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Abstract 
 

This study presents a successful attempt to reproduce White Etching Layer (WEL) under pure 

mechanical conditions, with the use of a new experimental test bench with tests conditions 

representative of the wheel-rail contact. The effect of the presence of a run-in or corrosive fuse layer 

at the rail surface has a great effect on the microstructure evolution. This layer prevents wear and 

allows microstructural transformation of rail steel. First, a tribological analysis of the effect of the 

surface preparation on material flows in the contact, hardness evolution, and formation of WEL is 

presented. Then a multiscale characterization approach combining optical microscopy, scanning 

electron microscopy and near surface EBSD characterization at the sub-µm level has been carried out 

to understand the formation mechanism of such mechanically formed WEL.  

The different scenarios of the wear behavior and microstructural transformation were drawn. The 

influence of the conditions of preparation of the sample surfaces, in particular of the presence of a 

tribological fuse layer (either a run-in layer or a corrosive layer) on the wear fatigue competition and 

the WEL formation, were also studied. 

The normal stress due to the normal force in the tests leads to the formation of a hardened layer of 

nanograins. When submitted to shear in the rolling with sliding tests, this layer is removed by wear if 

the cohesion between the surface and the bulk is too weak. The presence of a fuse layer before the 

shear solicitation by sliding increases this cohesion, and turns the wear behavior into progressive 

microstructural transformation. Therefore White Etching Layer were formed through a mechanical 

process with realistic operating conditions avoiding the formation of thermal WEL.  
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1. Introduction  
 

Railway transport is a very popular mean of transport due to its efficiency, its cost for the user and its 

lower impact on the environment with respect to road transports. The high frequentation of the 

railway networks causes a quick deterioration which is contained by maintenance operations. The 

Rolling Contact Fatigue (RCF) of rail steel, is one of the major concerns of railway networks for safety 

reasons. The accumulation of rolling and sliding loading at rail surface with wheel passes leads to the 

formation of defects that can cause the failure of the rail, as squats for instance. Their formation is 

usually associated to straight line tracks, and to acceleration and braking areas. Even if the dynamic 

response of the wheel rail contact and the development of squat defects has been widely studied 

[1]–[4], their initiation mechanism is not yet fully understood. 

The White Etching Layer (WEL) and Brown Etching Layers (BEL) [5], which appear with white and 

brown contrast respectively after Nital etching on optical microscopy, are frequently found at squat 

surface at their early stage. For both phases, their high hardness with respect to the rail head leads 

to crack initiation at their interface with the bulk. The BEL consisting of “white and brown” sublayers, 

the present study will focus in the WEL formation[6]. Thus the investigation of WEL formation is one 

key toward the understanding of the squat birth. 

The white etching layer is a Tribological Transformation of Surface (TTS) observed in steels. It is 

characterized by its high hardness (from 400 Hv up to 1200 Hv) [7], [8]. Two main types of WEL 

formed from two different mechanisms can be found. 

One mechanism is associated to a thermal process, similar to martensite transformation during 

quenching [9]. The high pressure and shear stress at wheel-rail interface due to sliding and friction 

leads to flash temperatures reaching the austenitization threshold [8], [10], [11]. The latter can be 

lowered under hydrostatic pressure [12], [13]. The quick cooling leads to the formation of 

martensite, and sometimes residual austenite within the white etching layer [14]. Usually, a clear 

separation between the bulk and the thermally formed WEL is observed [15]. 

The other formation mechanism implies a mechanical process resulting in a high deformation of the 

steel. An accumulation of load combining pressure and shear stress can lead to the progressive 

deformation of the steel microstructure with a ratcheting phenomenon [16], [17]. In pearlitic rail 

steel, the cubic lattice of the ferrite deforms, allowing the migration of carbon atoms out of 

cementite [18]. An oversaturated and deformed ferrite is obtained: the white etching layer. This 

microstructure is similar to the one of martensite [19], [20]. The white etching layers obtained 

through a mechanical process show a progressive modification of the underneath layer below the 

WEL. The subsurface is highly deformed, presenting a reduction of inter-lamellae spacing, a reduction 

of the grain size and a progressive dissolution of the cementite [21]. 

It is also suggested that the two processes of formation can happen simultaneously and that one 

process can be predominant depending on the conditions [7], [20], [22]. In this way, white etching 

layers presenting simultaneously highly deformed ferrite, martensite, residual austenite, and 

fragments of cementite lamellae were observed [23]. 

In order to investigate their formation mechanism, WEL have been reproduced experimentally in 

laboratories. A part of the WEL described in the literature was formed with a thermal dominant 

process with respect to the mechanical one [24]. Some WEL were formed with a combination of a 

thermal and mechanical solicitations [13], [25]. Some other WEL were formed with a very high sliding 

condition up to -200% to -3000% of creep on twin-discs [24], [26] or wheel on rail test bench [27] 
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causing a high increase of temperature due to friction. These last conditions tends to form a WEL 

with a thermal dominant process which are not representative of the operating conditions on tracks. 

The vehicles in circulation are mostly equipped with anti-slip control, avoiding high sliding conditions 

even in acceleration and braking areas where some squats and white etching layer are observed (the 

slip threshold is lower than 2% in Paris Public Transportation) [20]. 

However, only few studies report WEL etching layer reproduced in laboratory with a dominant 

mechanical process, i.e. with test conditions representative of operating conditions. Indeed, these 

conditions should allow the application of a sufficiently high number of wheel passes with a 

significant but realistic sliding ratio, which is difficult to achieve. The conditions must be chosen in 

such a way to induce a progressive deformation of the steel microstructure with a ratcheting 

phenomenon, and to limit wear that may remove the white etching layer during its growth. For 

instance, it was observed on twin-discs machine under dry sliding conditions, that the accumulation 

of mechanical solicitations on a small area of contact due to disc dimensions can favor wear on the 

discs [28]. At the contrary, some strategies using the introduction of fuse layers to prevent wear 

under realistic rolling conditions on twin-discs were investigated, and brought encouraging results 

[29]. These conditions were used in the present study. 

This study presents the experimental reproduction of WEL mechanically formed, with the use of a 

new experimental test bench with representative tests conditions. The effect of the presence of a 

fuse layer on the surface on wear is then studied. Two strategies were adopted to create the fuse 

layer: the first consists in creating a mechanical hardened surface by pre-rolling with pure normal 

conditions; the second consists in the formation of layer of corrosion at the sample’s surface before 

the tests. First, a tribological analysis of the effect of the surface preparation on material flows, 

hardness, and formation of WEL will be presented. Then a multi scale characterization approach 

combining optical microscopy, scanning electron microscopy and near surface EBSD characterization 

at the sub-µm level has been carried out to understand the formation mechanism of such 

mechanically formed white etching layers.  

  



4 

 

2. Method and material 
 

In order to reproduce the rolling contact conditions, a novel test bench was developed called 

Triboring, Figure 1. It consists in a small disc of diameter 70mm (representing the wheel), rotating on 

a horizontal circular ring of diameter 2 m (the rail).  

 

Figure 1 Triboring test bench, a disc in rotation on a circular rail (the ring) 

The rail part is made of a 2 m diameter forged ring of R260 steel bloom with a rectangular section 

75 mm x 50 mm, which in similar to the rail head dimensions. The microstructure and composition of 

the alloy can be found in [30]. The thermal process applied during the ring-rolling forging is the same 

as the one applied on R260 rails. The microstructure obtained is then similar to the one observed in 

new rail (similar hardness, phases and grain size), with a fully pearlitic microstructure [31]. The ring 

surface is machined in order to remove the calamine layer. 

The wheel part is a convex disc from R260 head rail (Ra 0.8 µm). Its rotational speed is directly linked 

to the measured rotational speed of the ring. Taking into account the radius of the disc and its 

position with respect to the center of the ring, a factor between the rotational speed of the disc and 

the ring is defined to apply a sliding ratio at the contact. A static vertical load is applied on the disc in 

order to obtain the desired theoretical pressure at the contact. Several parallel tracks can be realized 

on one disc, by changing the radial position of the disc of a few centimeters, with respect to the 

center of the ring part. Therefore, several tests are performed on each ring.  

Two “standard” test conditions close to the operating conditions were defined for each ring tested: a 

pure rolling test (for cruising speed areas) and rolling with sliding conditions of 0.5% (for acceleration 

and baking areas). The sliding ratio was calculated using:  

� � 	
�� � ��

�� � ��
	� 	
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� � 	�
�

	�
� � 	�
�
 

With Vd and Vr the speed of the disc and the ring at the point of contact, ωd and ωr their rotational 

speed, and Rd the radius of the disc and Rr the minimum distance between the center of contact and 

the center of the ring. 

This sliding ratio of 0.5% is relatively low compared to the experimental tests leading to WEL 

formation observed in the literature (10% in [26], >100% in [24] and-300% to -3000% of creepage in 

[27]). The goal is to have a realistic sliding ratio (<2%) and to avoid the formation of thermal WEL. 

This sliding ratio was fixed to be sufficient to initiate mechanical WEL formation in [29]. With those 

conditions of contact (radii of curvature, material properties and normal force applied), the 

theoretical Hertz contact dimensions are 0.55 mm and 0.86 mm (half-width). For all tests, the ring 
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rotation speed is set to 21.6 rpm, the theoretical Hertzian pressure is 1 GPa, (equivalent to a normal 

force of 1 kN in the present configuration). The common data of the test conditions are summarized 

in Table 1 

Standard test conditions 

Ring steel R260 

Disc steel R260 

Disc Radius 35 mm 

Disc Radius of curvature 70 mm 

Ring linear speed 2.26 m.s-1 

Theoritical Hertzian pressure 1 GPa 

Normal force 1 kN 

Table 1: Summary of the common test conditions 

The experiments of this study are divided into three test series corresponding to three rings (ring A, B 

and C) which are summarized in Table 2. Those three test series were performed with three different 

surface treatments: extensive surface cleaning with ethyl acetate of the discs (tests on Ring A), 

regular surface cleaning of the discs (tests on Ring B), and surface corrosion of the discs and the ring 

(tests on Ring C). 

The extensive cleaning correspond to a cleaning of the discs with ethyl acetate, then ultrasonic bath 

with ethanol for 5 minutes. The regular cleaning is simply the ultrasonic bath with ethanol for 5 

minutes. For the “surface corrosion” treatment, the discs are submitted to a regular cleaning, and 

then left in water in a container for 24h in a ventilated room (causing the complete evaporation of 

water). The ring surface is also submitted to corrosion: a thin film of water is poured at the ring 

surface and left for 24h. After complete water evaporation a powdery layer of natural corrosion is 

formed. In order to obtain a homogenous and more cohesive layer, the operation is repeated three 

times.  

Series (surface treatment)  
Test #1 

Pure Rolling 

Test #2 

Rolling with sliding 
Test #3 

RING A Extensive cleaning 

1,000 cycles 

0% sliding  

1,000 cycles 

0.5% sliding  

none 

RING B Regular cleaning 
1,000 cycles, 0% + 

1,000 cycles, 0.5% 

RING C Corrosion on surface 3,000 cycles, 0.5% 

Table 2: Summary of the mechanical tests performed 

Each test (#1, #2 and #3) corresponds to a track on the same ring. A tribological analysis of the tracks 

surface is performed after observation with an optical microscope. The material flows are studied 

mainly qualitatively with the third body concept (See ANNEX: Conceptual tools: Third body and 

flows), which was already used for previous wheel-rail contact analysis [32], [33]. 

For every test in rolling with sliding condition (RING A, B, C Tests #2 and #3),it can be noticed that the 

ratio between the longitudinal force measured and the normal force were similar, close to 0.3. 
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For every rings, after each set of tests, the ring is carefully cut with no temperature increase up to 

50°C to extract track samples. The tracks cuts are observed with an optical microscope after 

mechanical polishing and Nital etching. The sample were also prepared for observations in Secondary 

Electron (SE) mode in the Scanning Electron Microscope (SEM) and for Electron BackScatter Diffusion 

(EBSD) mode. For the SE mode, the sample were etched with Nital, for a better observation of the 

cementite lamellae and to reveal the possible WEL. For the EBSD mode, the sample were 

mechanically polished up to 1 µm. For some cross section samples, it was possible to carry out an 

additional ionic polishing with a PIPS ILLION 2 with accelerating voltage 4 kV to obtain a clean sample 

surface state very close to the surface edge. The observations were performed with different 

microscopes: a FEG Zeiss Supra 55VP equipped with an Oxford EBSD Symmetry detector with an 

accelerating voltage set to 12 to 15 kV, a FEI Quanta 600 with an accelerating voltage of 20 kV, and a 

FEG Zeiss Σigma 600 with an accelerating voltage of 25 kV. The EBSD data treatment was realized 

using Atex software [34]. 
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3. Results 
 

3.1. Mechanical conditions to reproduce WEL: effect of the fuse layer on wear and 

WEL formation. 

 

3.1.1. Ring test with extensive cleaning of the discs (ethyl acetate): Ring A 

For both samples (Test #1 and Test #2), the optical microscopy observations of the surface revealed 

an important enlargement of the track width compared to the track width after the first wheel turns. 

The latter was close to theoretical hertz calculation of contact patch width. The limits of the track 

width can be identified from the machining marks of the rail, which are visible on the two external 

parts of the track. On the pure rolling test (Figure 2a), the track width is about 6.1 mm (+/- 0.2 mm). 

Along the track width, only one major strip can be observed. This strip presents a longitudinal flow of 

3rd body (QiLon-3rd) (See ANNEX: Conceptual tools: Third body and flows and Figure 20). The irregular 

profile of this layer presents higher peaks than the machining marks. This highly suggests that it 

corresponds to a spread of particles coming mainly from the disc rather than particles from the disc 

itself. For the 0.5% sliding test, (Figure 2b), the tracks width is about 6.8 mm. One central strip (I) 

shows a rather smooth and homogenous aspect. The profile on this part is slightly lower than the 

machining marks, highlighting the wear of particles from the ring. On the two outer strips, the profile 

and the black particles shows the accumulations of 3rd body particles on the side of the contact, 

which correspond to a lateral flow (QiLat-3rd). 

 

 

Figure 2 Surface observation and profile measurement of the ring A, observed with optical microscope for a) pure rolling test 

(test #1) – track width=6,1mm and b) rolling with sliding test (test #2) – track width=6,8mm. The track border is indicated as 

a red line 

 

The different aspects of the two tracks can be explained with the following elements: 

The disc rotates about 28 more times than the ring, therefore a predominant detachment of particles 

can be expected from the disc part. 
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In pure rolling test, the detachment of particles from the two bodies should be lower than in 

presence of sliding. The absence of sliding in the contact is suitable to accumulate the 3rd body 

particles detaching from the disc. 

In rolling with sliding conditions, the 3rd body particles within the contact tends to be ejected, and 

some detachment of particles from the ring can be observed even for a low number of cycles. 

This behavior is confirmed by scanning electron microscope observations in SE mode. The Figure 3 

shows a longitudinal section of the ring in the middle of the track, for the pure rolling test (a) and for 

the rolling with sliding test (b). On the pure rolling test, the detachment of 3rd body particles appears 

as a thin strip of 5 to 10 µm thickness. On the rolling with sliding test, the same phenomenon is 

observed, as well as a thicker band of 10 to 20 µm of mater from both 3rd in surface and 1st body 

from the ring (Source flow Qs). 

 

Figure 3 Longitudinal cut of the ring part, observed with scanning electron microscope for a) test #1 pure rolling test and b) 

test #2 rolling with sliding test 

These observations after 1,000 ring rotations show a massive flow and detachment of 1st and 3rd 

body particles which is not representative of the real wheel-rail contact. This is similar to the 

considerable wear observed during the twin disc test in absence of fuse layer[29]. Regarding the flow 

description of the Figure 2, this means that the source flow Qs-disc from the disc first body is too 

massive in the pure rolling test. In the rolling with sliding test, the source from the two first bodies 

(Qs-disc and Qs-ring), and the wear flow Qw are too important to be representative of the real 

conditions. This can be explained by the stronger adhesion of the disc and ring surfaces compared to 

the cohesion of the disc material itself. The high adhesion is possible because of the important pre-

cleaning of the surfaces and the probable activation of the dangling bonds as developed in [29]. As a 

consequence, another series of tests were performed with a limited cleaning of the surface to limit 

surface adhesion and therefore wear. 
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3.1.2. Ring test with regular cleaning of the discs (without ethyl acetate): Ring B 

The cleaning process was modified (regular cleaning) to avoid an excessive adhesion of the surfaces 

in contact due to the extensive cleaning with ethyl acetate. After standard pure rolling test condition 

(test #1), the track width was almost divided by 2 with about 3.5mm width against about 6.1mm 

previously on ring A (Figure 4(a) and Figure 2(a)). In the middle of the track, some evidence of a 

limited longitudinal flow of 3rd body QiLon-3rd is visible. The contribution of 3rd body creation by 

detachment of particles from the disc is thus lower than previously (low Qs-disc and Qw). Some 

marks of machining can also be observed, indicating the relatively low wear rate of the ring (low Qs-

ring and Qw). The resolution of the profile measurements of the following tracks was not sufficient to 

bring a reliable quantitative value of the wear rate. The second track corresponds to the standard 

rolling with sliding test Figure 4b). The surface of the ring presents a different aspect from the 

previous pure rolling test. The track width is enlarged to about 4.1mm against about 3.5mm. Almost 

no evidence of 3rd body flow coming from the disc or machining marks are visible on the track 

surface. This indicates a probable detachment of particles from the ring (Qs-ring), and the ejection of 

the 3rd body particles (Qw) from the contact. 

 

 

Figure 4 Surface observation with optical microscope on ring B of: a) the pure rolling test (test #1) on ring B, b) the rolling 

with sliding track (test #2). The enlargement of the track width is clearly visible. 

This is confirmed by the SEM observation of the longitudinal cut in SE mode. The Figure 5 presents 

the two typical morphologies of the track surface after the rolling with sliding test. The Figure 5a) 

presents the deformation of the surface due to shear stress induced by sliding. The Figure 5b) 

exposes detachment of a thin lamellae of the steel ring. Such observations, representative of whole 

surface of the rolling with sliding test, were barely observed on pure rolling test tracks. 
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Figure 5 Longitudinal observation with scanning electron microscope (SE mode) of the ring subsurface showing the effect of 

shearing due to sliding in Ring B test #2: a) deformation of the surface, b) detachment of particles 

The test with sliding analysis proves that the detachment of particles and wear is too important on 

the ring part, which is consistent with the field observations. It does not enable to reach a possible 

transformation of the pearlite at the surface into white etching layer, despite the improvement of 

wear rate with the change of cleaning protocol.  

In order to prevent such early particles detachment, the third test condition was run to assess the 

influence of a tribological fuse. This tribological fuse is made of a run-in layer at the ring surface, 

created during 1,000 cycles of pure rolling. After this pre-test the disc is changed for a new one for 

the standard rolling with sliding test. Therefore, the surface microstructure of the ring before the 

rolling with sliding test is no more undeformed pearlite but the deformed state reached at the end of 

the standard pure rolling test. The track of sliding test with a run-in fuse layer in Figure 6 shows two 

distinct parts. The middle one with 3.5mm width, which was the width of pure rolling test track. No 

machining marks or evidence of noticeable 3rd body can be seen. On the other hand, the two 

boundaries present an accumulation of 3rd body particles on 0.5mm width. Considering the fact the 

track is not larger than the one of the previous tests, and that this tracks went through to 2,000 

cycles (1,000 for the run-in and 1,000 for the sliding) against 1,000 for the two previous tests, the 

wear is less important than the standard rolling with sliding test without fuse layer. This qualitative 

observation highlights the importance of a tribological fuse layer on the switch between wear and 

fatigue mechanisms. 
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Figure 6 Top view of the rolling with sliding test track on rail B after the creation of the fuse layer by 1000 cycles of pure 

rolling (test #3). 

For each tests, HV0.1 hardness measurements were performed three times every 70 µm from 20 µm 

(in order to avoid edge effect at the surface) to 1350 µm of depth. Additional measurements were 

made out of the track. The results, Figure 7, reveal that the hardening is globally more important 

after pure rolling test (red line) than after sliding tests. A hardness of 350 HV (+/-5) is measured at 

20 µm for the pure rolling tests, whereas it is 325 HV (+/-12) for the pure sliding condition, and 

335 HV (+/-15) in the case of the test with fuse layer. A decrease in hardness with a similar slope is 

observed for the three sample. At 250 µm depth the same hardness is observed in the track as in the 

reference material.  

The same pure normal force is applied for all tests, which should lead to a similar surface hardening. 

However, the surface observations indicated that sliding conditions lead to more wear, which can be 

the cause for the apparent shift of the curves towards higher depth. One can see that, in the case of 

the fuse layer, the surface hardness is slightly higher than the one of the pure sliding test. This 

demonstrate the beneficial aspect of the creation of the fuse layer for the limitation of wear. 

However, the hardness level observed in surface for this sample are far from the ones expected in 

the case of a WEL.  



12 

 

 

Figure 7 Hardness measurements along depth for each test track on rail B: Black: out of track, Red: standard pure rolling 

(test #1). Blue: standard rolling with sliding (test #2). Orange: rolling with sliding after fuse layer formation (test #3). 

Nevertheless, even with a run-in fuse layer, the detachment of particles is still too important which 

shows that this layer is not sufficient to reproduce the wheel-rail contact reality, and has to be 

improved. The previous study [29] showed better results in WEL initiation on twin disc tests with the 

presence of a corrosion layer at initial state.  
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3.1.3. Ring test with corrosion fuse layer on ring and discs surface: Ring C 

A layer of corrosion was created at the ring and discs surface as described previously. Based on field 

observation of the real wheel-rail contact environment, it looks natural to add a corrosion layer on 

top of the rail prior any test. 

The same tests as for the Rail A and B were performed (Test #1 and #2). It’s been possible to extend 

the sliding test up to after 3000 cycles thanks to the presence this corrosion fuse layer, which is 

expected to prevent massive wear of the track (Test #3).  

3.1.3.1. Track surface observation 

The comparison in the Figure 8 of the top views of the pure rolling test track and the rolling with 

sliding test track, shows several similarities. The two tracks have the same width (7 mm), which 

indicates a similar wear level (Qw) even with different sliding conditions, and both present five strips. 

The profile of the tracks could not be provided due to the important light contrast between the 

orange corrosive fuse layer and the shiny track. The use of a mechanical profilometer would have 

damaged the track surface. On the areas 1 and 2, the corrosive fuse layer was fully removed. On area 

1 in the middle of the track, the surface is rather shiny and presents very few 3rd body flow in the 

longitudinal direction. On areas 2, the amount of 3rd body flow is more important (Qi 3rd). These 

transition strips correspond to the progressive accumulation of 3rd body due to the progressive 

enlargement of the width of contact from the center to the borders. On the sides, the strips 3 

correspond to the areas were the discs made a lower amount of cycles. Thus, the corrosive fuse layer 

is not fully detached and the machining marks can be spotted. These observations indicate a 

relatively low amount of wear.  

 

Figure 8 Ring C, Top view of: a) the standard pure rolling test track (test #1), b) the standard rolling with sliding test track 

(test #2) 

After the fuse layer formation and 3,000 cycles rolling with sliding test (test #3), on Figure 9 the 

width of the track is similar to the two previous tests, but the accumulation of 3rd body, and the 

width of the strips 2 are more important. This indicated that the detachment of particles from the 

ring part is probably similar to the previous test #2 on ring C (Figure 8b)) with a corrosive fuse layer 

(Qs-rail), but the detachment of particles from the discs is more significant (Qs-disc). 
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Figure 9 Ring C Top view of the 3,000 cycles rolling with sliding test track (test #3) 

The hypothesis is reinforced by the hardness measurement on Figure 10 at 20 µm depth. After pure 

rolling (test #1) and after pure sliding without fuse layer formation (test #2), similar mean hardness 

at 20 µm. The pure rolling test (test #1) presents a slightly higher hardness (310 HV) than the one for 

the rolling with sliding test (test #2) (295 HV).  

3.1.3.2. Hardness results 

With the creation of the corrosion fuse layer, a significant increase in hardness is observed at the end 

of the tests, even in rolling with sliding test with 370 HV measured at 20 µm depth for 3000 cycles. 

This is much more than what was observed in the case of only 1,000 cycles with 295 HV. This 

indicates that the hardening of the steel seems faster that the detachment of ring particles at the 

surface. Therefore, this means these operating conditions are favorable to the steel microstructure 

transformation and then, to the mechanical formation of the WEL, with regard to wear/fatigue 

competition. 



15 

 

 

Figure 10 Hardness measurements along depth for each track of the corrosive fuse layer tests (Ring C). Black: out of track, 

Red: standard pure rolling test (test #1). Blue: standard rolling with sliding test (test #2). Orange: 3,000 cycles standard 

rolling with sliding test (test #3). 

3.1.3.3. Cross-section SEM analysis 

Some longitudinal cut have been etched with Nital in order to evaluate the presence of WEL. The 

Figure 11 show observations with scanning electron microscopes of the 1,000 cycles rolling with 

sliding test. A singular bright layer of 5 µm at the surface is observed at different localization along 

the sample. The frontier with the subsurface is locally uncertain and progressive. On the sample 

corresponding the longitudinal cut of the 3,000 cycles rolling with sliding test, the layer observed is 

thicker (5-15 µm). The spots observed along the surface are from 10 to 100 µm long. The layer is 

darker but its aspect is quite homogenous with no evidence of lamellar microstructure. 

 

 

Figure 11 Longitudinal cut of the rail track of the standard rolling with sliding test after Nital etching (Ring C, test #2) a) 

observation with optical microscope, b) observation with scanning electron microscope (SE mode) – the presence of a WEL is 

clearly visible at the ring surface 
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The Table 3 summarize the main trend of the tests performed on the wear observed and the 

formation of WEL. The effects of the mechanical loadings and the presence of fuse layer on the 

microstructure will be described and analyzed in the following part. 

 

Details of test conditions in 

Table 1 and Table 2 

Test 1 

1,000 cycles 

Pure Rolling 

Test 2 

1,000 cycles 

Rolling with sliding 

Test 3 

B: Rolling then sliding 

C: 3,000 cycles Sliding 

RING A Extensive cleaning 
Wear: important 

no WEL 

Wear: important 

no WEL 
none 

RING B Regular cleaning 
Wear: significant 

no WEL 

Wear: important 

no WEL 

Wear: few 

no WEL 

RING C Corrosion on surface 
Wear: few 

no WEL 

Wear: few 

Probable WEL 

Wear: few 

Probable WEL 

Table 3 Summary of mechanical tests types on Wear and WEL formation 

3.2. Microstructural transformation due to mechanical solicitations  

3.2.1. Observation on Ring B 

 

In order to better understand the microstructural mechanism leading to the formation of the run-in 

fuse layer and the mechanisms leading to the apparition of WEL, the microstructure of selected 

samples was characterized using EBSD.  
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Figure 12 : (a-c) IPF X maps of a longitudinal cut of the ring B sample for the pure rolling test (test #1). The yellow rectangles 

in (a) and (b) are indication of localization of the maps (b) and (c) respectively. Depending on the depth, three 

microstructures noted (1),(2) and (3) are visible, and are separated by red lines.  

The microstructure of the pearlitic steel before deformation is observed on the bottom of Figure 

12a). It consists of pearlite nodules of around 60 µm in diameter, with a relatively uniform 

crystallographic orientation in each nodule. The cementite layers are not visible at this scale. After 

the standard pure rolling test, the microstructure is affected by the deformation on the first 60 µm. 

As the deformation tends to break the nodules and increase the dislocation density, smaller nodules 

are visible close to the surface, and the indexation rate drops so that the microstructure is barely 

visible on the last 50 µm. When adding an ion polishing step for the material preparation, and 

decreasing the step size as well as the accelerating voltage, the indexation rate can be significantly 

improved so that the microstructure can be observed up to the first micrometers beneath the 

surface (Figure 12b) and c)). 

A gradient of microstructure as a function of the depth is clearly visible on Figure 12b). Three 

different zones where different microstructures are identified. The zones are separated by red lines 

on Figure 12b) and c), and denoted (1), (2) and (3).  

For depth between 30 to 60 µm (zone 3), the nodules of pearlite are deformed so that their 

identification from their orientation color becomes difficult. Some pearlite colonies remain 

recognizable from the ferrite and cementite lamellas that are not fragmented. For similar depth, one 

can see that some areas are more morphologically deformed than others, which implies that the 
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local deformation is dependent on the orientation of the colony, with respect to the deformation 

stress induced during the test.  

For depth from 8 µm to 30 µm, a second microstructure was identified as (2). Note that the transition 

between zone 2 and zone 3 is not clear, as the microstructural changes are not abrupt but follow a 

gradient. In this area, where the morphological deformation is much higher than in zone (3), the 

nodules cannot be identified any more, and the pearlite colonies are fragmented. Moreover, the 

fragmented entities tend to align parallel to each other and to the surface, in the direction of stress. 

This is particularly visible in the area encircled in orange, where all fragments present a similar 

orientation and are well aligned parallel to the surface. Therefore, the realignment of the fragmented 

part is dependent on the original orientation of the pearlite with respect to the macroscopic stress. 

The fragmented parts present a length of around 1 µm and a thickness of around 0.5 µm. This type of 

fragmentation and realignment of the lamellas was already observed during high deformation of 

R260 steel [30], [35]–[37]. In [38] a similar microstructure was investigated by transmission electron 

microscopy (TEM), and revealed that, even if the lamellas are reduced and are realigned, cementite 

layers are still present between the lamellas. 

Finally, for depth between the surface and 8 µm, the intense deformation gave rise to a population 

of spherical grains few hundred nm in diameter (zone 1). The microstructure of the pearlite has 

completely vanished and no nodules or lamellas can be identified anymore. The interface between 

zone (1) and zone (2) is much sharper than the one observed between zones (2) and (3).  

 

Figure 13 : IPF X map of a longitudinal cut of the ring B sample after rolling with sliding test (test #2), indexation step 

0.07 µm 

The microstructure observed after sliding tests is presented on Figure 13. From the surface to the red 

line (about 10 µm depth), the microstructure is made of pearlite nodules partially fragmented, 

similar to zone (2) presented in Figure 12. It is composed of slender entities (1 to 1.5 µm long) with 

the same crystallographic orientation. The layer (1) observed in the case of pure rolling, consisting of 

circular entities of diameter (0.1-0.5 µm) is not present in this sample. Deeper, the microstructure is 
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quite different: the nodule of pearlite are elongated along the sliding direction because of the shear 

stress induced. Furthermore, a strong disorientation is observed within the nodule, characteristic for 

plastic deformation. Such deformations are not visible any more for areas deeper than 30 µm. 

On the test #3 of ring B after the formation of a run-in fuse layer, the three areas found in the pure 

normal test sample are also observed: (1) first 7-8 µm consisting of 0.1-0.5 µm diameter spherical 

entities, (2) to about 15 µm depth with slender entities of 0.5 to 1 µm long, and (3) to 30 µm with 

partially fragmented pearlite nodules. For depth greater than 30 µm, a similar microstructure as the 

one of the undeformed steel was observed.  

 

Figure 14 EBSD maps of longitudinal cut of rail samples on ring B after fuse layer formation (pure rolling + rolling with sliding 

test: test #3): a) IPF X map b) grain size map, zoom of areas 1 and 2 on map a), indexation step 0.02 µm 

 

The hardness measurements at the surface or close to the surface of Figure 7 can be correlated to 

the microstructural state. The high level of hardness corresponds to the most important refinement 

of the pearlite into small circular entities. It is observed for limited amount of wear and thus to the 

part of material which was solicited by rolling with no or few particle detachment. The energy was 

mainly dissipated into the modification of the microstructure and first body flow (Qi-rail) for the test 

pure rolling test and rolling with sliding test with a run-in fuse layer. Whereas the energy was also 

dissipated into detachment of particles (Qs-rail Qw) for the rolling with sliding test.) 

 

3.2.2. Effect of oxidation on the fuse layer (Ring C) 

The EBSD maps of the Ring C could not be prepared with the same protocol used for the previous 

test series due to technical reasons. Therefore, it was not possible to obtain a sufficient indexation 

ratio to observe properly the layer very close to the surface (from 0 to 20 µm), and some 

uncertainties remain concerning the exact state of the microstructure. Nevertheless the sufficient 

quality of the map and the scenarios proposed for the previous tests, enable to suggest a 

microstructure transformation scenario for the corrosive fuse layer test series of Ring C. 
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The Figure 15 compare the IPF maps of longitudinal cuts of the pure rolling test (a) and the rolling 

with sliding test (b). The yellow rectangles marks out the approximate limit between the area close to 

the surface where the pearlite nodules seem to be rather fragmented, and a deeper area were the 

pearlite nodules are not fragmented. On the pure rolling test, this depth is close to 25 µm while it is 

lower than 20 µm for the rolling with sliding test. The slight different of thickness of this subsurface 

layer is consistent with the slight difference of hardness and particles detachment (Figure 8 and 

Figure 10). On the rolling with sliding test, the red curves from 20 to 40 µm highlight a morphological 

deformation of the pearlite nodules in the sliding direction. Such deformation is not observed on the 

pure rolling test. Considering these observations, it is suggested that the microstructure of the pure 

rolling test with a corrosive fuse layer (Ring C test 1) is similar to the one of pure rolling test of Figure 

12 (Ring B test 1). Similarly, the microstructure of the rolling with sliding test with a corrosive fuse 

layer (Ring C test 2) is close to the one of a rolling with sliding test with a run-in fuse layer on Figure 

14 (Ring B test 2). 

 

Figure 15 EBSD maps on ring C combining IPF map and Band Contrast of longitudinal cut of ring sample for: a) standard pure 

rolling test (test #1), b) standard rolling with sliding test (test #2), indexation step 0.1 µm 

The Figure 16 is an IPF map of a longitudinal cut of the 3,000 cycles rolling with sliding test. The 

global aspect of the IPF maps of these two sliding tests (Figure 15b) and Figure 16) is similar with a 

scale difference. They both presents pearlite nodules close to the surface which are both 

morphologically deformed in the sliding direction and fragmented. This layer of fragmented pearlite 

nodule seems to be much larger for the 3,000 cycles test (about 40 µm) than for the 1,000 cycles test 

(about 20 µm). This enlargement of the fragmented nodules layer and the hardening of the surface 

and subsurface is consistent with a microstructural transformation rather than a particle 

detachment. WEL was observed in that last sample Figure 11, meaning that such microstructure 

favors the formation of mechanical white etching layer. 
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Figure 16 EBSD maps on ring C combining IPF map and Band Contrast of longitudinal cut of ring sample for the 3,000 cycles 

rolling with sliding test (test #3), indexation step 0.1 µm 

 

4. Discussion 
 

The three different types of microstructural organizations observed on different cross-sections of 

Ring B are sketched on Figure 17. They are placed side-by-side with a vertical shift corresponding to 

an estimated initial surface. Thus, the relative positions of the sketches illustrate the depth of wear.  

The samples (corresponding to tracks) were submitted to different types of solicitations. A normal 

stress for every tests due to the normal force applied on the contact, and a tangential shear stress in 

the specific case of rolling with sliding. Depending on the solicitation and the presence of a fuse layer, 

the microstructure responses were different. 

The normal stress induced a refinement of the microstructure with the observation of two levels of 

fragmentation in the subsurface (Figure 17 (a) and (c)): circular nanograins (0.1-0.5 µm) in the first 

micrometers below the surface, and circular nanograins with slender entities (1-1.5 µm) which must 

be lamellae fragments. The frontier with the deeper phase presenting unfragmented nodules is 

sharp. In case of shear caused by sliding, the microstructure has two mains responses between the 

surface layer and the deeper layer of material, which can be the signature of the cohesion of these 

layers: 

 

- In some case (weak cohesion), the surface layer tends to detach from the sample, leading to wear 

(Figure 5b) and the removal of the layer of nanograins (Figure 13 and Figure 17). This could be the 

sign of a weak cohesion of the surfacic layer 

- In some other case (stronger cohesion, the material tends to deform. It can be surface deformation 

as presented in Figure 5a), which tends to detach later on, or deformation of the microstructure 

which tends to keep deforming deeper under the surface. The nodules of pearlite can present a 

crystallographic reorientation, or/and a morphological deformation. The results of the run-in fuse 

layer sample (Ring B test 3) indicates the crystallographic reorientation of the nodules happens 
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before the morphological deformation. This was already observed in the same rail steel in the study 

of Head Check development by Dylewski on rails on field [39]. In this case, we can  

 

 

Figure 17 Schematic representation of the microstructure of the tests of Ring B (a) test #1 – no fuse layer, 

pure rolling (b) test #2 – no fuse layer, sliding (c) test #3 – Run-in fuse layer, Pure rolling + sliding 0,5% 

 

The Figure 18 highlights the different scenarios of microstructure evolution in function of the 

presence of the run-in or corrosive fuse layer, and thus either in case of pure rolling or rolling with 

sliding solicitation. 
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Figure 18 Scenarios of microstructure transformations occurring during (a) Ring B, test #1 and first part of test #3- (b) Ring B, 

test #2 - (c) Ring B, second part of test #3 - (d) Ring C, test #3. The presence of a nanostructure on the surface (due to run-in 

fuse layer) limits the wear in presence of shear loading. A corrosive fuse layer enhances the mechanical WEL formation at 

the surface by the stronger deformation endured by the nanostructural layer, as this latter is protected by the corrosive layer 

during the first loading cycles  

The presence of a fuse layer composed of nanograins (Figure 18(c)), formed during pure rolling 

(Figure 18(a), reduces the detachment of particles at the surface, as its hardness is higher than the 

one of the bulk material. Moreover, the deformation gradient increases the cohesion between the 

top surface and the bulk of the material. This may participate to limit further wear at the surface 

compared to the same loading applied to plain rail (Figure 18(b)), even when shear is applied, but 

does not completely prevent it. As a result, the hardened layer slowly vanishes as a result of wear, 

and do not further deforms. This can explain why no WEL was observed in that case.  
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By contrast, WEL has developed with the formation of a corrosive layer (Figure 18(d)).  

The first reason for this apparition could be a physico-chemical effect: due to carbon and oxygen 

atoms Chemical affinity, the carbon atoms mobility is reduced, what could change its migration 

mechanism out of pearlite, and the formation of the WEL is enhanced. This could explain why squats 

are barely observed in tunnels area where rails are more protected from humidity, and so where 

corrosion layer are less prone to form [40]–[42].  

The second reason could be a kinetic effect, it takes some cycles to completely remove the oxide 

layer. During this period, the steel sub-layer has time to harden and form a nanograin structure, 

without being submitted to wear. This nanograin structure sufficiently develops to be further 

resistant to wear, so that, when submitted to shear stress, it continues to mechanically deform until 

creating a WEL layer. The formation of mechanical WEL is a progressive process due to the 

accumulation of solicitations, and a progressive transformation of the microstructure. By contrast, 

the thermal WEL can be formed very quickly, for instance with a very high sliding ratio. The aspect of 

the layers observed on the sample with the corrosive fuse layer and a moderate sliding ratio, highly 

suggests the progressive formation of WEL by spots as presented by (Baumann 1991). Nevertheless 

the well-known properties of WEL (thermal and mechanical) are established for fully formed and 

substantial WEL.  

 

5. Conclusions 
Tests of rolling contact have been performed on a disc-on-ring test bench. The tests conditions 

similar to wheel-rail contact, were held in pure rolling and rolling with a realistic sliding ratio. The 

formation of White Etching Layer (WEL) with a mechanical process was investigated on R260 pearlitic 

rail steel. The different samples were analyzed through observations of 3rd body flow in the contact, 

and microstructure characterization of cross-section with optical and scanning electron microscopy 

(SE and EBSD) and hardness measurements. 

The different scenarios of the wear behavior and microstructural transformation were drawn. The 

influence of the conditions of preparation of the sample surfaces, in particular of the presence of a 

tribological fuse layer (either a run-in layer or a corrosive layer) on the wear fatigue competition and 

the WEL formation, were also studied. 

The normal stress due to the normal force in the tests leads to the formation of a hardened layer of 

nanograins. When submitted to shear in the rolling with sliding tests, this layer is removed by wear if 

the cohesion between the surface and the bulk is too weak. The presence of a fuse layer before the 

shear solicitation by sliding increases this cohesion, and turns the wear behavior into progressive 

microstructural transformation. Therefore White Etching Layer were formed through a mechanical 

process with realistic operating conditions avoiding the formation of thermal WEL.  

These results are the key points for the future study of the WEL development during in situ tests. The 

evolution of the properties of a WEL during its process of formation are less known. At each phase of 

their development nanohardness tests would be necessary to evaluate the increase of hardness of 

these WEL spots compared the other points at the sample surface. Further investigations with APT or 

TEM are required to assess the cementite dissolution which is an indicator of the progression of 

formation of the mechanical WEL.  
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ANNEX: Conceptual tools: Third body and flows  
In order to describe the different test results, and specifically to take into account the competition 

between wear and material transformation to form eventually WEL, some conceptual tools will be 

described. 

The tribological triplet introduced by Godet (Godet) is the approach where the two solids in contact 

(called the “First Bodies”) are separated by a layer of “Third Body”, and are linked by the 

“Mechanism”. The latter includes the solicitations to the contact, the stiffness and dampers, inertia 

of the system. The third body is formed from particles of the two first bodies (wheel and rail) but also 

from external pollution as braking or sand particles, water or leaves for instance on the wheel-rail 

contact. (Berthier 2004) 

 

Figure 19 The tribological triplet by Godet and Berthier [43], [44], figure from [45] 

 

A second tool will be used to describe the sample observation, the tribological circuit. It is the 

material flows in the tribological triplet (Berthier 1988). Five flows are distinguished: 

Source Flow Qs: composed of particles detaching from the first bodies staying inside the contact Qsi 

and the particles coming from the outside of the contact Qse.  

Internal Flow Qi: it is the movement of particles within the contact (either inside the third body or 

the first bodies) 

Ejection Flow Qe: it is constituted of particles which are definitely ejected from the contact, wear 

particles Qw, and particles subjected to go back in the contact later on, the recirculation flow Qr. 

These flows can be separated in the lateral and longitudinal directions, and thus are represented for 

the wheel-rail contact as in Figure 20. 
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Figure 20 Tribological circuit in wheel-rail contact along a) longitudinal direction, b) lateral direction 

 




