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Abstract 

Management of wheel-rail contact is of great importance for railways. It is essential to 

understand the tribology of railway materials to maximize productivity and reduce maintenance. 

Many studies on wear and rolling contact fatigue (RCF) were performed, ranging from field and 

full-scale experiments to small-scale tests, such as twin-disc. However, comparison between 

results found in these distinct approaches are few. Thus, RCF damage was compared between 

twin-disc specimens and wheels removed from field operation. Some aspects of RCF were 

remarkably similar, such as plastically deformed layer thickness, microhardness, crack angle 

and material delamination. However, cracks depth and length were 10 to 15 times larger in 

wheels. Finally, laboratory tests hardly simulate RCF in advanced stages and relevant 

environmental effects.  

Keywords: rolling contact fatigue; steel; rail-wheel tribology; wear testing 

 

1. Introduction 

The ability to manage optimal conditions in the wheel-rail contact is of great importance for the 

operational efficiency of railways, as the nature of the contact induce a complex stresses state 

that is among the most severe of engineering applications [1, 2]. This is due to the interaction of 

several factors at the interface, such as: geometry of wheel and rail profiles [3], dynamic loads 

due to changes in the relief of the route and geometrical imperfections of the wheel and rail [4], 

increasingly high axle loads [5–8] and train speeds [9–11], manufacturing characteristics [12–

14], and, chemical composition and microstructure of railway steels [15–20]. In addition, the 

wheel-rail contact is a classic example of an open tribosystem, where the presence of third 

bodies [20–26] and the influence of environmental conditions (temperature, humidity, 

contaminants) can be remarkable. Hence, the combined action of these tribological variables on 

the wheel-rail interface gives rise to different surface damage modes, such as rolling-sliding 

wear and rolling contact fatigue (RCF), resulting in premature failure of these components and 

threatening the safety of the entire railway system [1] [27,28].  
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The defect known as shelling consists of material loss due to the coalescence of surface or 

subsurface cracks that underwent nucleation and propagation by an RCF process [7, 29]. In 

wheels, the shelling damage starts at or below the tread, moving inward towards the rim core 

and, in extreme cases, can result in the vertical split rim fracture through a classic fatigue 

process guided by bending or impact loads [7, 30]. 

Robles Hernández et al. [14] found that metallurgical defects, such as pores and non-metallic 

inclusions, deteriorate the tensile and fatigue resistance of AAR Class C wheel steel, promoting 

the premature replacement of wheels due to excessive shelling. Moreover, Makino et al. [29] 

concluded that fatigue strength, as evaluated by shelling defect initiation, decreases with the 

increase of slip ratio. 

Therefore, to maximize productivity and reduce maintenance costs, it is essential to understand 

the wheel-rail system, and how it is influenced by changes in contact conditions. In this sense, 

several methodologies of studies on wear and RCF have been performed, ranging from field 

experiments [31–34], to full scale test rigs [31, 35, 36] and small scale tests such as twin-disc 

[8, 9, 11, 13, 17, 19, 20].   

Laboratory tests are used to simulate operating conditions on a small scale, to evaluate and 

characterize new materials, aiming cost reductions of railway operations [37]. Twin-disc is, 

perhaps, the best test option and has therefore been used extensively to test the fatigue and 

wear resistance of railway wheels and rails [38], because it allows the control and measurement 

of experimental variables [2], is economical and efficient when compared to other testing 

options [2, 39] and, is able to reproduce the pressure and slip conditions of the contact [40]. 

However, the approach with small scale tests may result in loss of information on the actual 

behavior of the materials, although there are correlations of wear and surface plastic 

deformation between laboratory and full scale tests [33]. 

Kráčalík et al. [39] reported that the contact area size in twin-disc tests is different from full scale 

tests. Thus, it may be incorrect to assume that the behavior of the material in the twin-disc test 

can be scaled to the real dimensions, since the contact and plastic deformation problems are 

non-linear. Lewis et al. [2] explained that the contact geometry in small scale tests is simplified, 

and that the conditions of the operating environment are difficult to be reproduced. 

In contrast, Buckley-Johnstone et al. [36], performing dry and lubricated tests on a full scale rig 

and on twin-disc to evaluate the performance of a friction modifier, concluded that, in dry 

contact conditions, wear rates were statistically equal, while in the presence of the friction 

modifier the evolution of traction coefficient was similar in both tests. Lewis e Olofsson [34], 

while mapping wear coefficients for railway steels, gathered experimental data from field 

measurements and from twin-disc tests, and noted that the wear rate values reasonably agreed. 

There are still many gaps in literature regarding the evaluation of similarities and differences, as 

well as the possibility of extending wear and RCF results found in laboratory tests to full scale 

tests and, ultimately, to actual railway conditions, which makes this type of work essential [2]. 

Therefore, to meet these needs, sought to compare the RCF damages, through morphological 
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and microstructural evaluation, observed on twin-disc test specimens and on wheels removed 

from field operation. 

2. Materials and Methods 

2.1 Materials 

Steel wheels were removed from service in a heavy-haul railway, classified to transport 222 

Mtkm of loads per year with speeds of up to 60 km/h. Two forged (initial hardness of 345 HBW, 

or 357 HV) and two cast (initial hardness of 332 HBW, or 345 HV) wheels presenting RCF-

generated tread damage were selected at the field by visual inspection. These wheels were at 

the final of their lifespans, with rim thicknesses of 21-33 mm, measured at a distance of 80 mm 

from the back face of the rim. Another five wheels without visual tread damage were also 

selected for comparison. Table 1 shows the chemical composition of the steel and Figure 1a 

presents the typical microstructure, which is a very refined pearlite. During service, these 

wheels rolled over high strength fully pearlitic AREMA TR68 rails (0.8C-1.05Mn-0.25Si-0.25Cr), 

with yield limit of 890 MPa and surface hardness of 370 HBW (390 HV). Average roughness 

(Ra) of unused AREMA TR68 rails were 4.0 ± 0.3 µm (top of the rail), while on the defect free 

regions of the wheel treads removed from operation Ra = 5.6 ± 0.8 µm (using a 2.5 mm cut-off, 

according to ISO 4288:1996 [41]). 

For twin-disc tests, the steel discs were removed from a new forged railway wheel. The 

chemical composition measured by optical spectrometry (ARL 3460 OES, Thermo Scientific) is 

also presented in Table 1. The upper discs were heat treated to ensure the pearlitic 

microstructure (Figure 1b). The specimens were austenitized at 900 °C, in a muffle furnace; 

then quick cooled (20 °C/s) to 600 °C and kept in a tin bath at 600 °C for 50 minutes, with 

subsequent air cooling. 

 

Table 1 – Nominal chemical composition of the wheels removed from service (wt.%) [42], and chemical composition of 

the wheel steel used in the twin-disc test (wt.%). 

Steel C Si Mn Cr Cu Mo+Nb 

Wheel 0.67 - 0.77 0.15 – 1.00 0.60 – 0.90 < 0.25 < 0.35 - 

Disc 0.71 0.43 0.84 0.27 0.21 0.22 
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Figure 1 - (a) Typical very refined pearlitic microstructure of a forged wheel steel. (b) Initial microstructure of the pearlitic 
steel discs, 2% Nital. F – grain boundaries ferrite; DP – degenerated pearlite; P – pearlite. 

2.2 Twin-disc tests 

The tests were carried out in a twin-disc tribometer (Figure 2a), which simulates sliding-rolling 

contact fatigue [17]. Discs’ thicknesses were 5 and 8 mm and they were positioned in the upper 

and lower axis, respectively (Figure 2b). Software monitors and controls the axes speeds and 

applied load, which promote an automatic operation of the tribometer. The slip effect was 

obtained from the angular speed difference between motor 1 and 2. The load was applied by a 

servo (motor 3) and a spindle system. 

The discs positioned in the upper axis (called B) are the ones obtained from the heat treatment 

described earlier with 357 HV0.5, while the discs positioned in the lower axis (called A) had a 

tempered martensite microstructure with 650 HV0.5 of hardness using a steel with 0.68C-0.5Si-

0.88Mn-0.13V chemical composition. This high hardness was used to minimize the plastic 

deformation and RCF damage in disc A, focusing the analysis only in the discs of pearlitic 

microstructure (disc B). Air jet removed debris from the disc interface and prevented excessive 

frictional heating of samples. Room temperature was from 25 °C to 30 °C and relative humidity 

ranged from 30 % to 60 %. The roughness (Ra) of the discs was measured by a portable 

contact-type surface roughness tester (SJ-210/Series 178, Mitutoyo) using ISO 4288:1996 

standard [41] with cut-off length of 0.25 mm, along 10 sampling lengths. The initial surface 

roughness (Ra) was 0.20 µm ± 0.02 for all discs. 

 

Figure 2 – (a) Schematic drawing of the twin-disc wear machine. (b) Dimension in millimeter of the discs used in the 

twin-tribometer. 

 

Five replicas were performed for the twin-disc tests with the parameters described in  
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Table 2. For the sake of comparison, rotational speeds of actual wheels in service are up to 350 

rpm, while slip ratios are typically 1% and up to 5%, depending on specific track conditions and 

wagon load.  The initial (maximum) contact pressure was calculated by Hertz’s theory [43–45] 

for non-conforming contact geometry. The tribometer constantly applied and controlled the load 

along the 100,000 cycles. The slip ratio was defined according to Zapata et al. and Fletcher and 

Beynon [46,47], as shown in Equation 1, where N is the rotational speed (rpm), R is the radius 

of the specimen (mm) and the subscripts indicate martensitic (A) and pearlitic (B) discs. 

Negative values of slip indicate that the disc B is driven by disc A. Disc B was installed in the 

lower speed axis to increment the tangential forces and accelerate the RCF damage in this disc. 

     ( )      [
(     )  (     )

(     )  (     )
]                                                                                                       ( ) 

 

Table 2 – Parameters used on the twin-disc tribometer, according to AAR M-107/M208 [42]. 

Load 
Initial (maximum) 

contact pressure 

Slip ratio 

modulus 
Total cycles Axis rotation speed 

2551 N 3150 MPa 0.75 % 100,000 
Top (B) = 446.6 rpm 

Bottom (A) = 450.0 rpm 

 

The characterizations were conducted in discs B, and the analyzed positions are illustrated in 

Figure 3. The discs were sectioned using an automatic precision cutting machine. Scanning 

electron microscopy (SEM) (EVO MA 15, Zeiss - UNICAMP) and optical microscopy (OM) 

(DMILM LED, LEICA - UNICAMP), were used: i) to analyze disc’s surface (Figure 3a) and 

subsurface (Figure 3c); ii) for microstructural characterization (Figure 3c). Before twin-disc tests, 

Vickers microhardness was measured with a durometer (FV 800, Future Tech.), applying 0.5 

kgf for 15 seconds in 12 circumferential positions (Figure 3b). After the tests, the Vickers 

microhardness profile was measured in a radial section (Figure 3c), beginning near the surface 

and towards the center, until hardness reached the bulk value, applying 0.3 kgf for 15 seconds. 
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Figure 3 – Surface used for analysis: a) surface roughness, SEM; b) circumferential hardness on the face of the disc; c) 

radial section: hardness and SEM; circumferential section: OM and SEM. 

 

2.3 Characterization of RCF damage on wheel treads after service  

Rolling surfaces were evaluated by macro photography and SEM (JEOL JSM6010LA – USP), 

while metallographic analysis of radial and circumferential sections of wheels’ rims (Figure 4), 

via OM (Nikon Eclipse MA200 - UFES) and SEM, revealed the subsurface microstructure. The 

wheels were sectioned using a horizontal band sawing machine and metalographic cutoff 

machine. Vickers (50 gf of load) and Brinell (187.5 kgf of load; 2.5 mm ball) tests through these 

sections mapped hardness at the micro and macro scale, respectively. 

 

 

Figure 4 – Surfaces used for analysis of actual railway wheels: a) tread: macrophotography and SEM; b) radial section 
and c) circumferential section: hardness, OM and SEM. 

 

3. Results and Discussions 

3.1. Analyses of rolling surfaces of wheels and twin-disc specimens  
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Figure 5 presents a photograph of the radial section (refer to Figure 4b) of the wheel tread 

shown in Figure 6a (refer to Figure 4a), as well as its geometric profile, measured from image 

analysis via the software ImageJ1 [48]. The profile reveals that two depressions, caused by 

wear in two different rolling bands, generate a stress concentrator located in the center of the 

wheel tread and a false flange close to the chamfer. Therefore, it is no coincidence that shelling 

originated in the central region of the tread. The presence of the false flange may explain the 

microcracks observed near the chamfer of the wheel in Figure 6a, in addition to the lateral 

plastic flow of the tread that causes a protrusion of material at the rim chamfer. Thus, defects 

could be mitigated by improving the dynamics of the wagon truck, to distribute the surface wear 

more evenly along the tread, reducing the concentration of stresses and promoting the 

truncation of cracks generated by RCF. 

 

Figure 5 – Photograph of a radial section (Figure 6b) after sawing the wheel and tread profile obtained through image 

analysis. The region of the wheel tread where a geometric stress concentrator is observed corresponds to the region 

containing the shelling defect in this wheel. 

 

Rolling surfaces of two moderately shelled wheels, one forged and one cast, are shown in 

Figure 6. Over almost the entire circumference and width of the surfaces, a characteristic 

metallic luster predominates, which suggests the continuous exposure of new surfaces by wear. 

Shelling, on both wheels, appears in the central region of the tread along much of the 

circumference, with greater severity in the cast wheel (Figure 6a) than in the forged wheel 

(Figure 6c), in this particular case. Shelling fracture surfaces are shown in greater magnification 

in Figure 6b and Figure 6d, for the cast and forged wheels, respectively. They are corroded and 

surrounded by a network of very fine surface microcracks, almost imperceptible to the naked 

eye, which are perpendicular to the direction of rolling. Microcracks of greater superficial 

extension and inclined in relation to the rolling direction, associated with shelling in its incipient 

stage (i.e., tread cracking), can be seen near the chamfer (at the field side of the rim) on the 

forged wheel (Figure 6e). 
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Figure 6 – Macroscopic aspect of shelling defect on wheel’s tread after service. (a) Cast wheel, flange on the left. (b) 

Magnification of the region demarcated in (a). (c) Forged wheel, flange on the right. (d) Magnification of the region 

demarcated in (c). (e) Magnification of the entire length of the wheel tread shown in (c), arrow indicate rolling direction 

for both wheels. 

 

Figure 7 presents the integrity of a disc’s rolling surface after 100,000 cycles. The delamination 

present in the disc surface is similar to those identified in the Figure 6e (indicated by red arrow). 

The micrography (Figure 7b) showed several marks in the disc surface, and the dark areas may 

be delamination or removed particles. These superficial characteristics were also found in twin-

disc tests with slip ratio of 20% [49]. 

 
Figure 7 – Macroscopic aspect of shelling defect on discs after 100,000 cycles. (a) Discs tread (b) Magnification of the 

region in OM. (c) Magnification of the region demarcated in (b). 

5 cm 5 cm5 mm
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SEM images of wheel’s and disc’s surfaces (Figure 8) reveal that there are networks of RCF 

cracks. Both the actual wheel and the disc specimens were submitted to high magnitude cyclic 

stresses under unlubricated rolling-sliding conditions and there is direct evidence for the 

presence of surface and subsurface cracks, as well as microstructural distortion and strain-

hardening of a heavily plastically deformed layer, as will be seen in the following sections, 

indicating that ratcheting is the main deterioration mechanism in both cases. This regime is 

characterized by the accumulation of plastic deformation at each cycle that results in depletion 

of the material's deformation capacity and, consequently, nucleation of superficial fatigue cracks 

[37,50]. A subsequent delamination process results in material detachment (i.e., wear) when the 

crack trajectory met the surface again [10,51–53]. Additionally, in wheels (Figure 8a), the red 

arrows indicate the presence of oxidation products located in crack’s mouths, while, in disc 

specimens, there was no such evidence of oxidation. 

The superficial analyses showed that the RCF defects found in the wheel removed from service 

and in the specimens from twin-disc tests are remarkably similar. This similarity of failure 

mechanisms indicates that these laboratory tests represent a good approximation of the surface 

integrity to be founded in the real scale wheel tread. A caveat should be made to environmental 

effects, such as oxidation, that may play a role in crack initiation and propagation but were not 

able to be fully reproduced in laboratory conditions. 

 

Figure 8 – (a) SEM micrograph of the tread surface of a forged wheel, showing the pattern of cracks (tread checks). The 

region demarcated by the circle comprises a particle, on the verge of detaching itself from the surface. The arrows 

indicate dark regions, which correspond to oxide material that forms or deposits at the cracks’ mouths. (b) SEM images 

of a disc’s rolling surface after 100,000 cycles. (c) SEM image of the same sample in (b) with a slightly tilted angle, 

highlighting delamination (blue arrows). 

 

In the railway operation, eventually, contamination may occur in the contact between wheel 

tread and the top of rail by trace of lubricants [54]. According to Roy, Ooi and Sundararajan [55] 

for boundary lubrication regime micropitting commonly occur. This mechanism is drastically 

influenced by the relationship between the lubricant film thickness and surface roughness [56], 

[57]. Therefore, it was not ruled out the possibility of micropitting occurrence in the wheel tread 

illustrated in the Fig 8a. The micropitting is caused by RCF, manifesting as small cracks that 

nucleate and propagate on the surface, until a small portion of the material (in the order of a few 

m) detaches [58], [59]. Comparing ratcheting and micropitting, both present a degree of 

morphological similarities, which makes them difficult to distinguish by analyzing only the 

surface micrographs. From the shakedown diagram, both mechanisms are product of surface 

fatigue [58], [54]. However, ratcheting act in plastic regime and is found in situation of severe 
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load, which promote incremental plastic deformation and fatigue of high cycle (conditions of this 

work). Micropitting takes place in the elastic shakedown regime and is characterized by high 

load and low friction coefficient (lubricated conditions) found mainly in cemented, nitrided, or 

carbon nitrided gear failures [55], [56], [60]. 

 

3.2. Evaluation of subsurface integrity in circumferential sections 

Figure 9a shows a micrograph of the polished circumferential section of a forged wheel. A 

population of cracks is present. Virtually all of them culminate on the surface, suggesting that, 

likely, their genesis must be mostly superficial. For high loads and high friction coefficients (e.g., 

µ > 0.3), the maximum principal shear stresses point is located at the surface of the rolling 

bodies. On the other hand, for lower friction coefficients, say µ < 0.2, the point is located at the 

subsurface. These stresses are the ones responsible for the yield, strain-hardening and 

subsequent plastic depletion of the material during cyclic loading, resulting in microfracture by 

ratchetting. Therefore, surface induced cracks are predominant due to the high loads and 

expected high friction that is typical of unlubricated rolling contacts [61]. 

Each crack forms a shallow angle in its encounter with the surface, 14° to 20°, however, as it 

deepens in the material, the inclination progressively increases until the trajectory is 

perpendicular to the surface. At this point, some cracks branch into two propagation fronts: one 

that remains perpendicular and the other that tends to have smaller angles, or even are parallel 

to the surface (blue arrows). The intersection of a deeper parallel branch with an adjacent crack, 

which propagates perpendicular to the surface, can cause the removal of a large portion of 

material (shelling defect). However, the removal of small particles, through the intersection of 

cracks closer to the surface, is more frequent (white arrows). Figure 8a provides additional 

evidence to support this hypothesis, showing a small particle on the verge of detaching from the 

surface. 

 

Figure 9 – (a) Optical micrograph of the polished circumferential section of a forged wheel tread after service. White 

arrows indicate regions where small particles have been removed, while blue ones point to intersections of cracks in the 

subsurface. (b) Scanning electron micrograph of the polished circumferential section subsurface of the disc after 

100,000 cycles. The red lines indicate the cracks distance to surface. I = 30 μm; II = 112 μm; III = 130 μm. 
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The maximum crack depth, evaluated in the circumferential section of wheel treads, lies in the 

ranges of 0.1-0.7 mm and 0.1-1.0 mm for cast and forged wheels, respectively. Due to the 

limited sampling, it is not possible to state that there is a significant difference in the crack depth 

observed in forged and cast wheels. However, the somewhat similar range of depths may be 

characteristic of the contact conditions found at the railway. 

Figure 9b presents the circumferential section micrograph of a pearlitic disc specimen. Likewise 

that on the wheel analysis, the disc presented cracks that originated on the surface and 

propagate to the subsurface of the disc, which configured the delamination process [50, 51]. 

However, these cracks did not propagate to a great depth as in the wheel. The crack angles 

were between 10° and 12° and they were very close to that found in the forged wheel (Figure 

9a). The values of crack angles were also similar to found in other laboratorial twin-disc tests 

with slip ratios close of 0.75% [62–64]. Thus, when correlating the cracks of the two analyzed 

conditions, it is possible to conclude that the twin-disc test simulates a first stage of the crack’s 

formation process. Wheel presented cracks in a more advanced propagation stage, which was 

evidenced by the much deeper cracks.  

Regarding the distinctions on the crack depths, we propose the following explanations. The 

effect that would increase the depth of the cracks is the water in the wheel/rail contact due to 

the operation in rainy days. According to Hardwick, Lewis and Stock [65] , the addition of water 

in the contact causes crack growth due to hydro-pressurization or borderline growth under CFF 

(crack face friction) controlled shear. In their work, the addition of water in a disc’s interface at 

twin-disc tests increased the crack depth in 600% compared to dry tests. In twin-disc tests 

performed in the present study, this effect was not present because the condition of tests was 

dry. 

Another effect concerns the speed. According to He et al. [10], when the train speed increase, 

there is a significant increment in the wheel’s RCF cracks. During the train operation, the speed 

varies because the different routes. In straight sections of the railway there is an acceleration 

period and, before curves, a deceleration period. Nonetheless, in the twin-disc tests the speed 

was kept constant. These differences observed in speed evolution between the studied 

conditions, associated with low number of cycles of twin-disc tests would also explain the higher 

depth in the cracks for wheel.  

Kráčalík et al. [39] compared, using finite element method, the stress and strain states 

generated in the contact area of twin-disc specimens and full-scale wheel-rail experiment under 

the same number of cycles and contact pressure, considering cases with and without the 

presence of cracks. The model considered the material with a mixed isotropic and non-linear 

kinematic cyclic hardening behavior. The simulations indicated that the vertical contact stresses 

and the accumulated equivalent plastic strain had nearly the same magnitude and shape in all 

cases. However, the scale in the twin-disc case was smaller. Moreover, cracks deeper than 200 

µm in the twin-disc model were located outside the region of higher magnitude stresses, i.e., 

they had no driving force to continue their propagation. On the other hand, in the wheel-rail 
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model, a crack of 1 mm was completely inside the zone with higher stresses, where a greater 

driving force is available to continue its growth. These numerical results corroborate the 

behavior shown in this work, where there were higher values of crack depth found in the actual 

wheels in relation to the cracks observed in the twin-disc laboratory tests.  

The micrograph of Figure 9a still reveals that the metallurgical cleaning of the steel is not good, 

with levels of heterogeneities (non-metallic inclusions plus micro-porosities, indicated by the red 

arrow) around 1.0%, well above the 0.1% recommended by the AAR M-107/M-208 specification 

[42], although, in some cases, the assessed region has not coincided with that required by the 

standard. Similar levels were found for all evaluated wheels, whether forged or cast. Small 

deviations in the trajectory seem to cause the crack tip to meet these heterogeneities in the 

material, as they represent local stress concentrators. This inadequate metallurgical cleaning 

was also found in the twin-disc specimens (Figure 9b). Inclusions and voids, indicated by red 

arrows, were points of crack nucleation in the disc’s subsurface. The cracks that begin in voids, 

inclusions, and sulfides (mainly MnS) propagate parallel and close to the contact surface and 

may accelerate the delamination, if the crack branch and coalesce up to the surface [66–68]. 

Figure 10a shows the microstructure of the circumferential section, showing that the crack 

appears in a plastically deformed layer on the surface, whose thickness is in the 127-250 µm 

range (95% confidence interval). The crack follows a trajectory that is tangent to the 

deformation lines until it finds the preserved microstructure at the aforementioned depth, which 

was subjected only to elastic stresses. As state before, the crack trajectory can either remain 

perpendicular to the surface, through the preserved microstructure, or is capable of branching, 

where its trajectory runs close to the interface between the plastically deformed layer and the 

non-deformed microstructure. Similar behavior is shown for the disc after 100,000 cycles in the 

Figure 10b. In the disc, there was a severe hardening in the surface, whose thickness varied in 

255-270 µm range (95% confidence interval). The curvature of the deformed layers equally 

follows the rolling direction due to the tangential forces promoted by the contact load and the 

slip effect [49,69,70]. The thickness for both studied conditions was close, which proves the 

laboratorial test capacity to simulate some wheel damage characteristics. Jo
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Figure 10 – (a) Magnification of the red box in Figure 9a (OM), circumferential section of a forged wheel tread after 

service (Nital 2% etchant). (b) Optical micrograph of the circumferential sectional view of the disc after 100,000 cycles 

(Nital 2% etchant).  

The high deformation of the wheel steel pearlitic microstructure is shown in greater detail in 

Figure 11a-b, revealing that a significant in-service refinement took place near the rolling 

surface. The same effect is found in the disc subsurface after the twin-disc test (Figure 11c). 

The cementite lamellae align to the rolling direction, become thinner, more closely spaced, and 

also fractured [46,71]. There are very fine microcracks (indicated by red arrows) close to 

surface, where the deformation is more severe. These microcracks regularly propagate in the 

grain boundary ferrite and in the ferrite of the pearlite, which are aligned with the rolling direction 

[72,73]. The wide crack shown in Figure 11a is the one giving rise to the detachment of material 

(shell). 
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Figure 11. SEM of the radial section near the flange root of a cast wheel after service (2% Nital etching). (a) Region of 
the mouth of a superficial crack. (b) Magnification of the (a), showing great deformation of the microstructure and very 

fine microcracks running through the ferrite phase. (c) Scanning electron microscopy (SEM) image of the circumferential 
sectional view of the disc after 100,000 cycles (2% Nital etching). The red arrows indicate the microcracks. 

 

3.3. Evaluation of subsurface integrity in radial sections 

Figure 12a shows the radial section of the tread of the same wheel shown in Figure 9a. 

Subsurface cracks follow, parallel to the surface, with a much greater extension, from 5 to 15 

mm, in the direction perpendicular to the rolling direction, which agrees with the superficial 

macroscopic observations (Figure 5). Portions of material at the surface can be observed 

without any connection with the material below them, which implies the imminence of shelling 

formation. 

Figure 12b e Figure 12c illustrates the SEM images of the radial section of the pearlitic disc. 

Once again, there is a correlation between the twin-disc tests and the actual wheel. Figure 12b 

shows a crack that propagated parallel to the surface. The crack length is 850 μm and the depth 

is up to 31 μm. The crack illustrated in the Figure 12c has a smaller length of 500 μm and the 

depth of 20 μm. In the latter case, the propagation process was in an intermediate stage, since 

the crack begin closer the surface and propagates into the disc. This propagation behavior is 

similar to the one found in wheels (Figure 12a). From Figure 9 and Figure 12, it is possible to 

conclude that the crack propagation process is directionally-dependent, for both the disc and 

the wheel, and result in fracture surfaces typical of shelling defect (or delamination). 
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Figure 12 – (a) Optical micrograph of the polished radial section of a forged wheel tread after service. (b), (c) Scanning 

electron micrograph of polished radial sections disc specimens after 100,000 cycles. The red lines indicate cracks 

lengths or depths. I = 31 μm; II = 850 μm; III = 20 μm; IV = 500 μm. 

The presence of water inside RCF cracks is common in railway's wheel-rail contact, due to rain 

or moisture. In its liquid state, water, when pressurized inside a crack by the rolling contact 

stresses, can accelerate its propagation through mode I loading (opening mode). Water and 

moisture present in the air are also able to corrode the faces of a crack originated from RCF, 

given the high susceptibility of carbon steel to corrosion. Figure 13 and Figure 8a corroborate 

this hypothesis, showing the presence of corrosion products inside cracks present on the 

wheel's rolling surface. Corrosion can affect fatigue processes, so also RCF, in different ways: i) 

cathodic or anodic reactions at the crack tip that accelerates crack propagation [74]; ii) wedging 

by corrosion products inside cracks can reduce the stress intensity amplitude (benefic effect), 

but increase its magnitude (malefic effect, [75]); iii) iron oxides have a relatively low shear 

resistance in sliding motion (compared to a metal-metal contact), promoting a lubricating effect 

between crack faces and, as a consequence, enabling mode II crack propagation (shear mode). 

For the tested conditions, twin-disc tests did not replicate the corrosive process occurring inside 

RCF cracks. This can be viewed as a limitation to the simulation of actual wheel-rail 

tribosystem’s behavior, although many other important features are still present and give 

valuable information about it. 

 

Figure 13 - SEM of the radial section at flange root of a cast AAR Class C wheel. Corrosion products accumulate inside 
the crack. 

The considerable microstructural plastic deformation causes strain-hardening of a surface layer. 

The graph in Figure 14 shows microhardness profiles for wheels that showed shelling, or 

surface microcracks, and for wheels with “smooth” surfaces, i.e., without the presence of these 

defects, whether forged or cast. All wheels showed some level of hardening, presenting greater 

hardness close to the surface than in the bulk, which is 300-380 HV0.05. However, surfaces that 

showed shelling or microcracks invariably strain-hardened more: microhardness at about 0.04 
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mm depth was in the range between 550 and 760 HV0.05, while for smooth surfaces it was 

between 400 and 520 HV0.05. Therefore, the higher hardness level of surfaces with microcracks 

or shelling indicates that the deformed layer has been plastically depleted, not supporting any 

increase in deformation without causing fracture, which is further evidence for ratcheting 

phenomenon. Depending on the evaluated depth, the microhardness threshold between 

ratcheted and “smooth” surface varies. 

Figure 14 also shows evidence of strain-hardening on twin-disc test specimens. All hardness 

points for twin-disc tests specimens are inside of the hardness range found in wheels. At 0.03 

mm depth the hardness was 570 HV0,3 (hardness increment of 60%) and the value is in the 

range observed for shelled wheels at the same subsurface depth (Figure 14). Therefore, the 

twin-disc test is able to simulate the ratcheting mechanism caused by exhaustion of plasticity 

close to the surface. In both field and laboratory conditions, the farther from the surface the 

magnitude of contact stress are reduced, that results in less strain-hardening at greater depths. 

However, the strain-hardened layers of shelled wheels are much thicker than the ones of twin-

disc test specimens, about 1 mm for the former versus 0.5 mm for the latter. The difference can 

be explained is terms of different residual elastic stress fields between the two, which is 

expected to be much greater in the wheels. 

The effects of the contact stress in the subsurface can be divided in three regions [71]. 

Referring to Figure 10, in a first layer near the surface (delimitated by dashed lines) there is 

severe plastic deformation. Just below it, a transition region takes place, where elastic contact 

and residual stresses compete. Finally, a deeper region is characterized by contact stresses of 

negligible magnitude. The explanation correlates with the hardness profiles of Figure 14, where 

the disc initial hardness is only reached at a 0.5 mm depth, while the OM images reveals that 

the plastic deformed layer has a thickness of only 290 μm. The same is true for wheels, where 

some strain-hardening is observed up to 1 mm depth, while plastic deformed layer is only 255-

270 µm thick. 
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Figure 14 – Vickers microhardness profiles along the tread of the forged and cast wheel and hardness profile of the 

radial section of the disc (HV0.3) ( ). Surfaces that presented shelling or tread checking (HV0.05) (● ◆) and a relatively 

smooth surface, i.e., without cracks (HV0.05) (○ ▲). 

Fracture surfaces, after the formation of a shelling defect in wheels, are quite irregular, as 

shown in Figure 15. Below it there is no plastically deformed material, which corroborates the 

observation of crack propagation parallel to the surface below the heavily strain-hardened layer. 

The defect edges become stress concentrating points and give rise to a new network of cracks 

that contribute to the material removal process, meaning that the defect increases in size by 

expanding its edges. This suggests that shelling progresses at an accelerated rate, since it is a 

feedback process: the greater the perimeter of the edge of the fracture surface, the more stress 

concentrating points are generated which, in turn, promote new material removal, expanding the 

perimeter of the edge, and so on. Understanding the edge effect can help determine the 

optimum timing for reprofiling of wheels, from economic and safety points of view. 

 

Figure 15. Optical micrograph of the circumferential section of the tread of a cast AAR Class C wheel (etched in Nital 

2%). White dashes highlight the fracture surface of a shelling defect and yellow dashes denotes the plastically-deformed 

layer. 

Wear was also observed in laboratory RCF tests. The wear coefficient determined by the 

Archard-Holm Equation [76] was (4.6 ± 0.1) × 10
-4

 for the pearlitic disc (disc B). This value 

agrees with the one found by Ramalho et al. [77] after twin-disc tests with slip ratio close to 

0.75% and is typical of a mild rolling-sliding wear regime, where plastic and  oxidative 

processes play important roles [78]. Overall wear coefficients of wheel treads in railways are 

generally much lower than that. A rough estimation based on a wheel lifespan of 1.600.000 km, 

including material removal by reprofiling processes, is kwheel ~ 10
-6

. Closing the gap between 
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local (laboratory) and overall wear coefficients is not a trivial task, requiring the simulation of 

wheel profile evolution through computational algorithms, which is outside the scope of the 

present work. 

A summary of the results is shown in Table 3. Some aspects of RCF damage were remarkably 

similar between wheels and discs, such as plastically deformed layer thickness, surface 

hardness and crack angle at mouth. Visual and SEM inspection of both rolling surfaces 

revealed a material delamination process caused by ratcheting. However, depth and length of 

cracks were 10 to 15 times larger in wheels than in discs, which correlates well with the 

difference in the diameter of contact area observed in each condition, ~ 11 mm and 1.7 mm, 

respectively. Moreover, the contact area lengths were in accordance with the values found by 

Zeng et al [79]. This indicates the influence of the stress field size on the difference between the 

depth and length cracks observed on the wheel and disc. Therefore, twin-disc test parameters 

suggest by AAR cannot simulate shelling defect in advanced stage, i.e., defects with large 

dimensions, for Class C wheel steel, but appears to be representative of the first stage of the 

defect formation, which is characterized by a ratcheting process. Finally, another marked 

difference between wheels and discs is the thickness of strain-hardened layer, twice larger for 

wheels due to the deeper elastic contact and residual stresses field. 

Table 3 – Experimental results of the analysis of wheel and disc 

Sample Maximum 

RCF crack 

length 

(mm) 

Maximum 

RCF crack 

depth 

(mm) 

Crack 

angle at 

mouth 

(°) 

Thickness of 

plastically 

deformed layer  

(µm) 

Thickness of 

strain-

hardened layer  

(mm) 

Subsurface 

hardness at 0.04 

mm depth 

(HV) 

Wheel 15 1.0 14 - 20 127 - 250 ~ 1.0 550 – 760 HV0.05 

Disc 0.85 0.13 10 - 12 255 - 270 ~ 0.5 560 – 577 HV0.3 

  

4. Conclusions 

Plastic stress and deformation fields are similar in wheels and twin-disc test specimens, 

considering their respective dimension proportion. The ratcheting process up to plastic 

exhaustion of a surface layer, followed by crack nucleation and its initial propagation inside the 

layer are very similar in both cases, meaning that affordable laboratory tests can give valuable 

information about the phenomena. However, when it comes to a more advanced crack 

propagation stage, deeply into the subsurface where only elastic stresses take place, twin-disc 

test fails to replicate conditions found in the actual railway wheels. The main reason for this is 

the contact area size difference between wheel-rail and twin-disc interfaces and the presence of 

contaminants (such as water, leaves, ores) in the wheel’s operations. 

The networks of cracks found at the edges of shelling craters in wheel treads suggest that the 

progression of the RCF damage in an advanced stage happens at an increasingly accelerated 

rate by the expansion of the crater’s perimeter in a feedback process. 
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Corrosive processes and the influence of water that wheels face during service also were not 

replicated in AAR twin-disc test conditions. Water can pressurize crack tip and accelerate the 

propagation process. Moreover, it is well known that corrosive and fatigue processes act in 

synergy, accelerating damage in materials, specially steels. Evidence of corrosion products 

inside RCF cracks were found on wheels, but the extent of its effects on the damage 

mechanism is still not well stablished. 
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Highlights 

 

 Some aspects of RCF damage were remarkably similar between railway wheels and 

the twin-disc tests.  

 Plastic stress and deformation fields were similar in wheels and twin-disc test 

specimens, considering their respective dimension proportion. 

 The ratcheting process up to plastic exhaustion of a surface layer are very similar in 

both cases. 

 Corrosive processes and the influence of water that wheels face during service were 

not replicated in AAR twin-disc test conditions. 

 When it comes to a more advanced crack propagation stage twin-disc test fails to 

replicate conditions found in the actual railway wheels. 
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