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Abstract
Chrome steel is a quality high-carbon alloy steel that offers a high degree of hardness with compressive strength, abrasion
resistance, good ductility relatively good impact properties at low temperatures. This paper aims to determine the best set of
process parameters for TIG welding on chrome steel alloys (EN31 and AISI 52100) to achieve higher ultimate tensile strength
(UTS) and hardness (BHN). Current (A: 150–200 A), weld speed (B: 2–4 mm/s), and electrode diameter (C: 2–3 mm) were
used as input parameters for TIG welding process. The Box–Behnken method of the RSM approach was used to conduct the
Design of Experiments (DoE). Analysis of variance (ANOVA) employs an arithmetical approach to determine the perfect
amount of dependent variables to make best-designing limitations via confirmation readings. UTS and BHN values are
observed from 225 to 321.5 MPa and 78.5 to 97.5 HV respectively. From the SN ratio response table, it is noticed that the
optimal conditions for UTS are obtained at current-175 A (level 2), welds speed-4 m/s (level 3), and electrode diameter-
2.5 mm (level 2) and the current is the main parameter to improve the UTS and BHN of the joint followed by weld speed
and electrode diameter. Based on SEM analysis, it is been noted that the presence of voids in the weld pool can be attributed
to the absorption of oxygen and nitrogen from the surrounding atmosphere as well as inadequate shielding gas. The primary
cause of fracture is overload with the failure being predominantly influenced by the coalescence of microporosity.
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1 Introduction

The preservation of austenite content in the microstructure
has an important impact on the mechanical characteristics
of hardened chrome steel, which include flexural strength,
micro-hardness, and Young’s modulus. The EN31 Alloy
Steel is a low alloy steel that is primarily used for bearing
applications. A high level of hardness, compressive strength,
and abrasion resistance are all provided by the superb high-
carbon alloy steel known as AISI 52100. Chrome steel is
typically utilized extensively in the automotive industry for
gear, shaft, pinion, camshaft and machining components as
well as many other general engineering applications. Weld-
ing is a method of uniting a couple of metallic elements by
melting solid components and applying an electrode to the
molten metal’s surface to establish a resilient bond. During
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the TIG process, the arc heat is about 10,000 °C and shield-
ing gases (Ar, He & Ni) and the mixing of any of two gases
are utilized to avoid oxidization [1]. TIG welding has advan-
tages over other welding techniques in terms of amperage
and adaptability because it consumes less energy. It is useful
for many applications such as the Manufacture of pressure
vessels, steel assemblies, Automotive, and home develop-
ment industries [2]. Wichan Chuaiphan et al. [3] studied the
SEM and oxidization enactment of weld-metal by way of the
tungsten inert gas approach. Dadfar et al. [4] investigated the
corrosion performance of SS-316Lplates joined throughTIG
weld at a physiological solution and the heat treatment result
may improve behavior on resistance to bonded SS-316. Ravi
Kant et al. [5] considered four factors to be working on weld
processeswhich are pressure (p), roughmass flowing amount
(Q), stand-off space, and traversing speediness. Kumar Sahu
et al. [6] have done turning operation on EN-31 steel and
three factors are considered for optimization work in which
the depth of cut contributed (54%) more for Ti–Al–N cut-
ting force followed by feed rate (36%), and, spindle speed
(1.8%). MQL of vegetable oil and investigated cutting tem-
perature at various distances of the nozzle in EN-31 turning
task and cutting speed is more influenced variable by around
69% compared to feed rate. Humans and robots working
together are most requirements in the manufacturing pro-
cesses [7, 8]. Venkata Ramana et al. [9] did optimization
work on dissimilar SS-304L/SS-430 joins made by Robotic
TIG, Weld-current-180 A, electrode traveling rapidity of
0.08 mm/min and wire feed of 0.821 mm/min were iden-
tified to be optimal for maximizing the bearing strength (IS)
in Taguchi-based optimization of divergent of SS-430 and
SS-304L joints. Taguchi-RSM is a good way to improve
the quality of dissimilar materials junctions by enhancing
welding process parameters. Defects in welding is a com-
mon problems that happened due to inappropriate welding
procedures, Welding current, electrode diameter, and dura-
tion of the weld etc. Radiography experimental test is used
for checking interior defects of TIGwelds [10]. Vijayakumar
et al. [11] explained that analyze defects and behavior of SS
304 alloy on TIG through radiographic testing and destruc-
tive tests of tensile strength and hardness. Microstructure
analysis [12, 13] of SS 316L metal joined on weld operation
(TIG) by the addition of Al2O3 [14, 15].Tensile property
has been improved on Al2219 welding by adjusting welding
geometry such as penetration depth, width, thickness, and
reinforcement height [16, 17].Taguchi and Box–Behnken are
some of the optimization techniques used in many research
works [18]. Optimal process factors for TIG welded 316 SS
were noticed onmechanical properties at current-150A,weld
speed-190 mm/min and flow rate of gas-15 l/min [19–21].
The Taguchi technique is used to establish the optimiza-
tion technique for the tungsten inert gas process parameter
and examine the tensile strength of the welded joint made

of AISI 4140 stainless steel. To conduct the experiments
utilizing the L9 orthogonal array, three distinct welding pro-
cess parameters—welding current, welding speed, and filler
diameter have been chosen. For Tungsten Inert Gas weld-
ing of AISI 4140 stainless steel plates, the regression model
was employed to determine a link between welding input
parameters. The findings of the ANOVA revealed that weld-
ing speed is the major factor in achieving tensile strength
[22]. Exploring and standardizing microwave joining is cru-
cial for its commercial viability. The use ofmicrowave hybrid
heating to join Inconel-625 has been studied by analyzing
the effects of process parameters. The experiments were
conducted under different conditions within a microwave
applicator. The impact of varying process parameters on the
melting of the joint interface was also analyzed [23]. Sekhon
et al. [24] investigated the tool pin profile along with rota-
tional and welding speed on the FSW performance on a joint
of pure copper and brass and analyze the breaking load and
percentage elongation. A study was conducted to create butt
welded joints on austenitic stainless steel using three differ-
ent levels of current, gas flow rate, and nozzle-to-workpiece
distance. The experimental parameters were varied to inves-
tigate their effects on the welding process. In terms of the
ultimate tensile strength of the welded specimens, the weld
quality has been estimated [25]. The tensile properties of TIG
welded joints in 2219-T8 alloy were improved by modifying
the weld geometry through the use of multi-pass swing weld-
ing. Investigations were conducted to examine the impact of
weld geometry on the joint’s tensile strength.Additionally, an
orthogonal experiment design was employed to optimize the
geometry parameters. Adjusting the weld geometry resulted
in the creation of joints with a tensile strength coefficient of
70% and elongation exceeding 4%. [26]. The above literature
survey explained the development of mechanical properties
of welded joint materials with suitable weld parameters on
TIG welding. Box–Behnken designs are used to generate
higher-order response surfaces, which can be achieved with
fewer runs compared to the traditional factorial method. This
technique involves suppressing certain runs to maintain the
accuracy of the higher-order surface definition [27–30].

The above literature reviews discussed the Taguchi
methodology only for TIGwelding optimization and noticed
that many researchers have selected the Taguchi method
for design of experiment work and optimization. From this
work, Box–Behnken Technique is implanted to identify the
number of experiments, optimal factor levels and the under-
standing of the relationships between variables (current,weld
speed, and electrode diameter) and the response (UTS and
BHN). The novelty of this study lies in the utilization of
TIG welding to join chrome steel alloys (EN31 and AISI
52100) under different combinations of input weld parame-
ters. Themechanical properties, specificallyUltimateTensile
Strength (UTS) and Brinell Hardness Number (BHN), were
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Table 1 Chemical composition
of chrome steel alloys (in wt%) Elements Mn C Si Mo Cr Fe

EN31 (%) 0.75 1.2 0.2 0.18 0.7 Balance

AISI 52100 (%) 0.45 0.9 0.15 0.25 1.3 Balance

Table 2 Mechanical properties of chrome steels

Materials Tensile strength (MPa) Yield strength (MPa) Elongation, (%) Hardness (HV)

EN31 650 420 26 195

AISI 52100 720 460 17 105

Fig. 1 TIG welding setup

analyzed and optimized using the Box–Behnken Technique.
Compared to the central composite technique, this is one
of the new optimization techniques in Response Surface
Methodology (RSM) that aids in determining the optimal
parameters for enhancing the UTS and hardness of welded
chrome steel plates. The software used to determine the
optimization results is Design Expert Software, which also
examines the interaction between the input parameters. The
main objective of the study was to optimize the TIG welding
process parameters for chrome steel alloys to achieve higher
UTS and BHN values, and the research findings provided
insights into the effects of process parameters on themechan-
ical properties and microstructure of the welded joints.

2 Materials andmethods

The chrome steel plates (EN31 andAISI 52100)with a cross-
section of length (150 mm), Width (60 mm), and thickness
(5 mm) are employed. The welding process is carried out by

AC/DC 500P model TIG machine which has a capacity of
current 400A along the inverter. Tungsten is used as electrode
material. The chemical element and mechanical properties
of Chrome steel (CS) alloy are displayed in Tables 1 and 2.
The experimental setup for TIGWelding is depicted in Fig. 1.
The initial step involves edge preparation of the experimental
specimen, which ensures optimal fusion at the weld root with
minimal weld metal. This is crucial for achieving complete
welding penetration and minimizing distortion of the parts
during the welding process. Acetone is used to remove any
unwanted particles from the workpiece. The pair of work-
pieces are then positioned on the bed and joined using a
TIG welding machine. The cross-section area and samples
of weld joints are presented in Fig. 2.Throughout the welding
operation, the arc remains constant, with an arc-slit of 3 to
5 mm, keeping the electrode perpendicular to the preferred
plates. TIGwelding of CS is available, including information
on current, welding speed, and electrode diameter. Current,
A (Amp) is applied in the range of 150, 175, 200 A for each
flux, weld speed, B is 2, 3, and 4 mm/min, and electrode
diameters, C is 2, 2.4, and 3 mm correspondingly. Each fac-
tor in weld operation at different levels is also displayed in
Table 3.

3 Box–Behnken design (BBD)

As per the Response Surface Methodology, there are differ-
ent types of methods such as Box–Behnken design, Central
composite design, Gradient-enhanced kriging (GEK), IOSO
method. Box–Behnken Design is commonly used for fitting
second-order polynomialmodels to optimize a response vari-
able [31, 32]. It uses a reduced number of experimental runs
compared to a full factorial design, making it more efficient
when the number of experimental runs needs to be limited.
This is particularly useful for situations where the relation-
ship between the input factors and the output response is
expected to be smooth and not too complex.
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Fig. 2 TIG welded joint on chrome steel plates

Table 3 TIG factors and their levels

Parameter names 1st Level 2nd Level 3rd
Level

A-Current (A) 150 175 200

B-weld speed (mm/min) 2 3 4

C-Electrode diameter
(mm)

2 2.5 3

As per the Box–Behnken Design (BBD), the number of
experiments is typically determined by the formula:

Number of Experiments � (k + 1)2

where "k" is the number of factors being investigated, and the
"+ 1" term is for the center point runs (used to estimate the
pure error and lack-of-fit). Since BBD uses a combination of
factorial points and center points to approximate the response
surface, it requires a minimum of three levels for each factor:
low, center, and high levels. With three levels per factor (k
� 3), the minimum number of experiments would be (3 +
1)ˆ2 � 16. However, one of these runs is typically replicated
at the center point to estimate experimental error, leaving us
with 15 unique experimental runs. This number allows them
to obtain the necessary information to build a second-order
polynomial model to optimize the response variable with a
relatively efficient and balanced design.

As per ASTM D638 standard dimensions [33–35], the
welded joints are cut for conducting the tensile test, the speci-
mens for the tensile test are shown inFig. 3. Themeasurement
of hardness can be found by applying ball indenter at 500 g
load with an interval of 10 s. Three readings are taken for
each test and make their average value [36–38]. UTS and
BHN readings for weld joints range from 225 to 321.5 MPa

Fig. 3 Tensile test specimens as per ASTM D638

and 78.5 to 97.5 HV respectively which is shown in Table 4.
The potential forUTS to increase aswelding parameters such
as weld current, speed, and electrode diameter is changed to
connect prepared work pieces.

4 Result and discussions

During the experimental testing of hardness and tensile
strength, the standard error ranged from 0.3536 to 1.174,
with an average mean std error of 0.524 throughout the opti-
mization procedure. The lowest combined UTs (225 MPa)
are observed on run-5 (A-150 A, B-3mm/min, and C-2mm),
while the highest amount 321.5 MPa was observed on Run-
8 (A-175 A, B-3 mm/min, and C-2.4 mm). Similarly, the
maximum & minimum micro HV are detected on experi-
mental run-12 (A-175 A, B-2 mm/min, and C-3 mm) and
Run-10 (A-150 A, B-2 mm/min, C-2.5 mm). Outputs Opti-
mizations were measured from response optimum factors

123



International Journal on Interactive Design and Manufacturing (IJIDeM)

Table 4 Observational result on
UTS and BHN Runs A: Current

(A)
B: Weld speed
(m/s)

C: Electrode
diameter (mm)

UTS
(MPa)

Hardness, BHN
(HV)

1 175 3 2.5 282.5 90

2 150 4 2.5 301.2 88.5

3 175 2 2 275 79

4 175 3 2.5 242.5 81.5

5 150 3 2 225 92

6 200 2 2.5 305.8 95

7 175 4 2 285.4 92.5

8 175 3 2.5 321.5 85

9 200 4 2.5 225.2 86.5

10 150 2 2.5 238 78.5

11 200 3 3 264 96

12 175 2 3 253.1 97.5

13 175 4 3 298.6 84

14 150 3 3 229 79.5

15 200 3 2 272.3 83

Table 5 ANOVA result for UTS
Sources SS D.F. MS F p

Models 9081.76 9 1009.08 11.05 0.05081

A-Current 686.35 1 686.35 13.7122 0.04372

B-Weld speed 185.28 1 185.28 9.1923 0.06793

C-Electrode Diameter 21.13 1 21.13 0.0219 0.8881

A*B 5169.61 1 5169.61 5.36 0.0684

A*C 37.82 1 37.82 0.0392 0.8508

B*C 308.00 1 308.00 0.3196 0.5963

A*A 1874.77 1 1874.77 1.95 0.2219

B*B 231.41 1 231.41 0.2401 0.6449

C*C 536.87 1 536.87 0.5571 0.4890

Residual 4818.48 5 963.70

Lack of Fit 1697.81 3 565.94 0.3627 0.7908

Pure Error 3120.67 2 1560.33

Cor-Total 13,900.24 14

using a Box–Behnken ramp solution, and produced values
of UTS-267 MPa and BHN-86HV with input factors cur-
rent of 191 Am, weld speed of 3.4 mm/min, and electrode
diameter of 2.35 mm, with standard errors of 12.7 and 1.75,
respectively and also found out standard Error (StdErr) for
UTS-12.76 and BHN-1.76 in Fig. 5.

The result of the ultimate strength of ANOVA indicated
that F 11.05 is the model indicated which is not important
while assessment to noise. Due to noise, magnitude (F) had
50.81% possibility. Model terms are significant if theirP val-
ues are less than 0.0500 [39–41]. The model terms are not
significant if their values exceed 0.1000. The F value 0.36
for the Lack of Fit indicates that it is not noteworthy once

associated with the clean mistake. A momentous Lack of
Fit F-value owing to noise 79.08 percent is more potential.
Similarly, Table 4 specified for Hardness test on ANOVA.
Tables 5 and 6 showed that the Fisher ratio (F) value was not
more than 10 which means the ANOVA model is superb in
both cases (UTS and BHN), and the combination of current
and welding speed (A*B) is the most significant parameter in
the experimental work to improve the mechanical properties
of TIG welds. Figure 3 showed the interaction between weld
speed and current on Ultimate tensile strength.it is exposed
that UTS is increasing by increasing weld speed and current
values. The rise in current at the point of contact under vari-
ous circumstancesmight be responsible for the good strength
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Table 6 ANOVA-BHN result
Sources Sum of squares

(SS)
Degree of
freedom (DF)

Mean square
(MS)

F-value p value

Model 518.75 9 57.64 15.32 0.0402

A-Current 60.50 1 60.50 15.58 0.0445

B-Weld speed 0.2812 1 0.2812 13.0260 0.0783

C-Electrode
diameter

13.78 1 13.78 1.27 0.3106

A × B 85.56 1 85.56 7.90 0.0376

A × C 162.56 1 162.56 15.00 0.0117

B × C 182.25 1 182.25 16.82 0.0093

A × A 0.9231 1 0.9231 0.0852 0.7821

B × B 4.67 1 4.67 0.4312 0.5404

C × C 9.75 1 9.75 0.8997 0.3864

Residual 54.19 5 10.84

Lack of fit 17.69 3 5.90 0.3231 0.8135

Pure error 36.50 2 18.25

Cor total 572.93 14

of the plates. Figure 4 revealed that the interaction of elec-
trode diameter and current in which UTS is increased due to
increasing of electrode diameter and reduced by weld speed
becausemore amount ofmaterial is transferred from the elec-
trode to the joint during the process which reduces the gap
and voids. Figure 5 illustrated the interaction of current and
electrode diameter. This combination improves UTS when
increasing both parameters’ values. It is concluded that UTS
is increasing by increasing electrode diameter and current
and weld speed and decreasing by weld speed [42–45]. From
ANOVA results that the combination of current and electrode
diameters is the most influencing factor in the development
of UTS. Similarly, Figs. 6, 7, and 8 show the interaction of
all parameters on the response of hardness (Figs. 9, 10).

5 Optimization process

Box–Behnken optimization technique is a statistical experi-
mental designmethod used to efficiently explore the response
variables. It is particularly useful for optimizing complex sys-
tems where the relationship between input variables and the
response is nonlinear. The advantages of the Box–Behnken
optimization technique include its ability to efficiently
explore the response surface, reduce the number of exper-
imental runs required compared to a full factorial design,
and capture important nonlinear effects. It is a valuable
tool in process optimization, product development, and qual-
ity improvement, allowing for the identification of optimal
operating conditions and the reduction of costs and time
associated with experimentation. Finally, it allows for the
identification of optimal factor levels and the understanding

Fig. 4 Interaction between the welding speed and current

of the relationships between variables (current, weld speed,
and electrode diameter) and the response (UTS and BHN).
As per this Box–Behnken method, 15 experiments are con-
ducted by combining three factors with three levels. The SN
ratio for 15 experiments is computed using Minitab with
lower conditions (small is better) as per Table 4. The SN
ratio values of current, weld speed, and electrode diameter at
each level for the response of Ultimate tensile strength and
hardness are displayed in Figs. 11 and 12. By analyzing the
signal-to-noise (S/N) ratio values, the optimal levels of each
welding process parameter were determined, which corre-
sponded to the highest values of the ultimate tensile strength
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Fig. 5 Interaction between the electrode diameter and current

Fig. 6 Interaction between the electrode diameter and weld speed

(UTS) and Brinell hardness number (BHN). From Table 7
and Fig. 11, It is been observed that the optimal conditions
forUTSare obtained at current-175A (Level 2),welds speed-
4m/s (Level 3) and electrode diameter-2.5mm (Level 2), it is
noticed that higher UTS is attained when increasing current
value. Similarly, from Table 8 and Fig. 12, the optimal con-
dition of Hardness response at the current of 200 A (Level
3), weld speed of 4 m/s (Level 3), and electrode diameter
of 3 mm (Level 3), and hardness values of the welding joint
depend on the increasing current and weld speed.

Increasing the welding current (A) and weld speed (B)
leads to an increase in ultimate tensile strength (UTS) due
to higher heat production, which enhances the welding
joint’s mechanical properties. However, when the electrode

diameter (C) is increased, UTS decreases as inadequate coa-
lescence of the transferring filler material negatively affects
the weld quality. Nevertheless, increasing welding current
while decreasing welding speed can have adverse effects
on welding quality. This results in a significant amount of
spatter production, leading to some heat loss. Moreover, the
weld nugget’s columnar structure becomes coarser due to the
higher heat input and reduced cooling rate, further compro-
mising welding quality [46]. In contrast, Brinell Hardness
Number (BHN) improves with increased welding current
and speed, but it decreases with an increment in weld speed.
This indicates that higher welding current and optimal weld-
ing speed contribute to improved hardness properties of the
welded joint. However, excessively high weld speeds can
negatively impact the BHN, potentially compromising the
weld’s mechanical integrity.

6 Microstructure analysis on fractured
surfaces

The fracture surfaces of tensile samples can reveal important
details about the impact of the joints’ inherentmicrostructural
characteristics on their strength. The fractured surfaces of
the tensile test samples for Experiment-5 and Experiment-8
which analyzed by SEM. The random adequate porosity and
shallow dimples with small size variation are disseminated
on the fracture surface of Experiment no-5 and the depth and
width of the observed dimples are more on the right side
compared to other regions in Fig. 13a. It is also observed
that there is deep void occurs at Experiment no: 8 which dis-
played in Fig. 13b. The void is present at weld pool due to
absorption of oxygen and nitrogen from the atmosphere and
also a poor provision of shielding gas. The main factor that
leads to fracture is overload, and the coalescence of micro-
porosity controls the failure. The regions near second-phase
particle inclusions, the structure of grain, and displacement
pileups are where the dimples may form. Therefore, as the
strain increases during the tensile test, themicro gaps expand,
combine, and ultimately create a continuous fracture surface.

The microstructures of all weld specimens consisted of
the base austenite phase and the spread delta-ferrite phase. In
the weld metal specimens under all conditions, ductile frac-
ture was observed in the weld zone. The fracture was mainly
located in the partially melted zone (PMZ) adjacent to the
fusion boundary (FB) of the weld zone. This area combined
different structures of original grains of γ-iron (un-melted),
newgrains ofγ-iron or δ-iron (re-melted), and carbide precip-
itates. Each phase exhibited varying levels of hardness, with
the carbide phase having the highest hardness compared to
other phases. As a result, the zone became non-homogeneous
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Fig. 7 Effect of weld speed and
current on hardness

Fig. 8 Effect of weld speed and
electrode diameter on hardness
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Fig. 9 Effect of current and
electrode diameter on hardness

Fig. 10 Predictions of tensile strength and HBN values for input considerations
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Fig. 11 SN ratio plot for UTS

Fig. 12 SN ratio plot-BHN

in properties, leading to reduced ductility and irregular defor-
mation, which ultimately caused deep void to form in this
area [3].

7 Conclusion

In this study, the Tungsten Inert Gas (TIG) welding pro-
cess is used to join Chrome steels (EN31 and AISI52100),
considering various process parameters such as current,
weld speed, and electrode diameter. The primary objec-
tive is to investigate the impact of these TIG parameters
on the tensile strength and hardness of the welded joints.

The Box–Behnken method is employed for the experimental
design, leading to the fabrication of fifteen welded samples
for evaluating the tensile and hardness properties. The key
findings can be summarized as follows:

• The ultimate tensile strength and hardness values varied
from 225 to 321.5 MPa and 78.5 to 97.5 HV, respec-
tively. The optimal UTS was achieved with a current of
175 A, weld speed of 3 mm/min, and electrode diameter
of 2.4 mm. On the other hand, the highest hardness was
obtained with a current of 175A, weld speed of 2mm/min,
and electrode diameter of 3 mm.
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Table 7 Response table for UTS
Level Current Weld speed Electrode diameter

1 − 47.84 − 48.52 − 48.41

2 − 48.91 − 48.09 − 48.59

3 − 48.47 − 48.81 − 48.30

Delta 1.07 0.72 0.29

Rank 1 2 3

Table 8 Response table for UTS
Level Current weld speed Electrode diameter

1 − 38.53 − 38.80 − 38.73

2 − 38.84 − 38.79 − 38.76

3 − 39.08 − 38.87 − 38.98

Delta 0.55 0.08 0.25

Rank 1 3 2

Fig. 13 SEM image for
a experiment-5 (150 A, 3 m/s,
2 mm), b experiment-8 (175 A,
3 m/s, 2.5 mm)

• Based on the signal-to-noise (SN) ratio analysis, the opti-
mal parameters for achieving the highest tensile strength
are identified as a current of 175 A, a weld speed of 4 m/s,
and an electrode diameter of 2.5 mm.

The ANOVA analysis indicated that the Fisher ratio value
was less than 10, indicating the excellent fit of the ANOVA
model for both tensile strength and hardness. Among the
experimental parameters, the combination of current and
welding speed was found to be the most significant factor
in enhancing the mechanical properties of TIG welds.

• Tensile strength improves with increasing welding current
and weld speed due to higher heat production. However, it
decreases with an increase in electrode diameter because
of inadequate coalescence of the transferring filler mate-
rial. On the other hand, Brinell Hardness Number (BHN)
improves with increased welding current and speed but
decreases with a higher weld speed.

• The optimization results were obtained using a
Box–Behnken ramp solution, resulting in the follow-
ing values: ultimate tensile strength (UTS)—267MPa and

Brinell Hardness Number (BHN)—86 HV. These values
were achieved with the following input factors: current of
191 A, weld speed of 3.4 mm/min, and electrode diameter
of 2.35 mm. The corresponding standard errors for UTS
and BHN were 12.7 and 1.75, respectively.

• The fractured surfaces of the tensile test samples from
Experiment-5 and Experiment-8 were analyzed using
Scanning Electron Microscopy (SEM). In Experiment-
5, the SEM analysis revealed the presence of random,
acceptable porosity, along with shallow dimples show-
ing small size variation scattered on the fracture surface.
The SEM analysis indicated that the depth and width of
the observed dimples were more prominent on the right
side compared to other regions in Experiment-8. Addi-
tionally, it was noticed that voids were present in the weld
pool which could be attributed to the absorption of oxy-
gen and nitrogen from the surrounding atmosphere, along
with inadequate shielding gas provision during the weld-
ing process.
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