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This study investigates the microstructural phenomena involved in the temperature-dependent
mechanical properties of the Premium rail steel through tensile tests at various temperatures. Dilatometry
and scanning electron microscopy were used to characterize the materials before and after tensile tests
at different temperatures. Finite element simulations were carried out to measure the residual stresses
based on the experimental data acquired from the previous tests. Results show that the total elongation
increases with the temperature, except for the elongation at 500 °C. Microstructural analysis near the
fracture region reveals a more pronounced pearlitic contour at this temperature, indicating a mechanical
strength reduction process. The fracture surface exhibits brittle cleavage fracture at 100 °C, while ductile
fracture is observed at temperatures above 400 °C. Additionally, spheroidized microstructure is found
near the fracture surface at 600 °C, suggesting the influence of deformation on the spheroidization
process. Furthermore, the microstructure away from the fracture shows spheroidization initiation at
700 °C, indicating that severe plastic deformation considerably reduces the partial austenitization
temperature and its consequent cementite spheroidization. These findings provide valuable insights
into the temperature-dependent behavior of Premium rail steel, which can aid in its effective use in

high-temperature applications.
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1. Introduction

Rails are usually composed by different microstructures'=.
However, the heavy haul rails currently used in Brazil have
pearlitic microstructure®s. Moreover, the AREMA standard®
does not allow the presence of acicular microconstituents in
its composition, for instance, martensite and bainite. In this
sense, a Premium rail type steel stands out from the other due
to its higher hardness performance on heavy haul rails'*'2.

The microstructure of the heat-affected zone (HAZ),
resulted from the thermal cycle of rail welding, exhibits
several distinct features. One of them includes a central
region occasionally accompanied by pro-eutectoid ferrite due
to decarburization during the flashing stage. Additionally,
there are regions characterized by grain growth, grain
refining, and spheroidization, occurring in the vicinity of
the maximum inter-critical temperature where the divorced
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eutectoid microconstituent undergoes transformation'®. This
region of spheroidization has a considerably lower hardness
than the adjacent regions, which deforms more easily and
can generate defects and subsequent failures during use'*.

In this scenario, it is known that in the web region of
the rail, there is a higher concentration of tensile residual
stress® that can contribute to the horizontal split web type of
failure'®'8. This failure type starts in the rail web horizontally
with the help of the residual stresses and propagates to branch
and connect with the head and foot of the rail. Moreover, it
is well-established that residual stresses present in the rail
head can have an impact on the propagation of rolling contact
fatigue (RCF) cracks'?. As decreasing HAZ improves
the mechanical performance and wear resistance of rail
welds”82122 the distribution of residual stresses in railway
rails has been studied intensively'>.

Finite element simulation (FES) is a widely used
tool for estimating residual stress values for complex
geometries®?*, It is possible to estimate the distribution of
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residual stresses in locations that are difficult to access from
conventional testing, such as blind hole*¢, saw cut’, and
X-ray diffraction”’, where the latter penetrate minor into
the material®®. However, FES usually do not consider phase
transformations, besides of the necessity input parameters
usually unknown. When they regard the phase distribution,
some studies observed the presence of martensite in places
that, despite a higher propensity, very often do not occurs
on the microstructure®*°. Furthermore, it has been identified
that the temperature-dependent properties of the rail, mainly
the physical properties, greatly influence the final value of
the residual stresses and microstructure developed in the
rail after welding?'2.

Several finite element simulations of rail welding rely on
material parameters sourced from external references’’ or data
extracted from software tools such as JMatPro®?***. In both
situations, the mechanical properties have not been observed
through properly characterized tests, or the data has been taken
from other references. Additionally, the microstructural results
of the simulations were not conducted, and it was claimed that
microstructures inconsistent with those observed were present.

In this sense, this work aims to predict through FES
the temperature-dependent properties of a Premium rail
based on simulation parameters obtained by mechanical
tests and microstructural analysis. The incorporation of
temperature-dependent mechanical properties will yield
invaluable insights into the feasibility of employing rails in
high-temperature environments, such as areas characterized
by sharp curves, steep inclines, or fire hazards, contributing
to assess the performance and reliability of rails under
challenging thermal conditions.

2. Methodology

2.1. Material

A Premium rail steel with the chemical composition
shown in Table 1 was used. The initial microstructure of the
rail is completely pearlitic. The microstructure is shown in
Figure 1 and more detailed characterization can be found
in”83132 Despite the rail’s chemical composition exhibiting
a carbon equivalent higher than the eutectoid composition,
the application of forced cooling heat treatment effectively
prevented the formation of pro-eutectoid cementite in the
base metal.

2.2. Microstructural characterization

Microstructural characterization was carried out on the
longitudinal sections of the samples. The specimens were
encapsulated in epoxy resin and carefully grinded until
approximately half of the section. Subsequently, standard
metallographic preparation was conducted, involving
successive steps of grinding with SiC paper up to 1200
mesh, followed by polishing with diamond suspension
with granulometry of up to 1 um. The final polishing was
carried out with 0.05 pm colloidal alumina solution. For
etching, the samples were immersed in a 2% Nital solution
(2% Nitric acid + 98% ethyl alcohol). Both fractures and
the microstructure in the cross section close to the fractures
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were obtained in a scanning electron microscope with field
emission gun (SEM-FEG).

2.3. Tensile tests

The tensile tests were conducted in accordance with the
ASTM E21-20 norm* in a Instron 2382 machine, utilizing
cylindrical samples of 24mm in length and 4mm diameter
at a wide range of temperatures (100 °C, 200 °C, 300 °C,
400 °C, 500 °C, 600 °C, 700 °C and 800 °C). Both heating
and strain rate were kept constant, being 10 °C/min and
6mm/min, respectively.

2.4. Dilatometry

To measure the kinetics of the austenitization during
the heating, one dilatometric test was performed in a Bahr
Quenching Dilatometer DIL 805 L, using a cylindrical
specimen with 10mm in length and 4mm in diameter tested
under the conditions of the tensile experiments, i.e., using
a heating rate of 10 °C/s until 800 °C had been reached.

The fraction of austenitization was calculated employing
the leverage technique*'*2. Two linear regressions were
conducted, one before and another after the continuous
cooling transformation. Equation 1 was utilized with the
two straight lines obtained from the regressions to determine
the percentage of austenite formed from pearlite during
the heating process. The terms utilized in Equation 1 are
described in Figure 2, which illustrates an example result
obtained using a heating rate of 10 °C/s.

P2-P'

Speariite = FI_F2 (1)

2.5. Finite element simulations

Utilizing the temperature-dependent mechanical properties
obtained from the tensile tests, finite element simulation was
conducted using the identical model construction methodology
as outlined by Pereira et al.>'32, The simulation incorporated
two distinct stages of thermal cycling: a heating stage and
a subsequent cooling stage.

During the heating process, temperature-dependent
properties were universally applied within the three-dimensional
model limits of the rail. All temperature distributions and
thermal stress accumulations generated during heating
were recorded for the second stage. To achieve a maximum
temperature of 1354 °C and a total heat-affected zone
(HAZ) length of approximately 40 mm, sufficient heating
energy and time were used as parameters. This maximum
temperature of roughly 1354 °C was based on observations
by Weingrill et al.**, which documented a flash-butt welding
cycle measured by thermocouples. For the cooling step, a
heat transfer coefficient (h) value of 25 W/m*K was used, as
it closely approximates non-forced air cooling®.

The fraction of austenite was calculated by using the
leverage thecnique, as explained before, and the other
temperature-dependent physical and mechanical properties
used were considered according to the phases and/or
microconstituents present: austenite and pearlite. With the
calculated lever rule described in Figure 2 and Equation 1,
the temperature-dependent data presented in Table 2 were
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used. The final property was a weighted average of the
individual results with the phase/microconstituent fraction
for each temperature.

o "; =
Figure 1. SEM-SE image of the original Premium rail steel
microstructure consisting of a completely pearlitic microstructure.
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Figure 2. Example of actual heating and its dilatometric variation of
the Premium rail at a rate of 10 °C/s. The lines from linear regression
and the values given for realizing the lever rule (Equation 1) are
also described.

Table 1. Chemical composition (wt.%) of the Premium rail steel.

3. Results

3.1. High temperature mechanical properties and
microstructures

The stress x strain curves obtained at high-temperatures
are shown in Figure 3. It can be observed that the lower the
tensile test temperature, the higher the ultimate tensile stress
(UTS) and, generally, the lower the total elongation to failure.
All conditions presented continuous yielding behavior. The
value of = 1280 MPa of UTS was achieved for the sample
tensile tested at 100 °C, decreasing to ~ 1080 MPa at 400 °C
and ~ 880 MPa at 500 °C. Tensile tests at higher temperature
induced a higher drop in the UTS values, achieving ~ 520 MPa
at 600 °C, and strong dropping to ~ 200 MPa and ~ 80 MPa
for tests carried out at 700 °C and 800 °C, respectively.

A comparison of the o ,, UTS, and Young’s modulus
is depicted in Figure 4. The results show that the higher the
tensile test temperature, the lower the yield strength value,
UTS and Young’s modulus value. The Young’s modulus drops
from = 192 GPa when tested at 100 °C to ~ 164 GPa to a test
carried out at 400 °C, followed by a linear drop up to~ 104 GPa
at 700 °C. On a similar behavior, the Yield strength slight
drops from testing at 100 °C to 500 °C, afterwards it presents
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Figure 3. High-temperature tensile tests curves (stress X strain)
from the Premium rail steel.

C Si Mn P S

Cr Ni Mo Ti C

0.81 0.23 1.03 0.01 0.01

eq
0.22 0.01 0.02 0.002 1.07

Table 2. Temperature-dependent physical properties of austenite and pearlite**+3-4.

. . Thermal conductivity Heat capacity
Microconstituent (W/[m-°C]) (J/[kg-°C])
Austenite -6-10°T3+9-10°T>+8-10°T+15 -4-10°T3+4-10°T*+9-10°T+532
Pearlite -1-10°T3-2-10°T-2-10°T+49 5-10#T3-10°T*+0.3T+484
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Figure 4. Yield strength and ultimate tensile stress from the high-
temperature tensile tests of the Premium rail steel.
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Figure 5. Total elongation (%) and area reduction (%) of the high

temperature tensile tests.
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a strong decrease from ~ 650 MPa at 500 °C to 420, 180 and
50 MPa for testing at 600, 700, and 800 °C, respectively.

The results of the high-temperature tensile test, including
total elongation (%) and area reduction, are presented in
Figure 5. The area reduction demonstrated a direct correlation
with the test temperature, steadily increasing until reaching
700 °C, after which it stabilized compared to the tests
conducted at 800 °C. Interestingly, the elongation did not
follow a logical pattern, as the test performed at 500 °C
exhibited a lower value than the one conducted at 400 °C.
However, it is worth noting that the area reduction at 500 °C
was greater than that at 400 °C

The final appearance of the tensile tested specimens is
shown in Figure 6. The specimen tested at 100 °C shows a
bright and clean surface, very similar to the original color of
the room-hardened steel. The sample subjected to the test at
400 °C exhibits a distinct bluish coloration on its surface. This
bluish tint is due to oxidation at this temperature*®. From 500 °C
up to higher temperatures, the specimen’s surface shows a
darker feature due to the surface oxidation during the tests. All
specimens showed plastic deformation, but as seen in Figure 3,
the higher the test temperature, the greater this deformation is.

The SEM images of the tensile tested sample’s fracture are
depicted in Figure 7. As expected, the fracture surface of the test
performed at 100 °C shows mixed ductile and brittle aspects but
with a higher amount of cleavage fracture mechanism. At400 °C,
the surface shows more ductile micro-mechanism of dimple
formation and, although most of the surface shows dimples with
asmaller dimension, some craters with considerable larger sizes
are observed. These craters have a surface texture considerably
smoother than a dimple. The sample tested at 500 °C shows a
fracture surface predominantly with dimples but with a coarser
morphology than the tests performed at 400 °C and 600 °C.
The fracture surface of the specimen tested at 800 °C shows
that an almost perfect plastic deformation occurred, presenting
a very small final resistant section.
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Figure 6. Specimens after the high temperature tensile tests of the Premium rail steel.
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700°C
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Figure 7. SEM images of the fracture surface of the specimens from the high-temperature tensile test.

Microstructure aspects close to the tensile test fracture,
in the cross-section plane, are shown in Figure 8. At 100 °C,
the microstructure showed little microstructural change,
i.e., the pearlite lamellae are not aligned in the deformation
direction, similar to the micrograph presented in Figure 1.
The microstructure of the test performed at 400 °C shows a
considerable change: the pearlite lamellae are aligned in the
direction of deformation. At 500 °C, the microstructure showed
a pearlite lamellae alignment but also showed the presence of
cementite in the pearlitic colony contours. The microstructures
of the tests performed at 600 °C and 700 °C presented a
cementite spheroidization. At 800 °C, the microstructure of the
specimen was utterly pearlitic with an oxide-covered surface,
which is in agreement with the surface presented in Figure 7.

4. Discussion

4.1. Mechanical properties and microstructural
features

The high-temperature tensile test results indicate that as
the temperature increases, both the yield strength and ultimate
tensile strength (UTS) decrease, while total elongation
increases. These findings are consistent with reports on the
temperature-dependent mechanical properties of similar
steel types®3. Specifically, the decrease in yield strength
follows the same trend observed by Ma et al.** and Cal et al.”.
However, the initial yield strength in this study, shown in
Figure 4, is higher than that reported by Ma et al.*® and
Cal et al.”, likely due to the material being a Premium
class rail. Additionally, the Young’s modulus of the material
exhibited an almost linear decline with rising temperature,
ultimately decreasing by approximately 50%.

The total elongation decreases at 500 °C and 600 °C,
contradicting the logic that the higher the temperature, the
higher the elongation (Figure 5), occurs due to cementite
formation around pearlitic colonies (Figure 8). This cementite
leads to the embrittlement, decreasing the total elongation.
Such effect may be related to the larger dimple craters
observed in the fractography of the specimen tested at 500 °C
(Figure 7). These craters with larger diameters at shallower
depths have smoother surfaces and may be related to the
cementite layer observed in Figure 8.

Bauri et al.® observed a fracture in a tensile test in the
unsoftened region of the flash-butt welded rail. According to
the authors, at the cross-section, a higher amount of cementite
at grain boundaries than in the adjacent areas was observed.
Although the flash-butt process welding inserts deformation
by compression, we can infer that this region presented a
higher amount of cementite on the grain boundary of the
pearlitic colony observed by Bauri et al.® presented a thermal
cycle with a maximum temperature of approximately 500 °C.
The drop in mechanical properties in the thermal cycling
region, with an estimated maximum temperature of 500 °C,
suggests that an embrittlement effect may have occurred, as
indicated by the decrease in elongation shown in Figure 5.

Another interesting aspect observed in Figure 8 was
that, in the test performed at 600 °C, a microstructure
spheroidization occurs in the region near the fracture. This
spheroidization occurred at a considerably lower temperature
than commonly observed for non-deformed rail steels's.
Nevertheless, it can be explained by the austenitization
kinetics increase, which depends on the microstructure
thinning**. During plastic deformation, the alignment
and refinement of the pearlite interlamellar distance and the
pearlitic colony contour flattening increase the austenitic
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500°C

700°C

800 °C

Figure 8. Microstructure of the cross section near the fracture of high-temperature tensile test specimens. SEM-SE, etching by immersion
in Nital 2% solution for 30s. The red arrows on the images of 600 °C and 700 °C shows regions of spheroidization.

transformation kinetics, enabling a partial transformation
and consequent spheroidization of the remaining cementite*’.
The deformation at high temperatures favors the creation of
new dislocations, decreasing pearlitic lamellae distances, and
the formation of new sub-boundaries. Thus, accumulating
a considerable amount of strain and surface energy and
significantly increasing austenite nucleation sites®*2.
Figure 9 illustrates the microstructure of the same
tensile specimen located far from the point of fracture, yet
still subjected to tensile stress. At 400 °C, the alignment of

cementite lamellae and the flattening contours of the pearlitic
colony are not observable. Similarly, the spheroidization of
cementite, as depicted in Figure 8, is not evident at 600 °C.
Thus, it becomes apparent that spheroidization is greatly
influenced by plastic deformation, leading to a decrease
in the spheroidization temperature. The impact of strain
on spheroidization has been discussed by Chojnowski and
Tegart®® and Bruns and Kaspar**. When the temperature
is set at 700 °C, it can be observed that a lower applied
strain, combined with elevated temperature, promotes
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600 °C

700°C
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Figure 9. Microstructure away from fracture of high-temperature tensile test specimens. SEM-SE, etching by immersion in Nital 2%

solution for 30 s.

partial spheroidization, particularly along the contour of
the pearlitic colony. Furthermore, it is noteworthy that
spheroidization at 700 °C is considerably less pronounced
compared to the region closer to the fracture. As for the
800 °C temperature, both near and far from the fracture, a
fully pearlitic microstructure is evident, but a small fraction
of spheroidized cementite is present in the far region from
the fracture. At this temperature, complete austenitization
occurs, and pearlitic transformation transpires during cooling.
The presence of small spheres in the region distant from the
fracture indicates that minimal deformation leads to almost
complete austenitization, with some carbides retaining their
spherical form. However, it is important to note that during
the subsequent cooling process and with the specific cooling
rate employed, the pearlitic transformation occurs. This
transformative phenomenon has been extensively discussed
and documented by Ankit et al., providing further insights
into the mechanism and behavior of pearlitic transformation
under similar conditions.

Finally, the observed decrease in mechanical properties,
particularly yield strength and ultimate tensile strength, along
with changes in total elongation, highlights the significant
impact of temperature on the material’s behavior. The
formation of cementite and the resultant embrittlement at
specific temperatures further emphasize the complexity of
these effects. These insights lay a crucial foundation for
understanding the thermal and mechanical responses of the
rail material. Transitioning to the next phase of the analysis,
the discussion will now delve into the simulations to further
explore and validate these experimental observations. By
integrating computational models, the study aims to provide a
comprehensive understanding of the thermal and mechanical
behavior under varying conditions, offering deeper insights

into the material’s performance and potential improvements
in rail manufacturing and maintenance processes.

4.2. Residual stress simulation analysis

With the data obtained from the hot tests and phase
transformation data together with the physical properties data as
a function of temperature, it was possible to carry out simulations
using the finite element method with real data calculated.

The finite element method simulation of the residual
stresses in the vertical direction (y-direction - S22) are shown
in Figure 10. Following the distance from the welded face,
the rail passes through a region containing compressive stress
(blue part) after the tensile area. The highest tensile stress
in the vertical direction is located in the central area of the
web (red part), where the maximum value is slightly away
from the welded surface. However, the maximum value was
552 MPa, while the minimum was -392 MPa.

The result of the residual stress distribution in the
longitudinal direction (z-axis - S33) is shown in Figure 11.
A more significant amount of compressive stress is observed
mainly in the central region of the web. A small amount of
compressive stress is kept in the rail head region, followed
by a slight tensile stress. The maximum stress value was
253 MPa, while the minimum was -118 MPa.

The centerline residual stress in the vertical direction
(y-axis, S22) at the center of the rail web, both at the surface
and the core of the rail, and extending longitudinally away
from the welded face, is illustrated in Figure 12a. The
distributions exhibit symmetry, but the depths at which
they intersect vary. This indicates a complex interaction of
thermal and mechanical stresses during the welding process,
affecting different layers of the rail. Figure 12b depicts the
centerline residual stress in the longitudinal direction (z-axis,
S3) at both the middle and corner of the rail head surface,
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Figure 10. S22 residual stress distribution simulation with the parameters set to achieve HAZ size of 45 mm and a heat transfer coefficient
of 25 W/m’K. (a) represents the result observed on the surface, and (b) represents the result observed in the central region of the rail.
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of 25 W/m?K. (a) represents the result observed on the surface, and (b) represents the result observed in the central region of the rail.
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also extending longitudinally from the welded face. This
figure compares two stress lines on the surface: one at the
center of the rail head in straight rail sections and the other
at the side of the rail head in curved rail sections. These
regions are critical as they correspond to the contact areas
with the wheel, which experience significant stress during
operation. The depth distance between the two curves is not
shown in the figure because a detailed analysis is required
to understand the differences between the surface and the
core stress distributions.

According to Figure 11, there is a higher concentration of
tensile stress in the web region of the rail. Haibatollahi and
Tehrani®’, in their simulations, also observed tensile stress
in the web, which transitioned into compressive stress at a
slightly distant region from the bonding area, located at the
center of the weld. Compared to the results of Oliveira et al.'s,
the maximum residual stresses of the simulation observed in
Figure 11 were considerably lower than the measured ones.
Oliveira et al.!’ observed that the longitudinal stresses at the
rail head profile were approximately 350 MPa. In contrast,
the maximum longitudinal stress observed at the corner of
the rail head showed a maximum value of around 200 MPa,
close to that observed in Figure 12, but with a slightly
different distribution than that observed by Oliveira et al.'>.

The distribution of vertical residual stresses in the rail
web exhibited both similar distribution and values to those
observed by Oliveira et al.”>. In their study, they reported
a maximum value of approximately 350 MPa, whereas the
simulation presented in Figure 10 showed a slightly higher
value of 552 MPa. It is worth noting that further refinement
ofthe model can be achieved by incorporating a module that
offers greater precision in representing phase transformations.
Nonetheless, by utilizing the temperature-dependent mechanical
properties data, a significant convergence between the
observed values from observed data of Oliveira et al.'> and
distribution was achieved, indicating a notable approximation.

Furthermore, X-ray diffraction analysis has a shallow
depth, in the range of a few microns®*¢, Thus, the residual
stress observed by Oliveira et al.'” is superficial. Compared
with the analysis at the rail web surface in Figure 10a, it is
noted that the vertical tensile stress is with a maximum of
approximately 400 MPa, very close to the value observed
by Oliveira et al.'>.

5. Conclusions

Tensile tests were conducted on premium pearlitic rails at

various temperatures, leading to the following conclusions:

e Theyield strength, ultimate tensile strength (UTS),

and Young’s modulus exhibited a decrease with

increasing temperature. The yield strength and

UTS demonstrated a higher rate of reduction

within the temperature range of 400 °C to 700 °C.

The reduction in Young’s modulus followed an
approximately linear trend.

*  The total elongation and area reduction displayed
a direct relationship with temperature, meaning
that higher temperatures resulted in higher values,
except for the elongation at 500 °C.

e The fracture surface exhibited a combination of
cleavage and dimples in the test conducted at

100 °C, while pure ductile behavior with dimples
was observed at all other temperatures. At 800 °C,
yielding occurred until there was virtually no
resistance area left during yielding.

e Pro-eutectoid cementite was detected in the
microstructure near the fracture site of the specimen
tested at 500 °C.

*  Spheroidization of cementite was also observed in the
region close to the fracture at 600 °C. This indicates
that the influence of strain or tension contributed to
the spheroidization process of cementite.

e The use of the temperature-dependent physical
and mechanical properties collected by the tensile
tests as inputs on finite element simulations were
successful, as the results predicted accurately the
stresses caused by the HAZ in the rail weld, both
their values and their distribution.
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