J MATER RES TECHNOL.2019;8(6):6275-6288

Available online at www.sciencedirect.com

jmr&it

Journal of Materials Research and Technology
www.jmrt.com.br

Original Article

Check for
updates

Microstructure and crystallographic orientation
evolutions below the superficial white layer of a
used peatrlitic rail

Mohammad Masoumi®*, Nelson Batista de Lima®, Gustavo Tressia¢, Amilton Sinatora®,
Hélio Goldenstein*

a Universidade Federal do ABC, Centro de Engenharia, Modelagem e Ciéncias Sociais Aplicadas, Santo André, SP 09210-580 Brazil

b Instituto de Pesquisas Energéticas e Nucleares-IPEN, Sdo Paulo, SP, 05508-900 Brazil

¢ Instituto Tecnoldgico Vale, Av. Juscelino Kubitschek 31, Bauxita, Ouro Preto, MG 35400-000, Brazil

d Escola Politécnica da Universidade de Sdo Paulo, Departamento de Engenharia Metaltirgica e de Materiais, Sdo Paulo, SP, 05508-030,
Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 24 June 2019

Accepted 9 October 2019

Available online 12 November 2019

Although several studies have been conducted on the mechanism of the formation of
white layer by cyclic large shear deformation, and its effect on rolling contact fatigue,
limited research has been carried out to find a correlation between sub-superficial layer
of running contact surface and the crystallographic orientation, microstructural changes,
and distribution of shear deformation and dislocation density. In order to understand

Keywords: the microstructural evolution (i.e., microstructure and crystallographic orientation) a used

Severe plastic deformation pearlitic rail sample removed from the heavy-haul railroad was investigated in the current

White layer work. A very thin superficial white layer was observed, approximately 15 um below the run-
Crystallographic texture ning contact surface. X-ray diffraction analysis confirmed the formation of a supersaturated
EBSD ferrite phase with carbon content of approximately 3.78 C wt%. It could be attributed to the

cementite dissolution due to severe shear and compressive stresses, during intense shear
plastic deformation, from the rail-wheel interaction. The dominance of {110} ferrite grains
parallel to the rail direction was characterised, in the transition layer between white layer
and non-deformed pearlite structure, by X-ray diffraction and electron backscattered diffrac-
tion techniques. Formation of these grains, corresponding to the closed-pack plane of the
ferrite matrix at the transition region, leads to great ductility and retarded crack formation.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pearlitic rail steels are still widely used as the major rail-
way type steels around the world, due to their high strength

2238-7854/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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and excellent wear and fatigue failure resistance. Pearlite
structures exhibit good wear resistance under rolling-sliding
conditions and abrasive modes [1-3]. Alternative layers of fer-
rite and cementite act as barriers to the moving dislocation,
which leads to superior work-hardening [4]. Improvements
of cleanliness, reduction of inter-lamellar spacing and thick
cementite lamella can also improve the wear resistance [5]. In
addition, higher plastic flow and fracture strain of fine pearlite
causes higher wear resistance [6]. Finer pearlite colonies hin-
der the penetration, and subsequent material removal, by
abrasives, resulting in shallow abrasion. On the other hand,
the formation of the continuous network of cementite at the
prior austenite grain boundaries, increases the brittle fracture
and cracking along the boundaries [7].

Pearlitic steels, with high carbon-manganese content and
without any major alloying elements, are subjected to intense
plastic deformation caused by high axle loading from passing
trains. This result in serious wear and a transformed surface
structure, which is called the white etching layer (WEL). The
white etchinglayer is more brittle than the pearlitic base mate-
rial and can enhance crack initiation and propagation, leading
to early fracture in rails [8,9]. There are two main hypotheses,
assumed, for the formation of white layer. One is marten-
site formation due to the temperature rising to austenitisation
temperatures because of the flash heating, in the order of mil-
liseconds, due to the wheel-rail friction contact by adiabatic
shear instability, then the subsequent martensitic transforma-
tion due to rapid quenching [10-12]. The second hypothesis
is the formation of, highly distorted, carbon supersaturated
nanocrystalline ferrite due to the decomposition of cementite
in pearlitic steel during severe plastic deformation, followed
by dragging of the carbon atoms from the cementite into the
ferrite lattice [13-15].

Olofsson et al. [16] studied the development of wear and
plastic deformation damage mechanisms on two rails for 2
years. They reported a significant change in the rail profile due
to wear and unidirectional plastic strain accumulation (ratch-
eting) during the service period. In addition, the wear rate
increases by increasing the severity of the contact pressure
and sliding velocity, leading to a change of wear mechanism
from mild wear to severe wear. Mild wear dominated at the
railhead, exhibits a smooth surface rather than the original
surface. However, severe wear form at rail edge, associated
with seizure results in a rougher surface rather than the origi-
nal surface [17]. In other words, squats defect generally formed
at railhead initiates by exhausting the surface material (ratch-
eting) or fatigue mechanism (shakedown) due to the cyclic
high contact stress. Moreover, the microhardness values at the
WEL adjacent to squats are 2-3 times higher than the original
state, confirming the brittle nature of WELs and enhancing
fatigue crack initiation as well.

The dislocation movements on the active slip systems are
responsible for plastic deformation under external loading.
Owing to the pioneering work of Schmid law [18], a slip system
is activated when its resolved shear stress reaches a critical
value (CRSS). However, Taylor pointed out that BCC materials
do not obey Schmid’s law, due to the lack of mirror symme-
try with respect to planes orthogonal to the dominant <111>
slip direction [19]. Owing to the multiplicity of slip systems
in BCC materials, there are 48 slip planes: 12 {110}, 12 {112},

and 24 {123} planes. However, plastic deformation is governed
only by the motion of <111> screw dislocations associated with
the densest direction [18,19]. In this regard, (100) crystallo-
graphic planes are known as the main cleavage planes. While,
the {110}<111> and {112}<111> are the main slip systems and
depends on temperature and strain rate. On the one hand,
according to the von Mises, at least five independent slip sys-
tems are required for plastic deformation. On the other hand,
the grain deformation has to accommodate its neighboring
grains [20]. Therefore, plastic deformation happens when two
neighboring grains might rotate in a pattern to make their ori-
entation closer. To this end, orientations corresponding to the
compact planes at boundary would enhance deformation by
increasing the geometrical accommodation of adjacent grains
[21].

It is well-known that white layer plays a critical role in
crack initiation and propagation, on the rail surface, which
reduces wear resistance and lifetime. Recently, the charac-
terisation of microstructural evolution, in depth from the
distance, and its effects on macro-scale mechanical properties
(i.e., tensile strength, fracture toughness and crack propa-
gation), was proposed to optimise wear behaviour [22-25].
Satoh et al. [22] analysed the effect of crystal orientation
on a used pearlitic rail using X-ray diffraction and electron
backscatter diffraction (EBSD). They reported the development
of {111} crystallographic orientation of grains, oriented paral-
lel to the running surface, up to about 100 pm in depth from
the surface. Solano-Alvarez et al. [26] observed that subsur-
face fatigue cracking initiated at inclusions and propagated
through brittle {001} grain boundaries. Matsuda et al. [24]
also documented the relationship between the rail damage,
and crystallographic changes, due to the accumulation of
micro-strain, or fatigue, on the running surface. Guo et al.
[25] documented the development of {110} fibre texture of fer-
rite matrix due to the formation of deformation bands, and
shear-like bands, by heterogeneous deformation of pearlite
colonies and ferrite-cementite interfaces, during wire draw-
ing, in pearlitic steel. This evidence points to similar plastic
shear deformation of the cementite lamellae and cemen-
tite/ferrite phase boundaries, during the life of rails in heavy
haul railways.

Hence, most of the research has focussed on the influ-
ence of microstructure modification, rather than the influence
of texture, on tribological behavior [22,24,26]. The fatigue
behaviour is affected by the structural evolutions, such as
changes of the crystal orientation, coefficient of friction, sub-
grain size, and local strain distribution of the deformed surface
and subsurface layer [27]. The crystallographic orientation,
changes of preferred direction, and its discrepancy also control
the tribological properties, due to the activated glide sys-
tems in the tribological contact for dislocation movements.
EBSD and X-ray diffraction (XRD) were employed to charac-
terise the microstructural evolution (i.e. microstructure and
crystal orientation) on WEL and the sub-superficial layer of
the running contact surface. Therefore, detailed character-
ization of the microstructural gradient evolution along the
rail depth including subjected to severe rolling-sliding modes
were investigated in a used pearlitic rail sample, to under-
standing the microstructure modification including partially
dissolved parent cementite in the WEL and formation of
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nanocrystalline carbon-supersaturated ferrite accompanied
by crystallographic grains rearrangement at micrometer scale.

2. Material and procedures

The specimens were removed from an inner curved rail track
with a radius of 344m, containing slightly surface defects
which shown in Fig. 1. The rail track has a total load passage of
approximately 38 million gross tonnages (MGT) for a period of
4 years in-service. A series of head check defects were gener-
ated on the fatigued rail sample due to severely cyclic a plastic
deformation between the wheel and the rail. In this research,
the maximum value of the crack depth from the surface of
the railhead is about 10 pum and does not pass the WEL. The
chemical composition of two investigated rail steel (in the orig-
inal and fatigued states) identified by spectrometric analysis
about 10 mm from the rail surface, was (in wt.%) 0.75C, 0.22Si,
1.03Mn, 0.019P, 0.005S, 0.21Cr, and 0.05Ni.

The microstructure was analysed using scanning electron
microscope (SEM, FEI-Inspect F50) as a function of different
distances from the contact surface, sectioned along the trans-
verse direction. Metallographic preparation of the samples
involved hot mounting, in non-conductive bakelite (at 160°C
for 5min), followed by manual grinding using silicon carbide
papers from 100# to 1200#, polishing with 6, 3 and 1 pm water-
based diamond suspensions, and etching by 4% Nital (4 vol%
nitric acid and 96 vol% alcohol) solution for 30s.

The hardness variation, as a function of distance from
the railhead, was also measured for the transverse section
of railhead by microhardness and nano-indentation tech-
niques. Microhardness was carried out using a Shimadzu
(HMV-2TADW) tester with 4.903N load (HVys) and 15s dwell
time. Nano-indentation testing was conducted using the Tri-
boindenter TI 950 (Hysitron Inc.), involving an array of 10 x 5
indentations in 50 x 50 wm, applying a load of 10 mN and using
a Berkovich type indenter. Reduced Young’s modulus (Er) and
nano-hardness (H) values, of each indentation point, were
calculated using Dao et al. [28] methodology for the implemen-
tation of the reverse algorithm on load-depth curves obtained
by nano-indentation.

Two samples, with a length of 250 mm, width of 200 mm,
and a thickness of 2mm, were cut off in a longitudinal direc-
tion from the rail surface, before and after service (known as
original state and fatigued rails samples), for X-ray diffrac-
tion (XRD). X-ray phase identification was performed using
an X-ray diffractometer (Philips, X’Pert MPD) in W-geometry
employing Cu- K, radiation. Phase analyses were performed
in a 26-range between 30° and 120° with 0.001 2Theta step
size. The X-ray peak broadening corresponds to the state of
the exhausted microstructure during service and the resid-
ual microstrain within the crystallites. These two parameters
can be deconvoluted by plotting the peak width at half the
maximum height (in radians) K = 2sin6/A where 6 is the Bragg
angle and A is the X-ray wavelength. Furthermore, standard
strain-free crystals of LaB6 were diffracted in the same instru-
ment, over a 20 range of 20-150°, in order to measure the
instrumental broadening using the Caglioti equation [29]:

Bstandard = utan?6 + vtand + w (1)

where g is the physical widening for a specific hkl plane; and
u, v, and w were obtained as 0.00467, 0.003902, and 0.001037
after full diffraction profiles (i.e., (110), (200), (211), (220), and
(310)) fitting by the Rieveltd method using the GSAS (General
Structure Analysis System) software. Furthermore, modified
Williamson-Hall plots were made for the ferrite peaks for an
estimation of the dislocation density. In order to obtain better
analysis a pure Lorentzian, or a Gaussian shape, was imple-
mented according to ref. [30].

The carbon content in the ferrite gradually increased under
rolling/sliding conditions. The percentage of dissolved carbon
(Xc), in ferrite super saturated a-iron, has been calculated from
the lattice parameter for the exhausted ferrite [31],

(a0 — 0.279xc)” (ao + 2.496xc) — a3
3a2

a, = dg + — 0.03xs;

+0.06xpm + O.O7XN1' + 0.31xp0 + 0.05x¢, + 0.096xy (2)

The same XRD samples were used to obtain crystallo-
graphic texture analyses. The macrotexture was measured by
an X-ray diffractometer (Philips, X'Pert MPD). The diffracting
positions of each sample were accurately selected, initially, by
high-resolution X-ray measurements. Then, incomplete pole
figures (i.e., {110}, {200}, and {211} reflections of ferrite matrix
in pearlite structure) were obtained from the three reflections,
measuring azimuth angles between 0-350° and polar angles
between 0° and 80° at a 5° step size. Then, the orientation dis-
tribution function (ODF) was calculated using M-tex [32] free
Matlab toolbox for analysing and modelling crystallographic
textures.

Electron backscattered diffraction (EBSD) analysis was per-
formed using a TSL EDAX system installed on a FEI-SEM with
the working distance of about 12 mm, x5000 magnification, 5
spot size, and 50 nm step size. EBSD analyses were conducted
for the same non-etched SEM samples. Final polishing, with
50 nm colloidal silica slurry for 3h, was used in order to obtain
the best Kikuchi pattern. Only the BCC ferrite phase can be
indexed by EBSD, since fine cementite lamellae are below reso-
lution of the EBSD system and so not able to produce indexable
patterns. Finally, the detailed ESBD analysis was conducted by
using TSL OIM analysis 7 and M-TEX software.

A cross-sectional foil for TEM was prepared by focused ion
beam (FIB) technique using a FEI Quanta 3D FEG/FIB. Detailed
microstructural features were characterized by Transmission
Electron Microscope (TEM), equipped with Electron Energy
Loss Spectroscopy (EELS) to map the chemical composition.
TEM was operated at 200kV, working with selected-area
electron diffraction (SAED), nanobeam diffraction (NBD), con-
ventional bright-field (BF), dark-field (DF), and high-resolution
TEM (HRTEM) imaging.

3. Results and discussion

The fine pearlitic microstructure of the original virgin
(as-received) rail steel was investigated using SEM and
is presented in Fig. 2. A non-uniform cementite lamella
thickness along rail lines is inevitable during production
process. Pearlitic microstructure with interlamellar spacing
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Fig. 1 - (a) Worn pearlitic rail steel removed from heavy-haul Brazilian railroad and (b) transversal section.

Fig. 2 - SEM micrographs of as-received, original virgin rail
steel (ferrite in dark and cementite in bright contrast).

and pearlite colony sizes of approximately ~90+30nm and
15+ 5 pm were characterized in the original state of rail sam-
ple. It is well documented that refined pearlite, with fine
interlamellar spacing (less than 200 nm), improves the hard-
ness and work hardening behaviour by means of restricted
dislocation movement. Consequently, the fine interlamellar
spacing can prolong the service life of pearlite rails by increas-
ing the wear resistance. Notably, the interlamellar spacing
gradually increases along the railhead due to the cooling
rate. Superficial hardening treatments involve heating the
railhead followed by fast continuous cooling are conducted
pearlitic steels for railroad application to enhance wear prop-
erties [33]. In this treatment the railhead is heated to 900°C
followed by accelerated cooling at a high critical cooling

rate (10°C/second) for reduction of the austenite to pearlite
transformation as low as possible (about 550°C) to form a
refined interlamellar spacing. In contrast, the difference in the
expansion coefficients of ferrite and cementite, under pearlite
transformation, forms residual stress and elastic strain [34],
which could have a negative effect on early crack initiation
due to lattice non-compliance at the interfaces of the ferrite
and adjacent cementite. On the one hand, the large pearlite
interlamellar spacing avoids the overlap region between the
lattice distortions at the ferrite/cementite interfaces. On the
other hand, very small pearlite interlamellar spacing leads
to an overlapping of the two strain areas, such that the fer-
rite hardening reaches saturation, leading to the formation of
microcracks at the interface of ferrite and cementite. There-
fore, the refinement of interlamellar spacing, accompanied by
simultaneously refining ferrite and cementite, can increase
the plasticity [35].

Fig. 3 shows the evolution of pearlite microstructure as
a function of depth from the rail surface. Non-deformed
pearlite colonies, with no preferred colony orientations, were
observed approximately 50 um below the surface area, as
seen in Fig. 3b. The average pearlite colony diameter and the
average pearlite interlamellar spacing were estimated to be
about ~ 18 um and ~ 100 nm, respectively, measured using the
circular line method [36]. Although non-uniform cementite
lamella thickness and interlamellar spacing can have effect
on strain distribution, its slight difference along rail line could
be neglected. The hardness, in this non-deformed pearlite
area, was about 375 4 15 HV. Ferrite-cementite interfaces act as
barriers to dislocation movement causing increased hardness
and yield strength, according to the Hall-Petch theory [37],
which can improve wear resistance. During train circulation,
the cyclic compression-tension shear stress on the rails leads
to an accumulation of plastic deformation and an increase
in the shear stresses, causing the gradual structure variation
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Fig. 3 - (a,b) Transversal section of headrail surface and (c-f) microstructural alterations as a function of surface depth.

along depth distance [38]. Thus, the deformation level rises shear stresses in the rail contact surface [39]. The hardness
continuously towards the rail surface. value, in this area, increased up to around 425HV. Then,

Fig. 3c shows the aligned pearlitic microstructure (cemen- a highly deformed pearlitic structure, containing thinning,
tite and ferrite structure parallel to shear bands), approxi- bending, and fragmenting of cementite particles was observed

mately 15-50 pm below the rail surface, due to high tangential a few microns (~15 pm) below the rail surface, Fig. 3d. Toribio
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et al. [40] and Guo et al. [41] explained the changes of pearlite
morphology by rotational movements when the two ends of
pearlite lamellae received the same compressive stress, per-
pendicular to the rolling direction. Kink, or shear band, also
enhances the fragmenting and re-orientation of cementite
layers [40,41]. Microhardness measurements showed a con-
tinuous increase of hardness to about 465 HV in this deformed
region. Embury and Fisher [42] reported that the bent and bro-
ken cementite structure acts as a barrier to dislocation motion,
leading to significant increases in strengthening and more dis-
location pile-ups, due to more ferrite-cementite interfaces.
Finally, a featureless (featureless in the sense that the char-
acteristic lamellar pearlitic morphology is no longer visible,
Fig. 3e) WEL structure, with extreme microhardness values
about 835+ 15HV, was characterised close (~10pm) to the
rail surface. In general, work hardening in pearlite can barely
increase any higher than 500HV. Such an extremely high
hardness could be explained by the formation of martensite
induced cyclic plastic deformation. A combination of severely
plastic deformation depends on cyclic wheels loading, high
pressure, and local temperature increase results in formation
martensite induced cyclic plastic deformation [26,43].

The nano-hardness testing was conducted at 5pm
below the contact surface. The principal objective of the
nano-indentation test is to obtain elastic modulus and nano-
hardness values of the rail sample, along the surface depth
from experimental nano-indentation load-displacement mea-
surements, using readings of the indenter. Unlike a conven-
tional microhardness method, the size of the projected contact
area, and related residual impression, are too small. Thereby,
accurate mechanical properties, and elastic-plastic behaviour,
can be obtained from load-depth curves. In nano-indentation
testing, force and depth of penetration are recorded when
a load is applied from zero to a maximum, holding steady
at the maximum load, and then from maximum force back
to zero [44]. Nano-indentation hardness values were about
5.5 GPa (about 509.8 HV) only 50 pm below the surface, while
its value increased strongly to reach approximately 7.9 GPa
(718.9 HV) very close the contact surface ~15 um. Experimen-
tal load-displacement curves, obtained by a Berkovich type
indenter and 10mN force, are shown in Fig. 4a. Reduced
Young’s modulus and nano-hardness values were calculated
using the reverse algorithm proposed by Dao et al. [28], and
are presented in Fig. 4b. A continuous reduction in both nano-
hardness, and reduced Young’s modulus, was observed as a
function of distance from the rail surface. Reduced Young’s
modulus dropped from 200 + 3 GPa to 186 + 3 GPa at only 50 pm
from the used rail surface.

Hence, the nanoindentation measurements exhibited a
large scatter due to the inhomogeneity of the microstruc-
ture, the modulus of elasticity was continuously decreased
from WEL region to undeformed pearlite. In general, the ten-
dency of Young’s Modulus would depend on grain size below
micro-meter level. This is attributed with the increase in
the volume fraction of grain boundaries, leading to weaken
atomic bonding at grain boundaries and triple junctions, con-
sequently deleterious eff ;ect for the elastic modulus [45]. On
the other hand, the crystal orientation of each grain governs
the crystal local Young’s modulus of o each grain based on
a geometrical assumption. Masumoto et al. [46] showed that

the largest Young’s modulus calculated from the resonance
frequency of vibration (500-800Hz) in carbon steel is near
to the <111> and <110> direction and the smallest in <100>
direction (i.e., E<111> > E<110> > E<100>). The results suggest
that excessive cyclic loads, due to passing trains, significantly
increase the elastic modulus. The significant increase of the
reduced Young’s modulus could be attributed to extensive
residual stresses and large dislocation densities at superfi-
cial WEL and highly deformed sub-superficial layers [47]. The
combination of high hardness and work-hardening capacity
at the rail surface, and gradual decreases along the depth dis-
tance, are related to compressive residual stress due to cyclic
rolling/sliding loading, which can increase fatigue life [3]. The
accumulated residual tensile or compressive stress enhances
fatigue crack initiation due to exhausted ductility of a mate-
rial. However, the higher compressive residual stress ahead of
crack tips delays fatigue crack propagation, which increases
fatigue life [48]. It is also expected that the excess hardness
value, at the rail surface, prevents material removal by abra-
sives, resulting in high wear resistance.

It has been reported [14,15] that the high dislocation den-
sity generated by severe plastic-deformation, absorbed at
the cementite/ferrite interfaces, lead to cementite decom-
position in the non-equilibrium condition. Thereby, carbon-
supersaturated ferrite, with very high crystal distortion,
forms at superficial, severely deformed, contact regions. X-
ray diffraction analysis was conducted on the rail surface,
before and after service, to understand structural changes
due to tangential shear and normal stress as well as con-
tact temperature. Fig. 5 shows the X-ray diffraction patterns
which characterised both ferrite and cementite, with the
more intense peaks corresponding to the matrix ferrite phase.
X-ray diffraction data demonstrated an approximate 20%
peak broadening in comparison with the initial state due
to the residual microstrain within the crystallites under
the rolling/sliding condition. The as-received, non-deformed,
pearlite microstructure had approximately 7% cementite, with
this amount reducing to about 2% in the used rail sam-
ple. This effect could be explained by interlamellar spacing,
with the cementite lamellae becoming thinner in the pearlite
structure. However, the appearance of a kink (left side) in
the {110} « peak was validated by the Lojkowski et al. [12]
results. They reported that dense dislocation walls or clouds,
at the pearlite/cementite interface, might be contributing to
the fragmentation of cementite and the dissolution of car-
bides. Carbon atoms settled at dislocation cores with low
energy sites, leading to the formation of a super-saturated a
iron phase with a higher lattice parameter and nanocrystalline
sizes at the surfacelayer [13-15]. From this observation and the
hardness results (i.e., microhardness and nano-indentation),
it is confirmed that the featureless WEL structure region is a
nanocrystalline ferrite structure in which cementite particles
are dissolved.

The XRD pattern can estimate the ferrite lattice parame-
ter, the carbon concentration of ferrite and the dislocation
densities in the ferrite matrix of the pearlite structure. The
lattice parameter of the as-hot rolled, non-deformed struc-
ture was about 2.866 A, while the lattice parameter of the
severely deformed ferrite matrix, at the running surface, was
calculated to be 2.877A. Also, the dislocation density was
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Fig. 4 - (a) Experimental load-displacement curves and (b) variation of nanohardness and reduced Young’s modulus along

depth distance from the rail surface.

estimated as approximately 6.77 x 10 and 1.43 x 10 m~2,
before and after rolling/sliding condition, respectively, by
means of the physical broadening of each specific hkl peak.
This estimate depends on the crystallographic defects and
the nanocrystalline structure formed in the carbon super-
saturated iron phase. It is worth mentioning that the higher
dislocation density at the contact surface, due to the forma-
tion of nanocrystalline carbon supersaturated ferrite by severe
plastic deformation, is consistent with excessive hardness
increments close to the contact surface. Although Wu [11]
presented that the austenization temperature is decreased by
hydrostatic pressure, no meaningful retained austenite was
found using XRD investigation at used rail sample. It might
be implied that all low stability (probable) retained austenite

at the near surface transformed into martensite during the
servicing.

The carbon concentration of the ferrite phase can be esti-
mated from the lattice parameter, in order to understand and
confirm carbon migration by severe deformation, but accu-
rate measurement of the carbon concentration from the ferrite
lattice is problematic due to difficulties such as crystallite
size effects, heterogeneous distribution of carbon in ferrite
and the breaking of crystal symmetry [49]. The percentage
of dissolved carbon atoms, in two distinct micro and nano
(super-saturated) ferrite phases, was estimated as 0.02 and
3.78% using Eq. 2. It is suggested that the cementite decompo-
sition, which occurred under severe shear strain close to the
wear surface, was induced by carbon dissolution into a dense
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Fig. 5 - X-ray diffraction pattern profiles obtained from the plane parallel the railhead surface before and after rail service.
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dislocation wall ferrite interphase, leading to the formation of
nanocrystalline super saturated ferrite. The higher concentra-
tion of carbon in the ferrite phase leads to an increase in the
lattice parameter and on the emergence of a new peak, at a
lower incident angle, that can be seen in Fig. 5. The carbon
enriched ferrite lattice is detected as a separate ferrite phase,
also with body-centered cubic crystal structure, but with
an expanded lattice parameter. Cyclic compression-tension
shear strain, at the rail surface, resulted in rapid multiplication
of dislocations at the ferrite/cementite interphase. Experi-
mental results [14,15,50] demonstrate the gradual cementite
structure decomposition during severe plastic deformation, in
which the carbon atoms segregate to microstructural defects,
such as dislocation walls or grain boundaries, of the ferritic
matrix. Sauvage et al. [14] also studied the distribution of car-
bon atoms by the dissolution of cementite, and found that
the dissolution of 20-50% of the cementite increases the car-
bon content in ferrite up to 4.4%. Li et al. [51] estimated that
the binding energy, between dislocations in ferrite and carbon
atoms, is higher than the interaction between carbon atoms
in cementite. Thus the increased dislocation density, elastic
stresses and large quantity of new boundaries where carbon
atoms can segregate, can explain the cementite dissolution.
Therefore, a nanocrystalline, C supersaturated iron phase was
formed in the contact surface layer.

Transmission electron microscopy (TEM) is capable of
resolving details down to crystal atomic planes, because the
electron beam is generated by applying a high electrical field.

In addition, the electron-transparent specimen accompanied
by a high energy electron beam reduces the beam/specimen
interaction volume, rather than SEM images, thus obtains
an excellent spatial resolution. Fig. 6 presents the high-
resolution bright-field TEM micrographs and corresponding
nanobeam diffraction (NBD) pattern obtained at the transi-
tion zone between the pearlite (green area) and WEL (blue
zone) regions. An apparent microstructure change was dis-
tinguished in these regions by the bright field micrograph and
confirmed by NBD patterns. In the green area, some cementite
(FesC) lamellae were found within the ferrite matrix, indicat-
ing the pearlite microstructure. The presence of cementite in
this region (about 3 pm beneath the railhead surface) was con-
firmed by the corresponding selected area electron pattern
and the cementite indexing. The bright-field micrograph at
the WEL exhibited the tetragonal crystal structure (bct) with
no cementite particles. Thus, it is concluded that the pearlite
is completely changed to the martensite at the WEL region.
It is worth mentioning that no retained austenite was found
at the regions analyzed at WEL, as well. To provide a clear
observation, chemical mapping of Fe and C elements was ana-
lyzed along depth distance (black zone). The inhomogeneous
distribution of carbon along depth distance clearly shows the
dissolution of cementite to form the supersaturated carbon
tetragonal crystal structure.

Macrotexture analysis, by X-Ray Diffraction, provides
quantitative information about the distribution of crys-
tallographic and grain orientations developed during the

Fig. 6 — High-resolution bright-field TEM micrographs and corresponding nanobeam diffraction pattern obtained at the
transition zone between the pearlite and WEL regions accompanied with chemical mapping of Fe and C elements analyzed

along depth distance.
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manufacturing process and service period. This can demon-
strate the effect of vehicle steering forces on changes of grain
orientation, which can be used to predict mechanical proper-
ties at the surface layer of rails. The normalised quantitative
comparison of the common fibre textures (i.e.,, {001}, {112},
{111} and {110}//ND) and their inverse pole figures (IPF), at
rail surface of both the as-received and used rail samples,
are shown in Fig. 7. A random crystallographic texture with
a slight fraction of grains aligned to {111}, plans parallel to
the normal surface direction (ND), was identified in the as-
received rail surface, Fig. 7a. The slight {111}//ND texture is
typical due to the hot rolling during the rail manufacturing
process. However, a predominantly {110}//ND fibre texture
was characterised at the contact surface of the used rail,
Fig. 7c. The inhomogeneity of the crystallographic texture
along the surface depth of the used rail is related to the defor-
mation caused by the friction between the wheels and the
rail, during the passing of trains, and corresponds to shear
texture close to the contact surface. Guo et al. [52] reported
that the <110> fiber texture formed during wire drawing of
fully pearlitic steel, exhibits a soft orientation for dislocation
slip, while all the neighboring colonies are in hard orienta-
tions around <110> direction. Such a different behaviour arises
from a large number of deformation bands and shear-like
bands, leads to generate a localized inhomogeneous deforma-
tion. The development of {110} grains is associated with the
plane strain deformation. Guo et al. [52] showed the decrease
in stress concentration is due to rotation of ferrite and cemen-
tite lamellae into <110> direction during the cold drawing of
pearlite. The comparison of quantities of the fibre intensities
also showed the rotation of {001} and {111}//ND texture into
{110}//ND due to plane strain deformation caused by the train
passing at the rail surface.

The colour-codded IPF represents the orientation of the
sample reference axis in the crystal reference system. The

orientation distribution function (ODF) can characterise the
crystallographic directions by the Euler angles (¢1, ¢, ¢2) and
Miller indices (hkl)[uvw] (which (hkl) cube planes are paral-
lel to the rail normal plan and [uvw] directions are parallel
to the rail direction). ODFs were estimated from EBSD maps
by means of the statistical kernel density estimation method
by M-TEX software [32] and plotted at constant ¢; = 45° of
Euler angles. Fig. 8a shows that the normal direction of the
rail in unused rail is oriented with an intensity of 1.17 times
more that the random along the <111> crystal direction and in
the deformed (used) rail the rail normal direction is oriented
along <011> crystal direction. Detailed crystallographic anal-
ysis revealed the formation of (110)[1 1 3] to Goss (110)[001]
crystal orientation, by rotation of {001} and {111}//ND tex-
tures, due to shear deformation. According to Suwas et al.
[53], shear texture is represented by a shear plane {hkl} and
the shear direction [uvw]. Thus, the most close-packed (110)
plane of ferrite matrix formed, and developed, by increasing
the plane shear strain. In addition, Guo et al. [25] reported that
development of {110} texture is related to the fibre structure
of pearlite morphology and the cementite alignment toward
the drawing direction, which can enhance strength and tough-
ness of cold drawn pearlitic steel wires. According to Sainath
et al. [54] and Blondé et al. [55], grains oriented along {110}
crystallographic planes show superior mechanical properties
due to the nature of the interatomic forces and small interpla-
nar distance in BCC structure. Thus, the presence of the {110}
texture, at the running contact surface, can actually increase
the local mechanical properties. Moreover, the highest values
of reduced Young’s modulus, obtained from nano-indentation
results, can be related to the formation of {110}//ND crystallo-
graphic texture. Another critical issue is that the WEL region,
with a polycrystalline structure, has a random crystal orienta-
tion. Thus, the {110}//ND grains are related to the transition
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Fig. 8 — ODFs at constant ¢, = 45° of (a) as-received and (b) used rail contact surface samples.

zone in which cementite particles are aligned with the train
moving direction.

Dislocation density is associated with the accommodation
of a lattice curvature from a deformation gradient has been
calculated by Geometrically Necessary Dislocations method
using Nye-Kroner equations from EBSD data [56]. Bracquart
et al. [57] investigated the influence of crystallographic ori-
entation on the initiation of a fatigue crack by the EBSD
technique. They pointed out that fatigue crack initiation is
strongly dependent on the crystallographic orientation of the
surrounding grain. This means, grains oriented to slip plans
are more prone to crack initiation. Wan et al. [58] inves-
tigated the influence of crystallographic orientation on the
Mises stress distributions to explain plastic shakedown or
ratcheting. Accumulated slip in cyclic loading generates per-
sistent slip bands causes increasing the local strain energy.
Stored energy is considering the geometrically necessary dis-
location (GND) densities and dislocation pile up due to lack
of adequate slip systems, leads to the nucleation of a crack
as well. Also, it is known that the stored energy generated
by neighboring grains atomic misfit can concentrate local-
ized strain, which enhances the crack initiation and crystal
failure [59]. The variation of crystal orientation, fraction of
high angle boundaries (HABs, random grain boundaries con-
sidered to point-to-point misorientation greater than 15°) and
dislocation density as a function of depth from the running
surface, hasbeen calculated from the EBSD data and presented
in Fig. 9. The significant increase of HABs found is evidence
for the ultra-fine grain refinement due to severe deforma-
tion. Grain sizes of nano-crystalline BCC structure, at very
superficial layer (~10 pm distance depth), were approximately
500+ 100 nm (step size of EBSD measurement was 50 nm). It
can also be seen that both the fraction of HABs and the dis-
location density had a maximum, close to the contact rail
surface. The possible mechanism for this grain refinement,
with the intense plastic deformation, is related to the exces-
sive number of dislocation densities. Initially, a huge number
of dislocations entangle at ferrite/cementite interfaces, ferrite
grain boundaries, and sub-grain ferrite boundaries. Secondly,

a high fraction of low angle boundaries (LABs, point-to-point
misorientation of less than 15°) are formed by dislocation rear-
rangement in order to decrease the stored elastic energy. LABs
are then transformed into HABs due to excess crystallographic
defects with the high stored energy of dislocations at LABs.
In other words, the immense dislocation accumulation and
rearrangement, during severe plastic deformation close to the
surface, leads to grain refinement. A gradual decrease in the
HABs fraction and dislocation density, with increasing depth
from the surface, was also observed.

The (001) direct pole figure, as determined in three small
regions (5 x 5um) along depth distances, is also shown in
Fig. 9. Regions i and ii presented specific grains in these small
areas, at 20 and 40 pm from the rail contact surface. Pole figure
calculated from superficial WEL (region iii) showed a nanocrys-
talline structure, with a wide range of random plane direction
distribution, in a very small area. It also shows the forma-
tion of nanocrystalline grains, due to static grain refinement
by severe plastic deformation, close to the running rail sur-
face. The variation of crystal orientation along the direction of
depth, in the common fibre textures, was plotted in Fig. 10. It
can be seen that the strong {110} texture was developed close
to the running surface, up to ~ 80 wm, at the transition region
between nanocrystalline WEL and non-deformed rail struc-
ture. Wang et al. [60] reported that grains containing a high
quantity of sub-grain boundaries were usually oriented along,
or close to, the <110> axis of crystal orientations. The reason
lies in the fact that lattice dislocation (i.e., nucleation, multi-
plication, and motion of dislocations), responsible for plastic
deformation, glide on compact crystal planes and directions
within the lattice. Thus, dislocation pile-ups, dynamic recov-
ery and formation of sub-grains subsequently occur in {110}
oriented grains. The other grain orientations were identified at
increased distances from the running surface. The {111} and
{100} grain orientations found, are common in hot-rolled pro-
cessing, during rail fabrication and post-treatment, and are in
agreement with the previous results of macro-texture analy-
sis.
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The experimental results from the reduced Young’s mod-
ulus and nano-hardness with internal energy and formation
of ultrafine grains, obtained from EBSD data, can be explained
by the good behaviour of rail steel under intense cyclic stress-
strain in the railway operations after approximately 30 MTBT.
However, cementite dissolution, during severe plastic defor-
mation, forms the superficial, featureless white layer structure
up to approximately 20 pm depth from the contact rail sur-
face. Moreover, nano-hardness testing demonstrated that the

development of compressive residual stress on the rail sur-
face, due to rolling/sliding loading, could enhance micro-crack
nucleation. Sato et al. [61] reported that superficial fatigue
cracks initiated and extended in the region with minimum
tensile stress (i.e., earlier plastic flow) along railroad lines,
rather than in the normal regions. Moreover, plastic flow
stress in metals, depends on the transferability of disloca-
tions through grain boundaries, which also considers both the
crystallographic orientation of slip systems and the applied
stress. The set of macrotexture and EBSD data indicates the
predominance of {110} crystallographic texture from the sub-
surface to about ~80 pm depth from the surface. Kamaya et al.
[62] reported that the crystal orientation is a dominant fac-
tor which can influence Young’s modulus in polycrystalline
materials. Sainath et al. [54] showed that if Young’s modulus is
highest in the {110} direction, this helps to achieve the great-
est ductility (i.e., combination of the highest ultimate, yield
strength, and elongation) in BCC materials.

4, Conclusions

The evolution of microstructure and crystallographic orienta-
tions as a function of distance depth of a used rail sample,
removed from a heavy-haul Brazilian railroad, was studied
by various techniques. Characterisation of a very thin nano-
crystalline carbon supersaturated a-iron phase at the contact
rail, and the variation of microstructural features along the
depth distance, were the main aims of this paper to help deter-
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mine good wear resistance of the used rail after 30 MTBT. The
following conclusions can be drawn:

e Diverse pearlite microstructures containing featureless,
fragmented, aligned, thinning and bending, were charac-
terised along the depth distance of the rail surface as aresult
of shear and normal stress.

e Microhardness and nano-indentation hardness values
reached approximately 835+ 15HV and 7.9 GPa very close
to the rail surface (~10 pm distance depth).

e Characterisation of the presence of a carbon supersaturated
a-iron phase, at the very thin (~15 pm) WEL region, showed
it to contain about 3.78 %C saturated in the ferrite phase.

e Presence of a dominant {110} crystallographic texture, with
a high Young’s modulus, close to the rail surface at the
transition region between nanocrystalline WEL and non-
deformed rail structure, could retard crack formation and
increase wear resistance.
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