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In present experimental work, 310 SS alloy has been welded by the TIG welding using design of experiment and grey relation
optimization techniques.  e input parameters, i.e., welding current, welding gas �ow rate, and welding voltage, have been
selected to perform the TIG welding.  e same �ller material was used during the welding process to investigate the mechanical
and microstructure properties.  e design of experiment and grey relation optimization techniques were used to optimize the
e�ect on hardness and tensile strength of the welded joints.  e experiments were performed as per the L9 orthogonal array
obtained by the design of experiment methodology.  e 65A, 12V, and 7.5 gas �ow rate optimum setting of input parameters
provides the better results for the e�ective hardness and tensile strength.  e most signi�cant parameters, i.e., welding current
with 84.93% and welding voltage with 65.09%, were obtained for hardness and tensile strength, respectively.

1. Introduction

 e high strength low alloy (HSLA) steels have become
widely popular in fabrication of various structures for
critical and noncritical applications due to reasonable
economy and high allowable design stresses. Sarkar and
Kakoty performed welding for joining of the bell metal parts.
 e multiobjective algorithm has been adopted to solve the
regression equation. Also, mechanical and microstructure
properties have also been analyzed in this study [1]. Sathish
et al. reported that wrought aluminum AA8006 was welded
by tungsten inert gas welding for the industrial applications.
 e welding speed, base current, and peak current had
considered a process parameter and the surface hardness,
strengths for standing tensile, and impact loading have been
analyzed [2]. Chuaiphan and Srijaroenpramong revealed the
joining of dissimilar metals AISI 205 and AISI 216 stainless
by using TIG welding process. It was found that range of

welding speed of 1–3.5 gives the defect-free and complete
weld bead.  is study will be useful for various industrial
applications [3]. Sharma et al. performed experiments on
TIG welding to join the SS202 metal. e electrode diameter,
shielding gas, gas �ow rate, welding current, and groove
angle were considered as input parameters and the e�ect of
these parameters was analyzed on hardness and tensile
strength. e obtained results were compared with estimated
mean value and the results were lying within ±5% [4]. Pavan
et al. revealed welding of 6.5mm thick Inconel 625 alloy
plate.  e results had been investigated by using grey re-
lational analysis (GRA) and technique for order preference
by similarity to ideal solution. It was found that the optimal
level is at 300A current, 90mm/min torch travel speed, and
5mm arc gap which provide the best value to obtain the
good results [5]. Wan et al. examined tensile properties of
2219-T8 aluminum alloy for large propellent tanks
manufacturing.  e tensile strength coe¦cient of 70% and
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4% elongation was achieved with design of experiment
methodology [6]. Azadi Moghaddam and Kolahan evaluated
the effect of welding current, welding speed, and welding gap
for the fabrication of AISI316L austenitic stainless steel. *e
orthogonal array Taguchi, regression model, and analysis of
variance have been adopted to optimize the parameters. *e
SiO2 nano particle has been used for activating the flus. *e
authors suggested that the obtained model is effective in
modelling and optimization of the A-TIG welding [7].
Pandya et al. revealed the tungsten inert gas welding for the
stainless-steel metal. *e authors have also concluded that
activated TIG increases weld penetration up to 1.504 times
in a single pass [8]. BalaramNaik and Chennakeshava Reddy
proposed a model to reduce the errors and enhance the
working of TIG welding process. Experiments performed on
duplex stainless steel 2205b and also Taguchi and ANOVA
analysis have been adopted to find the optimal values. Neural
network model has been coupled with the optimization
techniques to increase the tensile strength, hardness, and
depth of weld [9]. Chuaiphan and Srijaroenpramong joined
AISI 205 and AISI 216 stainless steel dissimilar metals by
TIG welding. *e ER307 filler metal has been used for
welding purpose. Also, microstructure analysis was per-
formed on the welded joints. It was concluded that the
obtained weld bead is complete and without any defects, and
microstructure was found narrower when welding at higher
speeds [3]. Ragavendran et al. investigated the effect on the
response during the welding by hybrid laser and TIG
welding. *e welding operation was performed in 316LN
austenitic stainless steel. *e effect had been investigated for
weld bead width, weld cross-sectional area, and depth of
penetration with response surface methodology. *e good
agreement has also been observed for the measured and
predicted values [10]. Vidyarthy et al. studied the relation
between the A-TIG welding process parameters and the
response such as welding current, welding speed, and flux
coating density by using the response surface methodology
(RSM). It was found that the welding current is the most
significant parameter that affects the weld bead geometry
[11]. Vasantharaja and Vasudevan selected the optimum
values during the welding by A-TIG welding process by
response surface methodology. *e numerical and graphical
optimization was performed to identify the optimum values
for the welding parameters [12]. Pamnani et al. performed
experiments on DMR249A steel for aircraft and ships. *e
good depth of penetration was obtained by this process, and
this was achieved by the design of experiment and RSM
methodology [13]. Singh et al. studied the effect of vibratory
welding process on mild steel plated for fabrication of butt
weld. *e microhardness and microstructure were also
studied in this work. It has been found that the hardness
value was enhanced during the vibratory condition com-
pared to conventional process [14]. Magudeeswaran et al.
revealed the identification of the desirable aspect ratio for the
DSS joints by using A-TIG welding process. *e ANOVA
and pooled ANOVA techniques were adopted to identify the
significant parameters of experiments. *e authors con-
cluded that optimized parameters were found to be within
the acceptable range by ANOVA analysis [15].

Sivachidambaram and Balachandar investigated a solution
to weld aluminum and aluminum composite by using op-
timized pulsed current parameters of pulsed current TIG,
welding regression equations and empirical model has also
established to identify the significant parameters [16].
Lugade and Deshmukh used SiO2 flux powder to perform
A-TIG welding on austenitic stainless steel (304L) with
acetone. *e process parameters i.e., electrode gap, welding
current welding speed and gas flow rate was optimized by
Taguchi’s methodology. *e optimum values of process
parameters for weld specimens are, 1mm electrode gap,
100mm/min travel speed, 200A welding current and 10 lit/
min gas flow rate [17]. Adalarasan and Santhanakumar
performed comparative studies by using the TIG and MIG
welding on aluminum 6061 alloy. *e desirability grey re-
lation analysis was performed to optimize the process pa-
rameters of welding processes; also, the obtained results have
been validated through the confirmation experiments [18].
Bello et al. studied the surface hardness for low alloy steel by
using TIG welding process. *e welding speed and welding
voltage were found to be themost significant parameters that
influenced the surface hardness. *e obtained results have
also been validated through the confirmation experiments
[19]. Kiaee and Santhanakumar performed TIG welding on
A516-Gr70 carbon steel to analyze the tensile strength. *e
optimized values of current, welding speed, and shielding
gas flow rate have been identified by using RSM analysis.*e
obtained model can be used to predict the responses of TIG
welded joints at 95% confidence level [20]. Rastkerdar et al.
optimized the TIG welding process parameters to enhance
the pitting corrosion resistance during welding of AA5083-
H18 aluminum alloy. *e authors concluded that pulses on
time showed the significant effect on pitting corrosion re-
sistance followed by pulse frequency, peak current, and base
current [21]. Chakravarthy et al. performed Taguchi L16
experiments to analyze the effect of TIG parameters on
tensile strength of PC GTAW of 70/30 CuNi alloy. *e
obtained values of optimum condition have also been in-
vestigated, i.e., 3.0Hz for pulse frequency, 210A for peak
current, and 150mm/min for base current [22]. Lin used
Inconel l718 alloy to weld by TIG welding.*e BPNNmodel
has been developed for the TIG welding process parameters
and Taguchi’s and grey relational analysis has also been
performed to identify the quality characteristics. *e ob-
tained results show the improvement in the weld bead and
penetration of Inconel 718 alloy welds [23]. Some research
put efforts to enhance the characteristics of process by using
other statistical tools such as response surface methodology,
fuzzy-ANFIS approach, and metaphor-less algorithms
[24–28]. It was seen that most of the research work was
carried out using the TIG welding but very few works have
presented the optimization of the TIG welding parameters.
In the present work, experiments have been performed on
310 SS alloy to identify the effect of TIG welding parameters
on tensile strength and hardness. Also, optical analysis was
performed to check the microstructure of the welded
specimens. *e design of experiment and grey relation
analysis was used to optimize the process parameters of TIG
welding.
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2. Materials and Methodology

Tungsten inert gas welding (TIG) was performed in single
pass with direct current electrode negative (DCEN). Argon
gas is used as a shielding gas. *e filler rod used is TIGINOX
308L. *e TIGINOX 308L filler rod is suitable for the ap-
plication for welding of piping system, tubes, and boilers in
chemical and food processing industries. *e welding
current, gas flow rate, and voltage were considered as process
parameters and the effects of these parameters were iden-
tified on tensile strength and hardness. *e L9 orthogonal
array was prepared by design of experiment (DOE) meth-
odology. *e welding is performed on 310 SS alloy. Figure 1
shows the total 9 pairs of specimens before the welding
process.

Figure 2 shows the welding setup which is used for the
experimental work. Table 1 shows the chemical composition
of the base metal and filler materials which was used to
perform the welding operation. Table 2 shows the used
process parameters and their level for present experimental
work. Figure 3 shows the welded joints after the TIG welding
process.

2.1.GreyRelationalAnalysis. It is also abbreviated as GRA. It
is utilized for finding the most optimal solution for given
arrangements of parameters and for which parameter to
optimize. Initially there is a need to define the input variables
and response variables. Data can be collected for the same.
*e further step in GRA optimization is the normalization of
response values on which optimization is to be carried out.
For the smaller, better characteristics, the normalized value
is obtained by

Xi �
xmax − xi

xmax − xmin
 . (1)

*e next step is to calculate the deviation sequence.
Subtract corresponding normalized value from 1 as it is the
maximum value.

Δ � Xi( max – Xi. (2)

Further, there is a need to calculate the grey relational
coefficient. For that, there is a requirement of delta max and
min.

ζ i(k) �
Δmin + ζΔmax

Δi + ζΔmax
. (3)

*e value of ζ is generally between 0 and 1. For the
calculation purpose, the value of ζ can be used as 0.5. A
further step is to calculate the grey relational grade. *is is
calculated by average of grey relational coefficients.

ci �
1
n




ζ i(k). (4)

Based on grey relational grade, these values are given
rank. Larger value of grade means the observed values are
close to the ideal normalized values. Parameters corre-
sponding to the highest rank are the optimum solution.

3. Results and Discussion

Table 3 shows the orthogonal array which is used to perform
the experiment and it also presents measurement of Vickers
hardness test and tensile strength.

3.1. Microhardness Analysis. Hardness measurement was
carried out at MRC Research Center, Jaipur. *e Vickers
microhardness tester was used for the measurement of
hardness. *e hardness has measured all the welded 9
specimens. Figure 4 shows visuals while performing the
experiments.

After the measurement of hardness value, the obtained
results were optimized by using theMinitab software and the
obtained results have been discussed in the present section.
Figure 5 shows the main effect plot obtained for the hardness
test. It shows that the hardness of the weld has decreased
steadily with the increase in welding current. *e maximum
hardness is obtained at a welding current of 65A. Hardness
increases from 170.5HV to 172.5HV at welding current of
65A when current increases from 65A to 75A. It is a de-
crease to 168HV. *is decrease in hardness is owing to the
weak solidification of the molten material. Even though
there is a decrease in hardness of the welded joints with an
increase in welding current, the travel speed of the filler has
increased. At the same time, as the value of gas flow rate
increases from 7.5 to 10 L/min, the hardness starts to in-
crease. Similarly, an increase of gas flow rate from 7.5 lit/min
to 10 lit/min has increased the hardness from 170HV to
171HV. When the gas flow rate increases from 10 lit/min to
12.5 lit/min, the hardness decreases from 171HV to
170.5HV. *is increase in hardness is due to the increased
supply of gas that has assisted the application of the higher
volume of heat at the surface subsequent in poor solidifi-
cation of the metal. Hardness decreases as the value of
welding voltage increases. *e gas flow rate has highly
influenced this analysis, followed by current and voltage
based on the obtained delta value and rank order.

*e hardness is microstructural and heat input pa-
rameters dependent. *e change in process parameters
makes the heat flux intensity and metallurgical behavior
vary, which further affects the defects formation in the
weldment.

In the hardness test, the optimal parameters were ob-
tained as current of 65A, the gas flow rate of 10 lit/min, and
voltage of 10V.

Table 4 shows the obtained results by analysis of vari-
ance methodology. It shows that welding current was found
to be the significant parameter because P value is less than
0.05 and it also shows the maximum percentage contri-
bution of 84.93%. *e gas flow rate and welding voltage
were found to be nonsignificant parameters due to the P

value being more than 0.05. Table 5 presents the model
summary for the hardness analysis. It shows that the ob-
tained value of R-sq(adj) is 93.96% and that of R-sq is
88.80% which shows the obtained result is within the range.
Figure 6 shows the pie chart of % contribution of process
parameters for hardness.

Advances in Materials Science and Engineering 3



Regression equation for microhardness is the following:

Mmicrohardness � 201.31 − 0.3933 I + 0.0867Q − 0.3417V.

(5)

4. Tensile Stress Test

*e tensile test was also performed at MRC Research Center,
Jaipur. *e obtained results were optimized by using the
Minitab software. Figure 7 shows the specimens for the
tensile test. *e tensile strength of the specimen was de-
termined by UTM (universal testing machine) as shown in
Figure 8 and the corresponding stress-strain graph for
specimen is presented in Figure 9. *e influence of TIG
welding process parameters on the strengths of weld was
statistically analyzed by using Minitab 21 software, in which
the experimental data are converted into mean to determine
the optimal process parameters.

Figure 10 shows the main effects plot for means by the
design of experiment methodology. *e tensile strength of
the weld has decreased steadily with the increase in welding
current. *e maximum tensile strength is obtained at a
welding current of 65A. A decrease in tensile strength from
472MPa to 468MPa is observed when the welding current
increases from 65A to 75A.*is decrease in tensile strength
is owing to the penetration of a large amount of heat at the
surface. *e increased amount of heat produced at the weld
surface leads to the decrease of tensile strength of the welded
joint. Additionally, when the gas flow rate increases from
7.5 lit/min to 12.5 lit/min, the tensile strength has increased
from 460MPa to 478MPa. *is could be anticipated to an
increased supply of gas, enabling the application of a higher
amount of heat at the interface.*is increased supply of heat
at the surface caused better penetration of heat into the
material. Likewise, as the welding voltage decreased from
10V to 14V, the tensile strength has decreased from
482MPa to 458MPa.

Table 6 shows the ANOVA analysis for tensile strength.
*e welding voltage was found to be the significant pa-
rameter and the welding current and gas flow rate were

Figure 1: 9 pairs of 310 SS sheet specimen before welding (base metal).

Figure 2: TIG welding setup.

Table 1: Chemical composition materials.

Elements (%wt) Base metal-310 SS Filler material 308L
C 0.07 0.02
Mn 0.95 1.7
P — 0.011
Cr 24–26 20
Mo 0.25 0.65
Ni 18.96 10
S 0.03 0.009
Si 1.58 0.32
Cu — 0.68
Al 0.68 —

Table 2: Process parameters and their levels.

Parameters Unit Level 1 Level 2 Level 3
Welding current A 65 70 75
Gas flow rate L/min. 7.5 10 12.5
Welding voltage V 10 12 14

4 Advances in Materials Science and Engineering



found to be the nonsignificant parameters. Table 7 presents
the model summary of tensile strength. Equation (2) shows
the obtained regression equation for the present experi-
mental work and R-sq(adj) is obtained as 77.14%. Figure 11

shows the pie chart of % contribution of process parameters
for tensile strength.

Regression equation for tensile strength is as follows:
tensile strength� 543.2− 0.317I+ 2.93Q− 6.65V (6).

Figure 3: Welded joint after the TIG welding.

Table 3: L9 orthogonal arrays and their responses.

Exp. no. Current (A) Gas flow rate (l/min) Welding voltage (V) Microhardness (HV) Tensile strength (MPa)
1 65 7.5 10 173 472.6
2 65 10 12 172.4 472.1
3 65 12.5 14 171.8 470.8
4 70 7.5 12 170.2 467.6
5 70 10 14 170.7 457.5
6 70 12.5 10 171.4 488
7 75 7.5 14 167.3 444.4
8 75 10 10 169.5 491.9
9 75 12.5 12 168.6 469.7

Figure 4: Visuals of the microhardness test.

Advances in Materials Science and Engineering 5



5. Grey Relation Analysis (GRA) for Hardness
and Tensile Strength

Table 8 shows the obtained normalized values for the
hardness and tensile strength for L9 orthogonal array. *is
value was obtained by using the grey relation analysis
methodology.

*e values GRC and GRG and the assigned ranks for all
output responses are shown in Table 9. According to the
ranking, the 1 experiment value has the highest grey rela-
tional grade value in Taguchi’s L9 orthogonal array exper-
imentation [29]. For other experiments, the rank is shown in
Table 9.

5.1. Optical Analysis. *e optical analysis was performed on
the welded specimen. *e specimens were carefully cut into
small pieces and, after proper polishing by the picric acid,
used for the microstructure analysis. *e specimen was
further cut into 10mm width for tensile testing. Following
the welding operation on the specimen, a microstructural
analysis was carried out to determine the effect of welding
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Figure 5: Main effects plot for means on microhardness.

Table 5: Model summary (HV).

S R-sq (%) R-sq (adj) (%) R-sq (pred) (%)
0.454362 96.22 93.96 88.80

Table 4: Analysis of variance for hardness.

Source DF Adj SS Adj MS F value P value % contribution
Regression 3 26.2900 8.7633 42.45 0.001
Welding current 1 23.2067 23.2067 112.41 P< 0.001 84.93
Gas flow rate 1 0.2817 0.2817 1.36 0.295 1.031
Welding voltage 1 2.8017 2.8017 13.57 0.014 10.25
Error 5 1.0322 0.2064 3.77
Total 8 27.3222

Error
4%

% Contribution of parameters

Welding voltage
10%Gas flow rate

1%

Welding current
85%

Gas flow rate
Welding current

Error
Welding voltage

Figure 6: % contribution of parameters for hardness.

6 Advances in Materials Science and Engineering



310SS

b

Welding
direction

50 mm

50 mm

310S

Figure 7: Specimens for the tensile test.

Figure 8: Specimen under a tensile test.
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Figure 9: Stress-strain graph for the specimen.
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heat on the specimen. An optical microscope with a mag-
nification of 200x was employed. Figure 12 shows the three
primary microstructure zones of specimens 3 and 6, i.e.,
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Figure 10: Main effects plot for means.

Table 6: Analysis of variance for tensile strength.

Source DF Adj SS Adj MS F value P value % contribution
Regression 3 1397.58 465.86 10.00 0.015
Welding current 1 15.04 15.04 0.32 0.594 0.92
Gas flow rate 1 321.20 321.20 6.89 0.047 19.69
Welding voltage 1 1061.34 1061.34 22.78 0.005 65.09
Error 5 232.95 46.59 14.28
Total 8 1630.53

Table 7: Model summary for tensile strength.

S R-sq (%) R-sq (adj) (%) R-sq (pred) (%)
6.82562 85.71 77.14 41.38

Welding current
1%

% Contribution of parameters

Error
14%

Welding voltage
65%

Gas flow rate
20%

Gas flow rate
Welding current

Error
Welding voltage

Figure 11: % contribution of parameters for tensile strength.

Table 8: Normalized values for the output response.

Run order Microhardness (HV) Tensile strength (MPa)
1 1.000 0.594
2 0.895 0.583
3 0.789 0.556
4 0.509 0.488
5 0.596 0.276
6 0.719 0.918
7 0.000 0.000
8 0.386 1.000
9 0.228 0.533

Table 9: Grey relation analysis result.

GRC values
GRG RankRun

order
Microhardness

(HV)
Tensile strength

(MPa)
1 1.000 0.552 0.776 1
2 0.826 0.545 0.686 4
3 0.704 0.530 0.617 5
4 0.504 0.494 0.499 6
5 0.553 0.408 0.481 7
6 0.640 0.859 0.750 2
7 0.333 0.333 0.333 9
8 0.449 1.000 0.724 3
9 0.393 0.517 0.455 8
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Plate–A (Weld Centre)

(Dendritic structure)

Plate–B (Weld Centre)

(Dendritic structure)
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HAZ
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Figure 13: Microstructure analysis of welded specimens.
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Figure 12: Zones of welded sheet.
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heat-affected zone (HAZ), weld zone, and base metal
structure, respectively. *e obtained image is presented in
Figure 12. *e predominant microstructural constituent
created during the solidification process of iron-based alloys
weld is dendritic microstructure. *e rapid migration of the
liquid/solid boundary towards the undercooled melt causes
rapid dendritic development. In HAZ, it is possible that the
dark microstructure is related to the after high-temperature
welding and the existence of delta ferrite in the material.

*emechanical qualities of a weld are directly affected by
changes inmicrostructure. As a result, when the heat input is
large, the welded joint’s hardness drops significantly due to
microstructure coarsening. Figure 13 shows the optical
analysis of the welded specimens.

6. Conclusion

*e 310 SS TIG welding experimental study yielded positive
results. Experiments were performed to analyze hardness, and
tensile tests and optical analysis were carried out with pre-
cision to limit the mistake to a minimum and accurately
identify the results. *e DOE methodology and grey relation
analysis techniques were used to optimize the TIG welding
process parameters.*e following conclusions were observed.

(a) For the specimen investigated, a welding current of
65A and voltage of 10V produced greater tensile
strength, while a welding current of 75A and voltage
of 10V produced the lowest tensile strength.

(b) *e optimum parameter was set in GRA, and DOE
was discovered to be outside the L9 experimental
run. DOE predicted a lower value for the proximity
coefficient than GRA’s grey relational grade value.

(c) When comparing the parameter sets acquired via
GRA and DOE, it was discovered that the parameter
set obtained from GRA was closer to the experi-
mental results.

(d) Due to the moderate cooling rate and high energy
density of tungsten inert welding, microhardness
studies revealed that the weldment zone had higher
microhardness than normal.

(e) Microstructure changes have a direct impact on a
weld’s mechanical characteristics. When the heat
input is significant, the welded joint’s hardness drops
dramatically as a result of the coarsening of the
microstructure.

(f ) *e future work can also be performed by using
advanced alloys such as Inconel by adopting other
optimization techniques such as artificial neural
network and response surface methodology.
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