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Abstract

This study investigates the effect of nitrogen gas-assisted static
cooling on weld distortion and mechanical properties of AAS5083
aluminum alloy joined by Tungsten Inert Gas (TIG) welding.
Although various cooling techniques have been reported to control
heat input and distortion in aluminum welding, the combined
influence of static nitrogen cooling and welding current on both
distortion behavior and local mechanical properties of AAS5083
remains insufficiently understood. Three welding current levels
(100 A, 110 A, and 120 A) were applied while maintaining
constant welding speed, arc voltage, and shielding gas flow.
Mechanical properties, including tensile strength and Vickers
hardness, were evaluated across the weld metal, Heat-Affected
Zone (HAZ), and base metal. Thermal-induced distortion was
analyzed using 3D profiling and validated through Analysis of
Variance (ANOVA) statistical tests. The results indicate that a
welding current of 100 A with static nitrogen cooling minimizes
distortion and achieves the highest tensile strength (197.41 MPa).
The highest yield strength was recorded at 120 A (160.31 MPa),
while the maximum hardness values were observed in the weld
metal at 110 A (135.83 VHN), HAZ at 120 A (117.63 VHN), and
base metal at 100 A (124.1 VHN). Statistical analysis confirms that
welding current significantly influences both distortion and
mechanical outcomes (p < 0.05), while the cooling method shows a
moderate effect. These findings demonstrate that nitrogen-assisted
static cooling offers a practical approach to improving weld quality
by balancing dimensional stability and mechanical performance in
precision aluminum welding applications.
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1 Introduction

Aluminum and its alloys are widely employed nonferrous
metals across key industrial sectors such as automotive,
shipbuilding, petroleum, and aerospace [1], [2], [3]. With an annual
global demand exceeding 24 million tons, aluminum serves as a
crucial engineering material due to its excellent strength-to-weight
ratio, corrosion resistance, and recyclability [4]. However, the
relatively low mechanical strength of pure aluminum limits its use
in structural applications, necessitating the development of
aluminum alloys to enhance its performance characteristics [5], [6],
[7]. Among the various aluminum alloy series, the 5xxx series (Al-
Mg) has gained significant attention, particularly the AAS5083

alloy, which contains approximately 4-5.5% magnesium [8], [9],
[10]. This alloy is recognized for its high tensile strength,
exceptional toughness at cryogenic temperatures, superior weld-
ability, and outstanding corrosion resistance even in aggressive
marine environments [11], [12]. As a result, AA5083 is extensively
utilized in naval structures, pressure vessels, high-speed ships, and
hull plating [13].

Welding is a fundamental process in the fabrication and joining
of aluminum components [14], [15], [16]. However, welding thin
aluminum plates (~3 mm thick), as often used in maritime
applications, presents several technical challenges. These include
residual stresses, thermal distortion, and changes in microstructure
due to localized heat input during welding [17], [18]. Gas Tungsten
Arc Welding (GTAW), or Tungsten Inert Gas (TIG) welding, is
one of the most effective techniques for aluminum joining,
providing  high-quality and precision welds [19], [20].
Nevertheless, key welding parameters such as current intensity,
electrode type, and shielding gas composition significantly
influence the weld quality [21], [22], [23].

Argon is conventionally used as a shielding gas in TIG welding
due to its inert nature and arc stability [24], [25]. However,
conventional TIG welding still faces limitations in terms of heat
input control, distortion management, and optimization of
mechanical properties [26], [27], [28]. Therefore, strategies that can
actively influence heat transfer and cooling behavior during or
immediately after welding are of increasing interest.

Nitrogen gas is selected in this study primarily for its higher
thermal conductivity and enhanced convective heat transfer
capability, which can accelerate heat dissipation from the weld
zone, reduce peak thermal gradients, and effectively control
welding-induced distortion. In addition to its thermal role, modified
cooling rates associated with nitrogen exposure may influence
microstructural evolution in the weld metal and heat-affected zone,
thereby affecting hardness and tensile behavior [29], [30], [31].

Despite these potential advantages, the combined effects of
nitrogen-assisted static cooling and welding current on thermal
distortion and local mechanical properties of AA5S083 aluminum
alloy have not been systematically investigated in previous studies.
This lack of integrated thermal-mechanical analysis represents a
clear research gap, particularly for thin aluminum plates used in
marine and precision engineering applications.

Based on this gap, the present study systematically evaluates the
influence of nitrogen gas-assisted static cooling during TIG
welding of AA5083 aluminum alloy. The study focuses on
clarifying how nitrogen-enhanced heat transfer interacts with
welding current to affect tensile strength, hardness distribution, and
thermal distortion. By linking thermal behavior, mechanical
performance, and statistical analysis, this work provides a scientific
basis for the application of nitrogen-assisted cooling as a practical
strategy to improve weld quality and dimensional stability.

2 Research methodology

This study provides sufficient methodological detail to ensure
reproducibility. Established methods are referenced, with only
relevant modifications explained.
2.1 Materials specification

The material used in this study was AA5083-H116 aluminum
alloy, selected for its favorable weld-ability, corrosion resistance,
and mechanical strength. The nominal chemical composition of
AAS5083-H116 consists of 4.0-4.9 wt.% Mg, 0.4-1.0 wt.% Mn, up
to 0.25 wt.% Cr, with minor amounts of Si (<0.40 wt.%), Fe (<0.40
wt.%), Cu (<0.10 wt.%), Zn (<0.25 wt.%), Ti (<0.15 wt.%), and the
balance aluminum. The typical mechanical properties include a
yield strength of approximately 215 MPa, an ultimate tensile
strength of 305-330 MPa, and an elongation of about 12—16%. The
plates were prepared with dimensions of 150 mm x 100 mm X 6
mm. Prior to welding, the base metal surfaces were cleaned with
acetone to remove surface contaminants and ensure consistent arc
stability.

Disseminating Information on the Research of Mechanical Engineering - Jurnal Polimesin Volume 23, No. 6, December 2025 904



2.2 Welding process parameters

TIG welding was performed using a high-frequency AC TIG
machine [32], [33]. Three levels of welding current were applied:
100 A, 110 A, and 120 A. Other process parameters were held
constant: arc voltage at 18 V, travel speed at 5 mm-s™, and
shielding gas flow rate at 15 L-min™! using pure argon. A 2.4 mm
thoriated tungsten electrode was used throughout all trials. For
enhanced thermal control, a static nitrogen gas-assisted cooling
setup was implemented [34]. Nitrogen was directed at the weld
zone using a closed chamber system positioned underneath the
specimen, allowing forced cooling immediately after the weld.
Passed a water-cooling setup was also tested for comparison [35].

2.3 Experimental procedure

The experiment was designed using a full factorial design
involving two independent factors: welding current and cooling
method. The welding current factor consisted of three levels (100
A, 110 A, and 120 A), selected to examine the influence of
increasing heat input on weld distortion and mechanical properties.
The cooling method factor consisted of two levels: static nitrogen
gas-assisted cooling and water cooling, chosen to compare gas-
based convective cooling with a conventional liquid-based cooling
approach. This resulted in a 3x2 full factorial experimental matrix,
allowing the evaluation of both main effects and interaction effects
between welding current and cooling method. For each factor
combination, three replicate specimens were prepared to improve
statistical reliability and reduce experimental variability. All
welding operations were conducted in the flat (1G) position under
identical environmental conditions [36], [37].

2.4 Mechanical testing

Tensile strength was measured using a Universal Testing
Machine (UTM) with a capacity of 100 kN, in accordance with
ASTM E8/E8M [38]. The specimens were machined perpendicular
to the weld line, following sub-size standard gauge dimensions.
The tensile test results showed an average yield strength of
approximately 210 MPa, an ultimate tensile strength of 315 MPa,
and an elongation of about 14%. Vickers hardness testing was
performed according to ASTM E92 using a 100 g load and a dwell
time of 15 seconds. Hardness measurements were conducted at
three distinct zones, namely the weld metal, Heat-Affected Zone
(HAZ), and base metal [39], [40], [41].

2.5 Distortion measurement

Distortion analysis was carried out using a digital height gauge
to measure angular and longitudinal deviations before and after
welding [42], [43]. Measurements were taken at three reference
points along the plate edge to capture warping effects. Engineering
strain € relates the amount of deformation to the initial size of a
sample in that direction. The formula is given by Eq. (1) [44],
where ¢ is strain, AL is change in length and L, is initial length.

_ AL

€= (1

Fig. 1 shows a schematic of the TIG welding process in which

nitrogen (N2) gas is directed toward the underside of the work-piece

to provide static cooling, helping to control heat distribution and
reduce welding-induced distortion.

N, 777
Workpiece TIG Weld

Fig. 1. Workpiece measurement.

2.6 Statistical analysis

All data were analyzed using two-way Analysis of Variance
(ANOVA) to determine the significance of welding current and
cooling method on mechanical properties and distortion [45], [46],
[47], [48]. The assumptions of normality and homogeneity of
variance were assessed through normal probability plots and
Levene’s test, respectively. Where significant main effects or
interactions were found, Tukey’s Honestly Significant Difference
(HSD) test was conducted for pairwise comparison [49]. All
statistical analyses were performed with a 95% confidence level (a
=0.05) [50], [51], [52]. These equations encompass the calculation
of Degrees of Freedom (DOF), Sum of Squares (SS), Mean of
Squares (MS), and F-values corresponding to each factor. The
formulas are given by Eq. (2)-Eq. (12) [53], [54], [55], where SS,4
is sum of squares between groups of factor A, SSp is sum of
squares between groups of factor B, S5,z is sum of squares
between groups of interaction AB, SSi is sum of squares within
groups (error), SSy is total sum of squares, MS, is mean squares
between groups of factor A, MSg is mean squares between groups
of factor B, MS,p is mean squares between groups of interaction
AB, Y _is overall average, ¥;_is average for level i on factor A, Y.
is average for level j on factor B, ¥; ;. is combined average of the i-
th level of A and the j-th level of B, n is number of samples, a is
number of populations in factor A and b is number of populations
in factor B.
1. Sum of Square (SS)

SSy = bn Ty (Y, — ¥ )? @)

§Sp = an¥h, (v, - 1)’ (3)

SSup =nXi Zj-’:l(l?i]-, -V -V + 7)2 4
SSp = Xy X Yy (Yip — 1) (5)
SSp = Ty X0y Yoy (Vi — V)’ ©6)

2. Mean Square (MS) and F-value (F)

mMs, =4 (7)
MSy =% ®)
MSap = (a—ii?:—l) ©)
Fy =2 (10)
Fp =1 (11)
Fag = 22 (12)

3 Results and discussion

It is appropriate to combine the results and discussion sections
into a single section. Clear and concise results are required. The
significance of the work's findings should be discussed in detail
throughout the discussion section. Extensive citations and
discussion of already published material should be avoided.

3.1 Weld distortion analysis

Distortion is a change in shape caused by heat, one of which is
due to the welding process [56]. Due to this heating, grain
elongation and rapid, non-uniform metal shrinkage occur, resulting
in changes in shape and size (distortion) [57]. The data acquisition
of current variation with cooling, as shown in Table 1.
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Table 1. The Difference between current and type static cooling
Difference in test specimens Type static cooling
Current 100 A
Current 110 A
Current 120 A

Water

3.2 Thermal-induced distortion analysis on aluminium 5083

Fig. 2 through Fig. 4 present the distortion behavior of AA5083
aluminum welds at varying welding currents (100 A, 110 A, and
120 A) under static water cooling. A 3D graphical analysis reveals
that the welding current significantly affects the magnitude of
angular distortion [58]. The distortion was found to be lowest at a
welding current of 100 A, with maximum deviation occurring near
the edges of the weld area. The peak distortion reached
approximately 0.8 mm at the edge for the 100 A condition, while
higher distortion levels were observed for 110 A and 120 A, with
maxima exceeding 1.2 mm in certain regions. These results are
attributed to the thermal gradients induced by arc heat input and
subsequent non-uniform cooling [59]. The implementation of
nitrogen gas-assisted cooling effectively moderated the heat input
and provided a more uniform thermal dissipation, resulting in a
reduction of residual stress and improved dimensional stability of
the welded parts [60].
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Fig. 4. 3D distortion chart for 120-Ampere current usage.

Based on the 3D graphical analysis presented in Fig. 2, the use
of a welding current of 100 A resulted in a maximum distortion of
8 mm, observed at the coordinate position of 180 mm length and
240 mm width. The minimum distortion, measured at 0.12 mm,
was located in a column with 360 mm length and 120 mm width.
As shown in Fig. 3, when the welding current was increased to 110
A, the maximum distortion rose to 9.15 mm, located at 20 mm
length and 110 mm width, while the minimum value was 0.10 mm,
occurring at 160 mm length and 10 mm width. Furthermore, with a
current of 120 A (Fig. 4), the highest distortion reached 10 mm at

180 mm length and 10 mm width, and the lowest distortion was
0.64 mm at the 340 mm length and 120 mm width.

From the three 3D distortion profiles, it can be concluded that
welding current significantly affects the magnitude of distortion
[58]. The lowest distortion occurred at 100 A, followed by 110 A,
with the highest distortion observed at 120 A. This indicates that
100 A is the most optimal current setting to minimize distortion in
the welding of AAS5083 aluminum alloys. The distortion is
primarily attributed to the residual stress generated during the
welding process [61]. This stress arises from non-uniform thermal
expansion between the weld metal and the base metal, particularly
within the HAZ [62]. The thermal cycling during heating and
cooling induces internal strains, which manifest as residual stresses
that may cause bending, buckling, or localized warping, leading to
measurable distortion in the material structure [63]. This finding
supports the earlier work by Kadir ef al.[64] and Verma & Pandey
[65], which reported that increasing the welding current results in
greater distortion. Therefore, controlling welding current is critical
for preserving dimensional accuracy and structural stability,
particularly in precision applications involving aluminum alloys
[66], [67], [68].

3.3 Effect of longitudinal cooling on weld bead profile

Fig. 5 to Fig. 7 details the influence of cooling variation in the
longitudinal direction on the material distortion. The longitudinal
distortion results indicate that welding current has a significantly
greater influence on distortion than the cooling area [69] [70].
Although static cooling reduced local thermal accumulation, its
effect was secondary compared to the influence of current
magnitude. This is supported by the ANOVA results (Table 2),
where welding current showed a statistically significant effect (p <
0.05), while the cooling area did not.

These findings suggest that cooling strategies alone are
insufficient to control distortion if excessive heat input is applied.
Instead, distortion control in TIG welding of AAS083 requires a
combined approach, where optimized welding current serves as the
primary control parameter and cooling methods act as
supplementary measures to enhance thermal dissipation [71] [72].

=
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Fig. 5. Effect of longitudinal cooling on 10 mm bead distortion.

5

120A

—

Distortion (mm)

o — r -

0 20 40 60 80 100120 140 160 180 200 220 240 260 280 300 320 340

Length (mm)
—100 A 110 A 120 A

Fig. 6. Effect of longitudinal cooling on 120 mm bead distortion.
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Fig.7. Effect of longitudinal cooling on 240 mm bead distortion.
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The results of Table 2 ANOVA indicate that the welding
current has a statistically significant effect on distortion values,
with an F-value of 155.69 and a P-value of 0.000. This suggests
that variations in current (100 A, 110 A, 120 A) lead to measurable
differences in distortion. In contrast, the cooling area factor does
not significantly affect distortion (F = 1.89; p = 0.155), indicating
that within the tested range, changes in the cooling area do not
statistically influence the distortion outcome.

Table 2. Two-way ANOVA: longitudinal cooling vs distortion
Analysis of variance

Source DF AdjSS AdjMS F-value P-value
Cooling area 2 7 3.334 1.89 0.155
Current 2 550.643  275.322  155.69 0
Error 157  277.647 1.768

Lack of fit 4 89.928 22.482 18.32 0
Pure error 153 187.719 1.227

Total 161  834.959

These findings are consistent with the results reported by
Selvamani et al. (2020), who observed that increasing welding
current leads to greater distortion due to the increased heat input
into the material. In welding processes, higher current typically
results in a larger HAZ, which contributes to greater thermal
deformation [73], [74], [75]. Similarly, Gautham et al. (2025)
found that welding current is among the most influential parameters
affecting weld quality, including distortion and tensile strength.

Table 3. Vickers Hardness (VHN) data at different welding currents

Meanwhile, the insignificant effect of cooling the area in this study
contrasts with the findings of Dekis et al. (2025), who reported that
active cooling systems can significantly reduce distortion,
especially in thin sheet metal welding. This discrepancy may stem
from differences in the scale of cooling, cooling method, or
material properties used in the respective studies [76] [77].

3.4 Tensile stress testing analysis

To evaluate the mechanical integrity of TIG-welded AA5083
aluminum, tensile and hardness testing were performed on different
weldment regions under welding currents of 100 A, 110 A, and 120
A, as summarized in Table 3. The results indicate that the testing
area within the weldment has a more pronounced influence on
hardness variation than the welding current. The weld metal
consistently exhibited higher hardness values compared to the HAZ
and base metal, reflecting localized microstructural refinement
associated with rapid solidification. Two-way ANOVA results
(Table 4) confirm that the testing area significantly affects the
mechanical response (p = 0.016), whereas variations in welding
current within the investigated range do not produce a statistically
significant effect. This finding suggests that microstructural
heterogeneity inherent to welded joints governs mechanical
performance more strongly than moderate changes in welding
current. From a practical standpoint, these results imply that
controlling weld zone characteristics is more critical than fine-
tuning current levels when aiming to improve hardness distribution
and overall weld performance in AA5083 TIG welds.

. 100 A 110 A 120A
Testing area Loop
VHN VHN rate VHN VHN rate VHN VHN rate

1 124.9 123.2 124
Base metal 2 122 124.1 122.4 122.2 121.3 122.8

3 123 121 123.1

1 123.2 126.4 125.3
HAZ 2 125.3 116.23 123.3 117.26 123.9 117.63

3 100.2 102.1 103.7

1 147.3 148.6 150.9
Weld metal 2 114.2 132.93 1154 135.83 113 133.93

3 137.3 143.5 137.9
Table 4. Two way ANOVA tensile stress represents the variability not explained by the model. Notably, the

Analysis of variance lack of fit test produced a P-value of 0.999, suggesting that there is

Source DF  AdjSS AdjMS F-value P-value no significant deviation from model adequacy. This finding affirms
Cooling area 2 1.379 689.529 5.04 0.016 that the selected model fits the data well, and the residual variation
Current 2 4.27 2.085 0.02 0.985 can be attributed to random or pure error rather than systematic
Error 22 3011.77 136.899 inadequacies in the model structure [80]. Furthermore, the high
Lack of fit 4 13.83 3.456 0.02 0.999 value of pure error (SS = 2997.94) relative to the lack-of-fit
Pure error 18 299794 166.552 supports the notion that variability is more likely due to replication
Total 26 4395 differences among specimens rather than model misspecification.

A two-way ANOVA was conducted to evaluate the effects of
two independent variables: testing area (base metal, heat affected
zone, and weld metal) and current (100 A, 110 A, and 120 A) on
the mechanical performance of welded aluminum specimens, with
tensile strength or distortion values as the response variable. The
ANOVA results indicate a statistically significant effect of the
testing area on the response variable, with an F-value of 5.04 and a
corresponding P-value of 0.016, which is less than the standard
significance level of o = 0.05. This suggests that the different
regions within the weldment exhibit meaningful differences in
mechanical behavior [78]. In contrast, the factor current yielded a
P-value of 0.985 (F = 0.02), indicating that variations in the
welding current within the range tested did not significantly
influence the response variable [79].

The error term, with a relatively high adjusted Sum of Squares
(SS = 3011.77) and Mean Square Error (MSE = 136.899),
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In terms of hypothesis testing, the null hypothesis for the testing
area (Ho: there is no difference in means among the testing zones)
was rejected, indicating a significant effect of location within the
welded material. Conversely, the null hypothesis for the current
variable (Ho: there is no difference in means across current levels)
was not rejected, implying that within the tested range, the
magnitude of welding current did not significantly affect the
mechanical response [81]. These results align with prior studies
emphasizing the crucial role of metallurgical changes in different
weld zones such as grain refinement and residual stress distribution
in determining mechanical strength, while moderate changes in
current may not exert substantial influence unless accompanied by
more extreme variations in process parameters [21], [82]. Thus, the
findings underscore the importance of microstructural zone
characteristics over the applied current in influencing the outcome
of welded joints [83].
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Fig. 8. Normal probability test.

The normal probability plot used to evaluate the normality
assumption of the residuals shows that most points lie relatively
close to the diagonal line, indicating that the residual distribution
generally follows a normal distribution [84]. However, deviations
are observed at the left and right tails of the plot, suggesting the
presence of outliers or slight departures from normality.
Nonetheless, in the context of ANOVA, the model is still
considered valid, as ANOVA is known to be reasonably robust to
minor violations of the normality assumption, particularly when the
sample size is sufficiently large and the residual distribution does
not exhibit severe skewness [67], [85], [86].

This condition indicates that the ANOVA model can be used to
draw conclusions even in the presence of slight deviations in the
residual data. To support this finding, additional analyses such as
the Shapiro-Wilk or Anderson-Darling normality tests may be
employed to numerically confirm the normality assumption [87].
Moreover, it is recommended to examine the potential presence of
outliers to ensure that the interpretation of the ANOVA results
remains accurate and unbiased. Therefore, the fundamental
assumptions of ANOVA are generally satisfied, and the results of
the analysis can still serve as a reliable basis for decision-making
[88].

4 Conclusions

This study demonstrates that the use of static cooling in TIG
welding with a current of 100 A is most effective in minimizing
welding distortion while achieving the highest average tensile
strength of 197.412 MPa. Based on the tensile test results presented
in sub-section 3.4, the highest average yield strength was obtained
at a welding current of 120 A, with a value of 160.315 MPa. The
hardness results show a clear dependence on welding current and
measurement zone. The weld metal exhibited the highest hardness
at 110 A (135.83 VHN), which can be attributed to optimal heat
input promoting finer microstructural features in the fusion zone.
The maximum HAZ hardness was recorded at 120 A (117.63
VHN), likely due to increased thermal exposure causing
microstructural transformation in this region. In contrast, the base
metal hardness reached its highest value at 100 A (124.1 VHN), as
lower heat input minimized thermal softening. These findings
indicate that welding current plays a significant role in controlling
heat input, which in turn affects both tensile properties and
hardness distribution. To further optimize the welding process, it is
recommended to explore a wider range of current settings,
investigate alternative cooling methods beyond static cooling, and
perform detailed microstructural analysis to better understand the

effects of welding parameters on material behavior. Additionally,
testing under different base metal conditions and dynamic loading
scenarios such as fatigue and impact tests will provide a more
comprehensive evaluation of weld quality and performance.
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