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Abstract

The outer shell of an ISO tank plays a critical role in maintaining the integrity of its contents by withstanding
temperature fluctuations, pressure, and radiation. Research on the fabrication of liquefied natural gas (LNG) tank outer
shells therefore provides both scientific and practical value, particularly in ensuring mechanical reliability and
structural performance. This study investigates the welding of American Society for Testing Materials (ASTM) A36 steel
plates using shielded metal arc welding (SMAW) and evaluates the effect of welding parameters on mechanical and
microstructural properties. Four specimens were prepared by varying welding current at 70 and 80 A on plate
thicknesses of 4 and 12 mm. The results indicate that both current and thickness significantly influence the weld zone
microstructure, with transformations from ferrite—pearlite in the base metal to widmanstdtten and acicular ferrite in
the weld metal. In terms of mechanical performance, the highest hardness value of 198.387 HVN was recorded in the
4 mm specimen welded at 70 A, demonstrating the strong dependence of hardness on combined current and thickness
conditions. These findings contribute to optimizing welding parameters for the safe and reliable application of LNG
tank outer shells.
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1. Introduction

The outer shell of International Organization for Standard (ISO) tanks serves as a primary barrier to protect
liquefied natural gas (LNG) from environmental factors such as temperature fluctuations, external pressure, and
radiation that could compromise safety and product integrity [1], [2]. The fabrication of ISO tank shells requires
materials with adequate mechanical strength and microstructural stability to withstand operational stresses
during storage and transport, particularly with ship [3]. American Society for Testing Materials (ASTM) A36 steel
is often selected for such applications due to its favorable combination of weldability [4], availability, and cost-
effectiveness [5]. However, welding-induced changes in microstructure and mechanical properties remain critical
challenges in ensuring structural performance and long-term reliability [6].

Extensive studies have demonstrated that welding parameters, particularly current and plate thickness,
significantly influence the quality of weld joints [7]. Previous research [8] emphasized that welding current governs
arc energy and heat input, thereby affecting bead geometry, hardness, and microstructural evolution. Similarly,
researchers highlighted that plate thickness influences heat dissipation, residual stress, and distortion [9] during
welding [10]. Investigations on ASTM A36 steel also reported that variations in welding heat input can cause
transformations in the weld zone [11], including the formation of ferrite, pearlite, widmanstatten structures, and
acicular ferrite, each with distinct mechanical implications [12].

Despite these findings, most studies have focused on general applications of structural steel or thick-plate
welding, with limited emphasis on medium- to thin-plate configurations relevant to LNG tank fabrication [13].
Furthermore, systematic evaluation of current and thickness combined effects on hardness and microstructure in
shielded metal arc welding (SMAW)-welded ASTM A36 remains sparse.
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Therefore, this research investigates the influence of welding current (70 A and 80 A) and plate thickness (4
mm and 12 mm) on the microstructure and hardness of ASTM A36 steel welds. The novelty of this work lies in its
direct application to ISO tank outer shells, providing insights into optimal welding conditions for balancing
mechanical properties and microstructural stability. The purpose of this study is to identify parameter
combinations that enhance weld quality, ensuring safety and durability in LNG tank applications.

2. Experimental Methods

2.1. Materials and Specimens

The base material used in this research was ASTM A36 structural steel, commonly applied in ISO tank
fabrication. Two plate thicknesses, 4 and 12 mm, were prepared with dimensions of 150 x 100 mm. The chemical
composition was confirmed to comply with ASTM A36, and the joint design is shown in Figure 1.
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Figure 1. Schematic of welding process (a) Bevel design, (b) Five layers, and (c) Two layers

2.2. Welding Process and Parameters

Welding was performed using the SMAW process with rutile-coated electrodes (E6013, @3.2 mm). Two
current levels, 70 and 80 A, were applied across the two plate thicknesses, resulting in four welded specimens.
Welding was carried out in a flat position using bead-on-plate technique to ensure controlled and reproducible
heat input. Table 1 explains the label based on the welding parameter.

Table 1. Welding parameter and label
Thickness of plate (mm) Welding current (A) Label

4 80 4A
4 70 4B
12 80 12A
12 70 12B
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2.3. Measurement of Temperature Distribution

The thermal distribution during welding was measured using K-type thermocouples attached at predefined
distances (5, 10, and 15 mm) from the weld centerline on the plate surface. A total of 11 thermocouple
measurement points (designated CHO1 — CH11) were connected to a digital data logger operating at a sampling
rate of 1 Hz. The recorded temperature profiles were used to analyze the effect of plate thickness and current
variation on heat transfer and cooling rates.

2.4. Hardness Testing

Vickers hardness tests were performed in accordance with ASTM E384 [14]. Measurements were taken across
the weld cross-section, covering the weld metal (WM), heat-affected zone (HAZ), and base metal (BM). A test
load of 500 g was applied for 10 seconds, with an indentation spacing of 0.5 mm to avoid interference between
impressions. Average hardness values were calculated for each zone.

2.5. Macrostructural Examination

Macrostructure evaluation was conducted to observe weld bead geometry, penetration depth, and fusion
quality. Polished specimens were etched with 2% Nital and observed using an optical stereomicroscope. Weld
continuity and defect formation were also recorded.

2.6. Microstructural Analysis

Metallographic samples were cut transverse to the weld bead. The samples were mounted, ground, and
polished, then etched using 2% Nital solution to reveal microstructural features. Examination was performed
using an optical microscope (OM) at magnifications of 200 to 500x. Microstructural phases such as ferrite,
pearlite, widmanstatten ferrite, and acicular ferrite were identified.

3. Results and Discussion

3.1. Hardness Distribution

Figure 2 illustrates the hardness profiles of the welded specimens. In general, the highest hardness values
were observed in the WM, followed by the BM, while the HAZ consistently exhibited the lowest values. This
reduction in HAZ hardness is associated with grain coarsening and slower cooling rates. The maximum hardness
recorded was 198.387 HVN for the 4 mm plate welded at 70 A (4B), attributable to its finer widmanstatten and
acicular ferrite formation. Conversely, thicker plates welded at higher currents displayed lower hardness values,

correlating with their ferrite-dominant microstructures.
4A 4B

— )]
Ul o
o o

Hardness Value (HVN)
)
o

50
0
12A 12B
WM 165.48 198.39 161.00 169.33
B HAZ 130.82 131.97 135.00 147.62
mBM 126.28 123.95 143.02 127.69

Figure 2. Hardness value comparison of welded A36 steel
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3.2. Temperature Distribution

The thermal profiles measured using thermocouples depicted in Figure 3 confirmed that plate thickness and
welding current significantly affect heat flow and cooling rate. Thicker plate (12 mm) retained heat for longer
periods, as indicated by the greater number of peak temperatures occurred within the specimen, and resulted in
a slower cooling rate. Consequently, this produced a wider HAZ and coarser grains, and furthermore, it promoted
the formation of more equilibrium phases such as ferrite and pearlite, thus, reducing the fraction of
widmanstéatten ferrite. On the other hand, the thinner plate (4 mm) promoted steeper cooling gradients, as heat
dissipated rapidly into the surroundings; this is confirmed by the lower number of peak temperatures shown in
Figure 3. As a result, this specimen exhibited a narrower HAZ and finer microstructural features with higher
fraction of widmanstatten ferrite.
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Figure 3. Temperature distribution of welded A36 steel (a) 4A and (b) 12A

3.3. Microstructural Distribution
The microstructural features of WM, HAZ, and BM varied significantly with welding parameters as seen in
Figure 4.
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Figure 4. Microstructure result of welded A36 steel. F, P, AF, and WF are respectively ferrite, pearlite, acicular
ferrite, and widsmantatten ferrite (a) WM 4A, (b) HAZ 4A, (c) BM 4A, (d) WM 4B, (e) HAZ 4B, (f) BM 4B, (g) WM
12A, (h) HAZ 12A, (i) BM 12A, (j) WM 12B, (k) HAZ 12B, and (l) BM 12B
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For 4 mm and 12 mm plates welded at 80 A (4A and 12A), the BM predominantly consisted of ferrite (bright
phase) with pearlite (dark phase) as a secondary phase (Figures 4 (c) and (i)). The HAZ of 4A revealed
widmanstatten ferrite with needle-like structure, acicular ferrite, and pearlite, while its WM contained a higher
fraction of widmanstatten ferrite, indicating rapid cooling. In contrast, the 12A specimen exhibited a slower
cooling rate, as reflected by its ferrite-dominant HAZ with only minor widmanstatten and acicular ferrite.

For specimens welded at 70 A (4B and 12B), the BM also consisted mainly of ferrite and pearlite (Figures 4 (i)
and (I)). The HAZ of 4B showed widmanstatten ferrite, acicular ferrite, and pearlite, while the WM displayed an
even greater amount of widmanstatten ferrite due to rapid cooling (Figure 4 (a)). In the 12B specimen, the slower
cooling rate in thicker plates was evident, with ferrite—pearlite dominating the HAZ and a smaller portion of
widmanstatten observed in the WM. These results demonstrate that both plate thickness and welding current
strongly influence phase transformation and cooling behavior.

3.4. Macrostructural Analysis

Figure 5 presents the macrostructures of A36 welded specimens under different welding parameters. Overall,
the joints were free from major defects such as porosity, undercut, or incomplete penetration, indicating proper
process control. However, the specimen welded at 80 A with a 12 mm plate thickness (12A) exhibited slight
angular distortion, consistent with higher heat input and slower cooling rate. Thicker plates and higher currents
also produced a broader heat-affected zone (HAZ), whereas thinner plates welded at lower currents yielded
narrower HAZ regions. This finding confirms with previous research that cooling rate plays a critical role in defining
HAZ width [15].

80 A

4 mm

12 mm

Figure 5. Macrostructure analysis of specimens. (Note: The marked part could form due to etching
process. Non-uniform surface preparation caused the etchant to form etched grooves that look like
defects and produced localized deep roughness).
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3.5. Discussion

The combined results indicate that welding current and plate thickness direct heat input and cooling
behavior, thereby influencing hardness and microstructural evolution. An elevated welding current increases the
heat input, hence raising the temperature within WM and the HAZ, as confirmed by the temperature distribution
analysis. This elevation reduces the thermal gradient between these regions, resulting in a slower cooling rate in
the WM of the 4A and 12A specimens [16], [17]. Consequently, only a small amount of widmanstatten formed in
the WM, which corresponded to a lower hardness value; this result is in agreement with previous report [18]. On
the other hand, a faster cooling rate occurred in the 4B and 12B specimens with lower welding current due to
heat input decrease. Moreover, the thickness of the specimen significantly affects the cooling rate in the WM,
with thicker plate exhibiting slower thermal dissipation. The thicker plates retain heat longer, resulting in slower
cooling rates, which affects microstructure and mechanical properties of the weld zone [19], [20]. Lower current
and thinner plates produce finer microstructures (acicular and widmanstatten ferrite) and higher hardness.
However, higher current and thicker plates promote ferrite—pearlite formation with lower hardness.

These findings are consistent with prior studies on SMAW and other fusion welding processes [4], [13]. From
an application perspective, selecting appropriate current and plate thickness combinations is essential to optimize
weld quality and mechanical performance for LNG tank outer shells.

4. Conclusion

This study demonstrates that welding parameters, particularly plate thickness and welding current, play a
decisive role in controlling hardness, thermal behavior, and the evolution of micro-macro structures in SMAW-
welded ASTM A36 steel. Lower current (70 A) and thinner plates (4 mm) promoted steeper cooling gradients,
resulting in the formation of finer microstructures such as widmanstatten and acicular ferrite and consequently
higher hardness in the weld metal. In contrast, thicker plates (12 mm) and higher current (80 A) produced coarser
ferritic structures, wider heat-affected zones, and reduced hardness due to slower cooling. The novelty of this
work lies in integrating hardness testing, temperature distribution analysis, and comprehensive micro—
macrostructural characterization to establish a direct correlation between welding parameters and weld quality
in medium-thickness A36 steel, which has not been widely reported in previous studies.

From a practical perspective, these findings provide valuable input for optimizing welding procedures in the
fabrication of ISO LNG tank shells, where minimizing heat input and promoting finer microstructures are critical
for achieving reliable weld performance. Further research could expand this approach by incorporating advanced
thermal modeling and extended mechanical testing, such as toughness and fatigue, to complement the present
findings and enhance industrial application.
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