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Abstract: The wear and rolling contact fatigue (RCF) performance of eutectoid and hypereutectoid rail steels
were studied. Subsequently, the microstructure evolutions of subsurface materials of these two rail steels
after testing were comparatively investigated. The results indicated that, compared with the eutectoid rail,
the hypereutectoid rail had lower wear loss, but longer RCF crack lengths. After the rolling-sliding testing,
the original equiaxed and undeformed coarse grains of rails in the matrix were transformed into nano-grains
rich in high angle grain boundaries (HAGBs). The microstructure evolution of rail steels under rolling-sliding
contact could be result from two mechanisms. Firstly, the initial deformation and the breaking of the lamellar
structure of pearlite grains occurs through the movement of dislocations. Secondly, the formation of the
nanostructure grains happens through continuous dynamic recrystallization (cDRX). Compared with the
eutectoid rail, the hypereutectoid rail had finer interlamellar spacing and higher contents of low angle grain
boundaries (LAGBs) in the matrix. After the rolling-sliding testing, the hypereutectoid rail had more severe

LAGBs-to-HAGBs transitions and and a more severe cDRX process than the eutectoid rail, which might be
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the reason for the longer RCF crack lengths it exhibited.
Keywords: Hypereutectoid rail; RCF; Plastic deformation; Rolling-sliding contact; Microstructure evolution
1. Introduction

Wear and rolling contact fatigue (RCF) damage can be widely found on rails in the field.
They can significantly shorten the service life of rail [ 1]. Due to the complex working conditions,
the wear and damage of rail material is varied, such as side wear, corrugation, squats, oblique
cracks and scratches [2-5]. Various methods have been introduced to prevent the damages of
rails [6-8]. However, the most effective way of reducing damage and minimise the maintenance
costs is through developing advanced high strength steels [§].

The microstructure parameters of the original pearlite grains, such as the interlamellar
spacing, the pearlite nodule size and the pre-austenite size, are the main factors that determine
the mechanical properties [9] and wear and damage behaviour [10] of pearlitic rail materials.
The decrease in the diameter of pearlite nodule and the interlamellar spacing could enhance the
grain refinement and improve the wear resistance of rail materials [11]. Furthermore, the
refinement in the interlamellar spacing could also decrease the crack propagation rate in pearlite
[12]. Therefore, the development of higher strength and finer pearlitic structure rail steel would
be the main task in the manufacturing of rails [13,14]. Due to their high hardness and wear
resistance, hypereutectoid steels (e.g., C wt%>0.77%) were introduced into railway lines. These
had an extremely fine interlamellar spacing and nearly no second cementite in the matrix. As
reported in the literature [8,12,14,15], the hypereutectoid rails had obvious advantages in wear

and RCF resistances and could be a potential heavy haul railway steel.



Subjected to the thermo and the mechanical loads, various microstructure transitions can
be found in the subsurface of pearlitic rail, which could significantly influence the RCF damage
behaviour of rail. Under normal and tangential forces, the originally randomly distributed
pearlite is rearranged to the running direction, which leads to the anisotropy in the mechanical
properties of the rail surface material [16]. Masoumi et al. [17] found that the {110} texture
could accelerate crack propagation while the {111} texture inhibits the crack propagation in
pearlitic rail. The surface material of rail experiences large shear plastic deformation and grain
refinement. The accumulated shear strain on the rail top surface can reach 1300% to 1900%
[18,19], and the grain size can be refined into diameters of around 1 um [20]. White etching
layers (WELSs) with high hardness and low fracture toughness can usually also be observed on
heavily loaded and curved railway line [2]. Kumar et al. [21] found that the pearlite is
transformed into martensite and austenite in WEL as a result of high temperature and severe
plastic deformation. Another microstructure transition in pearlitic rail steel is the decomposition
of cementite and the resulting solid solution strengthening [22,23]. The cementite’s dissolution
could be realized through the dislocations dragging the C atoms form cementite to ferrite
because the binding energy between the C atoms and dislocations (0.75 eV) iss larger than that
in cementite (0.40-0.42 eV) [24]. Furthermore, the cementite dissolution could also be realized
through severe plastic deformation, as evidenced by high pressure torsion [25] and cold drawing
[26] processes.

Under the cyclic loading, the rail material accumulates elastic and plastic deformation until
reaching a ratchetting limit (i.e., ratcheting failure) [16,27]. According to the theory of

delamination wear [28], the plastic deformation and the strain hardening accumulate gradually



from the matrix to the worn surface, eventually resulting in surface defects, fatigue cracks and
the material removal. When the surface material is removed by wear, the subsurface material
becomes the new surface material and participates in the wear and damage processes. Therefore,
the microstructure evolution of the subsurface materials directly influences the wear and RCF
behaviour of rail materials. However, it is difficult to analyze the failure process of the surface
material after different numbers of cycles. While, studying the microstructure evolutions of
different regions along the depth could reveal the plastic deformation and defect accumulation
processes of rail.

As mentioned above, except for the original microstructure, the study on the shear
deformation induced microstructure modification of rail material is crucial for understanding
the failure mechanism of rail. Microstructure evolution of rail steel is a multi-scale processes
from the microscale (i.e., grain refinement) to atomic scale (i.e., cementite decomposition).
Therefore, advanced characterization methods are necessary for its study. In the present
investigation, rolling-sliding tests were performed on the JD-1 wheel-rail simulation test rig.
Then, the microstructure evolution of the subsurface material between eutectoid and
hypereutectoid rail steels at different depths was comparatively investigated via scanning
electron microscopy (SEM), electron backscattered diffraction (EBSD) and transmission
electron microscopy (TEM).

2. Experimental details
2.1 Experimental materials and parameters
In the present study, two types of rail steel were selected: eutectoid rail and hypereutectoid

rail, both of which are applied in heavy haul railway lines in China. The microstructure of the



as-received rail material is presented in Fig. 1a and b. Both the eutectoid and the hypereutectoid
rail steels had a pearlite structure that contained alternative cementite and ferrite plates. Through
the circular line counting method [29], the average values of pearlite lamellar spacing of the
eutectoid and hypereutectoid steels was found to be 136 nm and 97 nm, respectively. Table 1
shows the chemical compositions and hardness of the rail steels. The hypereutectoid rail had a
higher carbon content (0.90~0.95 wt%) and higher hardness (405HV.s) than the eutectoid rail
(0.71~0.80 wt% and 355 HVo.s).

The rolling-sliding wear tests were performed on the JD-1 wheel-rail simulation test rig.
A detail description of the JD-1 test rig can be found in a previous study [30]. The rolling-
sliding contact and dimensions of the simulated wheel and rail rollers in the present study are
shown in Fig. 2. The wheel roller had a cylindrical shape with a diameter of 1050 mm. The
tested rail rollers were cut from the railhead with an ellipsoid shape. The diameter of the rail
rollers in the rolling direction was 62 mm and 61 mm in the transverse direction. The normal
force between the wheel roller and the rail roller was 3100 N, leading to a maximum contact
pressure of 1729 MPa at the contact region according to the Hertzian simulation theory. A
tangential force of approximately 390 N was applied on the rail roller. The rotational speed of
the rail roller was 508 rpm. The number of cycles for the rail rollers was set at 10°. Each test

was carried out at least twice.



(a) (b)
Fig. 1. Original microstructures of rail steels, (a) eutectoid rail; (b) hypereutectoid rail.
Table 1 Chemical compositions of rail steels (wt %) and hardness (HV.s).

Rail C Mn Si Cr P S Hardness
Eutectoid 0.71~0.80 0.50~0.70 0.70~1.05 <0.20 <0.03 <0.03 355+8
Hypereutectoid  0.90~0.95 0.94~1.02 0.48~0.52 0.22~0.23 0.01~0.014 0.04~0.07 405+10

Normal force o

Rail roller

Wheel
roller

langential
force

Fig. 2. (a) Illustration of the rolling-sliding contact of wheel-rail rollers and (b) sampling position and

dimensions of rail rollers.

2.2 Microstructure characterization

Before and after the rolling-sliding tests, the rail rollers were ultrasonically cleaned in ethyl.
Then the mass of the rollers was measured using an electronic balance (JA4103, China,
accuracy: 0.0001g). To characterise the work hardening of rail after a test, a Vickers hardness
tester (MVK-H21, Japan) was utilized. To observe the plastic deformation and subsurface

cracks of rail materials after testing, samples that ran parallel to the running direction were



prepared for optical microscope (OM) (KEYENCE VHX-6000, Japan) and scanning electron
microscopy (SEM) (JSM 7800F, Japan) observation.

The samples for EBSD analysis were taken from the rail material by wire cutting along
the running direction. Three different tested zones were selected for EBSD observation in the
present study: the severely deformed zone in the outermost layer (near the worn surface), the
transition zone (30 pm from the worn surface), and the matrix zone (Imm from the worn surface
where almost none plastic deformation could be observed). After being mechanically ground
and polished, the samples were electropolished in a solution that contained 12 ml distilled water
and 80 ml alcohol and 8ml perchloric acid at a voltage of 16V for 30s. EBSD analysis was
conducted on a SEM (Hitachi S-3400N, Japan) equipped with HKL-EBSD probe and HKL
Channel 5 system. The working parameters for EBSD observation are described as follows: the
accelerating voltage was 20 kV, the emission current was 80 pA and the working distance was
14~17 mm. The samples were inclined 70° with respect to the incident electron. The scanning
step size was defined as 0.075 um, 0.3 pm and 0.6 pum in the severe deformed zone, transition
zone and matrix zone, respectively.

Microstructure observation of the subsurface material of eutectoid and hypereutectoid rail
steels after testing was also carried out on a transmission electron microscope (TEM) (Hitachi
H-800, the USA) selected area electron diffraction (SAED) and bright field (BF) TEM. The
sample preparation method is described as follows. First, a wire cutting machine was used to
cut samples along the running direction from the rail material. Then samples were mechanically
ground and polished. Finally, focused ion beam (FIB) was used to take samples from the severe

deformed zone and the transition zone for observation. The samples in the severely deformed



zone were taken as close to the surface as possible, while samples in the transition zone were
taken from a distance of 50 um from the worn surface.
3. Results and discussion
3.1 Wear and RCF cracks

Fig. 3a shows the mass losses and surface hardness of eutectoid and hypereutectoid rail
steels after testing. It could be observed that the hypereutectoid rail steel with higher hardness
has lower mass loss and lower surface hardness after testing than eutectoid rail. Therefore, the
hypereutectoid rail has better resistance to wear and work hardening than eutectoid rail. Fig. 3b
shows the RCF crack daa for eutectoid and hypereutectoid rail steels. It could be observed that

the hypereutectoid rail has longer crack lengths, but a shallower crack depth than eutectoid rail.
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Fig. 3. (a) Mass losses and surface hardness; (b) statistical RCF cracks of eutectoid and hypereutectoid

steels after testing.

3.2 Sectional OM and SEM observation

The overall morphology of plastic deformation of eutectoid and hypereutectoid rails was
observed through OM, as shown in Fig. 4. The plastic deformation depth of eutectoid rail is 73
um, which is larger than that of hypereutectoid rail (64 um). Furthermore, the topmost materials
both of eutectoid and hypereutectoid rails have been refined and could not be identified under

OM.



~64um

Fig. 4. OM observation of the plastic deformation of rails, (a) eutectoid rail and (b) hypereutectoid rail.

The microstructure of the subsurface materials of eutectoid and hypereutectoid rail steels
after testing were observed via SEM, as shown in Fig. 5. With increasing distance from the
worn surface, the plastic deformation and the material defects alleviate gradually until reaching
the bulk matrix. According to the degree of plastic deformation, the subsurface material after
testing could be divided into three zones: the severly deformed zone (within 30 um from the
worn surface), the transition zone (within 30-70um from the worn surface) and the matrix zone.

In the present study, both the eutectoid and hypereutectoid rail steels contain alternating
ferrite and cementite plates (Fig. 1). Due to the higher content of slip systems, the ferrites plates
deform much more easily than cementite under the action of the shear force [23]. Therefore,
the morphologies of cementite could reflect the microstructure deformation of the pearlite
grains. It could be observed that, in the transition zone (the initial stage of deformation) (Fig.
5a and c), the deformation behaviour of cementite and material defects are highly dependent on
the orientation of pearlite lamellar in the rolling direction (RD). When the orientation of the
initial pearlite lamellar is consistent with the RD, the material defects are dominated by the
shortening of the pearlite lamellar spacing and the curled cementite. When the initial pearlite

lamellar is arranged perpendicular or at a large angle to the RD, the material defects are



dominated by cementite twisting and breaking. In the severely deformed zone (Fig. 5b and d),
the cementite plates are thinned and broken into granules. A fibrous structure that is nearly
parallel to the RD could also be observed.

As for the eutectoid rail, both the curled and broken cementite could be observed in the
transition zone (Fig. 5a). However, due to the smaller interlamellar spacing, the material defects
are dominated by curled cementite in the hypereutectoid rail (Fig. 5c¢). In summary, the
cementite plates in the hypereutectoid rail have better resistance to deformation and breakage

than those in the eutectoid rail.

(@) (b)

Fig. 5. SEM observation of microstructure deformation of rail, (a) eutectoid rail-transition zone; (b)
eutectoid rail-severe deformed zone; (c) hypereutectoid rail-transition zone; (d) hypereutectoid rail-severe

deformed zone.

3.3 EBSD observation

Fig. 6 shows the inverse pole figures (IPFs) of eutectoid and hypereutectoid rail steels in
different zones after testing. The color in the IPF maps represents the grain orientation that is
parallel to the reference direction (the rolling direction). It can be observed that the grain

orientation both of eutectoid and hypereutectoid rail are randomly distributed in the matrix zone



(Fig. 6a and d). In the transition zone, grains with {111} orientation in hypereutectoid rail (Fig.
6¢) is the dominant preferred orientation in the RD plane. In the severely deformed zone, the

grains of rails orientate randomly again (Fig. 6¢ and f).

Fig. 6. IPFs of eutectoid and hypereutectoid rail in different zones, (a) eutectoid rail-matrix zone; (b)

eutectoid rail-transition zone; (c) eutectoid-severely deformed zone; (d) hypereutectoid rail-matrix zone; (e)
hypereutectoid rail-transition zone; (f) hypereutectoid rail-severely deformed zone.

Fig. 7 presents the grain boundary (GB) maps of eutectoid and hypereutectoid rail steels
in different zones after testing. The GB map can describe the grain boundary angle and the grain
size. Two types of grain boundaries can be observed: low angle grain boundaries (LAGBs) from
0° to 15° (green curves), and high angle grain boundaries (HAGBs) from 15° to 65° (black
curves). With the increase in deformation (from the matrix zone to the transition zone and to
the severely deformed zone), the size of grains decreases gradually (Fig. 7g). In the severely
deformed zone, nano-grains with average diameters of 0.548 and 0.417 um can be observed.
Concerning the grain boundary angles, the content of HAGBs and LAGBs would experience
two transitions (Fig. 7h). In the initial deformation stage (from the matrix zone to the transition

zone) (Fig. 7a, b, d and e), the HAGBs would be transformed into LAGBs. Therefore, the



defects of rail materials are dominated by the low angle sub-grain structure at the initial stage
of deformation, which implies an increase in the lattice defects and the dislocation density. In
the severely deformed zone (Fig. 7c and f), the LAGBs would be transformed into HAGBs,
which indicates that the surface material would have undergone a dynamic recrystallization
under cyclic loading [18].

The hypereutectoid rail has a higher content of LAGBs (52.98%) than eutectoid rail
(41.78%) in the matrix zone (Fig. 7a and d). The more LAGBs in the matrix zone, the higher
the dislocation density is, which could enhance the dislocation strengthening and increase the
strength and hardness of the rail material. In the transition zone (Fig. 7b and e), the content of
LAGBSs of hypereutectoid rail (83.4%) is slightly larger than eutectoid steel (78.57%). This
might be related to the fact that the dislocation tangling in hypereutectoid rail steel is more
serious in the transition zone. In the severely deformed zone, the content of HAGBs of eutectoid

and hypereutectoid rail steels are nearly the same (i.e., 91.45% and 90.6%).

Angle of Grain Boundary
Min Max Fraction%
4187

Angle of Grain Boundary
Min Max Fraction%
0 15 183
15 6 218

Angle of Grain Boundary
Min Max Fraction%
0 5 855

Min
[ =] 1 .53
15 65 9145

i

{i'%:‘/" Angle of Grain Boundary i MHE A5 SR 26l % Angle of Grain Boundary

RERE %m Max mssg%g C ey Lot Min Max Fraction%

v 3 e ek 15 41
16.60 & =Y 4 K3 - 15




—_
(=)
—_
S
(=)

Severc? fieforrned zone [ ]Severe deformed zone
| % Tran.zmon zone r V//% Tranzition zone
N Matrix zone | Y Matrix zone

oo
[
393
(=]

N
[y
(=3
S

(o)
(=]
T

~

T
B (o)
S S
T T

(3]
The content of HAGBs/%

The diameter of grains/um

[353
(=]
T

Eutectoid rail ~ Hypereutectoid rail

@ (h)

Fig. 7. IPF and grain boundary map of hypereutectoid rail, (a) eutectoid rail-matrix zone; (b) eutectoid rail-
transition zone; (c¢) eutectoid-severely deformed zone; (d) hypereutectoid rail-matrix zone; (e)
hypereutectoid rail-transition zone; (f) hypereutectoid rail-severely deformed zone; (g) the average grain
diameter and (h) the content of HAGBs of eutectoid and hypereutectoid rail steels.

Fig. 8 shows the pole figure (PF) of eutectoid and hypereutectoid rail steels after testing.
The PF is the method used to determine whether a preferred orientation (i.e., texture) is formed
after plastic deformation. The PFs of the three crystal planes {001}, {111} and {110} have been
conducted in different zones. On the right is the scale of density intensity. The higher the density
intensity, the more obvious the preferred orientation is in the deformed materials. It could be
observed that for the eutectoid rail, with the increase in the deformation (from matrix zone to
transition zone and to severely deformed zone), the maximum density intensity increases from
2.34 to 3.32 and to 3.82, respectively. In all three zones, the grains of eutectoid rail are
distributed in a random orientation. Concerning the hypereutectoid rail, the maximum density
intensities of the three different zones are 3.55, 4.38 and 3.54, respectively. Therefore, in the
transition, the {110} plane along the RD direction of hypereutectoid rail has a more obvious

preferred orientation than eutectoid rail.
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During the deformation of grains, geometrical necessary dislocations (GNDs) are required
to maintain the lattice continuity. Besides, the value of local misorientation (LM) could reflect
the density of GNDs (p®NP). Fig. 9 shows the local misorientation (LM) of eutectoid and
hypereutectoid rail steels in different zones. It could be observed that, in the initial deformation
stage (from the matrix zone to the transition zone) the concentration range of the LM increases
from 0~2° to 0~3° both for eutectoid and hypereutectoid rails (Fig. 9a, b, d and e). The low LM
means that there are few dislocations in the matrix zone while the increase in LM indicates that
numerous dislocations have initiated and piled-up during the initial stage of deformation.
However, in the severely deformed zone (Fig. 9¢c and f), the LM of the rail decreases to the
range of 0~1.5°, even smaller than that of the matrix. It is proved that, with the increase in the
deformation, due to the dynamic recrystallization, the pONP decreases as the dislocation
contributes to the grain boundaries, which could result in the decrease in the LM.

Fig. 9g shows the average values of LM of eutectoid and hypereutectoid rails in different
zones. The hypereutectoid rail in the matrix zone and the transition zone are larger than those
of eutectoid rail. While, in the severely deformed zone, the average value of LM of eutectoid
and hypereutectoid rails is nearly the same. This phenomenon indicates that more GNDs in

hypereutectoid rail would contributed to the grain boundaries and hypereutectoid rail would



experience more severe dynamic recrystallization than eutectoid rail.
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Fig. 9. Local misorientation (LM), (a) eutectoid rail-matrix zone; (b) eutectoid rail-transition zone; (c)
eutectoid-severely deformed zone; (d) hypereutectoid rail-matrix zone; (¢) hypereutectoid rail-transition
zone; (f) hypereutectoid rail-severely deformed zone; (g) the average values of LM.

Fig. 10 shows the distribution of deformed structure, substructure and recrystallized grains
of eutectoid and hypereutectoid rails in different zones. In the initial deformation stage (i.e.,
from the matrix zone to the transition zone) (Fig. 10a, b, d and e), the contents of the
recrystallization structure and substructure decrease, while the content of the deformation
structure increases. This is due to the fact that the material defects are dominated by the

dislocation initiation and plastic deformation in the initial stage of deformation. In the severely



deformed zone (Fig. 10c and f), the content of recrystallization structure and substructure of
rail material increases significantly, while the content of deformation structure decreases
sharply. It could be explained by the fact that dislocations on the surface material contribute to
the grain boundary, leading to the dynamic recrystallization in the severely deformed zone. This
result is consistent with the results from the GB maps and the LM of the rail materials (Fig. 7
and 9).

In the matrix zone, the content of the deformed grain and the recrystallized structure of the
eutectoid and hypereutectoid rail steels are similar (Fig. 10a and d). However, in the severely
deformed zone (Fig. 10c and f), the substructure of eutectoid rail (70.85%) is higher than that
of hypereutectoid rail steel (52.99%) while the recrystallized proportion of eutectoid rail
(14.52%) is lower than that of hypereutectoid rail (26.41%). Therefore, the hypereutectoid rail
steel in the severely deformed zone has undergone a more severe recrystallization process than

eutectoid rail.
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Fig. 10. The recrystallization, substructure and deformed structure of rail steels, (a) eutectoid rail-matrix
zone; (b) eutectoid rail-transition zone; (c) eutectoid-severely deformed zone; (d) hypereutectoid rail-matrix

zone; (e) hypereutectoid rail-transition zone; (f) hypereutectoid rail-severely deformed zone.

3.4 TEM observation

Fig. 11 shows the TEM observations of the microstructure morphologies and the selected
area electron diffraction (SAED) spots of eutectoid and hypereutectoid rail steels after testing.
It could be observed that in the transition zone (Fig. 10a), the structure of the material is non-
uniform, and both the recrystallized sub-grain and the broken pearlite structure could be
observed. This is due to the fact that the deformation of the pearlite is highly related to the
arrangement of the pearlite lamellar. For the pearlite where the lamellar direction is consistent
with the running direction, the structure is less damaged and the degree of recrystallization is
weak. Where the lamellar direction is perpendicular or at a large angle to rolling direction, the
structure is severely damaged and the degree of recrystallization is high. The SEAD spot reveals
that the diffraction spots of both ferrite and cementite are evolving to a ring shape. In the
severely deformed zone (Fig. 11b), the pearlite structure of eutectoid rail is severely broken and
the cementite plates could nearly not be observed. Under high magnification, recrystallized
grains could be observed. Besides, the pearlite grains are severely refined and the electron
diffraction of the selected area shows a ring shape.

Fig. 11c and d show the TEM observation of the microstructure morphologies of the
hypereutectoid rail steel in the transition zone and the severely deformed zone, respectively.
Compared with the eutectoid rail steel, in the transition zone, at the same distance from the
surface (50um), the microstructure of the hypereutectoid rail steel is damage is more mild. At
low magnification, a clear cementite plate structure could be observed. The lamellar pearlite is

squeezed and distorted and micro-shear bands could be observed. Furthermore, the shear bands



could shear the lamellar pearlite into a sub-grain structure [31]. In the severely deformed zone,
the hypereutectoid rail steel has undergone a more severe grain refinement process than
eutectoid rail. At high magnification, almost no independent recrystallized grain structure could
be observed, and the SAED spot is ring-shaped. In summary, these two rail steels have
experienced the formation of shear bands under the action of dislocations in the pearlite lamellar
structure in the initial deformation stage (i.e., the transition zone), and then the formation of
sub-grains. Finally, ultra-fine recrystallized grains could be observed on the subsurface
materials as a result of dynamic recrystallization process. At the same depth from the surface,
the grain refinement in the severely deformed zone of hypereutectoid rail is more severe, while
in the transition zone, the structure damage of hypereutectoid steel is more mild than eutectoid

rail.

=2 Recrystallized

sub-grain

(b)



(d)

Fig. 11. TEM observation of microstructure deformation of rail, (a) eutectoid rail-transition zone; (b)

eutectoid rail-severely deformed zone; (c) hypereutectoid rail-transition zone; (d) hypereutectoid rail-
severely deformed zone.

3.5 The microstructure evolutions of rail steels

According to the observations and analysis above, the original equiaxed and undeformed
coarse grains were transformed into nano-grains rich in HAGBs after rolling-sliding testing.
The ultra-fine grains with HAGBs microstructure are consistent with the observations of
microstructure on a field in-service rail [18]. The microstructure evolutions during rolling-
sliding contact both of eutectoid and hypereutectoid rails were implemented by two
mechanisms: the microstructure transition induced by the movement of dislocations and the
following dynamic recrystallization. The initial microstructure deformation of pearlite and the
breaking of cementite mainly occurred through the movement of dislocations, while the

refinement of the grains and the formation the nanostructure grains mainly occurred through



dynamic recrystallization.

During the initial deformation stage, the strain in the grains is relatively low and the
initiation and movement of dislocations in ferrite plates dominated the microstructure evolution
of the rail material. The ferrite had more slip systems and lower strength than cementite [23].
Therefore, the dislocations were preferentially initiated in ferrite plates. Furthermore, the
pearlite grains orientated in anisotropy and the ferrite and cementite plates were aligned
randomly to the shear stress. Where the lamellar direction was perpendicular to the shear stress,
the dislocations slipped and piled-up at the interface between the ferrite and the cementite plates.
The cementite would be curled and broken under a high density of dislocations (Fig. 10b and
d). Where the lamellar direction was parallel to the shear stress, the dislocations slipped and
piled-up at the grain boundaries. Two types of grain boundaries could be observed in rail
materials: LAGBs and HAGBs. Basically, the LAGBs were considered as softer obstacles for
dislocations, while HAGBs were harder obstacles [32]. With the elongation of durations,
dislocations moved through the LAGBs while they piled-up at the HAGBs continually. The
continuous accumulation of dislocations at the HAGBs adjusted the misorientation angles of
adjacent grains and caused the transition from HAGBs to LAGBs (Fig. 6 and 9). Furthermore,
pearlite grains rotated to the direction of shear stress gradually under the action of the high
density of dislocations with shortened interlamellar spacing (Fig. 5a and c).

With the increase in the dislocation density, dense dislocation walls (DDWs) and
dislocation tangles (DTs) were formed in the ferrite and segmented the pearlite into sub-grains.
Besides, dislocations piled-up at the interfaces between pearlites and cementite plates which

would lead to the strain localization and tear cementite to form the microshear bands (MSBs)



(Fig. 11b and d). Therefore, the dimensions of grains and the interlamellar spacing of pearlite
decreased (Fig. 6).

With the further accumulation of deformation, the strain in the grains is relatively large
and the dynamic recrystallization would dominate the microstructure evolution process of rail
materials due to the severe plastic deformation, known as the continuous dynamic
recrystallization (cDRX) [33]. The shear strain on the top of rail materials would accumulate as
high as 12 to 14 [18] [19], which would high enough to cause a cDRX (e.g., £>12). The cDRX
originated form the transition of dislocations sub-boundaries into nanocrystallized grains with
HAGBSs. During this transition process, the LAGBs were converted into HAGBs (Fig. 6) and
the grains were significantly refined into equiaxed nanocrystalline grains with a diameter less
than 1 um (Fig. 7b). Besides, a fibrous structure was formed (Fig. 5b and d).

3.6 Comparison of eutectoid and hypereutectoid rail steels

The hypereutectoid rail had finer interlamellar spacing and higher content of LAGBs (Fig.
7a) than eutectoid rail in the matrix zone. Therefore, the microstructure evolution of
hypereutectoid was different from that of eutectoid rail after the rolling-sliding testing. In the
initial deformation stage, the hypereutectoid rail would be deformed slightly and a texture could
be observed. This is due to the higher content of LAGBs could coordinate the deformation of
neighboring grains through rotating the pearlite orientation in the transition zone. In the severely
deformed zone, the rail material would experience the cDRX process. As mentioned above, the
cDRX was originated from the transition of dislocations sub-boundaries into nanocrystallized
grains with HAGBs. In the present study, the hypereutectoid rail material had a higher content

of LAGBs both in the transition zone and in the matrix zone. However, in the severely deformed



zone, the HAGBs of eutectoid and hypereutectoid rail were nearly the same (Fig. 7a). This
phenomenon indicated that the hypereutectoid rail would experience more severe LAGBs-to-
HAGB: transitions and more severe cDRX than eutectoid rail in the severe deformed zone. The
dynamic recrytallized grains could be the weak part for crack initiation and propagation [34].
Therefore, the hypereutectoid had a longer RCF crack length in the surface material. In
summary, at the topmost layer, the hypereutectoid rail would present a higher cDRX degree in
the severely deformed zone than eutectoid rail, which might be the possible reason for the lower
RCEF resistance of hypereutectoid rail in the present study.

4. Conclusions

In the present study, the wear and RCF performance and the subsurface microstructure
evolution of eutectoid and hypereutectoid rail steels after testing were investigated
systematically through SEM, EBSD and TEM. The pearlite grain deformation and refinement,
the angle of grain boundaries and the recrystallization behaviour of these two rail materials after
rolling-sliding tests were analyzed. The following conclusions could be obtained:

1. The hypereutectoid rail has a better resistance to wear, but a longer RCF crack length
than eutectoid rail in the present study.

2. After the rolling-sliding testing, based on the plastic deformation and microstructure
characteristics, the subsurface rail material could be divided into three zones: the severely
deformed zone, the transition zone and the matrix zone. In the severely deformed zone, the
original equiaxed and undeformed coarse grains in rail steels were transformed into nano-grains

and most of the LAGBs were transformed into HAGBs.



3. The microstructure evolution during rolling-sliding contact both of eutectoid and
hypereutectoid rails were implemented by two mechanisms. The initial microstructure
deformation of pearlites and the breaking of cementite mainly occurred through the movement
of dislocations while the following formation of the nanostructure grains mainly occurred
through the cDRX.

4. The microstructure of hypereutectoid rail would deform more mildly in the transition
zone, but would present a more severe cDRX process in the severely deformed zone than

eutectoid rail.
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