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Abstract: Rail wheel contact at switches and crossings (S&Cs) induces impact stresses along with normal and shear 
contact stresses, resulting in plastic deformation and eventually crack formation. Damaged and deformed wing rails of a 
manganese steel crossing are studied and the microstructure, hardness and 3D crack network within the steel are 
characterized. The surface of the rail receives the maximum deformation resulting in a hardened top layer. The 
deformation is manifested in a high density of twins and dislocation boundaries in the microstructure. A complex crack 
network is revealed in high resolution by X-ray tomography. 
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1. Introduction 

Switches and crossings (S&Cs) are more susceptible to damage compared to normal tracks because of their moving 
parts and complex geometry. Therefore, poorly maintained S&Cs encounter frequent failures and large maintenance 
cost. The direction of traffic plays an important role in the damage evolution in the crossing. When a wheel passes from 
the nose to the wing rail or vice versa, the component suffers from high impact stresses as well as rolling contact 
stresses causing severe damage like fatigue cracks and spallation if proper maintenance is not performed [1].  
Pearlitic steels are most commonly used in normal tracks as well as in crossings. Although swing nose crossings with 
less impact levels can be used for heavy haul and high speed systems, in recent years manganese steel has been the 
preferred choice for fixed crossings because of superior mechanical properties. Most studies on deformation and cracks 
in rail steels are done for pearlitic steel taken from normal tracks [2-8]. Not much work has been published in the 
literature on the damage and degradation behaviour of manganese steel crossings, in contrast to the use of manganese 
steel in abrasive wear applications such as rock crushing equipment. In a previous work [9] we investigated the nose of 
a manganese steel crossing which was in service in the Danish rail network for five years. The direction of traffic was 
mostly towards the nose and hence the nose was severely damaged with cracking and visual spallation. A complex 
crack network had developed in the nose, which is similar to crack networks developed in pearlitic steels in straight 
track although the microstructural characteristics and deformation mode in the two steels are very different. It was 
obvious that the nose was heavily deformed due to rolling contact stresses as well as impact stresses. Deformation 
causes formation of twins and dislocation boundaries in the austenitic grains near the surface, but no shearing of grains 
was observed.  
The wing rails can also be heavily damaged when the direction of traffic is from the nose to the wing rail. In this case, 
the wing rail will suffer from impact loadings due to discontinuity in rail wheel contact at the transition zone. It is thus 
of interest to compare the damage and deformation of a wing rail to the nose rail. This is the main aim of the present 
work in which the damage and deformation of a manganese steel crossing has been investigated, focusing on the wing 
rails. The crossing investigated in this work was in service in the Danish rail network for 13 years with a yearly traffic 
density of 14 MGT (million tons) where more than 90 % of the traffic was from the nose to the wing rail in a straight 
track; hence one of the wing rails was severely damaged by impacts and contained cracks. The experimental techniques 
used for the present investigation are the same as those used in the previous study for the crossing nose, namely 
characterization with optical microscopy and hardness measurements, as well as X-ray tomography for 3D mapping of 
the crack network. With X-ray tomography cracks can be mapped non-destructively and with good resolution compared 
to the traditional method of repeated grinding, polishing and imaging of the crack cross section by optical microscopy 
[9]. 
 

2. Experimental Procedure  
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The two wing rails of a manganese steel crossing were studied. Although nowadays most of the manganese steel 
crossings are explosion hardened for better mechanical properties, this one was not explosion hardened. Visual 
inspection showed the wing rails were heavily deformed and damaged, and the presence of repair welds was evident on 
one of the wing rails. A schematic diagram of a switch and crossing (S&C) assembly is given in Figure 1a and 1b, 
which shows the position of the switch blades when the train is moving on to the diverging track or straight track 
respectively. Depending on the direction of the traffic, one of the wing rails or the nose will receive heavy impact. 
Figure 1c shows a schematic diagram of the crossing panel indicating the regions from where the parts of the crossing 
in Figure 1d and 1e are cut from. As wing rail 2 is repair welded, the samples were taken from the non-welded part next 
to the most severe impact zone where the wheels contact change from the nose to the wing rail.  
Small samples for investigation were cut from the wing rails. Wing rail 2 (as well as the nose) had received extensive 
repair welding; no samples were taken from the welded sections. The micro hardness measurements on the transverse 
surface (TD, ND) of the wing rails at five different locations (as shown by roman numbers in Figure 1d and 1e) were 
conducted using a Vickers hardness measurement tester with a load of 1 kg and a dwell time of 20 seconds. The 
hardness map was constructed from a series of measurements, which were done from the rail wheel contact surface 
down to a depth of 10 mm with a step size of 0.3 mm and 1 mm along the normal and the transverse direction, 
respectively. 
The deformed microstructure of the transverse section was studied using optical microscopy (OM). The samples were 
ground with Si-C paper ranging from grain 220 to 4000 then polished with diamond paste down to 1 µm and etched 
with Nital.  
The crack network developed in the wing rail was studied by X-ray computerized tomography. For these measurements, 
samples having a cross section of 10 mm by 10 mm and 40 mm in length were cut out from the wing rail. A Zeiss 
Xradia Versa 520 was used for the measurements. A polychromatic X-ray beam with energies ranging up to 160 kV 
from a tungsten target was used. A total of 1601 projections were acquired during a full sample rotation. 3D maps were 
reconstructed by a standard filtered back-projection method to 2k×2k×2k voxel volumes with a voxel size of 10 µm3. 
The crack network was segmented and visualized by using the Avizo 3D software. 
 

3. Results  
3.1 Hardness 

Figure 2 shows the hardness maps of the two wing rails at different locations. The positions (i), (iii) and (iv) belong to 
wing rail 1 and (ii) and (v) to wing rail 2, which had been repair welded. As shown, the hardness measurements were 
made on wing rail 2 at locations away from the weld. The figures show that the hardness gradient is different at 
different locations, due to the difference in rail wheel contact at those places. In positions (ii), (iv) and (v), the 
deformation hardening is most severe at the top layer showing a high hardness of more than 600 Hv. The hardness maps 
from locations (i) and (iii) show that these locations are comparatively less deformed. The extent of deformation varies 
due to the difference in the direction of traffic (diverging track or straight track). Below the wheel running surface the 
hardness values decrease, indicating less deformation at larger depths, with the undeformed region having a base 
hardness of around 220 Hv. Cracks were found at region (ii), although the hardness as well as depth of hardening are 
higher at region (iv) and (v). No cracks were found in these very hard regions; (iv) and (v).  
Region (i) has the least deformation and maintains the original rail profile shape, whereas in the other cases, the rail 
profile changes with deformation. With increased deformation, the depression of the surface profile (as in Figure 2b, 2d 
and 2e) compared to the original profile gets more severe. The work hardened layer is observed to extend to 10 mm 
below the surface. This depth of the deformation in the investigated wing rails is found to be nearly the same as found 
in case of the manganese nose rail studied previously [9]. Although the previously studied crossing was fairly a new one 
(5 years in service) compared to the crossing in the present study (13 years in service), the yearly traffic density through 
both the switches was approximately the same (14MGT). The depth of hardening was the same in both cases. Similar 
depth of hardening is reported for manganese crossing experiencing 130 MGT loads during service in another study 
[10]. Depth of hardening by other deformation mechanisms like explosion hardening can be much higher up to 25 mm 
from the surface [11]. The depth of hardening from wheel/rail contact is significantly higher in manganese grade 
crossings compared to normal pearlite grade. In literature it has been reported that in pearlitic grade the depth of 
hardening extends to only 3-5 mm from the wheel running surface [12-13].  
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Figure 1: Schematic diagram of a railway switch and crossing showing the position of switch rails when the train 
moves on to the (a) diverging track and (b) straight track. (c) Schematic diagram of only the crossing panel showing the 
different components, with (d) and (e) showing the parts of the manganese steel crossing cut out for investigations. The 
roman numbers within the figure (in black) indicate the locations of hardness measurements. ND, TD, LD represents 
normal direction, transverse direction and longitudinal direction respectively. 

3.2 Microstructure 

The microstructure is austenitic in manganese steel. The grain size is coarse, ranging up to 500 µm, and the grains do 
not deform by shearing as in pearlitic rails. Figure 3(a-d) shows optical micrographs of the deformed wing rail at 
different depths from the wheel running surface. At the rolling contact surface, Figure 3a, a large number of bands can 
be seen crossing each other within the grains. The deformation in manganese steels is manifested in the form of these 
bands and not by the usual elongation of grains as seen in pearlite. The surface receives the maximum deformation and 
hence the density of the bands is higher here and decreases with depth from the surface (Figures 3a-d). At around 12 
mm in depth (Figure 3d) the microstructure is almost free from deformation bands. The deformation bands are 
inhomogeneously distributed with a wavy appearance and the direction of the bands varies from one grain to another. 
From optical microcopy it is not possible to reveal whether the deformation bands are mechanical twins or dislocation 
boundaries. The deformed microstructure in the wing rail was found to be similar to the manganese nose rail 
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investigated previously [9]. 
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Figure 2: Hardness contour maps of the wing rails at different locations: (a) Wing rail 1 position i, (b) Wing rail 2 
position ii, (c) Wing rail 1 position iii, (d) Wing rail 1 position iv and (e) Wing rail 2 position v. The axes only indicate 
the scale. The zero points are chosen arbitarily. 

  

  

Figure 3: Optical microscopy images of the transverse section (a) at the rolling contact surface, (b) at 6 mm depth from 
the surface, (c) at 10 mm from the surface, and (d) at 12 mm from the surface, where the base hardness has been 
reached. 

3.3 X-ray Computerized Tomography 

Two samples with size 10 mm by 10 mm by 40 mm from wing rail 2 (see Figure 1e) were characterized by X-ray 
tomography. Figure 4(a-d) shows 2D slices from one of the 3D tomographic reconstructions. Tomographical 
reconstructions are 3D density maps, which allow detection of even small cracks due to differences in density, thereby 
identifying cracks in 3D giving a detailed overview of the entire crack surface. Figure 4 shows a very long subsurface 
crack parallel to the running surface across the entire cross section of the specimen. However, the full 3D reconstruction 
also reveals the presence of cracks in contact with the surface. While most of the cracks run parallel to the running 
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surface, the crack network is extensive and continuous. 
Figure 5 shows the 3D reconstructions of another crack network in sample 2. In this figure, the steel is represented as 
transparent and the blue colored areas represent air, including air inside the cracks, thereby making the crack network 
and running surface visible. The white box represents the volume of the wing rail which has been scanned. The interior 
crack surface has a rough and wavy appearance with ridges which are quite similar to the failure surfaces often seen in 
rolling contact fatigue. Figure 5 also reveals that the crack network is spreading quite deep into the rail, with seemingly 
random crack propagation. Most of the cracks move parallel to the running surface, as apparent from Figure 4, but there 
are also some diverging downward branching cracks which could cause rail break in the long run. The wing rail 
contains both surface and sub surface cracks, where some are interconnected, and some propagate individually.  
 

  

  
 
Figure 4: 2D slices showing the crack network within the wing rail at different locations along the longitudinal 
direction (a) at the trasverse cut (0 mm), (b) 10 mm from the transverse cut, (c) 18 mm from the transverse cut and (d) 
29 mm from transverse cut. 
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Figure 5: (a and b) 3-D tomographic representations of the crack network within the wing rail of a manganese crossing 
seen from different directions. The steel is represented as transparent and the blue coloured area represent air, making 
the crack network and running surface visible.  

4. Discussion 
The damage and deformation in the manganese wing rail is found to be quite similar to that in the manganese nose rail 
studied previously [9]. Although the geometry of a wing rail is different from the nose, the microstructural 
characteristics are similar. The deformation is manifested in the formation of a high density of deformation bands. The 
depth of hardening in both cases reached as high as 10 mm from the rail running surface. In case of the nose rail, cracks 
were found in the highly deformed top surface layers having high hardness of 600 Hv. In this study it was found that 
locations on the wing rail having very high hardness, position iv and v, were crack free whereas cracks were mostly 
found in regions of comparatively less hardness, position ii. Therefore, high deformation cannot be the only reason for 
crack formation in switches and crossings. Rail wheel interaction induces both normal and shear contact stresses when a 
train moves over a crossing, however the change of rolling planes from wing rail to nose, or vice versa, introduces high 
impact stresses as well. Most likely it is the impact from the wheel that is the reason for crack formation. 
The two-phase microstructure in a pearlite grade material, consisting of ferrite and cementite, affects the deformation 
mechanism and eventually the crack initiation and propagation [14], where cracks tend to propagate through the softer 
ferrite phase, resulting in a wavy appearance. Figure 6 shows a rolling contact fatigue crack in pearlite grade steel from 
a straight track with a wavy crack propagation that passes through several grains. Figure 7 shows an optical micrograph 
of a subsurface crack in the wing rail of the manganese steel crossing investigated in this work having the same wavy 
appearance intersecting several grains with several crack branches and a seemingly random crack propagation. This is 
in correspondence to the cracks found in a manganese steel crossing nose studied previously in [9], where a more 
detailed study showed the cracks avoided the twinned regions (harder areas of the matrix) and were mostly 
transgranular giving the wavy appearance by following the weakest link in the microstructure. Therefore, although the 
plastic deformation is caused by slip in pearlitic grade without twinning, and for manganese steel deformation is from 
both dislocation motion as well as twinning, the crack networks have a similar appearance for pearlitic steel straight 
tracks and manganese steel crossings irrespective of the very different loading conditions in the two cases. 
 

5. Conclusions  
The deformation and degradation of the wing rails of a damaged non-explosion hardened manganese steel crossing, 
which has been in service in the Danish rail network, was studied. More than 90% of the traffic through this crossing 
was in straight track, from the nose to the wing rails and hence one of the wing rails is severely damaged from impacts 
and cracks are present. Heavy deformation is evident with the formation of a high density of deformation bands at the 
running surface. The hardening reaches to a depth around 10 mm from the running surface, with the surface having a 
very high hardness of above 600 Hv which gradually drops to a base hardness of 220 Hv. Cracks were not found at the 
locations with highest hardness, thus it is likely that the wheel impact causes the cracks and not the deformation. The 
nondestructive 3D mapping of the crack network using X-ray tomography reveals the crack network and its minute 
branches with high resolution. The presence of both surface and sub surface cracks is evident in the wing rail. Though 
the material and the deformation mechanism of the manganese steel is quite different from that of normal pearlitic grade 
steel, and the loading conditions are different as well, the crack network seems to be similar to rolling contact fatigue 
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cracks found in pearlitic grade steel used in normal straight tracks. The cracks tend to be concentrated mostly within the 
plastically deformed layer and have a wavy surface appearance which is common for rolling contact fatigue cracks. 
 

  
Figure 6: Optical micrograph of a rolling contact fatigue 
crack in a rail from straight track of pearlitic steel [15]. 

Figure 7: Optical micrograph of a rolling contact fatigue 
crack in the wing rail of manganese steel crossing. 
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