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Abstract

This study developed welding molds and investigated the metallurgical behavior of thermite repair welds for
R260 grade railway rail surface repair using a Mixture Design approach, together with an economic feasibility
analysis in comparison with conventional welding. Mold compressive strength increased significantly with slica
sand content (p-value < 0.01), while graphite and water exerted negative effects on strength (p-value < 0.05)
and increased porosity through a significant interaction effect. With thermal resistance ranged from 1,430 to
1,570 °C, Runs 1, 2, and 6 provided the best balance of properties, with all models demonstrating high accuracy
(R?>0.90). Mold Type 1 produced rough weld surfaces with slag residue and numerous pores, while Mold Type
2 produced smoother surfaces with minimal porosity and no cracks, neither mold type exhibited macro-level
cracking. SEM analysis revealed that the base metal consisted of lamellar pearlite (o + FesC). Mold Type 1
produced coarse pearlite with grain boundary ferrite and significant pore accumulation, whereas Mold Type 2
yielded fine, uniform pearlite with virtually no porosity. EDX analysis indicated micro-segregation in Mold
Type 1 welds, suggesting structural non-uniformity and potential stress concentration sites, while Mold Type 2
welds exhibited more uniform elemental distribution, which may promote fine pearlite formation and defect
reduction. Economic analysis showed that thermite welding costs 290 THB per joint versus 960 THB for SMAW
(Cost Ratio, CR = 3.31; cost savings of 69.8%), and requires only 15-20 minutes compared to 90 minutes (Time
Reduction Ratio, TRR = 4.5), suggesting promising economic feasibility under the conditions evaluated. The
hardness test results showed that Mold Type 2 provided uniform hardness values, with HAZ hardness ranging
from 360—410 HV and weld zone hardness ranging from 320-360 HV. These results were consistent with the
SEM and EDX analyses, which revealed a fine pearlitic microstructure and homogeneous elemental distribution,
indicating that Mold Type 2 was more suitable for railway rail surface repair than Mold Type 1.
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1 Introduction

Railway rails are critical components of railway
transportation systems, playing a direct role in
operational safety and transportation efficiency. In
particular, 100-pound-per-yard steel rails continue to
be widely utilized throughout Thailand’s railway
network because they represent a standard rail type
suitable for the load capacity and operating speeds of
major railway lines. Although these rails possess high
mechanical strength, they are highly susceptible to
fatigue damage and surface wear at the rail head
during long-term service. Therefore, appropriate
repair and maintenance procedures are essential for
extending rail service life and reducing the costs
associated with rail replacement [1]-[3]. In addition,
surface defects occurring on the rail head significantly
influence the metallurgical structure and long-term
performance of the rail material.

At present, railway rail surface repair is
commonly performed using conventional welding
processes such as Shielded Metal Arc Welding
(SMAW) and hardfacing techniques. However, these
methods still exhibit several limitations, including the
requirement for highly skilled welders, prolonged
repair time, and limited applicability in remote areas
where electrical power is unavailable. These
constraints increase operational complexity and
overall maintenance costs, particularly when railway
traffic interruptions are required during repair
operations [1], [4]. In contrast, thermit welding is a
joining technique based on the highly exothermic
reduction reaction between aluminum and iron oxide,
capable of generating temperatures exceeding 2,500
°C and producing complete metal fusion within a
short period of time [5]. This process has considerable
potential for improving metallurgical continuity
between the repaired region and the original rail
material ~ while  minimizing  microstructural
imperfections commonly associated with
conventional repair methods. Furthermore, thermit
welding offers significant economic advantages
because it does not require an external power supply
or large-scale equipment, making it highly suitable for
field operations, especially in remote locations [6],
[71.

Nevertheless, the application of thermit welding
specifically for “rail surface repair” remains limited
and requires further investigation. Surface defects on
railway rails are generally localized and shallow,
which significantly affect heat accumulation, heat
distribution, and cooling rate during the welding

process. These factors directly influence the resulting
microstructure, including grain size, phase
distribution, and the formation of the Heat Affected
Zone (HAZ) [8], [9]. Therefore, investigating the
effects of welding process parameters on
metallurgical characteristics, such as weld phase
formation and HAZ morphology, is critically
important for evaluating weld quality and structural
reliability. Accordingly, this research focuses on
investigating the metallurgical characteristics,
mechanical properties, and economic feasibility
associated with the application of thermit welding
technology for railway rail surface repair. The study
also includes a comparative cost analysis between
thermit welding and conventional repair methods to
establish new scientific knowledge regarding thermit-
based rail surface repair technology. The findings of
this research are expected to contribute to the
development of a highly efficient, cost-effective, and
practically applicable railway maintenance approach
that can be sustainably implemented under real field
conditions [3], [7], [10].

2 Materials and Methods

2.1 Welding mold
2.1.1 Experimental design

The design and fabrication of welding molds for
thermite rail surface repair involved developing a new
prototype mold, distinct from conventional thermite
welding molds that accommodate large volumes of
molten metal and withstand the metallostatic pressure
of molten metal and high thermal loading. This study
focused on identifying an appropriate material
formulation for mold fabrication to achieve physical
properties capable of withstanding high temperatures,
providing adequate strength, and preventing cracking
during use [4], [11]. In the experimental design, silica
sand was set in the range of 80-90% as the principal
structural component; bentonite clay served as a
natural clay binder providing green (pre-cure)
strength  during compaction; graphite powder
enhanced thermal resistance; sodium silicate served
as a chemical binder activated by CO: curing to
develop final bond strength; and Water controlled
workability during mixing.

Subsequently, a Design of Experiments (DOE)
approach was employed to enhance experimental
efficiency [12], minimize unnecessary trial runs, and

T. Khrueaphue et al., ““Metallurgical Analysis and Economic Feasibility of Thermite Welding Applied to Railway Rail Surface Repair.”



Applied Science and Engineering Progress, Vol. 20, No. 2, 2027, 8254

improve the capability of mold design optimization.
A total of 10 experimental runs were generated based
on the D-optimal Mixture Design principle [13],
which is an effective statistical technique for selecting
material compositions that appropriately cover the
design space with maximum efficiency. Each
experimental run was assigned different material
proportions in order to investigate the influence of
composition on the properties of the mold, as
presented in Table 1. During the experiments,
materials were accurately weighed and blended under

controlled conditions (constant mixing time,
temperature, and environment). After specimen
preparation,  material ~ properties, including
compressive  strength, porosity, and thermal

resistance, were tested in triplicate to enhance data
reliability. Data were analyzed using analysis of
variance (ANOVA) to assess variable significance,
and a Scheffé polynomial model was fitted to describe
the relationship between composition and response
[14].

The fundamental principle of this study's
experimental design was based on Mixture Design,
whose basic constraint requires that the sum of all
component proportions equals 1 (or 100%), as
expressed in Eq. (1):
Zi5=1 Xi=1

M

Or, in the specific form of this study, as expressed in
Eq. (2):

Xi+Xo+ X5+ X+ Xs=1 (2)

where:

X1 = Silica Sand

X, = Bentonite Clay

X3 = Graphite Powder

X4 = Sodium Silicate Solution
Xs = Water

The model used in this study is the Scheffé
polynomial model, a specific form of Mixture Design,
expressed in general form as Eq. (3):
=X BX + 2, Z?:Hl BiiXiX; 3)
where J is the predicted response, X; and X; are the
coded proportions of the mixture components, f; is
the linear coefficient, f;; is the binary interaction
coefficient, and i and j are component indices for the
five mixture components, with i <j .

This model was developed by considering the
mixture sum constraint and therefore contains no
intercept term, enabling it to appropriately describe
the behavior of the mixture system.

2.1.2 Mold design and fabrication

Mold design and fabrication are critical steps in the
thermite welding process. As shown in Figure 1(a)
and Figure 1(d) (Mold Type 1), the mold was
designed with a central pouring hole for the molten
metal, enabling it to flow into the weld zone uniformly
from all directions. Riser vents on the side were also
incorporated to expel air and excess metal from the
mold, thereby reducing the formation of gas pockets
or voids within the weld and producing a dense, high-

Table 1: Material composition ratios for welding mold fabrication.

Run Silica Sand (%) Bentonite Clay (%) Graphite (%) Sodium Silicate Solution (%) Water (%)
1 90 3 2 3 2
2 88 4 3 3 2
3 85 5 3 4 3
4 83 6 4 4 3
5 80 7 5 5 3
6 87 5 2 4 2
7 84 6 3 4 3
8 82 7 4 4 3
9 86 4 4 3 3
10 83 5 5 4 3
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Pouring hole

(©
Pouring hole

Figure 1: Mold design and fabrication, (a) mold type 1 design, (b) metal fabrication form, (¢) mold type 2
design, (d) fabricated mold type 1, (¢) bottom concave profile and (f) fabricated mold type 2.

quality weld [15]. Figure 1(b) and Figure 1(e) show
the mold fabrication step, in which sand mixed with a
sodium silicate binder was compacted into a specific
form. The base of the mold was designed with a
concave profile to receive molten metal poured during
welding. This concave shape facilitates metal pooling
without  splashing, promotes uniform heat
distribution, and produces a weld with the correct
form and adequate strength [16]. As shown in Figure
1(c) and Figure 1(f) (Mold Type 2), an alternative
mold design was developed, also featuring a central
pouring hole but with overflow vents repositioned to
the top of the mold. This design was intended to allow
trapped air to be expelled upward and excess metal to
overflow through the top vents, thereby reducing air-
void formation and improving weld density. After
mold fabrication, carbon dioxide (CO:) gas was
purged into the mold interior to accelerate hardening.
The CO: reacts chemically with the sodium silicate
binder, causing rapid mold hardening without the
need for drying. Prior to use, the molds were cured in
an oven at 250 °C for 1 hour.

2.1.3 Thermite crucible fabrication

Thermite crucible design and fabrication are critical
steps in the thermite welding process for railway rail

surface repair, as a specialized application to achieve
weld quality and operational safety. The thermite
crucible serves as a vessel for thermite powder, which
undergoes a high-temperature exothermic redox
reaction during welding; the crucible design and
materials must therefore withstand high temperatures
and control molten metal flow appropriately [17-20].
As shown in Figure 2(a), the crucible was designed as
a cylindrical vessel lined internally with mold
material approximately 10 mm thick, which was
sufficient to withstand the heat of the thermite
reaction and was subsequently CO--hardened. A @10
mm outlet was left at the base of the crucible (Figure
2(b)) to allow continuous, accurately directed molten
metal flow into the welding mold. Approximately 350
g of thermite powder was then loaded, and the
crucible was sealed tightly (Figure 2(c)) to prevent
moisture ingress and atmospheric contamination,
which could otherwise affect reaction initiation and
performance.

2.2 Rail steel and thermite powder

The rail steel used in this study was R260 Grade (100
Ib/yard type), a material conforming to EN 13674-
1:2003 [21], [22], currently in use by the State
Railway of Thailand, owing to its well-balanced
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Figure 2: Thermite crucible fabrication, (a) schematic cross-section of crucible, (b) top-view photograph of

the fabricated crucible and (c) crucible charged.

mechanical properties of strength, toughness, and
wear resistance [23], [24]. To simulate actual service
wear conditions, specimens were prepared by
machining a simulated wear groove measuring is (top)
overview of the wear zone (dashed circle); (bottom
left) close-up view showing groove dimensions of 65
mm (length) X 40 mm (width); (bottom right) groove
depth of 5 mm measured using a welding gauge,
confirming the reference dimensions used for
machining simulated wear grooves on test specimens
(Figure 3), referencing average damage dimensions
observed during actual field operations. Prior to
welding, the groove surface was ground and dressed
to the designed dimensions to accommodate molten
metal accumulation and thermal loading during
welding. The chemical composition of the R260 rail
steel used in the experiments is shown in Table 2 [21],
[22], which indicates the proportions of alloying
elements Mn and Si contributing to strength and wear
resistance, together with controlled P, S, and H levels
that are important for toughness, weld integrity, and
resistance to hydrogen-related cracking during long-
term rail service [25], [26].

Figure 3: Surface wear groove on an in-service R260
grade.

Thermite powder (Table 3) was used as the
principal heat-generating medium in the thermite
welding process, exploiting an oxidation—reduction
(redox) reaction between iron oxide (Fe:Os) and
aluminum powder (Al), which yields molten iron and
alumina slag (AlOs) while releasing heat at
temperatures of approximately 2,500-3,000 °C
sufficient to melt and fuse the base metal effectively
[1], [27], [28]. This reaction can be expressed
according to Eq. (4), in which iron oxide acts as the
oxidizing agent and aluminum as the reducing agent:

Fe:0s + 241 — 2Fe + Al-Os + Heat (4)

The chemical composition of the thermite
powder used in this study is shown in Table 3, which
indicates the reactant proportions affecting chemical
properties and the quantity of thermal energy
generated during the welding process.

2.3 Thermite welding procedure for rail surface
repair

This study investigated thermite welding for railway
rail surface repair using two mold configurations,
Mold Type 1, shown in Figure 4(a), with riser vents
on the side, and Mold Type 2, shown in Figure 4(e),
with overflow vents repositioned to the top. Welding
was then conducted to examine the metallurgical
properties of the resulting weld deposits. Both mold
types had undergone preliminary evaluation under
multiple welding factors and were found to produce
acceptable weld surface characteristics and were
therefore selected for in-depth analysis.

The welding procedure began with preheating
the specimen using an oxy-acetylene torch, as shown
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Table 2: Chemical composition of R260 grade railway rail steel.

Grade

0, o, 1(9, 0, o,
(EN 13674-1) Fe C (%) Mn (%) Si (%) P (%) S (%) H (ppm)
R260 Balance 0.60-0.82 0.65-1.25 0.13-0.60 <0.030 <0.025 <25
Table 3: Chemical composition of thermite powder (by weight).

Specification Fe20s (%) Al (%) Mn, C, Si, Cr, Ni (%) MgO/CaO (%) BaO, CaF: (%)

Thermite Powder Balance
| — < <
(Manufacturer spec.) (~70-75) 20-25 -3 =1 =1

Note: Composition values represent typical ranges per manufacturer specification, with Fe.Os constituting the balance. Minor
variations exist between batches; EN 14730-1:2006 (Aluminothermic Welding of Rails) was used as the reference standard for

aluminothermic welding material requirements [1], [27], [28]

in Figure 4(b). In the thermite rail surface repair
process, the specimen was preheated to approximately
800-850 °C for 5 minutes, as measured by a
thermocouple. This preheating temperature was
intentionally selected to compensate for heat loss
during mold assembly, thermite crucible installation,
and thermite ignition procedures. During these
preparation stages, the specimen temperature
gradually decreased to approximately 700 °C before
the actual melting process began. Therefore, the
effective welding temperature was maintained close
to the limit recommended by EN 14730-1, helping to
reduce the risk of excessive austenite grain growth. In
addition, preheating allowed the rail surface
temperature to approach the melting temperature,
which improved weld penetration and reduced
residual stress during the welding process. [25], [30],
[31]. The welding mold and thermite crucible were
then assembled onto the rail as shown in Figure 4(f),
and the thermite powder was ignited through the
ignition port at the top of the crucible, initiating the
oxidation—reduction reaction to generate temperatures
in excess of approximately 2,500 °C. Molten metal
from the thermite reaction flowed into the mold to fill
the worn rail surface area, as shown in Figure 4(c) and
Figure 4(d) for Mold Type 1 (side riser vents) and
Figure 4(g) for Mold Type 2 (top overflow vents).
After the molten metal had solidified, the mold was
removed and the weld surface was ground flush with
the original rail profile.

3 Results and Discussion

3.1 Mold properties

Mold specimens were fabricated as 50-mm cubes and
tested for compressive strength according to ASTM
C109/C109M-21 (Standard Test Method for
Compressive Strength of Hydraulic Cement Mortars
Using 2-in. or 50 mm Cube Specimens), which was
adopted as the most applicable standard for the silica
sand sodium silicate binder system used in this study
[32]. The measured mold properties for all ten
experimental runs are presented in Table 4. The
results demonstrated that mold properties, including
compressive  strength, porosity, and thermal
resistance, varied systematically with composition,
consistent with the Mixture Design principle in which
all variables are interrelated under the 100% sum
constraint. Compressive strength was positively
correlated with Silica Sand content: Run 1 (2.36 MPa,
90% Silica Sand) produced the maximum
compressive strength, while Run 5 (1.56 MPa, 80%
Silica Sand) produced the minimum, confirming
Silica Sand as the principal factor with high
significance (p-value < 0.01). Conversely, Graphite
and Water exerted negative effects on strength (p-
value < 0.05). Porosity increased from 11.5% to
19.0% as Graphite and Water contents increased,
particularly in Runs 5, 8, and 10, indicating a
significant interaction effect (XsXs, p-value < 0.05).
Thermal resistance was positively correlated with
Silica Sand and Graphite contents: Run 1 yielded the
maximum of 1,570 °C and Run 5 the minimum of
1,430 °C, consistent with the ANOVA results
confirming the statistical significance of both
variables (p-value < 0.05). Overall, a clear property
trade-off was observed; formulations with high
strength also showed low porosity and high thermal
resistance (e.g. Run 1), while formulations with
higher Graphite and Water contents exhibited

T. Khrueaphue et al., ““Metallurgical Analysis and Economic Feasibility of Thermite Welding Applied to Railway Rail Surface Repair.”



Applied Science and Engineering Progress, Vol. 20, No. 2, 2027, 8254

increased porosity and reduced strength. Runs 1, 2,
and 6 provided the best balance of properties. All
fitted models were statistically appropriate (R?> 0.90,
with non-significant lack-of-fit not significant) and
can therefore be used effectively for predicting and
designing optimal compositions for practical use. The
full range of mold properties and the threshold values
defining optimal formulation performance are
summarized [1], [31], in Table 5.

3.2 Weld surface inspection and macrostructure

Both mold types successfully filled the simulated
wear groove with molten metal. As illustrated in

Termite powder
1 LT W A

Excess slack

Figure 4: Thermite welding procedure for rail surface repair, (a) and (e) shematic cross-sections showing
crucible and mold assembly, (b) preheating of the rail specimen, (c) and (g) molten metal filling the
simulated wear groove, (d) and (f) thermite reaction and molten metal discharge through riser vents.

Figure 5(a), Mold Type 1 produced a rough weld
surface with slag residue, as indicated by the arrows,
and numerous surface pores; however, no visible
surface cracking was detected [33]. In contrast, Figure
5(b) shows that Mold Type 2 produced a noticeably
smoother upper weld surface, with only minor
porosity and no visible cracks. Although upward
discharge through the top vents was not fully smooth,
causing part of the molten metal to spread outward
near the mold base, the overall weld surface quality
was improved compared with Mold Type 1.
Macrostructural examination of the transverse
section, shown in Figure 5(c), clearly distinguished
the upper weld zone (Up WZ), lower weld zone
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Table 4: Mold properties from D-optimal Mixture Design experiments.

Run Compressive Strength (MPa) Porosity (%) Thermal Resistance (°C) Remark
1 2.36 11.5 1,570 Optimal a)
2 2.17 13.5 1,540 Optimal a)
3 1.80 15.0 1,505
4 1.63 17.0 1,470
5 1.56 19.0 1,430 Lowest performance b)
6 1.96 12.5 1,535 Optimal a)
7 1.77 16.0 1,490
8 1.56 18.0 1,455
9 1.88 16.5 1,510
10 1.64 17.5 1,475

Note: a) Optimal: formulation achieving the most favorable combination of high compressive strength (> 1.96 MPa), low porosity (<
13.5%), and high thermal resistance (> 1,535 °C) based on ANOVA results (R?>0.90), b) Lowest performance: formulation exhibiting
the lowest compressive strength (1.56 MPa) and thermal resistance (1,430 °C) with the highest porosity (19.0%).

Table 5: Summary of mold property ranges and optimal formulation performance.

Property Min (Run 5) Max (Run 1) Optimal Runs (1, 2, and 6) Significance
Compressive Strength (MPa) 1.56 2.36 >1.96 p-value <0.01
Porosity (%) 19.0 11.5 <135 p-value <0.05
Thermal Resistance (°C) 1,430 1,570 >1,535 p-value <0.05

Note: Significance levels determined by ANOVA with Scheffé polynomial model (R?> > 0.90, lack-of-fit not significant for all
responses).

Figure 5: Weld surface morphology and macrostructural examination, (a) Mold Type 1, (b) Mold Type 2 and

(c) transverse cross-section of the thermite weld repair.

(Down WZ), and heat-affected zone (HAZ), with no
macro-scale cracking or large internal pores evident.
Similar HAZ microstructural modification has also
been reported in thermite-welded rail steels [1], [34].

3.3 Microstructural analysis

3.3.1 SEM examination

SEM microstructural analysis (Figure 6(a)) revealed
that the base metal (BM) of R260 grade rail steel
consisted of lamellar pearlite (o +FesC) with uniform
alternating layers of ferrite (o) and cementite (FesC),
with only minor grain boundary ferrite detected.
Cooling rate and heat transfer behavior also played
significant roles in the microstructural evolution of
thermite welds, particularly in influencing pearlite
lamellar spacing. The results indicated that Mold Type
1 tended to promote localized heat accumulation,
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Figure 6: SEM micrographs of R260 rail steel base metal and thermite weld zone microstructures, (a) base
metal (BM), Mold Type 1 (b) upper weld zone, (c) lower weld zone, (d) HAZ of Mold Type 1 and Mold
Type 2 (e) upper weld zone, (f) lower weld zone, (g) HAZ of Mold Type 2.

which may be associated with its side-vent design,
resulting in the formation of coarse pearlite, grain
boundary ferrite, and substantial porosity. In contrast,
Mold Type 2 exhibited more uniform heat distribution
and heat transfer behavior, leading to the formation of
fine and densely distributed pearlite, reduced porosity,
and a more continuous hardness profile.

Microstructural examination of Mold Type 1
(Figure 6(b)—6(d)) showed that the upper weld zone
(Figure 6(B)) exhibited prior austenite grain growth,
resulting from heat accumulation and slow cooling,
producing coarse pearlite together with numerous
pores. The lower weld zone (Figure 6(c)), as the
region of maximum heat accumulation, displayed
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pearlite with wide lamellar spacing and minor
porosity. The HAZ (Figure 6(d)) showed coarse
pearlite with grain boundary ferrite and significant
pore accumulation [35], which may act as crack
initiation sites under actual service loading.
Microstructural examination of Mold Type 2
(Figure 6(e)—6(g)) demonstrated markedly improved
microstructure compared to Mold Type 1. The upper
weld zone (Fig. 6(e)) showed fine, densely laminated
pearlite, which may contribute to improved hardness
and deformation resistance, with no porosity or
cracks detected [36], [37]. The lower weld zone
(Figure 6(f)), despite high heat exposure, maintained
fine, uniform lamellar pearlite, suggesting well-
controlled cooling conditions. The HAZ (Figure
6(g)) showed only minor structural change, retaining
a fine-grained character expected to support material
toughness and strength. These results indicate that
Mold Type 2 provides better microstructural control
than Mold Type 1, suggesting potential

Iron i ! (@

improvement in mechanical reliability and
serviceability of the rail repair weld under the tested
conditions.

3.3.2 EDX elemental analysis

EDX analysis of the weld zone in Mold Type 1
(Figure 7) revealed that the weld metal primarily
comprised Fe (90.49 wt.%), along with C (6.11
wt.%), Si (1.80 wt.%), and Mn (1.30 wt.%). It
should be noted that EDX results indicate general
elemental trends, and carbon values in particular
should be interpreted qualitatively due to the
inherent limitations of EDX in quantifying light
elements. Examination of elemental distribution
showed that Mn and Fe tended to cluster locally in
some regions, while Si distributed separately,
indicating micro-segregation at the microscopic
level during weld metal solidification [33]. The
detected carbon content suggests a tendency toward

{“\:}- (Ia)’.= Carbon (b)

Figure 7: EDX elemental analysis of the Mold Type 1 weld zone.
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carbide phase (FesC) formation. Manganese (1.30
wt.%) may contribute to strength enhancement;
however, non-uniform distribution of Mn and its
separation from Si may create regions of specific
composition, causing microstructural
discontinuity. This compositional non-uniformity
may lead to stress concentration sites [38] and,
combined with the porosity observed in SEM, is
expected to increase the risk of crack initiation
under cyclic loading, potentially affecting weld
performance in rail surface repair applications.
EDX analysis of the weld zone in Mold Type 2
(Figure 8) revealed that the weld metal primarily
comprised Fe (86.80 wt.%), along with C (11.30
wt.%), Mn (1.30 wt.%), and Si (0.50 wt.%). As with
Mold Type 1, carbon values should be interpreted
qualitatively. Examination of  elemental
distribution at the microscopic level showed that all
elements were distributed uniformly with no
clustering or phase segregation. The detected
carbon content suggests a tendency toward carbide

3 gt T K
S P

Manganese (©

o / 0.501 \'

phase (FesC) formation, which may promote the
formation of a fine pearlite structure and is
expected to contribute to improved hardness and
wear resistance. The uniform elemental distribution
and homogeneous element partitioning suggest a
more continuous microstructure, potentially
reducing stress concentration sites and minimizing
internal defects, which is consistent with the fine
pearlite microstructure observed in the SEM
analysis. These characteristics are expected to
enhance fatigue resistance [38] and tribological
performance under service conditions. The
compositional analysis of Mold Type 2 therefore
suggests a promising metallurgical advantage over
Mold Type 1, with its uniform elemental

distribution potentially contributing to improved
mechanical properties and service life of rail repair
welds. Further mechanical testing is recommended
to confirm these trends.

B «——8680
(Fe

@

& . &
@ 5
s s
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r ¥ ' 1
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Figure 8: EDX elemental analysis of the Mold Type

2 weld zone.
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Hardness Test
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Figure 9: Hardness distribution in railway rail surface repair welds.

3.4 Hardness test results

Figure 9 presents the Vickers hardness distribution
measured using the HV10 method, corresponding to
a test force of 98.1 N (10 kgf) and an indentation
dwell time of 10 s, together with the SEM and EDX
analyses. The combined results demonstrate that the
Mold Type 2 design provided more suitable weld
characteristics for railway rail surface repair
applications. This improvement is attributed to the
formation of a fine pearlitic microstructure and a
more uniform elemental distribution, particularly Fe,
Mn, and Si, resulting in a more continuous hardness
profile and hardness values closer to those of the
original rail material. In the base metal (BM) region,
both mold conditions exhibited comparable hardness
values within the range of approximately 245-280
HV, which is consistent with the mechanical
property range generally reported for pearlitic rails
and thermit-welded rail systems [39].

However, significant differences were
observed in the heat-affected zone (HAZ). Mold
Type 1 exhibited considerably higher and more
fluctuating  hardness values, ranging from
approximately 395 to 476 HV, which were
substantially greater than those of the original rail
material. This behaviour suggests a non-uniform
thermal history and local microstructural variation,
primarily associated with coarse pearlite formation
and elemental segregation. Such hardness
fluctuation may increase local brittleness and elevate
the risk of crack initiation under cyclic loading
conditions during actual service. Similar variations

in mechanical properties across thermit-welded rail
regions have also been reported in previous studies
[39], [40].

In contrast, Mold Type 2 exhibited HAZ
hardness values within the range of approximately
360-410 HV, with a more gradual and continuous
hardness transition. Furthermore, both the upper
weld zone (UWZ) and lower weld zone (DWZ)
showed relatively uniform hardness values in the
range of approximately 320-360 HV, indicating
more stable thermal and solidification conditions.
These findings are consistent with the SEM and
EDX results, which revealed a fine pearlitic structure
and a homogeneous eclemental distribution
throughout the weld region. Such metallurgical
characteristics may reduce local hardness mismatch
and stress concentration tendency, thereby
improving the structural reliability and service
performance of the repaired railway rail [39]-[41].

3.5 Economic analysis

The comparative economic analysis between
thermite welding and SMAW hardfacing (Table 6)
demonstrated that thermite welding offered
significant advantages in terms of cost, time, and
operational efficiency under the conditions
evaluated. The average total cost per repair joint for
thermite welding was only 290 THB, compared with
960 THB for SMAW hardfacing, representing a
difference of 670 THB per joint, or approximately
69.8% savings. Furthermore, thermite welding
required only up to 20 minutes per repair joint,
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Table 6: Economic comparison between thermite welding and SMAW hardfacing.

Parameter Thermite Welding

SMAW Hardfacing

Thermite powder 350 g @ 400

Material
atena THB/kg = 140 THB/joint

Flux-coated electrode ~1 kg @ 550 THB/kg = 550 THB/joint

No highly skilled welder required;

Labor avg. 150 THB/joint

Certified skilled welder required; avg. 350 THB/joint

Repair time per joint ~15-20 minutes total

~90 minutes total

Energy No electricity / no fuel required Generator: 1.5 L fuel x 40 THB = 60 THB/joint

Equipment Mold, small gas cylinder, grinder Welding machine, small gas cylinder, generator, grinder
Lightweight; i ; usabl,

Portability . SR At Heavy; difficult; requires trolley/additional labor
in confined areas

Safety Safe from electric shock, heat Risk of electric shock, heat, flux spatter, radiation

Weld quality Good penetration; no cracking; low  Multi-pass required; flux inclusion risk; stress; cracking and

porosity

porosity

. . Short; rail can resume service
Rail downtime .
quickly

Long closure required

Material 140 + Labor 150 =290

Total t/joint
otal cost/join THB/joint

Material 550 + Labor 350 + Fuel 60 = 960 THB/joint

Throughput per 8-hr shift 24 joints (480 + 20 minutes)

5-6 joints (480 + 90 minutes)

versus 90 minutes for SMAW hardfacing,
representing a 77.8% reduction in working time, or
4.5 times the throughput within an equivalent time
period [38], [42].

In terms of energy and equipment requirements,
thermite welding requires no electrical power supply,
relying instead on an oxy-acetylene torch for
preheating and the self-sustaining thermite reaction for
metal fusion. This makes the process highly suitable for
confined or remote locations where electrical
infrastructure is unavailable, whereas SMAW
hardfacing requires a generator, fuel, and gas cylinders,
thereby increasing energy costs and transportation
complexity. Thermite welding also reduces the
opportunity cost associated with rail closure, requiring
only 20 minutes per joint compared with 90 minutes for
SMAW. It significantly reduces traffic suspension and
improves operational service efficiency [42].

This study uses a simplified cost comparison
approach based on direct material, labor, and energy
costs under field-representative conditions. Economic
performance was quantified using two indices. First,
the Cost Ratio (CR), defined in Eq. (5), was calculated
as the ratio of the reference method cost to the proposed
method cost:

CR = Creference / Cproposed (5)

where Creference = 960 THB/joint (SMAW) and Cproposed
=290 THB/joint (Thermite welding).

CR =960/290 =331

A CR > 1 indicates that thermite welding is less costly
per repair joint. A CR of 3.31 suggests that thermite
welding may offer a unit cost reduction of
approximately 69.8% relative to SMAW hardfacing
under the conditions evaluated. Second, the Time
Reduction Ratio (TRR) is defined in Eq. (6):

TRR = Treerence / Tproposea=90/20=4.5 (6)
Under the conditions evaluated, thermite
welding required approximately 4.5 times less time
per repair joint and showed 69.8% lower cost than
SMAW hardfacing. Together, CR = 3.31 and TRR =
4.5 suggest that thermite welding demonstrates
promising economic performance across both cost
and time dimensions. These findings indicate that
thermite welding may offer promising economic
feasibility and operational efficiency for field rail
maintenance in Thailand, particularly for applications
requiring reduced cost, time, and energy. However, a
comprehensive  lifecycle  cost  analysis s
recommended for broader economic validation [43].

3.6 Limitations

This study is limited to laboratory-scale experiments
focusing on localized rail surface repair under
controlled conditions. Mechanical performance
properties such as hardness, wear resistance, and
fatigue behavior were not directly evaluated in this
study and should be addressed in future work using
standardized testing methods. In addition, EDX
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analysis was employed for qualitative elemental
assessment only; the detected carbon values in
particular should not be used for quantitative phase
determination. Further characterization techniques
such as X-ray diffraction (XRD) are recommended for
phase confirmation. The economic analysis presented
is based on a simplified cost comparison using direct
material, labor, and energy costs, and does not
account for lifecycle costs, equipment depreciation, or
indirect operational factors. Field validation under
actual service conditions is also recommended before
full-scale implementation.

4 Conclusions

Mold  properties  varied  significantly = with
composition. Compressive strength was primarily
governed by Silica Sand content (p-value < 0.01),
while Graphite and Water reduced strength and
increased porosity through a significant interaction
effect (p-value < 0.05). Optimal formulations (Runs
1, 2, and 6) achieved compressive strength > 1.96
MPa, porosity < 13.5%, and thermal resistance >
1,535 °C, with all fitted models demonstrating high
predictive accuracy (R? > 0.90). Weld surface and
defects, Mold Type 1 produced rough surfaces with
slag residue and numerous pores, although no macro-
level cracks were detected, these pores may act as
potential damage initiation sites. Mold Type 2
produced smoother surfaces with lower porosity and
no cracks, reflecting more appropriate metal flow and
solidification behavior under the tested conditions.

The base metal microstructure consisted of
pearlite (a + FesC). In the weld zone, Mold Type 1
produced coarse pearlite grains with wide lamellar
spacing, grain boundary ferrite, and substantial pore
accumulation. In contrast, Mold Type 2 weld zones
exhibited fine, densely laminated, and uniform
pearlite grains with virtually no porosity, suggesting
improved microstructural characteristics compared
with Mold Type 1.

EDX elemental analysis indicated general
elemental trends in the weld metal. Mold Type 1 (Fe
90.49 wt.%, C 6.11 wt.%, Si 1.80 wt.%, Mn 1.30
wt.%) showed signs of micro-segregation, with Mn
and Fe clustering and causing compositional non-
uniformity. Mold Type 2 (Fe 86.80 wt.%, C 11.30
wt.%, Mn 1.30 wt.%, Si 0.50 wt.%) exhibited more
uniform elemental distribution and lower porosity.
Carbon values should be interpreted qualitatively.
Further phase analysis by XRD is recommended.

Economic feasibility, under the conditions
evaluated, thermite welding costs 290 THB/joint
versus SMAW (960 THB/joint), showing a 69.8%
lower cost, with a Cost Ratio (CR) of 3.31. It requires
only 15-20 minutes versus 90 minutes per joint,
giving a Time Reduction Ratio (TRR) of 4.5,
equivalent to approximately 24 joints per 8-hour shift
compared with 5—6 joints using SMAW. These results
suggest promising economic performance and
operational efficiency for field rail maintenance
applications. A comprehensive lifecycle cost analysis
is recommended for full economic validation.

The hardness results showed that Mold Type 2
provided more uniform hardness values closer to
those of the original rail material, with HAZ hardness
of approximately 360410 HV and weld zone
hardness of approximately 320-360 HV. In contrast,
Mold Type 1 exhibited higher and more fluctuating
HAZ hardness values (395-476 HV). These results
agree with the SEM and EDX analyses, which
indicated that Mold Type 2 possessed a finer pearlitic
structure and more uniform elemental distribution,
making it more suitable for railway rail surface repair
applications.
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