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Abstract: The objective of this work is to investigate the microstructure evolution of railway pearlitic wheel 

materials (ER7, CL60 and C-class) under a rolling-sliding contact loading. Firstly, microstructures of CL60 

wheel steel at different depths from the strain-free matrix to the top surface were systematically investigated 

via laser scanning confocal microscope (LSCM), scanning electron microscopy (SEM), electron 

backscattered diffraction (EBSD), transmission electron microscopy (TEM) and X-ray diffraction (XRD). 

Secondly, the differences in microstructures of the top layers of those three types of wheel steels were 

explored. At last, the correlation between microstructure evolutions and their wear and rolling contact fatigue 

(RCF) behaviours was discussed. These information could provide a guide in development of premium 

railway wheel materials and choosing wheel materials. 

Keywords: Microstructure evolution; Continuous dynamic recrystallization; TEM analysis; Grain 

refinement 

1. Introduction 

Repair and replacement of railway wheels, due to the severe wear or rolling contact fatigue 
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(RCF) damage, have always been a major proportion of Chinese high-speed railway operating 

cost [1]. Developing premium wheel materials with improved tribology properties have been 

considered to be an effective way to prevent such degradations. Wheels with different 

microstructures, such as bainitic wheels [2], laser cladding wheels [3], spheroidized pearlite 

wheels [4], etc., have been widely developed. However, the traditional lamellar pearlitic wheel 

steels are still commonly used in railways in various countries because of their excellent wear 

and RCF resistance and superior work-hardening ability. In recent years, premium pearlitic 

wheel materials possessing excellent mechanical properties have been developed through 

increasing the carbon content and refining the lamellar structure via alloying or heat treatment 

[5]. In order to explore the effect of wheel hardness on wear regimes and RCF damage evolution, 

a series of small-scale experiments were carried out on three standard pearlitic wheel materials 

(ER7, CL60 and C-class) currently used in the high-speed railways in China (see reference [6] 

for more details). It is worth noting that different pearlitic wheel steels possess different 

microstructures. Therefore, in addition to understanding the effect of wheel hardness on the 

wear response, a systematic investigation on the microstructure evolutions of wheel materials 

should be carried out.  

With the application of advanced material analysis methods (scanning electron microscopy 

(SEM), electron backscattered diffraction (EBSD), transmission electron microscopy (TEM), 

X-ray diffraction (XRD), etc.), it was found that the microstructures of the wheel and rail 

materials were changed significantly during operation. He et al. [7] found that a gradient 

structure appeared in the depth direction of a pearlite wheel material. EBSD measurement 

indicated that the wheel and rail materials experienced the strain-induced grain refinement 



 

 3

under cyclic loading [8]. With the accumulation of strain, the wheel and rail surface layers were 

significantly deformed and refined to form a nano-crystalline structure with high-angle grain 

boundaries (HAGBs).  

The evolution of microstructure caused significant changes in the mechanical properties 

which will further affect the wear resistance and fatigue crack propagation of wheel and rail 

materials. Pan et al. [9] found that the microstructure of the wheel surface varied at different 

wear stages, and the CL65 wheel steel presented the best wear resistance when the outermost 

layer was sub-grain structure. Different microstructures were observed at the crest and trough 

of the D2 pearlitic wheel material which underwent polygonisation wear, and the troughs 

exhibited more significant work-hardening and grain refinement [10]. A martensite white 

etching layer (WEL) with high hardness and low fracture toughness was formed on the contact 

surface, which could accelerate the development of radial cracks [11]. Notably, the EBSD 

analysis around the crack path of rail steels showed that the crystal orientation and grain 

boundary distribution had significant effects on fatigue crack initiation and propagation. 

Masoumi et al. found that grains orientated along the train passage plane were highly prone to 

crack propagation [12]. 

In summary, the wear and RCF crack growth mechanisms of wheel materials are closely 

related to the microstructure evolution (such as grain size changing, crystal orientation changing 

and dislocation movement) during the plastic deformation. However, the influences of 

microstructure evolutions of pearlitc wheel materials with various hardness values on their wear 

and RCF behaviors have not yet been explored systematically. Therefore, this study aimed to 

systematically investigate the microstructure evolutions of ER7, CL60 and C-class wheel 
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materials, and further explore the correlation between the microstructure evolution and their 

wear and RCF mechanisms [6] at the micro scale.  

2. Experimental procedure 

2.1 Materials and experimental parameters 

Three types of pearlitic wheel materials, ER7, CL60 and C-class, were explored in this 

study. Wheel and rail samples were cut from the treads of ER7, CL60 and C-class wheels and 

the head of U75V rail. Their chemical compositions and hardness values are exhibited in Table 

1. The hardness values of ER7, CL60 and C-class wheel steels are 296 HV0.5, 327 HV0.5 and 

388 HV0.5, respectively. The carbon contents of these wheel materials show an ascending trend 

with their hardness values, which are ≤0.48 wt%, 0.55 ~ 0.65 wt% and 0.67 ~ 0.77 wt%, 

respectively. The microstructures of wheel and rail materials are presented in Fig. 1. All these 

wheel materials have the ferrite-pearlite microstructure (i.e., proeutectoid ferrite and lamellar 

pearlite). Pearlite colonies consist of alternating ferrite and cementite lamellae. The 

proeutectoid ferrite contents of ER7, CL60 and C-class steels decrease with the increase in the 

hardness (Fig. 1a-c). The circular line method was used to measure the average pearlite lamellar 

spacing (Sp) [13]. Sp=0.5L/N, where L is the length of circle and N is the number of intersections 

between the circular and the lamellae. The statistical results show a declining trend in the Sp 

values of ER7, CL60 and C-class wheel materials, which are 126.1±32 nm, 104.7±21 nm and 

96.8±28 nm, respectively. 

The rolling-sliding experiments were performed on a twin-disc testing rig (WR-1, China), 

which allowed two discs to run against each other with normal and tangential forces to simulate 
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the rolling-sliding contact between wheel and rail. The diameter was 40 mm for the wheel and 

rail discs, and the contact width between the two discs was 5 mm. The contact pressure was set 

at 850 MPa, which simulated the general contact pressure on the standard worn tread of wheels 

in China [14]. All tests were performed for 1.8×105 cycles with a creepage of 0.91% and a 

rotational speed of 200 r/min [6].  

2.2 Microstructural analysis methods 

The cross sections of wheel samples were cut along the rolling direction after experiments 

[6], and prepared for LSCM (VK-9700, Japan) and SEM (JSM-7800FPRIME, Japan) 

observations by standard metallographic procedures. The hardness as a function of the depth 

was measured using a Vickers hardness instrument (MVK-H21, Japan) with the load of 0.49 N 

(HV0.05) for 10 s dwell time. 

The phase constitutions of CL60 wheel material were detected at different depths via XRD 

(Empyrean, Netherlands) with a Cu-Kα radiation. Phase analyses were performed in a 2θ-range 

between 35° and 85° with 0.02 2Theta step size. The test sample was a 10 mm*10 mm cross 

section cut along the rolling direction. After polishing, it was marked with the hardness 

instrument along the depth direction, and finally a micro-area XRD test was performed at a 

distance of about 30 μm and 1 mm from the contact surface. 

The EBSD samples were taken from various depths of wheel samples. Those samples were 

first ground with a 1200-grit SiCpaper and then electro-polished in a solution containing 12 ml 

distilled water, 80 ml alcohol and 8 ml perchloric acid at a voltage of 16 V for 20 ~ 30 seconds. 

EBSD analysis was performed on a Hitachi S-3400N SEM equipped with an HKL-EBSD 
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system with the accelerating voltage of 20 kV, the emission current of 80 μA, the working 

distance of 14 ~ 17 mm, and the specimen tilt-angle of 70°. The step size of the scans was 

defined as 0.15 μm or 0.3 μm depending on the size of the scanned areas.  

Furthermore, the dislocations and crystallization evolution of wheel samples after the 

rolling-sliding wear tests were observed using a Hitachi H-800 TEM, working with the selected-

area electron diffraction (SAED), conventional bright-field (BF) and dark-field (DF). Samples 

for TEM observation were prepared as follows: firstly, a thin slide was cut with a thickness of 

about 2 mm from the worn trace of wheel materials through a wire cutting machine, then the 

slide was thinned to about 50 ~ 80 μm through mechanical grinding, and then the slide was 

further thinned to a standard thickness of ≤500 nm via the electrolytic double spray in a solution 

containing 5 ml perchloric acid and 95 ml alcohol at a voltage of 80 V. 

3. Results 

3.1 Microstructure evolution with depth 

3.1.1 LSCM, SEM and EBSD observations 

Fig. 2 presents the microstructure evolution of CL60 wheel steel after the rolling-sliding 

test. Various sections at different depths from the contact surface were observed using LSCM 

for the overall morphology (Fig. 2a), SEM for the evolution of lamellar pearlite (Fig. 2b,e,h) 

and EBSD for changes of ferrite grains and their orientations (Fig. 2c,d,f,g,i,j). Inverse Pole 

Figures (IPF) in colours (Fig. 2c,f,i) visualize the structure of ferrite lattice domains. Grain 

boundary plots (Fig. 2d,g,j) can reveal the grain boundary angle and grain size. The green curves 

represent low-angle grain boundaries (LAGBs) of < 15° and black curves represent high-angle 
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grain boundaries (HAGBs) of 15° ~ 65°. Fig. 2 shows that under the rolling-sliding loading, the 

wheel surface layer underwent significant plastic deformation. According to the deformation 

extent, the wheel surface layer could be divided into three zones: severe plastic deformation 

(SPD) zone (0 ~ 50 μm below the surface), transition zone (50 ~ 200 μm below the surface) 

and matrix material, as shown in Fig. 2a. The microstructure evolution in depth (i.e., the 

differences in these three zones) can reflect the process of plastic deformation and defect 

accumulation in the wheel materials during rolling-sliding conditions.  

The strain-free matrix material of CL60 material presents a nearly perfect lamellar 

structure with a random distribution of the lamellar orientation (Fig. 2h). Neither the distortion 

nor the local misorientation (Fig. 2i,j) is significant in the matrix material which possesses an 

average grain diameter of about 10.7 μm.  

In the early stage of deformation (i.e., transition zone), pearlite colonies are compressed 

by the normal force and stretched in the shear stress direction. The original lamellar cementite 

starts to bend, fragment and break into granules and the “net-like” ferrite flows in the 

deformation direction, as shown in Fig. 2e. Meanwhile, the grain size reduces rapidly in the 

transition zone, forming a sub-grain structure with an average grain diameter of 1.19 μm (Fig. 

2g). The {101} oriented grains with green colour in Fig. 2f are dominant in the rolling direction 

(RD) plane due to the slippage and deflection of ferrite grains in the direction of shear stress.  

In the SPD zone, the pearlite colonies are severely fragmented and rearranged to form a 

fibrous structure parallel to the surface (Fig. 2b). The grains are further refined to form an ultra-

fine grain structure with an average grain diameter of 0.87 μm. Meanwhile, the grains are 

randomly oriented in the SPD zone (Fig. 2c). 
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Besides, with an increase in plastic deformation, the fraction of HAGBs increases 

obviously with a simultaneous refinement of grains, from 48.57% in the transition zone (Fig. 

2g) to 67.13% in the SPD zone (Fig. 2d). This structural change indicates that the wheel steel 

underwent dynamic recrystallization. Conventionally, the dynamic recrystallization, which is 

now referred as to discontinuous dynamic recrystallization (dDRX), is characterized by a 

nucleation and growth process and takes place at high enough temperatures (450~650℃ for 

hypoeutectoid steels). However, under the cyclic rolling-sliding contact loading in the present 

work, the dynamic recrystallization can be completed at a lower temperature (the previous work 

on temperature showed that the temperature was below 100 ℃ at the wheel/rail contact under 

the 1500 MPa pressure and 1% creepage [15]) due to severe deformation. This phenomenon 

has been referred as to continuous dynamic recrystallization, i.e., cDRX [16]. 

Fig. 3 presents the distributions of the grain boundary misorientation in the transition zone 

and SPD zone. “Correlated” and “Random” imply misorientation calculated using neighboring 

points for the target material and a purely random texture, respectively [17]. For the “correlated” 

grain boundaries, a misorientation angle around 2° occupies the largest fraction in the transition 

zone (Fig. 3a), while this fraction decreases dramatically in the SPD zone (Fig. 3b). The average 

“correlated” misorientation angle in the transition zone is smaller than that in the SPD zone. 

This implies once again that during the accumulation of plastic deformation, the wheel surface 

layer has undergone a transformation from sub-grains with LAGBs to ultra-fine grains with 

HAGBs. 

Fig. 4 shows the pole figures (PFs) in the transition zone and SPD zone. The PF is the 

polar density distribution obtained by the stereographic projection of the crystal on a certain 
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crystal plane. It is commonly used to analyze texture, i.e., the high polar density represents the 

preferred orientation of the crystal. The maximum intensity of the transition zone in the PF is 

5.06, which is higher than the maximum intensity of the SPD zone (3.83). This also suggests 

that the microstructure of the transition zone has preferential orientation features due to the 

sliding of the grains in the direction of shear stress. With the increase in deformation, this 

preferred orientation gradually weakens. Although the faint shear deformed texture in the {110} 

plane can be seen in Fig. 4b, the reducing polar density in the SPD zone supports the occurrence 

of cDRX in Fig. 2c,d.  

The evolution of geometrically necessary dislocation densities (ρGND) with deformation 

could further confirm the existence of cDRX process. The Local Misorientation (LocMis), 

which is positively correlated with ρGND, is given in Fig. 5. Clearly, the LocMis in the transition 

zone is higher than that in SPD zone (Fig. 5c), indicating a substantial declining of ρGND with 

the reducing depth from worn surface. The shear deformed texture generally has a high ρGND. 

Accordingly, the transition zone presents a shear deformed texture (Fig. 2f and g, Fig. 4a), with 

further deformation, the structure changes to well recrystallized microstructures in SPD zone 

(Fig. 2c and d, Fig. 4b).  

3.1.2 TEM observations 

In order to further study the dislocation movements and cDRX process of wheel materials 

during rolling-sliding loading, the micro-morphologies and the selected-area electron 

diffraction (SAED) observations for different zones of CL60 wheel steel were performed using 

TEM, as seen in Fig. 6. Since the microstructure in the top surface was severely deformed and 

the pearlite features were hardly visible, TEM observation of the SPD zone was taken at the 
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depth of about 40 μm from the surface (Fig. 6a-c). The transition zone (Fig. 6d-f) and the matrix 

material (Fig. 6g-i) were observed at the depth of 110 μm and 1 mm from the surface, 

respectively.  

Obviously, the dislocation density is relatively low in the matrix CL60 wheel steel (Fig. 

6g-i). A few random dislocations are visible in the proeutectoid ferrite in Fig. 6i.  

In the transition zone, shear bands (Fig. 6d,e) are generated in the lamellar pearlites, and 

the mutually crossed shear bands further subdivide the original lamellar pearlites into multiple 

fine grains under the normal and tangential forces. It is well known that the dislocation density 

in materials increases with the extent of plastic deformation [18]. The formation of shear bands 

is caused by the slip and intersection of dislocations in regions with high dislocation density 

[19]. Meanwhile, a sub-grain structure with a grain size of 1 ~ 3 μm is formed in the ferrite 

phase (Fig. 6f). The LAGBs in this structure result from the spontaneous movement of 

dislocations to the low-energy state under the rolling-sliding loading [16].  

In the SPD zone, pearlite colonies are severely broken into ultra-fine grains with a size of 

about 400 nm under the action of shear bands (Fig. 6b). Meanwhile, the sub-grains in ferrites 

transform to nano-grains with HAGBs (Fig. 6c). Besides, the SAED pattern changes from single 

crystal lattice in matrix material (inset images in Fig. 6h) to polycrystalline rings (inset image 

in Fig. 6a), which also implies the grain refinement. 

3.1.3 XRD observations 

Micro-area XRD analysis was performed on the SPD zone and the matrix material of CL60 

wheel to investigate the phase changes, as shown in Fig. 7. Compared with the matrix material, 

the intensities of the (110)α, (200)α and (211)α peaks in the SPD zone are significantly 



 

 11 

weakened. Meanwhile, those three peaks in the SPD zone are broadened. The full width at half 

maximum (FWHM) is broadened by 153% at (110)α, 94% at (200)α and 85% at (211)α. The 

broadening of the ferrite phase peaks suggests that micro-strain and grain refinement occur in 

the SPD zone of CL60 wheel. 

3.2 Microstructure evolutions of three types of pearlitic wheel steels 

3.2.1 SEM observations 

Fig. 8 presents SEM images of SPD zones and transition zones for ER7 and C-class wheel 

materials. These two wheel steels also underwent the cDRX process as CL60 (Section 3.1). 

However, some differences among the three wheel steels are visible because of their different 

matrix microstructures. The C-class wheel steel is dominated by lamellar pearlite fragmentation 

due to its extremely low ferrite content (Fig. 8c,d), while ER7 and CL60 steels possess slender 

ferrite flow lines (Fig. 8a,b and Fig. 8b,e) in addition to pearlite fragmentation.  

3.2.2 TEM observations 

Fig. 9 shows the TEM images of ER7 wheel steel in the SPD zone. For the ER7 steel with 

the highest ferrite content and the lowest hardness, the LAGBs sub-grains in ferrite and lamellar 

pearlite features can still be seen in the SPD zone at 40 μm from the surface. These sub-grains 

are non-equiaxed, with a major axis of about 1 μm and a minor axis of about 500 nm.  

However, for the CL60 wheel material which possesses the lower ferrite content and the 

higher hardness, the ferrite has been completely recrystallized at the depth of 40 μm from the 

surface, and the pearlite has been severely broken, forming an ultra-fine crystal structure with 

HAGBs in the SPD zone (Fig. 6a-c). Therefore, at the same depth (40 μm from the surface) in 

the SPD zone, the difference between the crystal structures of ER7 and CL60 steels is that: the 
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ER7 wheel is dominated by non-equiaxed sub-grains with a major axis of about 1 μm (Fig. 9), 

and the CL60 wheel is typified by equiaxed ultra-fine grains with a size of about 400 nm (Fig. 

6a-c).  

Fig. 10 shows TEM images in the SDP zone, transition zone and the matrix material of C-

class wheel steel. The un-deformed C-class steel has random ferrite/cementite lamellae 

arrangements and contains proeutectoid ferrites in small qualities (Fig. 10g,h). Because of the 

smallest Sp of the C-class steel, cementite diffraction spots can be found in the ferrite SAED 

pattern of the [001] zone axis (Fig. 10i).  

With the development of plastic deformation, the proeutectoid ferrite changes from sub-

grains induced by dislocation movement in the transition zone (Fig. 10d) into the equiaxed 

ultra-fine grains with HAGBs in the SPD zone (Fig. 10a) in the C-class wheel. This process is 

the same as the cDRX of CL60 steel (Section 3.1). Interestingly, the cross arrangement of the 

lamellar pearlite caused by severe extrusion can be found in the transition zone (Fig. 10e) in C-

class wheel. Meanwhile, a double-layer structure (i.e., a new layer of lamellar pearlite structure 

arranged upon the original layer at an angle with the original lamellae orientation, forming 

crossed shear bands) is observed in the transition zone of C-class steel (Fig. 10f).  

In the SPD zone with a depth of 40 μm from surface, the grains are so fine that the lamellar 

structure is not visible, and even the individual grains are hard to be found (Fig. 10a-c). In Fig. 

10a, the (211) Fe3C and (200) Fe3C rings can be seen in the SAED pattern with polycrystalline 

rings. Besides, a lamellar block structure appears in this zone, as shown in Fig. 10c.  

Compared with ER7 and CL60 wheel steels, at the same depth (40 μm from surface) in 

the SPD zone, the high-hardness C-class wheel has an ultra-fine grain structure with the 
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smallest grain size (hardly measured using TEM).  

4. Discussion 

4.1 Strain-induced microstructure evolution 

The mechanism of microstructure evolution in this work is the same as seen in a previous 

study [7]. The microstructural evolution process of the wheel material was divided into four 

stages: the initial plastic deformation and dislocation accumulation, the formation of dense 

dislocation walls (DDWs) and dislocation tangles (DTs), the transition of DDWs and DTs into 

sub-boundaries, and the formation of nanocrystalline grain structures. Due to the continuous 

deformation, it is hard to separate the initial stage of deformation and dislocation accumulation 

from the formation of DDWs and DTS. Therefore, the cDRX process was divided into three 

stages in this work, similar to the previous study [20]. According to the evolution of cementite 

lamellae structure, dislocation movement and grain boundaries with depth from the surface 

(Section 3.1 and Section 3.2), a schematic illustration of microstructure evolution with 

increasing strain was plotted, as shown in Fig. 11a,b. 

The stage I was accomplished with the formation of DDWs and DTs in ferrite and pearlite 

phases through propagation, slip, annihilation and recombination of the dislocations (Fig. 11a). 

Meanwhile, accompanied by the plastic flow, compression and thinning were observed for 

colonies oriented parallel to the shear plane, whilst bending and breaking were observed 

perpendicular to the shear plane (Fig. 2e, Fig. 8b and Fig. 11b). In this stage, the lamellar 

structure of pearlite steel can still be observed via SEM. 

The further increase in strain (stage II) resulted in the transformation of DDWs and DTs 
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into sub-gains with LAGBs in ferrites and shear bands in pearlites (Fig. 2f,g, Fig. 6d-f, Fig. 9, 

Fig. 10d-f and Fig. 11a). Meanwhile, dense dislocation tangles and pile-ups could still be 

observed in the refined ferrite and pearlite sub-grains (Fig. 6d-f, Fig. 9 and Fig. 10d-f). This 

was accompanied by further thinning, bending and fragmenting of cementite lamellae and 

appearance of fibrous structure, as shown in Fig. 8d.  

As deformation proceeded (stage Ⅲ), the rearrangement and annihilation of dislocations 

in sub-grains led to the formation of equiaxed ultra-fine grains with an average grain diameter 

of 0.87 μm (Fig. 2c,d, Fig. 6a-c, Fig. 10a-c and Fig. 11a). Besides, the fraction of HAGBs was 

increased from 48.57% to 67.13% (Fig. 2d and Fig. 3). With the completion of cDRX, a uniform 

fibrous structure was formed in the SPD zone, and the lamellar feature could not be observed 

by SEM (Fig. 2b and Fig. 8a,c). 

4.2 Strain-induced work-hardening 

In the present work, the contact pressure and the friction coefficient were known to cause 

a shear stress (τxz) which exceeded the shear yield strength of the three wheel materials (k). 

Therefore, the plastic flow and residual stresses were generated and accumulated in the surface 

layer during cyclic loading. The plastic flow raised the wheel elastic limit, while residual 

stresses suppressed the plastic flow. This combined effect is described as “shakedown” or 

“strain hardening” [21]. The shear yield strength k0 (black dotted line in Fig. 11d) of the wheel 

material is constant in the matrix material. The subsurface material could be divided into two 

regions depending on the distribution of the shear stress (τxz): stable area (τxz < k0, below point 

S) and hardened area (τxz ≥ k0, above point S) [22]. 

Similarly to the microstructural evolution in depth, there were also three stages of the 
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increase in the hardness, as shown in Fig. 11c,d. In the stage I (depth > 150 μm) with slight 

plastic flow, the hardness value remained practically at a stable level (see Fig. 11c). It has been 

reported that during severe deformation, the refinement of ferrite grains could lead to an 

increase in shear yield strength of the material [23]. In the stage II (50 μm < depth < 150 μm) 

with obvious plastic flow, the shear yield strength of the deformed material was enhanced from 

k0 to kt (red dotted curve in Fig. 11d) and the material was rapidly hardened (Fig. 11c). In the 

stage III (depth < 50 μm) with severe plastic deformation, the enhanced shear yield strength ks 

(blue dotted curve in Fig. 11d) reached the maximum value and the hardness slowly increased 

to a maximum value of 665 HV0.05 (Fig. 11c). This decreasing hardening rate is related to the 

evolution of strain rate, and it was reported that there was an asymptotic relationship between 

strain rate and contact cycles, which means that the strain rate gradually decreased to reach near 

saturation [24]. 

4.3 Differences in microstructure evolutions among three pearlitic wheel steels 

The microstructures of three pearlitic wheel steels can be compared, as shown in Table 2. 

Under the same rolling-sliding contact loading (850 MPa contact pressure, 0.91% creepage), 

all three pearlitic wheel steels underwent the cDRX process as mentioned in Section 4.1. Their 

microstructures were shifted from the lamellar structure to the fibrous structure, and the grains 

were refined with the plastic deformation. 

Because of the low carbon content and the high proeutectoid ferrite content in the matrix 

material of ER7 and CL60 (Fig. 1a, b), dense ferrite flow lines, thinning and fragmentation of 

pearlite lamellae were observed (Fig. 8a and Fig. 2b) in the SPD zone (40 μm from surface). 

Whereas, ferrite flow lines can be hardly observed in the fibrous structure of C-class steel (Fig. 
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8c), which possesses the less proeutectoid ferrite in the matrix material (Fig. 1c). 

Meanwhile, for the refined structures in SPD zones, the ER7 was dominated by non-

equiaxed sub-grains of about 1 μm length and with LAGBs (Fig. 9); the CL60 had completed 

the cDRX process, forming equiaxed ultra-fine grains of about 400 nm diameter and with 

HAGBs (Fig. 2d, Fig. 6a-c); the C-class steel had a nano-crystalline structure with HAGBs (Fig. 

2d, Fig. 6a-c), and it was hard to measure the grain size by TEM. In summary, at the same depth 

from surface, C-class with the lowest ferrite content presented the highest cDRX degree, 

followed by the CL60 and ER7steels. 

4.4 Correlation between microstructure evolutions and wear and RCF behaviours 

Based on the above results in microstructures and the data of wear and fatigue cracks 

obtained in Reference [6], the correlation between microstructure evolutions and wear and RCF 

behaviors can be explored. 

During the cyclic loading, the plastic flow and strain hardening of wheel materials in 

Section 4.1 could be accumulated up to failure. This process is described as “ratcheting” [21]. 

Ratchetting can lead to the generation of fatigue cracks and even RCF failure, and when the 

thin flakes of material was detached, it also caused wear [25].  

Table 2 shows that the wear rates and average fatigue crack lengths of ER7, CL60 and C-

class pearlitic steels gradually decreased. An important reason was that the harder wheel 

material possessed a higher shear yield strength k (kER7 < kCL60 < kC-class at the same depth), thereby 

had a greater stable area, as shown in Fig. 12a (point SC-class was above the points SCL60 and 

SER7). Meanwhile, the post-test surface hardness of ER7, CL60 and C-class pearlitic steels 

gradually increased (Fig. 12b), further leading to a gradual increase in their wear resistances. 
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The increment of hardness between the matrix and sub-surface, as shown in Fig. 12b, is 

from a combination of microstructure-induced hardening and strain-induced work hardening. 

In a study [26] of RCF tests for untreated and laser shock peening (LSP) treated ER8 wheel, it 

was found that the magnitude of strain hardening of untreated wheel steel with lower matrix 

hardness was larger than LSP-treated steels. The LSP usually does not change the 

microstructure of the wheel material, so this result means that the magnitude of strain-induced 

hardening decreased with the increasing matrix hardness for the same wheel material. Therefore, 

the biggest hardness increment occurring on C-class steel may mainly result from the 

microstructure evolution, rather than the rolling contact strain. This speculation can be 

supported by the reduction in the recrystallized grain sizes of ER7, CL60 and C-class steels in 

the SPD zone (Table 2).  

The differences in microstructure evolutions among those three types of wheel steels was 

also an important factor that affected the wear and RCF resistance. Fig. 13 presents the surface 

damages and RCF cracks of ER7 and C-class wheel steels. The main wear mechanism of the 

three pearlitic wheel steels was fatigue wear. The surface damage was mainly peeling, while 

the C-class steel with the lowest ferrite content presented the slightest peeling (Fig. 13b). 

Meanwhile, the fatigue crack morphologies of the three pearlitic materials were different. 

Specifically, ER7 and CL60 wheel steels were dominated by slender surface cracks and 

subsurface cracks with openings (Fig. 13c), and the average crack lengths were 333±98 μm and 

207±101 μm, respectively (Table 2). Whereas, the C-class steel was typified by short cracks 

with an average length of 71±32 μm, and the cracks contained broken materials inside the 

interlayer (Fig. 13d). 
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The main reason for the difference in RCF damage is the different proeutectoid ferrite 

contents among the wheel steels. It was reported that the micro-cracks initiation preferentially 

occurred in ferrite and grew along the highly strained ferrite pathways, since the ductility 

exhaustion in the ferrite began earlier than pearlite due to the earlier plastic deformation and 

higher increase rate in the ferrite [27]. Therefore, for ER7 and CL60 wheel steels with high 

ferrite contents, cavities which were generated via dislocation annihilation [28] grew and joined 

to form micro-cracks in strained ferrite. With the further propagation of micro-cracks along the 

dense ferrite flow lines, the slender fatigue cracks with openings appeared in ER7 and CL60 

wheel steels. Furthermore, such cracks propagated to the contact surface and appeared as flakes 

peeling away (Fig. 13a). The fracture and detachment of material from the surface caused the 

formation of wear debris, resulting in a high wear rate of ER7 and CL60 steels (Table 2).  

Whereas, concerning the C-class wheel with the low ferrite content, crack initiation along 

strained ferrite was still present, but not so dominant, and there were no ferrite flow lines to 

provide a route for cracks to join and propagate, therefore, the cracks were relatively short. In 

addition, at the same depth from surface, the C-class pearlite steel had the finest structure (Table 

2). The dense HAGBs and ferrite/cementite interfaces in the top layer of C-class steel could 

hinder its plastic flow and crack propagation, resulting in the generation of short cracks with 

interlayers of broken materials (Fig. 13d). Furthermore, the peeling on the C-class wheel surface 

was mild (Fig. 13b). Therefore, the wear resistance and anti-RCF property of C-class material 

was significantly better than ER7 and CL60 wheel materials. 

5. Conclusions 
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The microstructure evolutions of three types of railway pearlitic wheel materials (ER7, 

CL60 and C-class) with different ferrite contents were systematically studied via LSCM, SEM, 

EBSD, TEM and XRD. The correlation between microstructure evolution and the wear and 

RCF behaviours was explored. The following conclusions can be drawn: 

1. During the cyclic rolling-sliding contact loading, the three wheel materials (ER7, CL60 and 

C-class) underwent strain-induced cDRX. At the low strain, DDWs and DTs in ferrite and 

pearlite phases were formed through propagation, slip, annihilation and recombination of 

the dislocations. The increase in strain resulted in a transformation of dense dislocation 

tangles and pile-ups into sub-gains with LAGBs in ferrites and shear bands in pearlites. 

Finally, ultra-fine grains with HAGBs were generated.  

2. All those three pearlitic wheel steels presented a fibrous structure without the lamellar 

feature on the surface layer. Dense ferrite flow lines could be observed in the fibrous 

structure of ER7 and CL60 wheel steels, while no ferrite lines were visible in the C-class 

steel. With the decrease in ferrite content (i.e., from ER7, to CL60, and to C-class wheel), 

the cDRX degree was increased. Specifically, the grain size of ER7, CL60 and C-class steels 

was gradually decreased at depth of 40 μm depth from surface. 

3. The deformation of ER7 and CL60 wheel steels with the high ferrite content was typified 

by ferrite flow and pearlite fragmentation. The dense plastic flow lines contributed to the 

propagation and joint of fatigue cracks, leading to the generation of slender cracks with 

openings, which further caused the high wear rates and severe RCF damages. The 

deformation of C-class material was dominated by pearlite fragmentation due to its low 

ferrite content. The finer nanocrystal structure with dense HAGBs in the deformed surface 
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layer hindered the plastic flow and crack propagation, and caused the improved wear 

resistance and anti-RCF properties. 

4. The understanding on the correlation between the microstructure evolutions and the wear 

and RCF behaviors could provide theoretical support for the development of premium 

railway wheel materials. Evidences showed that the pearlitic wheel steel with the low ferrite 

content and high grain refinement ability during the plastic deformation could possess the 

excellent wear and damage resistances. 
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Figure caption 

Fig. 1: Microstructures of wheel and rail materials: (a) ER7 wheel; (b) CL60 wheel; (c) C-class 

wheel; (d) U75V rail. 

Fig. 2: Microstructure evolution as a function of depth from the worn surface of CL60 wheel 

steel after the rolling-sliding experiment: (a) global view; (b-d) severe plastic deformation (SPD) 

zone taken from the topmost region; (e-g) transition zone at 110 μm below the surface; (h-j) 

matrix material at 1mm from the surface. RD means rolling direction and ND means normal 

force direction. 

Fig. 3: Misorientation angle distributions in various regions: (a) transition zone; (b) SPD zone. 

“Correlated” and “Random” imply misorientation calculated using neighboring points for the 

target material and a purely random texture, respectively [17]. 

Fig. 4: Pole Figure (PF) in {001}, {111} and {110} crystal planes with an intensity legend: (a) 

transition zone; (b) SPD zone. 

Fig. 5: Local Misorientation: (a) transition zone; (b) SPD zone; (c) data distribution. 

Fig. 6: TEM images of CL60 wheel steel after the rolling-sliding experiment: (a-c) SPD zone, 

at a depth around 40 μm below the surface; (d-f) transition zone, with a distance of 110 μm 

from the surface; (g-i) matrix material taken from the un-deformed region, i.e., 1 mm below the 

surface. 

Fig. 7: XRD patterns in the SPD zone and the matrix material of CL60 wheel steel. 

Fig. 8: SEM images of ER7 and C-class wheel steels after the rolling-sliding experiment: (a) 

SPD zone and (b) transition zone of ER7 wheel; (c) SPD zone and (d) transition zone of C-class 

wheel. The SPD zones and the transition zones were taken at the topmost region and 110 μm 
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below the surface, respectively. 

Fig. 9: TEM images of ER7 wheel steel in SPD zone (40 μm below the surface) after the rolling-

sliding experiment. 

Fig. 10: TEM images of C-class wheel steel after the rolling-sliding experiment, (a-c) SPD zone, 

at a depth around 40 μm from the surface; (d-f) transition zone, at the depth of 110 μm from the 

surface; (g-i) matrix material taken from the un-deformed region at 1mm from the surface. 

Fig. 11: Schematic illustration of cDRX and work-hardening: (a) process of cDRX [20]; (b) 

plastic deformation; (c) work-hardening; (d) mechanical analysis [22], where τxz is shear stress, 

k0 is shear yield strength of the matrix material, kt is shear yield strength of the transition zone 

material, ks is shear yield strength of the SPD zone material. 

Fig. 12: (a) Mechanical analysis [22], where kER7, kCL60 and kC-class mean material shear yield 

strengths of ER7, CL60 and C-class steels; (b) sub-surface hardness variation with depth from 

surface. 

Fig. 13: Surface damages of (a) ER7 and (b) C-class wheels, and RCF cracks of (c) ER7 and 

(d) C-class wheels. 
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Fig. 1. Microstructures of wheel and rail materials: (a) ER7 wheel; (b) CL60 wheel; (c) C-class wheel; (d) 

U75V rail. 
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Fig. 2. Microstructure evolution as a function of depth from the worn surface of CL60 wheel steel after the rolling-sliding experiment: (a) global view; (b-d) severe 
plastic deformation (SPD) zone taken from the topmost region; (e-g) transition zone at 110 μm below the surface; (h-j) matrix material at 1mm from the surface. RD 
means rolling direction and ND means normal force direction. 
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Fig. 3. Misorientation angle distributions in various regions: (a) transition zone; (b) SPD zone. “Correlated” 

and “Random” imply misorientation calculated using neighboring points for the target material and a purely 

random texture, respectively [17]. 
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Fig. 4. Pole Figure (PF) in {001}, {111} and {110} crystal planes with an intensity legend: (a) transition zone; 

(b) SPD zone. 
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Fig. 5. Local Misorientation: (a) transition zone; (b) SPD zone; (c) data distribution. 
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Fig. 6. TEM images of CL60 wheel steel after the rolling-sliding experiment: (a-c) SPD zone, at a depth 

around 40 μm below the surface; (d-f) transition zone, with a distance of 110 μm from the surface; (g-i) 

matrix material taken from the un-deformed region, i.e., 1 mm below the surface. 

   

   

    
  

1.25 μm 750 nm 

500 nm 250 nm 

1.25 μm 375 nm 

Broken pearlites 

Nano-grain in ferrite 

Shear band 

Shear band 
Broken pearlites 

Sub-grain 
Pearlite 

Ferrite 

Sub-grain boundaries 

Lamellar pearlite 

Pearlite 

Grain boundary 

Ferrite 

Ferrite 

Pearlite 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

750 nm 

Fe3C Dislocations in ferrite 

1 μm 

375 nm 

Nano-grain in pearlite 

370 nm 

470 nm 

2.4 μm 

510 nm 

1.5 μm 
Dislocations  

Fine grains 



 

 33

Fig. 7. XRD patterns in the SPD zone and the matrix material of CL60 wheel steel. 
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Fig. 8. SEM images of ER7 and C-class wheel steels after the rolling-sliding experiment: (a) SPD zone and 

(b) transition zone of ER7 wheel; (c) SPD zone and (d) transition zone of C-class wheel. The SPD zones and 

the transition zones were taken at the topmost region and 110 μm below the surface, respectively. 
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Fig. 9. TEM images of ER7 wheel steel in SPD zone (40 μm below the surface) after the rolling-sliding 

experiment. 
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Fig. 10. TEM images of C-class wheel steel after the rolling-sliding experiment, (a-c) SPD zone, at a depth 

around 40 μm from the surface; (d-f) transition zone, at the depth of 110 μm from the surface; (g-i) matrix 

material taken from the un-deformed region at 1mm from the surface. 
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Fig. 11. Schematic illustration of cDRX and work-hardening: (a) process of cDRX [20]; (b) plastic deformation; (c) work-hardening; (d) mechanical analysis [22], 
where τxz is shear stress, k0 is shear yield strength of the matrix material, kt is shear yield strength of the transition zone material, ks is shear yield strength of the SPD 
zone material. 
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Fig. 12. (a) Mechanical analysis [22], where kER7, kCL60 and kC-class mean material shear yield strengths of 

ER7, CL60 and C-class steels; (b) sub-surface hardness variation with depth from surface. 
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Fig. 13. Surface damages of (a) ER7 and (b) C-class wheels, and RCF cracks of (c) ER7 and (d) C-class 

wheels. 
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Table Caption 

Table 1: Chemical compositions and hardness of wheel and rail materials. 

Table 2: Comparison of microstructures and wear properties of three pearlitic wheel steels.  
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Table 1: Chemical compositions and hardness of wheel and rail materials.  

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: Comparison of microstructures and wear properties of three pearlitic wheel steels. 

Wheel 
grades 

Matrix material SPD zone (40 μm from surface) 
Wear rate 
[6]/μg/m 

Average 
crack length 

[6]/μm C/wt% Ferrite Sp/ nm Cementite lamellar 
structure Grain structure 

ER7 ≤0.48 Most 126.1±32 

Fibrous structure, 
ferrite flow lines 

and broken 
pearlites 

Non-equiaxed sub-
grains of about 1 μm 

length, LAGBs 
95 333±98 

CL60 0.55~0.65 More 104.7±21 

Fibrous structure, 
ferrite flow lines 

and broken 
pearlites 

Equiaxed ultra-fine 
grains of about 400 nm 

diameter, HAGBs 
61 207±101 

C-class 0.67~0.77 Least 96.8±28 Fibrous structure, 
broken pearlites 

Nano-crystalline 
structure, hardly 

measure the size of 
individual grain, 

HAGBs 

24 71±32 

 

 


