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IMPROVEMENT OF WELD BEAD CHARACTERISTICS IN GAS
METAL ARC WELDING OF SA515 CARBON STEEL BY APPLYING
ALTERNATING SHIELDING GAS FLOW TECHNIQUE

Summary

High service temperature of pressure vessel components necessitates the use of welded
SAS515 grade carbon steel components. The gas metal arc welding (GMAW) process using CO2
as shielding gas is known for its undesirable spatter behaviour and inferior weld quality. The
alternating shielding gas flow (ASGF) technique is proposed in this study using the shielding
gases, viz. CO2 and argon to overcome this difficulty. The welding current, stand-off distance,
and shielding gas flow were all varied to improve the bead-on-plate profile geometry. The bead
profile parameters such as depth of penetration, bead width, and bead height are considered as
weld bead parameters. The following methods are used: correlation analysis, analysis of
variance (ANOVA), modelling, and grey relational analysis (GRA). According to the findings,
the welding current and ASGF are the most influential parameters impacting the weld bead
characteristics. By increasing the welding current, the bead profile parameters increase linearly.
The geometry of the bead profile was improved by using the GRA.

Key words: GMAW:; alternating shielding gas flow (ASGF),; weld bead geometry;
correlation; analysis of variance

1. Introduction

SA515 Grade 70 carbon steel is used to manufacture components that are exposed to high
temperatures, such as pressure vessels, furnaces, and coils. The gas metal arc welding (GMAW)
process using COz shielding gas was formerly applied to weld this material. The more weld
spatter there is, the less stable the arc becomes. The ASGF technique turned out to be a
promising approach to achieving transient arc characteristics. As a result, bead-on-plate
experiments were carried out on this material preceding the bead-on-joint investigations.
Furthermore, several traditional solutions for improving bead-on-plate profile characteristics
were applied in the past. A study carried out on GTAW welding of DH36 grade as well as a
cooled copper plate demonstrated that alternating the shielding gases, namely helium and argon,
resulted in better weld bead characteristics. Appropriate pulsing frequency and flow rate
resulted in a 13 % increase in the penetration of the weld [1]. The heat input and thermal pulse
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frequency of the double-pulsed GMAW method were utilized to weld low-carbon steel to
enhance the bead-on-plate profile geometry, and it was found that low heat input and high pulse
frequency were appropriate to improve the bead profile geometry [2]. Robotic GMAW on mild
steel was used in another approach to improve the bead-on-plate profile. The great depth of
penetration was achieved with a welding speed of 10 mm/s, a voltage of 26 V, and a current of
210 A [3]. Welding on duplex stainless steel was also done with 100% COz shielding gas. Ata
welding speed of 8mm/s, with a voltage of 30 V and current of 220 A, the depth of penetration
of 1.899 mm, bead width of 13.38 mm and bead height of 3.295 mm were achieved [4]. The
effects of helium and Ar/20% CO:2 shielding gas with various alternate frequencies on the
depth/width ratio of the DH36 steel grade were investigated. The alternate frequency created a
very narrow weld and deep penetration [5]. The performance of the traditional shielding gas
(Ar and Ar + 67%He) and the alternating shielding gas (Ar: He) on the weld shape of austenite
stainless steel 304 was investigated, and it was found that the alternative approach outperformed
the traditional way [6]. Variable parameters were used to determine the best welding parameters
for austenite stainless steel plates. Using an 87 A welding current, the depth of penetration of
2.654 mm, the height of 2.519 mm and the bead width of 6.496 mm were observed [7]. The use
of A1/20% CO2 gas improved the depth of penetration in steel. The 1.6 mm penetration depth
was reached by adjusting the alternate shielding gas frequency from 2 to 8 Hz and applying a
15 I/min gas flow rate, a voltage of 26 V, a current of 155 A, and a travel speed of 3 mm/s [8].
Using a gas flow rate of 15 I/min, a voltage of 20.7 V, a current of 126 A, and a travel speed of
6.4 mm/s, the Ar/10% He shielding gas mixture with alternating shielding gas frequency of 2
Hz was generated with a 10 mm weld width and 6 mm weld depth on the AA6082T6 aluminium
alloy [9]. With a gas flow rate of 20 /min, a voltage of 25 V, and a wire feed rate of 13.4 m/min,
the Ar/He gas mixture with alternating shielding gas was created for welding the Al-Mg alloy
plate at 8.5 mm weld width and 5.5 mm weld depth [10]. The design of the experiment was also
utilized to improve the bead-on-plate profile qualities of mild steel. Weld currents ranging from
150 to 250 A and COz shielding gas were used to accomplish the 4.02 mm depth of penetration,
0.891 mm bead height, and 7.53 mm bead width [11]. Artificial neural network models were
used to improve the depth of penetration of cladded stainless steel, and it was found that the
model had an improved depth of penetration [12]. Other approaches, such as vibration
assistance welding [13], spin arc welding [14], and laser hybrid GMAW [15], enhance the bead
profile characteristics. The cost calculations of welding structures, the study of the behaviour
of welded joints under different temperatures and times, the study of cold cracking in
underwater wet welding, characterization and mathematical modelling of arc welding, multi-
objective optimization of welding process parameters and nugget formation of resistance spot
welding were also carried out [16-21]. A few studies have reported the effect of current, stand-
off distance, and alternative gas pulse frequency in terms of seconds, on the depth of
penetration, bead width, and bead height of the GMAW welding of the SA515 grade 70 steel.
Few studies have looked into the impact of different shielding gases on different steel grades.

This study aims to concentrate on improving the bead-on-plate profile geometry through
experimental design. This study includes correlation analysis, analysis of variance, modelling,
grey relational analysis, and a discussion of experimental results.

2. Materials and method

2.1 Equipment for an alternating supply of shielding gas flow

Figure 1 depicts a GMAW process with an ASGF attachment. Figures 1 (a) and (b) show
a schematic diagram and an experimental setup, respectively. CO2 and argon shielding gas are
supplied separately to the GMAW torch by a gas alternator unit. A solenoid valve that is
controlled by a timer changes the shielding gas flow regularly. Two-timer knobs of the shielding
gas alternator must control a pre-set duration of the ASGF for each gas. A gas alternator is used

68 TRANSACTIONS OF FAMENA XLVII-1 (2023)



Improvement of Weld Bead Characteristics M. Mariappan, N.L. Parthasarathi, R. Ravindran,
in Gas Metal Arc Welding of SA515 Carbon Steel K. Lenin, A. Palanisamy
by Applying Alternating Shielding Gas Flow Technique

to transport two different gases to the GMAW torch from two separate gas cylinders. For other
gases, the same flow rate is used. The frequency timing of the alternate supply of shielding
gases is varied by seconds, ranging from 1 to 3 seconds.

Flow

Solenoid fneter 3
valve | 100% COz2 supply ]

(a)

Electronic gas
Control unit

Welding unit

| 100% Ar supply |

Solenoid Flow
valve meter

4

EXPERIMENTAL
S —

Fig. 1 (a) Schematic diagram of ASGF with electronic gas control unit (b) Experimental setup of GMAW with
ASGF

2.2 Welding tests

Experimental materials include SA515 Gr 70 carbon steel and ER70S-6 electrode wire.
Tables 1 and 2 show the chemical composition and mechanical properties of the base metal and
the electrode wire, respectively. The welding process settings are chosen depending on the
machine’s capabilities and the advice of an industry specialist. The problems can also be seen
when choosing the welding parameter, as illustrated in Table 3.

Table 1 Chemical composition of base metal and electrode wire

Elements .
(wt. %) C Mn Si S P
Base metal SA515Gr70 0.31 1.2 0.15-04 0.04 0.035
Electrode wire: ER70S-
6 (01.2) 0.06-0.15 1.4-1.85 0.8-1.15 0.035 0.025
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Table 2 Mechanical properties of base metal and electrode wire

Properties Yield strength Ultimate tensile Elo.ngation
/MPa strength /MPa in %
Base metal SA515Gr70 260 485 - 620 21
Electrode wire: ER70S-6 452 538 24

Table 3 Selection of welding process parameters and problems observed

Current (1) Stand-off distance (SoD) Gas pul.se .
Levels /A /mm frequency timing
(GPF) /s
1 90 12 1
2 190 16 2
3 290 18 3
Cif;giiergl Selection based on
lowerin Y Machine limit thickness of sample and Selection by trail tests
ne, industrial experience
below limit
Problem o . .
caused b Solidification rate Selection based on
. et higher and poor thickness of sample and Selection by trail tests
increasing . . ; :
.S surface finish industrial experience
above limit

2.3 Observation of responses

The profile projector was used to measure the depth of penetration (D), bead width (W),
and bead height (H) after bead-on-plate welding tests have been carried out. Figure 2 shows a
schematic of the specimen preparation. Figure 3 (a) and (b) show a schematic diagram of the
bead-on-plate and the bead profile geometry, respectively. Table 4 depicts the design layout
and responses. Figure 4 depicts the bead-on-plate profile for various currents.
920°
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Fig. 2 Schematic diagram of specimen preparation
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Parent material

Fig. 3 Schematic diagram of: (a) bead-on-plate geometry (b) bead profile geometry
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Table 4 Design layout and responses

Design layout Responses
Ex. Stand-off | Gas pulse Depth of Bead .
no. | Current/A | distance freqlfency penelt)ration, width, Bead height,
/mm timing /s D /mm W /mm H /mm

1 90 12 1 1.2 6.0 2.4

2 90 16 2 1.4 6.1 2.7

3 90 18 3 1.6 6.2 2.8

4 190 12 2 2.7 10.2 34

5 190 16 3 2.8 10.4 3.5

6 190 18 1 2.6 10.1 3.6

7 290 12 3 4.2 14.1 4.9

8 290 16 1 4.1 13.6 5.0

9 290 18 2 4.0 13.7 4.7

Fig. 4 Bead-on-plate profiles welded with a current of (a) 90 A, (b) 190 A and (c) 290 A

2.4 Grey relational analysis (GRA)

The GRA was the multi-objective optimization tool that was used to determine the best
parameters. The reason for choosing this tool was that there were no specific constraints in the
sample size selection. Also, distributed data is typically a simple computational problem when
compared to other optimization tools [22]. This tool comprised six steps. The signal-to-noise
ratio was used to identify a response in the first step. The second step was to normalise the
signal-to-noise ratio of the response. The third step assigned the weightage to the response and
computed the grey relational coefficient. The grey relational grade was calculated in the fourth
step. The fifth step was to establish a rank. The GRA equations are given below.
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Step 1: To select the S/N ratio based on the objective function
Larger is better; S/N ratio = —10 * log ( % ) Xieg 1/yl-2j (1)

Smaller is better; S/N ratio = =10  log ( %)Z?ﬂ i )

Here, n indicates the replicas; yij indicates the output values. The highest S/N ratio value
will yield the optimal solution for each response.

Step 2: Normalization of the S/N ratio

* _yitk)-yi(k)

Ni (k) = i)~y (k) (3)
* _ maxy(k)-y;(k)

N; (k) = yik)-yi(k) )

where i = 1...m; k=1, 2, 3...n; yi(k) = original sequence 1, 2, 3...27; Ni*(k) is the value after
GRG, and minyi(k) and maxyi(k) are the minimum and maximum value of yi(k), respectively.

Step 3: To calculate the grey relational coefficient

€;(k) =

Amin+td max
Api(k)+T4 max

where €;(k) is the GRC; 4,; is the deviation between N, (k) and N;*(k),

N; (k) N~ the ideal (reference) sequence; 4 max =the highest value of 4,; (k)

A min= the lowest value of 4,; (k) B (k) ; T 1s the assumed weightage.

)

A,i(k).

Step 4: To calculate the grey relational grade
1
GRG = () T ei(k) (©)

In this case, m denotes the number of response variables. The higher the GRG, the closer
the deviation between the actual experimental result and the ideal value to the ideal solution
(i.e. optimum) is.

Step 5: To establish a rank.
Step 6: Using the GRG, to create a mean response.

3. Results and discussion

The bead-on-plate welds were performed on SA515 Gr 70 using an experimental design
and an alternative shielding gas combination of CO2 and argon. Responses such as depth of
penetration, bead width, and bead height were measured after welding. Mean responses were
calculated based on the design of the experiment to identify the statistically and physically
significant parameters in the statistical analysis. Table 5 displays the mean responses. The
maximum and minimum response values for each parameter were calculated and denoted as
delta values. The delta value was used to calculate the rank for each parameter. The greater the
delta value, the more significant the parameter. For improving the weld bead profile
characteristics, the contributing percentages of each parameter were calculated. For evaluating
model predictability, multiple regression models of the depth of penetration, bead width, and
bead height were created. Multiple objective optimization techniques of the grey relational
analysis were used to find the best process parameters and evaluate the results of the
confirmation test. Finally, the current findings were compared to previous research findings.
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3.1 Depth of penetration

The depth of penetration is the depth of the base and the filler material deposited in the weld
pool. The depth of penetration is found to increase with an increase in the current, which is shown
in Figure 5. Table 5 shows the most important parameter for the depth of penetration, which is
current. This is because heat input is proportional to welding current and voltage and indirectly
proportional to welding speed. Furthermore, increasing the heat input results in more preheating
of the workpiece material during welding. Preheating has the effect of increasing melting and the
rate at which heat spreads across the base metal. This is why the depth of penetration steadily
increases as the welding current increases. In the paper [23], similar tendencies were identified.
The depth of penetration decreases as the standoff distance between the tip of the nozzle and the
workpiece increases. By raising the standoff distance, the arc length increases. As the arc length
increases, it becomes unstable and the arc wanders. As a result, the constricted arc has a
significant impact on the heat input to the work specimen. By raising the stand-off distance, a
reduced depth of penetration is observed [24]. The weld pool as well as the surface are affected
by the varying thermal conductivity of shielding gases. The depth of penetration increases as the
gas pulse frequency timing is increased [25]. When the shielding gas pulse frequency is increased,
the weld bead profile becomes homogeneous and smooth. When the current is increased, the
depth of penetration improves by up to 96.585% (the range is from 1.4 mm to 4.1 mm).

Similarly, decreasing the stand-off distance improves the depth of penetration by 3.980%
(the range varies from 2.253 mm to 2.347 mm), while increasing the gas pulse frequency
improves the depth of penetration by 4.751% (the range varies from 2.273 mm to 2.387 mm).
As a result, given a current input of 290 A, a stand-off distance of 12 mm, and an alternating
shielding gas frequency timing of 3 seconds, the maximum depth of penetration is observed. In
comparison to stand-off distance and shielding gas frequency timing, the welding current has a
beneficial effect on the depth of penetration in this study. The impact of pulse parameters and
of the alternating shielding gas flow approach on bead profile is investigated for improving
bead profile characteristics due to arc oscillations and microstructural changes, as compared to
other supporting evidence[25].
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Fig. 5 Main effect plots for depth of penetration
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Table 5 Mean responses

Levels 1/A | SoD/mm GPF /s
(a) Depth of penetration
1 1.400 2.340 2.273
2 2.700 2.347 2.280
3 4.100 2.253 2.387
Delta 3.960 0.093 0.113
Rank 1 3 2
Maximum 4.100 2.347 2.387
Minimum 1.400 2.253 2.273
P 96.585 3.980 4,751
(b) Bead width
1 6.10 10.10 9.90
2 10.23 10.03 10.00
3 13.80 10.00 10.23
Delta 7.70 0.10 0.33
Rank 1 3 2
Maximum 13.800 10.100 10.233
Minimum 6.100 10.000 9.900
1P 55.797 0.990 3.254
(c) Bead height
1 2.63 3.57 3.67
2 3.50 3.73 3.60
3 4.87 3.70 3.73
Delta 2.23 0.17 0.13
Rank 1 2 3
Maximum 4.867 3.733 3.733
Minimum 2.633 3.567 3.600
P 45.901 4.447 3.563
Delta = Maximum — minimum; Rank is formed based on the delta value
Improvement percentage (IP) = ((maximum-minimum)/maximum) x100

3.2 Bead width

The breadth of the filler material deposited over the weld pool along the welded surface
is referred to as the bead width. The bead width appears to expand as the current is increased,
as shown in Figure 6. As a result of the higher current, the driving forces and heat input are
enhanced. This is why the breadth of the beads is increased. The high current pulse heats the
base metal, causing it to melt and be deposited over the weld pool, resulting in a great weld
pool width. In addition, the greater current creates a high and stable directional arc, which
reduces the electrode wander [25]. The bead width decreases as the standoff distance between
the nozzle tip and the workpiece increases. Increasing the standoff distance has a minor effect
on the fluctuation in the bead width. Due to the creation of a confined arc with heat delivered
to the weld pool, the standoff distance has a significant impact on arc length. As a result,
increasing the stand-off distance leads to a smaller bead width. In comparison to other data,
there is a decrease in the melted surface depth and an increase in arc concentration in the lateral
spread at specific spots when the standoff distance is increased. The constriction of the arc and
heat delivered to the weld surface are found to be more evenly distributed across a larger area
as the arc length is increased [26]. Because of the variable thermal conductivity of the shielding
gas CO2 and the argon effect, the bead width is increased by increasing the gas pulse frequency
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timing. As a result, at high gas pulse frequencies, the bead width is greater. Arc configuration
and bead shape are significantly impacted by the varying thermal conductivity of the shielding
gases [27]. When the current is reduced, the bead width improves by up to 55.79% (the range
varies from 13.8 mm to 6.1 mm). Similarly, increasing the stand-off distance and lowering the
gas pulse frequency improves the bead widths by 0.99% and 3.25%, respectively. For a current
input of 90 A, a stand-off distance of 12 mm, and a gas pulse frequency timing of 1 sec, the
bead width is found to be minimal.

13
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Fig. 6 Main effect plots for bead width

3.3 Bead height

The filler material placed on a welded pool at a height above the welded surface is known
as bead height. The height of the beads was considerably affected by changes in current,
standoff distance, and gas pulse frequency timing, as illustrated in Figure 7. Because of the
more heat generated in the weld pool, a steady arc is created between the workpiece and the
electrode. When the current is increased, the bead height increases. Welding current and arc
voltage is directly proportional to arc energy, but welding speed is proportional indirectly. As
a result, by lowering the current, the minimum bead height is achieved by using less driving
force and heat input. The bead height decreases with the welding speed because the increased
welding speed yields only lower heat input to the base metal per unit length, hindering also the
filler metal deposition [28]. When the stand-off distance is increased, the bead height also
increases due to the arc length variation. The bead height increase is a result of an inverse
relationship between arc length and standoff distance. As a result, reducing the standoff distance
lowers the bead height. A two-second gas pulse frequency is used to measure the minimum
bead height. The bead height was found to be reduced for the two-second pulse frequency.
Later, the bead height increased. The combinational thermal conductivity impact of CO2 and
argon shielding gas on weld pools causes fluctuation in the bead height. As a result, with the
two-second gas pulse frequency timing, a lower bead height is observed. When the current is
reduced, the bead height improves by up to 45.90% (with a range of 2.63 mm to 4.86 mm).
Similarly, adjusting the standoff distance and gas pulse frequency increases the bead widths by
4.44% and 3.56%, respectively. As a result, for a current input of 90 A, a standoff distance of
12 mm, and a gas pulse frequency timing of two seconds, the bead height is found to be the
smallest.
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Fig. 7 Main effect plots for bead height

3.4 Correlation analysis

The depth of penetration, bead width, and bead height is used to evaluate the
geometrical correlation of bead profiles. The influence of current, standoff distance and gas
pulse frequency timing on penetration depth, bead width, and bead height is investigated. The
depth of penetration, bead width, and bead height are all influenced by current. Among the
numerous process variables, the welding current was the most influential variable. Based on
the current, standoff distance, and gas pulse frequency timing, patterns in the bead profile
features were established. Based on the current, a graph was created between the depth of
penetration over the bead width and bead height, as shown in Figure 8(a). The graphs show
that the depth of penetration is proportional to the width and height of the beads. By increasing
the welding speed, the bead width and height were reduced in instantly [27]. Due to the
increased heat input, the depth of penetration was generally enhanced when the current was
increased. Based on the standoff distance, a graph was created showing the correlation
between the depth of penetration and the bead width and bead height, as illustrated in Figure
8(b). The results show that the depth of penetration and bead width was gradually increased
up to a precise limit, and then the bead width was considerably increased to maintain a
constant depth of penetration. Due to insufficient heat input to the weld pool and molten metal
flowing in the direction of the bead width, the depth of penetration must be maintained at a
consistent level (welded surface). In addition, due to the diminishing arc stability and heat
input to the weld pool, the depth of penetration and bead height are gradually increased up to
a certain point, and then abruptly reduced while retaining the constant depth of penetration.
Similarly, based on the gas pulse frequency timing, a graph is plotted between the depth of
penetration and the bead width and bead height, as shown in Figure 8§ (c). Due to the thermal
conductivity of the shielding gas and more heat input to the weld zone, the depth of
penetration, bead width, and bead height gradually increased when the gas pulse frequency
was increased. The depth of penetration and the bead width have similar relationship
tendencies [23].
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Fig. 8 Correlations between responses: (a) current, (b) standoff distance and (c) gas pulse frequency timing

3.5 Analysis of variance

The analysis of variance is used to find the most important variables that influence the
quality of bead-on-plate welds. Table 6 shows the results of an analysis of variance (ANOVA)
for depth of penetration, bead width, and bead height under a 95% confidence interval using
the Minitab 18 statistical trial software. Three parameters and three levels are used to calculate
the nine experiments. The number of experiments performed exceeds the degree of freedom of
the experiment, which is determined by the number of factors and their associated levels. For
the orthogonal array selections, the following two conditions are met: 1) The orthogonal array's
degree of freedom is larger and equal to the degree of freedom of the experiment. 2) The
orthogonal array's level is the same as the experiment's level. The number of independent
aspects connected with the experimental design or factor is referred to as the degree of freedom.
S is the standard deviation between the response values and the fitted values in the ANOVA
table. The standard deviation is used to determine how accurately the model predicts the
response. As a result, the smaller the S value, the more accurately the model describes the
reaction. The model evaluates the variation in the response, which is represented as R-squared.
The greater the R-squared number, the better the model matches the data. R-squared is a
percentage that ranges from 0% to 100%. The percentage of variation in the response described
by the model, adjusted for the number of predictors in the model compared to the number of
observations, is known as adjusted R-squared. One minus the ratio of the mean squared error
(MSE) to the mean square total yields adjusted R-squared (MS total). When comparing models
with varying predictions, the adjusted R-squared is utilized. Lower S, higher R-squared, and
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adjusted R-squared are used to determine which model is the best. The contribution percentage
1s also used to assess the most important factors that influence the response. It is determined by
multiplying the ratio of each parameter's sequential sum of squares to the total sequential sum
of squares by 100. The most important parameter, as determined by the sequential sum of the
square test, is current. In addition, the welding current contributes a higher percentage to
increasing the bead profile geometry. Experimental errors for bead profiles are less than 5%,
which is considered acceptable. For bead profile geometries, the R-squared and the
neighbouring R-squared are above 90%, and the experimental results were a good fit for
prediction. The low S, high R-squared, adjusted R-squared, and predicted R-squared are also
recognized, resulting in a better model summary for all responses.

Table 6 Analysis of variance for depth of penetration, bead width and bead height

D Contrib.
Source | o Seq SS Adj SS | Adj MS F P Inference | percentage
F (%)
(a) Depth of penetration
I 2 | 24.1952 24.1952 12.097 | 90732 0 Signific. 99.83
SOD 2 10.0163 0.0163 0.0081 61 0.016 | Signific. 0.07
GPF 2 10.0243 0.0243 0.0121 91 0.011 | Signific. 0.10
Error 2 | 0.0003 0.0003 0.0001 0.00
Total 8 | 24.236 100
S=0.0115470 R-Sq=100.00% R-Sq(adj)=100.00%
(b) Bead width
I 2 | 89.096 89.096 44548 | 57275 |0 Signific. 99.77
SoD 2 10.016 0.016 0.008 1 0.5 Insignific. | 0.02
GPF 2 |0.176 0.176 0.088 11.29 0.081 | Insignific. | 0.20
Error 2 |0.016 0.016 0.008 0.02
Total 8 | 89.302 100
S=0.0881917 R-Sq=99.98% R-Sq(adj)=99.93%
(c) Bead height
I 2 | 7.6067 7.6067 3.8033 | 95.08 0.01 Signific. 98.02
SOD 2 | 0.0467 0.0467 0.0233 | 0.58 0.632 | Insignific. | 0.60
GPF 2 |0.0267 0.0267 0.0133 | 0.33 0.75 Insignific. | 0.34
Error 2 |0.08 0.08 0.04 1.03
Total 8 |7.76 100
S=0.2 R-Sq=98.97% R-Sq(adj)=95.88%
Error = Experimental error
S = Standard deviation
R-Sq = Coefficient of regression
R-Sq (adj) = Adjusted coefficient of regression
DoF = Degree of freedom
Seq SS = Sequential sum of squares
Adj SS = Adjusted sum of squares
Adj MS = Adjusted mean square
F = F-test
P =P-value
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3.6 Modelling

The relationship between output and input process parameters is referred to as
modelling. It is used to make more accurate predictions based on experimental data. Minitab
18 is used to create multiple linear regression equations. The R-squared and adjacent R-
squared for responses are both above 90%, indicating that the experimental data will enable
reliable prediction. According to the equations, the depth of penetration and bead width is
proportional to the current and gas pulse frequency timing, and the stand-off distance is
related to the current and gas pulse frequency timing indirectly. Furthermore, the current,
stand-off distance, and gas pulse frequency timing are all directly related to the bead height.
The coefficient value is used to identify these tendencies (positive and negative). From (7) to
(9), the constructed regression equations are written as the equations below. Graphs showing
the correlation between the experimental and the expected responses were created, as
illustrated in Figure 9. For all of the responses, the experimental values were found to be quite
near to the expected values. The models developed for penetration depth, bead width, and
bead height all fit well.

Depth of penetration = - 1.375 + 0.0198 x current - 0.0121 x stand-off distance + 0.057x
alternating shielding gas flow timing . (7)

R-Sq=97.16%, R-Sq(adj)=95.5%, S =0.37
Bead width = 2.65 + 0.0385 x current - 0.0166 x stand-off distance + 0.167 x

alternating shielding gas flow timing (8)

R-Sq=99.79%, R-Sq(adj)=99.66%, S =10.19
Bead height = 1.23 + 1.12 x current + 0.0667 x stand-off distance + 0.0333 x

alternating shielding gas flow timing 9)
R-Sq =96.95%, R-Sq(adj)=95.12%, S=0.21
3.7 Determination of optimum process parameters

According to the results of the single objective optimization, different optimum process
parameters can be observed in distinct responses. As a result, grey relational analysis (GRA)
is used to determine unique optimum process parameters and optimize the bead profile
geometry. The initial stage in the GRA 1is to convert the experimental results to a signal-to-
noise ratio depending on the response targets. Maximization refers to the depth of penetration,
whereas minimization refers to the width and height of the beads. Equation (1) is used to
transform the experimental results of the depth of penetration into the signal-to-noise ratio.
Equation (2) is used to transform the experimental result of bead width and bead height into
a signal-to-noise ratio. The signal-to-noise ratio of the response is then translated into a
normalised form in the second stage. Equation (3) is used to obtain a normalized form of
depth of penetration. Equation (4) is used to obtain a normalized form of bead width and
height. The depth of penetration, bead width, and bead height each have a weightage of 0.4%,
0.3%, and 0.3%, respectively.
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Fig. 9 Experimental responses with respect to predicted responses

The grey relational coefficient is determined in the third stage using Equation (5).
Equation (6) is used to calculate the grey relational grade (GRG) in the fourth stage. The GRG
is used to calculate the rank. The mean responses are calculated using the experimental design.
The optimum parameters are determined by taking into account each parameter's greater mean
GRG. The GRA computation is shown in Table 7. The average response for the GRG is shown
in Table 8. The GRG trend curve is illustrated in Figure 10 and is dependent on the process
parameter. The increased current and gas pulse frequency, as well as a shorter standoff distance,
increase the bead profile. Table 9 shows the results of the analysis of variance for the GRG.
According to the findings, the most influential aspect is current, which has a significant role in
improving the bead profile properties. Because of the low standard deviation, high R-Sq, and
R-Sq (adj) value, the model summary of the GRG is also a strong fit. The confirmation test is
carried out in the best possible conditions, as illustrated in Table 10. The GRA is discovered to
be employed to improve the bead profile properties.
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Fig. 10 Main effect plots for grey relational grade

3.8 Discussion and comparison with previous studies

The results of the current study and the previously published results are compared (see
Table 11). In this study, the welding current is a crucial factor that impacts the depth of
penetration, bead width, and bead height. When the welding current of more than 290 A was
applied, higher solidification of molten metal and poor bead-on-plate welds were seen in the
trial testing. As a result, the current was varied between 90 and 290 A in order to improve the
bead-on-plate profile properties. Based on the alternating shielding gas flow, a comparison is
made between the depth of penetration of SA515 Gr 70 and other metals, such as AISI 202
stainless steel [7], DH36 grade steel [8], AA6082T6 [30], Al-Mg [10], 904L SMSS [30], and
carbon steel [31]. Because of the higher heat input, variations in the material properties, and
variable shielding gases utilized, SA515 Gr 70 has a greater depth of penetration than other
metals. The provided current and ASGF were determined to be the most influential parameters
for optimizing the bead-on-plate profile geometry. Due to the differences in the thermal
conductivity of the shielding gases, argon and CO2 yielded better weld characteristics. In
comparison to traditional improvement strategies, the ASGF method yields good results [30,
31]. Similarly, as compared to the prior results, the bead width and height are substantially
improved in this study. The current depth of penetration, bead width, and bead height results
are similar to those of the stainless steel grade [7]. As a result, the weld pool is alternately fed
with argon and CO2, which has been shown to improve the bead profile geometry.
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Table 7 Grey relational calculations

Ex. S/N ratio Normalised values Grcegleli:ieilczlitelztrlal rel(; :if)}rilal Rank
I p [ w | H | D|[W/[H]| D[ W] H | grade
1 0.83 | -15.56 | -7.60 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00 1
2 228 | -15.71 | -8.63 | 0.88 | 098 | 0.84 | 0.76 | 0.94 | 0.65 0.78 2
3 408 | -15.85 | -894 | 0.72 | 0.96 | 0.79 | 0.59 | 0.89 | 0.59 0.69 3
4 8.63 | -20.17 | -10.63 | 0.33 | 0.38 | 0.53 | 0.37 | 0.33 | 0.39 0.36 4
5 8.94 | -20.34 | -10.88 | 0.30 | 0.36 | 049 | 0.36 | 0.32 | 0.37 0.35 6
6 8.30 | -20.09 | -11.13 | 0.36 | 0.39 | 045 | 0.38 | 0.33 | 0.35 0.36 5
7 12.46 | -22.98 | -13.80 | 0.00 | 0.00 | 0.03 | 0.29 | 0.23 | 0.24 0.25 9
8 12.26 | -22.67 | -13.98 | 0.02 | 0.04 | 0.00 | 0.29 | 0.24 | 0.23 0.25 8
9 12.04 | -22.73 | -13.44 | 0.04 | 0.03 | 0.08 | 0.29 | 0.24 | 0.25 0.26 7
Table 8 Mean response for grey relational grade
Levels Current /A | Standoff distance /mm Gas pulsing frequency /s
1 0.82 0.54 0.54
2 0.36 0.46 0.47
3 0.25 0.44 0.43
Delta (max-min) 0.57 0.10 0.11
Rank 1 3 2
*Optimal parameters are: 11-SOD1-GPF1
Table 9 Analysis of variance for GRG, using adjusted SS for tests
Source DF Seq SS | AdjSS | Adj MS F P Cp
I 2 0.5534 0.5534 0.2767 32.64 0.03 91.56
SOD 2 0.0164 0.0164 0.0082 0.97 0.508 2.72
GPF 2 0.0176 0.0176 0.0088 1.04 0.49 2.92
Error 2 0.0170 0.0170 0.0085 2.81
Total 8 0.6044 100
S =0.0920748 R-Sq=97.19% R-Sq(adj)=88.78%

Table 10 Consolidated test results

. . Optimal welding conditions

Objective functions | Initial conditions — -
Prediction Experiment

Levels 11-SOD1-GPF1 11-SOD1-GPF1 I1-SOD1-GPF1
Depth of penetration, 1.1 ) 12
mm
Bead width, mm 6.0 - 5.1
Bead height, mm 2.4 - 1.8
GRG 0.72 0.94 0.95
Improvement in % = 0.23
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Table 11 Comparison of present results with other studies

S. References Materials/ 1 SoD GPF D w H
No method /A | /mm /s /mm | /mm | /mm

Sivasakthivel P S, | AISI 202 0

1| Sudhakaran R, stainless 87 | 15 | 2o o654 | 6496 | 2519
2018 steel /AGPF g
Campbell S W,

) Galloway A, and DH36 grade 155 i 2 -8 Hz and 16 i i
McPherson, N, steel / AGPF Ar/20%CO, ’
2012
Sathiya P, 2Hz

3 | Aravindan S, géggszm 126 | - |and 5 10 i
Jeyapaul R, 2010 Ar/10%He
Kang B Y, Prasad 2.2 Hz

4 | YK, Kang, M]J, iﬂé}’ng - - | and 5.5 8.5 -
Kim, H J, 2009 Ar/He
Sathiya P, 904L

5 | Aravindan S, SMSS/conve - - - 3.36 11.01 3.33
Jeyapaul R, 2010 ntional
Aloraier A, Carbon 15-

6 | Almazrouee A, steel/convent 245 1.3 6.5 1.7
Shehata T, 2012 ional

Present results
1 second
GRA %\/5 ,ié}if 9 | 12 |and 12 | 51 | 18
Ar and CO,

4. Conclusion

The alternating flow of Argon and COz shielding gases were used in place of argon in the
arc welding process to improve the SA515 Gr 70 bead-on-plate profile geometry. Experiments
were carried out using the design methods. The recorded data was utilized to determine the best
bead geometry, i.e. the penetration depth, bead width, and bead height. The concluding remarks
are as follows:

1. Increasing the current and alternating gas flow frequency accompanied by decreasing
the stand-off distance enhanced the depth of penetration and bead width, whereas
reducing the current and stand-off distance improved the bead height.

2. The correlation study revealed that as the welding current was increased, the depth of
penetration, bead width, and bead height significantly increased. The current was the
most important component impacting the bead profile geometry.

3. For prediction, multiple regression models were created and they were well-fitted. The
bead profile geometry was optimized by applying the grey relational analysis.

4. When compared to traditional procedures, this alternate way of shielding gas flow
provided a weld surface with enhanced bead profile properties.
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