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Abstract: The stability and reliability of braking system are essential factors for the safe operation
of high-speed trains. In the proposed work, tribological properties of a newly developed brake
disc material namely BD-1 were studied considering the thermal-mechanical effects, as well as
the evolutions of wear debris, were particularly examined. The tribological properties were also
compared with an existing commercial brake disc material namely BD-2 in text. Friction and wear
tests were carried out on BD-1 and BD-2 against a commercial brake pad material (BP) to simulate
the real emergence braking conditions of a 350 km/h high-speed railway. The thermal-mechanical
coupling effects of the friction velocity, wear mass, temperatures and the friction coefficient were
investigated. Local wear track and wear debris were analyzed by using SEM and EDS. Results show
that the shape and size of wear debris evolve as the dominant wear mechanism varies during braking
tests. As the sliding speed increases from 250 to 1250 rpm, the debris may become fine particles, then
into a mixture of lamellar shape and flake shape, and finally becomes fine particles again at high speed.
The maximum size of wear debris is first from 20 um to 65 um, and then down to 10 um. As the local
area temperature increased by more than 400 °C, debris adhere to the surface forming an adhesive
layer that may act as a lubricant. Debris may help to form an adhesive lubrication layer and undertake
plastics defor-mation at the speed range of 500-1000 rpm. The local area temperatures prompted
the wear debris adhesion and oxidation. After reaching a certain speed limit, a uniform third body
appears to protect the material surface from high speed and high temperature. Results suggested
that the BD-1 could be a good candidate braking material for high-speed railway applications.

Keywords: wear mechanisms; brake disc material; coefficient of friction; debris evolution; friction
properties

1. Introduction

The stability and reliability of braking system are essential factors to guarantee the
safe operation of high-speed trains. When trains run at 300 km/h or above they put
forward stringent demand on brake disc material that undergo severe service conditions,
especially during emergency braking. At present, high-speed train braking mainly depends
on disc braking [1,2]. The braking performance directly depends on the local frictional
characteristics of the materials interface between the brake disc and brake pad [3]. In a
typical braking system of a train, the brake discs adopt cast steel as basic materials, and
brake pads are made of copper-based alloy prepared by powder metallurgy [4]. However,
material challenges for the brake discs of high-speed trains are still under the spotlight,
especially when the train speed is about 300 km/h or more.

First, the temperature rise in the brake disc and brake pad during emergency braking
is one of the key challenges in high-speed railways [5,6]. Under braking conditions, local
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friction forces on the interface of the brake disc and pad generate a lot of heat, then heat
is mainly dissipated by conduction and convection here. Generally, due to differences
in thermal capacity and heat conductivity of the disc and the pad materials, most of the
friction-induced heat is absorbed by the brake disc itself. Subsequently, the heat will cause
physical and chemical reactions on the frictional interface, and then contribute a lot to the
development of thermal fatigue and severe wear of the disc and pad [7,8].Although the
thermal fatigue failure mechanism of brake discs has been widely explored so far [9,10]
The dynamic contacts between the brake disc and pads inevitably lead to a high friction
force accompanied by a huge amount of heat [11-13]. The coupled thermal-mechanical
effects not only reduce the braking performance but also lead to the gradual degradation
or failure of the brake disc materials.

On another hand, materials of brake disc were not widely reported or studied re-
garding their tribological characteristics, especially for the braking system of high-speed
trains [14-19]. The tribological properties of the potential brake disc materials for high-
speed trains are closely coupled with many factors, such as material composition, interface
reactions under friction, wear mechanism, as well as wear debris types and evolution
process. Kasem et al. [20] used an infrared camera and a two-color pyrometer to monitor
temperature evolution during the braking process. The highest temperature of the disc dur-
ing braking is reportedly close to 900 °C and it was believed that friction and surface wear
were closely related to the high temperatures of the friction surface. Ammarullah et al. [21]
used finite element model to evaluate the Tresca stress of metal to metal bearings of different
metal materials, and explored the influence of stress on wear debris. ]. Jamari et al. [22]
established A model to study the relationship between contact pressure and wear debris
and evaluation of metal-to-metal tribology. Xiao et al. [23] reported that a friction film
worked as an intermediate layer and showed a significant effect on protecting the original
friction surface materials. Vasiljevic et al. [24] studied the mechanism of particle formation
in the brake system. The method of particle measurement in braking process were systemat-
ically and comprehensively summarized and discussed, and the study of particle formation
mechanism in braking process should be paid attention to in the future. Zhang et al. [25]
analyzed the change of the structure and composition of friction film in the wear zone of the
brake disc as a result of temperature evolution during braking. Presumably, it was assumed
that it is due to the softening of the copper matrix which increases the material transfer
rate between friction interfaces. Lyu et al. [26] studied the friction and wear performance
of brake discs of different materials at low temperatures, but did not pay attention to the
debris generated in the friction process. Wang et al. [27] analyzed the influence of brake
disc crack propagation and microstructure evolution on the formation of a white etching
layer on the surface, however, the effect of running speed on wear debris was overlooked.
Riva et al. [28] performed an experimental investigation where wear debris were obtained
from pin-disc tribometer tests, but the mechanism and composition of debris were not
covered in the investigation. Rodrigues et al. [29] studied the lubricantion effects of CuO,
Fe;O3 and Fe304 mixture at different temperatures by adding the mixture of CuO, Fe,O3
and Fe3Oy4, and graphite particles into the local area of a pin-disc friction test, and the
results showed that the friction coefficient of CuO, Fe,O3 and Fe30O4 mixture was low when
tested at 400 °C, which suggested that the particle mixture may play a lubricant role at
high temperature. However, the resulted wear debris during the friction process were not
collected and analyzed.

In this paper, a newly developed alloy was adopted as brake disc material and com-
pared with a commercial brake disc material considering their friction and wear mecha-
nisms by forming dry frictional pairs against copper-based powder metallurgy material
as brake pad. This article adopts the emergency braking pressure as the test pressure to
reveal the real working conditions. The brake discs and pads undergoing different thermal-
mechanical conditions were investigated. Relationships between friction coefficient, wear
topography, wear surface metallography, evolution of wear debris type, and composition
elements were particularly examined and analyzed.
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2. Materials and Methods

A newly developed brake disc material is adopted and termed BD-1 alloy. The alloy
was smelted by a vacuum induction furnace. Then it was normalized, hardened, and
tempered before being made into specimens. The normalizing temperature was 950 °C and
the quenching temperature was 920 °C. The tempering temperature was 600 °C. Finally, the
brake disc specimens of BD-1 material were obtained. A commercial break disc material
(named BD-2) which serves for the 300 km/h speed class was also chosen for comparison.
The composition of the BD-1 and BD-2 brake discs were shown in Table 1.

Table 1. Material compositions of brake discs (BD-1,BD-2) (wt%).

Element C Si Cr Mo Ni Mn Vv Fe
BD-1 0.30 0.50 1.60 0.8 0.95 1.0 0.1 Bal.
BD-2 0.22 0.41 0.80 1.0 0.95 1.0 - Bal.

Copper-based brake pads were adopted as a counterpart in the tests due to their high
thermal conductivity and the ability to stabilize the coefficient of friction under critical
service conditions [30,31]. The copper-based brake pads were taken from a commercial
brake pad (named BP). The composition is shown in Table 2. The surface roughness of the
specimen Ra is 0.8um. Vickers hardness tester (FE800, Future-tech, Kanagawa, Japan) was
used to measure the microhardness of materials.

Table 2. Material compositions of brake discs (BP) (wt%).

Element Cr S C Mo Fe Cu
BP 6.5 1.6 12.4 2.1 16.6 Bal.

The friction test samples and the contact configuration are shown in Figure 1a. The
tribological tests were performed using unidirectional sliding motion on a pin-on-disk
tribometer (MMU-10G, Nuo Century Test Instrument Co. Ltd., Jinan, China) following
ASTM G99 standard. The upper pin specimen was made of brake disc material BD-1 or
BD-2. The bottom specimen was made of brake pad material BP. The normal load was kept
as contant as 120 N, which results in an average an average contact pressure of 1.60 MPa. To
simulate the real working conditions of thermo-mechanical effects, the rotating speeds were
selected as 250 rpm, 500 rpm, 750 rpm, 1000 rpm, and 1250 rpm separately. With a rotating
diameter of 21.0 mm.The resulted velocities were 0.275 m/s, 0.55 m/s, 0.825 m/s, 1.1 m/s,
1.375m/s. A thermocouple was bonded close to the sliding track to record the temperature
rise during the frictional test, as shown in Figure 1b. The dry sliding tribological tests
were carried out at ambient room temperature and humidity. The specimens were put
into anhydrous ethanol for ultrasonic cleaning for 5 min and finally dried with a hot air
blower before the test. For every test, the running-in time was selected as 10 min, then
the originally resulting wear debris was blown out by a gas blower to begin a normal
friction test.

The normal friction test time of each group was kept as 30 min. Each experiment was
repeated three times and the wear debris were collected after each test. High-precision
electronic balance was used to weigh the samples. Different techniques have been used to
observe and characterize the friction interface and wear debris, such as optical microscope
(BX51M, Olympus, Tokyo, Japan), white light interferometer (NeXView, ZYGO, Middlefield,
CT, USA), SEM (Gemini-300 , Zeiss, Oberkochen, Germany), and EDS analysis. The SEM
(Gemini-300, Zeiss, Oberkochen, Germany)and EDS(Ultim, Oxford, UK) are used to observe
the surface structure of the wear surface and analyze the types and contents of elements in
the wear surface.
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Thermocouple

Force of friction sensor

Figure 1. The contact figures of samples: (a) Contact figures of the pin-on-disc pair. The pin is made
of material BD-1 or BD-2, and the disc is made of material BP; (b) Sample sizes for the frictional test.
(c) Equipment detail; (d) Schematic diagram of the test device.

3. Experimental Results
3.1. Friction Coefficient and Fluctuations

Figure 2 shows typical evolution curves of coefficient of friction (COF) for the condi-
tions under-selected rotational speeds in experimental trial. The variations of COF for both
BP-1 and BP-2 materials are illustrated in a series Figure 2a—j. The COF of BD-1 presents a
similar fluctuation trend as that of BD-2 at various tested velocities. The COFs present a
sharp increase in the start period and gradually stabilize over time. Generally, the COFs
first increase with the sliding speed, reaches a maximum value, then gradually decrease,
and finally tend to be constant. After a beginning frictional time, the friction coefficients
reach a stable value and then decrease and flatten. This beginning is longer or shorter
depending upon the friction properties of the materials. This indicates that the interface
evolution may play a role in the variations of the COE.

The mean COF is obtained by removing the run-in period data from the collected data.
The fluctuation range of average COF for the two materials is also shown in Table 3. The
mean COFs of BD-1 and BD-2 presents near the same value except those at 1000 rpm.

Table 3. COF fluctuation amplitude and mean COF.

NO Mean COF COF Fluctuation Mean COF COF Fluctuation
for BD-1 Amplitude of BD-1 for BD-2 Amplitude of BD-2
250 rpm 0.73 0.45-0.50 0.72 0.48-0.68
500 rpm 0.57 0.21-0.32 0.56 0.32-0.52
750 rpm 0.5 0.13-0.28 0.55 0.28-0.43
1000 rpm 0.54 0.22-0.32 0.39 0.30-0.48

1250 rpm 0.60 0.32-0.68 0.59 0.40-0.78
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Figure 2. Variation of COFs for BD-1 and BD-2 at designed rotational speeds: (a) BD-1 at 250 rpm;
(b) BD-2 at 250 rpm; (c) BD-1 at 500 rpm; (d) BD-2 at 500 rpm; (e) BD-1 at 750 rpm; (f) BD-2 at 750 rpm;
(g) BD-1 at 1000 rpm; (h) BD-2 at 1000 rpm; (i) BD-1 at 1250 rpm; (j) BD-2 at 1250 rpm.
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To compare the friction performance of BD-1 and BD-2, the COFs and fluctuation
bars are presented in Figure 3. The corresponding near-local area temperatures are also
presented according to the preset thermocouple, as blue line and pink line indicated in
Figure 3. It can be seen that the near-local area temperature increases with the velocity. The
COFs of BD-1 and BD-2 are similar at various speeds, except for the minor difference at
750 rpm and significant difference at 1000 rpm. The COFs fluctuation of BD-1 was smaller
than that of BD-2 except for the speed of 1000 rpm.

10r ¢ —— COF of BD-1
| L —_— D2, A
0.8 COF fluctuation amplitudeCOF of B T 750
| =
06 - 5
o]
— 04+ ‘ 4600 g
3 =
© 02F o
41450 E%
0.0F
02 —=— max temperature of BD-1
-0.4 —e— max temperature of BD-2 1300

250 500 750 1000 1250
Speed/rpm

Figure 3. Mean COFs, COF fluctuations and local area max temperatures of frictional pairs at different
rotating speeds.

The COFs differences and fluctuations also reflect on the temperature differences,
since the friction coefficient may cause the change of frictional heat and then affect the
temperature directly. The frictional temperature may change the interface properties of the
materials so that the friction coefficient and the fluctuations may vary a lot vice-versa. The
difference of COFs of frictional pairs corresponds to the difference of local area temperatures
quite well from Figure 3.

However, the fluctuation range of COF varies greatly under different rotational speeds
as illustrated in Figure 2a—j. The amplitude of COF present significant fluctuations at low
speeds (250 rpm), as well as at high speed (1250 rpm). As the local area temperatures
were quite different, i.e., 296 °C at 250 rpm and upto 502 °C at 1250 rpm, the COF fluctua-
tions may indicate a role of the contact interface evolutions and the coupling interaction
of the interfacial heat. Thus the thermal-mechanical effects may attribute to the COF
fluctuation here.

Furthermore, the wear mass loss of BD-1 and BD-2 at different speeds were measured
and presented in Figure 4. It can be observed that the wear mass loss of the two materials
is quite different. The wear mass loss of BD-1 decreases first with the rotation speed, then it
goes up to a maximum value at 1000 rpm and then goes down at 1250 rpm. The wear mass
loss of BD-2 first increases with the rotation speed until 750 rpm and then decreases from
speed of 1000 rpm and reaches a minimum value at 1250 rpm. This shows that BD-2 begin
to present a higher wear at 750 rpm, which is more sensitive to speed than BD-1.
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Figure 4. Wear mass loss of BD-1 and BD-2 at different rotational speeds.

The wear mass of BD-2 is 75.1% higher than that of BD-1 at 500 rpm, 53.3% higher
than that of BD-1 at 750 rpm. Thus the newly developed BD-1 material presents a better
anti-wear performance compared with the commercial material BD-2.

3.2. Wear Surface Observation

The surface topography of wear tracks was observed by SEM as shown in Figure 5.
The corresponding speeds are also labeled, the left column indicates the surface topography
of BD-1 and the right column is that of BD-2. They all present wear scratches along the
sliding directions, which indicates the wear tracks. After the cleaning process before SEM
observations, the observed dark area on the wear tracks indicates an adhesive layer of
debris or interface reaction layers occurred during the friction process. Generally, the wear
track surfaces of BD-1 are clear and dominated by obvious mechanical scratches, except
those dark area at speeds of 750 rpm and 1000 rpm. In contrast the wear track surfaces
of BD-2 present deeper scratches, and begin to have adhesion-like dark area at 500 rpm,
750 rpm, and 1000 rpm. It should be mentioned that the 5 images with adhesion-like areas
are connected with highest wear rates in Figure 4.

Both the worn surfaces were characterized by mechanical wear accompanied by subtle
adhesive wear as shown in Figure 5a—d represent friction surface at 500 rpm and it can
be seen that wear tracks become shallow in BD-1 and relatively severe adhesive wear in
BD-2. The analysis suggested that the deep scratches in BD-2 couldbe associated with low
hardness of corresponding material. Since the hardness of BD-1 and BD-2 is 435 HV0.2 and
360 HVO0.2, respectively. Therefore, the wear scratch depth is closely related to the hardness
of the material.

From Figure 5e,f at speeds of 750 rpm, BD-1 and BD-2 present similar dark adhesive
layer distribution on the surfaces. Note that indicates in Figure 2e,f, both the two materials
have a similar COF curve as at 750 rpm. Since both the COF curves present minor fluctua-
tion, this suggests that the wear mechanism involves here may related to a combination of
mechanical scratch wear and adhesive wear.
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Figure 5. Surface morphology of BD-1 and BD-2: (a) BD-1 at 250 rpm; (b) BD-2 at 250 rpm; (c) BD-1 at
500 rpm; (d) BD-2 at 500 rpm; (e) BD-1 at 750 rpm; (f) BD-2 at 750 rpm; (g) BD-1 at 1000 rpm; (h) BD-2
at 1000 rpm; (i) BD-1 at 1250 rpm; (j) BD-2 at 1250 rpm.
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As illustrated in Figure 2g,h for 1000 rpm, BD-1 presents more stable COFs compared
to BD-2. Correspondingly, it is obvious that BD-1 has a larger area and more uniform black
adhesive layer on wear track in Figure 5g compared with that of BD-2 in Figure 5h. This
may further suggest that the adhesive layer may play a key role in frictional behavior as
speed increases upto 1000 rpm. Relating the wear mass loss results in Figure 4, it can be
seen that speed of 1000 rpm is the maximum and turning point of wear loss quantity for
BD-1. The surface morphology of BD-1 at 1000 rpm is fully covered by the adhesive layer,
which indicates that the adhesive layer is closely related to wear mass loss, thus allied with
wear debris. Meanwhile, the maximum and turning point of wear loss quantity for BD-2
occurs at speed of 750 rpm, corresponding to its wear track being largely covered by the
adhesive layer.

However, as the sliding speed increase further upto 1250 rpm, the dark adhesive layer
disappears both on BD-1 and BD-2. The wear surface on BD-1 becomes smoother than that
of BD-2.

To explore the evolution process of the adhesive layer, the energy spectrum of the local
wear track surface at 1000 rpm was tested and studied, as shown in Figure 6.

n enrichment area

®

O enrichment area Cr enrichment area

®

Cu enrichment area

Fe enrichment area

/

10 pm

Ni enrichnieqt area,

C enrichment area

o

10 pm

Figure 6. SEM and energy spectrum images of wear surface of BD-1 after testing at 1000 rpm: (a) SEM
image; (b) Comprehensive energy spectrum image; (c) Energy spectrum of Mn; (d) Energy spectrum
of O; (e) Energy spectrum of Fe; (f) Energy spectrum of Cr; (g) Energy spectrum of Cu; (h) Energy
spectrum of C; (i) Energy spectrum of Ni.
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First, the wear track area can be divided into different regions, as seen in Figure 6a,b.
Zone 1 indicates the largest dark area, zone 2 shows light-color region, zone 3 is termed for
another dark region, and zone 4 is the transition region. It displays from Figure 6¢,e that
manganese and iron element are enriched in the light-colored region of zone 2. Compared
with the light-color area, oxygen element, chromium element, and copper element are
enriched in the dark area according to Figure 6d-g. Distribution of carbon elements and
nickel elements in the two regions is given in Figure 6h,i without much difference.

The element composition of the four regions is listed in Table 4.

Table 4. Composition of the four regions in Figure 6a. (at%).

NO Fe C Mn Cr Ni Si Mo \Y (0] Cu
Total 53.2 8.7 0.6 51 0.0 0.6 0.2 0.0 29.1 25
Zonel 38.3 6.7 0.0 7.8 0.0 0.6 0.2 0.0 443 22
Zone2 772 10.1 25 5.8 0.8 0.7 0.2 0.0 2.7 0.1
Zone3 35.5 6.9 0.0 5.0 0.0 0.4 0.2 0.0 47.8 43
Zone4 38.3 6.5 0.0 7.7 0.0 0.5 0.2 0.0 44.1 2.7

From Table 4, the element content of zone 2 includes a highest Fe of 77.2 a%, a
lowest oxygen of 2.7%, medium chromium of 5.8% among the four regions. The content is
consistent with that of BD-1 base materials, indicating that zone 2 is close to the original
substrate materials. Zone 2 maybe labeled as substrate area. Zone 3 has the lowest Fe
element of 35.5%, a highest Cu element of 4.3% among the four regions, and the highest
oxygen of 47.8%. Chromium is higher than that in zone 2. These suggest that zone
3 interacts strongly with the counterpart (i.e., the BP materials), and copper oxide and iron
oxide exist more in zone 3. Zone 3 maybe labeled as oxidized area. For zone 1 and 4, the
oxygen content is slightly lower than that of zone 3, which is 44.3% and 44.1%, respectively.
Copper is 2.1% and 2.7%, and chromium is 7.8% and 7.7%, respectively. The results may
suggest that there is higher chromium in the transition zone between the oxidized zone 3
and the substrate zone 2. It is clear that the ‘dark zones’ are composed by oxides of Cr (and
some Cu).

Furthermore, the BD-1 material tested after 1250 rpm was analyzed by SEM, as shown
in Figure 7. It can be seen from Figure 7a,b that there is a uniform film on the wear track
after a test of 1250 rpm. Its elemental composition (as in Table 5) is rich in CuO, Fe;O3
and Fe3Oy, but is different from BD-1 substrate materials or the counterpart BP materials.
This suggests that the high temperature on the contact area may promote the formation of
a layer of third body film, which may be resulted from the thermal-mechanical coupling
effects on the frictional local area at high speed. This layer may come from the uniformly
adhered dark layer (as indicated in Figure 5g), become oxided further due to the thermal-
mechanical effects, and finally provide a protection for the friction pair materials to shallow
the wear scratches (as indicated in Figure 5i) and meanwhile reduce the wear mass loss (as
in Figure 4). Thus the evolution of the interface layer during the friction process play a key
role to protect the material surfaces.

Table 5. Composition of total area in Figure 7a. (at%).

NO Fe C Mn Cr Ni Si Mo v (@) Cu
Total 20.2 9.5 0.0 2.4 0.0 0.4 0.2 0.0 39.9 27.4

3.3. Wear Debris Evolution

Many particles accumulate around the local area in the process of friction and wear
test. The total number, size, chemical composition and morphology of particles closely
interact with the wear mechanism evolution. Thus the grinding debris produced in the
experiments were collected and then observed by SEM. Results are shown in Figure 8. The
left column is the debris of BD-1 and the right column comes from the debris of BD-2.
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Figure 7. SEM and energy spectrum images of wear surface after testing at 1250 rpm of BD-1 material.
(a) SEM images; (b) EDS image.

For BD-1 material in the left column, the debris size is small at speed of 250 rpm, then
increases with the increase of sliding speed. The shapes transform from minor particles
at 250 rpm to lamellar at 750 rpm, then to big blocks at 1000 rpm, and finally become
fine particles again at 1250 rpm. At speeds of 750 rpm and 1000 rpm, particles appear
as a mixture of lamellar and granular phases with a maximum size above 20 pm. While
in the right column BD-2 presents a mixture phase of large block and lamellar debris
from the beginning of speed 250 rpm, the sizes of lamellar debris increase with the speed
obviously, until the debris becomes fine particles at 1250 rpm. The lamellar debris size of
BD-2 increased from 45.6 pm to 80.1 um when the rotation speed increases from 750 rpm
to 1000 rpm. Wei li et al. [32] research suggests that in the process of contact sliding,
debris plays an important role in the surface wear and damage evolution of corresponding
materials, and desize of debris affects the mechanism of surface damage evolution.

Generally, BD-2 presents a larger debris size compared with BD-1. After the test of
500 rpm, the maximum abrasive size of BD-1 and BD-2 was 16 pm and 30 um, respectively,
and the particle shape was flat block. Similarly, after the 750 rpm test, the maximum
particle size of BD-1 is about 30 um, and the maximum particle diameter of BD-2 is 50 pum.
Moreover, at 1000 rpm, the maximum particle size of BD-1 is about 50pm with square
block morphology, while the maximum particle size of BD-2 is 65 um in lamellar shape.
Finally, the abrasive particles of the two materials are less than 10 um and relatively fine
and uniform after a test of 1250 rpm. Especially, the differences in debris size and shape of
BD-1 and BD-2 at speeds of 500 rpm and 750 rpm correspond quite well with the differences
in mass loss of BD-1 and BD-2 shown in Figure 4. These suggest that BD-1 material has a
smaller debris and lower wear loss compared with BD-2, which could be a better candidate
material for high-speed brake discs.
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Figure 8. Debris morphology of BD-1 and BD-2 after different test conditions. (a) BD-1 at 250 rpm;
(b) BD-2 at 250 rpm; (c) BD-1 at 500 rpm; (d) BD-2 at 500 rpm; (e) BD-1 at 750 rpm; (f) BD-2 at 750 rpm;
(g) BD-1 at 1000 rpm; (h) BD-2 at 1000 rpm; (i) BD-1 at 1250 rpm; (j) BD-2 at 1250 rpm.
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4. Discussion

The COF of both BD-1 and BD-2 present similar curves against sliding speed. The
friction coefficient of the friction layer containing ferromagnetic iron oxide is usually
reported between 0.48 and 0.55 [33,34]. The COFs of both materials quickly rise from the
initial 0.35 to the maximum value of 0.9 and then became stable as shown in Figure 2.
The average COF in the friction test is 0.5-0.8 with 0.30 approximate variation amplitude.
Generally, average COF decreased with the increase in rotational speed. The fluctuation
of friction coefficient becomes significant at a low speed of 250 rpm and a high speed of
1250 rpm.

Since the test load is relatively large to simulate the emergency braking process, the
variations in speed will result in obvious local temperature variations for the friction pairs.
Thus the whole tribological behaviors are dominated by a thermal-mechanical coupling
process, including the COF fluctuations, local oxidation layer, debris, and third body film

The evolution of wear debris and COF with the thermal-mechanical coupling process
(i.e., temperature and speed at a constant pressure in this study) is summarized in Figure 9.
As the rotational speed increases, the temperature of the friction contact surface increases,
both of which are labeled on the x axis. With the increase of rotational speed, the friction
coefficient decreases first and then increase as the top two lines indicate, meanwhile the
debris size increases first and then decreases as the bottom curves indicates.
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Figure 9. Evolution of debris and adhesion layer formed on the interfaces.
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In Figure 9, the wear mechanism and the evolution of debris are divided into three
stages, as the vertical dash lines indicates. Referring to Figure 8, we can see that in stage I,
debris presents a small fine particle shape, indicating a mainly abrasive wear mechanism.
In stage II, debris present a mixture phase of lamellar particles and big blocks, the wear
mechanism becomes both abrasive wear and adhesive wear together. In stage III as the
speed increase further, wear debris becomes fine lamellar particle again, but the wear
mechanism becomes adhesive wear dominated since a third body layer is observed be
formed on the interface as Figure 7 indicates.

Debris may play a key role in COFs fluctuation. First, at a low speed of 250 rpm, the
frictional pairs may form a close contact. The friction coefficient fluctuates greatly due
to the original roughness of the sample surface, and the resulted fine debris also cause
the fluctuation of COF here. However, due to the relatively lower temperature at this
stage, it is not easy for the debris to form an adhesive layer. As the local temperature rises
with the sliding velocity, local temperature causes more and more debris to adhere to the
interface, forming an oxidation layer and playing a lubrication role on the COFs. Thus
the COFs fluctuation decreased in stage II. However, the wear loss increases significantly
at this speed range, since the friction force causes a repeatable removal of the damaged
adhesive layer and continuous formation of a new adhesive layer. At speed of 1250 rpm,
the local temperature was above 502 °C, the high temperature cause a third body uniform
layer on the contact surface, which may prevent the adhesive layer from removing. The
close contact between the contact surfaces may also result in a higher COF fluctuations.
However, the resulted debris becomes fine and small in size again. Thus the whole wear
loss decreases significantly as shown in Figure 4. Of course, the point temperature of 502 °C
does not directly indicate the temperature of the local contact area, which may be even
higher to form a third body adhesive layer.

Debris characters are dependent on the sliding velocity and the local temperatures,
thus resulting in different wear losses. First, the friction velocity affects the shear strain by
affecting the contact time of the contact surface [34-37]. From low to high speed, the contact
time of the friction pair will decrease and subsequently; COF will reduce as the shear strain
of the local contact materials decrease. Another hand as the speed increase, the dry friction
coefficient evolves into two stages: interface matching and plastic deformation [38]. At low
speed, mechanical wear from the interface matching contact dominates, the wear debris is
fine particles, as shown in Figure 8a. It indicates a typical abrasive wear. As speed increases,
higher local temperature drives debris to be adhered to the interface and involved into the
plastic deformation in the local area, as well as the oxidation reaction that occurs in the
contact area. Thus the debris may transfer into an adhesive layer (dark area in Figure 5)
and play a significant role in lubrication. This resulted debris presenting a mixture of
lamellar shape and flake shape (as shown in Figure 8c—f). They are essentially produced by
continuous plastic deformation and oxidation, indicating that the plastic deformation of the
contact area dominates here. Thus wear mechanism changes into adhesive wear gradually
with the increase of rotational speed. When the local temperature increase further until
a uniform third body film is formed, the new closely matched interface appears, COFs
begin to fluctuate largely but the average COFs decrease (rofer to Figure 3), debris become
into fine particles again(refer to Figure 8) and the wear loss decrease significantly (refer
to Figure 4). This third body layer will protect the sliding surfaces at high speed and
high temperatures.

The two kinds of braking materials are compared according to the tribology properties
and debris evolutions. Perhaps, BD-1 and BD-2 present similar COF curves. The main COF
differences occur between the rotation speed 750 rpm-1000 rpm. The differences in wear
mass loss occur between the rotation speed 500 rpm—750 rpm. BD-1 presents a significantly
less wear loss than BD-2. SEM analysis of the local surface also show that the adhesive
layer presents a better lubrication role on BD-1 and the depth of wear scratch on BD-1 is
shallower than BD-2. Debris observation also reveals that the debris size and shape of BD-1
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are better than that of BD-2. Therefore, BD-1 is suggested to be a better candidate braking
material for high-speed railway applications.

5. Conclusions

A newly developed material BD-1 was trialed to embrace as brake disc material
in high-speed trains and was compared with existing commercial brake disc material
BD-2 in terms of COF, wear mass loss, surface SEM observations, and debris analysis.
Their tribological properties are affected by coupling functions of rotation speed, local
temperature, local area reaction, debris characters and deformation mechanism. Current
experimental studies have certain limitations in throwing with actual service in high speed
and extreme service environments.

Average COF of BD-1 and BD-2 decreased with the increase of rotational speed.
Fluctuations in the coefficient of friction interact with local temperatures and the characters
of debris. Debris characters evolve as the speed increases. Debris may help to form
an adhesive lubrication layer and undertake plastics deformation at the speed range of
500 rpm~-1000 rpm. The local area temperatures prompt the wear debris adhesion and
oxidation, and the wear mechanism of brake materials transfer from abrasive wear to
adhesive wear, until a third body film formed on the contact area under high temperature
owing to high speed of the train. The third body film results in a lower COF, lower wear
mass loss, finer debris size, and protects the material surface from high speed and high
temperature. BD-1 material demonstrateds a similar COF curve as a commercial material
BD-2, but it has significantly less wear loss, finer debris size and shape, and can form a
uniform adhesive layer at high temperature, thus is suggested to be a better candidate
braking material for high-speed railway applications. The research also provides an
approach to evaluate the brake disc materials and reveal their friction and wear mechanism.
In order to be more consistent with the actual environmental temperature changes, we will
study the friction and wear mechanism in various service environments in the future.
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Nomenclature

Nomenclature of physical quantities and abbreviations appear in this paper.
SEM Scanning Electron Microscope
EDS Energy Dispersive Spectroscopy
COF  Coefficient Of Friction
BD-1 A newly design brake disc material; Alloy powder purchased from Trillion Metals Co.,Ltd.



Lubricants 2022, 10, 168 16 of 17

BD-2 A commercial break disc material (Knorr, CRCC TKD-DS64)

BP Copper-based brake pad of commercial materia (Knorr, CRCC UPE-DP18)
C Carbon element

(@) Oxygen element

Fe Ferrum element

Si Silicon element

Cr Chromium element

Mn Manganese element

\% Vanadium element

Fe3;04 ferroferric oxide

Ni Nickel element

Mo Molybdenum element

Cu Cuprum element

F force Unit N. The force of experiment.
v Linear velocities in the experiment

Fe,O3  ferroferric oxide
CuO  Copper oxide
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