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Abstract 

Rolling contact fatigue cracks and thermally induced defects are common problems in 

the railway industry especially as demands for increasing loads, speeds, and safety, 

continue to rise. Often the two types of defects are found together in the field, however 

whether one causes the other to occur is not completely agreed upon. The effect of 

thermal damage, in the form of a martensite spot on pearlitic steel test bars, on the 

fatigue life in uniaxial low cycle fatigue  experiments was investigated by the authors1. 

However, the focus of the current work was to characterize the damage evolution from 

the low cycle fatigue (LCF) tests and correlate the crack initiation and propagation with 

the initial thermal damage. Residual stress measurements, digital image correlation, 

and X-ray tomography were used to characterize the effects of the thermal damage 

before, during, and after fatigue testing, respectively. It was found that the thermal 

damage causes strain accumulation and crack initiation at the interface between the 

two materials, and that thermally damaged samples eventually fail at a lower number 

of cycles than reference samples. 

Keywords: Rolling contact fatigue, white etching layer, strain localization, X-ray 

tomography, digital image correlation, residual stresses 

Nomenclature: 

Nf number of cycles to failure 

R load ratio or stress ratio = σmin/σmax in a cycle 

εa total strain amplitude 

εpa plastic strain amplitude 

1 Introduction 

The problem of rolling contact fatigue (RCF) is one which is widespread in the railway 

industry. The repeated application of loads from rolling contact between wheels and 

rails causes severe plastic deformation of the topmost layer of the material, which 

eventually leads to crack formation when the fatigue damage has exceeded some 

limit2,3. The presence of larger cracks on the rail and wheel surfaces are a major 

economic concern and safety risk in the industry when it comes to maintenance 

operations and complete component failure. In addition to RCF cracking, the surface 



 

 

 

deformation also leads to deformation hardening and builds up residual stresses in the 

material4. The residual stresses which result from operation in the rails and wheels 

have been extensively studied5. During operation, compressive residual stresses are 

formed in the surface of the rails, due to plastic deformation and work hardening arising 

from rolling contact loads which the rails are subjected to2,4,6,7. These residual stresses 

are beneficial for fatigue life as they generally decrease the crack propagation rate. 

However, some 10-20 mm below the surface, residual stresses become tensile to 

maintain equilibrium. This can have harmful effects on the crack propagation at this 

depth, and could contribute to complete fracture of the rails. 

Furthermore, a major damage characteristic which occurs on rail and wheel surfaces 

is thermal damage in the form of so-called white etching layers (WELs). WELs form on 

the surface of the rails and wheels due to wheel/rail interactions which, by frictional 

heating, temporarily increase the temperature above the effective austenitization 

temperature8. After rapid cooling, a thin layer of martensite forms on the surface of the 

component (called WEL due to the white appearance under the optical microscope 

after Nital etching, see Figure 1). It should be mentioned that also thinner WEL layers 

in the order of 10 µm are commonly found on rails, while the type referred to in this 

study arise from occasional skid events like wheel burns and have a thickness of some 

200-500 µm. Such WEL defects are mainly found close to insulation joints, signals, 

stations and on metro lines. As opposed to the more soft and ductile pearlite bulk 

material, the martensite plug or layer formed is hard and brittle. The WEL essentially 

acts as a stress-raiser (similar to a hard inclusion) due to the different behaviour of the 

pearlite and the martensite, which leads to strain accumulation at their interface during 

RCF loading9. It was shown in a previous numerical study that similar WEL spots on 

the surface of wheels or rails drastically increases the fatigue damage near the WEL 

border; especially pronounced with off-center RCF loadings10. That is, the presence of 

WEL leads to increased risk of crack initiation and eventual growth by RCF 

mechanisms. There are generally two types of cracks associated with WEL: cracks 

growing at the interface of the WEL and the bulk material (Figure 1a), and cracks 

growing through the WEL (Figure 1b)10. Figure 1a shows the tendency of cracks to 

branch at the interface and propagate perpendicular to the original crack, below the 

WEL.  



 

 

 

  

  

Figure 1. (a) Cracks growing at interface of WEL and bulk, and (b) growing through WEL.  

The residual stresses arising in the rail due to the effect of thermal damage is evidently 

an important consideration11. As the surface layer is heated, its volume increases by 

thermal expansion and the flow stress generally decreases with temperature. If plastic 

deformation in compression occurs as a consequence, this can lead to tensile residual 

stresses upon cooling. If WELs form as a result of phase transformation to austenite, 

further contributions to residual stresses are introduced into the material. Specifically, 

the small volume of material which becomes austenite, rapidly cools to form 

martensite, which after cooling has a lower density than the surrounding pearlite. The 

volume increase can introduce compressive residual stresses in the WEL12,13. The 

depth of residual stresses formed by this mechanism is more shallow than the typical 

RCF loading induced residual stresses. 

The effect of thermal damage, in the form of a WEL spot, on the fatigue life in uniaxial 

cyclic straining was investigated by the authors. Despite the differences from RCF 

loadings, it is considered useful for basic mechanisms, since local strains and stresses 

are more easily deduced from such experiments, and can be compared with stress 

concentrations at inclusions and similar14,15. The full results from the fatigue 

experiments are previously published1. The aim of the present work is to characterize 
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the damage evolution and crack formation during low cycle fatigue tests for pearlitic 

R260 rail steel test bars without and with initial thermal damage. The focus is the 

characterization of the damage at, and around, the initial thermal damage (WEL) 

evaluated before, during, and after the uni-axial fatigue loading using residual stress 

measurements, digital image correlation (DIC), and X-ray tomography, respectively.  

2 Experimental 

The current study investigates cracks initiated from thermally damaged spots made on 

test bars of R260 rail steel, with composition shown in Table 1. The initial thermal 

damage was in the form of a WEL formed by laser heating, with thickness close to 200 

μm and diameter approximately 1.5 mm. The experiments on crack initiation on test 

bars were performed using a MTS 809 servo-hydraulic tension-torsion test machine, 

run in uniaxial mode, and are summarized in a previous work1. A polished test bar with 

an artificially produced initiation site is shown in Figure 2. In order to characterize the 

damage throughout the fatigue experiments, microscopy, residual stress 

measurements, digital image correlation (DIC), and X-ray tomography were used. 

Table 1. Composition of rail steels examined, in weight %. 

Element C Mn Si P S Cr Fe 

R260 0.72 1.04 0.31 0.006 0.010 0.02 Balance 

 

  

Figure 2. (a) Initial thermal damage (WEL) on polished test bar, and (b) close-up of WEL spot 

2.1 Residual stress measurements 

Residual stress measurements were done using a Stresstech Xstress 3000 X-ray 

machine with the sin2ψ method and Cr Kα-radiation, with 1 mm collimator used for 

measurements on test bars with and without initial thermal damage. The detectors 

were positioned at 2θ ≈ 156°14. The measurements were run with the inclination angle 
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ψ between -45° and +45°, using nine equal steps in sin2ψ (i.e. 0°, ±21°, ±30°, ±38°, 

±45°), and in 3 directions (Φ=0°, 45°, and 90°). 

2.2 Fatigue tests and DIC 

Uniaxial strain-controlled fatigue tests were performed at room temperature, at 

constant total strain rate of 10-2 s-1, and at three constant, symmetric, strain amplitudes: 

0.4%, 0.6%, and 1.0%. Test bars were machined, ground and polished before testing. 

Two different conditions were tested: smooth (un-notched) and with initial thermal 

damage, Figure 2. The un-notched specimens were tested to provide a basis for 

fatigue behaviour of the material. Two tests were performed for each strain amplitude 

and for both conditions. 

An ARAMIS 3D motion and deformation sensor system, based on digital image 

correlation (DIC), was used on one additional fatigue test in order to visually capture 

the strain evolution on the test bar surface during uniaxial cyclic loading. The technique 

is based on tracking the deformation in the test bar by comparing images at a given 

interval to a reference image. The strain field is deduced from the analysis of the 

displacement field of the specific details painted onto the surface. The test bar is spray 

painted to obtain a uniform and random speckle pattern on the surface. The camera 

was focused on the center of the test bar where the WEL spot was present. Due to the 

different flow stresses, it can be predicted that the WEL spot will act as a stress-raiser 

during uniaxial loading, and this will affect plastic strain initiation and accumulation. A 

snapshot was taken at the maximum load in tension for each cycle. The LCF test was 

run in stress control, with stress amplitude 600 MPa at R=-1. The main reason for using 

stress control, is that the clip on extensometer normally used, shields the visibility of 

the sample surface. The effect on the fatigue process has been demonstrated to be 

minor18. 

2.3 Characterization of test bars after failure 

Characterization of the test bars after fatigue testing was done using a Zeiss SteREO 

Discovery V20 stereomicroscope and a Leica light optical microscope. The surfaces of 

the bars were examined for cracks and other defects, and in particular, the area near 

the initial thermal damage was examined for signs of crack initiation. The test bars with 

WEL were heat treated for one hour at 300°C to oxidize the fractured section for better 

visibility when broken apart to reveal the fatigue crack propagation. Furthermore, X-



 

 

 

ray tomography was done on one test bar after fatigue testing using a Zeiss Xradia 

520 Versa instrument. The X-ray energy was polychromatic up to 150 kV from a 

tungsten target and 2801 projections of each region were acquired. 3D density maps 

were reconstructed by a standard filtered back-projection method to 1k x 1k x 1k pixel 

volumes with a voxel size of 1.75 µm. The test bar was still intact, and the X-ray 

tomography allowed non-destructive evaluation of the crack network within the test 

bar. The purpose of using this technique was to observe the relation between the crack 

network and the surface initial thermal damage. 

3 Results 

Before fatigue testing, residual stress measurements were done on the smooth and 

thermally damaged test bars. The results are shown in Figure 3. The smooth test bars 

have constant compressive residual stresses between -200 and -220 MPa. For the 

initially damaged test bars, tensile residual stresses are present at the center of the 

WEL spot, which decrease to similar stable compressive residual stresses of 

approximately -230 MPa in the unaffected bulk material, some 3 mm from the center 

of the WEL. 

 

Figure 3. Residual stress measurements along test bars without and with WEL. The vertical dashed 
lines indicate the approximate boundaries of the WEL spot. 



 

 

 

The results from the fatigue tests have been presented and discussed in earlier work1. 

Figure 4 is a Coffin-Manson plot for the performed experiments showing that the 

presence of the initial thermal damage on the test bars decreased the fatigue life in all 

tests. The effect is more pronounced for fatigue tests run with higher strain amplitude 

(Table 2). 

Table 2. Average fatigue lives for smooth and thermally damaged test bars. 

Smooth WEL Decrease 

εa Nf,ave εa Nf,ave % 

0.4% 12 849 0.4% 11 651 9.3 

0.6% 4 438 0.6% 3 601 18.9 

1.0% 1 161 1.0% 760 34.0 

 

 

Figure 4. Coffin-Manson plot for uniaxial fatigue tests performed on smooth (diamonds) and thermally 
damaged (circles) test bars.   

During one fatigue test (stress control, 600 MPa) the evolution of strain on the surface 

of the test bar, specifically around the WEL spot, was measured using digital image 

correlation (DIC) equipment. Figure 5 shows the strains around the WEL for the early 

stages of the fatigue test (Figure 5a) and during the last 4 cycles before failure (Figure 

5b). The strain appears in the loading direction at top and bottom of the WEL, at the 



 

 

 

transition between the two different phases (martensite and pearlite). The strain 

concentration on one side grows larger already from the first cycle, and the strain on 

the opposite side of the WEL decreases. The dominant crack forms and continues to 

accumulate strain until the test bar fails at that location. Strains above 20% were 

measured around the dominant crack. 

 

Figure 5. Strain evolution around the WEL during LCF fatigue test (loading in horizontal direction) a) in 
early stages, and b) during the final 4 cycles before failure, obtained from DIC. 

In the smooth specimens, fracture surfaces reveal that the crack propagates through 

a large part (approximately 20-25%) of the cross-sectional area before fracture. On the 

surface of the gauge section, many small cracks and surface texture are seen. 

However, the cracks formed in the WEL-notched specimens extend largely across the 

surface, in the vincinity of the WEL (Figure 6). Similar cracks were present for all test 

bars with thermal damage. After longitudinally cross-sectioning a test bar similar to that 

shown in Figure 6, it was examined using optical microscopy. Figure 7 shows the crack 

growing through the WEL, and another small crack initiated at the opposite edge. The 

cracks propagated approximately 20-25% of the surface of the test bars for all strain 

amplitudes tested, similar to the extent of crack propagation in the smooth test bars. 
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Figure 6. Crack propagation through WEL on fatigue test bar (C02, 1.0% strain amplitude). 

    

Figure 7. Longitudinal cross-section of WEL on test bar (C01) used in fatigue test. (a) The crack 
initiated in the WEL and propagated down into the bulk material. (b) A small crack initiated at the edge 

of the WEL (polarized light in optical microscope). 

Additionally, X-ray tomography scans of one of the test bars fatigue tested at 0.6% 

strain amplitude show the crack extending as a planar network perpendicular to the 

loading direction (Figure 8a,b). Figure 8 shows the extent of the crack along the surface 

of the test bar, as well as an X-ray tomograph of the crack network within the test bar. 

A high resolution scan (Figure 8c) focused on the center of the test bar shows the crack 

following the circular shape of the WEL on the surface of the test bar as a dashed line. 

It can be seen that, according to the approximate location of the WEL spot, the crack 

network follows the circular shape along the surface of the test bar. 
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Figure 8. (a) X-ray tomograph of the extent of the crack on the surface of the test bar, (b) overall scan 
of the crack network within the test bar, and (c) detail scan near the WEL, showing the crack following 

the bottom of the WEL spot (dashed line represents the approximated location of the WEL spot).  

4 Discussion 

From the results plotted in Figure 3, it can be seen that the volume within the WEL spot 

has tensile residual stresses of ≈150 MPa, and the stresses decrease as the distance 

from the center of the WEL increases. The effect of the ≈1.5 mm diameter WEL is no 

longer apparent after some 3 mm (corresponding to 6 mm diameter), where the 

residual stresses match those of the test bar not subjected to laser heating 

experiments, that is, between -200 and -220 MPa. It should be noted that the surface 

compressive residual stresses in the test bars are formed in part from the grinding and 

polishing to mirror finish15,16. However, these surface residual stresses do not affect 

fatigue life since they are very shallow and the plastic strain amplitudes imposed by 

the outer loading is large enough to cancel out at least the majority of residual stresses 

already within the first cycle15–17. The plastic deformation of the pearlite surrounding 

the WEL, will regenerate the stress field in every loading, and thus the main 
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contribution to changed fatigue life will be due to the discontinuity in flow stress, 

causing localization of plastic strains. 

The effect of increasing the strain amplitude is a decrease in fatigue life. The complete 

results from the fatigue tests have been discussed in previous work1, but are 

summarized here in Figure 4. It can also be seen that the fatigue life decreases with 

the presence of the thermal damage on the test bars. This is in agreement with 

previous studies of the same material18. 

The effect of the WEL seems more important in the tests run with larger strain 

amplitudes (Table 2). That is to say, the effect of a notch (or WEL) during LCF is 

important during crack initiation but not as significant during crack propagation19. The 

crack initiates at, or near the WEL in all but one test, but in all tests (smooth and 

thermally damaged) the extent of the crack propagation in the fracture surface is the 

same for a given strain amplitude1. Using DIC equipment, the evolution of the strains 

at either end of the WEL in the direction of loading is clearly seen. This is expected 

behaviour since the WEL acts as a strain concentration since it creates a discontinuity 

in the material where the phase changes from pearlite to martensite. It is also 

anticipated that a crack initiates at the point of highest strain, in the vincinity of the 

initial thermal damage spot9.  

The use of X-ray tomography allowed for a 3-dimensional non-destructive evaluation 

of the crack network inside the test bar with initial thermal damage. The method is 

complementary to the stereomicroscopy, which provides an exterior visualization of 

the cracks on the surface of the test bars with WEL. The X-ray tomography scans 

provide additional information, including showing the crack following the shape of the 

WEL at the surface, then propagating in a planar direction perpendicular to the loading 

direction. This is consistent with the strain concentration occuring at both extremities 

of the WEL spot (in the direction of axial force), which was shown clearly in the DIC 

results in Figure 5. The presence of softened pearlite microstructure around the 

WEL20,21, as a result of the laser heating experiment and phase transformation, could 

also influence the location of the crack initiation. Although the effect of the WEL as a 

stress concentration is important for the crack initiation, the influence of notches is 

known to be less significant during crack propagation19. This is made apparent as the 



 

 

 

fracture surfaces for the smooth test bars and those with initial thermal damage are 

similar for all strain amplitudes tested.  

5 Conclusions 

The aim of the study was to characterize the damage evolution and crack formation 

during low cycle fatigue tests for pearlitic R260 rail steel test bars without and with 

initial thermal damage. The initial thermal damage was in the form of a WEL formed 

by laser heating. Characterization of the laser-induced WEL on the test bars and rail 

sections, presented in a previous work1, revealed these are similar to those found in 

the field. Residual stress measurements were done around the WEL formed on test 

bars, and it was found that the compressive residual stresses from surface finishing 

are released during the laser heating, and become tensile in the central parts of the 

WEL. 

Uniaxial strain-controlled fatigue tests were done at constant strain amplitudes of 1.0%, 

0.6%, and 0.4%. It was found that the presence of initial thermal damage acts as a 

stress-raiser and decreased the fatigue life for tests run at all strain amplitudes. The 

failure occurs near the WEL in all but one of the tests with thermally damaged spots, 

with the crack initiating in the martensite and growing outwards. The strain evolution 

during the LCF tests was visualized with the use of DIC, which clearly shows the strain 

concentrations at the top and bottom of the WEL, in the loading direction. X-ray 

tomography confirmed the crack growth follows the martensite spot from the surface 

inwards to the center of the test bar. 
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