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Abstract 
In this paper, the surface microstructure and wear property of D2 wheel steel 
under sliding wear condition were studied by MRH-30 sliding wear tester. 
After testing, a transmission electron microscope (TEM), scanning electron 
microscope (SEM) with electron backscatter diffraction (EBSD), and mi-
cro-hardness testers were used to characterize the surface microstructure of 
samples with different cycles. The results show that the wear losss samples are 
increased as the increase of cycles, and the wear loss of wheel samples is 
higher than that of rail samples. The surface hardness and thickness of de-
formation layer of wheel samples are increased as the cycles increase. After 
sliding wear, the samples surfaces form the white etching layer with the 
thickness of several microns. Through the analysis of surface microstructure 
of sample with 12,000 cycles, the lamellar cementite in pearlite is fragment 
into cementite particles with the decrease of depth from surface, and the ce-
mentite is dissolved at surface to lead to the form of white etching layer. The 
ferrite grains are refined gradually and the fraction of high angle grain boun-
dary is increased with the decrease of depth from surface. The nanosgrains 
layer of ferrite grains with 5 μm thickness is formed. According to the result 
of finite element simulation of contact surface temperature, the formation of 
surface nanograins and the dissolution of cementite are caused by the severe 
plastic deformation. The fiber structure of samples is formed after sliding 
wear, with direction of <110>. 
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1. Introduction 

In recent years, the rolling contact fatigue and wear of train wheels are more se-
vere with increase of operation speed and axle load. The severe wear and rolling 
contact fatigue of wheel surface are not only causing the economic loss but also 
the rise of traffic accident. The evolution of surface microstructure of wheels is 
the main reasons to cause the wheel failure [1] [2] [3]. Therefore, the investiga-
tion of evolution of surface microstructure of wheel steel is important to study 
the mechanism of wear and rolling contact fatigue failure. 

The sliding wear is the ultimate operation condition of trains, which will oc-
cur at turning and the brake process. During sliding wear process, the wheel 
surface will produce high temperature and shear stress to lead to the sharply 
change of surface microstructure, such as nanograin layer [4] [5] [6] [7], dy-
namic recrystallization [8], new phase [9]. The contact surface of wheel-rail ma-
terial will also form white etching layer (WEL) during sliding wear or roll-
ing-sliding wear process. The hardness of WEL can reach up to 1200 HV [10] 
[11]. As the hard and brittle defect, the fatigue cracks will initiate at the interface 
between WEL and deformation layer due to the inharmonious plastic deforma-
tion. The contact temperature and plastic deformation are main factors to result 
in the formation of WEL at surface of wheel-rail material. The research results of 
Wösterle et al. and J. Takahashi et al. [12] [13] show that the martensite was 
produced in WEL owing to the sharp cooling. However, Lojkowski et al. [14] 
and Baumann et al. [15] [16] proposed that the WEL was nanograin of α-Fe with 
15 - 500 nm, and the cementite was dissolved by severe plastic deformation. 
Therefore, the mechanism of the formation of WEL is not uniform.  

In present paper, the surface microstructure and wear property of D2 wheel 
steel under sliding wear condition were studied by MRH-30 sliding wear tester. 
After testing, a transmission electron microscope, scanning electron microscope 
with electron backscatter diffraction, and micro-hardness testers were used to 
characterize the surface microstructure of samples with different cycles. The 
contact temperature is analyzed by finite element simulation to obtain the me-
chanism of the formation of WEL. 

2. Material and Methods 

The chemical composition of D2 wheel steel in test was C 0.53, Si 1.0, Mn 1.0, 
and Fe balance (mass %). The original microstructure of the wheel samples was 
formed of pearlite and proeutectoid ferrite (PF). The original hardness of the 
wheel samples was around 330 HV, and the yield strength and tensile strength of 
the wheel samples were 615 and 955 MPa, respectively. The rail samples com-
prised U71Mn and had an original hardness of approximately 360 HV; the yield 
strength and tensile strength of the rail samples were 880 and 900 MPa, respec-
tively. The sample dimensions of the wheel/rail and their contact mode are 
shown in Figure 1. The experiment load was 200 N, the rolling speed was 400 
r/min and the cycle was 200 cycles, 800 cycles, 4000 cycles and 12,000 cycles. The  
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Figure 1. Sample dimensions and contact mode of wheel/rail samples (unit: mm). 

 
operation condition was dry sliding wear. The samples were cooled by a fan and 
stopping the wear tester every 10 s to cooling the contact surface.  

After the test, the surface microstructure from different cycles was analyzed by 
using a Lecia optical microscope (OM), Zeiss Supra 55 field-emission scanning 
electron microscope (SEM) with electron backscatter diffraction (EBSD) and a 
JSM-2100 field-emission transmission electron microscope (TEM). The longitu-
dinal section thin film for TEM sample was prepared by following steps: Firstly, 
grinding the film to a thickness of about 30 μm with sandpaper, and then using 
Gatan ion thinning machine to carry out ion thinning. Finally, a thin region with 
a thickness of about 100 nm was obtained to carry out analyze by TEM with 
accelerating voltage of 200 kv. The samples for EBSD are prepared by cutting, 
grinding, polishing for 20 minutes with SiO2 polishing fluid, and then vibrating 
polishing for 40 minutes. Finally, the surface microstructure uses Zeiss Supra 
field emission scanning electron microscope for EBSD analyzed by use of by 
EBSD with accelerating voltage of 15 kv. The surface microhardness was meas-
ured by using an FM-700 microhardness tester with a loading of 0.01 kg. The 
dwell time was 15 s. 

Three-dimensional finite element model of wheel and rail specimen is estab-
lished by solid element. Ls-dyna software was used to simulate the temperature 
of wheel and rail samples under pure sliding conditions within 10s. In the simu-
lation, an angular velocity of 400 r/min was applied to the wheel and rail speci-
men, and a constant force load of 200 N was applied to the wheel specimen. The 
wheel/rail samples were modeled using a linear elastoplastic material, with 
modulus (E) is 210 GPa, Poisson’s ratio is 0.3, yield strength limit is 600 MPa, 
tangent modulus Etan is 21 GPa, friction coefficient μ is 0.6. 

3. Results and Discussion  
3.1. The Wear Behavior 

Figure 2 is shown the wear loss profile wheel/rail samples. The wear loss of 
wheel/rail samples is increased with increase of cycles. And the wear loss of  
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Figure 2. The wear loss of wheel/rail samples with different cycles. 

 
wheel samples are higher than that of rail samples. The wear morphology of 
wheel samples with different cycles is displayed in Figure 3. The surface mor-
phology of original sample exist obviously machining mark with the peak and 
valley, as shown in Figure 3(a). It can be seen that the surface morphology of 
samples is relatively flat and no obvious cracks at 200 cycles. At 800 cycles, the 
samples surface produces a small amount of cracks, as shown in Figure 3(b). At 
4000 cycles, the samples surface produce obvious cracks (Figure 3(c)). At 12,000 
cycles, the cracks of samples surface are more severe, and the some cracks hap-
pen the flaking to cause the wear failure of samples. As a result, the wear me-
chanism of samples is that the cracks are flaked gradually as the cycles increase 
to cause the wear loss. Figure 4 is the SEM micrograph of the relationship be-
tween cracks of wheel samples and microstructure at 12,000 cycles. The cracks 
initiate the surface. The reason is that the maximum shear stress of samples is at 
surface under sliding wear condition. and the cracks propagate along the inter-
face between fine grain layer and matrix. That is because the fine grain layer and 
matrix is the inharmonious plastic deformation. 

3.2. Surface Hardness 

The hardness profile of wheel samples at different depth from surface with dif-
ferent cycles is shown in Figure 5. The original hardness of the wheel samples 
was around 330 HV. At 200 cycles, the surface hardenss is about 330 HV. At 800 
cycles, the surface hardness is about 350 VH, and the thickness of hardening 
layer is about 10 μm. At 4000 cycles, the change rule of hardness is similar to 
that at 12,000 cycles. It is that the hardness is declining with increase of depth 
from surface. While the surface hardness at 4000 cycles is lower than that at 
12,000 cycles, which is about 670 HV. The thickness of hardening layer is about 
23 μm. At 12,000 cycles, the thickness of hardening layer is maximum, which is 
about 40 μm. With the increase of cycles, the thickness of plastic deformation 
layer is increased gradually, as shown in Figure 6. Therefore, the thickness of  
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Figure 3. The wear morphology of wheel samples with different cycles (a) original sample 
(b) 200 cycles (c) 800 cycles (d) 4000 cycles (e) 12,000 cycles. 
 

 
Figure 4. The SEM images of the relationship between D2 wheel steel’s fatigue cracks and 
microstructure at 12,000 cycles. 
 
hardening layer is increased grauually. The surface hardness of samples is about 
780 HV, which is similar to the result of H. W. Zhang et al. [17] and Sarvesh Pal  
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Figure 5. The hardness profile of wheel samples at different depth from surface with dif-
ferent cycles. 
 

 
Figure 6. The OM micrographs of wheel samples with different cycles (a) original micro-
structure (b) 200 cycles (c) 800 cycles (d) 4000 cycles (e) 12,000 cycles (f) the thickness of 
deformation layer with different cycles. 
 
et al. [18]. During sliding wear process, the degree of plastic deformation is the 
most severe at surface due to the maximum shear stress. The refinement of fer-
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rite grains, the increase of dislocation density and the dissolution of a part of 
cementite are the main reasons to enhance the surface hardness to 780 HV. 
Therefore, the surface hardness is the maximum. With the increase of depth 
from surface, the hardness of samples is decreased gradually. At depth of 40 μm 
from surface, the hardness of samples is consisted with the matrix hardness, 
which is about 330 HV. With increase of depth from surface, the shear stress is 
decreased gradually. As a result, the degree of plastic deformation is decreased 
gradually. So the hardness of samples is dropped gradually.  

3.3. Surface Microstructure 

The OM micrographs of wheel samples with different cycles are shown in Figure 
6. The original microstructure of the wheel samples is formed of pearlite and 
proeutectoid ferrite (PF). At 200 cycles, no obvious deformation layer is formed 
on the surface of sample, but the proeutectoid ferrite on the top layer is dis-
torted. At 800 cycles, a deformation layer of about 10 μm is formed on the sur-
face of the sample, and a discontinuous white etching layer is formed on the 
top layer with a thickness of about 2 μm. The formation of WEL indicates that 
apart of cementite are dissloved at sample surface. As the cycles increased, the 
thickness of the deformation layer gradually increased. At 12,000 cycles, the 
surface of the sample is deformed to a thickness of about 45 μm, and there is an 
intermittent white etching layer on the surface. During sliding wear process, 
through the wear loss is increase according to cycles (Figure 2). However, the 
formation of plastic deformation layer is rapid as the sliding wear process. 
Hence, the degree of plastic deformation is accumulated as cycle increase. The 
thickness of plastic deformation layer is increased according to cycles. 

At 12,000 cycles, the degree of plastic deformation of the sample is the most 
serious and the surface forms an intermittent white layer. Therefore, the surface 
microstructure of the sample from the surface to the matrix at 12,000 cycles is 
analyzed systematically by SEM with EBSD and TEM. 

Figure 7 shows the SEM micrograph of the longitudinal section of the sample 
from the surface to the matrix at 12,000 cycles. The microstructure from the 
surface to the center is divided into four layers: nanocrystalline layer (NL), se-
verely plastic deformed layer (SPDL), plastic deformed layer (PDL) and original 
microstructure. As shown in Figure 7(b), the grain size in the nanocrystalline 
layer cannot be distinguished by SEM, and the cementite in the pearlite is dis-
solved obviously. In SPDL, the plastic deformation of pearlite and proeutectoid 
ferrite is obvious, and the ferrite grains are obviously parallel to the sliding di-
rection. Moreover, the lamellar cementite in the pearlite is completely frag-
mented, as shown in Figure 7(c). In PDL, it can be seen from Figure 7(d) that 
the pearlite and proeutectoid ferrite in the deformation layer is distorted. How-
ever, the lamellar cementite in the pearlite is not borken. The lamellar spacing of 
pearlite is significantly reduced relative to the original micorstructure. The pear-
lite and proeutectoid ferrite are nor deformed at depth of about 40 μm from 
surface. 
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Figure 7. The SEM micrograph of wheel samples at 12,000 cycles (a) low magnification 
micrograph from surface to the matrix (b) nanograin layer (NL) (c) severe plastic defor-
mation layer (SPDL) (d) plastic deformation layer (PDL). 

 
The microstructure changes of nanocrystalline layer and SPDL are analyzed 

by use of TEM and EBSD. Figure 8 presents the bright field images with differ-
ent distances from the surface and the corresponding selected diffraction. It can 
be seen from the Figure 8 that the cementite and ferrite grains in the pearlite are 
lamellar at 27 - 30 μm from the surface, and a large amount of dislocations are 
formed in the lamellar ferrite. At 10 - 13 μm from surface, the ferrite grains in 
pearlite are still lamellar. However, the lamellar ferrite grains are sample parallel 
to the sliding direction, and the lamellar spacing relative to the original micro-
structure decreased significantly. A circular discrete diffraction spots is displayed 
in this area. Therefore, it is possible that fiber structure is formed in this region. 
In the region 4 - 7 μm away from the surface, it can be seen from the bright field 
image that the ferrite grains are obviously refined and the corresponding diffrac-
tion spots gradually form a ring. The continuous ring formation of the selected 
diffraction spots may be due to the gradual increase of high angle grain boun-
dary in this region [19]. Within a distance of 0 - 3 μm from the surface, the dif-
fraction spots completely form a continuous ring, and the ferritic grains in this 
region are refined to about 100 nm by observation pg high magnification bright 
and dark field images (Figure 9(a) and Figure 9(b)). 

According to the reseach of Fecht et al. [20] and Valiev et al. [21], during se-
vere plastic deformation process, the formation of nanograins on the surface is 
divided into three stages. In the first stage, a large amount of dislocations are 
produced in the ferrite grains, and a large number of dislocations lead to the 
formation of the cellular structure. In second stage, with gradually increase of 
the degree of plastic deformation, the cellular structure gradually transform into 
the subgrains. In the last stage, when the balance between dislocation multiplica-
tion rate and annihilation rate is reached, the subgrains in the ferrite gradually 
transform into the high angle grain boundary. Therefore, the selection diffrac-
tion is a ring at the top layer. This process, which the dislocations transform into  
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Figure 8. The longitudinal section TEM micrograph of wheel samples with 12,000 cycles 
at different positions from surface. 
 

 
Figure 9. The surface TEM images of D2 wheel steel at 1.2 × 104 cycles. (a) bright-field 
(BF) image, (b) dark-field (DF) image with selected area electron diffraction (SAED) image. 
 
high angle grain boundary, is continuous dynamic recrystallization (cDRX). For 
high fault energy materials, cDRX can occur from 0 to 1 at any T/Tm (T is the 
actual contact surface temperature and Tm is the melting point of the material) 
in the severe plastic deformation process [22] [23] [24]. Another grain refine-
ment mechanism, discrete dynamic recrystallization (dDRX), can also refine 
surface grains to nanograins. The grain refinement mechanism of dDRX is 
mainly determined by temperature. And the sample temperature must reach 
T/Tm ≈ 0.5. H.Q. Sun et al. [25] studied the grain refinement mechanism of 
magnesium alloy through SMAT and found that it is mainly through the dDRX 
mechanism to refine grain to nano level. The diffraction spots (112) and (120) of 
the cementite are not found inside the ring (110). It is possible that the cementite 
is dissolved at surface result in the formation of white etching layer. Therefore, 
finite element simulation is carried out to calculate the contact surface tempera-
ture of samples during sliding wear process. According to Figure 10(b), the 
maximum surface temperature of the wheel sample was 25˚C within 10 s. The 
wear tester is stopped and cooled every 10 s during the test. The maximum sur-
face temperature of the wheel sample could not reach the point of dDRX and 
martensite transition temperature. Therefore, the grain refinement and cementite 
dissolution of the surface layer is mainly caused by severe plastic deformation.  
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Figure 10. The finite element simulation of contact surface temperature (a) temperature 
field (b) the variation profile of contact surface temperature. 
 

In order to further study the change of grain misorientation at different posi-
tions away from the surface and the fiber structure in the deformation layer, 
EBSD is used to perform on the longitudinal section of the sample at different 
positions away from the surface, as shown in Figure 11 and Figure 12. Accord-
ing to Figure 11, the region, which is at depth of 17 - 21 μm away from the sur-
face, is the PDL region. In this region, the ferrite grains are mainly the low angle 
grain boundary and the fraction of high angle grain boundary is only 12%. In the 
region 11 - 15 μm away from the surface, the fraction of high angle grain boun-
dary is about 25%. In the region 6 - 10 μm away from the surface, the fraction of 
high angle grain boundary is around 51%. The fraction of high angle grain boun-
dary increases gradually as the distance from the surface decreases. However, 
within 0 - 5 μm zone, the ferrite grains cannot be resolved by EBSD due to its 
high resolution and stress on the outermost layer. The results of TEM and EBSD 
images are consistent. With the decrease of the distance from the surface, the 
high angle grain boundary is increased and ferrite grains are refined gradually. 

Figure 12(a) and Figure 12(b) present the polar figure of wheel samples at 
12,000 cycles and original sample, respectively. As can be seen from Figure 
12(b), obvious fiber structure is formed in the deformation layer. Ferrite grains 
in pearlite are polycrystalline materials. In the process of sliding wear, the shear 
stress on the surface is the maximum. Therefore, the direction of ferrite grains in 
the pearlite in the deformation layer is gradually parallel to the running direction 
from the matrix to the surface. This plastic deformation mode is similar to other 
severe deformation modes such as high pressure torsion HPT and pearlite 
drawing [19] [27]. Ferrite is body centered cubic, and the main slip system of 
body centered cubic is {110}<111>. While the ferrite grain rotation is mainly 
parallel to <110> crystal orientation. Because <110> crystal orientation of body 
centered cubic grains is stable, while <111> and <100> crystal orientation is un-
stable, as shown in Figure 10(c) and Figure 10(d). Therefore, in the process of 
severe plastic deformation, polycrystalline ferrite grains mainly form texture in 
the direction of <110> [26] [27] [28] [29]. 
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Figure 11. The longitudinal section EBSD images of D2 wheel steel at 1.2 × 104 cycles at 
different positions from surface (red line: θ > 15˚, green line: θ < 15˚, HAGB: θ > 15˚). 
 

 
Figure 12. The pole figure of wheel samples. (a) deformation layer of sample at 1.2 × 104 
cycles (b) the original sample (c) <110> crystalline texture of deformation layer of sample 
at 1.2 × 104 cycles (d) <111> crystalline texture of deformation layer of sample at 1.2 × 104 
cycles. 
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4. Conclusions 

The surface microstructure and wear property of D2 wheel steel under sliding 
wear condition were studied by MRH-30 sliding wear tester. After testing, a 
transmission electron microscope, scanning electron microscope with electron 
backscatter diffraction, and micro-hardness testers were used to characterize the 
surface microstructure of samples with different cycles. The conclusions are 
summarized as follows: 

1) The wear loss of samples is increased as the increase of cycles. And the wear 
loss of wheel samples is higher than that of rail samples. The amount of surface 
cracks of samples is increased with the increase of cycles. The flake of surface 
cracks leads to the wear failure of samples. 

2) The surface hardness of samples is increased as the increase of cycles. At 
12,000 cycles, the surface hardness of samples is about 780 HV, which is similar 
to the hardness of WEL. The refinement of ferrite grains, the increase of disloca-
tion density and the dissolution of a part of cementite are the main reasons to 
enhance the surface hardness. With the increase of depth from surface, the 
hardness of samples is decreased gradually.  

3) The surface microstructures of samples at 12,000 cycles are systematically 
analyzed. The degree of plastic deformation gradually increases from matrix to 
surface. With the decrease of the distance from the surface, the cementite in the 
pearlite gradually broke into particles from lamellar, and cementite in the top 
surface layer is dissolved to form a WEL. The ferrite grains in pearlite gradually 
refined and the fraction high angle grain boundary ratio gradually increased as 
the decrease of the distance from the surface. The maximum contact surface 
temperature of the sample is 25˚C within 10 s. Therefore, the surface nanocrys-
talline and cementite dissolution are caused by severe plastic deformation. 

4) By comparing the polar figure of the deformation layer and the original 
sample, the fiber structure is formed obviously in the deformation layer, and the 
fiber structure direction of ferrite grains is mainly <110>. 
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