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Abstract: Wear resistance of brake discs has a significant effect on the safety of high-speed trains.
In this work, the rolling–sliding wear resistance of a low-carbon martensitic brake disc steel was
investigated. The microstructure evolution and mechanical properties from the worn surface to the
matrix were analyzed to promote parameters for the application of this steel. The results indicated
that a ratcheting strain zone was formed at the surface of the brake disc steel under asymmetric
cycling load and presented the morphology of the plastic flow line. An equation between the shear
strain and the depth from the surface was established, which reflected the gradient distribution of
the shear strain. The martensite lath refined into the nano/sub-micron grain and strip on the topmost
surface. The micron scratch test results exhibited that the hardening rate and fracture toughness of the
ratcheting strain zone varied continually along with depth, and the highest hardening rate occurred
on the worn surface due to the increase of dislocation density and grain refinement. Additionally, the
brake disc steel obtained better wear resistance than that of other wear-resistant materials used for
railways due to steel having the highest hardening rate in the ratcheting strain zone.

Keywords: brake disc; high-speed train; ratcheting strain; wear resistance; microstructure

1. Introduction

Increased service speed and passenger capacity stand for a fast-growing trend in
high-speed rail systems, which creates more significant requirements of the performance of
crucial friction pairs [1–3]. The braking system is a vital component for high-speed trains.
Generally, rolling–sliding wear occurs between the disc and wheel during the braking
process, which would increase the risk of disc damage [4,5]. Thus, a more wear-resistant
material used for a brake disc will benefit the operation of high-speed trains [6].

Accumulated plastic deformation was formed on the surface of metallic materials
during rolling–sliding wear [7,8], which was called ratcheting strain under asymmetri-
cal cyclic loading [9]. In recent years, studies have shown that ratcheting strain induces
structural modifications such as forming a nano-structure, resulting in good mechanical
properties [10]. The formation and distribution of the ratcheting strain zone were affected
by surface defects [11,12] and inclusions [13] such as cracks. However, under some con-
ditions, cracks did not propagate or cause peeling [14]. Wear removed the most strained
layers from the surface, making deeper and less strained layers emerge and reduced micro-
cracks. The ratcheting strain field under the contact surface was stabilized, as well as
the cracks length in the surface. A steady relationship between wear and ratcheting was
built [14,15]. Apart from microstructure characterization, mechanical property such as
hardness was another key point in the research of ratcheting strain [16,17]. Variations in
dislocation density and type in the microstructure were the causes of increased ratcheting
strain, leading to higher hardness of the metals [18]. However, most of the investigations
were centered on wheel/rail steel, bearing steel, and gear steel [19–22]. There is no detailed
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study available in the literature about the ratcheting strain in brake disc for high-speed
trains under rolling–sliding wear. In addition, the microhardness of the ratcheting strain
zone was analyzed by indentation test in the majority of studies [23,24]. In order to ensure
the accuracy of the hardness results, a certain interval between the indentation is required.
Thus far, there are few studies that explore the mechanical property of the ratcheting strain
zone by micron scratch test, which could be used to characterize the continuous variation
of hardening and fracture toughness [25,26].

In this study, the rolling–sliding wear resistance of a low-carbon, martensitic brake
disc steel was investigated using a twin-disc wear machine. The microstructure of the
ratcheting strain zone was analyzed by means of scanning electron microscopy and X-ray
diffraction. The micron scratch test was then carried out to analyze the hardness and
fracture toughness of the ratcheting strain zone. Moreover, the relationship between wear
resistance and hardening rate was discussed.

2. Materials and Methods
2.1. Test Steel

The brake disc steel was developed independently, and its production process included
solid solution treatment, controlled rolling, quenching, and low-temperature tempering,
as shown in Figure 1. The chemical composition of the test steel is listed in Table 1. The
content of C in the steel was less than 0.25%. In addition, a certain amount of Cr, Ni, Mo,
and V could improve the hardening ability. The mechanical properties of the test steel are
shown in Table 2.
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2.2. Microstructural Characterization

The microstructure of the specimens was characterized by a field-emission scanning
electron microscope (FESEM, Tescan MIRA3 XMU, Brno, Czech Republic). Specimens
for FESEM were prepared by mechanical polishing and then eroded with 4% nitric acid
alcohol. The X-ray diffractometer was used with the Bragg–Brentano geometry under a
continuous scanning mode over 2θ = 30~120◦ (XRD, Japanese physics Ultima IV, Tokyo,
Japan). A scanning rate of 5◦/min, an accelerating voltage of 40 kV, and a tube current of
40 mA were used with CuKα radiation to analyze the phase structure of the matrix and the
area after ratcheting.

2.3. Dry Rolling–Sliding Wear Test

The sample of the rolling–sliding wear test was processed into the required twin disc,
which was tested under temperature and dry conditions. The schematic diagram of the
tester is shown in Figure 2. The maximum contact stress between the two samples in
point contact mode was calculated using Hertz contact theory and simulation criteria. The
method is shown in Equation (1):

σmax =
852.6
α·β ×

3
√

F(Σρ)2 (1)

where ρ is the curvature at the contact point between the twin disc determined by the
sample radius size (unit: mm−1). σmax is the maximum contact stress (unit: MPa). α and
β are point contact deformation coefficients determined by the auxiliary parameter cosτ,
obtained from YB/T 5345-2014 standard [27]. F is the vertical load applied to the sample
(unit: N). Test parameters and contact stress calculation results are listed in Table 3.
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Table 3. Test parameters and calculation results of contact stress.

Σρ/mm−1 cosτ αβ F/N Slide Ratio/% RPM/r·min−1 σmax/MPa T/s

0.171 0.166 1.01 800 10 400 2414 0.15

2.4. Micron Scratch Test

The hardening rate and fracture toughness of the wear sample were measured using
a micron scratch tester applying Rockwell C diamond indenter with a cone angle of 120◦

(scratch tester, Rtec-HS100, San Jose, CA, USA). The indenter with a curvature radius of
200 µm was scratched from the matrix to the surface, applying a constant positive pressure
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of 5 N at a speed of 0.05 mm/s. The scratch test data were used for subsequent analysis,
and the scratch morphology was recorded by three-dimensional topography scanning.

3. Results and Discussion
3.1. Wear Resistance

A specific wear rate is the volume loss per unit load and distance traveled by a point
on the perimeter throughout the wear test. The average values of wear loss, obtained by
calculating three times to reduce experimental errors, are listed in Table 4.

SWR =
V
FN
× Sd (2)

where V is volume loss, Sd is wearing distance, and FN is load.

Table 4. Wear data and the SWR results of the test steel.

Material Mass before
Wear/g

Mass after
Wear/g Wear Loss/g SWR/mm3·m−1·N−1

Test steel 77.6341 77.6087 0.0254 2.69 × 10−6

Figure 3 represents the worn surface of the test steel. The surface shows debris, peeling
pits, and flakes produced by the growth of fatigue cracks. The cracks propagated along the
worn surface or inside the matrix. Fatigue damage formed at the contact surface due to
asymmetric cyclic loading of surface material is also observed.
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Figure 3. SEM image of the wear surface of test steel: (a) debris and (b) peeling pits and cracks.

3.2. Microstructure Analysis
3.2.1. Matrix Microstructure

Figure 4 shows the matrix microstructure of the brake disc steel, which mainly presents
low-carbon lath martensite tempered at a low temperature. The widths of martensite lath
are between 200 nm and 400 nm, accompanied by many dislocations, as shown in Figure 4c.
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3.2.2. Definition of Ratcheting Strain Zone

Plastic deformation occurs only when the maximum load exceeds the elastic shake-
down limit (Figure 5a) [9], but the metals enter the steady-state strain after plastic defor-
mation under the plastic shakedown limit. When the load exceeds the limit of plastic
shakedown, the unidirectional accumulation of deformation is caused [9], and the ratch-
eting strain is formed (Figure 5b). In this work, the maximum contact stress of 2414 MPa
is much larger than the yield strength of the test steel, which will cause ratcheting strain
on the contact surface. The microstructure under the contact surface presented the mor-
phology of the plastic flow line (Figure 5c), which was called the ratcheting strain zone (RS
zone), as shown in Figure 5d.
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3.2.3. Shear Strain Distribution

The stress of the material under the contact surface can be divided into normal stress
and shear stress [9], which will lead to a rheological structure. The shear strain can be
calculated by the displacement field of the plastic flow line, which will reflect the degrees
of bending of martensite lath, as shown in Figure 6. The calculation equation of equivalent
shear strain is as follows [28,29]:

ε =
tan (θ)
√3

(3)

where γ is the shear angle at different depths on the plastic flow line, ε is the equivalent
shear strain, and tan(θ) is the slope of the tangent line of the rheological curve.

Figure 7a illustrates the displacement field y(x) of the plastic flow line of lath marten-
site. The X-axis was the depth direction from the surface, and the Y-axis was parallel to the
rolling direction. The y(x) and x(depth) of the plastic flow line displacement field satisfy
the following relationship:

y(x) = 210.92959 − 19.32826 × exp0.00509x (4)
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Combined with the equation of the rheological curve, the distribution curve equation
of the shear strain γ with depth from the surface (DS) could be written as:

γ =− 0.31125 + 8.17033 × exp−0.01356Ds (5)

The distribution of the equivalent shear strain along depth can be given in Figure 7b.
It was estimated that the shear strain decrease ranged from 30 to 190 µm with the increase
of DS, and finally stabilized in the matrix.

3.2.4. Martensite Lath Characteristics

The martensite lath morphology of the RS zone at different depths from the contact
surface is presented in Figure 8. The characteristics of martensite lath near the surface
could be divided into three zones: severely plastic deformation zone (I), slightly plastic
deformation zone (II), and matrix material (III). The morphology of the martensite in
the topmost surface was unidentifiable (I zone), mainly due to the extreme refinement of
martensite. However, the direction of the plastic flow line was almost completely parallel to
the surface. There was almost no transition region between the II zone and the I zone, which
changed directly. The martensite lath in the II zone was bent parallel to the surface under
shear strain, which was in obvious contrast to the martensite morphology in the matrix.
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The topmost surface microstructure of the RS zone showed that the martensite lath was
crushed into different shapes, which created nano/sub-micron grains and strips (Figure 8b).
The martensite lath underwent ratcheting, resulting in a variation of dislocation structure,
formation of dislocation cell, and increase of the disorientation of dislocation cell [30]. The
transformation from low-angle grain boundary to high-angle grain boundary was then
promoted, which finally led to grain fragmentation [18]. The grain boundaries caused by
deformation were called geometrically necessary boundaries (GNB), which were composed
of dislocation cell blocks (CBs) and dense dislocation walls (DDWs) [31]. The dislocation
cells were further refined and eventually formed fine-grained structures on the worn
surface [32].

3.2.5. Dislocation Density Analysis

The XRD patterns of the RS zone and matrix microstructure are observed in Figure 9.
The position of the XRD diffraction peak remained basically unchanged, which indicated
that there were no variations in the phase composition of the RS zone and matrix. The
diffraction peaks in the RS zone were significantly broadened compared to the matrix,
such as peaks (110)α (Figure 9b) and (200)α (Figure 9c), which suggested that micro-strain
and grain refinement occurred in the RS zone of test steel. Compared to the matrix, the
diffraction peak of the RS zone shifted to the right, which indicated that the lattice constants
of the RS zone decreased under compressive stress, referring to Bragg’s law [33].

The Williamson–Hall method was used to estimate the dislocation density of the
RS zone and matrix. In this method, the dislocation density could be conducted by the
half-height width of the diffraction peak [34,35]. However, the traditional W-H method did
not consider the anisotropy of the material elasticity, and the modified W-H method could
be written as [36]:

(∆K)2 ∼= (
k
D
)

2
+(

π

2
M2b2)K2ρC(1− qH2) (6)

where ∆K is the diffraction peak width at half the maximum height; k is the shape parameter;
D is the size parameter; M is the dislocation distribution parameter; b is the Burgers vector; ρ
is the dislocation density; K is the diffraction vector mode, calculated from K = 2sinθ/λ; θ is
the Bragg Angle of the corresponding peak; q is the characteristic parameter of dislocation;
and λ is the wavelength of X-ray. C is the dislocation contrast factor. Here, α is given as
(k/D)2. Equation (6) can be rewritten as:

(∆K)2 − α

K2
∼=

π

D
M2b2ρC(1− qH2) (7)
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The dislocation density of the material and RS zone was determined by the slope of
the linear relation between ((∆K)2 − α)/K2 and H2. The values of FWHM and parameter
were substituted into Equation (7) to obtain the modified W-H method linear fitting plots,
as shown in Tables 5 and 6. The specific method referred to the reference [37].

Table 5. Full-wave at half maximum (FWHM) in the matrix and RS zone of the test steel.

Sample
FWHM/(◦)

(110) (200) (211) (220) (311)

Matrix 0.316 0.573 0.514 0.584 0.756
RS zone 0.593 1.322 1.040 1.183 1.944
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Table 6. Calculation parameters of the modified W-H method.

k M b q C

0.9 0.263 0.248 2.165 0.15681

The linear relation between ((∆K)2 − α)/K2 and H2 is observed in Figure 10. The
value of slope and dislocation density is listed in Table 7. The value of dislocation density
in the matrix and RS zone were determined as 1.42 × 1015 m−2 and 1.21 × 1016 m−2,
respectively. It indicated that a large number of dislocation proliferation occurred in the
RS zone rather than the matrix. Existing studies have shown that the order of magnitude
of dislocation density of low carbon martensite steel was 1015 m−2 [38]. The dislocation
structure transformed from low-density dislocation lines and dislocation networks to high-
density dislocation tangles, dislocation walls, and dislocation cells under asymmetric cyclic
loading. Compared with uniaxial ratcheting, the rate of dislocation proliferation of the
ratcheting was accelerated due to the multiple slide and cross slide of dislocation under
multiaxial stress [39].
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Figure 10. ((∆K)2 − α)/K2 vs. H2 plot for martensite peaks (a) matrix and (b)RS zone assuming Gaussian and Lorentzian
peak broadening, respectively.

Table 7. Calculation results of slope and dislocation density.

Sample Slope Dislocation Density/(m−2)

Matrix −3.23 × 10−6 1.42 × 1015

RS zone −2.76 × 10−5 1.21 × 1016

3.3. Distribution of Hardness and Fracture Toughness in Ratcheting Strain Zone

Figure 11a shows the scratch morphology, in which different colors present different
depths. The width of the scratch decreased from the surface to the depth of about 180 µm.
For further observation, scratch cross-sections at positions A and B show that the scratch
width (DH) was narrower and the scratch depth (HD) was shallower in the RS zone than in
the matrix, as seen in Figure 11b.

Figure 12 shows the distribution curves of DH and HD with the distance from surface
depth (DS). It presented a monotonically increasing trend and then became stable from
the DH curve in Figure 11a, and the variation of the DS was similar to that of the HD. It
indicated that the depth of the RS zone was about 180 µm.
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Figure 12. Curves of (a) scratch width and (b) scratch depth with depth from the surface.

In order to further explore the mechanical properties of the RS zone, the hardening
rate of scratch could be obtained by applying the load FN and DH [40]. The hardness at
the matrix of position B is defined as 1, called H0. The hardness at different positions is
defined as H, and H/H0 reflects the hardening rate. The specific calculation methods of
scratch hardness and fracture toughness can be seen in Equations (8) and (9) from the from
reference [26,41].

H =
qFN

πD2
H

(8)

KC =
FT√
2PA

(9)

where H is the scratch hardness, FN is the load, DH is the scratch width, KC is the fracture
toughness, FT is the tangential force, and 2PA is the shape function of the indenter.

Figure 13a presents the relationship between the hardening rate and DS. The highest
hardness appeared at the topmost surface of the RS zone, which was about 1.7 times that
of what appeared in the matrix. The hardening rate decreased monotonically with the
increase of DS. The hardness of the topmost surface of martensitic steel was obviously
higher than that of the matrix, mainly due to the ratcheting strain of the contact surface
that occurred under the combined action of shear stress and positive pressure, which led to
grain refinement and work hardening. Moreover, the hardness of the surface and matrix
materials were measured, respectively, by a microhardness tester. The result shows that
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the microhardness of the topmost surface (541.2 HV0.2) was about 1.68 times of the matrix
(322.1 HV0.2), which was consistent with the result of the micron scratch test. Figure 13b
exhibits a curve of the fracture toughness (KC) with the DS, which presented the opposite
trend of the hardening rate. The KC of the topmost layer was lowest, reaching 25 MPa·m1/2,
which was less than triple that of the undeformed matrix.
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In brief, the variation of the hardness and fracture toughness occurred in the DS range
of 0~180 µm. It was indicated that the depth of the RS zone was about 180 µm, which was
consistent with the results of the FESEM observation. In recent studies, it has been shown
that significant hardening and fracture toughness deterioration appeared at the surface of
pearlite rail steel under rolling–sliding wear conditions [37].

3.4. Discussion of Wear Resistance under Rolling–Sliding

The specific wear rate (SWR) recorded in the current work was compared with pub-
lished data in Table 8 [42–45], and the relationship between hardness and wear resistance
in Figure 14. The specific wear rate of the test steel was one of the lowest, although it did
not have the maximum hardness. The high-speed steel (HSS) had a lower wear rate with
the highest hardness. The hardening rate of railway materials decreased with the rise of
hardness except for the test steel. The hardening rate of the test steel was significantly
higher than that of other railway steel.

Table 8. SWR data and hardness of wear-resistant materials for railway reported under rolling–sliding wear of 10% slip ratio.

Material C Si Mn Cr Mo V Hardening Rate Hardness/HV SWR/mm3·m−1·N−1 Ref.

Test
steel 0.20~0.22 0.40~0.42 1.10~1.12 0.90~0.94 0.64~0.66 0.06~0.08 1.7 320 2.75 × 10−6 Present

work
PW 0.54 0.31 0.74 0.71 / / 1.6 285 14.88 × 10−6 [42]
BW 0.23 1.57 2.05 0.05 0.33 0.09 1.38 424 7.89 × 10−6 [42]
PR 0.51 0.38 0.77 0.1 0.04 0.15 1.63 268 4.43 × 10−6 [43]

BR1 0.2 1.25 1.3 1 0.3 0.75 1.44 375 3.83 × 10−6 [43]
BR2 0.23 1.45 1.5 1.2 0.35 0.85 1.36 419 3.14 × 10−6 [43]

CL60 0.55~0.65 0.17~0.37 0.50~0.80 50.5 / / 1.49 310 3.21 × 10−6 [44]
HSS 2.55~2.58 0.8~0.83 0.18~0.21 4.28 3.43 9.30 1.21 610 1.65 × 10−6 [45]

Generally, hardness is the most important contribution to wear resistance [1,46].
During cyclic loading, the contact surfaces of materials underwent work hardening affected
by ratcheting strain, prompting a significantly higher hardness [47]. The wear resistance
of steel was related to the hardening rate [44]. Therefore, the test steel underwent a better
wear resistance under rolling–sliding due to the higher hardening rate. The information of
specific wear rates could provide a guide in choosing brake disc steel for high-speed trains
and in the development of wear-resistant materials used for railway.
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4. Conclusions

In this work, the wear resistance and the ratcheting strain zone of a low-carbon
martensitic steel used for brake disc have been studied under rolling–sliding wear. The
following main conclusions can be drawn:

(1) A ratcheting strain zone with gradient structure and high-density dislocation was
formed at the surface of the experimental steel during the rolling–sliding wear process.
The equivalent shear strain decreased with the increase of depth until stabilized in
the matrix. The microstructure at the topmost surface underwent refinement, and the
martensite lath was crushed into nano/sub-micron grain and strip.

(2) The continuous change of the hardness and toughness of the RS zone could be well
evaluated by a micron scratch test. The topmost surface layer possessed the highest
hardening rate of ~1.7 but lost 67% of fracture toughness compared to the matrix.

(3) Compared to other wear-resistant iron and steel materials used for railway, the test
steel exhibited one of the lowest specific wear rates under similar wear test due to the
higher hardening rate caused by the high-density dislocation and grain refinement in
the ratcheting stain zone.
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