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*e goal of this project is to find optimization parameters in the TIG weld bead. To ensure the success of this research project, a
semiautomatic TIGwas developed. Samples aremade in a single bead on top of a substrate (basemetal) in a horizontal position. Aluminum
6082 is used as the substrate, andAA5356 filler wirewith a diameter of 2.4mm is used as the filler wire.*is research project employs argon
as the shielding gas. Welding current (A), travel speed (mm/min), and gas flow rate (lit/min) have all been identified as influencing
parameters for welding.*e Taguchi orthogonal array L9 (Minitab 19) was used to calculate the amount of runoff and analyze the samples.
Tensile and hardness tests were performed on the welded samples. According to the test results, as the current value increases, the tensile
strength and the hardness values decrease. As a result of this experiment, it is possible to conclude based on grey relational analysis that the
best parameters for welding Al 6082 alloy are 150A of welding current, 200mm/min of travel speed, and a gas flow rate of 14 lit/min.

1. Introduction

*e process that facilitates the joining of different materials
such as metals, plastics, and alloys through controlled heat
under pressure or nonpressure conditions is called welding.
On application of controlled heat at the interface, the ma-
terials tend to melt initially, and a permanent joint is
produced after solidifying the melted material at the in-
terface [1–4]. *e joint may be formed by using flux or filler
material depending upon the type of material selected and
application of the joint. *e GTAW or TIG welding process
produces welds with an electrode made of tungsten as shown
in Figure 1. *e inert gases are widely used to cover the area
welded from the atmosphere (helium, argon, or a combi-
nation of helium and argon) [5–7]. For proper welding, filler
metal can also be fed manually. GTAW, also known as the
TIG welding process, was invented during World War II.
*e joining of harder-to-join materials, such as aluminum

and magnesium, has become likely with the advancement of
the TIG welding process. Welding thick aluminum alloy
plates can be accomplished using a variety of techniques
[8–11]. However, arc welding, such as GMAW and TIG
welding, is a more cost-effective option due to lower energy
consumption and greater flexibility [12]. *e formation of
pore defects during fusion welding is a significant issue in
welding thick plates of Al alloys [13].

Typically, the strength of the TIG welded joint of AA
6082 has been higher than the joint obtained with MIG
welding. *e tensile strength was higher due to the better
equal-sized grain structure due to the narrow spacing arms.
Also, the travel speed of the electrode directly influences the
phenomenon of softening in the area of the weld. *e
hardness at the weld has been increased through aging under
0°C [14]. With two different filler materials, AA 4043 and AA
4047, a double side V butt weld joint was created. When the
current increases from 80Amp to 120Amp, the tensile
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strength increases by 4.5% on average while using argon as
shielding gas. When AA 4043 is used instead of AA 4047, the
results are better. *e geometry of the weld zone, such as the
front width and front height, determines TIG weld supe-
riority [15, 16]. *is is because the weld zone geometry acts
as a vital part in defining the mechanical properties of the
weld zone. *us, selecting appropriate process parameters
for welding is critical to achieving an ideal weld zone ge-
ometry [17]. Because of the melting of the base material
during welding, the microstructure and mechanical prop-
erties of the Al alloy will change [18]. TIG welding is pre-
ferred for aluminum alloys because it spreads out from the
weld pool more than other processes. Various methods have
been adopted to improve the refinement of grain boundaries
in the region of weld [19]. In casting, inoculation for refining
the fusion zone is successful, but not in welding. *e surface
nucleation technique was also not widely used due to the
complicated setups and procedures required. Heat input was
selected as the investigational system because it allows one to
examine the effect of many TIG welding process parameters
such as weld speed, weld current, and voltage directly by
varying the heat input. As a result, different heat input values
associated with changes in welding parameters accompanied
some metallurgical disparities [20]. Heat is a significant
factor in deciding joint mechanical performance during TIG
welding. It was discovered that increasing the heat input
reduces joint strength based on the formation of a broad
heat-affected zone and coarsening of precipitation size.
Many researchers have worked on parameter selection to
obtain the best weld pool surface using a fully automated
TIG system [21, 22]. However, obtaining the optimal surface
properties of the welded joint is something that has yet to be
fully discovered. As a result, this research project will
concentrate on parameter estimation to improve perfor-
mance, surface integrity, and reinforcing the body of the
welded joint by using a semiautomatic TIG setup. Semi-
automatic TIG welding is easy to install and can be per-
sonalized using standard TIG welding equipment.

According to the existing literature, the welding of
aluminum presents a significant challenge. Although friction
stir welding and laser welding are widely used for aluminum
grades, they appear to be expensive. As a result, for economic
gain, TIG welding is suggested in this research project.
Again, the internal consistency of welding is determined by
its control over processing parameters. As a result, the
parameters must be adjusted appropriately in order to

achieve sound weld output. So, in this work, grey relational
analysis is used to determine the operating parameters, and
welding is done with that DOE. Welding was also done from
both sides to increase strength.

2. Materials, Methods, and Experimental Setup

*e aluminum alloy 6082-T6 is part of the 6xxx series.
Magnesium and silicon are the two main alloying elements.
It has good workability in the annealed state. A Fronius
rectifier with a current range of 10–180A and a voltage range
of up to 230V, depending on the current setting, was used.
Because aluminum is a soft material, it was simple to cut
with a bench shear for rough cuts. A total of 18 of these
pieces were cut, with a pair forming a weld, that is, 9 different
pairs of weld joints were required because each of the 3
configurations considered here contributed to 3 different
pairs, requiring 9 different pairs of weld joints. AA5356 filler
wire with a diameter of 2.4mm is used as the filler wire.
Figure 2 shows the workpieces after edge preparation and
the welded joint. Table 1 provides the chemical composition
of the material to be welded.

Tensile specimens were taken perpendicular to the weld
direction. Tensile tests were carried out by ASTM E8 as
shown in Figure 3 (tensile testing of metallic materials at
room temperature). Tensile testing was performed at a rate
of 8mm/min.*e specimens were tested on the FIE UTE-60
universal testing machine, an electronic type, hydraulically
controlled digital tensile testing machine with a capacity of
400KN. *e term “microhardness tests” usually refers to
static indentation with loads not exceeding 1Kgf. In general,
the surface about to be tested needs a metallographic finish; a
relatively small load requires a higher surface finish. *e
microhardness testing procedure is similar to the standard
Vickers hardness testing procedure. Vickers hardness
measurements were made from across HAZ and weld metal.

2.1. Grey Relational Analysis (GRA). GRA is the most
broadly used method of grey theory and was established by
Prof Deng Julong. It can solve incomplete data problems and
problems that do not have data with at most correctness.*e
wide range of applications includes analysis of critical pa-
rameters, optimizing parameters for selected processes with
multiple objectives, and selecting projects. *e steps in GRA
are preprocessing, location of GRC, and calculation of GRG.
*e preprocessing becomes essential when the problem is to
be analyzed in scattered over an ample space. To produce
equivalent results, normalizing, scaling, and polarizing the
raw data are done. Initially, the original and comparative
data series was referred to as “A0” and “Ai,” respectively.
Furthermore, the data are scaled from 0 to 1. Depending on
the situation, the data are normalized using (1) and (2).

For the “larger the better” condition,

Ai(k) �
Ai(k) − min A

0
i (k)􏼐 􏼑

max A
0
i (k)􏼐 􏼑 − min A

0
i (k)􏼐 􏼑

. (1)

For the “smaller the better” condition,
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Figure 1: Welding system of TIG.
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Ai(k) �
max Ai(k)( 􏼁 − Ai (k)( 􏼁

max A
0
i (k)􏼐 􏼑 − min A

0
i (k)􏼐 􏼑

, (2)

where “i” can range from 1 to a and k can range from 1 to b.
*e number of experimental data points collected is denoted
by “a,” and the number of parameters is denoted by b. A0

i (k)

is the original data framework, A∗i (k) is the data system after
data preprocessing, and min (A0

i (k)) and max (A0
i (k)) are

the smallest and largest values A0
i (k), respectively.

*e deviation sequence is the difference between the
maximum normalized value of the corresponding quality

characteristic and the normalized value of the corresponding
experiment. *e grey relational coefficient is used after
preprocessing to connect the model, and the normalized
values show the formula for calculating GRC:

ξi (k) �
Δmin − ζΔmax
Δi,o (k) + ζΔmax

, (3)

where the grey relational coefficient is represented by ξi(k)

(0-1). *e identity coefficient (ζ), which is 0.5, serves as a
minor distinguishing feature. *e sequence’s min and max
(Δmin andΔmax) values are the least andmost prominent (0
and 1).*e original system of values is A0

i (k), and the system
of values after data preprocessing is A∗i (k).

After receiving a grey relational coefficient, the grey
relational grade is calculated by taking the average of the
grey relational codes. *e GRG will be ranked from most
stringent to least stringent.

3. Result and Discussion

*e experiments were statistically planned using Taguchi’s
robust DOE methodology. *e L9 orthogonal array was
identified as one of the potential solutions for designing the
experiments. *e input parameters and their levels con-
sidered for the investigation are shown in Figure 4. *e
experimental readings recorded after experimentation are
given in Table 2.

*e variation in tensile strength of the welded joints is
shown in Figure 5. *e tensile strength of the weld has
increased gradually with the increase in welding current.*e
maximum tensile strength is obtained at a welding current of
150A. An increase in tensile strength from 111.3MPa to
184MPa is noted when the welding current increases from
130A to 140A. It is an increase of 39.5% when considering
the tensile strength at 130A. *e tensile strength increases
again from 184MPa to 198.3MPa with a further increase of
welding current from 140A to 150MPa. *e increase in
tensile strength is 7.2% higher than that of tensile strength at
140A. *is increase in tensile strength is due to the pene-
tration of a large amount of heat at the interface. *e in-
creased amount of heat produced at the weld interface leads

1.5 mm

60°

1.2 mm

Figure 2: Weld samples.

Table 1: Chemical composition of aluminum alloy 6082-T6.

Components Percentage (%)
Si 0.62
Mg 1.1
Fe (max) 0.45
Cu (max) 0.1
Mn 1
Cr (max) 0.29
Zn (max) 0.3
Ti (max) 0.12
Al Balance

Figure 3: Tensile test specimens as per ASTM E8 standard.
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to the increase of tensile strength of the welded joint.
Eventhough the tensile strength of the welded joined has
increased gradually with an increase in welding current, the
travel speed of the filler has reduced the tensile strength to
200mm/min and increased beyond it. An increase in travel
speed from 173mm/min to 200mm/min has reduced the
tensile strength from 163.3MPa to 162.7MPa.

Furthermore, the tensile strength has increased from
162.7MPa to 168MPa, increasing travel speed from
200mm/min to 237mm/min. *e decrease in tensile
strength when increasing the travel speed from 173mm/min
to 200mm/min is 0.37%, and an increase of 3.15% is seen
when the travel speed is increased from 200mm/min to

237mm/min. Similarly, when the gas flow rate increases
from 13 lit/min to 14 lit/min, the tensile strength has in-
creased from 150.7MPa to 168.3MPa. *is increase in
tensile strength up to 10.46% is due to an increased supply of
gas, facilitating the application of a higher amount of heat at
the interface. *is increased supply of heat at the interface
resulted in better penetration of heat into the material. An
increase of gas flow rate from 14 lit/min to 15 lit min has
increased the tensile strength by 3.83% (168.3–175MPa).

*e hardness of the weld has decreased gradually with
the increase in welding current. *e maximum hardness is
obtained at a welding current of 130A. Hardness increases
from 73.33HV to 69.17HV when the welding current

0
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Figure 4: Parameters under consideration.

Table 2: Experimental results.

Welding current (A) Travel speed (mm/min) Gas flow rate (lit/min) Tensile strength (MPa) Hardness (HV)
130 237 13 108 66.5
130 200 14 94 80
130 173 15 132 73.5
140 237 14 203 65
140 200 15 200 67.5
140 173 13 150 75
150 237 15 193 72
150 200 13 194 70
150 173 14 208 56.9

111.3

163.3
150.7

184.3
162.7 168.3

198.3

168 175
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Figure 5: Effect of welding parameters over tensile strength.
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increases from 130A to 140A. It is a decrease of 6% when
considering the tensile strength at 130A. *e hardness
decreases again from 69.17HV to 66.3HV with a further
increase of welding current from 140A to 150MPa. *e
decrease in hardness is 4.33% lower than that of tensile
strength at 140A. *is decrease in hardness is due to the
poor solidification of the molten material. Eventhough there
is a decrease in hardness of the welded joints with an increase
in welding current, the travel speed of the filler has increased
the hardness to 200mm/min and decreases beyond it. An
increase in travel speed from 173mm/min to 200mm/min
has increased the hardness from 68.47HV to 72.5HV.

Furthermore, the hardness has decreased from 72.5HV
to 67.83HV with an increase of travel speed from 200mm/
min to 237mm/min. *e increase in hardness when in-
creasing the travel speed from 173mm/min to 200mm/min
is 5.56%, and a decrease of 6.88% is seen when the travel
speed increased from 200mm/min to 237mm/min. Simi-
larly, when the gas flow rate increases from 13 lit/min to
14 lit/min, the hardness decreases from 70.5HV to 67.3HV.
*is decrease in hardness up to 4.75% is due to the increased
supply of gas that has facilitated the application of the higher
amount of heat at the interface resulting in poor solidifi-
cation of the metal. An increase of gas flow rate from 14 lit/
min to 15 lit min has increased the hardness by 5.21%
(67.3–71HV). Figure 6 shows the variation in hardness of
the welded joints at varying levels of the considered pa-
rameters of investigation.

Grey relational analysis is used for multicriterion opti-
mization because the contribution variables significantly
impact the outcomes. All responses need to be maximized;
thus, the more significant, the better equation is chosen for
normalizing. Just after data were processed, the standardized
data were recorded. GRC for independent output charac-
teristics is approximated after assessing the variation se-
quence. Weightage is applied to individual outputs to
determine the weighted GRG depending on the circum-
stances. Following the computation of GRC, the weighted
GRG is computed. *e responses are weighted based on the
significance of the performance requirements. GRG for all
the samples is given in Table 3.

Here, in this work, both the responses are given an
equal weightage of 50% each. *e appropriate operating
conditions for joining AA6082 alloy are 150 A (higher
level) of welding current, 200mm/min (medium level) of
travel speed, and 14 lit/min (medium level) of gas flow
rate, as shown in Figure 7. *e interaction plot for the
GRG is shown in Figure 8. *e welding current and travel
speed have a more significant relationship at a welding
current of 13 A. Also, the welding current interacts with
the gas flow rate at the midlevel (130 A). Similarly, the
travel speed interacts with welding current and gas flow
rate at a higher level of 237mm/min. When considering
the relationship between the gas flow rate and the other
two parameters, an interrelationship is identified at 14 lit/
min (midlevel). ANOVA analysis (Table 4) shows that the

73.33
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72.5

67.3
66.3

67.83

71

WELDING CURRENT (A) TRAVEL SPEED (mm/min) GAS FLOW RATE (lit/min)

Hardness (HV)

Level 1
Level 2
Level 3

Figure 6: Effect of welding parameters over hardness.

Table 3: GRG for samples.

S. no. Normalized TS Normalized HV Del TS Del HV GRC TS GRC HV GRG
1 0.122807 0.415584 0.877193 0.584416 0.363057 0.461078 0.412068
2 0 1 1 0 0.333333 1 0.666667
3 0.333333 0.718615 0.666667 0.281385 0.428571 0.639889 0.53423
4 0.95614 0.350649 0.04386 0.649351 0.919355 0.435028 0.677192
5 0.929825 0.458874 0.070175 0.541126 0.876923 0.480249 0.678586
6 0.491228 0.78355 0.508772 0.21645 0.495652 0.697885 0.596769
7 0.868421 0.65368 0.131579 0.34632 0.791667 0.590793 0.69123
8 0.877193 0.5671 0.122807 0.4329 0.802817 0.535963 0.66939
9 1 0 0 1 1 0.333333 0.666667
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welding current has been the most influential parameter
with a contribution of 46.65%. *e secondary controlling
parameter is the gas flow rate with a contribution of
27.54%, and the travel speed makes the minor contri-
bution with 16.30%. *e validation experiments showed

that the tensile strength for the optimized combination of
parameters is 201.2MPa and is 18.16% higher than the
mean of tensile strength obtained through experimenta-
tion. Similarly, the hardness for the optimized combi-
nation of parameters is 66.14 HV and is 4.97% lower than
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Figure 7: Main effect plot of means for GRG.
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the mean of hardness values obtained through experi-
mentation. Table 5 provides that welding current has
controlled GRG to a significant extend.

4. Conclusion

An experimental investigation on AA6082 alloy was
conducted using the TIG welding process with Taguchi’s
L9 array. *e findings of the investigation are provided.
*e tensile strength of the welded joint has increased by
43.87%, with an increase in welding current due to the
increased amount of heat produced at the weld interface
and better penetration of heat into the metal across the
material. Meanwhile, the hardness decreases by 10.60%
when the welding current is increased. *e tensile
strength of the welded joint has increased by 2.80%,
whereas the hardness has decreased by 0.94% when the
travel speed is increased. Similarly, tensile strength of the
welded joint has increased by 13.94%, whereas the
hardness has increased by 0.7% when the gas flow rate is
increased. According to GRA, the appropriate operating
conditions for joining AA6082 alloy are 150 A (higher
level) welding current, 200mm/min (medium level) travel
speed, and 14 lit/min (medium level) gas flow rate. *e
welding current was the most influential parameter, ac-
counting for 46.65% of the total, while travel speed was the
least influential. *e validation experiments revealed that
the tensile strength for the optimized combination of
parameters is 201.2MPa, which is 18.16% greater than the
experimental mean. Similarly, the optimized combination
of parameters has a hardness of 66.14 HV, 4.97% lower
than the mean of hardness values obtained through
experimentation.
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