas being relatively low in height, generally corresponding to exfoliation and
scratches. The two lines on the right side indicate the profile of the typical damaged area
along different directions. It can be noticed that the scale and depth of surface damage on the
friction block under stop braking conditions are larger, and the damage has interconnected
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characteristics. At the same time, there are many fluctuations along different directions, and
the overall contact platform is fragmented and has poor continuity. For friction blocks under
slope braking conditions, the surface damage size is small, and the amplitude and frequency
of profile fluctuations are generally lower than those of the stop braking. The friction surface

is flatter, and the contact platform is more continuous.
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Figure 12. 3D surface damage characteristics under stop braking.
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Figure 13. 3D surface damage characteristics under slope braking.
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3.8. Wear Behavior of Brake Pad Friction Block

Given that brake pads have significantly different surface morphologies and damage
characteristics under different braking conditions, further analysis is needed to identify
the reasons for the different wear behaviors of brake pads. Due to the fact that the surface
of the brake pad can be roughly divided into the damaged area and the contact platform
area, the microstructure observation of the damaged area and the contact platform area is
conducted here. Figures 14 and 15 show the microscopic characteristics of the friction block
under stop braking conditions. In the contact platform area, as shown in Figure 14, multiple
short cracks appear on the friction block, with relatively scattered distribution and obvious
multi-source crack characteristics. Some cracks are interconnected and staggered during
the propagation process, which can easily induce block shaped or irregular exfoliation.
The surface contact platform is relatively rough and has poor continuity. Local contact
surface areas are cut by cracks or exfoliation boundaries, indicating that the stable contact
state of the friction interface is difficult to maintain for a long time under stop braking
conditions. In the surface damage area, as shown in Figure 15, it can be seen that the
damage morphology of the friction block is mainly block shaped exfoliation. Clear fracture
edges and rough sections can be seen inside the damaged area, indicating that the material
has undergone strong stress concentration and brittle failure characteristics in the local
area. At the same time, cracks originate from the damage area and continue to develop into
long cracks.

Figure 15. Microscopic characteristics of the damage area under stop braking.
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Figures 16 and 17 show the microscopic characteristics of the friction block under
slope braking conditions. Compared with those under the stop braking condition, the
friction block microstructures show significant differences under slope braking conditions.
In the contact platform area, as shown in Figure 16, it can be seen that the number of cracks
in the friction block is less after slope braking, but the crack length is longer. The cracks
mostly originate along the boundaries of the components, as shown in the figure, the crack
that extends from the graphite component to the matrix, presenting a long and continuous
shape with a clear propagation path. The contact platform area of the friction block is flat
and has good overall continuity. In the damage area, as shown in Figure 17, the surface of
the friction block under slope braking presents a flake exfoliation form, and the damage
boundary is clear. Meanwhile, the crack development path is approximately parallel to
the friction interface, leading to local friction interface failure and delamination under
repeated friction. This layered damage characteristic indicates that friction damage during
slope braking tends to accumulate gradually along the weakly bonded areas of the friction
interface, rather than experiencing severe wear in a short period of time.

Contact platform

=

RGPS S5, S =

=]

- Component bou
R O

=Different components

Figure 16. Microscopic characteristics of the contact platform area under slope braking.

Exfoliation edges

Flaking exfoliation

Figure 17. Microscopic characteristics of the damage area under slope braking.
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4. Slope Braking Adaptability

Through the above analysis, it can be found that brake pads under different braking
conditions not only have differences in wear degree and surface morphology but also
have essential differences in their damage formation mechanism and evolution mode, as
shown in Figure 18. Although the total dissipated energy under the two braking conditions
is comparable, the average specific power density exhibits significant differences, which
affect the thermo-mechanical response at the braking interface significantly. Therefore,
it is necessary to conduct a slope braking adaptability evaluation for existing brake pad
products. For stop braking, it has the characteristics of a large braking force, high braking
speed, and short action time. The peak friction power during stop braking reaches about
822 kW, corresponding to an average specific power density of 1.117 kW /cm?, indicating
the brake pads bear concentrated input of high-level mechanical and thermal loads in a
short period of time. At the macro level, the wear of the brake pads is severe and uneven,
and the degree of eccentric wear of the friction blocks in the radial direction is higher.
The surface damage scale is larger and denser, the surface contour fluctuates significantly,
and the continuity of the contact platform is poor. At the micro level, the cracks in the
friction block are short and scattered. Under the stop braking condition, a more pronounced
temperature gradient has occurred inside the pad matrix. The resulting thermal stress is
relatively high and non-uniformly distributed, so multiple weak sites reach the cracking
condition simultaneously, and cracks initiate in a dispersed, multi-source manner. Under
the impact of high-speed, high braking force, and severe thermal load, multiple sources of
cracks are interconnected and exhibit brittle failure characteristics, inducing block like or
irregular exfoliation to repeatedly occur, causing the contact platform to be repeatedly cut
and leading to a decrease in interface stability. Due to the constantly changing interface
temperature, it has not reached a stable state and further leads to continuous changes in
the friction coefficient. Under stop braking conditions, the brake pads exhibit a composite
wear mechanism of abrasive wear and unstable brittle failure induced exfoliation.

In contrast, slope braking has lower braking force and braking speed, longer brak-
ing time, and relatively stable heat input with constant braking power of 130 kW; the
corresponding average specific power density at the friction interface is approximately
0.325 kW /cm?, indicating a moderate but continuous energy input over a long duration.
These characteristics result in the wear of friction blocks at different positions being more
uniform. The eccentric wear of friction blocks is mainly along the friction direction. The
overall surface of the friction block is flat, and the continuity of the contact platform is
good. Only local areas show surface damage, and the contact state is relatively stable.
At the micro level, a small number of cracks initiate along the component interface. The
mismatch in thermal expansion and mechanical response among different components
becomes the primary driving factor for crack initiation. The crack propagation path is
approximately parallel to the friction surface, gradually accumulating under the repeated
action of frictional force, and ultimately leading to flaking exfoliation or delamination
damage. Under slope braking conditions, due to the stable and continuous braking power,
the temperature and friction coefficient of the braking interface fluctuate within a stable
range, the brake pads are prone to forming a stable friction film and a third body layer,
exhibiting a progressive delamination damage mechanism at low wear rates.

In summary, due to significant differences in the time history of braking load and
thermal load under different braking conditions, brake pads exhibit different friction and
wear behaviors. Therefore, with the gradual opening of complex service lines, it is necessary
to conduct adaptive analysis of brake pads based on the characteristics of the service lines.
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With the gradual opening of complex service lines, it is necessary to conduct an analysis on the adaptability
of brake pads based on the characteristics of the lines.

Figure 18. Friction behavior of brake pads under different service conditions.

5. Conclusions

This article focuses on the wear of high-speed train brake pads. Through full-scale
brake bench tests, the slope braking adaptability of current brake pad products is studied
from the perspectives of wear amount, surface profile, damage morphology, and wear
behavior. By comparing and analyzing the service performance of brake pads under stop
braking and slope braking conditions, there are significant differences in the friction and
wear behavior and damage evolution characteristics of brake pads under different braking
conditions. The main conclusions are as follows.

(a) The brake pads under stop braking conditions exhibit significant overall uneven
wear, while the overall uneven wear of the brake pads is lower under slope braking
conditions. For a single friction block, there is eccentric wear along the friction
and radius direction under stop braking conditions, while the eccentric wear along
the radius direction is weaker than along the friction direction under slope braking

conditions.
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(b) Under stop braking conditions, the surface contour of the friction block fluctuates more
significantly, with a large number and larger size of scratches and exfoliation. The
surface damage is connected, leading to a rough friction surface and poor continuity
of the contact platform. In contrast, after slope braking, the surface contour of the
friction block fluctuates relatively gently, with fewer and milder surface damage, as
well as a smoother contact platform.

(¢) Under the impact of high speed, high braking force, and severe thermal load, cracks
in the brake pad originate from multiple sources and propagate alternately, resulting
in repeated exfoliation and making it difficult to maintain a stable friction film and
third body layer at the friction interface. The brake pad exhibits a composite wear
mechanism of abrasive wear and unstable brittle failure induced exfoliation. Under
the action of low speed, low braking force, and long-term stable thermal load, the
cracks in the brake pad mainly originate along the interface of the components and
propagate parallel to the friction surface direction. The brake pad exhibits a pro-
gressive accumulated delamination and flaking exfoliation at low wear rates. The
results indicate that although the friction interface of the brake pad is relatively stable
under slope braking conditions, further attention needs to be paid to the cumulative
delamination wear of the brake pad under long-term braking action.
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