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Abstract: The effects of cyclic loading on the surface microstructure evolution of different contact
locations in a used pearlitic rail were studied. Microstructures were analyzed using Scanning Electron
Microscopy (SEM). Meanwhile, grain boundaries and crystallographic orientations were explored
via Electron Backscatter Diffraction (EBSD). At last, wheel–rail contact probabilities and forces were
calculated using rail profiles. The results indicate that the side wear region located in the gauge
face was 71.5% in the high-angle grain boundaries (HAGBs) fraction, 0.88 in the Kernel Average
Misorientation (KAM) value, 36% in the recrystallization (REX) fraction, and had a predominant
orientation in grains. The rolling contact fatigue (RCF) region situated at the gauge corner was 66.3%
in the HAGBs fraction, 0.92 in the KAM value, 33% in the REX fraction, and was mis-orientated
in grains. The region located at the edge of the running band was 60.7% in the low-angle grain
boundaries (LAGBs) fraction, 0.97 in the KAM value, 12% in the REX fraction, and was mis-orientated
in grains. Continuous dynamic recrystallization (cDRX) took place in wear and RCF regions during
the cyclic rolling contact loading, creating ultra-fine grains with a transformation from LAGBs to
HAGBs, lower KAM values, and more REX. Grains oriented along [111] parallel to the vertical
direction in the wear region were influenced by the dominant normal force, while grains in the
RCF region were non-oriented, which was attributed to large lateral and vertical forces of similar
magnitudes.

Keywords: pearlitic rail; wear; RCF; crystallographic orientation; force; simulation

1. Introduction

Railway transportation is a popular choice for urban travel due to its speed, energy-
efficiency, safety, and environmental benefits. However, it faces challenges such as wear
and rolling contact fatigue (RCF). During operation, rails are susceptible to fractures, par-
ticularly in small-radius curves where the gauge angle force is high [1,2]. These conditions
often lead to the initiation of fatigue cracks, which can escalate into catastrophic failures.
Over time, the rails undergo wear and may also sustain fatigue damage. Numerous studies
have explored the mechanisms of rail damages. Hu Y. et al. [3] found that as creepages
and pressures increased, wear and RCF damage escalated for both premium pearlitic and
carbon-free bainitic rails. Moreover, the crack propagation mechanism transitioned from
solely intergranular to a combined mode of intergranular and transgranular propagation [3].
Similarly, Liu J. P. et al. [4] discovered that the RCF wear mechanism was pivotal at a low
slip ratio, but the dominant wear mechanism transferred to abrasive wear at a high slip
ratio. Additionally, an increase in contact stress not only intensified plastic flows but also
facilitated the propagation of cracks [4]. Wang H.H. et al. [5] observed that the degree of
wear rate increase and crack propagation rate was not consistent with the increase in slip
ratio, which led to the competition between wear and RCF. In addition, such a competitive
relationship was also reflected in the changes in rail wear form [5]. Taraf et al. [6] conducted
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numerical analyses, concluding that factors like the friction coefficient between the wheel
and rail, material quality, and axle load significantly influenced RCF initiation. RCF results
from the accumulation of plastic flow and strain hardening in rail materials, eventually
leading to failure [7]. When RCF damage accumulates and flakes off, it becomes wear [8].
Wear and RCF are interrelated issues that both restrict and compete with each other.

Electron Backscatter Diffraction (EBSD) is a valuable tool for examining material mi-
crostructures in modern advanced analysis. It is beneficial to investigate grain boundary
angles, crystal orientations, dislocations, crack propagation, etc. [9–11]. Grains in polycrys-
talline materials gather and arrange in a certain direction under the influences of forces,
heat, electricity, magnetism, etc. Such a microstructure is called texture, which reflects the
orientation in grains. Various studies have explored the impact of texture. It is reported that
a dominant {110} crystallographic texture near the rail surface could inhibit crack formation
and enhance wear resistance [12]. In another study, {110} grains aligned with the direction
of train travel and could accelerate crack propagation, while {111} grains were more resis-
tant to fatigue-induced cracking [13]. In another study, grains oriented {001} parallel to the
train running direction were responsible for fatigue crack formation and propagation [14].
It is worth noting that a particular dominant crystallographic orientation can significantly
slow down the formation and spread of fatigue cracks, but such a specific orientation was
various in different materials and related to defects. Microstructure evolution will cause
significant changes in mechanical properties, which will further influence the wear and
fatigue resistance performance of rail materials.

In summary, most of the previous works are focused on the relationship between
microstructure, properties, and defects. However, the effects of cyclic train loading on the
rail microstructure have not yet been explored comprehensively. In addition, microstruc-
ture evolutions of different defect characteristics in the same rail are lacking in research.
In this work, a fractured pearlitic rail with side wear and oblique cracks was studied.
Microstructure variation, grain sizes, crystallographic orientations, and angles of grain
boundaries in different defects were analyzed. In addition, wheel–rail contact points and
corresponding contact probabilities were simulated and calculated based on rail profile
measurement, and contact forces were thoroughly analyzed. The aim of this work was to
investigate the effect of cyclic loading on the surface microstructure evolutions of the wear
region, RCF region, and the edge of the running band in a used pearlitic rail.

2. Materials and Methods
2.1. Materials

The pearlitic samples were cut from a used rail exhibiting head fractures, as shown
in Figure 1a. This particular rail was part of a high rail on a curved subway line with a
350 m radius. Notably, there is significant deformation and cracking at the gauge corner
of the rail and severe side wear in the gauge face. To investigate further, three distinct
samples—labeled 1#, 2#, and 3#—were selected from the area highlighted in the frames
in Figure 1b, each showcasing noticeable wear features. Sample 1# exhibited side wear in
the gauge face, while sample 2# was located at the gauge corner and showed a propensity
for oblique cracks and rolling contact fatigue (RCF) defects. Sample 3# was taken from the
edge of the running band and experienced minimal stress, making it a good representation
of the rail’s original condition. In terms of macroscopic coordinates, X corresponds to the
transverse direction across the rail, Y represents the vertical direction normal to the rail,
and Z aligns with the train’s running direction along the rail.

The rail is of the U75V steel grade, and its chemical composition and mechanical prop-
erties are detailed in Table 1. Its chemical composition was tested using the vacuum direct
reading spectrometer (ARL-4460). Characteristically, this rail type has a near-eutectoid
structure, containing 0.75% carbon and consisting of lamellar pearlite with a minor presence
of pro-eutectoid ferrite. Tensile strength and elongation were tested using the universal test-
ing machine (CMT5305). Hardness was tested using the Brinell hardness tester (3000BLD).
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Table 1. Chemical composition and mechanical properties of U75V rail.

Chemical Composition (wt. %) 1

C Si Mn P S V Al Cu + 10Sn Cr + M0 +
Ni + Cu

0.798 0.692 0.897 0.012 0.009 0.0055 0.004 0.161 0.227

Mechanical properties

Tensile strength (MPa) 1036
Elongation (%) 14
Hardness (HB) 296

1 Minor quantities of other elements exist.

2.2. Experimental Procedures

Transverse profile measurements of the rail were conducted using a MiniProf pro-
filometer. Subsequently, samples were prepared for metallographic analysis. Each sample
was first embedded in resin, then sequentially ground with SiC papers, polished using
diamond suspensions, and etched with a 2% Nital solution. Microstructural investigations
were carried out using scanning electron microscopy (SEM, FEI Quanta 650 FEG) equipped
with an HKL Channel 5 System. The HKL Channel 5 System was also employed for electron
backscatter diffraction (EBSD) analysis, conducted at an accelerating voltage of 20 kV, a dip
angle of 70◦, and a working distance (WD) of 9.8 mm. This allowed for the study of local
crystal orientation and boundary distributions with a step size of 0.15 µm. Prior to EBSD,
samples were coated with electrodeposited nickel to protect the surface layer. They were
then mechanically polished and electrolytically polished for one minute using a solution
of 7% perchloric acid and 93% alcohol, at a current density of 450 mA/cm2, to achieve
high-quality surface gradient samples.

2.3. Simulation and Calculation

Microstructure is closely related to the force conditions of the material. However,
it is quite difficult to test the forces of the rail from the train, and the simulation and
calculation for the forces are particularly important. A dynamic model of a train-track
system based on the actual parameters of the trains on the test track was established by
Ansys [15–17]. The vehicle model mainly consisted of one car body, two bogie frames, four
wheelsets, eight axle boxes, and primary and secondary suspension systems. According
to the operating conditions of the rail, the train-track dynamic model was set up by a
curve line for passengers not for freight, with the primary parameters detailed in Table 2.
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Furthermore, Hertz theory and the FASTSIM algorithm were used to calculate the contact
patch and creep forces for the wheel–rail contact mode [17,18].

Table 2. Main parameters of the train-track dynamic model.

Curve Parameters

Radius (m) Superelevation (mm) Circular curve (m)

350 90 200

Vehicle Parameters

Axle load (t) Wheel base (m) Wheel diameter (mm) Vehicle speed (km/h)
16 2.5 840 60

Using dynamic simulation, wheel–rail contact distributions and probabilities based on
both the rail’s actual tested profile and its standard profile were calculated. The wheel–rail
profile data were measured using the MiniProf profile measurement instrument (Green-
wood, Germany).

Fatigue index and wear index are used to represent the contact fatigue and wear
characteristics of the rail under the actual wheel–rail matching relationship. The fatigue
index mainly represents the relationship between the shear stress of the rail at the wheel–rail
contact interface and the shear strength of the rail, which is calculated from the wheel–rail
creep force, normal contact force, and contact patch area. When the fatigue index is less
than 0, the shear stress of the rail is less than the shear fatigue strength, and the probability
of contact fatigue damage is low. When the fatigue index is greater than 0, the shear
stress of the rail is greater than the shear fatigue strength, and it is easy for contact fatigue
damage to appear. The higher the fatigue index, the more likely contact fatigue injury is
to occur. Similarly, rail wear was quantified by a wear index, which correlated with the
wheel–rail creep rate and force. A higher index indicates a greater likelihood of wear. The
fatigue index F and wear index W for the wheel–rail contact points were computed using
Equation (1) [19] and Equation (2) [20].

F =

√
T2

x + T2
y

Fz
− 2πabk

3Fz
(1)

where Tx, Ty: the wheel–rail contact longitudinal and lateral creep forces (kN);

Fz: the wheel–rail normal force (kN);
a, b: the semi-major and semi-minor axis length of the contact patch (m);
k: the shear yield strength of the material.

W = |Txvx|+
∣∣Tyvy

∣∣+ |Mz ϕz| (2)

where vx, vy: longitudinal and lateral creep rate; Mz, ϕz: spin creep force and rate.
Additionally, the lateral and vertical forces for samples 1#, 2#, and 3# were calculated

using dynamic simulation, based on the rail’s actual tested profile data.
It should be noted that the above-mentioned parameters, such as wheel–rail creep

force, wheel–rail creep rate, wheel–rail contact patch area, and wheel–rail normal force, can
be directly output by dynamic simulation.

3. Results and Discussion
3.1. Microstructure Characterizations

Figure 2a1–c1 display the magnified EBSD-BC (Band Contrast) maps of the samples,
revealing different pearlite morphologies influenced by wheel–rail contact. The surface
layers of samples 1# and 2# exhibited deformed zones featuring fine, fragmented, stream-
lined pearlite structures (as seen in Figure 2a1,b1). This suggests that average grain size



Coatings 2023, 13, 1850 5 of 11

is correlated with the extent of deformation. Intense plastic deformation, resulting from
the interaction between the rail and wheels, led to significant grain refinement. In contrast,
sample 3# had large grains and showed minimal deformation, likely due to less frequent
wheel contact (as illustrated in Figure 2c1).
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Figure 2. Magnified EBSD-BC, GB distribution, KAM, and REX grains of samples (a) 1#; (b) 2#; (c) 3#.
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Figure 2a2–c2 present magnified GB (Grain Boundary) maps for the three samples.
Initially, during wheel–rail contact, the rail maintained a large-grain morphology filled
with sub-grains or LAGBs (Low-Angle Grain Boundaries), as shown in red in Figure 2c2.
When wear occurred, the occurrence of HAGBs (High-Angle Grain Boundaries) increased,
evidenced by the darker areas in Figure 2a2,b2. The increase in HAGBs suggests that the
rail underwent dynamic recrystallization. In conventional dynamic recrystallization, the
process eliminates deformation defects like dislocations and sub-boundaries by means of
nucleation and growth of dynamic recrystallization grains, which relies on the migration of
HAGBs. The required energy is provided by two possible sources: (1) stored deformation
energy and (2) high temperature (0.4Tm). Known as discontinuous dynamic recrystal-
lization (dDRX), this is a “discontinuous” phenomenon [21]. However, during the cycle
rolling–sliding contact process, dynamic recrystallization can occur at lower temperatures
due to severe deformation. Studies indicate that wheel–rail materials undergo dynamic
recrystallization as a result of plastic accumulation [22,23]. This low temperature dynamic
recrystallization is termed continuous dynamic recrystallization (cDRX) [24–26]. Unlike
dDRX, cDRX involves the continuous absorption of dislocations by sub-boundaries, and
their angles increase from small to large with no HAGB migration. Consequently, the rail
material underwent cDRX from sample 3# to sample 1# or sample 2#, as evidenced by the
increase in HAGBs observed in Figure 2a2,b2,d,e, which display part of the distributions
of grain boundaries for the three samples, with all statistical data provided in the upper
right corner. LAGBs were calculated with GBs between grains with orientation differences
greater than 2◦ and less than 10◦, and those with orientation differences greater than 10◦

were HAGBs. Sample 3# is predominantly characterized by LAGBs, mainly ranging be-
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tween 2 to 3 degrees. In contrast, samples 1# and 2# are primarily composed of HAGBs.
Notably, sample 1# exhibits a higher proportion of HAGBs compared to sample 2#.

Figure 2a3–c3 display the Kernel Average Misorientation (KAM) maps for the three
samples. KAM represents the dislocation densities or deformation storage energy in
individual grains. The low KAM values indicate an annihilation of the dislocations and
the formation of new low-strain ultrafine grains [13]. Sample 3# exhibited a relatively high
KAM value, indicated by more red or yellow regions in Figure 2c3. This sample mostly
consisted of original grains that had not undergone recrystallization, containing numerous
sub-grain boundaries, dislocations, and stored deformation energy within the large grains.
After wheel–rail interaction, cDRX took place. The sub-grains absorbed dislocations to
minimize internal energy, resulting in the formation of new ultrafine grains that filled in the
existing large grains [13]. This process led to a reduction in the KAM value, as evidenced
by the shift to green or blue regions in Figure 2a3,b3. Compared to sample 2#, the KAM
value for sample 1# is notably lower.

Figure 2a4–c4 show the recrystallization (REX) grains for the three samples. A clear
progression of recrystallization is evident from sample 3# to samples 2# or 1#. This is
indicated by the fine, recrystallized grains in blue that precipitated and grew along the
grain boundaries, eventually filling the larger grains [27]. The REX fraction remained
relatively constant at around 12% for sample 3#, but increased to 33% for sample 2# and
36% for sample 1#. This increase in the REX fraction confirms the occurrence of cDRX. In
comparison to sample 2#, sample 1# exhibited more recrystallization.

The differences between samples 3# and 1# or 2# highlight the microstructural evo-
lution of rail materials under wheel–rail rolling contact. In the present work [28–30], the
microstructural evolution of metal materials can be segmented into several steps: initial
plastic deformation, formation of dislocation walls and tangles, transition of dislocation
walls to sub-boundaries, transformation from LAGBs to HAGBs, and, ultimately, the devel-
opment of a nanocrystalline grain structure. This study observed a similar progression in
the context of cDRX. Despite both samples 1# and 2# undergoing cDRX, they displayed
distinct microstructural characteristics. Sample 1#, which primarily experienced wear,
had a higher prevalence of HAGBs, lower KAM values, and more REX. Previous studies
indicate that a moderate increase in temperature can facilitate recrystallization [31]. Given
that sample 1# experienced more wear than sample 2#, the friction-generated heat elevated
the temperature, thereby creating conditions that were more favorable for recrystallization.

3.2. Orientation Features

Orientation image maps (OIM) of the surface layers with areas of 120 µm (longitudinal)
× 80 µm (vertical) at a 150 µm depth from the running surfaces are shown in Figure 3.
These maps show variations in crystallographic orientation along the transverse, vertical,
and longitudinal directions. Samples 2# and 3# exhibit relatively homogeneous color
distributions, while the [111] orientation predominates in the vertical direction for sample
1#. Additionally, sample 3# features larger grain sizes, whereas samples 1# and 2# consist
of ultrafine grains. This observation aligns with the BC maps shown in Figure 2a1–c1.
Furthermore, the presence of recrystallized small grains is evident in Figure 3a,b.

Inverse pole figures of the three samples can be seen in Figure 4. These reveal that the
grains in sample 1# predominantly orient along the [111] direction parallel to the vertical
axis, while samples 2# and 3# show no strong preference for any particular crystallographic
orientation. In body-centered cubic (BCC) materials, crystal slip occurs through dislocation
movement, characterized by a a/2〈111〉 Burgers vector slipping on the {110}, {112}, and
{123} planes. Rails with a BCC ferrite structure tend to exhibit a preferred crystal orientation,
particularly in the <111> slip direction along the vertical axis. Regarding the influence
of the dislocation movement, the crystal slip prefers to move to align with the major
load direction [32]. However, the specifics of this major load direction warrant further
investigation.
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3.3. Relationship between Contact Forces and Microstructure

Figure 5 illustrates wheel–rail contact points, as determined by dynamic simulation
calculations. When comparing the actual rail profile to the standard profile, the vertical
and transverse wear losses for sample 1# were 10.90 mm and 6.81 mm, respectively. For
sample 2#, these losses were 1.59 mm and 8.24 mm, and for sample 3#, they were 0.07 mm
and 0.87 mm. Notably, wear at sample 1# was the most significant. The figure also presents
calculated wheel–rail contact probabilities for each sample, based on rail profile data.
Sample 3# had a low likelihood of interacting with the wheel, in contrast to samples 1# and
2#. Given its low probability of contact, sample 3# was similar to the matrix. Rail wear is a
prevalent issue, particularly in sharp curves, and these computational findings align well
with the actual conditions [33].
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Table 3 shows the mean values of wear and fatigue indexes for the wheel–rail contact
points. The mean value of the fatigue index represents the average of all fatigue indexes
greater than zero as the train passes through the curve. The figure reveals that the mean
wear index for sample 1# exceeds that of sample 2#, while the opposite is true for the
mean fatigue index. This suggests that the wheel–rail contact points for sample 1# are
more prone to wear, whereas those for sample 2# are more susceptible to fatigue. This
observation aligns with what is depicted in Figure 1. Previous research has indicated that
significant volume loss at the gauge face is primarily due to wear. The typical rail profiles
in reference [34] are similar to Figure 5, further corroborating the wear locations. As for
RCF, early visual signs of RCF defects typically appear around the gauge corner, a location
where many severe cases have also been observed [35–37]. These computational results are
in agreement with field observations.

Table 3. Wear indexes and fatigue indexes of samples 1# and 2#.

Samples Wear Index Fatigue Index

1# 177 0.02
2# 137 0.04

Figure 6 presents the calculated wheel–rail forces for samples 1#, 2#, and 3#, based
on rail profile data. The vertical force of sample 1# was 155% larger than the lateral force,
indicating a great gap between the largest force and the second. The vertical force for sample
1# was notably larger compared to the longitudinal and lateral forces. This observation
is consistent with Figure 4, where grains oriented along the [111] crystallographic axes
parallel to the vertical direction were predominant in the wear region. In essence, the
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normal load generated by the train’s weight led to the rotation of grains within the pearlite
structure, ultimately resulting in wear. As previously discussed, crystal slip tends to align
with the major load direction, which, in this case, is the normal load. Consequently, the
disordered grains showed a preference for the [111] orientation.
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The vertical force of sample 2# was 24% larger than the lateral force, which indicated
that the largest force was close to the second. With similar forces from different directions,
oblique cracking occurred in sample 2#. Such oblique cracks are a common type of RCF
defect. Once these cracks appear on the rail surface, they can propagate into the rail and
may even extend into the rail waist, ultimately leading to severe fractures and failures. The
pearlite structure in the RCF-affected region is subjected to large lateral and vertical forces
of similar magnitudes, resulting in non-oriented grains.

As for sample 3#, the rails at this location had minimal contact with the wheels,
rendering force analysis largely irrelevant for this particular case.

Based on the above analysis, both samples 1# and 2# underwent cDRX, resulting in
similar grain sizes and HAGBs. However, the differences in crystallographic orientations
can be attributed to varying load conditions. Force in a particular direction brought about
fabrication with a prevalent orientation. Compared with sample 2#, sample 1# had a
prominent main force; therefore, the grains were oriented along a particular direction.

4. Conclusions

The microstructure, crystallographic orientations, and load conditions of three repre-
sentative locations—samples 1#, 2#, and 3#—on a used pearlitic rail with a head fracture in
a sharp curve line were thoroughly analyzed. The effects of cyclic loading on the surface
microstructure evolution of different contact locations in a used pearlitic rail were studied.
The key findings can be summarized as follows:

Sample 1# was located in the gauge face of the rail and was indicative of side wear.
Sample 2# was situated at the gauge corner and was prone to developing cracks and RCF
defects. Sample 3# was located at the edge of the running band and experienced minimal
load, closely resembling the rail’s original condition. Both samples 1# and 2# featured fine,
fragmented, streamlined pearlite structures, while sample 3# was characterized by large,
less-deformed grains.

During cyclic rolling contact loading, rail samples experiencing both wear (sample
1#) and RCF (sample 2#) underwent cDRX. Intense plastic deformation and the absorption
of dislocations led to the formation of ultra-fine grains, accompanied by a transformation
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from LAGBs to HAGBs, lower KAM values, and more REX. In contrast, sample 3# was
primarily composed of LAGBs.

The rail with wear (sample 1#) had a dominant [111] orientation parallel to the vertical
direction. In contrast, the rail subjected to both wear and fatigue (sample 2#) exhibited
fine pearlite with no preferred orientation, which was related to its complex forces and the
competition between wear and RCF.
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