
This is a repository copy of Investigation on wear and rolling contact fatigue of wheel-rail 
materials under various wheel/rail hardness ratio and creepage conditions.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/154421/

Version: Accepted Version

Article:

Hu, Y., Zhou, L., Ding, H.H. et al. (5 more authors) (2020) Investigation on wear and rolling
contact fatigue of wheel-rail materials under various wheel/rail hardness ratio and 
creepage conditions. Tribology International, 143. 106091. ISSN 0301-679X 

https://doi.org/10.1016/j.triboint.2019.106091

Article available under the terms of the CC-BY-NC-ND licence 
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Journal Pre-proof

Investigation on wear and rolling contact fatigue of wheel-rail materials under various
wheel/rail hardness ratio and creepage conditions

Y. Hu, L. Zhou, H.H. Ding, G.X. Tan, R. Lewis, Q.Y. Liu, J. Guo, W.J. Wang

PII: S0301-679X(19)30605-X

DOI: https://doi.org/10.1016/j.triboint.2019.106091

Reference: JTRI 106091

To appear in: Tribology International

Received Date: 5 August 2019

Revised Date: 26 November 2019

Accepted Date: 26 November 2019

Please cite this article as: Hu Y, Zhou L, Ding HH, Tan GX, Lewis R, Liu QY, Guo J, Wang WJ,
Investigation on wear and rolling contact fatigue of wheel-rail materials under various wheel/rail
hardness ratio and creepage conditions, Tribology International (2019), doi: https://doi.org/10.1016/
j.triboint.2019.106091.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Ltd.



Author Contributions Section 

Y. H. and W.J. W. conceived and designed the experiments. Y. H. and L. Z. 

performed the sample preparation, carried out the experiments and materials 

characterization. G.X. T. measured the fatigue crack size and hardness of wheel and rail 

rollers. R. L., J. G., Q.Y. L. and Y. H. analyzed the results. H.H. D. and Y. H. prepared 

the manuscript. All authors discussed the experimental results and commented on the 

manuscript. All authors read and approved the final manuscript. 

 



 

 1

Investigation on wear and rolling contact fatigue of wheel-rail materials 

under various wheel/rail hardness ratio and creepage conditions 

Y. Hua, L. Zhoua, H.H. Dinga, G.X. Tanb, R. Lewisc, Q.Y. Liua, J. Guoa, W.J. Wanga,∗∗∗∗  

a Tribology Research Institute, State Key Laboratory of Traction Power, Southwest Jiaotong University, 

Chengdu 610031, China 

b Business School, Central South University, Changsha, 410083,China 
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Abstract: The wear and rolling contact fatigue of wheel-rail materials were investigated through varying 

wheel/rail hardness ratios (Hw/Hr) and creepages. The results indicated that with the Hw/Hr increasing from 

0.927 to 1.218, the wheel wear rate reduced significantly in the case of Hw/Hr = 1.218, the rail wear rate 

showed an increasing trend. Both the wheel and rail wear rates increased as the creepage enlarged. The 

synergistic results of Hw/Hr and creepage caused a transition of the wear and damage mechanisms on the 

wheel-rail steels. Besides, the fatigue damage of ER7 and CL60 wheel materials was dominated by slender 

multi-layer cracks, while the fatigue cracks were short and contained lots of interlayer broken materials on 

C-class wheel steel. 

Keywords: Wear rate; Damage mechanism; Synergistic result; Fatigue crack 

1. Introduction 

The wheel-rail interface acts as a vital role in the operating safety and service 

performance of a railway network. Wear and rolling contact fatigue (RCF) are two common 

forms of damage, which often exists on the wheel-rail surfaces [1]. The effects of a single 
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factor, such as the operating speed and the axle load, on the wear and RCF characteristics of 

wheel-rail steels were studied in previous reports [2-4]. The results showed that under the 

coupling of wear and RCF, the wheel-rail damage of high-speed railway was dominated by 

RCF, while that of heavy-duty railway was mainly wear. Therefore, the damage mechanism of 

wheel-rail materials under different operating conditions is different, so different steels should 

be selected for different working conditions. Besides, investigations [5-7] showed that the 

rolling direction, spherical dents and the third body (water, oil and sand) had important 

influences on the crack propagation mechanism and fatigue life of the wheel-rail materials. In 

practice, the wheel-rail interface is in an open system, it is affected by the synergistic results 

of multiple factors. Therefore, to optimize the selection of wheel and rail materials in complex 

service environments and ensure the reliability of the railway, it is necessary to carry out 

research to study the wear and RCF damage evolution of different wheel-rail steels under 

multiple parameter conditions. 

For a long time, the main wheel-rail materials used in the railway have been lamellar 

pearlite steels. In order to characterize the matching behavior of different wheel-rail materials, 

the wheel/rail hardness ratio (Hw/Hr) was introduced in previous research [8,9]. As early as 

1982, a classical model of the relationship between the hardness ratio and wheel and rail wear 

loss was proposed by Steele & Reiff [8]. When the Hw/Hr > 1, with the increase in rail 

hardness, the wear of the rail steel decreased linearly, while the wear of the wheel steel 

increased linearly. When the Hw/Hr < 1, with the increase in rail hardness, the wear of the rail 

material continued to decrease linearly, while the wear of the wheel material remained stable. 

Based on this model, the hardness of wheel materials was generally slightly lower than that of 
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rail materials, i.e. Hw/Hr < 1. Before the year 2000, researchers tried to increase the rail 

hardness through heat treatments to reduce its wear loss [9-11]. The results indicated that 

increasing the rail hardness could reduce the rail wear but increase the wheel wear. However, 

this conclusion was thought doubtful in recent years. For example, Heyder & Maedler [12] 

carried out experiments with different standard grades of wheel-rail materials, finding that the 

R350HT rail with improved hardness reduced both the rail wear and the wheel wear. Contour 

plots for the relationship between the wear rate and Hw/Hr were presented by Petrakova et al. 

through a series small scale tests [13,14], and it was indicated that the optimal Hw/Hr was 

0.91-0.97 or close to 1. Based on these references mentioned, there is still no agreed 

conclusion about the effect of the change in hardness on the wear of wheel-rail materials. 

Furthermore, wheel-rail materials with different hardness usually have different 

microstructures, for example, as the pearlitic lamellar spacing reduces, the hardness of 

wheel-rail materials increases. The initiation and evolution of wheel-rail RCF is also affected 

by the material microstructures, as for instance, RCF cracks are primarily initiated at the 

highly strained ferrite phase and propagated along grain boundaries by cavitation [15,16]. 

Moreover, varying work hardening levels were found on the pearlitic and bainitic rail 

materials [17-19]. The work hardening changed the Hw/Hr during the test, further affecting the 

wear and RCF behaviours. Thus, carrying out the investigation about the effect of Hw/Hr on 

the wear and RCF behaviours of wheel-rail materials is very essential and meaningful. 

The creepage is another important factor which has significant effects on the wear and 

RCF evolution of wheel-rail steels. According to the Archard wear coefficient map [20] and 

shakedown map [21-23], the rising creepage caused an increasing trend of traction coefficient, 
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further enhancing the wear rate [24]. As the creepage enlarged, the evolution of wheel-rail 

wear rates was divided into various regions [25,26]. It was noted that the fatigue damage 

exacerbated with the rising creepage. For example, the thickness of the plastic deformation 

layer increased at severe sliding condition [11,26], the serious wheel slipping could result in 

the rail white etching layer [27], and the growth angle of cracks increased obviously as the 

creepage enlarged [28]. Meanwhile, when different materials are matched to run with, the 

evolution of wear and damage behaviours affected by the value of creepage changes a lot [25]. 

Thus, the investigation on the wear and RCF damage evolution considering both the Hw/Hr 

and creepage is the key to the further study.  

It is a fact that the hardness and the creepage could influence wear and RCF 

characteristics of wheel-rail steels. However, under the combined actions of hardness ratios 

and creepages, the evolution of the wear and damage mechanisms needs to be further clarified. 

In view of this, the investigation on the wear and fatigue failure evolution of wheel-rail steels 

under various Hw/Hr and creepage conditions was carried out. Specifically, the wear 

transitions mechanism of wheel-rail materials and the growth process of RCF cracks were 

observed in detail. 

2. Experimental details 

The experiments were performed under dry conditions through a rolling-sliding wear 

testing apparatus (WR-1, China) [29], as shown in Fig. 1. The apparatus is equipped with 

upper and lower rollers, i.e., wheel and rail samples. The wheel/rail rollers are driven and 

controlled by a DC motor (2.0 kW) with a rolling speed from 0 to 1000 rpm. The vertical 
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force (from 0 to 2000 N) can be applied by adjusting a compressed spring and is measured 

using a load sensor (LC-7, China, accuracy: 0.1 N). The friction torque and cycles of the 

lower roller are measured using a torque sensor (TQ-660, China, range: 0±20 N·m, accuracy: 

0.01 N·m) and revolution sensor, respectively. The creepage of this apparatus can be 

calculated as following formula. 

Creepage = 
�������������	

���	

�

����������
 = 

��������	

�

�����
               (1) 

Where ωrail and ωwheel are the rotational speeds of rail and wheel rollers, respectively, and rrail 

and rwheel are the radius of the wheel-rail rollers with same values, respectively. Various 

creepages (0, 0.17%, 0.91%, 2.38%, 3.83%, 4.55%, 9.43%) can be achieved by altering the 

relative speeds of the two rollers via selecting and installing the corresponding gear pairs.  

The sampling positions of the two rollers and their sizes are presented in Fig. 2. The 

wheel and rail rollers were cut from the wheel tread and rail head, respectively. The diameter 

was 40 mm for the wheel-rail rollers, and the contact width between the two rollers was 5 mm. 

All rollers were polished to a surface roughness (Ra) of approximately 0.15 µm. Before each 

test, the rollers were thoroughly cleaned by ultrasonic cleaning for 10 min. 

Three grades of wheel materials (ER7, CL60, C-class) and one kind of rail steel (U75V) 

were used in this study. The chemical compositions and hardness are given in Table 1. The 

ER7 grade wheel is softer than the U75V rail, and the other two wheel steels are harder than 

the U75V rail. Three wheel/rail hardness ratios (Hw/Hr = 0.927, 1.025, and 1.218) were 

achieved by matching the rail roller with different wheel rollers. The microstructures of the 

wheel and rail materials are presented in Fig. 3. The three wheel materials have ferrite-pearlite 

microstructure which is composed of netted ferrite and lamellar pearlite (Fig. 3a-c), while the 
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U75V rail steel has a pearlite microstructure which is composed of lamellae of cementite and 

ferrite (Fig. 3d). The netted ferrite content of wheel steels decreases with the increasing 

hardness, especially the C-class wheel with a high hardness of 388 HV0.5 is almost free of 

ferrite (Fig. 3c).  

All tests were run 1.8×105 cycles under a rotational speed of 200 r/min, and the contact 

pressure is set to 850 MPa. The creepages used in this study were 0.17%, 0.91%, 2.38%, 4.55% 

and 9.43%, respectively. The test parameters are listed in Table 2. 

The wear rates (mass loss (µg) within a rolling distance of 1 m) of wheel-rail rollers were 

measured by using an electronic balance (JA4103, accuracy: 0.0001g). The hardness was 

measured using a Vickers hardness instrument (MVK-H21, Japan). Fig. 4 shows the sampling 

position of surface and section in the wheel-rail rollers after tests. Three small pieces of 1 mm 

length were taken from each roller and each piece is separated by 120 degrees. Each section 

was cut along the rolling direction and mounted in resin, ground with 2000 grit abrasive paper, 

polished with 0.5 µm diamond and etched with 4% Nital. The surface damage, plastic 

deformation and fatigue cracks were characterized using optical microscopy (OLYMPUS 

BX60M, Japan) and scanning electron microscope (SM-6490LV, Japan). The length and depth 

of each surface crack were measured using OM equipped with an image analysis software 

(Sisc IAS Professional). 

3. Results 

3.1 Wear rate and hardness 

Fig. 5a shows that the adhesion coefficient sharply increases with the creepage rising 
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from 0.17% to 4.55%, and remains relatively stable under the creepage of 4.55% – 9.43%. 

Under the creepage of 0.91% and 2.38%, the average adhesion coefficient of in three Hw/Hr 

conditions is different (Fig. 5b). This may be due to the difference of the wheel-rail surface 

damage at the late stage of experiments (about after 30,000 cycles), resulting in different 

roughness and vibration of the contact interface. 

The wheel-rail wear rates changing with creepages are presented in Fig. 6. The 

experiments under five creepages were performed twice in the case of Hw/Hr = 0.927 while 

the other experiments were conducted once. When the creepage enlarges from 0.17% to 

4.55%, the wheel-rail wear rates in three Hw/Hr conditions increase rapidly, as shown in Fig. 6. 

However, under the creepage of 4.55% – 9.43%, there is a slightly drop of wheel wear rate 

except for the case of Hw/Hr = 0.927, while the rail wear rates remain fairly stable in the three 

Hw/Hr conditions. There is no significant change in wheel wear rate under the three Hw/Hr 

conditions at the smallest creepage (0.17%). When the value of creepage is larger than 0.17%, 

the wheel wear rate in the case of Hw/Hr = 1.218 is significantly lower than the other two 

Hw/Hr conditions (Fig. 6a). That is, the wear rate of C-class wheel steel with low ferrite 

content and a high hardness is significantly lower than the wear rate of ER7 and CL60 wheel 

materials. Concerning the wear rate of rail material, it presents an obvious ascending trend 

with the enlargement in the Hw/Hr (Fig. 6b), i.e., with the increase in the hardness and the 

decrease in the ferrite content of the matched wheel steels, the rail wear increases 

significantly.  

It should be noted that there might be errors between different experiments due to 

manufacturing processes, alignment issues and measurement, for example, it might be 
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possible that the upper and lower rollers are not always perfectly aligned. Therefore, to 

specifically quantify the wear rate, it is necessary to repeat the experiments to obtain 

statistical results, which will be carried out in the further work.  

The surface hardness of wheel-rail rollers and their hardening ratios are shown in Fig. 7. 

The hardening ratio is calculated as following formula. 

Hardening ratio = 
��������


���

                       (2) 

Where Hpost and Hpre are the pre-test and post-test surface hardness, respectively. The pre-test 

and post-test surface hardness of wheel-rail materials in Fig. 7a and c indicates that the rollers 

have undergone obvious work hardening during the experiments. Moreover, the post-test 

surface hardness of three wheel steels is positively correlated with their pre-test hardness (Fig. 

7a), while the hardening ratio of various wheel steels has no significant relationship with their 

pre-test hardness (Fig. 7b). Concerning the rail hardness, the rail hardening ratio at the case of 

Hw/Hr = 1.218 (matched with C-class wheel) is slightly higher than the other two Hw/Hr 

conditions (Fig. 7d).  

The variation behaviour of wheel-rail hardness as a function of the depth below the 

surface is often used to characterize the work hardening and the sub-surface deformation 

[30,31]. Fig. 8 exhibits that the section hardness gradually drops to the bulk hardness with the 

increasing distance from surface. The effect of Hw/Hr on the section hardness of the wheel-rail 

rollers is related to the creepage. Specifically, at low creepages (2.38%), the section hardness 

of wheel-rail rollers presents an ascending trend with the Hw/Hr, while at large creepage 

conditions (9.43%), the section hardness is nearly unchanged.  

3.2 Surface damage 



 

 9

SEM images of wheel-rail surface damage under various Hw/Hr conditions are presented 

in Fig. 9. The wheel surface damage alleviates with the increase in the initial hardness and the 

decrease in the ferrite content of wheel steels (i.e., the Hw/Hr increases), and the damage 

behaviour transforms from coherent peeling to surface crack. In addition, the surface damage 

on rail rollers shows the same trend and the damage behaviour transforms from severe 

adhesion to slight surface cracking. The decrease of the surface damage reduces the roughness 

after the tests, which causes the adhesion coefficient to decrease with the Hw/Hr increasing, as 

exhibited in Fig. 5b. 

The wheel surface damage is slight at the lowest creepage (0.17%), which is dominated 

by small surface cracks and slight peeling (Fig. 10a). When the creepage rises to 0.91% and 

2.38%, coherent peeling occurs on the wheel roller surface (Fig. 10b and Fig. 9b). When the 

creepage further rises to 4.55%, the surface damage, which is mainly caused by spalling, 

becomes more serious on the wheel surface. It should be noted that coherent peeling appears 

on the wheel surface and the fatigue alleviates anomalously when the creepage reaches to 

9.43%. Concerning the rail rollers, the surface damage is mainly attributed to small surface 

cracks and slight peeling at the lowest creepage of 0.17%, while it mainly manifests as 

adhesion as the creepage rises from 0.91% to 9.43%. 

The generation of rail surface adhesion is related to the damage characteristics of the 

matched wheel rollers and the thermal effect which is caused by the increasing creepage [32]. 

Specifically, in the case of large creepages, the wheel surface damage gets worse. Meanwhile, 

the flash temperature of the wheel-rail interface enlarges sharply. Under this condition, the 

debris is mainly formed by thick and small pieces. With the action of the increasing 
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temperature, the debris tends to adhere on the rail surface. Then, the adhesive wear occurs on 

the rail surface with the cyclic loading. 

3.3 Sub-surface damage 

OM microscopic observation of cross sections of wheel-rail rollers indicates that the 

creepage affects the plastic deformation greatly (as shown in Fig. 11). The plastic deformation 

is slight at the lowest creepage (0.17%), which is attributed to the material flowing parallel to 

the surface. When the creepage enlarges to 0.91%, the plastic deformation aggravates 

significantly and the angle of plastic flowing increases sharply.  

Fig. 12 presents the SEM images of fatigue cracks at various Hw/Hr values. The fatigue 

damage of the wheel-rail rollers are dominated by slender multi-layer cracks and surface 

cracks when U75V rail steel matches with ER7 and CL60 wheel steels (i.e., Hw/Hr = 0.927 

and 1.025). However, the cracks become short and contain a large number of interlayer 

broken materials when U75V rail steel matches with C-class wheel steel (i.e., Hw/Hr = 1.218). 

The difference in the cracks might due to the microstructures of wheel steels. The ER7 and 

CL60 wheel are hypoeutectoid steel with large amount of netted ferrite (Fig. 3a-b). It is easy 

for the soft ferrite phase to initiate vacancies because of the low yield limit. The 

intercrystalline netted ferrite depresses crack growth resistance of the materials strongly. As a 

result, the cracks grow and propagate along the ferrite flowing structure in the plastic 

deformation area by cavitation, and it is easier to form the slender multilayer cracks [15,33]. 

However, the fatigue damage of C-class wheel material is dominated by broken cementite, 

initiating short cracks with interlayer broken materials among the crack boundaries. It should 

be noted that the fatigue cracks on U75V rail rollers varies with the matched wheel steels. 
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This indicates that the rail RCF behaviours is significantly influenced by properties of the 

counter bodies. 

Tables 3-4 present the statistics data from fatigue cracks on wheel-rail rollers. 

Concerning the cracks on the wheel samples, the average length of cracks is in the range of 

around 50 µm to 380 µm, the average depth is in the range of around 7.3 µm to 45.9 µm, and 

the average angle is in the range of around 4.0° to 8.6°. With the increase in creepage, the 

length and depth of cracks show an ascending trend. With the increase in the Hw/Hr and the 

decrease in the netted ferrite content of wheel steels, the length and depth of cracks show a 

declining trend. Concerning the cracks on the rail samples, the average length of cracks is in 

the range of around 65 µm to 295 µm, the average depth is in the range of around 8.1 µm to 

28.9 µm, and the average angle is in the range of around 2.8° to 11.6°. However, the 

influences of the creepage and hardness ratio on the depth and length of cracks are not clear. 

4. Discussion 

4.1 Evolution of wear and RCF damage 

In this study, we systematically explored the effects of both Hw/Hr and creepage on the 

wear and RCF evolution of wheel-rail steels through a series of experiments. Three Hw/Hr 

conditions (one of which is less than 1, one close to 1, and one greater than 1) were achieved 

by matching various wheel steels to one rail material. The results showed that the wear rate 

was related to the material matching behaviour, and the wheel wear rate at the case of Hw/Hr = 

1.218 (when the high hardness C-class wheel was matched with the U75V rail) was 

significantly reduced (Fig. 6a). Besides, the rail wear rate depended on the matched wheel 

materials and increased significantly with the increasing Hw/Hr (Fig. 6b). This phenomenon 
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supports the relationship proposed by Steele & Reiff [8]. Meanwhile, the result is also 

consistent with other recent wear experimental results for different hardness wheel and rail 

materials [17,34-37]. For RCF damage, as the hardness of wheel steels and Hw/Hr increased, 

both the wheel and rail surface damage alleviated, the fatigue cracks on wheel rollers 

decreased, and work hardening on rail rollers increased. As the creepage increased, both of the 

wheel and rail wear rates increased, the RCF damage of wheel-rail rollers, including surface 

damage, plastic deformation, fatigue cracks, etc., tended to exacerbate. The result supports the 

effect of creepage on wear and RCF in previous studies [23-28]. 

From the results above, the wear and fatigue damage underwent a transition with the 

increasing Hw/Hr and creepage. As it is known, the wear map, which was widely applied in 

the wheel-rail wear prediction and numerical simulation, is an effective way to distinguish the 

wear regimes and transition processes [38-40]. In the present study, the wear maps shown in 

Fig. 11 are plotted based on Hw/Hr and slip velocity, where the Hw/Hr stands for the wheel/rail 

hardness ratio while the slip velocity presents the velocity difference between the wheel and 

the rail. According to the value of the wear rate, three regimes, mild wear (the wear rate < 50 

µg/m), severe wear (the wear rate is between 50 µg/m to 100 µg/m) and catastrophic wear (the 

wear rate > 100 µg/m), are identified in the wheel wear map (Fig. 13a). Similarly, the mild 

wear and severe wear are included in the rail wear map (Fig. 13b). The wear rates are fairly 

small without any obvious change with the Hw/Hr and slip velocity (i.e., creepage) in the mild 

wear regime. However, in the other two wear regimes, the wear rates are large and exhibit 

rapid changes with increases in the Hw/Hr and slip velocity.  

Next, we further explored the damage behaviours occurred on the wheel-rail surface. The 
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damage mechanism maps based on the surface damage characteristics are exhibited in Fig. 14. 

Notably, the wear mechanism differs in various regimes on the wear maps. The wheel damage 

mechanism map (Fig. 14a) presents an extremely similar transition boundary with the wear 

map (Fig. 13a). Specifically, the wheel damage mechanism map (Fig. 14a) can also be 

classified into three regions. When the wear is mild, the surface damage behaviours are 

dominated by mild peeling and surface cracks, indicating that the wear mechanism in this 

regime is attributed to slight fatigue wear. When the wear changes to become severe, the 

surface damage behaviours turns to be serious and mainly manifested as coherent peeling. 

Thus, the wear mechanism in this regime ranges to fatigue wear. When the wear further 

aggravates, with the surface damage becoming more serious (dominated by severe spalling), 

the wear of wheel material transforms into severe fatigue wear. 

According to the surface damage on rail rollers, the damage mechanism map of rail 

material (Fig. 14b) is divided into two regions, one of which is dominated by mild peeling and 

surface fatigue crack, while another is dominated by spalling and adhesion. Meanwhile, the 

wear mechanism achieve a transition from fatigue wear to the combination of fatigue and 

adhesion wear as the Hw/Hr declines and the slip velocity rises (i.e., the creepage increasing).  

4.2 Crack growth mechanisms 

According to SEM observation and analysis of fatigue cracks under various Hw/Hr and 

creepage conditions, we can see that the creepage exhibits a great influence on crack growth. 

The fatigue cracks exacerbate with the enlargement in creepage. It can be contributed to the 

fact that the rise of creepage would increase the traction coefficient, which can provide a large 

driving force for crack growth [26,28]. Besides, the fatigue crack morphology is closely 
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related to the material. Specially, it is dominated by slender multi-layer cracks on ER7 and 

CL60 wheels, while on C-class wheel steel, the cracks are short and contain a large number of 

interlayer broken materials. This can be explained by the fact that the generation and growth 

of fatigue cracks differs in the various microstructures of the three wheel materials, as shown 

in Figs. 15-16. 

The ER7 and CL60 wheel are hypoeutectoid steels with large amount of netted ferrite, 

and the proeutectoid ferrites also act as grain boundaries, as shown in Fig. 15a. Under cyclic 

loading, the surface layer of wheel material undergo severe plastic deformation [41]. 

Meanwhile, the pearlite colonies are severe compressed and broken while the ferrites was 

stretched to shape flowing lines along the shear stress (Fig. 15b). The ferrite phase is soft and 

its yield limit is small. Therefore, the dislocation tangles and pile-ups are primarily generated 

at the highly strained ferrite phase boundaries [42]. With the increase in strain, sub-grains 

occur at the ferrite phase and the sub-grain boundaries are made up of dislocation tangles. At 

the same time, cavities are formed inside the strained ferrite because of the movement of 

dislocations [33,43]. With the further increase in strain, the strain-induced ultrafine grains 

(UFGs) are formed in ferrite phase [41,44]. Meanwhile, the growth and join of cavities 

induce the micro-crack. The process of micro-crack initiation is shown in Fig. 15c. 

Sub-surface cracks are formed with the further growth of micro-cracks. Then, surface cracks 

occurred as the surface material is removed. Besides, the sub-surface cracks join with surface 

crack tips gradually, resulting in the long and slender multi-layer cracks (Fig. 15d). 

The C-class wheel steel exhibits randomly oriented pearlite microstructure which 

consists of lamellar cementite and ferrite. Meanwhile, pearlite colonies with different 
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orientations are separated through grain boundaries. Besides, pearlite grains has little ferrite 

(Fig. 16a). Similarly, as the deformation increases, the pearlite colonies whose lamellar 

arrangement is consistent with the shear force are severely compressed, and the lamellar 

spacing decreases sharply, while the pearlite colonies which is arranged at an angle or 

perpendicular to the shear force are twisted and broken [45,46], as shown in Fig. 16b. During 

the plastic deformation, dislocation tangles are easy to occur at grain boundaries, resulting in 

cavities and further forming micro-cracks (Fig. 16c). Notably, the grain boundaries of such 

materials are not as obvious and continuous as ferrite phase. Therefore, the surface cracks 

are easy to fracture, and there are many interlayer materials made up by the broken pearlites 

inside the cracks, as shown in Fig. 16d.  

In general, the cracks propagation of both microstructures is dominated by intergranular. 

Specially, the fatigue cracks on ER7 and CL60 wheel materials primarily generated at the 

highly strained ferrite phase boundaries, and then grow and propagate along the ferrite 

flowing lines by cavitation, resulting in the long and slender multi-layer cracks. However, 

there is almost no ferrite phase in C-class wheel steel, and the grain boundaries are not 

obvious and discontinuous, thus short cracks with interlayer broken materials tend to initiate 

in the sub-surface. 

In summary, the Hw/Hr and creepage can be used as important parameters to study the 

wear and damage transition mechanism of wheel-rail steels. The present work is the pre-study 

for establishing a wear map based on Hw/Hr and Tγ/A, proposing a mathematical model for the 

wear and RCF of high-speed wheel and rail under the action of multiple parameters, and 

optimizing the selection of wheel and rail materials in complex service environments. 
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However, the range of Hw/Hr was too small and the observation of the microstructure 

evolution was not enough. Therefore, it is necessary to carry out experiments with a series 

Hw/Hr conditions and investigate the microstructure evolution of wheel-rail materials using 

Electron Backscatter Diffraction and transmission electron microscope, etc. in the following 

study. Besides, errors are inevitable during the experimental due to manufacturing and 

measurement, therefore, experiments need to be repeated to obtain statistically results. 

5. Conclusions 

1. With the Hw/Hr increasing from 0.927 to 1.218, the wheel wear rate reduces 

significantly in the case of Hw/Hr = 1.218, the rail wear rate shows an increasing trend. Both 

of the wheel and rail wear rates increase as the value of creepage enhanced.  

2. As the Hw/Hr declines and the creepage rise, the wheel wear mechanism changes from 

mild peeling and slight fatigue wear finally to severe spalling and severe fatigue wear.  

3. As the Hw/Hr declines and the creepage rise, the RCF damage mechanism of rail 

material changes from mild peeling and surface fatigue crack to spalling and adhesion, and 

the wear mechanism achieve a transition from fatigue wear to the combination of fatigue and 

adhesion wear.  

4. The fatigue crack morphology is closely related to the microstructures of materials. 

Fatigue damage on ER7 and CL60 wheels is dominated by slender multi-layer cracks, while 

on C-class wheel steel, the cracks are short and contain lots of interlayer broken materials. 
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Figure caption 

Fig. 1: Scheme of the testing apparatus. 

Fig. 2: Sampling position and sizes of wheel-rail rollers. 

Fig. 3: The microstructures of the wheel-rail materials, (a) ER7 wheel; (b) CL60 wheel; (c) 

C-class wheel; (d) U75V rail.  

Fig. 4: Sampling position of surface and section in the wheel-rail rollers after tests. 

Fig. 5: Adhesion coefficient, (a) as a function of cycles (Hw/Hr = 1.025); (b) as a function of 

creepage. 

Fig. 6: Wear rate changing with the Hw/Hr and creepage, (a) wheel; (b) rail. 

Fig. 7: Surface hardness and hardening ratio (which is defined by the ratio of increasing 

hardness to initial hardness), (a) wheel surface hardness; (b) wheel hardening ratio; (c) rail 

surface hardness; (d) rail hardening ratio. 

Fig. 8: Section hardness under different hardness ratios, (a) wheel; (b) rail. 

Fig. 9: SEM micrographs of surface damage of wheel-rail rollers under different hardness 

ratios (creepage = 2.38%), (a) Hw/Hr = 0.927; (b) Hw/Hr = 1.025; (c) Hw/Hr = 1.218. 

Fig. 10: SEM micrographs of surface damage of wheel-rail rollers under different creepage 

conditions (Hw/Hr = 1.025), (a) 0.17%; (b) 0.91%; (c) 4.55%; (d) 9.43%. 

Fig. 11: OM micrographs of plastic deformation of wheel-rail rollers under different creepage 

conditions (Hw/Hr = 1.025), (a) 0.17%; (b) 0.91%. 

Fig. 12: SEM micrographs of fatigue cracks on wheel-rail rollers under different Hw/Hr 

conditions (creepage = 2.38%), (a) Hw/Hr = 0.927; (b) Hw/Hr = 1.025; (c) Hw/Hr = 1.218. 

Fig. 13: Wear maps, (a) wheel; (b) rail. 
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Fig. 14: Damage mechanism maps, (a) wheel; (b) rail. 

Fig. 15: Schematic illustration of the fatigue crack growth on ER7 wheel material. 

Fig. 16: Schematic illustration of the fatigue crack growth on C-class wheel material. 
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Fig. 1: Scheme of the testing apparatus. 

 

 

1-DC motor; 2-Drive belt; 3, 8- Gear set; 4-Torque sensor; 5-Revolution sensor; 6-Lower roller; 7-Upper 

roller; 9-Controller; 10-Computer; 11-Load sensor; 12-Compressed spring. 
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Fig. 2: Sampling position and sizes of wheel-rail rollers. 
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Fig. 3: The microstructures of the wheel-rail materials, (a) ER7 wheel; (b) CL60 wheel; 

(c) C-class wheel; (d) U75V rail.  
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Fig. 4: Sampling position of surface and section in the wheel-rail rollers after tests. 
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Fig. 5: Adhesion coefficient, (a) as a function of cycles (Hw/Hr = 1.025); (b) as a function 

of creepage. 
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Fig. 6: Wear rate changing with the Hw/Hr and creepage, (a) wheel; (b) rail. 
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Fig. 7: Surface hardness and hardening ratio (which is defined by the ratio of increasing 

hardness to initial hardness), (a) wheel surface hardness; (b) wheel hardening ratio; (c) 

rail surface hardness; (d) rail hardening ratio. 
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Fig. 8: Section hardness under different hardness ratios, (a) wheel; (b) rail. 
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Fig. 9: SEM micrographs of surface damage of wheel-rail rollers under different 

hardness ratios (creepage = 2.38%), (a) Hw/Hr = 0.927; (b) Hw/Hr = 1.025; (c) Hw/Hr = 

1.218. 
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Fig. 10: SEM micrographs of surface damage of wheel-rail rollers under different 

creepage conditions (Hw/Hr = 1.025), (a) 0.17%; (b) 0.91%; (c) 4.55%; (d) 9.43%. 
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Fig. 11: OM micrographs of plastic deformation of wheel-rail rollers under different 

creepage conditions (Hw/Hr = 1.025), (a) 0.17%; (b) 0.91%. 
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Fig. 12: SEM micrographs of fatigue cracks on wheel-rail rollers under different Hw/Hr 

conditions (creepage = 2.38%), (a) Hw/Hr = 0.927; (b) Hw/Hr = 1.025; (c) Hw/Hr = 1.218. 
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Fig. 13: Wear maps, (a) wheel; (b) rail. 
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Fig. 14: Damage mechanism maps, (a) wheel; (b) rail. 
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Fig. 15: Schematic illustration of the fatigue crack growth on ER7 wheel material. 
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Fig. 16: Schematic illustration of the fatigue crack growth on C-class wheel material. 
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Table caption 

Table 1: Chemical compositions and hardness of wheel-rail rollers. 

Table 2: Summary of test parameters. 

Table 3: The size statistics of fatigue cracks on wheel rollers. 

Table 4: The size statistics of fatigue cracks of rail rollers. 
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Table 1: Chemical compositions and hardness of wheel-rail rollers. 

 

Component Grade 
Chemical composition (wt%) 

Hardness/HV0.5 
C Si Mn P S 

Wheel 

ER7 ≤0.48 ≤0.40 ≤0.75 0.020 0.015 296±6 

CL60 0.55-0.65 0.17-0.37 0.50-0.80 0.035 0.040 327±11 

C-class 0.67-0.77 0.15-1.00 0.60-0.90 0.030 0.005-0.040 388±9 

Rail U75V 0.65-0.75 0.15-0.58 0.70-1.20 ≤0.025 ≤0.025 319±15 
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Table 2: Summary of test parameters. 

 

Test 

number 

Wheel 

grade 

Rail 

grade 

Hardness 

ratio/(Hw/Hr) 
Creepage/% 

Test 

speed/(r/min) 

Maximum 

contact 

pressure/MPa 

Total 

number of 

cycles/N 

1 ER7 U75V 0.927 0.17 200 850 180,000 

2 ER7 U75V 0.927 0.91 200 850 180,000 

3 ER7 U75V 0.927 2.38 200 850 180,000 

4 ER7 U75V 0.927 4.55 200 850 180,000 

5 ER7 U75V 0.927 9.43 200 850 180,000 

6 CL60 U75V 1.025 0.17 200 850 180,000 

7 CL60 U75V 1.025 0.91 200 850 180,000 

8 CL60 U75V 1.025 2.38 200 850 180,000 

9 CL60 U75V 1.025 4.55 200 850 180,000 

10 CL60 U75V 1.025 9.43 200 850 180,000 

11 C-class U75V 1.218 0.17 200 850 180,000 

12 C-class U75V 1.218 0.91 200 850 180,000 

13 C-class U75V 1.218 2.38 200 850 180,000 

14 C-class U75V 1.218 4.55 200 850 180,000 

15 C-class U75V 1.218 9.43 200 850 180,000 
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Table 3: The size statistics of fatigue cracks on wheel rollers. 

 

Creepage 

(%) 

Hw/Hr=0.927 Hw/Hr=1.025 Hw/Hr=1.218 

Average 

length 

(µm) 

Average 

depth (µm) 

Average 

angle 

(Deg.) 

Average 

length 

(µm) 

Average 

depth (µm) 

Average 

angle 

(Deg.) 

Average 

length 

(µm) 

Average 

depth (µm) 

Average 

angle 

(Deg.) 

0.17 126±45 9.7±3.3 4.4±1.3 125±72 7.3±2.9 4.0±2.3 50±15 7.5±1.9 8.6±2.5 

0.91 333±98 32.5±13 5.2±2.1 207±101 15.5±5.6 4.3±1.3 71±32 7.7±3.8 6.9±2.3 

2.38 298±68 28.6±6.8 5.6±1.1 175±57 17.5±7.7 5.7±1.7 160±59 20.1±5.3 7.6±1.9 

4.55 214±75 23.2±7.6 6.5±1.4 258±69 32.5±10 7.3±1.3 152±35 18.8±6.0 7.3±2.5 

9.43 380±116 45.9±7.7 7.2±1.2 174±67 22.8±11 7.6±2.8 156±30 21.9±3.1 8.2±1.3 
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Table 4: The size statistics of fatigue cracks of rail rollers. 

 

Creepage 

(%) 

Hw/Hr=0.927 Hw/Hr=1.025 Hw/Hr=1.218 

Average 

length 

(µm) 

Average 

depth (µm) 

Average 

angle 

(Deg.) 

Average 

length 

(µm) 

Average 

depth (µm) 

Average 

angle 

(Deg.) 

Average 

length 

(µm) 

Average 

depth (µm) 

Average 

angle 

(Deg.) 

0.17 275±65 26.4±9.5 5.5±1.7 295±82 25.7±5.1 5.0±1.4 160±35 13.1±3.8 4.7±1.6 

0.91 293±78 24.5±6.3 4.8±1.5 284±62 20.8±4.9 4.2±1.2 199±42 9.7±2.6 2.8±1.1 

2.38 226±48 14.6±4.8 3.7±1.1 199±57 9.7±3.3 2.8±1.4 65±21 8.1±4.8 8.2±6.0 

4.55 209±45 10.2±4.2 2.8±1.2 167±78 16.4±10 5.5±1.9 89±39 16.9±5.3 11.6±2.7 

9.43 181±78 28.6±11 9.2±1.9 151±56 18.4±8.4 7.2±2.5 190±82 28.9±21 8.2±2.8 

 

 



Highlights 

1. As Hw/Hr increases, the wheel wear rate declines while the rail wear rate 

increases.  

2. With the slip ratio increasing, both of the wheel and rail wear rates increase. 

3. The wear and fatigue damage mechanisms transform as the Hw/Hr and slip 

ratio increase. 

4. The fatigue crack morphology is closely related to the microstructures of 

materials. 
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