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A B S T R A C T

In desert environments, the phenomenon of sand particles depositing on the rail top and contaminating the 
wheel-rail interface is common because the railway is an open system. This work aimed to investigate the wear 
and damage behaviors of wheel-rail with different material matchings under various sand deposition densities of 
rail top in desert environments. The results showed that as sand deposition density increased, adhesion coeffi-
cient first decreased sharply and then increased slowly, and finally decreased slowly. It was caused by the 
combined effect of sand solid lubrication, oxide solid lubrication, and surface roughness of wheel and rail. The 
oxidative wear increased first, peaking at about 0.2 g/m2, and then decreased, whereas the fatigue wear 
decreased consistently. For wheel and rail materials with similar hardness, the wheel-rail material matching with 
high carbon content exhibited excellent anti-wear and anti-fatigue performances. The wear and damage of wheel 
and rail were relatively mild when the sand deposition density was lower than 0.4 g/m2.

1. Introduction

With the rapid development of railways in the world, the mileage of 
railway lines crossing the desert areas has been increasing gradually 
[1–3]. Simultaneously, the influence of sand hazards on railway trans-
portation is also being reported more frequently, especially during the 
season of frequent dust storms. As shown in Fig. 1a, the phenomenon of 
track buried by desert sand is common in severe sand hazard regions 
because the railway is an open system. It is inevitable that some sand 
particles deposit on the rail top in desert railways. Subsequently, these 
sand particles will be rolled by the wheels of running trains. After the 
long-term service under the sand hazard regions, the rail surface be-
comes rough and the rail base rust, as shown in Fig. 1b. The wheel tread 
becomes rough and forms the hollow wear, as shown in Fig. 1c. The 
excessive wear and damage phenomena of wheel and rail in desert en-
vironments has been reported widely [3–7].

At present, the influence of sand particles in desert environments on 
the adhesion, wear and damage behaviors of wheel and rail in dry 
conditions have been studied by a few researchers using a twin-disc test 
machine. In general, the adhesion coefficient declined significantly 
when sand particles entered the wheel-rail surface, which was mainly 
attributed to the solid lubrication effect of sand particles and their 

fragments [10,11]. Furthermore, the presence of sand also markedly 
aggravated the wear and damage of wheel/rail materials. The wear 
mechanisms mainly included abrasive wear and ratcheting wear or fa-
tigue wear. Grieve et al. [11] suggested that the excessive wear of the 
harder material was mainly caused by the scratching effect of the par-
ticles embedded in the surface of the softer material, whereas Faccoli 
et al. [10] found that in addition to abrasive wear, the surface crack was 
filled by sand fragments and formed the crack network speedily, and 
eventually resulted in the material detachment easily, which was 
another crucial reason for the excessive wear phenomenon. Subse-
quently, Mazzù et al. [12–14] used the numerical simulation method to 
further clarify the mechanical behaviors between sand fragments and 
wheel-rail interface. It was found that the presence of the sand fragments 
significantly increased the stress and strain peaks of the wheel-rail 
contact, which accelerated the wear and damage of the wheel-rail ma-
terial under the ratcheting effect. In addition, Shu et al. [15] studied the 
effect of dynamic windblown sand environment on the wear and dam-
age of wheel and rail using experimental method. The results indicated 
that although the adhesion coefficient could not be affected signifi-
cantly, the combined effect of wind and desert sand could cause the 
obvious oxidative wear in addition to abrasive wear and fatigue wear. 
However, the above studies were conducted at a fixed sand feed rate or 
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sand contamination level, and did not take into account the different 
degrees of sand contamination on rail top in desert environments. 
Therefore, the effect of sand contamination on rail top with different 
degrees on wear and damage of wheel and rail is still unclear and needs 
to be further investigated.

On the other hand, the service performances of different wheel and 
rail materials in desert environments have also been investigated sel-
domly using the twin-disc machine. Faccoli et al. [10,16] reported that 
the wheel material with higher cyclic yield stress and ductility exhibited 
better anti-wear and anti-fatigue performances in the presence of desert 
sand. Shu et al. [17] found that although the anti-wear performance 
could not be influenced noticeably by rail hardness in the dynamic 
windblown sand environment, the rail material with higher hardness 
presented better anti-fatigue performance. These findings indicated that 
the relationship between anti-wear and anti-fatigue performances and 
the mechanical properties of wheel/rail materials could be changed by 
the invasive sand particles in the desert environment. However, it is also 
unclear whether the anti-wear and anti-fatigue performances of 
different wheel-rail materials or matchings could be affected by varying 
degrees of sand contamination on rail top.

Therefore, the purpose of this work is to explore the wear and 
damage behaviors of wheel-rail with different material matchings under 
the sand contamination on rail top with various degrees in desert en-
vironments. Since there is currently no terminology to express the 
contamination degree of sand contamination on rail top in desert envi-
ronments. Therefore, the term “sand deposition density”, defined as the 
mass of sand deposited per unit area (ρD, g/m2), is used here to describe 
the contamination degree of rail top by sand deposition based on the 
similar definition in other references [18,19]. Wear and rolling contact 
fatigue tests of different wheel-rail material matchings under various 
sand deposition densities were conducted using a twin-disc machine. 
The adhesion, wear and damage behaviors of wheel and rail steels were 
analyzed by various characterization methods. The adhesion transition 
mechanisms under different sand deposition densities were proposed 
based on the analysis of results. The anti-wear and anti-fatigue perfor-
mances of different wheel-rail material matchings were discussed. 
Furthermore, the critical value of sand deposition density for relieving 
the wear and damage of wheel and rail was also suggested based on this 
experimental investigation.

2. Experimental details

In this work, all the experiments were conducted on a twin-disc 
machine with a sand feeder, as shown in Fig. 2. Two cylindrical speci-
mens were mounted on two shafts (i.e., mobile shaft and fixed shaft), 
which were individually driven by two alternating current motors with a 
power of 33 kW. The sliding table equipped with a mobile shaft can be 
pushed or pulled by the hydraulic cylinder to achieving the loading and 
unloading of normal force. The maximum rotation speed of specimens 
can reach 1200 rpm and the maximum normal force can reach 75 kN. 

During the tests, the rotation speed of specimens, torque, normal force 
and the number of cycles can be collected by the data acquisition system, 
and the real-time friction coefficient can also be calculated based on the 
collected data. The slip ratio of the wheel and rail specimens can be 
realized by controlling the rotation speed of altering current motors, 
which can be calculated by the following Equation (1): 

γ =
2(nraildrail − nwheeldwheel)

nraildrail − nwheeldwheel
× 100 (1) 

where γ is the slip ratio of specimens; nrail and nwheel are the rotation 
speed of rail and wheel specimens respectively, r/min; drail and dwheel are 
the diameters of rail and wheel specimens respectively, m. The sand 
deposition density applied on specimen surface can be controlled by the 
sand feeder with different sand feed rate, which can be calculated by the 
following Equation (2): 

ρD =
f

πdnW
(2) 

where ρD is the sand deposition density, g/m2; f is the sand feed rate, g/ 
min; d is the diameter of specimen, m; n is the rotation speed of faster 
specimen, r/min; W is the wear bandwidth of specimens, m. In addition, 
due to the horizontal contact of wheel and rail specimens, the control of 
rolling direction and the gravitational action of sand (Fig. 2), all sand 
particles would be sucked into the wheel-rail interface and crushed.

In all tests, the shape and dimension of wheel and rail specimens 
were identical. The diameter and width of specimens were 60 mm and 
15 mm, respectively. The wheel specimens and rail specimens were 
machined from the wheel tread and rail head, respectively. Test pa-
rameters are listed in Table 1. Four types of wheel-rail material 
matchings were studied in this work, which consisted of two Chinese 
wheel steels (CW1 and CW2), two European wheel steels (EW1 and 
EW2), one Chinese rail steel (U75V) and one European rail steel (900A). 
The tests of each wheel-rail material matching were performed under six 
levels of sand deposition density, i.e., 0, 0.1, 0.2, 0.4, 1 and 3 g/m2, 
which based on the typical values of sand mass per unit area by col-
lecting and weighing the sand deposited on the rail top area in desert 
environments. It should be noted that a commercial sand with the 
similar composition to the real desert sand in the previous work [15] 
was used in these tests due to the some limitations of test condition in 
this work. The average size of the sand was about 300 μm and the 
morphology of sand particles was shown in Fig. 3. All the tests were 
performed under the slip ratio of 2 % and Hertzian contact pressure of 
1100 MPa. The total number of cycles was 40,000. The rotation speed of 
rail specimens was about 500 r/min, which was slightly faster than that 
of wheel specimen (about 490 r/min).

The chemical composition and hardness of wheel and rail steels are 
listed in Table 2. It shows that the hardness of these steels was similar 
although there were some differences in carbon content. Furthermore, 
the matrix microstructures of the wheel and rail steels are shown in 
Fig. 4. It presented that the microstructure of wheel and rail steels 

Fig. 1. Windblown sand hazard: (a) track buried by sand [8]; (b) wear and damage of rail [9]; (c) hollow wear and damage of wheel [3,6].
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(Fig. 4a–f) consisted mainly of pearlite and proeutectoid ferrite. The area 
percentage of proeutectoid ferrite in wheel and rail steels is shown in 
Fig. 4g. Combined with the carbon content in Table 2, the area per-
centage of proeutectoid ferrite in wheel steel increased with the decrease 
in carbon content. Additionally, the content of proeutectoid ferrite in 
900A rail steel was higher than that in U75V rail steel, whereas its value 

was far lower than that of wheel steels.
Before and after the tests, the specimens were cleaned by an ultra-

sonic cleaner with anhydrous ethanol and weighed by an electronic 
balance with high precision of 0.001 g. The wear rate of specimens was 
calculated based on the mass loss of specimens before and after tests. 
After the tests, a small piece with the dimensions of 15 mm × 10 mm × 5 
mm was cut from each worn specimen to determine the surface and 
subsurface damages, as shown in Fig. 5. The surface and subsurface 
damages were detected by a laser confocal microscope (LSCM, 
OLS5000-SAF, Japan), an ultra-depth of field 3D microscopic system 
(KEYENCE VHX-5000, Japan), and a scanning electron microscope 
(SEM, TESCAN MIRA LMS, Czech Republic). The oxides on worn surface 
were analyzed by a laser confocal Raman spectrometer (HV Evolution, 
Japan) and an X-ray photoelectron spectrometer (XPS, ESCALAB 250Xi, 
America). The hardness of matrix and worn surface was determined by a 
Vickers hardness instrument (HV-1000, China). The microstructure of 
specimens was analyzed by a Hitachi S-3400 N SEM equipped with an 
HKL-EBSD (Electron Back Scatter Diffraction) system.

3. Results

3.1. Adhesion coefficient

Fig. 6 shows the relationship between adhesion coefficient and sand 
deposition density. It can be seen that with the increase in sand depo-
sition density, adhesion coefficient exhibited an overall decline trend for 
different wheel-rail material matchings. The significant decline trend 
mainly appeared in the range of 0~0.2 g/m2. In addition, some fluctu-
ations could also be observed during 0.2–1 g/m2. A reasonable expla-
nation would be given in the discussion section based on the later 
microanalysis results.

3.2. Wear rate

Fig. 7 presents the variation trend of wear rate with sand deposition 
density. It can be seen from Fig. 7a that with the increase in sand 
deposition density, the wear rate of CW1 and CW2 Chinese wheel steels 
first dramatically decreased and then increased, and finally decreased 
again. The minimum wear rate occurred at around 0.1–0.2 g/m2, and 
the maximum wear rate occurred at 1.0 g/m2. However, the wear rate of 
EW1 and EW2 European wheel steels first increased and then decreased. 
The maximum wear rate of EW1 and EW2 occurred at around 0.2 g/m2 

and 1 g/m2, respectively.
Fig. 7b shows that with the increase in sand deposition density, the 

variation trends of U75V Chinese rail steel wear rate against CW1 and 
CW2 wheel steels were quite similar to that of corresponding wheel 
steel. However, the wear rate of 900A rail steel against EW1 first 
dramatically declined and then increased, and finally kept relatively 
stable. The minimum wear rate of 900A rail steel against EW1 occurred 

Fig. 2. Test machine [20].

Table 1 
Test parameters.

Wheel Rail Sand 
deposition 
density (g/ 
m2)

Slip 
ratio 
(%)

Contact 
pressure 
(MPa)

Speed of 
rail 
specimen 
(rpm)

Cycles

CW1 U75V 0, 0.1, 0.2, 
0.4, 1, 3

2 1100 500 40,000
CW2
EW1 900A
EW2

Fig. 3. Morphology of sand particles.

Table 2 
Chemical composition and hardness of wheel and rail steels.

Wheel/rail steel Chemical composition (wt%) Hardness 
(HV0.2)

C Si Mn P S

Wheel CW1 0.60 0.27 0.75 0.035 0.040 311
CW2 0.54 0.68 0.70 0.0047 0.0013 313
EW1 0.52 0.37 0.74 ≤0.020 ≤0.015 302
EW2 0.50 0.89 0.93   312

Rail U75V 0.76 0.75 0.88 ≤0.030 ≤0.030 305
900A 0.71 0.27 1.07 0.006 0.010 302
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Fig. 4. Matrix microstructure of wheel and rail steels: (a) CW1; (b) CW2; (c) EW1; (d) EW2; (e) U75V; (f) 900A; (g) area percentage of ferrite.

Fig. 5. Microanalysis positions of specimens after tests.
Fig. 6. Adhesion coefficient vs. sand deposition density for different wheel-rail 
material matchings.

K. Shu et al.                                                                                                                                                                                                                                      Wear 560–561 (2025) 205622 

4 



at 0.2 g/m2. However, the wear rate of 900A rail steel against EW2 first 
declined and then increased, and finally decreased again. Additionally, 
the wear rate of European rail steels was higher than that of Chinese rail 

steels, which might be caused by the higher carbon content of Chinese 
rail steels.

Fig. 7c presents that the total wear rate of wheel and rail for different 

Fig. 7. Wear rate vs. sand deposition density: (a) wheel; (b) rail; (c) total (wheel + rail).

Fig. 8. Surface roughness vs. sand deposition density: (a) wheel; (b) rail.
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wheel-rail material matchings exhibited a similar variation trend with 
sand deposition density. A minimum wear rate generally appeared in the 
range of 0.1–0.2 g/m2. The maximum wear rate mainly appeared at 
about 1.0 g/m2 except for [EW1-900A] matching. Furthermore, Chinese 
wheel-rail material matching exhibited better anti-wear performance 
compared with European wheel-rail material matching.

3.3. Surface roughness and hardness

Fig. 8 shows the results of surface roughness after tests under 
different sand deposition densities. It can be seen that the surface 
roughness of wheel (Fig. 8a) and rail (Fig. 8b) had a similar variation 
trend with sand deposition density. The surface roughness kept stable 
and the value was about 10 μm in the range of 0~0.4 g/m2, whereas it 
increased sharply first and then slowly when sand deposition density 
exceeded 0.4 g/m2. In addition, the surface roughness of European 
wheel and rail steels was generally higher than that of Chinese wheel 
and rail steels when sand deposition density exceeded 1 g/m2.

In order to compare the surface hardness of wheel and rail for 
different wheel-rail material matchings, the hardness was determined at 
a distance of 45 μm from the surface because the worn surface was too 
rough to measure the hardness accurately, as shown in Fig. 9a. The 
surface hardness of wheel and rail varying with sand deposition density 
was presented in Fig. 9b and c, respectively. It is clear from Fig. 9b that 
as increasing the sand deposition density, the surface hardness of CW1 
increased first, peaking at 0.4 g/m2, and then decreased slowly. The 
surface hardness of CW2 presented an increasing trend. However, the 
surface hardness of EW1 and EW2 had a similar variation trend of 
decreasing first and then increasing, and the minimum hardness 
appeared in the range of 0.1–0.2 g/m2. Fig. 9c shows that the variation 
trend of rail surface hardness with sand deposition density was similar to 

that of wheel surface hardness (Fig. 9b).

3.4. Surface damage

The optical images of wheel surface damage under different sand 
deposition densities are presented in Table 3. Only the surface damage 
of wheel was illustrated here because the surface damage of the corre-
sponding rail was quite similar to that of wheel. It can be observed that 
there was no significant difference in surface damage morphology for 
different wheel/rail steels under the same sand deposition density. 
Under the condition without sand (0 g/m2), obvious fatigue crack was 
the main surface damage feature. When the sand deposition density 
exceeded 0.2 g/m2, it was difficult to observe the obvious fatigue crack 
on the damaged surface, whereas spotted oxide was always generated on 
the surface. When the sand deposition density exceeded 1 g/m2, grooves 
would be formed on the surface, and the width and depth of grooves 
increased with the increase in sand deposition density. It was consistent 
with the results of surface roughness in Fig. 8. Therefore, it can also be 
concluded that the surface damage deteriorated severely when sand 
deposition density exceeded a certain level.

In order to analyze the surface damage further, the SEM images of 
surface damage at different sand deposition densities were presented in 
Fig. 10. It shows that as the sand deposition density increased, the sur-
face fatigue cracks were gradually reduced, and the sand fragments 
embedded on the surface were more easily observed. In addition, with 
the increase in sand deposition density, the oxides distribution density 
increased first, peaking at around 0.2 g/m2 (Fig. 10b), and then 
decreased. It can also be concluded that as increasing the sand deposi-
tion density, the oxidative wear increased sharply first and then 
decreased slowly, whereas the fatigue wear decreased consistently. 
Furthermore, the abrasive wear increased due to the increase in the sand 

Fig. 9. Surface hardness vs. sand deposition density: (a) position of hardness measuring; (b) wheel surface hardness; (c) rail surface hardness.
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particles and its fragments.
The method of Raman spectra was applied to analyze the oxides on 

the damaged surface, and the results were presented in Fig. 11. It can be 
seen that the oxides on the damaged surface were composed of Fe3O4 
and α-Fe2O3 [21]. The main content was Fe3O4 because the intensity of 
Fe3O4 peak was significantly stronger than that of α-Fe2O3 peak.

Furthermore, another method of XPS was also applied to analyze the 
content of oxides on damaged surface, as shown in Fig. 12. It can be seen 
from Fig. 12a that there were two peaks located at about 724.6 eV and 
710 eV, representing Fe 2p1/2 and Fe 2p3/2 respectively [22,23]. Fe 
2p3/2 peak could be used to analyze the content of iron oxides here 
because the intensity of Fe 2p3/2 peak was significantly stronger than 
that of Fe 2p1/2. The peak of Fe 2p3/2 could be decomposed into peaks of 
Fe, Fe2+ and Fe3+, as shown in Fig. 12b [22]. The binding energy, 
FWHM, percentage of Fe2+ and Fe3+, and ratio of Fe3+/Fe2+ are listed in 
Table 4. The ratio of Fe3+/Fe2+ in the oxides was 2.268. Based on the 
analysis result of the above Raman spectra (Fig. 11), the oxides were 
composed of Fe3O4 and α-Fe2O3. The ratio of Fe3+/Fe2+ in Fe3O4 and 
α-Fe2O3 were 2 and +∞, respectively. Therefore, the ratio of Fe3+/Fe2+

in the oxides on the damaged surface was close to that of Fe3O4, i.e., the 
main content of oxides was Fe3O4. It also indicated that the results of 
XPS analysis were consistent with those of Raman spectrum analysis.

Some previous studies reported that the oxides would form on the 
wheel and rail surfaces under the low contact stress conditions [24–27]. 
Similarly, the formation of oxides in this work was also caused by the 
low contact stress because the existence of sand particles and its frag-
ments reduced the actual contact stress in direct contact area of wheel 
and rail materials. In addition, the oxide of Fe3O4 could act as an 
important lubricant for reducing friction and wear [22,24,28], which 
might also be the main reason for the sharp decrease of adhesion 

coefficient (Fig. 6) and wheel/rail wear rate (Fig. 7) at the sand depo-
sition density of 0~0.2 g/m2.

3.5. Subsurface damage

Fig. 13 shows the plastic deformation morphologies of longitudinal 
section and cross section under the conditions of low and high sand 
deposition densities. It can be seen from Fig. 13 a and c that plastic 
deformation line was inclined upward in the longitudinal section due to 
the combined action of shear force and normal force. However, in the 
cross section (Fig. 13b and d), the plastic deformation line was parallel 
to the surface attributing to the extrusion action of normal force. 
Furthermore, under the condition of high sand deposition density 
(Fig. 13d), obvious wavy morphology could be observed on the cross 
section, which was consistent with the grooves observed in Table 3.

According to the measuring method in Fig. 13a, the plastic defor-
mation depth of different wheel and rail steels at all conditions was 
measured and the results were presented in Fig. 14. It can be seen from 
Fig. 14a that the variation trend of plastic deformation depth for 
different wheel steels was different when sand deposition density was in 
the range of 0~0.4 g/m2, whereas it presented an increasing trend when 
sand deposition density exceeded 0.4 g/m2. There was almost a mini-
mum plastic deformation depth at about 0.1–0.2 g/m2 for all wheel 
steels, which might be attributed to the formation of oxides. Fig. 14b 
shows that the variation trend of plastic deformation depth for different 
rail steels was generally similar to that of corresponding wheel steels. In 
addition, a minimum plastic deformation depth generally occurred at 
about 0.1–0.2 g/m2 for all rail steels.

In order to better evaluate the subsurface fatigue damage, the crack 
depth under all conditions was determined according to the method 

Table 3 
Optical images of surface damage for wheel and rail steels under different sand deposition densities.

CW1 CW2 EW1 EW2

0 g/m2

0.2 g/m2

1 g/m2

3 g/m2
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illustrated in Fig. 15d. The results of crack depth of wheel and rail were 
presented in Fig. 15a and b, respectively. It can be observed from 
Fig. 15a that the average crack depth of CW2 and EW1 wheel steels 
presented a similar variation trend with sand deposition density, i.e., 
decreased first, reaching a minimum value, and then increased. 

However, CW1 and EW2 wheel steels presented a slow downward trend. 
CW1 wheel steel exhibited the best anti-fatigue performance among 
these four types of wheel steels. Fig. 15b shows that the average crack 
depth of all rail steels generally presented an upward trend with sand 
deposition density. The anti-fatigue performance of U75V rail steel was 

Fig. 10. SEM images of surface damage at different sand deposition densities: (a) 0 g/m2; (b) 0.2 g/m2; (c) 3 g/m2.

Fig. 11. Raman spectra analysis of oxides on damaged surface (Fig. 10b) at sand deposition density 0.2 g/m2.
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better than that of 900A rail steel under the condition of high sand 
deposition density. Furthermore, it can be concluded from Fig. 15a and b 
that the crack depth was almost less than 30 μm for all wheel and rail 
steels when the sand deposition density was lower than 1 g/m2, whereas 
the crack depth of rail exceeded 50 μm when the sand deposition density 
reached 3 g/m2. In addition, the morphologies of crack with small depth 
and large depth were shown in Fig. 15c and d, respectively. Fig. 15d 
shows that the crack with large depth was formed by the superposition 
of multi-layer thin cracks, which might be attributed to the rolling- 
sliding effect of a large number of sand particles at high sand 

Fig. 12. XPS analysis of damaged surface at sand deposition density 0.2 g/m2 (Fig. 10b): (a) Fe 2p spectra; (b) fitted peaks of Fe 2p3/2 spectra.

Table 4 
Binding energy, FWHM, percentage of Fe2+ and Fe3+, and ratio of Fe3+/Fe2+

(Fig. 12b).

Binding energy 
(eV)

FWHM 
(eV)

Percentage 
(%)

Ratio of Fe3+/ 
Fe2+

Fe2+ 710.24 2.04 30.6 2.268
Fe3+ 711.33 3.28 69.4

Fig. 13. Plastic deformation: (a) longitudinal section at 0.2 g/m2; (b) cross section at 0.2 g/m2; (c) longitudinal section at 3 g/m2; (d) cross section at 3 g/m2.
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deposition density.
Furthermore, the top layer and matrix microstructures of longitudi-

nal section in the condition of high sand deposition density (3 g/m2) 

were analyzed using EBSD method, as shown in Fig. 16. The inverse pole 
figure (IPF), grain boundary map, recrystallization map and pole figure 
of top layer were respectively shown in Fig. 16b, c, d, and h, whereas 

Fig. 14. Plastic deformation depth vs. sand deposition density: (a) wheel; (b) rail.

Fig. 15. Crack depth and morphology: (a) average crack depth of wheel vs. sand deposition density; (b) average crack depth of rail vs. sand deposition density; (c) 
morphology of crack with small depth; (d) morphology of crack with large depth at high sand deposition density (3 g/m2).
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Fig. 16. EBSD analysis of wheel steel at high sand deposition density (3 g/m2): (a) analyzed regions (optical image); (b) and (e) inverse pole figure (IPF); (c) and (f) 
grain boundary map; (d) and (g) recrystallization map; (h) and (i) pole figure (PF). Top layer: (b), (c), (d), and (h); Matrix: (e), (f), (g) and (i). RD and ND represent 
rolling direction and normal direction, respectively.

Fig. 17. Grain diameter distribution corresponding to Fig. 16b and e: (a) top layer; (b) matrix.
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those of matrix were respectively shown in Fig. 16e, f, g, and i.
Fig. 16a shows that the microstructure of top layer was fibrous and 

almost parallel to the rolling direction attributing to the strong shearing 
stress, whereas the microstructure of matrix was randomly distributed. 
Fig. 16b and e shows that the microstructure of top layer was composed 
of a great many of ultra-fine grains, whereas the microstructure of ma-
trix was mainly composed of large diameter grains. In addition, the grain 
diameter distribution of top layer and matrix were illustrated in Fig. 17a 
and b, respectively. In the top layer, the frequency of grains with a 
diameter of 0.5 μm was the highest and its value was about 30 %, 
whereas in the matrix, the frequency of grains with a diameter of 3 μm 
was the highest and its value was about 41 %. It is known that the size of 
the grain determines the properties of the metal materials, e.g., smaller 
grain size can improve the hardness, tensile strength and ductility of 
metal material. Therefore, the above results also indicated that the 
material properties of the top layer were improved evidently under the 
condition of rolling contact, e.g., the hardness of the top layer was much 
higher than that of the matrix (Fig. 9b and c).

Fig. 16c and f shows that the microstructure in the top layer was 
mainly distributed with high-angle grain boundaries (HAGBs, 15◦~65◦), 
whereas the microstructure in the matrix was mainly distributed with 
low-angle grain boundaries (LAGBs, 0◦~15◦). Furthermore, the 
misorientation angle distributions in the top layer and matrix were 
presented in Fig. 18. In the top layer, the misorientation angle was 
distributed over a wide range and the frequency of different misorien-
tation angles was relatively uniform. The frequency of misorientation 
angle about 45◦ was the highest and its value was only about 3 %. 
However, in the matrix, the distribution of misorientation angle was 
relatively concentrated. The frequency of misorientation angle about 2◦

was the highest and its value was about 23 %. The average misorien-
tation angle in the top layer microstructure was significantly higher than 
that in the matrix microstructure. Since the grain boundary refers to the 
outside area of a grain that separates it from the other grains. Mean-
while, according to the level of misorientation angle between adjacent 
grains, the grain boundary is classified into HAGBs (15◦~65◦) and 
LAGBs (0◦~15◦). Therefore, the above results also indicated that the 
misorientation angle between adjacent grains of the top layer increased 
significantly under the condition of rolling contact.

Fig. 16d and g shows that the top layer microstructure was mainly 
composed of recrystallized grains, whereas the matrix microstructure 
was mainly composed of deformed grains. Due to the rolling and heat 
treatment of these wheel materials in the manufacturing process, a large 
number of dislocations were generated in the deformed grains, and some 
broken grains were also formed, which resulted in the formation of 
LAGBs with high proportion in the matrix microstructure. Meanwhile, it 
is known that the recrystallization growth of grains would result in the 
reduction of LAGBs and the increase of HAGBs, and finally formed 
recrystallized grains. Therefore, the results of Fig. 16d and g could 
provide a strong explanation for the results of Fig. 16c and f.

Fig. 16h presents that the top layer microstructure had a high polar 

density with the maximum intensity of 4.69, indicating that the top layer 
microstructure had a preferential orientation. The main reason was that 
under the action of normal stress and shear stress, the grains were 
deformed and slid along the sliding direction on the sliding plane. 
However, the crystal orientation of matrix exhibited significant 
randomness, as shown in Fig. 16i.

Based on the analysis of Figs. 16–18, it can be concluded that under 
the action of normal stress and shear stress, the matrix microstructure 
with large size deformed grains, low angle grain boundaries and random 
textures gradually evolved into the top microstructure with ultra-fine 
recrystallized grains, high angle grain boundaries and preferred orien-
tation textures. The results observed in this work were consistent with 
those reported in other previous studies [29–31]. The main reason was 
that the action of normal stress and shear stress made the coarse grains 
break into sub-grains first, and then further refined and generated 
continuous dynamic recrystallization (cDRX), and finally formed 
ultra-fine grains with preferred orientation textures.

Similarly, the EBSD analysis method was also applied to analyze the 
microstructures of CW1, CW2, EW1 and EW2 wheel steels, and the 
statistical results were illustrated in Fig. 19. It can be seen from Fig. 19a 
that the average diameter in the top layer was about 0.65 μm for all 
wheel steels. The matrix grain diameters of European wheel steels (EW1 
and EW2) were slightly higher than those of Chinese wheel steels (CW1 
and CW2). Furthermore, the grain diameter in the matrix was generally 
10 times of that in the top layer for all wheel steels, which was also the 
main reason for the surface hardness (Fig. 9b) after tests was signifi-
cantly higher than that of matrix.

Fig. 19b shows that the average misorientation angle in the top layer 
was about 37◦ for all wheel steels. However, in the matrix, there was a 
relatively large difference in misorientation angle for different wheel 
steels, and the average misorientation angle could be ranked as: CW2 >
EW1 > EW2 > CW1. Fig. 19c shows that the maximum intensity of the 
pole figure in the top layer was about 4.7 for all wheel steels, which 
indicated the microstructure in the top layer exhibited the similar 
preferred orientation. However, in the matrix, there was a relatively 
large difference in the maximum intensity for different wheel steels, and 
the maximum intensity could be ranked as: EW1 > CW1 > EW2 > CW2. 
Furthermore, the maximum intensity in the matrix was much lower than 
that in the top layer. Fig. 19d and e shows that although the difference in 
the fractions of each type of grain was large for different wheel matrixes, 
the difference for different wheel top layers was small.

Based on the above analysis of Fig. 19, it can be concluded that the 
grain diameter, misorientation angle, preferred orientation and recrys-
tallization in the top layer microstructure after the tests could not be 
affected by the difference in the wheel material matrix microstructure.

4. Discussion

4.1. Adhesion transition mechanism

In previous studies [32–34], the adhesion coefficient presented an 
evident decreasing tendency with the increase in sand feed rate when 
sanding was used in dry wheel-rail contact conditions. The main 
mechanism of adhesion reduction was recognized as the solid lubrica-
tion effect of sand particles. However, in this work, the variation trend of 
adhesion coefficient with sand deposition density for different 
wheel-rail material matchings (Fig. 6) could be summarized as a 
representative curve, as shown in Fig. 20. The curve could be divided 
into four segments, i.e., point A, segments AB, BC and CD. The sand 
deposition density values of b and c respectively corresponding to the 
turning points B and C might be variable for different wheel-rail material 
matchings. Furthermore, based on the analysis of surface roughness 
(Fig. 8) and surface damage (Table 3 and Figs. 10–12), the adhesion 
transition mechanisms in different segments could be proposed as 
follows.

At point A, there was no sand applied in the wheel-rail interface and 
Fig. 18. Misorientation angle distribution of grain boundary corresponding to 
Fig. 16c and f.
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the adhesion coefficient was the highest. The adhesion was attributed to 
the clean dry friction. In segment AB, with the increase in sand depo-
sition density, the sand solid lubrication increased gradually and the 
oxide (Fe3O4) solid lubrication increased sharply, which resulted in the 
sharp decrease in adhesion coefficient.

In segment BC, although the sand solid lubrication increased grad-
ually, the oxide lubrication decreased gradually and the surface 
roughness increased sharply, which eventually resulted in the slow in-
crease in adhesion coefficient. In addition, the sand solid lubrication and 
oxide solid lubrication exhibited a competitive relationship in this 
segment because the increase of sand particles would also accelerate the 
crushing and removal of oxides [24]. In segment CD, although the 

surface roughness increased slowly and the oxide solid lubrication 
decreased gradually, the sand solid lubrication increased continuously, 
which finally led to the slow decrease in adhesion coefficient.

4.2. Wheel-rail material matching performance analysis

Generally, anti-wear and anti-fatigue performances have always 
been the focus of attention of wheel and rail materials. These perfor-
mances are closely related to the service environments (e.g., water, 
leaves, humidity, iron oxides, temperature, solid particles) [35–40] and 
wheel-rail material matchings [41–44]. As an extremely harsh service 
environment for wheel-rail materials, sand deposition on rail top had 
significant influences on wheel-rail service performances according to 
the analysis in section 3. Therefore, the selection of wheel and rail 
materials in the desert environment would be discussed based on the 
analysis of wear and fatigue performances in this experimental study.

The anti-wear performance could be evaluated by the wear rate re-
sults, i.e., the higher the wear rate, the worse the anti-wear performance. 
Therefore, according to the results of Fig. 7, the anti-wear performance 
for different wheel-rail material matchings could be ranked as: [CW1- 
U75V] ≈ [CW2-U75V] > [EW1-900A] > [EW2-900A]. On the other 
hand, the anti-fatigue performance could be evaluated by the fatigue 
crack depth, i.e., the larger the crack depth, the worse the anti-fatigue 
performance. According to the results of Fig. 15, the crack depth was 
relatively small (about 30 μm) for all wheel and rail steels when the sand 
deposition density was lower than 1 g/m2. Therefore, the relatively large 
crack depth occurred at high sand deposition density (higher than 1 g/ 
m2) was used to evaluate the anti-fatigue performance of different 
wheel-rail material matchings. It can be concluded that the anti-fatigue 
performance for different wheel-rail material matchings could be ranked 
as: [CW1-U75V] > [EW2-900A] > [CW2-U75V] > [EW1-900A]. 
Considering the anti-wear and anti-fatigue performance comprehen-
sively, CW1-U75V performed the best among these four types of wheel- 
rail material matchings in desert environments. Meanwhile, it also 

Fig. 19. Statistical results of EBSD analysis for different wheel steels under the sand deposition density of 3 g/m2: (a) average grain diameter; (b) average 
misorientation angle of grain boundary; (c) maximum intensity in pole figure (PF); (d) recrystallized fraction in the top layer; (e) recrystallized fraction in the matrix.

Fig. 20. Adhesion transition mechanisms with the increase in sand deposi-
tion density.
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indicated that in the case of wheel and rail steels with similar hardness, 
the wheel-rail material matching with higher carbon content had better 
service performance in desert sand contamination condition, which is 
consistent with the results in another study [10].

Furthermore, based on the results of wear rate (Fig. 7), surface 
damage (Figs. 10–12), plastic deformation (Fig. 14) and crack depth 
(Fig. 15), it can be summarized generally that the wear and damage of 
wheel and rail were relatively mild when the sand deposition density 
was lower than 0.4 g/m2. It also signified that the sand deposition 
density on rail top should be controlled below 0.4 g/m2 in desert envi-
ronments to relieve the wheel-rail wear and damage based on this 
experimental study.

Certainly, due to the inherent limitations of twin-disc machine, the 
sand entering the wheel-rail interface continuously and the residue of 
sand fragments would result in the formation of sand recycling layers 
both on wheel and rail specimens’ surfaces, which further caused the 
actual sand deposition density being higher than the quoted value. 
Meanwhile, the size ratio of sand particle to specimen was much larger 
than that of sand particle to real wheel and rail, which might lead to 
certain differences in sand crushing behavior. Both these factors were 
more likely to make the wear and damage of wheel-rail in this experi-
mental condition more severe than in reality. On the other hand, it is 
known that the field desert environment is far more complex than the 
laboratory, e.g., wide sand particle size distribution, uneven sand 
deposition density, vibration of wheel-rail system, variable weather etc. 
Therefore, the further work should be performed on a large-scale test rig 
or in field trials considering more desert environmental parameters and 
operating parameters of train.

5. Conclusions

In this work, the wear and damage behaviors of wheel-rail with 
different material matchings under various sand deposition densities of 
rail top in desert environments were explored using the experimental 
method. Although the wear and damage of wheel-rail in this experi-
mental condition were more likely severe than that in the field, some 
valuable conclusions could still be drawn, which could provide some 
references and ideas for the study of field wheel-rail service behavior in 
desert environments. 

1. With the increase in sand deposition density, adhesion coefficient 
first decreased sharply and then increased slowly, and finally 
decreased slowly. The sharply decreasing trend was attributed to the 
combined solid lubrication effect of sand and oxide. The slowly 
increasing trend was attributed to the increase of wheel-rail surface 
roughness and the decrease of oxide solid lubrication effect. The final 
slowly decreasing trend was mainly caused by the increase of sand 
solid lubrication.

2. As the sand deposition density increased, the oxidative wear 
increased first, peaking at around 0.2 g/m2, and then decreased, 
whereas the fatigue wear decreased consistently.

3. Although there was a certain difference in the material matrix 
microstructure for different wheel steels, the grain diameter, 
misorientation angle, preferred orientation and recrystallization in 
the top layer microstructure of different wheel steels were similar.

4. In the case of wheel and rail steels with similar hardness, the wheel- 
rail material matching with higher carbon content had better anti- 
wear and anti-fatigue performances in desert sand contamination 
condition.

5. The wear and damage of wheel and rail were relatively mild when 
the sand deposition density was lower than 0.4 g/m2. It is recom-
mended that the sand deposition density on the rail top in desert 
environments should be kept below 0.4 g/m2 to mitigate the wheel- 
rail wear and damage based on this experimental study.
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