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Abstract: Structural changes on the surface of R260Mn grade rails, developed during wheel/rail contact were investigated by optical mi-
croscopy, electron backscatter diffraction (EBSD), transmission Kikuchi diffraction (TKD) in scanning electron microscope (SEM) and 
transmission electron microscopy (TEM) The microstructures of the heavily deformed surface layer known as white etching layer (WEL) and 
the deformed under layer were characterized in different length scales.  Ferrite grain fragmentations and grain alignment in normal direc-
tion, (perpendicular to traffic direction) are characterized by all applied methods. Substructures, having misorientations lower than 5°, are 
identified by analysing the local misorientation maps (kernel average misorientation (KAM)). Retained austenite was detected in the WEL by 
XRD, EBSD and TKD. Detection of retained austenite and ultrafine grain structure were considered as an indication for mixed mechanism 
of formation of the WEL where both martensitic transformation and severe plastic deformation take place.  
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1. Introduction
The rolling contact fatigue (RCF) damage in rails is significant-

ly affected by the loading conditions, imposed by the running trains. 
The passing trains exert complicated and dynamic stresses on the 
underneath rails and RCF cracks will occur at sites where suffer 
maximum stresses, e.g. [1,2]. The RCF damage initiation and prop-
agation are, meanwhile, determined by the microstructures in the 
rail steel, and the corresponding mechanical properties [3–7]. It is 
specifically pointed out that microstructure study is essential in 
understanding the root of and the subsequent resistance to RCF 
crack developments in the rail steels [8,9].  RCF, results in macros-
copic head checks and squats, foreboding failure. In the initial stage 
of damage evolution due to RCF, microstructural changes are often 
found to occur in the surface layer of the rails, resulting in a so-
called White Etching Layer (WEL) or a variant, a Brown Etching 
Layer (BEL). The same phenomenon, often indicated as white 
etching areas, is recognised to occur and play a significant role in 
RCF in other geometries, like ball bearings [10]. A subsequent stage 
of RCF, microscopic damage initiation and initial growth, occurs to 
a substantial extent (although not exclusively) in connection with 
the WEL or BEL. Different authors associate formation of white 
etching layer with formation of ultrafine grains via severe plastic 
deformation [11] or via phase transformation due to local increase 
in the rail temperature [12]. The goal of the current work is to con-
tribute to a better understanding of the nature of the white etching 
layer (WEL) and the formation mechanism. It is believed that this 
will help to develop new steel grades with better resistant to RCF 
and hence with prolonged time between maintenances.  

2. Experimental

The studied WELs were taken from an R260Mn grade rail 
track, which was originally implemented in a straight track site 
between Meppel and Steenweg between 1989 – 2007 in the Nether-
lands. The corroded and oxidized products in the rail surface, due to 
unprotected lab storage in the air after removal, was carefully 
ground away by using Struers #2000 grinding papers. The freshly 
revealed steel surface was subsequently etched by 2 % Nital, show-
ing areas with noticeably different colors, e.g. in Fig. 1(a). Isolated 
blocks of light color areas can be seen to locate close to the two 
edges of the running band after etching. The surrounding areas were 
etched to be gray and can be easily recognized by naked eyes. The 
empty dashed white loops in the photo in Fig. 1(a) are for indication 
of shapes and distributions of the light blocks. The notations of RD, 
TD and ND refer to directions parallel with the traffic direction 
(RD), transverse direction (TD) and direction perpendicular to the 
rail surface (ND) respectively. 

Fig. 1: a) An overview of rail surface after careful grinding and subsequent 
etching with 2 % Nital; (b) the enlarged view of the downright light block; 
(c) A representative micrograph in the main light block in (b); (d) optical
micrograph of a cross-sectional specimen, cut cross one of the WEL blocks
in (a). Black rectangles with number 1,2 and 3 in  the upper left corner show
the approximate place and size from where the samples for TKD and APT
are taken. 

An enlarged view of a light color block, within the downright 
loop in Fig. 1(a), is shown in Fig. 1(b). It can be seen that the light 
color blocks are not continuous and there are smaller, separated 
light blocks beside the major big one. These tiny light blocks are 
difficult to see in Fig. 1(a), due to the limited resolution of naked 
human eyes. Fig. 1(c) is a further magnified view of the main big 
light block in Fig. 1(b). Again, the structure in the main big light 
zone is inhomogeneous and consists of light and grey areas. The 
light blocks are measured to be ~ 820 HV and are much harder than 
the grey area, which has a hardness close to the pearlite matrix in 
[18]. The black portions in Fig. 1 (c) are probably unremoved oxide 
layers. Finally, Fig. 1(d) is an optical micrograph of a cross-
sectional specimen, cut cross one of the WEL blocks, after being 
revealed by 2% Nital.  WEL with classic morphology and the be-
neath pearlite are readily recognized. 

XRD scans were firstly done on the WEL zones in rail piece in 
Fig. 1(a), after a subsequent polishing with 1 μm diamond suspen-
sion. The scans were done in a Bruker D8 X-ray diffractometer with 
a parallel beam geometry and a cobalt source was used The scan-
ning step size (2θ) was set to be 0.03º and 40°–90° 2θ angular range 
was scanned with a speed of 2 s/step. For comparison, one sample, 
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cut from the rail center, was scanned under the identical setting and 
serves as a reference.  

The cross-sectional WEL specimen in Fig. 1(d) was firstly cha-
racterized by electron backscatter diffraction (EBSD). The orienta-
tion data was collected under 20 kV, beam current 2.3nA, final 
aperture size of 40 μm and a working distance of 16 mm. The data 
was collected with EDAX-TSL OIM Data Collections v6.2 soft-
ware, with a hexagonal scanning scan grid mode with a step size of 
50 nm.  

Three TEM lamellae were subsequently extracted from the spe-
cimen for EBSD scans via lift-out method in an FIB-SEM, FEI 
Nova 600 Nanolab DualBeam. In the subsequent sections, the three 
TEM lamellae were named after their relative original positions in 
the WEL see Fig. 1(c) black rectangles: (1) WEL-surface, ~ 3 μm 
beneath the rail surface; (2) WEL-center, ~ 12 μm below the rail 
surface and approximately in the center of the WEL; (3) WEL-
interface, in the WEL and is ~ 1 - 2 μm above the WEL/pearlite 
boundary. TKD measurements on all the three lamellae were firstly 
done in the same SEM instrument used for EBSD measurements in 
this paper. The scans were done with a 5 mm working distance, 30 
kV voltage and 12 nm step size. All the orientation data was ana-
lyzed by the OIM post processing software, version 7.30. 

The same TEM lamellae were further characterized by a Jeol 
JEM-2200FS FEG-TEM with a Cs corrector for the objective lens. 
The experiments were done under 200 kV. A minimum objective 
aperture size of 100 nm was used for forming the selected area 
diffraction (SAD). 

For compositional analysis, the sharp needles along WEL depth 
were prepared from the same main WEL block and the same posi-
tions as the TEM samples. The measurements were done in a Ca-
meca LEAP-4000x HR 3D atom probe microscopy.   

3. Results and Discussion 
3.1. XRD results 

 
Fig. 2: XRD spectra of the WEL zone at rail surface and the refer-

ence pearlitic specimen from the rail center 
 

Fig. 2 shows the XRD spectra of scans from the surface WEL and 
from the central part of reference specimen, which has a full pearlite 
microstructure. The central reference specimen is identified to 
consist of cementite and ferrite phase. A similar phases were recog-
nized in the spectrum of surface WEL specimen, with additional 
(200)austenite  and (220)austenite  peaks and “blurred” and weak cemen-
tite peaks. In addition, the (110)ferrite and (200)ferrite peaks in the 
WEL are broader than that of reference sample and are slightly 
asymmetric. This can be due to small grains or high dislocations 
density of this zone. The unexpected peaks in the WEL specimen, ~ 
42 ° in Fig. 2, are from the unground oxide during the sample prep-
aration. Observation of these features and especially the austenite 

peaks are first indication for the possible formation of martensite 
structures in WEL. 

 
3.1. EBSD results 

Fig. 3(a) shows a gray scale image quality (IQ) map of BCC 
phase(s), from EBSD scan on the WEL specimen with a superim-
posed a color-coded inverse pole figure (IPF) of FCC phase (auste-
nite). The WEL can be clearly differentiated from pearlite area, by 
areas with lower IQ and appears darker, indicating higher disloca-
tion density or finer grains in the WEL. The grains within the WEL 
are heterogeneous both in size and morphology. The WEL close to 
the rail surface, e.g. within the zone 2 in the empty dashed rectangle 
in Fig. 3(a), show random morphology, while the subsurface WEL 
has elongated grains, e.g. in zone 1 in Fig. 3(a). Furthermore, indi-
vidual WELs in the pearlite zone, identified by the low IQ, were 
observed and were partly indicated by solid black arrows in Fig. 
3(a). This shows that the WEL propagate inside the rail during the 
loading and this seems to happen between the cementite lamellas in 
pearlite. 

 
Fig. 3: (a) The image quality map of WEL imposed with inverse 
pole figure of austenite. Part of pearlite under the WEL was also 
included for the mapping; (b) comparison of grain diameter of the 
‘zone 1’ and ‘zone 2’ in (a) and also pearlite area. 

Austenite was frequently identified in the WEL, as can be seen from 
the superimposed IPF in Fig. 3(a). There is no clear trend of auste-
nite distribution, relating to the WEL depth position, and they locate 
both close to rail surface and close to the WEL/pearlite boundary. 
The white lines delineate the boundaries with an axis/angle relation 
of <112>/90°, representing the Kurdjmov-Sachs orientation rela-
tionship between ferrite and austenite.                                                

Fig. 3(b) is the grain size plot, quantified from the zone 1 and zone 
2 in Fig. 3(a). The grain size of pearlite area beneath the WEL is 
included as well for comparison. Data pixels with confidence index 
(CI) less than 0.1 were discarded for the quantifications, to ensure 
reliable grains. The grain diameters in ‘zone 1’ varies between 
110.0 nm and 4.1 µm, whereas in zone 2, the variations are 112.2 
nm – 2.1 µm and in the underneath pearlite is 113.4 nm – 9.8 µm. 
The average grain sizes of ‘zone 1’, ‘zone 2’ and pearlite are 323 ± 
236 nm, 302 ± 314 nm and 798 ± 320 nm respectively.    

Fig. 4(a) shows the kernel average misorientation (KAM) map of 
WEL in Fig. 3(a), using a threshold of 5 ° and the 1st neighbor. The 
dark zones are due to apply a threshold of 5 ° and 4 pixels for grain 
definition. The fraction of green and yellow, misorientation of 1 – 
3°, in WEL indicate the deformation history in the rails. Such zones 
are much less in the pearlite area in Fig. 4(a) and mainly locate at 
the grain boundaries and the cementite/ferrite phase boundaries. 
Fig. 4(b) is the plot of α-iron KAM, mapped from the whole WEL 
and the pearlite underneath the WEL. The KAM plot of a reference 
area, 500 μm beneath the rail surface and is deformation-free, is 
added as a reference. It can be seen that the WEL has distinctly 
higher KAM than the subsurface pearlite and reference pearlite, the 
latter two areas have similar KAM distribution.   
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Fig.4: KAM map of the WEL specimen, using 5 ° and 1st neighbor 
in (a); and KAM plot of ferrite in WEL and pearlite underneath the 
WEL respectively (b).    

3.2. TKD results 

Fig. 5(a) – (c) show the TKD-IQ maps, superimposed with the 
color-coded IPF of austenite, of the three TEM foils extracted in the 
WEL. The martensite like morphology can be seen in the IQ map of 
WEL-surface and WEL-center, Fig. 5(a) and (b). The grains in both 
lamellae can be observed to be heterogeneous and grains in central 
WEL appears to be finer than the surface one. The microstructure in 
the interface WEL in Fig. 5(c) is different than those in Fig. 5(a) 
and (b). Dark parallel rod-like particles, which fails to be indexed, 
are observed in this TEM lamella. The white lines, with angle rota-
tion of 90°<112>, are again to show the boundaries between auste-
nite and BCC matrix. Among the three TEM foils, the central spe-
cimen shows the highest amount of retained austenite and are fre-
quently observed at the recognized grain boundaries. Fig. 6(a) 
shows the ferrite grain diameter distribution in the WEL-surface, 
WEL-center, and WEL-interface respectively. Grain size in the 
surface and interface WEL are comparable in the size range while 
central WEL has the finest grain size range, below 800 nm. The 
surface and the interface WELs have larger grain size, exceeding 1 
µm. The average grain size of surface WEL, central WEL and 
interface WEL are 640 ± 116 nm, 370 ± 119nm and 887 ± 146 nm 
respectively. Fig. 6 (b) shows the KAM distribution of the three 
TEM foils. The WEL-interface has the lowest KAM. 

 

3.3. TEM results 

Fig. 7(a) is a representative bright field (BF) TEM image of the 
WEL-surface specimen. The high dislocation density and the 
twinning like features can be seen and are frequently observed 
through the whole TEM foil.  

 

Fig.6: (a) Plot of grain diameter vs area fraction of the characte-
rized TEM foils; (b) Plot of KAM of the characterized TEM foils, 
using 4th neighbor.  

The diffraction pattern form the yellow circle is shown in Fig.  
7d and the indexing identifies a {1 1 2} type twinning well con-
firmed by simulated patterns. Due to the extremely high dislocation 
density in the characterized TEM foil, quantifying the dislocations 
density is impossible. Fig. 7(b) is a typical BF image of the WEL-
center TEM foil (sample 2 Fig. 1d). In this specimen, the twinning 
feature and high dislocations remain observed, while is less com-
mon as the one observed in the surface WEL.  

 

Fig.7: (a) The bright field image of WEL in the surface TEM foil. 
The yellow circle is for forming the selected area diffraction pattern 
in (d); (b) a representative BF micrograph of microstructure in the 
central WEL and (c) BF image of WEL-interface TEM specimen; 
(d) the SAD pattern of the area in the empty circle in (a) showing 
typical twinning relation of twinned martensite. 

Fig. 7(c) is an example of microstructure in the WEL- interface. In 
this specimen, the twinning feature is not obvious while a lamellar 
morphology is observed in the BF image in Fig. 7(c). The lamellae 
appear to parallel with each other while also look fragmented. The 
analysis of the SAD pattern taken in the empty yellow circle in Fig. 
7(c) reveals the Bagaryatsky orientation relationship between ce-
mentite (θ) and ferrite (α) [13]: 

3.4. APT results 

Fig. 8(a) shows the atomic distribution of carbon, manganese 
and silicon in an APT needle, extracted 3 μm beneath the WEL. A 
particle enriched of carbon and manganese, while silicon-depleted, 
is observed. The quantification of an area cross the particle is shown 
in Fig. 8(b). The carbon concentration of the particle is 25 at%, 
indicating no partial cementite dissolution in pearlite beneath the 
WEL. 

Fig. 5: The IQ map 
superimposed with the 
IPF of austenite of (a) 
surface WEL; (b) cen-
tral WEL; (c) interface 
WEL. 
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Fig. 8: (a) SEM image of the cross section of WEL. Each square 

shows a place from where an APT sample is taken. The analyzed 
samples are marked with yellow and shown in (b) samples from 
zone 1, (c)-from zone 2 and (d )–from zone 3 marked in Fig. 1d. The 
quantity of the chemical element is proportional to the intensity of 
the color.  

It is clear that all chemical elements are almost completely ho-
mogeneously distributed in the sample which is taken from the top 
of the WEL. This is an indication that not only the cementite par-
ticles were fully dissolved but also the substitutional elements Mn 
and Cr have diffused away from the cementite. This means that the 
temperature probably in this zone was enough high which is in very 
good agreement with the results reported by Takahashi et al[12] that 
predict a temperature increase in the top layer of the rail up to 1400-
1600°C depending on the traffic conditions.   

The middle thickness of the WEL (Fig. 8c) and the transition 
zone (Fig.8d) show very clear  presence of undissolved cementite 
with higher concentration of C, Mn and Cr then in the matrix.   

4. Conclusions 

Analysis of the above results shows that the formation of the 
WEL  in the rail steel can be associated with local increase of the 
temperature in the rail surface to the levels where the diffusion of 
carbon an d substitutional elements takes place. This temperature is 
above the Ac1phase transformation temperature, and it is reached 
with high speed followed by subsequent cooling. Such thermal 
cycle causes martensitic transformation in the surface layer in con-
dition of very heave compressive and shear stresses.  The evidences 
for the martensitic transformation that support this hypothesis were 
found in the EBSD data (retained austenite cannot exist in pearlitic 
steel if there was not phase transformation) and TEM data  (diffrac-
tion patterns from twinned martensite). 

Hence the hypothesis for formation of WEL layer should be as-
sociated more to the transformation of the surface layer than to 
formation of the nano-structured ferrite as was claimed by Loj-
kowski et al [11]. Effective way to design railway steel with better 
resistance against formation of WEL and hence better RCF resis-
tance could be alloying design create structures resistant to fast 
carbide dissolution.   
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