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1. Introduction

Abstract

Railway rails subjected to repetitive wheel-rail contact loads experience surface damage, including
shallow cracks, groove wear, and material loss. Conventional arc welding repair presents limitations in
costs, repair time, and quality consistency. This study investigates thermite welding for surface repair
of pearlitic rail steel grade R260, emphasizing the effects of mold overflow configuration on thermal
behavior, molten metal flow, and weld quality. A finite element framework incorporating thermal-fluid
coupling was developed to simulate temperature distribution and molten metal penetration. Three mold
overflow configurations were evaluated: overflow at the wear groove outer edge (Case 1), near the
pouring gate (Case 2), and above the pouring gate (Case 3). The Herschel-Bulkley model captured
yield-controlled flow and shear-thinning behavior of molten thermite steel. Numerical predictions
were validated experimentally. Case 1 achieved a 1620°C peak temperature with shallow heat dispersion,
causing incomplete fusion. Case 2 reached 1750°C to 1800°C but exhibited porosity from unbalanced
flow. Case 3 demonstrated optimal performance: 1880°C peak temperature, uniform thermal distribution,
complete groove filling, and minimal defects. Microstructural examination confirmed dense welds with
negligible porosity meeting ISO 5817 standards. Strong correlation between numerical and experimental
results validates the modeling framework, demonstrating that mold overflow geometry critically governs
heat transfer, flow stability, and weld integrity. Case 3 represents the optimal configuration for thermite-
based rail surface repair, providing practical design guidance for improving repair efficiency in railway
maintenance operations.

[3,4]. Conventional rail surface repair is commonly performed using
arc welding overlay techniques [5]. While these methods can restore

Railway systems represent a critical component of transportation
infrastructure, playing a vital role in economic development and mobility.
This aligns with Thailand’s 20-Year National Strategy (2018-2037),
particularly Strategy 2: National Competitiveness Enhancement,
which emphasizes the development of infrastructure and logistics
systems to support sustainable economic growth. Railway rails are
subjected to repetitive wheel-rail contact loads under real service
conditions, which gradually induce material degradation [1]. Surface-
related damage, including shallow cracks, groove wear, and localized
material loss, is frequently observed in the rail head region, where
direct contact with train wheels occurs. If such damage is not properly
addressed through timely maintenance, it may progressively develop
into structural deterioration and compromise operational safety [1,2].
Although full rail replacement provides a permanent solution, it
requires extended service interruptions and incurs substantial costs.
Consequently, localized rail surface repair has become a more practical
and economically viable approach in railway maintenance operations
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surface geometry to some extent, they are associated with several
limitations, including high operational costs, prolonged repair time,
complex procedures, and variability in weld quality under field
conditions. These limitations are particularly pronounced when
repairing shallow and irregular surface defects, where precise control
of heat input and molten metal penetration is difficult to achieve [6].
As a result, there is growing interest in alternative repair techniques
that offer simplified procedures, reduced material consumption, and
improved process controllability.

Thermite welding has been widely applied in railway maintenance,
particularly for rail joint welding, due to its ability to generate
extremely high temperatures through an aluminothermic reaction
without the need for external power sources. The reaction between
aluminum powder and iron oxide produces molten steel at temperatures
exceeding 2500°C, enabling effective melting and bonding with the
parent rail material [4]. Compared with conventional arc welding
techniques, thermite welding offers practical advantages such as
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reduced equipment complexity, shorter repair duration, and lower
maintenance costs [5]. While the process is well established for rail
joint applications, its direct use for rail surface repair remains less
explored and presents distinct engineering challenges. A key challenge
in applying thermite welding to rail surface repair lies in controlling
molten metal flow and heat transfer within shallow and confined
surface defects [6]. Unlike rail joint welding, surface repair involves
limited defect volume and rapid heat dissipation, which may restrict
molten metal penetration and lead to premature solidification. In
addition, the flow behavior, gas evacuation, and solidification
characteristics of the molten thermite steel are strongly influenced by
mold design, particularly the configuration and placement of overflow
channels. Inappropriate mold geometry may result in defects such as
porosity, incomplete fusion, and localized stress concentration, thereby
reducing weld integrity and long-term performance [7].

In recent years, numerical simulation techniques based on
Computational Fluid Dynamics (CFD) and the Finite Element Method
(FEM) have been increasingly employed to investigate thermal—
fluid phenomena in welding and casting processes. Previous studies
have demonstrated the capability of numerical modeling to describe
molten metal flow, temperature evolution, and solidification behavior
in thermite and related high-temperature processes [8-10]. However,
existing investigations have predominantly focused on rail joint
welding or general thermite reactions [11], whereas studies specifically
addressing thermite-based rail surface repair and the influence of
mold overflow configuration remain limited. Moreover, systematic
integration of numerical predictions with experimental validation in
the context of surface repair applications has not been sufficiently
reported [12].

In this context, the present study investigates the influence of
mold overflow configuration on thermal behavior, molten metal flow,
and weld quality during thermite-based surface repair of pearlitic rail
steel grade R260 [13]. A finite element—based numerical framework
incorporating thermal—fluid coupling was developed to simulate
temperature distribution and molten metal penetration under different
mold designs. The numerical results were validated through experimental
thermite welding trials, including surface inspection and microstructural
analysis. The findings provide insights into the role of mold design
in controlling heat transfer and weld integrity and may support the
optimization of thermite welding practices for rail surface repair
applications. Although thermite welding has been extensively studied
for rail joint applications, systematic investigations integrating thermal—
fluid numerical modeling with experimental validation to evaluate
mold overflow design for rail surface repair remain limited.

2. Experimental

2.1 Preparation of simulated rail surface wear

Figure 1 illustrates the preparation of a simulated surface wear
defect on pearlitic rail steel grade R260 for experimental investigation.
Typical surface damage observed under actual service conditions is
shown in Figure 1(a), while the schematic representation and the
fabricated specimen are presented in Figure 1(b-c), respectively.
Field observations indicate that rail surface degradation is generally
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shallow and localized, resulting from rolling contact fatigue and
abrasive wear.

To realistically represent such damage while maintaining precise
control over geometric parameters, an artificial wear groove was
machined on the rail surface. The groove had dimensions of 65 mm in
length, 40 mm in width, and 5 mm in depth, closely matching typical
field damage. An elliptical groove profile was selected to reproduce
the stress concentration and wear morphology commonly observed
on in-service rails. This artificial wear region served as the target zone
for evaluating molten metal flow, penetration, and solidification
behavior during thermite-based rail surface repair. The preparation
of a controlled and repeatable wear geometry was essential for ensuring
consistency between experimental observations and numerical simulations,
thereby enabling systematic evaluation of mold design effects.

2.2 Mold design and overflow configuration

Figure 2 presents the mathematical model developed for analyzing
molten metal flow during thermite welding on the rail surface. The
model includes the rail substrate, wear groove, pouring gate, and
overflow channels, allowing realistic representation of molten metal
flow paths, heat transfer, and solidification behavior.

(a)

Figure 2. Mathematical model for molten metal flow analysis.
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(a) (b) ©
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Figure 3. Mold overflow configurations: (a) overflow at outer edge of wear
groove; (b) overflow near the pouring gate; (c) overflow positioned above
the pouring gate.

Based on this framework, three mold overflow configurations
were designed using SOLIDWORKS 2025, as illustrated in Figure 3.
All designs employed a central pouring gate to ensure identical molten
metal entry conditions, while the position of the overflow channel
was varied to examine its influence on flow behavior and weld quality.

Design A, Figure 3(a). The overflow channel was positioned at the
outer edge of the wear groove, allowing molten metal to discharge
outward before fully filling the cavity.

Design B, Figure 3(b). The overflow channel was located adjacent
to the pouring gate, providing partial control over flow direction and
material distribution.

Design C, Figure 3(c). The overflow channel was positioned slightly
above the pouring gate, promoting smooth and continuous downward-
directed flow, reducing gas entrapment and porosity, and increasing
filling density.

These configurations enabled comparative analysis of molten metal
flow behavior, heat retention, and weld quality, providing engineering
insight for optimizing thermite welding procedures for rail surface
repair.

2.3 Governing equations and numerical formulation

The thermite welding process involves an intense aluminothermic
reaction that generates molten steel at extremely high temperatures,
followed by gravity-driven metal flow, heat transfer, and solidification
within a confined mold. As a result, the process is governed by
strongly coupled thermal-fluid phenomena involving molten metal
flow, heat transfer, and phase transformation under high-temperature
conditions [5,16]. In this study, the numerical model is formulated
based on the fundamental conservation laws of mass, momentum, and
energy to describe the post-reaction behavior of molten thermite steel
[17]. The general mass conservation equation can be expressed as

7
T+ V(pu)=0 ()

and for incompressible molten thermite steel with negligible density
variation during mold filling, this equation reduces to

Vou=0 2

Where u denotes the velocity vector [17,18]. Momentum transport
of the molten thermite steel was governed by the transient incompressible
Navier—Stokes equations [17,18].

p(L+uVu) = = Vp+ V(1 qVu) + g + Sy (3)

where gravitational acceleration represents the primary driving
force for molten metal flow during thermite mold filling [14,16].
The source term Smushy represents momentum damping induced by
solidification and the formation of a mushy zone [18,19]. Energy
conservation was formulated using an enthalpy-based approach to
account for both sensible and latent heat effects during melting and
solidification [17,18].

o(pH)
% + V(puH) = V(kVT) + Schem (4)

Where H is the total enthalpy and Schem denotes the volumetric
heat source associated with the aluminothermic reaction [14,20].
Unlike arc welding or laser welding processes, no external electrical
heat source or moving heat source formulation was applied in the
present thermite welding model [15].

Melting and solidification were modeled using an enthalpy—
porosity method, in which the liquid fraction f. varies linearly between
the solidus and liquidus temperatures, and the mushy zone is treated
as a porous medium that progressively restricts molten metal flow
[18,19]. The non-Newtonian behavior of molten thermite steel was
described using the Herschel-Bulkley constitutive equation [21].

=1+ Ky" 5)

allowing accurate representation of yield-controlled flow initiation
and shear-thinning behavior during gravity-driven mold filling [14,21].

2.4 Pre-processing and CFD simulation setup
2.4.1 Initial and boundary conditions

CFD simulations were conducted using SOLIDWORKS Flow
Simulation 2025. The analysis type included fluid flow, heat conduction,
and radiation effects. The ambient temperature was set to 35°C to
match experimental conditions. A transient simulation was performed
with a total duration of 10 s and a time step of 0.01 s. Gravitational
acceleration was applied as a body force in the negative vertical
direction with a magnitude of 9.81 m-s2. Free-surface flow conditions
were enabled to capture the dynamic molten metal—air interface during
pouring and filling of the repair cavity.

2.4.2 Material properties for simulation
The thermophysical and rheological properties of the thermite
material used for flow analysis are summarized in Table 1 molten

thermite behavior was characterized using the Herschel-Bulkley
constitutive model [21,22].
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Table 1. Thermophysical and rheological properties of thermite used for
flow analysis.

Properties Variable Unit
Density 6,750 kg'm™
Specific heat 775 Jkg K
Thermal conductivity 20 W-m K
Viscosity 0.004 Pas™!
Yield stress [1o] 100 Pa
Consistency coefficient [K] 0.6 Pa-s™
Power-law index [n] 0.3 N/A

Table 2. Thermophysical properties of CO, sand material used for mold.

Properties Value Unit
Density 1600 kgm™
Specific heat 1000 Jkg ! K!
Thermal conductivity 0.6 W-mK!
Coefficient of thermal expansion 5.8 x 107 1-.K!

Table 3. Thermophysical properties of rail steel grade R260.

Properties Value Unit
Density 7850 kgm™
Specific heat 470 Jkg' K
Thermal conductivity 50 Wem K
Coefficient of thermal expansion 11.8 x 1076 1-.K!

The model accounts for yield stress and flow resistance characteristics.
A minimum yield stress of 100 Pa was required to initiate flow, with
a power-law index of 0.3 indicating shear-thinning behavior. This
rheological description is essential for accurately modeling flow
initiation, propagation, and cavity filling during thermite welding.
COz sand was used as the mold material due to its thermal stability and
ability to withstand high temperatures generated by the aluminothermic
reaction [20,22]. Its thermophysical properties are listed in Table 2 [22].

The rail substrate material was pearlitic rail steel grade R260, with
thermophysical properties provided in Table 3, which are critical for
predicting solidification behavior and thermal stress development
during welding [14]. The thermophysical properties were assumed
to be temperature-independent. This simplification is justified by the
short process duration (10 s) of the filling and initial solidification stage,
during which the dominant thermal gradients occur over a narrow time
window. Moreover, the primary objective of the present model is to
capture the relative differences in flow behavior and heat distribution
among the three mold configurations, rather than to predict absolute
temperature values with high precision. This assumption is consistent
with similar CFD studies of thermite and casting processes reported in
the literature [8,22], and reduces numerical complexity while preserving
the comparative validity of the model.

2.5 Wall boundary conditions

Wall boundary conditions were defined to represent realistic
thermal—fluid interaction between molten thermite steel, mold surfaces,
and the rail substrate. Partial slip conditions were implemented using
parameters calibrated to capture yield-controlled flow and wall shear
behavior, thereby improving the reliability of CFD predictions for
molten metal flow during rail surface welding.

J. Met. Mater. Miner. 36(2). 2026

Case: 1

Case: 2

Case: 3

Figure 4. Mesh models employed in this study for the three overflow
configurations.

Preheat

Figure 5. Experimental setup for rail surface repair welding.

Mesh generation employed local refinement in regions with high
thermal and velocity gradients, particularly within the mold cavity,
pouring gate, and fluid—solid interface zones. The refinement strategy
ensured accurate resolution of heat transfer and flow behavior while
maintaining computational efficiency. The final mesh consisted of
approximately 5,440,162 elements and was verified to provide stable
and mesh-independent results across all three mold configurations,
as shown in Figure 4.

2.6 Experimental procedure for rail surface repair welding

Experimental thermite welding was conducted to validate the
numerical predictions, as shown in Figure 5. The thermite mixture
consisted of aluminum powder (Al) and iron oxide (Fe203), prepared
and stored in sealed cylindrical containers prior to ignition. Welding
molds were fabricated using silica sand, bentonite, graphite, sodium
silicate, and water to ensure mechanical integrity and thermal resistance.

Prior to welding, the mold and rail surface were preheated using
an oxy-acetylene flame to approximately 800°C for 5 min to reduce
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thermal shock and improve molten metal wetting. The thermite charge
was then ignited, producing reaction temperatures exceeding 2500°C.
The molten steel reached temperatures of approximately 1600°C to
1900°C at the rail interface, enabling effective melting, infiltration,
and defect filling.

After solidification, the mold was removed and excess material
was mechanically trimmed. The repaired rail specimens were sectioned,
polished, and etched for macroscopic and microstructural examination.
Weld morphology, penetration depth, and defect formation were
analyzed and compared with numerical predictions to validate the
simulation framework.
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3. Results and discussion

3.1 Thermal flow field analysis

The thermal flow field during thermite-based rail surface repair
was analyzed using transient surface plots to visualize the coupled heat
transfer and molten metal flow behavior within the rail specimen, mold,
and molten metal domain. Figure 6 presents the simulated thermite
reaction for three mold configurations (Case 1, Case 2, and Case 3) at
time intervals of 2 s,4 s, 6 s, 8 s, and 10 s, providing insight into the
evolution of temperature distribution and molten metal infiltration.

Figure 6. Simulated thermal flow of molten metal for three design cases at different time intervals: (a) 2 s, (b) 4 s, (¢) 6 s, (d) 8 s, and (e) 10 s.

J. Met. Mater. Miner. 36(2). 2026
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At 2 s is show in Figure 6(a), heat accumulation was primarily
concentrated within the reaction chamber, with limited penetration
into the mold cavity. Notably, Case 3 initiated molten metal flow
earlier than the other configurations, indicating a more effective initial
discharge path.

At 4-6 s is show in Figure 6(b-c), downward heat transfer and
molten metal infiltration became more pronounced. Cases 2-3 exhibited
improved flow continuity and enhanced mold-metal contact, whereas
Case 1 retained a significant portion of thermal energy near the top of
the chamber, delaying cavity infiltration.

At 8 s is show in Figure 6(d), most of the mold cavity was filled in
all cases; however, Cases 2-3 displayed more uniform heat dispersion and
smoother filling behavior, while Case 1 still exhibited localized thermal
hotspots.

By 10 s is show in Figure 6(e), a complete thermal distribution was
achieved in all configurations. Among them, Case 3 demonstrated the
most homogeneous temperature field, confirming the effectiveness
of its overflow design in promoting efficient molten metal distribution.

Overall, the results clearly indicate that mold overflow geometry
plays a critical role in governing heat transfer and filling behavior
during thermite welding. Case 3 provided the most uniform thermal
field and complete mold filling, supporting its suitability for thermite-
based rail surface repair.

Case: 2 (10 s)

Case: 1 (10 s)

200000
1800.00
1600.00
140000
120000
100000

800.00

Temperature (Solid) [°C]

600.00

400.00

200.00

0.00

3.2 Heat distribution on the rail surface

The temperature distribution within the rail substrate at 10 s was
further examined to evaluate heat transfer from the thermite reaction
into the rail surface. Figure 7 compares the temperature—distance profiles
across the weld section for the three investigated cases.

Case 2 exhibited a peak temperature of approximately 1750°C to
1800°C, accompanied by the steepest and narrowest thermal gradient.
This behavior indicates rapid and highly localized heating, which is
advantageous for precision welding applications requiring controlled
thermal input. In contrast, Case 1 showed a lower peak temperature of
approximately 1620°C with a broader and shallower profile, resulting
in limited heat penetration into the rail substrate and an increased risk
of incomplete metallurgical bonding.

Case 3 reached the highest peak temperature, approaching 1880°C,
and produced the broadest and deepest heat penetration profile. This
thermal behavior demonstrates a superior capability to deliver heat
widely and deeply into the rail, thereby promoting robust metallurgical
fusion. In comparative terms, Case 2 is most suitable for localized, high-
temperature applications, whereas Case 1 minimizes the heat-affected
zone but is prone to insufficient fusion. Case 3 achieved comprehensive
heat penetration and exhibited the strongest bonding potential, making
it the most effective confraction for thermite-based rail surface repair.

Case: 3 (10 s)

Distance (mm)

Figure 7. Comparison of temperature distribution across the rail surface obtained from thermal simulation at 10 s.

J. Met. Mater. Miner. 36(2). 2026
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3.3 Weld surface inspection and correlation with numerical
predictions

The correlation between numerical predictions and experimental
observations was examined through weld surface inspection and
macroscopic analysis for the three mold overflow configurations, as
illustrated in Figure 8 and summarized in Table 4. The comparison
provides direct validation of the numerical model and clarifies the
influence of mold geometry on molten metal flow behavior, heat
transfer, and defect formation during thermite-based rail surface repair.

For Case 1 is show in Figure 8(a,d), where the overflow channel was
positioned at the outer edge of the wear groove, the numerical simulation
predicted a relatively low peak temperature of approximately 1620°C
and shallow thermal penetration. These conditions were experimentally
confirmed by the observed incomplete melting, irregular weld morphology,
and surface oxidation. The limited heat input promoted early development
of a mushy zone, which increased momentum damping and restricted
molten metal flow, thereby preventing complete metallurgical fusion
between the filler metal and the rail substrate [23,24].

In Case 2 is show in Figure 8(b,e), the overflow channel located
near the pouring gate resulted in higher peak temperatures in the

range of 1750°C to 1800°C and deeper heat penetration, consistent
with the numerical temperature field. Although improved melting
was achieved, weld surface inspection revealed the presence of porosity
concentrated near the central region of the repair zone. This defect
formation is attributed to the unbalanced molten metal flow induced by
the mold geometry, which led to localized flow instability and insufficient
gas evacuation during solidification. These observations are in strong
agreement with the predicted non-uniform velocity field and thermal
gradients obtained from the coupled thermal—fluid simulation.
Case 3 is show in Figure 8(c,f), exhibited the most favorable weld
characteristics among all configurations. The optimized overflow
geometry positioned above the pouring gate enabled a stable, gravity-
driven molten metal flow, resulting in a uniform velocity field and
homogeneous thermal distribution. The numerical model predicted

apeak temperature of approximately 1880°C with wide and deep heat
penetration, which was experimentally validated by smooth weld
morphology, complete groove filling, and the absence of significant
porosity or incomplete fusion. The controlled solidification behavior
observed in this case confirms the effectiveness of the mold design
in promoting balanced heat transfer and continuous molten metal
infiltration [23,25].

Figure 8. Weld surface inspection of rail repair.

Table 4. Comparative analysis of rail surface repair welding results.

Parameter Case 1 Case 2 Case 3 (Optimal)
Approx. peak temperature (FEA) ~1620°C ~1750 to 1800°C ~1880°C (stable)
Heat distribution Narrow and shallow Deep but localized Wide and deep, most balanced

Weld surface morphology Oxidized, porous

Main defects Incomplete fusion, oxidation
Weld integrity Low

Practical applicability Unsuitable

Porous with irregular dispersion Dense, smooth, uniform

Gas-induced porosity Negligible
Moderate High
Usable but risky Most suitable

J. Met. Mater. Miner. 36(2). 2026
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Figure 9. Results of the Macroscopic and Microstructural Examination.

Overall, the experimentally observed weld surface characteristics
closely correspond to the numerical predictions, demonstrating that
the adopted governing equations and numerical formulation are capable
of capturing the key physical mechanisms governing thermite-based
rail surface repair. The results clearly indicate that mold overflow
configuration strongly influences thermal penetration, molten metal
flow stability, and defect formation, with Case 3 providing the optimal
balance between heat input, flow behavior, and weld integrity.

3.4 Macroscopic and microstructural examination

The macroscopic and microstructural characteristics of the repaired
rail were examined under the optimal processing condition (Case 3),
as shown in Figure 9. The results reveal distinct microstructural features
in each region of the specimen, while no critical porosity or cracking
attributable to the welding process was observed.

The base metal (BM) region exhibited a fine and uniform micro-
structure consisting predominantly of ferrite (o) and pearlitic (o + Fe3C)
distributed throughout the matrix. In the upper weld zone (Up WZ),
coarse grains formed as a result of rapid solidification of the filler metal.
Isolated small pores were observed, likely caused by air or moisture
entrapment within the mold during melting. The microstructure in this
region was primarily pearlitic (« + FesC), with ferrite (o) cementite
(FesC) distributed between lamellae [24-26].

In the lower weld zone (Down WZ), pearlitic grains appeared
elongated and aligned along the molten metal flow direction, indicating
a slower cooling rate compared with the Up WZ. Small microcracks
were detected, which may have originated from residual tensile stresses
during solidification or non-uniform shrinkage. Such defects could
act as potential initiation sites for fatigue or long-term cracking. In
the heat-affected zone (HAZ), coarse grains with a martensitic structure
were observed, accompanied by minor porosity. Nevertheless, all
detected defects remained within the acceptable limits specified by
ISO 5817 [26,27].
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4. Conclusions

This study demonstrates that mold design plays a decisive role
in controlling heat distribution, molten metal penetration, and weld
integrity during thermite-based surface repair of R260 rail steel.
Distinct thermal and metallurgical responses were observed among
the investigated configurations.

Case 1 generated a maximum temperature of approximately 1620°C
with shallow heat dispersion, which resulted in incomplete fusion and
surface oxidation due to insufficient thermal penetration. Case 2 achieved
higher peak temperatures in the range of 1750°C to 1800°C and deeper
penetration; however, its performance was limited by porosity formation
caused by unbalanced molten metal flow and inadequate gas evacuation.
In contrast, Case 3 exhibited the most favorable behavior, reaching
peak temperatures of approximately 1880°C and producing a uniform
and deep thermal field that enabled complete groove filling and defect-
free weld morphology.

The strong agreement between numerical predictions and experimental
observations confirms the reliability of the finite element-based modeling
framework in capturing the coupled thermal—fluid phenomena governing
thermite welding. Microstructural examination further verified that the
optimal configuration (Case 3) produced dense welds with minimal
porosity and negligible incomplete fusion, ensuring robust metallurgical
bonding.

Overall, Case 3 represents the optimal mold configuration for thermite-
based rail surface repair, providing balanced thermal distribution, enhanced
weld quality, and improved long-term service reliability. The findings
offer practical design guidance for optimizing mold geometry in thermite
welding applications and contribute to improving repair efficiency and
structural performance in railway maintenance operations. Future
investigations should incorporate residual stress analysis to quantify
thermally induced stress fields during solidification, as this would further
enhance the predictive capability of the model and provide additional
insight into the long-term structural performance of the repaired rail.
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