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Abstract: For the construction of long and continuous railway lines as well as the replacement
of defected rails, rails are joined using flash-butt welding. Under various localized temperatures
and thermo-mechanical stresses, a residual stress can develop in the flash-butt welded joint. The
residual stress can affect the performance and reliability of the welded rail, particularly in terms of
progressive structural damage caused by repeated wheel load. In the present work, the mechanisms
of residual stress formation in a flash-butt welded rail and the influence of upsetting force (including
its temperature range and magnitude) were investigated using the thermal elastic—plastic finite
element analysis. The formation mechanisms of residual stress involved the changes in thermal
expansion coefficient, strain, and elastic modulus of the welded joint with respect to temperature.
The calculated cooling temperatures and residual stresses in the flash-butt welded joint were in
good agreement with the measured results. Compressive residual stresses were observed around
the rail head and the rail foot (i.e., approximately —648 MPa at the rail head and —495 MPa at the
rail foot), while tensile residual stresses were observed at the rail web (i.e., approximately 165 MPa).
It was observed that the investigated compressive upsetting force predominantly induced plastic
deformation within the welded joint, resulting in minimal alteration of stress. Consequently, the
investigated ranges of upsetting temperature and upsetting forces had an insignificant impact on the
formation of residual stress.
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1. Introduction

For the construction of long and continuous railway lines as well as the replacement
of defected rails, rails are joined using various welding methods. The two most common
welding techniques for joining rails are aluminothermic welding and flash-butt welding [1].
Aluminothermic welding is a casting process, i.e., the melted alloy is filled into the gap
between rails, left to solidify, thus forming a welded joint. On the other hand, the flash-butt
welding is a form of electric-resistance welding. Flash-butt rail welding is usually preferable
due to fewer defects in a welded joint as well as the low failure rate under repeated wheel
load. Moreover, flash-butt welding is a convenient and fast welding technique, which can
be performed either in the field using a mobile welding machine or in a fixed plant [2].

During flash-butt welding [1,3], two rails are held between the electrode clamps.
Initially, two rail ends are slightly separated, and arcing is created between them to generate
a stable temperature distribution (i.e., preheating). After preheating, a flash arcing is created
to generate the semi-liquid stage of rail ends (i.e., flashing). Subsequently, both rail ends are
pressed together (i.e., upsetting), and the flash-butt welded rail is left to cool in an ambient
environment (i.e., cooling). The flash-butt welded joint is completely formed after cooling.
The deformed metals at rail head and rail foot are removed from the welded joint using a
grinding machine (i.e., trimming).
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Under various localized temperatures and thermo-mechanical stresses, residual stress
can develop in the flash-butt welded joint. The residual stress can affect the performance
and reliability of the welded rail, particularly in terms of progressive structural damage
caused by repeated loading (i.e., engineering fatigue). Below the neutral surface of the rail
(i.e., toward the rail foot), the cyclic tensile stress from the repeated wheel load can combine
with the residual stress in the welded joint. The combined cyclic stress tends to decrease the
fatigue resistance of the welded joint, especially at the flaw of the welded joint [4]. On the
other hand, above the neutral surface of the rail (i.e., around the rail head), the interaction
between the cyclic contact stress from the repeated wheel load and the residual stress can
influence the rolling contact fatigue behavior of the rail. Lee et al. [5] experimentally and
numerically investigated the interaction between the cyclic contact stress from repeated
wheel load and the residual stress of repair welded rail. They found that the residual stress
influenced the rolling contact fatigue behavior of the rail head, i.e., cracks were found
shortly beneath the welded layer.

In previous works, several techniques of residual stress measurement were applied
to measure the residual stresses on the outer surfaces of welded joints. Ma et al. [6]
experimentally investigated the residual stresses in a flash-butt welded joint using the
hole-drilling strain-gage method. Longitudinal compressive stress was observed on the
surface of the rail head, while longitudinal tensile stress was observed on the surface of the
rail web. Yan et al. [7] measured the residual stresses in a flash-butt weld of the U71Mn
railway rail using the X-ray diffraction method. They found longitudinal compressive stress
in the foot and head regions, and longitudinal tensile stress in the web region. Ma et al. [8]
measured the residual stresses in a heat-affected zone of the welded joint using the Debye-
ring X-ray stress measurement. The measured residual stresses of the welded joint met
the Chinese standard, and the induction normalizing treatment provided the best service
performance due to an improvement in grain size uniformity. Unfortunately, there are
some limitations of the direct residual stress measurement. For example, the measurement
of residual stress depends on the locations of the applied sensors and/or probes of the
measurement equipment. Consequently, the overall distribution of residual stress in the
welded joint may not be effectively measured. Moreover, the accuracy of residual stress
measurement, especially the measurement derived from the residual strain via Hooke’s
law, could be compromised in regions with complex and relatively high magnitudes of
residual stress [9].

As an alternative method for evaluating the residual stresses in a flash-butt welded
rail, the distribution of residual stresses in the welded joint has been numerically evaluated
via finite element analysis (FEA). Skyttebol et al. [10] numerically evaluated the influence
of residual stress on the fatigue crack growth at the rail head region of a flash-butt welded
joint. The calculated residual stresses corresponded to the measured results in a welded rail.
They proposed typical crack sizes in a welded joint that may grow and fail in a very short
time if the residual stress field interacts with the axle load. Ma et al. [6] experimentally
investigated the residual stresses in a flash-butt welded joint, and compared them with
those from the FEA. Both experimental and numerical results suggested that the solid-
state phase transformation plays a very important role in the formation of residual stress.
Ghazanfari and Tehrani [11,12] proposed that four key parameters (i.e., the maximum
temperature during the welding process, the total welding time, the upsetting time, and the
upsetting force) influence the size, microstructure, and hardness profile of the heat-affected
zone in a flash-butt welded joint. To reduce the possibility of failure in the welded rail, the
parameters of flash-butt welding were optimized to decrease the critical tensile residual
stresses during welding. They also numerically investigated the residual stresses in a
welded rail, and compared them with the measured residual stresses [13]. FEA results were
in good agreement with the measurements of residual stress.

The influence of post-weld heat treatment (PWHT) on the residual stress in flash-
butt welded joints was investigated by Tawfik et al. [14,15]. Tawfik et al. [14] applied
the neutron diffraction technique to analyze the residual stresses in an AS60 flash-butt
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welded rail cooled under normal operating conditions. The measured results were used for
the validation of FEA. Subsequently, the FEA was used for the calculation of stress-time
histories for the welding under normal cooling in air, rapid PWHT, and accelerated cooling
using water spray [15]. They found that the rapid quenching before the complete austenite—
pearlite transformation can increase the tensile residual stress. Pereira et al. [16] performed
a metallographic examination of a flash-butt weld joint. They found that there was no
formation of acicular microstructures (i.e., martensite/bainite) in the web region and the
rail foot, which were the regions with a higher cooling rate. Therefore, the expansion
of martensite during the phase transformation was not considered in their numerical
simulation of residual stresses. A concentration of vertical residual stresses was observed in
the web region, while the presence of horizontal compression residual stresses was mostly
superficial at the rail head region.

Although there are various works [6,10-16] devoted to the numerical investigation
of residual stress in flash-butt welded rails, the mechanism of residual stress formation in
flash-butt welded rails at various stages of heating and cooling has not been clearly dis-
cussed, and the process of residual stress formation in a welded joint is far from completely
understood. It is therefore the objective of the present work to investigate the mechanisms
of residual stress formation in a flash-butt welded rail. The numerical residual stresses
in the flash-butt welded joint were validated with the measured residual stresses. Subse-
quently, the validated FEA model was applied to investigate the mechanisms of residual
stress formation in the flash-butt welded rail, and the influence of the upsetting force,
including its temperature range and magnitude. The findings could be used as guidelines
for determining residual stresses in the flash-butt welded rail and improving its reliability.

2. Material and Methods
2.1. Flash-Butt Welded Rail
The 60E1 rail (i.e., BS EN 13674-1 [17]) was selected for the present work. The geometry

of the rail is shown in Figure 1. The mechanical properties of the rail steel at an ambient
temperature (i.e., 25 °C), and at high temperatures [10] are listed in Table 1.

172

28.75

76.25

31.5

| K

Figure 1. Geometry of 60E1 rail (dimension in mm).
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Table 1. Mechanical properties and thermal expansion coefficients of rail steel [10].

Temperature (°C) Elastic Modulus Yield Stress Hardening Poisson’s Ratio Thermal Expansion
(GPa) (MPa) Modulus (GPa) Coefficient (x10—6/°C)
20 210 430 12.7 0.3 133
600 110 242 37 0.3 15.7
1000 10 50 0 0.4 17.4
1470 0.1 20 0 0.4 17.4

The parameters of the flash-butt welding process of rail (Figure 2) selected for this
study was the same as those used by Ma et al. [6]. Two 1000 mm rails were used for the
flash-butt welding. Starting from an initial temperature of 25 °C, the temperature on the
cross section of each rail end was increased to the peak temperature of 1470 °C within a
period of 80 s. At 25 s, after the peak temperature (i.e., the cooling temperature of 830 to
780 °C), both rail ends are pressed together. An upsetting force of 450 kN was applied
in the longitudinal axis of the rail for 10 s. The welded rail was cooled in an ambient
environment until it reached the ambient temperature of 25 °C. Afterward, the deformed
metals at the rail head and the rail foot were removed from the flash-butt welded joint.
It is noted that actual flash-butt welding involves the applications of electric current to
generate the temperature. These processes are more complex than the selected flash-butt
welding process in the present numerical study, which was simplified to gain fundamental
knowledge of the mechanisms of residual stress formation in the flash-butt welded joint of
a rail.
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Figure 2. Parameters of the flash-butt welding of rail [6].

2.2. Governing Equations for Flash-Butt Welding

According to the AREMA recommendation [18], flash-butt welding is controlled to
minimize the amount of martensite in any rail region. Also, the findings of both Skytte-
bol et al. [10] and Pereira et al. [16] reveal no major change in the hardness and microstruc-
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ture of the heat-affected zone (HAZ). Thus, phase transformation is not considered in the
present numerical investigation.

From the ambient temperature of 25 °C to the peak temperature of 1470 °C (i.e.,
heating), the heat flux vector was applied to the weld zone of 4 mm width to represent the
heat generated during flash-butt welding (Figure 3). Subsequently, cooling, upsetting, and
trimming were numerically simulated. The formation of residual stress was evaluated at
various stages of heating and cooling. To simplify the numerical simulation, it was assumed
that the thermal radiation is negligible, and not considered in the present investigation.
Therefore, the change in temperature with time was calculated based on the specific heat
capacity, thermal conductivity, and thermal convection. The governing equations for the
heat transfer analysis, non-linear isotropic Fourier heat flux, and thermal convection are
given as follows:

oT
pcg(x,y, z,t) = =Vq(x,y,z,t) + Q(x,y,2,1t) 1)
g=—kVT )
Jc = _hc(Ts - To) (3)

where p is the density of material (i.e., 7.85 x 107° kg/mm? for rail steel [19]), c is the
specific heat capacity, k. is the convection coefficient, k is the thermal conductivity, T is the
temperature, q is the heat flux vector, Q is the internal heat generation rate, T is the peak
temperature at the weld surface, T, is the ambient temperature, and ¢ is the time. These
temperature-dependent thermal properties [11,19] are shown in Figure 4.

weld zone
r

/

constraint 4 —)‘ L displacement in z-direction

(a)
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weld surface

Figure 3. Flash-butt welded rail: (a) schematic illustration, and (b) FEA model (dimension in mm).
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Figure 4. Temperature-dependent thermal properties of rail steel: (a) specific heat capacity [19],
(b) thermal conductivity [19], and (c) heat convection coefficient in air [11].

Because of the temperature gradient, a thermally induced strain (i.e., thermal strain)
occurs during the flash-butt welding. The thermal strain can be calculated as follows:

er =a(To — Ts) 4)

where e7 is the thermal strain, and « is the thermal expansion coefficient. The thermal
expansion coefficients of the rail steel at ambient temperature (i.e., 25 °C) and at high
temperatures [10] are listed in Table 1.

To simulate upsetting, one rail was constrained, while the other rail was moved to
compress. A displacement was applied to the rail end until an upsetting force of 450 kN
was achieved. According to the preliminary FEA, it is observed that the deformation of the
flash-butt welded joint was elastic—plastic deformation. Thus, the linear elastic and plastic
deformation with linear hardening was assumed during flash-butt welding as follows [20]:

o = Ee if o <oy 5)

0’=Uy+EH(€—Sy) if o> oy 6)

where ¢ is the normal stress, ¢ is the normal strain, oy is the yield stress, ey is the yield
strain, E is the elastic modulus, and Ey is the hardening modulus. The interaction between
the thermal strain and the mechanical strain from the upsetting force is converted to stress.
Linear interpolation was applied for the determination of the mechanical properties and
thermal expansion coefficients at various temperatures from the reference data (Table 1).
Above the annealing of steel (i.e., approximately 800 °C), the deformation has a
marginal effect on the formation of residual stress [21]. Thus, it is assumed that the residual
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stress of flash-butt welded rail cannot be formed above the annealing temperature of 800 °C.
At the end of cooling, trimming was performed by removal of the excess steel around the
rail head and the rail foot of the weld surface, and the redistribution of residual stress was
numerically calculated.

2.3. Finite Element Analysis

The 3D thermal elastic—plastic FEA was applied to numerically simulate the residual
stress in the flash-butt welded joint using a commercial FEA software (i.e., ABAQUS [22]).
FEA model of the flash-butt welded rail is shown in Figure 3. Because the flash-butt welded
rail is symmetrical on the weld surface and the y-z plane, the FEA model used only a
quarter of the flash-butt welded rail to reduce the calculation time. The 8-node hexahedral
elements with trilinear displacement and temperature features (i.e., C3D8RT) were selected
for the FEA model. The fine elements were applied around the weld surface to obtain the
accurate residual stress. As the minimal temperature above which the material loses its
hardening memory, an annealing temperature (T «) of 800 °C was set during the FEA. To
simulate trimming at the end of cooling, the elements that deform beyond the profile of the
rail head and the rail foot were deactivated, and the redistribution of residual stress was
calculated among the remaining elements.

During heating, the temperature of the weld zone was varied with intervals of 50 steps
from zero to the peak temperature of 1470 °C. As the boundary conditions, the displace-
ments in z-direction of the weld surface, x-direction of the symmetrical y-z plane, and
y-direction of the bottom surface of flash-butt welded rail were constrained. The cooling
temperature and residual stress were numerically calculated until the temperature of the
flash-butt welded joint reached the ambient temperature of 25 °C. To minimize the influence
of element size, the element size was adjusted until further changes in the element size
did not affect the calculated results. The smallest element size around the weld surface is
0.25 mm. The FEA model consists of 36,839 nodes and 31,356 elements.

3. Results and Discussion
3.1. Cooling Temperature

The temperatures at various stages of cooling were numerically calculated and com-
pared with the measured results. At the rail web of the welded joint, the calculated cooling
temperature was compared with those measured by Ghazanfari and Tehrani [11], and
numerically calculated by Ma et al. [6], as shown in Figure 5. Initially, the cooling tem-
perature rapidly decreases, i.e., from 1470 to 450 °C, within approximately 150 s. The
present calculated cooling temperature is in good agreement with the measurement [11].
Below 450 °C, where the measured cooling temperature was discontinued, the decrease in
cooling temperature becomes slower. The present calculated result is in good agreement
with that of Ma et al. [6] until the temperature of 150 °C, where their calculation of cooling
temperature was terminated. To provide the complete cooling process of flash-butt welding,
the present FEA was continued until the temperature reached the ambient temperature of
25 °C. It was found that the total cooling period is approximately 3 h.

3.2. Residual Stress

Based on the hole-drilling strain-gage method (i.e., ASTM E837 [9]), Skyttebol et al. [10]
measured the residual stress on a flash-butt welded joint of an UIC grade 900A rail. The
residual strains in the longitudinal direction of rail were measured on the surface (i.e., the
holes with 0.25 mm depth and 1.27 mm radius). Subsequently, the measured residual strain
was converted to the residual stress. Ma et al. [6] also measured the residual stresses of a
flash-butt welded joint using the same method. The calculated residual stresses at the end
of cooling were compared with the measured residual stresses [6,10], as shown in Figure 6.
The behaviors of residual stress obtained from the present FEA and the measurements
are similar. The compressive residual stresses are observed around the rail head and the
rail foot, while the tensile residual stresses are observed at the rail web. However, at the
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rail head and the rail foot, the calculated residual stresses are higher than the measured
results [6,10], while at the rail web, the calculated residual stresses are in good agreement
with the measured results [6].

LU S B S S B S B S B S S I S S p
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O measurement .
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location of B
temperature 1
measurement ]

PRI R R T T T S N S S S S S S S P
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—---.—-1_____-'

Figure 5. Cooling temperature at the rail web of welded joint predicted through FEA [6] and
measured [11] using the thermography camera.
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Figure 6. Residual stresses on the outer surface of a flash-butt welded joint predicted through FEA
and measured using the hole-drilling strain-gage method [6,10].

As mentioned in ASTM E837 [9], the hole-drilling strain-gage method is applicable
for the accurate measurement of residual stress when the residual stresses do not: (i) vary
significantly with depth, and (ii) exceed half of the yield strength. At the rail web, it was
observed from the FEA that the calculated residual stress in z-direction varies slightly with
depth (i.e., the range of 164 to 165 MPa with 0.25 mm depth). Moreover, the magnitudes
of calculated residual stress at the rail web are lower than half of the yield stress of rail
steel (i.e., 420 MPa). Thus, the hole-drilling strain-gage method is applicable for the
accurate measurement of residual stress at the rail web, i.e., the calculated residual stresses
correspond well with the measured results [6]. On the other hand, at the rail head and the
rail foot, the variations of calculated residual stress with depth are higher than that at the
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rail web (i.e., the range of —649 to —647 MPa with 0.25 mm depth of the rail head, and
the range of —497 to —492 MPa with 0.25 mm depth of the rail foot). Moreover, at the rail
head and the rail foot, the calculated residual stresses in z-direction are significantly higher
than half of the yield stress of rail steel. Thus, the hole-drilling strain-gage method may not
provide accurate residual stress measurement at the rail head and the rail foot.

At various distances in the longitudinal direction from the weld surface, the measured
residual stresses [6] and the present calculated residual stresses in the longitudinal direction
(i-e., z-direction) at the rail head and the rail web, and in the lateral direction (i.e., x-direction)
at the rail foot were compared, as shown in Figure 7. At the rail head and approximately
20 mm from the weld surface, the magnitudes as well as the variation of residual stresses
in the longitudinal direction with the hole depths are marginal. Therefore, the hole-drilling
strain-gage method can measure accurate residual stresses, i.e., the measured and the
present calculated compressive residual stresses in the longitudinal direction are nearly
similar (Figure 7a). Regarding the residual stresses in the longitudinal direction at the rail
web (Figure 7b) and in the lateral direction at the rail foot (Figure 7c), it is observed from the
present FEA that the magnitudes as well as the variation of residual stresses with the depth
of the hole-drilling strain-gage method are also marginal. Thus, the hole-drilling strain-
gage method can measure accurate residual stresses, i.e., the calculated and measured
residual stresses are in good agreements.

Using an in-house FEA program, Ma et al. [6] numerically predicted the residual
stresses of a flash-butt welded joint. The influence of solid-state phase transformation
was considered in their numerical calculation. Their FEA results [6] were compared with
the present FEA results, as shown in Figure 7. The residual stresses obtained from the
present FEA (i.e., without the consideration of solid-state phase transformation) are in
better agreement with the measured residual stresses. Currently, comprehensive knowledge
regarding the effects of phase transformation on the formation of residual stress in welded
joints is far from complete. Thus, further investigation is required for future works.

3.3. Residual Stress Formation Mechanisms

The distributions of residual stresses, i.e., von Mises stress (¢), normal stress in the
longitudinal direction (¢,), normal stress in the lateral direction (), and normal stress
in the vertical direction (cy) after flash-butt welding (i.e., the situation when the cooling
temperature of each node of the FEA model becomes 25 °C) are shown in Figure 8a—d,
respectively. It is observed that the oy is significantly high around the outer surfaces of
the rail head and the rail foot. Moreover, the compressive ¢, is the main contribution of
oy because 0 is high around the outer surfaces of the rail head and the rail foot, and its
magnitude is significantly greater than those of o and oy.

It is important to note that fatigue cracks typically propagate in the direction perpen-
dicular to the cyclic stress, i.e., the stress in the longitudinal direction of the rail due to
the repeated wheel load [4]. Accordingly, the residual stress in the longitudinal direction
(o) of the flash-butt welded joint can interact with the cyclic contact stress around the
rail head and/or the cyclic tensile stress around the rail foot, potentially impacting the
fatigue life of the welded rail. Thus, the o, of the flash-butt welded joint was selected for
the investigation of residual stress formation mechanisms of the flash-butt welded rail.

The o, at the rail head and the rail foot of the flash-butt welded joint at various
temperatures are compared, as shown in Figure 9. The formation pattern of ¢, around the
rail head is not significantly different from that around the rail foot. During the heating
process (Figure 9a), the o, increases up to approximately 300 °C, subsequently decreases
with temperature, and reaches zero at the peak temperature of 1470 °C. On the other
hand, during the cooling process (Figure 9b), the ¢, increases up to approximately 1300 °C,
subsequently decreases with temperature, and becomes compressive o, when the cooling
temperature falls below approximately 1100 °C. Since the formation patterns of o, around
the rail head and the rail foot of the flash-butt welded joint are similar, the ¢, around the



Metals 2023, 13, 1359

10 of 21

rail foot of the flash-butt welded joint was selected for investigating the mechanisms of
residual stress formation during the heating and cooling processes.
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Figure 7. Residual stresses on the outer surface of flash-butt welded rail predicted through FEA
and measured using the hole-drilling strain-gage method: (a) the longitudinal direction at the rail
head [6], (b) the longitudinal direction at the rail web, and (c) the lateral direction at the rail foot.

3.3.1. Heating Process

At various heating stages, the formation of residual stress in the welded joint is
influenced by the properties of the rail steel and the deformation of the welded rail. Thus,
the changes in thermal expansion coefficient, strain in the longitudinal direction (e,) at the
rail foot and moduli of rail steel (i.e., the elastic moduli and the hardening moduli), and
stress in the longitudinal direction (¢) at the rail foot during various heating stages are
shown in Figure 10. The formation mechanisms of residual strain (e,) and residual stress
(o) at each heating stage are discussed as follows.

Between temperatures of 25 and 1000 °C, the thermal expansion coefficient exhibits
a rapid increase with the heating temperature (Figure 10a). The increases in temperature
and thermal expansion coefficient result in a mismatch in thermal strains between the
welded joint and the rail far from the weld surface, leading to an elevation in ¢, (Figure 10b).
From 1000 to 1470 °C, the thermal expansion coefficient of the welded joint becomes stable,
i.e., only the rise in temperature impacts the elevation of ¢,. By using the elastic moduli
and the yield stresses of the rail steel at various temperatures (Table 1), the corresponding
yield strains were estimated, and used in calculating the elastic strain in the longitudinal
direction of the rail (¢, ejastic) and the plastic strain in the longitudinal direction of the rail
(€2 plastic)- Due to the low yield stress during the heating process, the ¢, pj5stic surpasses
€z elastic (Figure 10b).
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Figure 8. Distributions of residual stresses after flash-butt welding: (a) von Mises stress, (b) normal
stress in the longitudinal direction, (c) normal stress in the lateral direction, and (d) normal stress in
the vertical direction.

Based on the &, elastic, €2, plastic, €lastic moduli (E) and hardening moduli (Ep) at various
temperatures, the o, was calculated using Equations (5) and (6). The comparison of E and
Ep at different stages of heating is shown in Figure 10c. Between temperatures of 25 and
1000 °C, the E exhibits a rapid decrease with increasing temperature. However, the rate
of decrease significantly reduces when the heating temperature exceeds 1000 °C. Between
temperatures of 25 and 1470 °C, the Ey is considerably lower than E, and reaches zero at
temperatures above 800 °C, indicating steel annealing. Therefore, it is reasonable to assume
that the influence of E on the formation of ¢ is stronger than that of Ey.

Between temperatures of 25 and 300 °C, the €, ¢|5¢tic increases with the heating tem-
perature (Figure 10b), while E decreases (Figure 10c). Based on FEA and Equation (5), it
is evident that the influence of ¢, ¢,¢tic is greater than that of E, resulting in an increase in
o, from 25 to 300 °C (Figure 10d). Between temperatures of 300 and 1000 °C, the &, ¢jastic
becomes stable with the heating temperature, while E continues to decrease. Consequently,
E plays the primary role in the formation of ¢, leading to a decrease in o, from 300 to
1000 °C. Beyond 1000 °C, the &, ¢J5stic ONce again increases with the heating temperature,
while E exhibits a slight decrease. At this stage, it is observed that the influence of E exceeds
that of &, ¢Jastic, resulting in a slight decrease in o, with the heating temperature. Eventually,
at the peak temperature of 1470 °C, the o, becomes zero.
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Figure 9. Residual stresses in the longitudinal direction of flash-butt welded joint: (a) heating process,
and (b) cooling process.

Numerical investigations were conducted to examine the residual stresses in other
directions (i.e., 0x and oy) throughout the entire welded joint. Similar behavior was ob-
served, i.e., the residual stresses reached zero at the peak temperature of 1470 °C. However,
in contrast to the residual stresses, the residual strains remained in the welded joint at the
end of the heating process (Figure 10b). These residual strains could have an impact on the
formations of residual strain and residual stress during the cooling process, which will be
discussed in the following section.
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Figure 10. Properties of rail steel and mechanical responses at the rail foot of the welded joint during
various heating stages: (a) thermal expansion coefficient, (b) strain in the longitudinal direction of
rail, (c) elastic and hardening moduli, and (d) stress in the longitudinal direction of rail.

3.3.2. Cooling Process

At various cooling stages, the changes in thermal expansion coefficient, strain in the
longitudinal direction (e;) at the rail foot of the welded joint and moduli of rail steel (i.e.,
the elastic moduli and the hardening moduli), and stress in the longitudinal direction (o)
at the rail foot of the welded joint are shown in Figure 11. The formation mechanisms of
residual strain (e,) and residual stress (¢,) at each cooling stage are discussed as follows.

Between temperatures of 1470 and 1000 °C, the thermal expansion coefficient is stable,
i.e., it does not change with decreasing temperature (Figure 11a). At this cooling stage,
only a decrease in cooling temperature causes the decrease in ¢, (Figure 11b). However,
below 1000 °C, the thermal expansion coefficient exhibits a decrease with decreasing
temperature. The decrease in ¢, is therefore caused by the combination between the
decrease in temperature and the decrease in thermal expansion coefficient, as observed
in Figure 11b. When compared with the development of ¢, during the heating process,
i.e., when the ¢, tends to increase with the increase in heating temperature (Figure 10b),
the g, tends to decrease with the decrease in cooling temperature. However, similar to
the previous investigation of the heating process, it is observed that €, pjastic is greater
than e, ¢|,¢tic- Because the yield strain decreases with decreasing temperature, the €, ¢jastic
decreases, and becomes stable compression at the cooling temperature below 1000 °C
(Figure 11b).
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Figure 11. Properties of rail steel and mechanical responses at the rail foot of the welded joint during
various cooling stages: (a) thermal expansion coefficient, (b) strain in the longitudinal direction of
rail, (c) elastic and hardening moduli, and (d) stress in the longitudinal direction of rail.

The comparison of E and Ey at different cooling stages is shown in Figure 11c. Because
Ey is significantly lower than E, it is reasonable to assume that the influence of E on the
formation of ¢, is stronger than that of Eyj. Between temperatures of 1470 and 1000 °C,
the E exhibits a slight increase with decreasing temperature. The rate of increase becomes
notably higher when the cooling temperature falls below 1000 °C. Since the decrease in
cooling temperature over time follows a non-linear pattern, the increase in E also exhibits a
non-linear behavior, as shown in Figure 11c.

During the beginning of the cooling process (1470 to 1000 °C), €, clastic decreases
with decreasing temperature (Figure 11b), while E increases with decreasing temperature
(Figure 11c). Based on FEA and Equation (5), it is evident that the influence of E exceeds
that of &, ¢Jastic, resulting in a slight increase in ¢, from 1470 to 1300 °C (location A in
Figure 11d). However, from 1300 to 1000 °C, the influence of ¢, ¢]astic becomes greater than
that of E, resulting in a decrease in ¢, with decreasing temperature. Eventually, o, becomes
compressive stress at the temperature below 1100 °C. Due to the stable compression of
£, elastic at temperatures below 1000 °C, the compressive ¢, primarily depends on the
increase in E as the temperature decreases. Consequently, the compressive o, increases as
the temperature decreases below 1000 °C. During upsetting (i.e., between temperatures of
880 and 780 °C), the drop in compressive ¢ is observed (region B in Figure 11d).

During the upsetting process, the changes in ¢, and ¢, at the rail foot of the welded
joint are shown in Figure 12a,b, respectively. The applied compressive upsetting strain
and stress at the rail end are also included in the figures for comparison. The applied
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compressive upsetting strain causes the slight reduction in tensile ¢, of the welded joint
(Figure 12a). In the upsetting temperature range of 880 to 780 °C, the yield stress and
hardening modulus of rail steel are extremely low. Consequently, the deformation of
the welded joint is dominated by plastic deformation, as observed in Figure 11b. In this
scenario, the applied compressive upsetting force does not affect the change in o, of the
welded joint (Figure 12b). However, during the unloading phase of the upsetting force, the
compressive o, of the welded joint experiences a spring-back effect, resulting in a slight
decrease due to the relaxation of elastic deformation.
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Figure 12. Mechanical responses at the rail foot of the welded joint during the upsetting process:
(a) strains in the longitudinal direction, and (b) stresses in the longitudinal direction.

3.4. Influence of Upsetting on Residual Stress Formation

During the upsetting process, the range of upsetting temperature and the magnitude of
upsetting force can potentially affect the development of residual strain and residual stress
in flash-butt welded rails. However, the specific impact of upsetting on the mechanisms
of residual stress formation in flash-butt welded rails has not been thoroughly examined.
Therefore, the influences of upsetting (including its temperature range and magnitude)
were investigated and discussed as follows.
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3.4.1. Upsetting Temperature Range

Because the formation of residual stress at the rail head and the rail foot is similar
(Figure 9), the residual stress at rail foot was selected as an example for studying the
upsetting effect. To investigate the influence of the upsetting temperature range on the
formation of residual stress, various upsetting temperature ranges (i.e., case 1: 1025 to
860 °C, case 2: 880 to 780 °C, and case 3: 755 to 690 °C) were selected. It is noted that the
upsetting temperature range used in the previous sections is case 2: 880 to 780 °C.

The stresses in the longitudinal direction (¢,) of cases 1 to 3 were numerically calcu-
lated and shown in Figure 13a—c, respectively. The applied stresses at the rail end were
included in the figures to show the situation when upsetting was performed. Because the
applied stress at the rail end is lower than the yield stress of the rail steel, it undergoes
elastic deformation (i.e., no residual stress occurs at the rail end). Additionally, the stresses
of flash-butt welding without upsetting were included in the figures for comparison. It is
observed that the stresses in welded joints with and without upsetting are similar during
the loading and holding periods. However, during the unloading period, the compres-
sive stresses in welded joints with upsetting experience a slight decrease. This decrease
in compressive stress partially diminishes after the unloading is completed. After the
upsetting process, the compressive stresses in welded joints with upsetting (cases 1 and
2) are marginally lower than those without upsetting, i.e., approximately 6% lower at a
temperature of 500 °C. However, for case 3, the compressive stresses after upsetting in the
welded joint are similar to that without upsetting.

In the investigated range of upsetting temperatures, the yield stress ranges for rail
steel in cases 1 to 3 are 48 to 117 MPa, 108 to 156 MPa, and 168 to 199 MPa, respectively.
Comparatively, the applied compressive stress during the upsetting process is approxi-
mately 60 MPa. As this applied compressive stress magnitude is significantly lower than
the yield stress range of rail steel at 755 to 690 °C (i.e., case 3), it suggests that the additional
deformation from the upsetting process is likely to be within the elastic deformation range.
Consequently, the decrease in compressive stress is completely relieved upon unloading
of the upsetting force (Figure 13c). However, for the upsetting temperatures of 1025 to
860 °C and 880 to 780 °C (i.e., cases 1 and 2, respectively), the yield stresses of rail steel
are significantly lower than those of case 3. In this scenario, the magnitude of the applied
compressive stress during the upsetting process closely compares to the yield stresses of rail
steel. Thus, the influence of plastic deformation becomes noticeable, resulting in slightly
lower compressive stresses in the welded joints with upsetting compared to that without
upsetting (Figure 13a,b).

At the weld surface, the residual stresses in the longitudinal direction were numerically
calculated, as shown in Figure 13f. The stresses of the flash-butt welded joint without
upsetting were also included in the figure for comparison. Although the upsetting at
temperature ranges of 1025 to 860 °C and 880 to 780 °C (i.e., cases 1 and 2) result in
slightly lower compressive stresses in welded joints compared to that without upsetting
(Figure 13a,b), these differences diminish as the cooling temperature decreases. Eventually,
at the end of the cooling process (i.e., 25 °C), the residual stresses in the welded joints with
and without upsetting are nearly identical, particularly at the rail foot and the rail head.
Therefore, the ranges of upsetting temperature employed (cases 1, 2, and 3) insignificantly
influence the formation of residual stress.
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3.4.2. Upsetting Force

To explore the influence of the upsetting force on the development of residual stress in
the upsetting temperature range of 880 to 780 °C, different upsetting forces were chosen
(i.e., case 2: 450 kN, case 4: 225 kN, and case 5: 900 kN). The longitudinal stresses (c,) at the
rail foot were calculated for case 4 and case 5, and presented in Figure 13d,e, respectively.
During the unloading of the upsetting force, a decrease in compressive stress is observed.
The smallest decrease occurs with the lowest upsetting force of 225 kN (i.e., case 4), where
the applied compressive stress during upsetting (i.e., approximately 30 MPa) is signifi-
cantly lower than the yield stress of the rail steel (108 to 156 MPa). Thus, the additional
deformation from the upsetting process is mainly elastic, which completely relieves upon
the unloading of the upsetting force. On the other hand, the highest decrease is observed
with the highest upsetting force of 900 kN (i.e., case 5). After the upsetting process of
case 5, the compressive stress in the welded joints is significantly lower than those without
upsetting, i.e., approximately 15% lower at a temperature of 500 °C. However, it is fully
relieved before the cooling temperature reaches 25 °C.

At the weld surface, the residual stresses in the longitudinal direction of case 2, 4 and
5 were calculated, as shown in Figure 13f. By the end of the cooling process at 25 °C, the
residual stresses in welded joints with and without upsettings were nearly indistinguish-
able, particularly at the rail foot and the rail head. Consequently, the investigated upsetting
forces (i.e., cases 2, 4, and 5) have an insignificant impact on the formation of residual stress.

3.5. Discussion

Flash-butt welding is widely employed for constructing long and continuous railway
lines and replacing defective rails. However, this welding method introduces residual
stress into the welded joint due to varying localized temperatures and thermo-mechanical
stresses. The formation mechanisms of residual stress are influenced by changes in the
thermal expansion coefficient, strain, and elastic modulus of the welded joint with respect
to temperature. Compressive residual stresses were found around the rail head and
the rail foot, i.e., approximately —648 MPa and —495 MPa, respectively. In contrast,
tensile residual stresses of approximately 165 MPa were observed at the rail web. It
was observed that the investigated compressive upsetting force primarily induced plastic
deformation within the welded joint, leading to minimal stress alteration. However, it
was fully relieved before the cooling temperature reached 25 °C. Thus, the ranges of the
investigated upsetting temperature and upsetting forces had an insignificant impact on the
formation of residual stress.

As the location on the flash-butt welded joint where the fatigue crack usually nucle-
ates [4], the compressive residual stress at the rail foot can enhance the resistance to crack
opening, and consequently to the fatigue resistance. However, in the case of a large crack,
the crack front may be situated in the region of tensile residual stress, specifically the upper
region of the rail foot, as shown in Figure 13f. In this scenario, the tensile residual stress
promotes the opening of the crack surfaces, leading to the reduction in fatigue resistance.
Therefore, the results obtained from this study provide a valuable reference for assess-
ing residual stress, conducting maintenance, and enhancing the reliability of flash-butt
welded rails.

In addition to flash-butt welding, which is used to construct long and continuous
railway lines, various other processes contribute to the development of residual stresses in
rails. These processes include the production of rail (e.g., rolling process [23], abrasive belt
rail grinding [24,25]), the improvement of rail damage resistance (e.g., laser cladding [26,27],
laminar plasma discrete quenching [28]), as well as the repair of damaged rail (e.g., multi-
layer laser powder deposition [29]). These thermos-mechanical processes have the potential
to induce residual stress, which can impact the damage resistance of the rail [30-32].
Consequently;, it is crucial not only to consider the residual stress induced from welding for
the reliability of rails but also to account for residual stress originating from other sources.
Therefore, further investigation is necessary for future research in this area.
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4. Conclusions

The formation of residual stress in a flash-butt welded rail and the effect of upsetting
force (including its temperature range and magnitude) were numerically investigated using
the three-dimensional thermal elastic—plastic FEA. The findings are summarized as follows.

e  The calculated cooling temperature at the welded joint showed excellent agreement
with the measured result. From 1470 to 450 °C, the cooling temperature experienced a
rapid decline in approximately 150 s. Below 450 °C, the decrease in cooling tempera-
ture slowed down, eventually reaching the ambient temperature of 25 °C after a total
cooling period of 3 h;

e  The patterns of residual stresses obtained from the present FEA and the measurements
using the hole-drilling strain-gage method exhibited similarities. The compressive
residual stresses were observed around the rail head and the rail foot, while the tensile
residual stresses were observed at the rail web;

e  The formation mechanisms of residual stress involved the changes in thermal expan-
sion coefficient, strain, and elastic modulus of the welded joint with temperature. The
stress in the longitudinal direction of the rail was the main contribution of the residual
stress around the rail head and the rail foot;

e  Atthe end of heating process (i.e., the peak temperature of 1470 °C), the stresses of the
welded joint reached zero. However, in contrast to the stresses, the strains remained in
the welded joint. This retention of strains could potentially influence the development
of residual strain and residual stress throughout the subsequent cooling process;

e  The decreases in thermal expansion coefficient and strain and the increase in elastic
modulus with decreasing temperature were the dominant factors for the formation
mechanisms of residual stress during the cooling process. The stresses around the rail
head and the rail foot decreased with decreasing temperature, and became compressive
residual stresses before the end of the cooling process;

e  Under the investigated ranges of upsetting temperature and upsetting forces, the yield
stress and hardening modulus of rail steel were extremely low. Consequently, the
applied compressive upsetting force primarily induced plastic deformation in the
welded joint without significantly impacting stress alteration. The residual stresses
in the welded joints with and without upsetting were nearly indistinguishable at the
rail foot and the rail head. Thus, the investigated ranges of upsetting temperature and
upsetting forces exerted an insignificant influence on the formation of residual stress.
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o thermal expansion coefficient

c specific heat capacity

E elastic modulus

Eqy hardening modulus

€ normal strain

eT thermal strain

&x, &y, & normal strains in rectangular coordinate system
ey yield strain

€y elastic elastic strain in the longitudinal direction of the rail
€, plastic plastic strain in the longitudinal direction of the rail
FEA finite element analysis

HAZ heat affected zone

he convection coefficient

k thermal conductivity

v Poisson’s ratio

PWHT post-weld heat treatment

Q internal heat generation rate

q heat flux vector

o density of material

o normal stress

Oy Von Mises stress

Ox, Oy, 0z normal stresses in rectangular coordinate system
oy yield stress

T temperature

Tw annealing temperature

To ambient temperature

Ts peak temperature at fusion line

t time

XY,z rectangular coordinate system
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