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Abstract: The current researches of the wear and spalling behaviors of wheel/rail materials focus on the field investigation rather than 
the mechanism. However, it is necessary and significant for clarifying the mechanism and relationship between the wear and spalling 
damage of railway wheel to test and reproduce the wheel damages in laboratory. The objective of this paper is to investigate the wear 
and spalling damage behaviors of railway wheel using a JD-1 wheel/rail simulation facility, which consists of a small wheel serving as 
rolling stock wheel, and a larger wheel serving as rail. The damage process of wheel roller is explored in terms of the creep ratio, axle 
load, and carbon content by means of various microscopic examinations. The experimental results show that the wear volume growth of 
wheel roller is proved to be proportional to the increase of the creep ratio and normal load between simulating wheel and rail. The 
increase of carbon content of wheel material causes a linear reduction in the wear volume. The microscopic examinations indicate that 
the rolling wear mechanism transfers from abrasive wear to adhesive and fatigue wear with an increase of tangential friction force, 
which results in the initiation of fatigue crack, and then aggravates spalling damage on the wheel roller surface. The surface hardness of 
material depends strongly upon its carbon content. The decrease of the carbon content of wheel material may alleviate spalling damage, 
but can cause a significant growth in the wear volume of wheel roller. Therefore, there is a competitive relationship between the wear 
and spalling damage of wheel material. This research proposes an important measure for alleviating or preventing the wear and spalling 
damage of railway wheel material. 
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1  Introduction∗ 
 

Considering a number of criteria, such as speed, capacity 
and environment, railway is a superior means of 
transportation. In general, the speed of passenger trains and 
the tonnage of freight trains are often raised to increase the 
efficiency of rail transport. However, wear and rolling 
contact fatigue (RCF) of wheel/rail would become more 
and more severe[1]. A variety of damages happen on 
railroad wheel, which mainly result from the wear of tread 
and flange, the scratch of tread, shelling, spalling, thread 
checking, and so on. It is found that spalling becomes one 
of the typical kinds of damages of railroad wheelset due to 
the increase of the speed of railway. Therefore, spalling 
properties have been focused on by many researchers[2–6]. 

Spalling is described as the loss of relatively large pieces 
of wheel tread material. According to AAR’s (American 
Association of Railway) research, spalling is the result of 
wheel sliding which produces enough high temperature on 
the tread skin to metallurgically transform a thin surface 
layer to a different steel structure[2]. Tread defects as a 
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result of spalling cause many spots on the wheel tread, and 
then an out-of-round condition appears. The out-of-round 
wheels cause high impact loads on the rail, which also are 
transmitted to the roller bearing. Moreover, these impacts 
maybe shorten the life of these components and affect the 
safety of railways and the comfort of passengers. In 
addition, spalling may also result in many noises between 
wheel and rail, and accelerate the wear of other parts. 

The researches indicate that the occurrence of spalling is 
correlated with the contact stress of wheel/rail system, 
friction force, material of wheel/rail, axle load, thermal 
stress, structural stress, and so on[6–8]. Therefore, it is very 
important to develop new materials used for high speed 
railway wheel. At present, reducing the carbon content of 
steel and alloying are often used to prevent from forming 
the martensite layer during the sliding of wheel, and 
alleviate the wear and spalling of wheel/rail material. 

To some extent, the more the details of spalling 
mechanism are known, the more the preventative measures 
could be developed. However, only a few works have been 
carried out in this field nowadays[9]. It is necessary for 
clarifying the mechanism of damage to test and reproduce 
the wheel damages in laboratory. Simulation methods for 
reproducing some damages of wheel/rail on test stands are 
classified into three: running tests on the test track, rolling 
contact tests wheels and circular rails-to-be of actual size, 
and rolling contact tests using small size cylindrical 
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specimens. The running tests on the test track require 
tremendous expenditures and time. However, simulation 
test using small size specimens is a cost-effective and 
convenient research technique. 

In this paper, a JD-1 wheel/rail simulation facility is used 
to investigate the effects of the creep ratio, axle load and 
carbon content of wheel material on the wear and spalling 
characteristics of railway wheel. Particularly, the wear 
mechanism and spalling damage of railway wheel are 
explored in detail. 
 
2  Experimental Details 
 
2.1  JD-1 wheel/rail simulation facility 

All experiments are carried out on a JD-1 wheel/rail 
simulation facility[10], as shown in Fig. 1. The tester is 
composed of a small wheel roller serving as rolling stock 
wheel (called as “simulating wheel”) and a larger rail roller 
serving as rail (called as “simulating rail”). The diameters 
of the wheel and rail rollers are 200 mm and 1 070 mm, 
respectively. Simulating wheel and rail are driven by DC 
motors A and B, respectively. The power imposed on 
simulating wheel and rail rollers can be controlled 
accurately, by which traction or brake force is realized upon 
the simulating wheel roller. 

 

 
Fig. 1.  JD-1 wheel/rail simulation facility 

1. Normal loading cylinder; 2. Loading carriage; 3. Spindle and yoke;    
4. Universal shaft; 5. 3D load sensor; 6. Simulating wheel;             

7. Simulating rail; 8. Lateral loading cylinder; 9. Turning plate;        
10. Base plate; 11. Optical shaft encoder; 12. Speed measuring motor;   

A, B. ZQDR-204 DC motor; C. Gear box 
 

The geometric sizes of simulating wheel and rail rollers 
are determined by means of the Hertz simulation rule as 
follows: 

 
         0 lab 0 field( ) ( ) ,q q              (1) 
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where 0 lab( )q , 0 field( )q  are the maximum contact stresses 
in the laboratory and in the field, respectively; lab( )a b , 

field( )a b  are the ratios of semi-major axis to semi-minor 

axis of the contact ellipses between the wheel and rail in 
the laboratory and field, respectively. The schema of 
geometric size calculated by the above formulas is shown 
in Fig. 2. 

 

 
Fig. 2.  Scheme size of simulating wheel and rail 

 
The creep ratio of simulation tester is defined by the 

following formula: 
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where λ is the ratio of creep between the simulating 
wheel/rail; wω and rω are rotating speeds of wheel roller 
and rail roller, respectively; wR and rR are the radius of 
wheel roller and rail roller, respectively; i  is the speed 
ratio, equal to r wω ω . Different ratios of rotational speed 
can be obtained and maintained by varying exciting current 
of DC motors A and B (Fig. 1) throughout the test. 
Subsequently, the creep ratio of this tester changes from 
7.5% to 7.5%. 

A peculiar measurement is taken to determine the wear 
of wheel roller in our research. Before testing, a special 
mark is made on the wheel roller surface in order that the 
wear scar is measured at the same position each time. 
Polypropylene is used to copy the profile of the wear 
surface on the specimens before and after testing. Then the 
copies are examined using a high sensitive surface 
profilometer (TALYSURF6, England) in order to get the 
wear volume of either wheel roller. The wear is determined 
from the difference between the original profile and the 
wear profile (Fig. 3). 

 

 
Fig. 3.  Scheme of wear volume measurement 

 
 

2.2  Experimental parameters and materials 
Tests are conducted on the base of Hertz simulation rule. 

The maximum Hertzian contact stress q0 can be calculated 
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by the following formulas[10]: 
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where p is the normal load; a and b are the lengths of 
semi-major axis and semi-minor axis of the contact ellipses; 

1E , 2E , 1µ , 2µ  are the Young’s modulus and Poisson’s ratio 
of wheel and rail material, respectively; A is the equivalent 
geometric radius of wheel and rail; w1R , w2R , r1R , r2R  are 
the radius of principal curvature of wheel and rail contact 
point, respectively. According to Eqs. (4)–(7), Eq. (1) is 
rewritten as 
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lab field
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where labp , fieldp  are the normal loads in the laboratory 
and in the field, respectively. The normal loads calculated 
by Eq. (8) in the laboratory are about 2 400 N, 2 800 N, 3 
200 N, which are correlative to the actual axle loads of 24 t, 
28 t, 32 t, respectively. The cycle numbers of simulating 
wheel is 2.5105 and the rotational velocity of rail roller is 
about 90 rmin. The creep ratios are 7.5%, 3.7%, 0, 
5.7%, respectively. 

The wheel roller and rail roller are made of real wheel 
and rail steels, respectively. Their chemical compositions in 
weight percentage is given in Table 1. 
 

Table 1.  Chemical composition of wheel 
               and rail steels              %wt   

Specimen C Mn Si S P 
Wheel roller 0.40–0.70 0.80–1.00 0.30–0.50 ≤0.045 ≤0.04 
Rail roller 0.62–0.77 1.35–1.65 0.15–0.37 ≤0.050 ≤0.04 

 
All the tests are carried out in the ambient condition 

(temperature: 18–23℃, relative hum idity: 50%–70%) 
without any lubricant. The contact surfaces are cleaned 
carefully with acetone before testing. A new wheel roller is 
used for every test and the rail roller is used repeatedly. 
After each test, the surface of rail roller is cut clearly using 
the machine tool for preventing plastic deformation from 
previous tests. Wear scars are examined and analyzed by 
various microscopic examinations including microhardness 
tester (MVK–H21, Japan), optical microscopy (OM) 
(OLYMPUS BX60M, Japan), laser confocal scanning 
microscopy (LCSM) (OLYMPUS OLS1100, Japan), 

scanning electronic microscopy (SEM) (QUANTA200, FEI, 
England). 
 
3  Results and Discussion 
 
3.1  Effect of creep ratio 

The variations in the wear volume of wheel roller, as a 
function of the number of cycles of wheel roller at different 
normal loads and creep ratios, are shown in Fig. 4(a). It 
should be noted that the traction behavior occurs 
accompanied by positive creep ratio values, corresponding 
to the braking process in the wheel/rail system 
accompanied by negative creep ratio values. It is found that 
the wear volume increases rapidly at the beginning of 
testing. With increase in test time, intensive deformation 
happens both on the surface and on the subsurface layer of 
the materials during the process of wear. As a result, a state 
of elastic shakedown comes into being[11]. So, the wear 
volume increases slowly and it presents a stable wear 
process. Furthermore, it is observed that the wear volume 
of wheel roller increases with increasing in normal load and 
creep ratios. Fig. 4(b) shows the wear volume versus the 
creep ratio at the normal load of 2 400 N after 2.5105 
cycles of wheel roller. A U-shaped curve is found with a 
minimum at λ0. The wear volume decreases linearly with 
the creep ratio increasing from 7.5% to 0, and then 
increases with the creep ratio increasing from 0 to 5.7%. So, 
the higher creep ratio aggravates wear behavior between 
wheel and rail contact surfaces. 

 

 
Fig. 4.  Wear volume of wheel roller (C-0.6%) 
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Macro-pictures and further LCSM micrographs show the 
damage on the rolling surfaces of wheel roller, as shown in 
Fig. 5. It is seen that slight damage appears under the free 
rolling (λ0), and the worn surface of the wheel is 
characterized by slight scratches (Fig. 5(a)). When the 
traction or braking force is imposed, the creep ratio 
decreases from 0 to 3.7% and the wear is aggravated (Fig. 

5(b)). It is found that the width of wear scar is much bigger 
at λ3.7% than that at λ0 (Fig. 5(b)), and slight 
delamination appears on the worn surface. With the creep 
ratio further increasing, massive delamination and loss of 
large pieces of wheel roller material, which is defined as 
spalling, are observed on the rolling contact surface at 
λ7.5% (Fig. 5(c)).  

 

 
Fig. 5.  Examinations of wear scar of wheel roller (C-0.6%) 

 
Further examinations on wear scars (Fig. 5) indicate that 

the wear mechanisms of wheel material vary with the creep 
ratio. When the creep ratio is zero, tribo-oxidation and 
abrasive wear are dominant on the worn surface, and the 
hard debris staying in the contact area could result in 
ploughing on the worn surface (Fig. 5(a)). As we known, 
the damage belongs to high-cycle fatigue under pure rolling 
condition. With the creep ratio increasing, the worn surface 
is characterized by delamination, fatigue and spalling (Figs. 
5(b) and 5(c)). The surface damages mainly result from 
fatigue and adhesive wear. Previous researches also 
indicated that the damage process of material has a close 
relation to its wear mechanism[12–13]. 

The curves in Fig. 4 show that the creep ratio plays an 
important role in the wear of the wheel roller. When the 
creep ratio is zero (without either traction or brake force), 
the tangential friction force between wheel and rail is really 
low, and therefore no obvious wear occurs (Fig. 5(a)). 
When the traction or braking force is increased, sliding 
takes place between wheel and rail, which causes rapid 
increases in both the tangential friction force and the 
temperature on the contact surface[12]. Therefore, significant 
wear and fatigue damage occur, and obvious plastic 
deformation as well as white layer (a different steel 

structure) is observed on the cross-section (Fig. 6(a)). 
Because the white layer is brittle and very hard, some 
delamination could easily happen on the worn surface. On 
the other hand, the maximum shear stress mainly occurs on 
the contact surface which is increased due to large friction 
force[11]. As a result, rolling contact fatigue cracks would be 
initiated and propagated easily (Fig. 6(b)), and finally 
spalling damage takes place as a result of tribo-fatigue 
process. 
 
3.2  Effect of normal load 

As a result of the increase of normal load from 2 400 N 
to 3 200 N, it is obvious that the increase of normal load 
leads to an almost proportional growth of the wear volume 
of wheel roller, as shown in Fig. 7. With the normal load 
increasing, the wear of wheel roller becomes more and 
more severe because of more large-delamination at higher 
normal load. So, the spalling damage is obviously 
aggravated on the wear surface of wheel roller at p3 200 
N (Fig. 8). It is observed in Fig. 7 and Fig. 8 that the 
increase of normal load not only leads to a linear increase 
in wear volume but also aggravates the damage of wheel 
roller. So, it is also found that the occurrence of spalling 
damage is related to the normal load. 
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(a) White layer and plastic deformation 

 
(b) Fatigue crack 

Fig. 6.  OM micrographs of transverse section               
of wheel roller (λ7.5%, p2 400 N) 

 
Fig. 7.  Variation of wear volume of wheel roller             

as function of normal load (C-0.6%) 

 
Fig. 8.  LCSM micrographs of wear scar                      

of wheel roller (C-0.6%) 

3.3  Effect of carbon content 
Fig. 9 gives the rolling contact surfaces hardness (RCSH) 

with different carbon contents before and after testing. The 
pre-test and post-test RCSH are measured 10 times and all 
deviations do not exceed 7%. There exists an almost linear 
relationship between the carbon content and the surface 
hardness of either pre-test or post-test. It is found that the 
post-test RCSH of all specimens is much bigger than the 
pre-test RCSH. This is attributed to the work hardening of 
materials during testing to some extent. 

 

 
Fig. 9.  Variation of pre-test and post-test hardness            

as function of carbon content 
 

To clarify the effect of the carbon content on the increase 
in the RCSH, the ratio of the difference between the 
post-test and pre-test hardness values to the pre-test 
hardness is defined as hardness increase ratio. The 
relationship of hardness increase ratio, wear volume and 
carbon content is shown in Fig. 10. Obviously, the RCSH 
increase ratio increases with the carbon content of wheel 
roller. In general, the ability of work hardening can be 
represented by RCSH increase ratio[14]. So, it can be 
inferred that the ability of work hardening would be 
enhanced by the increase in carbon content of materials. As 
a result, the wear-resistance of wheel roller increases with 
the carbon content of materials. Therefore, the curves in Fig. 
10 exhibit a decrease in wear volume with increase of the 
carbon content of wheel materials. 

 

 

Fig. 10.  Variations of hardness increase rate and wear volume  
as function of carbon content (p2 400 N) 

60 µm 

White layer 

Crack 
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The SEM micrographs of wear scar of wheel roller with 
different carbon contents at the creep ratio of 2.3% are 
shown in Fig. 11. A significant influence of carbon content 
is found on the rolling wear behavior of wheel material. 
When the carbon content is low, the worn surface is 
remarkably smooth accompanied by some very small 
debris (Fig. 11(a)). With the carbon content increasing, 
obvious delamination and adhesive wear appear on the 
worn surfaces (Figs. 11(b) and 11(c)). Large debris and 
spalling are found on the worn surface when the carbon 
content increases to 0.7% (Fig. 11(d)). 

 

 
(a) C-0.4% 

 
(b) C-0.5% 

 
(c) C-0.6% 

 
(d) C-0.7% 

Fig. 11.  SEM micrographs of wear scar of wheel roller     
with different carbon contents (p2 400 N) 

It is observed in Fig. 12(a) that the plastic deformation is 
intensive for the wheel roller with lower carbon content. 
Moreover, the wear volume is big at carbon content 0.4%. 
Therefore, the wear surface is smooth and no obvious 
spalling occurs (Fig. 11(a)). With the carbon content 
increasing, the fatigue microcrack is easily initiated in both 
the surface and the subsurface due to the repeated friction 
(Fig. 12(b)). So, wear debris appears on the worn surface, 
and then spalling damage occurs. 

 

 
Fig. 12.  Plastic deformation of transverse section            

of wheel roller (p2 400 N) 
 

In sum, our research indicates that the creep ratio and 
carbon content are two significant factors in the rolling 
wear and spalling behaviors of railway wheel. To some 
extent, the spalling damage of railway wheel results mainly 
from rolling contact fatigue. So, some measures could be 
taken to protect the wheel roller from spalling damage. 
Firstly, the brake forces in curve and the friction force 
between wheel and rail should be lowered as far as possible 
so as to limit the creep ratio of wheel/rail system. 
Furthermore, an important point to be kept in mind is that 
appropriate contact between wheel and rail is needed, 
especially for high-speed railway, because poor contact 
between wheel and rail in curve would make the wheel 
tread suffer from high contact stress[15–16]. Secondly, the 
yield strength, fatigue strength and fatigue-resistance of 
wheel materials should be enhanced. Our study implies that 
decreasing the carbon content of wheel materials can 
alleviate spalling damage of railway wheel, but inevitably 
increase wear volume of material. It is reported that 
alloying some elements, such silicon, cobalt, and so on, 
into wheel materials could alleviate the spalling of steel 
without the decrease in its wear-resistance[17]. Therefore, 
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especially for high-speed railway, a developing tendency of 
railway wheel material is to decrease the carbon content 
accompanied by alloying the materials. 
 
4  Conclusions 
 

(1) The wear and spalling behaviors of railway wheel 
depend strongly on the creep ratio and normal load between 
wheel and rail. With the creep ratio increasing, the wear 
mechanisms of wheel roller change from abrasion into 
adhesion and fatigue, and then spalling occurs on the 
rolling contact surface. Wear volume increases not only 
rapidly with the creep ratio but also proportionally with 
normal load. 

(2) The carbon content of wheel materials can 
significantly affect the rolling wear behavior. A decrease in 
the carbon content may alleviate spalling damage but cause 
a linear increase in the wear volume of wheel roller. 
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