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� Comparable hardness is obtained for
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after 5 minutes soaking at high
temperatures.
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The influence of soaking and cooling rates on the final microstructure of a R260Mn pearlitic railway steel
subjected to fast heating is investigated. Fast-heating experiments followed or not by soaking and cooling
at different rates were performed using quenching dilatometry on railway steel specimens obtained from
the rail head. Additional cyclic heating and quenching experiments were done to investigate the evolu-
tion of the microstructure during thermal cycling, which is relevant for railway applications. The final
microstructure is characterized via microhardness measurements, optical microscopy and scanning elec-
tron microscopy. The microstructural features are distinguished and the influence of each condition is
detailed. The study allows the construction of transformation diagrams during cooling after fast heating.
Furthermore, comparison between the final microstructures obtained in controlled laboratory conditions
and fieldWhite Etching Layers is presented. The obtained results can serve as a guideline for future repro-
duction of White Etching Layers in laboratory conditions and interpretation of field conditions.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Since many years, railway transportation has been one of the
main forms of passengers and freight transportation around the
world. The main advantages of this type of transportation lie in
its ability of handling large passenger and freight flows, low cost
and congestion-free traffic. Besides that, its carbon emission is
lower than other types of inland transportation, especially when
combined with clean energy sources. This makes it attractive to
many global societies which face a constant growth of urban areas
and are constantly searching for cleaner transportation alterna-
tives. Therefore, investments in railway infrastructure and services
are important for more sustainable communities.

A key component of the railway infrastructure is the steel rail-
way track, which requires regular maintenance and track replace-
ment. Unexpected maintenance leads to undesirable traffic
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interruptions which decreases the reliability of the system and
leads to additional costs. For the past years, researchers have been
investigating different aspects of railway systems such as steel
microstructure, contact loadings and failure mechanisms [1–5].
Their aim was to understand the complex phenomena that occur
during rail/wheel contact. Although these studies have led to great
findings, the comprehension of these mechanisms is still
incomplete.

It is known that railway tracks are subjected to two main dam-
age mechanisms: rolling contact fatigue and wear [6,7]. These
mechanisms cause degradation of the rail geometry profile as well
as deterioration of the material properties. For the past years, many
studies have focused on understanding the microstructural essence
of damage development in railway tracks. It was found that
repeated wheel/rail contacts induce microstructural changes at
the rail surface [8–10]. Two different layers have been observed
at the rail surface: White Etching Layer (WEL) and Brown Etching
Layer (BEL), named due to their white and brownish contrast in
optical microscope after etching with 2% Nital (2% HNO3 in etha-
nol). These layers are associated with preferential sites for crack
nucleation and propagation due to their brittle nature and to the
interface with the pearlitic base material. For this reason, more
insight into the mechanism which leads to microstructural evolu-
tion at the surface of rails is necessary for its prevention and con-
sequent increase of the rails service life and safety.

There are two main theories which were suggested to explain
the formation of WEL and BEL. The first theory suggests that these
layers are formed due to severe plastic deformation which induces
cementite dissolution and grain refinement at the railway surface
[11,12]. In this case the layers are considered to be composed of
carbon-supersaturated nanocrystalline ferrite. The second theory
proposes that these layers are actually formed as a consequence
of cyclic ultrafast heating of the surface during wheel passage
[13,14]. The temperature should in this explanation be high
enough to promote the austenitization of those regions which will
be followed by fast cooling, forming a nanocrystalline martensitic
structure. Evidence for the second theory lies on the fact that
retained austenite and small fractions of cementite can be
observed in such layers which can only occur if at least partial
austenitization takes place [15,16]. Additionally, computer simula-
tions have confirmed the possibility of surface heating above
austenitization temperature during wheel and rail contact [17–
19]. However, some researchers are hesitant to accept that the sur-
face can be heated to high temperatures of around 800 �C or more
in milliseconds during wheel/rail contact. Although these two
hypotheses were suggested, none is fully accepted.

Reproducing the exact loading conditions as on the actual rail-
way in a laboratory is not possible at the moment. Also, the forma-
tion of these layers in field takes place in many cycles and these
types of experiments are not possible. An attempt of measuring
the temperature rise during wheel contact could be an option
but currently existing devices are not able to detect such rise of
temperature in milliseconds at the location where wheel/rail con-
tact occurs. This makes it harder to reach agreement on which the-
ory is more realistic. As the exact conditions are not reproducible, a
good approach is to understand the behavior of railway steel when
subjected to fast heating, which is the main goal of the present
paper.

This paper focuses on the microstructural evolution of a com-
monly used railway steel grade (R260Mn) when subjected to sev-
eral heat treatments with fast heating. This allows for a
comparison of the microstructural characteristics of field-formed
layers with those simulated under controlled laboratory
conditions.

Additionally, the present study aims at providing insight into
the behavior of the present steel grade to serve as guideline for
2

understanding WEL and BEL formation. In order to do this, samples
from an actual railway track were subjected to fast heating at 200
�Cs�1 up to 900 �C. Although in practice heating rates may be
higher, using this heating rate provides understanding of the phase
transformation behaviour of R260Mn steel grade when subjected
to fast heating. After heating, two routes were applied: (a) soaking
for 5 min at 900 �C prior to cooling with different cooling rates or
(b) cooling immediately after reaching 900 �C with different cool-
ing rates.

The soaking allows the understanding of the influence of prior-
austenite grain structure and homogenization of carbon in the final
microstructure formed, which can also take place during repeated
wheel passages in in-field railway steel. As railway steels undergo
multiple cycles while in operation, another experiment was con-
ducted to better understand the impact of cyclic heating and cool-
ing on the behaviour of these steels. For this, a sample was
subjected to 10 cycles of fast heating and quenching, without soak-
ing at high temperature. Instead of precisely replicating the wheel
and rail circumstances, the main objective of the cycling experi-
ment is to gain information of its effect on the phase transforma-
tion behaviour of railway steels.

The first part of this paper focuses on the microstructural fea-
tures found for each testing condition. As a consequence, a Contin-
uous Cooling Transformation (CCT) diagram for R260Mn railway
steels subjected to rapid heating was created. In the second part,
the effect of cyclic heating on the microstructural aspects of the
rails is presented along with a comparison to a WEL formed after
repeated cycles of wheel/rail contact in field conditions. The com-
bination of these findings can be used as a reference for steel man-
ufacturers and researchers interested in reproducing WEL and BEL
in laboratory conditions and better understanding of field
circumstances.
2. Material and Methods

2.1. Material

The material selected for this study is the R260Mn railway steel
grade provided by DekraRail, Utrecht, the Netherlands. The chem-
ical composition of the as-received material is shown in Table 1.
The initial microstructure consists of pearlite (89% ferrite and
11% cementite) with average hardness and interlamellar spacing
of 292 HV and 150 nm, respectively, see Fig. 1. The material also
contains 1.7% of pro-eutectoid ferrite decorating the prior-
austenite grain boundaries. Furthermore, X-ray Diffraction analysis
did not detect the presence of retained austenite in the as-received
material.

The equilibrium transformation temperature range of austenite
formation was calculated using the software Thermo-Calc. Fig. 2
shows the mole fractions of the phases in equilibrium as a function
of temperature for R260Mn steel. These calculations provide
insight into the annealing temperature for dilatometry measure-
ments. It can be seen that the austenitic transformation is com-
plete at a temperature (A3) equal to 730 �C.
2.2. Methods

A DIL805 Bähr Dilatometer was used to perform fast heating
and cooling in R260Mn steel. Dilatometry allows tracking of phase
transformations by measuring the change in length of the speci-
men throughout the heat treatment. In this study, flat dilatometry
samples with 10 mm length, 4 mm width and 1.5 mm thickness
were cut from the rail head of the R260Mn steel with the length
coinciding with the running direction of the rails. Two thermocou-
ples were used in order to keep track of possible temperature gra-



Table 1
Chemical composition (in wt.%) of as-received R260Mn steel.

Element C Mn Si Cr P S V

wt.% 0.64 1.40 0.29 0.03 0.01 0.01 0.001

Fig. 1. Scanning electron microscopy image of the as-received R260Mn railway
steel evidencing the pearlitic microstructure with the white arrow indicating pro-
eutectoid ferrite at the grain boundaries.

Fig. 2. Equilibrium transformation diagram of R260Mn steel calculated with
Thermo-Calc software.

Fig. 3. Graphical representation detailing the heat treatments performed using
dilatometry. Heat treatments D consist of fast heating at 200 � Cs�1 up to 900 � C
and direct cooling with different cooling rates. Heat treatments S account for the
same fast heating stage followed by intermediate soaking for 5 min at 900 � C before
cooling with different cooling rates.
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dients which can affect the final result interpretation. These ther-
mocouples have been welded to the specimen’s surface at the mid-
dle (TC1) and edge (TC2) of its length.

In order to achieve a fully austenitic microstructure that will
transform into martensite during fast cooling, the annealing tem-
perature must be above the A3 temperature as calculated by
Thermo-Calc software. For this reason the chosen annealing tem-
perature for all heat treatments was 900 �C. This temperature is
distinctly higher than the equilibrium value, which accounts for
shifts in A1 and A3 temperatures due to ultrafast heating.

A graphical representation of the heat treatments is depicted in
Fig. 3. Each specimen was heated at 200 �Cs�1 up to 900 �C. The
specimens were then cooled at different controlled cooling rates
(0.1, 1, 10 �Cs�1) and quenched, either directly after heating (D)
or after soaking at 900 �C for 5 min (S). The 5 min soaking at high
temperatures allows austenite grain growth and possible element
homogenization in austenite. As a result, the effect of different ini-
tial austenite conditions on the phase transformation and final
microstructure can be investigated. Helium atmosphere was used
during cooling in all experiments except for those with cooling rate
0.1 �Cs�1, which were cooled under vacuum. The specimen identi-
fication has been done in the following manner: Az with A being
the type of heat treatment (D or S) and z the cooling rate value
3

(0.1, 1, 10 or quench). In addition, a cyclic heat treatment was per-
formed aiming at understanding the response of the studied mate-
rial when subjected to thermal cycling. For these experiments, the
samples were heated with 200 � Cs�1 up to 900 �C and immediately
quenched for a total of ten cycles.

After the heat treatment, dilation curves were plotted and the
fractions of transformation products formed were calculated using
the lever rule with respect to BCC and FCC linear expansion curves
following the method described in Ref. [20]. The retained austenite
fractions obtained via XRD measurements were used to calibrate
the BCC expansion curves in terms of the phase fractions. The
determination of the transformation-start temperatures was done
by detecting the temperature at which approximately 2% of newly-
formed structural constituent is obtained. After being subjected to
its respective heat treatment, the surface of the samples at which
the thermocouples were welded was ground and polished up to
1 lm diamond paste using standard metallographic techniques.
X-ray diffraction (XRD) was carried out in a Bruker D8 Discover
diffractometer with a Eiger-2 500 k 2D-detector to obtain the
phase fractions at room temperature. The 2h scan was performed
using Cu-Ka radiation in the angular range from 30� to 150� 2h
and a step size of 0.040� 2h. Vickers microhardness measurements
were done on the as-polished samples using a Durascan 70
(Struers) hardness tester by applying a load of 0.1 kgf for 10 s.
The procedure was followed by etching with Nital 2% for 10 s to
reveal the microstructures, which were observed in a Keyence
VHX 6000 light optical microscope. Higher magnification micro-
graphs were obtained with a JEOL JSM-6500F scanning electron
microscope using a 15 kV accelerating voltage, 10 mmworking dis-
tance and secondary electron imaging detection mode. Electron
Probe Micro Analysis (EPMA) was performed with a JEOL JXA
8900R microprobe using an electron beam with energy of 10 keV
and beam current of 100 nA employing Wavelength Dispersive
Spectrometry (WDS). The points of analysis were located along
two 500 lm long lines with points 2 lm apart and involved the
elements C, Si, Cr and Mn determining the Fe concentration by
difference.
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3. Results and Discussion

3.1. Heating

Fig. 4a shows the dilatometry curves obtained during the heat-
ing stage of the heat treatment for each specimen analysed in this
work. As only austenite formation took place during heating, the
graph is enlarged in this area for a detailed analysis. Oscillations
were present prior to austenite formation for many samples, due
to the difficulty of the equipment to adjust the power input during
very fast heating. In order to overcome this, the control parameters
of the dilatometer equipment have been adjusted to obtain a
smoother curve as for specimen D10, highlighted in black. As the
oscillations did not affect the heating profiles which showed high
reproducibility, the specimens were still considered valid in this
work. The dilatometry curves presented in Fig. 4a allow to extract
information regarding the kinetics and the temperature range for
austenite formation.

The experimental results presented in Fig. 4a show that a devi-
ation from linearity starts at approximately 736� C. Since austenite
has a more compact lattice than ferrite and cementite, a contrac-
tion is expected to occur during pearlite to austenite transforma-
tion, leading to a decrease of the change in length versus
temperature. However, an expansion instead of a contraction is
observed at the beginning of the austenitic transformation, fol-
lowed by the expected contraction. Interrupted heating experi-
ments were performed up to 751 � C to understand whether
austenite forms at the onset of the expansion. As can be seen in
the inset of Fig. 4a, small fractions of martensite (austenite at high
temperatures) are formed at temperatures up to 751 � C, confirm-
ing that austenite nucleates at the very start of the peak.

The same expansion peak before austenite formation is
observed in the sample subjected to cyclic heating and quenching.
Fig. 4b presents the heating dilatometry curves obtained for each
cycle. A clear distinction between the first (black line) and the fol-
lowing cycles is noted. The first cycle is characterized by an expan-
sion of the sample with a maximum at 775 �C during pearlite to
austenite transformation. When the sample is reheated in the sec-
ond cycle, fluctuations are observed in the dilatometry curve
between 200 and 500 �C, which are due to tempering of the
martensite formed at the end of the first cycle after quenching.
During tempering, carbide precipitation is expected to occur,
reducing the carbon content of martensite which leads to a slight
contraction of the sample [21]. At approximately 735 �C, the
austenite starts nucleating and growing in the tempered marten-
Fig. 4. (a) Heating stage of dilatometry curves for all specimens analysed in this work
place. Additionally, the SEM micrograph shows small patches of martensite (austenite at
751 �C followed by quench. (b) Heating stages of sample Dcyclic with increasing order of th
time for the first heating cycle of Dcyclic.
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site. In this case, however, the magnitude of the expansion peak
during the martensite to austenite transformation is substantially
smaller than for pearlitic initial microstructure. The actual Ac1

and Ac3 acquired from dilatometry curves for a heating rate of
200 �Cs�1 are 736 �C and 825 �C, respectively. These values are
higher than the equilibrium A1 and A3 calculated by Thermo-
Calc, see Fig. 2, since the experiments were conducted in non-
equilibrium conditions with a heating rate of 200 �Cs�1. Finally,
all experiments were carried out up to 900 �C which guarantees
complete austenitization.

Additional investigation was done to understand the nature of
the dilatation peak observed for all samples. Fig. 4c shows the tem-
peratures (TC1 and TC2) and power supply necessary to maintain
the heating rate at 200 �Cs�1 as a function of time for the first heat-
ing stage of the Dcyclic sample. It is important to note that the
power is adjusted according to the temperature profile registered
at TC1 (middle of the sample). A sharp increase of the power is
required to maintain the desired heating rate when TC1 records a
temperature equal to 757 �C (Fig. 4c). This temperature corre-
sponds to the Curie Temperature (TCurie) of ferrite in pearlite, calcu-
lated based on the Mn content of ferrite (0.5 at.%) [14]. Since at this
point the edge of the sample (TC2) is at about 60 �C below this tem-
perature, the sharp increase of the power causes a rise of the heat-
ing rate in this still ferromagnetic region, with a consequent
increase of the dilatation signal. TCurie in this case is similar to
the start of austenite formation, approximately 751 �C.

In the subsequent cycles, however, the initial microstructure is
tempered martensite instead of pearlite. The martensitic structure
is assumed to have the same overall Mn content as the alloy com-
position (2 at.%) which leads to a decrease of TCurie to approxi-
mately 735 �C. In this case, the start of austenite formation
occurs after crossing TCurie and a two-step increase of power is
observed with a less pronounced dilatation peak, Fig. 4b. For this
reason, it can be concluded that the dilation peak is related with
the gradient temperature of the sample which is evidently due to
the fast heating imposed.
3.2. Prior-austenite grain size

It is known that high-temperature soaking and cyclic thermal
treatments can alter the prior-austenite grain (PAG) structure
[22–24] and, as a result, the final microstructure. For this reason,
an investigation of the PAG structure is needed in order to under-
stand the microstructures after the heat treatment. In this section,
the EBSD scans obtained for samples subjected to slow cooling (0.1
with focus on the intercritical temperature range where austenite formation takes
high temperatures) growing in the pearlitic matrix when sample was heated up to
e cycles is indicated with a red arrow. (c) Temperature and HF Power as a function of



Table 2
Quantification of the PAG size distribution.

Sample Prior-austenite grain size (lm) Distribution width (lm)

D0.1 28.1 15.1
D1 20.8 11.9
Dquench 6.4 3.7
Dcyclic 6.5 3.3
S0.1 29.2 12.4
S1 35.4 21.2
Squench 34.6 17.6
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�Cs�1 and 1 �Cs�1), fast cooling (quench) and cyclic thermal treat-
ment (Dcyclic) have been used to reconstruct the PAG using EDAX’s
OIM Analysis� v8.6 software. These samples were chosen based on
the time between the start of cooling and the beginning of pearlite
formation which can also play a role in PAG growth. For example,
samples with slow cooling are subjected to temperatures above the
pearlite formation during cooling for approximately 50 min at 0.1
�Cs�1 and 4 min at 1 �Cs�1. This can lead to PAG growth due to pro-
longed time at high temperatures. On the other hand, samples sub-
jected to intermediate cooling are assumed to have PAG equal to
the ones of quenched samples as they are exposed to high temper-
atures for a short period during cooling.

As the reconstruction of PAG is only possible from martensite,
additional interrupted heat treatments were done for slow-
cooling samples. These heat treatments consisted of heating the
samples with 200 �Cs�1 up to 900 �C with and without soaking
for 5 min, followed by slow cooling (0.1 � Cs�1 and 1 �Cs�1) to
710 �C and subsequent quenching to get a final martensitic
microstructure. The temperature choice was based on the dilatom-
etry curves for slow cooling, as will be discussed in Section 3.3. The
temperature of 710 �C is right before the decomposition of austen-
ite into ferrite and pearlite in all cases, which gives a good estima-
tion of the PAG development in the cooling stage.

The PAG reconstruction has been performed according to the
Nishiyama-Wasserman orientation relationships between marten-
site and parent austenite grains. Fig. 5 shows the reconstructed
PAG for samples Dquench, Dcyclic, Squench and S0.1. As can be seen,
grains with an elongated shape are observed in samples with smal-
ler PAG size (Dquench and Dcyclic). On the contrary, soaking at high
temperatures leads to not only an increase on PAG size but also
grains with a polygonal morphology. This is expected as the struc-
ture tends to reduce its internal energy by reduction of the grain
boundary area. Table 2 presents the average reconstructured PAG
size for each sample using N-W orientation relationship. Samples
Dquench and Dcyclic show a similar average PAG of around 6 lm
which is considerably smaller than for the other analysed samples.
The smaller grains are attributed to the short time for grain growth
as each heating–cooling cycle takes approximately 9 s. The similar-
ities between these two samples also suggest that 10 cycles do not
provide further grain refinement of the PAG.

On the other hand, a significantly higher PAG size is obtained
for samples subjected to soaking and/or prolonged cooling stages.
This increase is observed also for the width of the grain size distri-
bution suggesting a bimodal distribution of PAG size. An additional
observation is that the 5 min soaking time is sufficient for reaching
a maximum growth of PAG. This is supported by the fact that S0.1,
exposed to high temperature for an extended period of time after
soaking, has PAG size similar to Squench.
Fig. 5. Color coded unique grain color maps representing the reconstruction of PAGs
relationship of samples Dquench, Dcyclic, Squench and S0.1 using EDAX v8.3 software.
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3.3. Slow cooling (0.1 and 1 � Cs�1)

Fig. 6a presents the change in length as a function of tempera-
ture for heat treatments D (direct cooling) and S (soaking) during
cooling with cooling rates of 0.1 and 1 �Cs�1. These curves allow
the detection of phase transformations which are characterized
by a change in slope of the dilatometry curve with respect to the
FCC contraction curve (dotted gray line). The XRD results show that
these cooling rates lead to a mix of BCC iron plus cementite, similar
to the as-receivedmaterial (89% BCC + 11% Cementite), see Table 3.

During slow cooling, a transformation is observed in the tem-
perature range of 575 to 675 �C. The analysis of the dilatation
curves suggests a two-step transformation with difference in the
kinetics of the transformation, see Fig. 6b. At first, the pro-
eutectoid ferrite starts forming at the prior-austenite grain bound-
aries at 680 �C for 0.1 �Cs�1 and at 660 �C for 1 �Cs�1. The remaining
austenite then transforms into pearlite from 650 �C and 610 �C for
0.1 �Cs�1 and 1 �Cs�1, respectively. The SEM microscopy (Fig. 7)
confirms the microstructure to be predominantly pearlitic, with
presence of pro-eutectoid ferrite at the grain boundaries of the
prior austenite. Samples with cooling rate of 0.1 �Cs�1 (D0.1 and
S0.1) show regions of partial or complete spheroidization of the
cementite lamellae, see Fig. 7. This spheroidization occurs as a con-
sequence of prolonged cooling times after pearlite formation
which allow cementite to reconfigure into a more stable morphol-
ogy aiming at reducing the interfacial energy of the system [25].

At the cooling rate of 1 �Cs�1, the delay of the start of pearlite
formation causes an increase of pro-eutectoid ferrite fraction dec-
orating the austenite grain boundaries when comparing to the
sample cooled at 0.1 �Cs�1. Due to the smaller austenite grain size
of D samples than S samples, pro-eutectoid ferrite fraction is
expected to be higher in the former. Unlike the samples subjected
to 0.1 �Cs�1, no cementite spheroidization is observed in these two
treatments which is related to the lack of time during cooling for
the cementite to reach a morphology with lower energy.

Cooling rates of 1 �Cs�1 lead to the formation of more pro-
eutectoid ferrite when compared to the samples subjected to 0.1
�Cs�1, see Fig. 6b, which can be explained by the difference in the
from martensite variants according to Nishiyama-Wasserman (N-W) orientation



Fig. 6. (a) Change in length as a function of temperature obtained during cooling in dilatometry tests for specimens subjected to both heat treatments (D - solid line and S -
dashed line) with low cooling rates (0.1 �Cs�1 - red and 1 �Cs�1 - blue) together with theoretical FCC expansion curves used to calculate the phase fractions. (b) Transformation
products fractions calculated for each cooling rate.

Table 3
Phase fractions obtained via XRD for samples subjected to heat treatments D (direct cooling) and S (with soaking) with 0.1 and 1 � Cs�1.

Structure Phase Fraction ± 1 (%)
D0.1 S0.1 D1 S1

BCC 90 91 92 91
Cementite 10 9 8 9
FCC - - - -

Fig. 7. SEM images showing the differences between direct cooling (D-samples) and soaking (S-samples) for low cooling rates. Two different magnifications are used for 0.1
and 1 �Cs�1 samples to highlight the pearlite spheroidization in the former and the pre-eutectoid ferrite size and morphology in the latter.
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PAG size.When cooledwith very low cooling rates, such as 0.1 �Cs�1,
thematerial is exposed to high temperatures for an extended period
of time, resulting in larger PAG and lower nucleation site density for
pro-eutectoid ferrite nucleation. As a result, less pro-eutectoid fer-
rite is present in the final microstructure, which is also observed in
Fig. 6b.
6

The pro-eutectoid fraction was obtained via SEM image analysis
using ImageJ software for samples with cooling rate of 1 �Cs�1. The
pro-eutectoid fraction is higher in sample D1 (3.5 ± 0.5%) than in
sample S1 (2.2 ± 0.3%). Not only does sample D1 have a higher frac-
tion of pro-eutectoid ferrite, but also its morphology differs from
S1, see Fig. 7. While a relatively coarse pro-eutectoid ferrite is pre-



Table 4
Phase fractions obtained via XRD for samples subjected to heat treatments D (direct

�1
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sent for specimen D1, a distinctly refined morphology is achieved
after soaking for 5 min.
cooling) and S (with soaking) with 10 �Cs .

Structure Phase Fraction ± 1 (%)
D10 S10

BCC 87 93
Cementite 4 5
FCC 9 2
3.4. Intermediate cooling (10 � Cs�1)

A different behaviour is observed when the material is cooled
with 10 � Cs�1. The deviation from linearity occurs in both D and
S samples at about 650 �C, indicating the start of austenite decom-
position, which progresses in three stages irrespective of soaking,
as shown in Fig. 8. The first stage takes place between 550 and
650 �C and it is related with the pearlite formation. The pearlite
formation does not account for two steps of transformation, as
observed for samples with slow cooling, implying the absence or
only a very small fraction of pro-eutectoid ferrite. The second stage
is between 550 and 350 � C, corresponding to bainite formation.
The last stage, where the remaining austenite transforms into
martensite, is at temperatures below 250 �C. However, this trans-
formation is not completed and a small fraction of retained austen-
ite remains in the final microstructure, see Table 4. The main
difference between the two samples lies in the fractions of the
microstructural constituents. A lower fraction of pearlite and bai-
nite and consequently a higher fraction of martensite is seen (from
the dilatometry curve analysis) to be present in the final
microstructure of S10 when compared with D10. After the heat
treatment the analysis of the microstructure was performed using
Optical Microscopy (OM) to investigate the homogeneity of the
phases in low magnification. Fig. 9 shows the OM images of sam-
ples D10 and S10, together with high magnification SEM images of
specific regions. The microstructure consists of a mixture of
martensite, bainite, pearlite and retained austenite. These
microstructural constituents, however, are not distributed uni-
formly, but in alternating bands of bainite/pearlite (OM dark con-
trast) and martensite (OM white contrast). SEM micrographs
allow better analysis of the microstructure of the dark-contrast
regions which consist of a mix of bainite and pearlite. As expected
from the transformed fraction curve, sample D10 contains a higher
fraction of pearlite/bainite bands while sample S10 has a higher
fraction of martensitic bands.

Fig. 10 displays the EPMA results for samples D10 and S10 which
was done to determine the segregation of the elements in the
bands. The measurement was performed along a line of approxi-
Fig. 8. (a) Change in length as a function of temperature curves obtained during cooling
and S - dashed line) with intermediate cooling (10 �Cs�1) together with theoretical FCC
microstructural constituents calculated for each sample.
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mately 700 lm located in the vicinity of thermocouple TC1.
Although these experiments were carried out aiming at detection
of C, Mn, Si and Cr, no segregation of C and Cr was observed. On
the other hand, one can see that in both cases, martensitic regions
(white contrast) account for positive segregation of Mn and Si,
while pearlitic/bainitic regions (dark contrast) are locations of neg-
ative segregation of these elements.
3.5. Fast cooling (Quench)

For the fast cooling experiments, the actual cooling rates were
measured in the temperature range of 800 �C and 500 �C after
the heat treatment was performed. The approximate cooling rates
for samples Dquench and Squench are 347 �Cs�1 and 365 �Cs�1, respec-
tively. During fast cooling, no phase transformation takes place at
higher temperatures, see Fig. 11a. According to the dilatometry
curves, a final martensitic microstructure with a small fraction of
retained austenite is formed. XRD measurements show that a sim-
ilar content of retained austenite is obtained for both samples: 11%
for Dquench and 9% for Squench, with no cementite detected. Fig. 12
depicts the SEM micrographs of quenched samples. As expected,
the initial pearlite, after transformation to austenite at high tem-
perature, is completely transformed into martensite with a small
fraction of retained austenite. Furthermore, regions of the so-
called ”ghost pearlite” are present inside martensitic areas in sam-
ple Dquench as indicated by a white arrow in Fig. 12. Those features
have been previously reported in the literature [26–29] as a result
of high Mn concentration in austenite regions formed from cemen-
tite dissolution. In absence of soaking at high temperature and due
to the high heating rate, Mn, present in high concentration in the
cementite lamellae, does not have time to homogenise in austenite
in dilatometry tests for specimens subjected to both heat treatments (D - solid line
expansion curves used to calculate the transformed fractions. (b) Fractions of the



Fig. 9. OM and SEM images of samples D10 and S10 revealing the banded structure composed of martensite (white contrast) and a mix of bainite and pearlite (dark contrast).
The orientation is defined as: RD - rolling direction, ND - normal direction (perpendicular to rail surface) and TD - transverse direction.

Fig. 10. EPMA analysis of D10 and S10 showing Mn (red) and Si (blue) distribution
along the banded structure.

Fig. 11. (a) Change in length as a function of temperature curves obtained during dilatom
blue dashed line) with high cooling rates together with theoretical FCC expansion curves u
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after cementite dissolution. Martensite containing a high Mn con-
centration is etched differently, thus revealing what is called
”ghost pearlite”. On the other hand, the soaking for 5 min at high
temperatures can allow the diffusion of Mn out of cementite
regions and its homogenisation in austenite, leading to absence
of ghost pearlite, as observed in sample Squench. This hypothesis is
supported by calculating the diffusion distance of Mn in austenite
after 5 min at 900 �C, which is expressed as

kMn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dc

Mnt
q

ð1Þ

where kMn is the diffusion distance of Mn in austenite, t the diffusion
time (5 min) and Dc

Mn the diffusivity of Mn in austenite at 900 � C

(3:8� 10�17 m2s�1). The latter is calculated using an activation
energy (Q) of 246420 J/mol and deriving the pre-exponential factor
(D0 ¼ 3:69� 10�6 m2s�1) from data obtained with Thermo-Calc
software. The diffusion distance is approximately 152 nm, which
is in the same order of magnitude as the interlamellar spacing in
pearlite. This supports the theory that under these circumstances,
Mn has sufficient time to diffuse and homogenize in austenite,
and hence no ghost pearlite is found in soaked samples.
etry tests for specimens subjected to both heat treatments (D - red solid line and S -
sed to calculate the phase fractions. (b) Phase fraction calculated for each condition.



Fig. 12. SEM images showing the differences between direct cooling (D-samples) and soaking (S-samples) for quenched samples. Ghost pearlite is indicated with white
arrows.
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3.6. Cyclic heating and cooling

In this section the effect of cyclic heating and quenching will be
discussed. The experiment aims at simulating the fast heating and
cooling of the rail surface during several wheel passages under
controlled laboratory conditions. Fig. 13a shows the cooling stage
of dilatometry curves obtained for each cycle. As can be seen, in
each cycle the main phase transformation is the martensite forma-
tion, which starts at approximately 300 �C.

Both heating and cooling stages of the dilatometry curve show a
shift towards lower dilatation at each cycle, indicating an axial
contraction of the sample. The same behaviour has been previously
observed in the literature [30]. The authors ascribed the sample
contraction during multiple thermal cycles to chemical segregation
bands parallel to the sample axis. In the study, artificially banded
samples (Mn segregation) were analysed and the axial strain
obtained during cyclic heating was associated not only with the
segregation of elements in the banded structure but also with
the orientation of the sample with respect to the bands. In order
to understand whether the shifts observed in Dcyclic are related
with the anisotropy of the sample, the same heat treatment was
imposed on a sample cut transversely to the rolling direction of
rails. In this case, not only the shifts were much smaller but they
would also decrease with each cycle, confirming a relation
between the dilatometric shifts and anisotropic behavior of the
sample. In order to capture detailed features, the scale at which
the curves are depicted is greatly enlarged by subtracting the con-
tribution of thermal expansion and contraction by calculating the
length effects due to microstructural processes (Lm) according to

Lm ¼ dL� ðki þ aTÞ ð2Þ
in which dL is the original dilatation signal. The slope a was chosen
for both heating (0.10 lmK�1) and cooling (0.22 lmK�1) to opti-
mise the scale. The parameter ki is chosen for each cycle i to achieve
maximum coincidence of curves.

The resulting curves are exposed in Fig. 13b and c. As can be
observed, the choice for ki aims at coinciding the curves in the
austenite formation region in the case of heating stage and during
martensite formation during cooling. During heating, the first cycle
diverges from the subsequent ones, which is expected as the initial
microstructure differs (pearlite for the first cycle and martensite in
all subsequent cycles). Apart from the peak caused by temperature
gradient (see Section 3.1), a change in the slope of the dilatation
curve during the first portion of heating before austenite starts
forming is also present, see Fig. 13b. It is observed that heating
of an initial pearlitic structure accounts for a higher slope than
the heating of martensite during the second and subsequent cycles.
The change in slope is related with the initial microstructure (pear-
lite or martensite) and the variation of its thermal expansion,
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which is in agreement with the theoretical thermal expansion
curves based on [31–33]. Besides that, a slight increase of the tem-
pering effect with the number of cycles is also observed.

The cooling curves are very well reproducible apart from a
slight deviation from the linearity (expansion) at high tempera-
tures for the first cycle, see Fig. 13c. From the second cooling cycle
onwards, there is a delay in the inset of this deviation to around
800 �C. At this temperature, austenite becomes unstable (Fig. 2)
and possible precipitation of small fractions of ferrite or carbides
can occur. However, in Section 3.5, sample Dquench (1 cycle) did
not show the presence of ferrite nor carbides when observed in
SEM or XRD measurements. Additionally, XRD measurements per-
formed after 10 cycles reveal a total of 92% of BCC and 8% of FCC
with no cementite detected. Besides, all cycles show a similar
martensite-start temperature which confirms that no major differ-
ences are observed during the cooling portion of the cyclic heat
treatment. Further investigation is necessary to understand the
exact cause of this deviation whether it is due to ferrite or cabide
precipitation or an instrumental artifact.

An interesting factor is that all curves are very well reproducible
from the second cooling cycle onwards while deviations are
observed in the first heating and cooling cycle and the second heat-
ing cycle. One possible explanation is related with the decomposi-
tion of austenite and element partitioning, specially Mn, which
does not occur with only one cycle. A second explanation can be
the carbide morphology that can also vary from the first and sub-
sequent cycles.

3.7. Microhardness

Fig. 14 provides the Vickers microhardness values for each con-
dition analysed in this work. No significant difference in hardness
from the as-received material is observed in samples D0.1 and S0.1.
This confirms that cooling at a rate of 0.1 �Cs�1 only leads to
cementite spheroidization in some pearlite colonies. On the other
hand, not only is there an increase in hardness for specimens
cooled with 1 �Cs�1 when compared with 0.1 �Cs�1, but the hard-
ness of sample S1 (339 HV) is slightly higher than that of sample
D1 (319 HV). This difference in hardness is explained by the
decreased pro-eutectoid ferrite fraction after soaking which is
related with the larger PAG size as discussed in Section 3.3.

A clear difference in hardness is observed between bands in the
structure of samples cooled with 10 �Cs�1. As expected, the
martensitic bands have a greater hardness than the combination
of pearlite and bainite, regardless of the soaking. In addition, the
martensitic band formed after soaking presents a much higher
hardness than the one found in sample D10. The higher standard
deviation of the hardness of D10 might be related with the smaller
grains of martensite and higher fraction of pearlite and bainite that



Fig. 13. (a) Cooling portion of dilatometry curves for specimen subjected to cyclic heating and quenching. (b) Optimized heating portion of dilatometry curves not
considering the axial contraction of the sample. (c) Optimized cooling portion of dilatometry curves not considering the axial contraction of the sample.

Fig. 14. Vickers microhardness measurements of samples subjected to heat
treatments D and S. Two distinct measurements are presented for samples with
cooling rates of 10 �Cs�1 in order to differentiate the mechanical response of the
banded structure.

Fig. 15. Continuous Cooling Transformation diagram obtained via Thermo-Calc
software and experimentally. The calculated CCT diagram (dashed lines) considers
two initial PAG sizes: 6 lm (red) and 35 lm (green). The experimental CCT
(symbols) exposes the starting temperatures of the different transformations
formed after heat treatments D (red) and S (green).
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can influence the local hardness. Quenching leads to martensitic
structures with hardness of approximately 850 HV, which is lower
than the hardness observed for the martensitic band of sample S10
but higher than sample D10. Finally, the cyclic fast heating and
quenching presents similar hardness as samples subjected to one
cycle.

The higher hardness obtained for sample S10 could be caused by
carbon enrichment of martensitic bands. However, both samples
cooled at 10 �Cs�1 show similar martensite-start temperature,
implying that strong differences in carbon content are not present.
Furthermore, the enrichment of Mn and Si on martensitic bands
reported in Section 3.4 is insufficient to affect the martensite-
start temperature and, as a result, the hardness of martensite
significantly.
3.8. CCT diagram

Fig. 15 shows the Continuous Cooling Transformation (CCT) dia-
gram for R260Mn steel with two initial PAG sizes (6 lm and 35
lm) simulated with Thermo-Calc software together with the CCT
diagrams obtained via analysis of the dilatometry curves. As dis-
cussed in Section 3.2, the initial PAG size is smaller for samples
10
subjected to heat treatment D followed by fast cooling (Dquench

and D10). This leads to faster kinetics of ferrite and pearlite forma-
tion due to a higher density of nucleation sites for these
microstructural constituents.

The PAG effect is not evident for very low cooling rates (0.1 and
1 �Cs�1), explained by the prolonged time at high temperatures
during cooling which allow similar PAG growth as seen in soaked
samples. On the other hand, when cooling with 10 �Cs�1, a delay
is observed at the start of pearlite and bainite transformations
for sample S10, which is related to the lower nucleation-site density
due to larger PAG. Although the simulated CCT diagram does not
account for the presence of ferrite, the start temperature of pearlite
transformation is consistent with the experiments.

For intermediate cooling rates, the bainitic transformation
occurs for both direct-cooling and soaking samples, whereas it is
expected to happen only for larger PAG in the simulated CCT dia-
gram. Furthermore, the bainite start transformation temperatures
are higher than expected from simulations. The transformation
actually takes place at temperatures closer to the pearlite-start
temperature. The simulation considers a homogeneous material,



Fig. 16. SEM images of samples subjected to (a) 1 cycle (Dquench), (b) 10 cycles and (c) field WEL from a R260Mn steel. White arrows indicate the regions where ghost pearlite
was observed.
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however, segregation bands are observed while cooling at 10 �Cs�1.
These bands have a slightly different content of Mn and Si which
can affect the bainite-start temperature.

The martensitic transformation starts first for S samples with
respect to D samples in both the simulated and the experimental
CCT diagram. In this case, the refinement of PAG results in lower
martensite-start temperatures as previously mentioned in the lit-
erature [34,35].

3.9. Comparison with WEL from field

This section compares the microstructures acquired in con-
trolled laboratory conditions to the WEL formed during wheel/rail
contact in field conditions. A detailed analysis of the WEL from a
field R260Mn sample used in this work can be found in the litera-
ture [14]. For the comparison, two laboratory samples were cho-
sen: one subjected to fast heating followed by immediate
quenching (Dquench) and one subjected to cyclic heating and
quenching. These samples are thought to be a suitable depiction
of the thermal cycle suggested by one of the WEL formation theo-
ries: rapid heating of the rail surface due to wheel contact, fol-
lowed by quick cooling.

Fig. 16 presents the SEM micrographs of each sample. As previ-
ously mentioned, sample Dquench has a martensitic microstructure
with some retained austenite. The same is observed after 10 cycles
of fast heating and quenching, Fig. 16b. However, ghost pearlite
(indicated with white arrow in Fig. 16a) is not present after cyclic
heating and quenching. That indicates that Mn is able to diffuse out
of the cementite lamella regions, homogenising in the martensitic
microstructure. On the other hand, the WEL obtained from field
R260Mn steel, Fig. 16c, shows the presence of similar features
resembling the ghost pearlite. Previous atom probe tomography
measurements confirmed Mn-rich zones inside of the WEL
[14,18]. This means that even after several wheel/rail contacts,
Mn does not have enough time to diffuse out of prior cementite
regions and homogeneize in the austenite. This leads to Mn-rich
locations which are etched differently than the matrix, showing
the above mentioned, ”ghost pearlite”. However, according to the
literature, the grain size of these regions is substantially lower
(112 nm - 2 lm) than the grain size produced in the laboratory
(6 lm). This is attributed to the fact that the laboratory experi-
ments focused on creating WEL by imposing certain thermal
cycles, but without mechanical loading. As a result, further grain
refinement due to severe plastic deformation of the rail surface is
not obtained in the experiments. On the other hand, the hardness
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of laboratory (850 HV) and field WEL (820 HV) are in a good
agreement.

According to the comparison of these microstructures, the
sample with a single cycle of fast heating and quenching has a
microstructure that is more comparable to the one found in
WEL from the field than the sample with 10 cycles. However, it
is worth noting that in the experiments reported in this paper,
complete austenitization of the rail surface followed by quench-
ing to room temperature is simulated. During wheel/rail contact,
austenitisation may not be complete. Certain contacts, for exam-
ple, may reach intercritical temperature ranges and not cool
down to room temperature before the next cycle begins. Further-
more, WEL is known to be formed in specific locations after a
certain loading history of the rails which suggests that the rail
surface is not fully austenitized in each wheel/rail contact. This
means that it is unlikely that each rail/wheel contact reaches
temperatures above A3, leading to the full austenitization of the
surface layer, as simulated in the present paper. The peak tem-
perature in the contact patch might reach temperatures within
the intercritical temperature range and only a fraction of the
pearlite is transformed into austenite and thus, martensite after
quenching. All these variations might have an impact on the final
WEL microstructure.

4. Conclusions

This paper discusses the microstructural changes observed in a
pearlitic railway steel subjected to fast heating (200 �Cs�1) fol-
lowed by controlled cooling at different cooling rates. The effect
of severe plastic deformation is not taken into account. The exper-
imental investigation shows that:

� As a result of the intermediate cooling rates, martensitic bands
and pearlitic/bainitic bands are observed in the microstructure.
This unforeseen behavior is caused by the segregation of ele-
ments such as Mn and Si. The segregation bands promote
microstructural anisotropy, which causes a shift in the
dilatometer curves during cyclic heat treatments.

� Soaking for 5 min at high temperatures allows sufficient Mn dif-
fusion in austenite to eliminate traces of prior cementite.

� Cyclic heating to the fully austenitic range and quenching does
not lead to continued grain refinement of prior-austenite grains,
indicating that the main cause of grain refinement in the WEL is
the plastic deformation of railway surfaces during wheel and
rail contact.
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� Comparable hardness is obtained for WEL produced in labora-
tory and the one from field conditions. This suggests that phase
transformation is a dominant aspect in WEL formation and
increase in hardness of these layers.

� Repeated cycling leads to a microstructure which is more
homogeneous than the one observed after one cycle. This is
mainly due to the absence of ghost pearlite after 10 cycles sug-
gesting that Mn is able to diffuse out of cementite lamellae loca-
tions, homogenising in the austenite. However, in field
conditions the rail experiences possible variations in peak tem-
perature, heating rate and cooling rate which have an effect on
the final microstructure of the surface layer.

� Similar microstructural features are observed in WEL from field
and after a single cycle of fast heating followed by quenching.
However, the very small grain size observed in WEL produced
during wheel/rail contact is not reproducible by thermal heat-
ing only. This suggests that such level of grain refinement is
due to severe plastic deformation.
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