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Abstract- The current study aims to evaluate the
mechanical and microstructure properties of SA516
GR70 medium carbon steel with cladding of
stainless-steel SS 316 L using shielded metal arc
welding (SMAW) technique. The mechanical and
microstructure properties have been evaluated at
three process parameters, such as welding electrode
material, electrode diameter, and welding current.
The ultimate tensile strength (UTS), impact
strength, and microhardness (MH) have been
selected as output responses. A full factorial design
with 27 combinations of experiments has been
employed to analyze the effect of process
parameters on output responses. Optical microscopy
has been used to analyze the microstructure of the
welded joints. The analysis of variance (ANOVA)
results revealed that the type of welding electrode is
found to be the most significant parameter for all
three output responses. The 3D mesh contour plots
demonstrated that optimal values of UTS of 640
MPa (3.125% improvement from base metal), MH
of 380 HV, and impact strength of 115 Joules have
been achieved at the experimental settings such as
welding electrodes of SS 312, electrode diameter of
3.8 to 4 mm, and welding current ranges of 70 to 90
A. Microstructural analysis revealed that finer
austenite grains appeared in the interface region of
the joints at the optimal experimental settings, which
enhanced the weld mechanical properties.
Furthermore, a validation test has shown that
mathematical models of these combinations of
process parameters and responses are validated due
to the low percentage error.

Keywords- Shielded Metal Arc Welding (SMAW);
SA516 GR70; Ultimate Tensile Strength;
Microhardness and ANOVA.

I. INTRODUCTION
Shielded Metal Arc Welding (SMAW) of

steels plays a significant role in highly developed
and productive manufacturing sectors, including the

52

aerospace, locomotive, nuclear-powered, and
electric industries [1]. It can be used to join different
materials that have superior metallurgical, thermal,
and mechanical properties [2]. Due to its essentiality
and adaptability, it is used in the fabrication of
pressure vessels, separators, heat exchanger shells,
pulp digesters, tubes and plates of boilers [3].
SMAW is a process in which heated metals were
pounded or slammed together until they fused,
which was man's only means for metallurgically
uniting metals for generations [4]. However, direct
joining of carbon steels is a riskier task due to their
low corrosion resistance, which contaminates as
well as degrades the other mechanical properties of
the welded products [5]. In this regard, coating other
materials, specifically stainless steel, on carbon steel
is applied, which offers a stain-free welded joint at
a low cost that meets the requirements of modern-
day industries [6, 7]. In addition, it is common for
stainless steel-clad plates to develop cracks-free
joints to ensure the safety, integrity, and durability
of the equipment [8-9]. However, the selection of
appropriate process parameters, electrode materials,
and cladding plays a virtual role in avoiding welding
defects in the SMAW process.

Researchers studied the effect of different process
parameters on the welding joints. For example, Liao
[10] conducted a study on the microstructure of a
joint comprising AISI 310S and Q235 metals using
SMAW. The welding electrodes used were E4303
for the base metal, A102, and A402 for the stainless-
steel. The microstructure of the weld specimen
consisted of ferrite and pearlite while the cladding
weld comprised austenite and white grains. In
another study by Qin [11] SAW and SMAW were
employed to produce a joint between ASTM TP304
stainless steel-clad steel plate and Q235 carbon
steel. ferrite and pearlite grains were observed,
while martensite grains formed in the weld close to
the stainless-steel cladding. Columnar austenite was
observed in the microstructure of the cladding's
weld, with skeleton- or worm-like ferrite dispersed.
Wang [12] investigated the microstructure and
mechanical property of a TIG and SMAW-welded
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joint comprising 2205 stainless steel-clad steel plate
and 16MnR steel. The study showed that the parent
metal of 2205 cladding stainless steel had a
microstructure comprising 50.5-58.6 percent ferrite
in the heat affected zone (HAZ). The parent metal
of the 16MnR base metal contained ferrite and
pearlite, with ferrite accounting for 42-54% of the
HAZ. Zina [13] investigated the mechanical
behavior of 304 stainless steel hot roll cladding.
Flahaut has investigated the interface morphology
of austenitic stainless steel and low carbon steel hot
roll clad plates. Liao [14] utilized (SMAW) to join a
Q235 Base metal and an AlISI 310S Stainless Steel-
metal joint. The welding process involved welding
the base metal, transition layer, and stainless-steel
cladding in that order. To match the strength and
components of each material, Base metal welded
with e4303, while A102 and A402 stainless steel
electrodes were chosen to weld the conversion level
and stainless-steel cladding. The cladding weld
primarily comprised single-phase austenite with a
small amount of ferrite, whereas the base metal weld
and conversion level were mainly composed of
ferrite and pearlite microstructures. Furthermore,
Wx. [14] studied the effects of three types of
welding such as SMAW, tungsten inert gas arc
welding process without and with the transition on
the mechanical characteristics and microstructure of
carbon steel and stainless-steel clade plate joints.
They concluded that cladding plate plays virtual role
with the transition layer welded joint using the
SMAW to gain the optimal UTS (590 MPa) and
percentage elongation (47.4%) of Stainless carbon
steel and stainless-steel clade plate welded joints.
Moreover, the microstructures of titanium-based
low-weight metallic materials (TLWMs) that have
undergone shielded metal arc welding (SMAW) or
tungsten inert gas (TIG) arc welding exhibit a
composite composition consisting of both ferrite
and austenite phases. Rami [15] examined the
microhardness and toughness of the stainless steel—
clad plate joint that was manufactured by the hybrid
SMAW-GTAW multi-pass welding method. The
results indicated that high microhardness values
(429 HV) and low toughness (22.9J) were achieved
in the vicinity of the local hardening zone that
formed on the welded zone after bending tests.

However, the process of welding stainless-steel clad
plate is considerably more intricate in terms of
operational techniques and bonding behavior
compared to conventional materials [16-17]. This
complexity arises from significant variations in
microstructure, chemical composition, and physical
and mechanical properties between the cladding
metals and the substrate [18-19]. Q [20] examined
the microstructural and mechanical properties of
stainless steel and carbon steel clad plates joints
prepared by the trio of different welding methods
such as joining without a changeover coating,
welding using tungsten inert gas arc welding, and
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welding with a transition layer using SMAW.
Results indicated that welded metals in both
transition layer cases displayed ferrite and austenite
phases due to various solidification modes.
However, in the absence of a change layer, extreme
diffusion of Cr and Ni led to the creation of a brittle
martensite zone in the weld metal. Furthermore, of
the three methods tested, SMAW with a transition
coating produced the highest quality of welding with
minimal dilution of alloy components and no
structure of brittle forms, resulting in a flawless
welding joint with excellent mechanical properties
and no apparent hardness gradient.

From the literature review, it can be inferred that
researchers have conducted studies on the welding
of different steel grades clad with materials such as
Cu, Ni, and stainless steel. The effect of welding
process  parameters on  mechanical and
microstructure properties has also been discussed by
using different joining methods. However, there is
no work reported on joining of cladded SA516 GR
70 medium carbon steel through SS 316 L as
cladded material. The  mechanical and
microstructure properties of this type of clad joints
need to be explored further. It has also been noticed
that clad plate joints assist in solving the welding
issues and achieving good weld quality, and the
microstructural characteristics of weldments [21,
22]. Therefore, the aim of this article is to evaluate
mechanical and microstructural properties of
cladded SA516 GR70 steel welded joints. The
effects of three different types of welding
electrodes, such as SS 308, SS 316, and SS 309,
electrode diameter, and welding current on ultimate
tensile strength (UTS), impact strength, and
microhardness (MH) have been investigated. A full
factorial design has been used to carry out the
comprehensive analysis of process parameters in the
output response. The analysis of variance
(ANOVA) has been carried out to check the
significance of each parameter on the output
response. The main effects plot analysis has been
carried out to check the effect of a single input
parameter on output, whereas 3D surface plot
analysis has been performed to check the combined
effect of two parameters on output. Parametric
optimization has been carried out by using contour
plot analysis to find the optimal ranges of each
parameter against the best output response. The
mechanical properties of weld have also been
evaluated through microstructure analysis.

Il. MATERIALS AND METHODS

Selection of Materials and Experimental Setup

The base metal is selected as medium carbon steel
SA516 GR70, and cladding material as stainless-
steel SS 316 L. The base metal SA516 GR70 is
widely used in pressure vessels and boiler
components, especially in drums. For joining



Technical Journal, University of Engineering and Technology (UET) Taxila, Pakistan  Vol. 29 No. 3-2024
ISSN:1813-1786 (Print) 2313-7770 (Online)

different boiler parts such as plates and tubes,
welding has become of prime importance [23]. The
chemical composition of plain carbon steel and
stainless steel, and mechanical properties of base
metals (tensile strength and microhardness) are
shown in Table I. After verifying the chemical
combination of backing plate material and cladding
material through spectroscopy technique, the clad
plate has been machined to a size of 19*150*300
mm by a plasma cutting machine. The edges of test
samples are prepared using a vertical axis milling
machine at 30 degrees and a 1 to 2 mm root face.
Two plates have been aligned and tacked together
with a 3 mm gap between them prior to welding as
per previous studies [24-25]. The faying surfaces of
plates have been de-greased and cleaned with
acetone to avoid contamination during welding. The
welding has been performed on welding inverter
machine (LINCOLN INVERTEC V-270T AC/DC).
The schematic diagram of the welding process has
been shown in Fig. 1.
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Fig. 1 Schematic of SMAW

Table I: Chemical Composition of Base and
Cladding Material, Mechanical Properties of Base

Metal
Chemical Composition of Base and Cladded Materials
Wt. % C Mn Si Cr Ni Mo P S Cu
SA516
GR70 003 | 1.25 | 1.0 16 14 2.0 0.045| 0.03 | 1.0
SS316L | 0.27 | 1.2 0.4 -- -- -- 0.035] 0.035] --

Mechanical properties of base metal
Tensile strength = 620 MPa, Microhardness = 355 HV

Experiment Design

The control process parameters and their levels have
been selected based on trial runs and comprehensive
literature review. Three levels of selected process
parameters are shown in Table II. The values of
fixed parameters during welding were measured and
taken from the literature review [24-25] as shown in
Table I11.

Table Il: Process Parameters with Three Levels

Levels
Process parameters Lower Medium Higher
level level level
Welding electrode SS 308 SS 316 SS 309
Electrode diameter (mm) 2.6 3.2 4
Welding current (A) 55 85 125

Table I11: List of Constant Process Parameters and

Their Values
Constant Parameters Values
Root Gap 2.5mm
Root Face 1-2 mm
Groove Angle 30 degrees
Welding Speed 100 mm/min
\oltage 24V

The major techniques used to design the experiment
and analyses the process parameters included the
Response Surface Methodology (RSM), the Taguchi
method, and factorial design. It has been observed
that RSM does not include any interactive effects
among the variables studied and requires a large
number of experiments [26]. Similarly, the Taguchi
method uses estimates and approximations to
achieve target values, and it can be difficult to
identify in its own right. Furthermore, it has been
determined that the sound-to-noise ratios of the
Taguchi method did not consider the full range of
external factors [27]. Conversely, full factorial
design consists of all combinations of levels for all
factors and determine the effects of interactions on
the response variable as well [28]. Therefore, a full
factorial design has been selected to design the
experiments. According to the full factorial design,
27 feasible combinations of experiments have been
employed for these process parameters, as shown in
Table IV.

Table 1V: Experiment Design

Process Parameters Output Response
Ultimate .
sgn Welding El_ectrode Welding Tensile H’;/I:;:'noe—ss Impact
Electrode | Diameter | Current | Strength (HV) Strength
(UTS)
1 SS 309 3.2 55 590 320 72
2 SS 316 3.2 125 582 332 75
3 SS 309 4 125 569 319 70
4 SS 309 2.5 55 582 332 75
5 SS 308 2.5 55 590 340 83
6 SS 308 4 85 572 322 75
7 SS 308 4 55 592 342 80
8 SS 308 2.5 85 602 352 95
9 SS 316 3.2 55 579 329 72
10 SS 316 2.5 55 602 352 95
11 SS 308 3.2 85 614 364 102
12 SS 309 3.2 125 640 362 110
13 SS 316 4 85 614 364 102
14 SS 309 4 85 623 373 112
15 SS 316 3.2 85 612 362 109
16 SS 309 4 55 628 378 101
17 SS 316 4 55 632 382 115
18 SS 316 4 125 609 359 102
19 SS 308 4 125 620 370 105
20 SS 308 3.2 55 630 362 109
21 SS 308 2.5 125 599 349 99
22 SS 308 3.2 125 612 342 101
23 SS 316 2.5 125 620 370 110
24 SS 309 25 85 602 352 99
25 SS 316 2.5 85 622 372 110
26 SS 309 2.5 125 632 382 115
27 SS 309 3.2 85 620 362 110

Mechanical Response Measurement

Mechanical testing is essential for evaluating the
fundamental properties of engineering materials, as
it affects the design, production, and use of
equipment, and ensures the properties of raw



Technical Journal, University of Engineering and Technology (UET) Taxila, Pakistan

Vol. 29 No. 3-2024

ISSN:1813-1786 (Print) 2313-7770 (Online)

materials used in design and structure. Three tests
have been conducted to characterize the mechanical
properties of the weldment such as tensile testing,
Micro Vicker hardness and Impact Test. According
to ASTM E8M standard [29], the tensile sample has
been prepared as shown in Fig. 2 (a & b). A tensile
testing machine (MTS-810) is used to conduct the
tensile tests at a strain rate of 0.1/sec. The Instron
Micro Vicker hardness tester is used to measure the
micro-Vickers hardness at room temperature having
a load of 10 kgf, with a holding time of 10-15
seconds. The Charpy impact test, also known as the
Charpy V-notch test is used to conduct the impact
test by following ASTM D6110 standard.
Metallography has been performed to analyze the
microstructure of welded joints. For this, the cross-
section of samples has been cut from the welded area
through a wire cut electric discharge machine. The
samples are grounded through various grits of every
paper such as 200 to 2500, then polished through
micro cloth. After polishing, the samples are then
etched through a glycine solution consisting of 15ml
of HCL + 10 ml of glycerin + 5 ml HNOs.
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Fig. 2 Tensile testing (a) Tensile test samples (b)
ASTM E8M standard.
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I1l. RESULTS AND DISCUSSION

Analysis of Variance (ANOVA) for responses

The Analysis of Variance (ANOVA) has been
employed to check the significance of each
parameter for the output responses. The ANOVA
test has been applied at confidence level of 95% for
all responses using Minitab 19.0 software. ANOVA
table for UTS (Table V) depicted that model has F-
value 3.67, while its p-value (0.033) is lower than
0.05, implies the significance of model. It is worth
mention that p-value less than 0.05 indicated model
are significant at 95% confidence interval [30-32]. It
is also observed that welding electrode has the most
significant effect on UTS because of its highest F
value in ANOVA table followed by electrode
diameter and welding current. The percentage
contribution of welding electrode, electrode
diameter, and welding current for UTS are 84.10 %,
5.84 %, and 10.06 % respectively. It is also evident
from the ANOVA table that interaction has the least
effects on the UTS due to its p-value being higher
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than 0.05. Furthermore, the value of standard
deviation (11.67) and R? (89.20%) show the
adequacy of UTS model. In this regard, researchers
concluded that higher R Square demonstrated the
lower variation of the replications about their mean
value [33-34].

Table V: ANOVA for UTS

Source DF |AdjSS |AdjMS |F-Value |P-Value | % Cont.
Model 18 | 9003.6 | 500.20 3.67 0.033 -
Linear 6 |8349.1 [1391.52 | 1021 | o0.002 -
Welding electrode 2 70202 [3510.11 | 2575 | 0.000 | 84.10%
Electrode diameter 2 488.2 244.11 1.79 0.228 5.84 %
Welding current 2 840.7 420.33 3.08 0.102 10.06 %
2-Way Interactions 12 654.4 54.54 0.40 0.926 -
Welding electrode*
Elecmge diametor 4 60.9 15.22 0.11 0.975
wg:g:gg Cu"‘r';cn‘l“’de* 4 | 4308 |10004 | o081 | 0554
\E\',Zféri‘;‘;ecufr'g::e‘er* 4 | 1538 | 38.44 028 | 0882
Error 8 1090.4 136.31
Total 26 10094
Model summary
S | R-Sq. |R-sq (adj.) | R-sq (pred.)
11.6750 | 89.20% | 64.89% | 70.00%
The analysis of variance (ANOVA) for

microhardness reveals that the model exhibits an F-
value of 9.10 as shown in Table VI. The percentage
contribution of welding electrode, electrode
diameter, and welding current for microhardness are
7477 %, 11.97 %, and 13.26 % respectively.
Additionally, the p-value associated with the model
is 0.002, which is below the conventional
significance level of 0.05. This indicates that the
model is statistically significant. Furthermore, it can
be noted that the welding electrode exhibits a
significant impact on MH, as evidenced by its
greatest F value in the ANOVA table. The diameter
of the electrode and the magnitude of the welding
current exert a substantial influence on the
mechanical hardness (MH). The value of standard
deviation (7.37174) and R-squared (95.34%) show
the adequacy of MH model. It has been determined
that R-squared values greater than 90% indicate the
adequacy of the statistical model [35]. The ANOVA
table provides evidence that the interaction has the
least impact on the MH variable, as indicated by its
p-value exceeding 0.05.

Table VI: ANOVA for Microhardness

Source DF Adj SS | Adj MS | F-Value |P-Value |% Cont.
Model 18 8900.00 | 494.44 9.10 0.002

Linear 6 8450.89 | 1408.48 25.92 0.000 -
Welding electrode 2 6319.19 | 3159.59 58.14 0.000 74.77
Electrode diameter 2 1011.63 | 505.81 9.31 0.008 11.97
Welding current 2 1120.07 | 560.04 10.31 0.006 13.26
2-Way Interactions 12 449.11 37.43 0.69 0.730 -

Welding electrode*
Electrode diameter
Welding electrode*
Welding current
Electrode diameter
*Welding current

4 189.93 47.48 0.87 0.520

4 32.81 8.20 0.15 0.957

4 226.37 56.59 1.04 0.443

Error 8 434.74 54.34
Total 26 9334.74
Model Summary
s | R-5q | Rsqed) | R-sq@pred)

7.37174 | 95.34% | 84.86% | 46.95%
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The model of impact strength has an F-value of
19.82, according to the analysis of variance
(ANOVA) as shown in Table VII. Additionally, the
model's p-value is 0.000, which is less than the usual
cutoff of 0.05. This demonstrates the statistical
significance of the model because it has been
mentioned in literature that p-value less than 0.005
depicts the significance of the statistical model [36].
Furthermore, it should be noticed that the welding
electrode significantly affects the impact reaction, as
shown by the ANOVA table's highest F value for
this variable. The welding current strength and
electrode diameter both have a significant impact on
the impact response. The percentage contribution of
welding electrode, electrode diameter, and welding
current for impact strength are 88.83 %, 4.03 %, and
7.14 % respectively. The value of standard
deviation (4.03228), R-squared (97.81%) show the
adequacy and R-square predicted (75.02%) show the
accuracy of impact model. The p-value of
interaction exceeding 0.05 in the ANOVA table
demonstrates that it has the least effect on the impact
response.

Table VII: ANOVA for Impact Strength

Source DF | AdjSS |AdjMS |F-Value |P-Value |% Cont.

Model 18 |5800.44 | 322.25 19.82 0.000

Linear 6 5471.78 | 911.96 56.09 0.000 -
Welding electrode 2 4860.07 | 2430.0 149.46 0.000 88.83 %
Electrode diameter 2 220.96 110.48 6.79 0.019 4.03 %
Welding current 2 390.74 195.37 12.02 0.004 7.14 %
2-Way Interactions 12 328.67 27.39 1.68 0.234 -
Welding  electrode

*Electrode diameter 4 98.15 2454 151 0.287

Welding  electrode
*Welding current
Electrode  diameter
*Welding current

4 130.37 32,59 2.00 0.187

4 100.15 25.04 154 0.279

Error 8 130.07 16.26
Total 26 |5930.52
Model Summary
S [ Rse [ Rsgad) [ Resq(pred)

4.03228 | 92.87% | 75.02%

Main Effects Plots

The main effects plot is created using Minitab 19.0
software by showing the means for each value of a
category parameter, as illustrated in Fig. 3. It is
observed from Fig. 3 (a) that UTS increases
significantly as the welding electrode material
changes from lower to higher level. The highest
UTS value is achieved at Level 2 (SS 309) of
welding electrode material. The increase in
electrode diameter from Level 1 (2.6 mm) to Level
2 (3.2 mm) causes a considerable decrement in
ultimate tensile strength, and then UTS increases
with increasing the electrode diameter from 3.2 mm
to 4 mm, while the welding electrode depicts the
opposite behavior as UTS increases when welding
current increases from Level 1 (55 A) to Level 2 (85
A), then with further increase up to Level 3 125 A),
the UTS starts to decrease.

The MH main effects plot showed that MH
considerably increases as the welding electrode
material changes from a lower to an intermediate
level and then starts to decrease at a higher level, as
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shown in Fig. 3 (b). The welding electrode material
Level 2 (SS 309) achieves the greatest UTS value. A
significant rise in MH results from the change in
electrode diameter from Level 1 (2.6 mm) to Level
3 (4 mm). Conversely, as the welding current climbs
from Level 1 (55 A) to Level 2 (85 A) and then
further increases up to Level 3 (125 A), the MH
behavior changes from increasing to decreasing.
The major effects plot for the impact strength
response shows that welding electrodes increase
their impact strength value as the welding electrode
material transitions from a lower to a middle level as
shown in Fig. 3 (c). The welding electrode material
exhibits its highest impact value at Level 2 (SS 309).
The augmentation of electrode diameter from Level
1 (2.6 mm) to Level 2 (3.2 mm) results in a
significant increment in Impact strength response.
However, as the electrode diameter is further
increased from 3.2 mm to 4 mm, the slope of the
increment decreases for Impact strength response.
Conversely, the welding current exhibits a
contrasting behavior, with the impact strength
response increasing as the welding current rises
from Level 1 (55 A) to Level 2 (85 A). On the
contrary, with a subsequent increase to Level 3 (125
A), the Impact strength response begins to decline.

(a)6 o, Welding electrode  Electrode diameter Welding current
3
.
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=
: e
o
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&
2 606
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2
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(b) Welding electrode  Electrode diameter Welding current

Microhardness (HV)

308 309 316 25 32 40 55 85 125

(c) Welding electrode Electrode diameter Welding current
2

Impact Strength (Joules)

92

308 309 316 25 32 40 55 85 125

Fig. 3 Main effects plots (a) for UTS (b) for
microhardness (c) for Impact strength
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3D Surface Plot

The 3D surface plot analysis has been carried out to
check the combined effect of two process
parameters on the UTS, as shown in Fig. 4 (a—c).
The surface plot of electrode diameter versus
welding current on the UTS is depicted in Fig. 4(a).
It is observed that UTS reduces with increasing
electrode diameter from the lower level to the
middle level, and then UTS starts increasing with
further increase in electrode diameter. The larger
diameter electrode causes a larger quantity of melted
filler metals in the weld area to fuse the base metals,
resulting in an increase in UTS. Similar results have
been attained in previous study [37]. Alternatively,
UTS increases by raising the welding current from
the lower level to middle level and then starts
reducing with increases in welding current. The low
current causes a lack of penetration, which reduces
the strength, whereas an increase in welding current
results in better penetration of filler metal, which
increases the strength of the weld. Too much high
current resulted in spattering defects, which reduced
the strength further. The results are well aligned with
previous studies [38, 39]. The mesh plot of welding
electrode vs. welding current depicts that UTS
increases with changing the material of the welding
electrode from SS 316 to SS 312 and then gradually
decreases with changing the welding electrode
material from SS 312 to SS 308, as shown in Fig. 4
(b). At last, the mesh plot of electrode diameter vs.
welding electrode depicted that UTS gradually
decreased by changing the material of the welding
electrode from SS 312 to SS 308, and UTS was
observed to be higher at the middle level (3.2 mm)
of electrode diameter, as shown in Fig. 4. The larger
diameter electrode causes a slower cooling rate that
leads to growth of coarser grains which reduced the
UTS. Mosaad and Mohamed [40] studies show that
the welded region using SS 316 material of welding
electrode exhibits a coarse columnar type grains
structure, resulting in lower UTS. In contrast, the SS
312 welding electrode material shows longer coarse
long grains structure that leads to higher UTS. The
3D surface plots for MH at the various process
parameters are depicted in Fig. 5 (a—c). Fig. 5 (a)
shows the mesh plot of electrode diameter vs.
welding current on the MH. From Fig. 5 (a), it can
be shown that MH reduces as electrode diameter
grows from the lower level to the intermediate level
and then starts to increase as electrode diameter
continues to climb up to the upper level. As an
alternative, MH rises by raising welding current
from a lower level to an intermediate level before
beginning to fall with a higher welding current. It is
noticeable that the carbon steel HAZ has smaller
martensite particles in areas with higher heat input
due to high current and finer grains overall, which
improves the welded joint's MH [40]. As shown in
Fig. 5 (b), the mesh plot of welding electrode vs.
welding current showed that MH somewhat
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increased as welding electrode material changed
from SS 316 to SS 312 and then steadily decreased
as welding electrode material changed from SS 312
to SS 308. Finally, the mesh plot of electrode
diameter vs. welding electrode in Fig. 5 (c) showed
that MH steadily decreased as welding electrode
material changed from SS 312 to SS 308, with MH
observed to be higher at the middle level of electrode
diameter (3.2 mm). The electrode material SS 312
with larger diameter of (3.2 mm) results in finer
grain structure which enhances the MH. It is also
evident from the Pahlawan [41] studies that fine
grain structure found at the welded joints when the
3.2 mm diameter of SS 312 electrode material that
leads to enhance the microhardness of ST41 and
316L Stainless Steel welded joints.
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125
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100
25 75  Welding current
' 30
3:5 40 50
Electrode diameter
(b)
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620
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580
100
308 75  Welding current
312
316 20
Welding electrode
(c)
640
620
uTs
600
316
580
312
25 Welding electrode

30

308
43 40

Electrode diameter

Fig. 4 3D surface plot for evaluating the effect of
(a) electrode diameter vs welding current (b)
welding electrode vs welding current (c) electrode
diameter vs welding electrode for UTS.
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The three-dimensional surface plots depicting the
combined effect of two process parameters on the
impact strength are illustrated in Fig. 6 (a-c). Fig. 6
(@) illustrates the mesh plot representing the
relationship between electrode diameter and
welding current on the impact strength. The data
presented in Fig. 6 (a) demonstrates a clear trend in
the impact strength as it relates to the electrode
diameter. It is evident that the impact strength has
been increased with the increase in the electrode
diameter. Lower electrode diameter results in
increased heat input and a higher number of welding
passes. This consequently causes the grains to
become coarser and lowers the impact strength [42].
In an alternative approach, it is seen that the impact
strength exhibits an initial rise when the welding
current is raised from a lower level to a middle level.
The heat input during the welding process is
impacted by high current, particularly during the
thermal cycle that occurs during heating and
cooling. A speedier cooling process is achieved due
to the high current input and high heat input. In the
welding process, rapid cooling will produce high
Impact strength and tensile strength [43]. The mesh
plot in Fig. 6 (b) illustrates the relationship between
welding electrode material and welding current on
impact strength. It is observed that there is a little
rise in impact strength when the welding electrode
material changes from SS 316 to SS 312. However,
a steady decrease in impact strength is observed
when the welding electrode material changes from
SS 312 to SS 308.

(a)
380
360
MH
£ 125
320 100
25 75  Welding current
: 30 35
4 40 50

Electrode diameter

(b)

380
360
MH

340 316

320 31
25 Welding electrode

30
308
32 4.0

Electrode diameter
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(c)

380

MH
340

125

320 100
75  Welding current

312
316 2

308
Welding electrode

Fig. 5 3D surface plot for evaluating the effect of
(a) electrode diameter vs welding current (b)
welding electrode vs welding current (c) electrode
diameter vs welding electrode for UTS.

Finally, the mesh plot illustrating the relationship
between electrode diameter and welding electrode
showcases a increase in impact strength while
transitioning from a welding electrode material of
SS 308 to SS 316. Additionally, it is noted that the
impact strength is higher at a moderate level (3.2
mm) of electrode diameter, as illustrated in Fig. 6

(©).
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(c)

316

312
25 Welding electrode

35 308
40

Electrode diameter

Fig. 6 3D surface plot for evaluating the effect of
(a) electrode diameter vs welding current (b)
welding electrode vs welding current (c) electrode
diameter vs welding electrode for UTS.

The similar trends were attained in the study
conducted by Mosaad and Mohamed [40] which
proved the changing the electrode material from SS
308 to SS 316 and increase in the electrode diameter
from 2.6 mm to 4 mm resulted in a modified grain
structure in welded joints and lead to enhanced
impact strength.

Analysis of Contour plots

Model-based optimization has been performed using
contour plots, which are developed from 3D plots.
The contour plot of electrode diameter vs welding
current for UTS is shown Fig. 7 (a). The optimum
value of UTS (640 MPa) is attained at a range of
electrode diameters of 3.8 to 4 mm and a welding
current range of 70 to 90 A. The contour plot of
welding electrodes against welding current for UTS
is shown in Fig. 7 (b). It is found that the optimum
value of UTS (640 MPa) is achieved at a welding
electrode material from SS 309 to SS 316 with a
welding current of 90 to 120 A. The contour plot of
electrode diameter vs. welding electrode for UTS is
shown in

( a) Contour Plot of UTS vs Electrode diameter, Welding electrode
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( b) Contour Plot of UTS vs Welding current, Electrode diameter
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(c) Contour Plot of UTS vs Welding current, Welding electrode
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Fig. 7 Contour plot for evaluating the effect of (a)

electrode diameter vs welding current (b) welding

electrode vs welding current (c) electrode diameter
vs welding electrode for UTS.

Fig. 7 (c). It is evident that the optimum value of
UTS (640 MPa) is obtained at electrode diameters of
3.2 to 4 mm and welding electrode material from SS
309 to SS 316. The contour plot of electrode
diameter vs. welding current for MH is shown in
Fig. 8 (a). The optimum value of MH (380 HV) is
attained at a range of electrode diameters of 3.8 to 4
mm and a welding current range of 70 to 90 A. The
contour plot of the welding electrode against the
welding current for MH is shown in Fig. 8 (b). It is
found that the optimum value of MH (380 HV) is
achieved at a welding electrode material from SS
309 to SS 316 with a welding current of 90 to 120
A. The contour plot of electrode diameter vs.
welding electrode for MH is shown in Fig. 8 (c). It
is evident that the optimum value of MH (380 HV)
is obtained at electrode diameters of 3.2 to 4 mm and
welding electrode material from SS 309 to SS 316.
The optimal value of impact strength (115 Joules) is
reached at an electrode diameter range of 3.8 to 4
mm and a welding current range of 70 to 90 A, as
evident in Fig. 9 (a).
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Fig. 8 Contour plot for evaluating the effect of (a)

electrode diameter vs welding current (b) welding

electrode vs welding current (c) electrode diameter
vs welding electrode for MH.

According to Fig. 9 (b), which depicts a contour plot
of welding electrodes against vs. welding current for
Impact strength, the maximum impact strength value
(115 joules) is obtained for welding electrode
materials between SS 309 and SS 316 and welding
currents between 70 and 90 A. The Impact strength's
optimal value (115 joules) is clearly attained at
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electrode diameters between 3.8 and 4 mm and
welding electrode materials between SS 309 and SS
316, as demonstrated by the contour plot of
electrode diameter vs. welding electrode in Fig. 9

().
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vs welding electrode for Impact strength.
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Microstructure Evaluation

The microstructure investigation has been carried
out on a welded sample with for the best mechanical
properties, at parameters of welding electrode
diameter of 3.2 mm and a welding current of 125 A
for SS 309. The fusion of base metal SA516 GR70
with cladding of SS 316 L has been shown in Fig.
10. Fig. 10 depicts the different interfaces of base
metal and clad material. The microstructure images
of fusion zone (zone (a)), fusion zone interface with
base metal SA516 GR70 zones (c) and (d), and base
metal interface with SS 316 L zone (b) have been
shown in Fig. 10 (a-d). The microstructure of weld
metal consisted of fine austenite (white regions) and
pearlite dendritic grain (dark phases) structure
depicted in Fig. 10 (a). This might be the case
because stainless-steel filler metal has a significant
Impact strength, whereas carbon steel base metal has
a negligible one. The micrographic analysis also
reveals that the welds have finer austenite grains
than the rest due to the improved cooling
circumstances at the start of welding; this structure
(pearlitic and austenitic) improved the strength of
the joint [43]. The micrographic analysis also
reveals that the UTS decreases with increasing the
electrode diameter from level 2(3.2 mm) to level 3
(4 mm) because welds have finer austenite grains at
the 3.2 mm electrode diameter as compared to 4 mm
electrode diameter due to the improved cooling
circumstances at level 2 of electrode diameter that
leads to enhance the UTS of welded joint. It is also
evident from Afzal et al [24] studies that electrode
having diameter of 4 mm is major causes of slower
cooling rate that leads to growth of coarser and
larger grain structure. These larger grain structures
are more brittle and susceptible to initiating cracks
during UTS testing. Similarly, it has been observed
that at the optimal experimental conditions,
columnar austenite grains structure was observed at
the interface of the fusion zone with base materials
as shown in Fig. 10 (b). This occurrence is likely due
to the lower nucleation energy required at the fusion
line and the easier release of welding heat into the
fusion zone. As depicted in Fig. 10 (c), the
decarburized layer between the stainless steel and
the SA516 GR70 base metal forms on the carbon
steel side due to element diffusion. The precipitated
carbon along the fusion line is seen as a distinct
aggregate. Due to the variation of the heat input, it
was discovered through microstructural analyses of
several strata that there are significant changes in
grain size between them. Fig. 10 (d) illustrates the
microstructure of the carbon steel HAZ, with ferrite
and pearlite (dark grains) being the primary
microstructures (bright grains), which increase the
hardness as well as impact strength. It can also be
observed that the carbon steel HAZ exhibits coarser
grains in places with higher heat input and a minor
quantity of martensite, which enhances the hardness
of welded joint. This could be a result of the alloying

61

materials eroding from the stainless-steel welds. It is
evident from the Mosaad and Mohamed [40] studies
that with the change of electrode material from the
SS308 to SS316, electrode diameter from 2.6 mm to
4 mm and welding current from the 55A to 85A,
grain structure of welded joints that leads to improve
the microhardness of welded joints. On the other
hand, it has been observed that courser grain
structure found at the welded joints leads to reduce
the microhardness of welded joints [41].

@

SAS16GR70

- a | DI
Fig. 10 Microstructure of different zones (a) Weld
Metal (b) Stainless Steel Weld (c) Carbon Steel
Near to Stainless Steel (d) HAZ of Carbon Steel

IVV. EXPERIMENTAL VALIDATION

To check the accuracy of the developed
model, validation of the proposed models for each
output response has been conducted. In this regard,
Wang [44] conducted five experiments in order to
validate the mathematical models of surface
roughness response developed by the full factorial
design and values of process parameters such as
cutting speed, feed rate, and depth of cut taken at the
middle of the selected levels. Moreover, it has been
noticed from the Wang [44] studies that the
percentage error between the predicted and actual
values below 13%% is acceptable in order to
validate the developed mathematical models.
Therefore, five experiments have been conducted in
this research work to validate the mathematical
model of each output response and the values of
input process parameters taken between the selected
levels of each parameter, as shown in Table VIII.
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From Table VIII, it has been determined that
percentage errors for each output response is less
than 13% and it evident the accuracy of proposed
mathematical model for each output response.

Table VIII Experimental Validation

Process parameters Responses
Weld . . .
. Electrode]Welding Ultimat | Micro-
Run Imgt diameter | current e tensile | Hardn sltr:;za%
eoedcer (mm) | (Amp) strength | ess 9
EXp. 601 350 102
1 SS 28 60 Pred. 585 330 95
308 % 2.66 5.71 6.86
diff. ) ) )
EXp. 630 362 130
2 SS 34 80 Pred. 610 324 119
309 % | 317 | 195 [ 846
diff. ) 0 )
Exp. 592 350 101
3 38186 38 100 P:;d. 598 342 96
0
diff. 1.01 2.29 4.95
EXp. 618 370 125
4 33)88 38 100 PL(/ed. 610 362 119
0
diff. 1.29 2.16 4.80
EXp. 630 352 110
5 3%% 28 60 Pz/eod. 625 342 105
diff. 0.79 2.84 4.55

V. CONCLUSION

The aim of this study is to evaluate the
mechanical and microstructural properties of
dissimilar joining of SA516 GR70 and SS 316 L.
The effects of three different types of welding
electrodes, such as SS 308, SS 316, and SS 309,
electrode diameter, and welding current on Ultimate
tensile strength (UTS), Impact strength, and
microhardness (MH) have been investigated. A full
factorial design has been used to carry out the
comprehensive analysis of process parameters in the
output response. The following conclusions have
been drawn:

e  The ANOVA results show that type of electrode
has been the most significant parameter for
UTS, MH, and impact strength, whereas
electrode diameter is the least significant factor
for this response.

e The main effect plots revealed that changing the
electrode type of SS 309, electrode diameter of
4 mm, and increase in current of 85 A resulted
inanincrease in UTS, MH, and impact strength,
while the mechanical properties were degraded
at the electrode type of SS 308, diameter of 3.2,
and current of 125 A.

e The combined effect of electrode diameter vs.
welding current shows that the optimum value
of UTS of 640 MPa has been attained in the
electrode diameter range of 3.8 to 4 mm and the
welding current range of 70 to 90 A. The
combined effect of electrode material and
current revealed an optimized strength of 640
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[

(2]

3]

[4]

(5]

MPa attained at electrode material from SS 309
to SS 316 and a welding current of 90 to 120 A.
The contour plot of current and electrode
diameter has proven that the optimum value of
MH of 380 HV is attained at a range of
electrode diameters of 3.8 to 4 mm and a
welding current range of 70 to 90 A. It is also
found that an optimum value of MH of 380 HV
is achieved at a welding electrode material from
SS 309 to SS 316 and a welding current of 90 to
120 A.

The optimal value of impact strength of 120
Joules has been achieved at an electrode
diameter range of 3.8 to 4 mm and a welding
current range of 70 to 90 A, as depicted by the
contour plot of electrode diameter vs. welding
current. In a contour plot of welding electrode
vs. welding current for impact, the best impact
strength value (120 joules) is obtained for
welding electrode materials between SS 309
and SS 316 and welding currents between 90
and 120 A.

The fusion zone of the sample with optimal
parametric combination shows the austenitic
fine grain structure, which enhances the
mechanical properties of the weld. The base
metal and SS 316 L interface contain columnar
grains and a pearlitic structure. The carbon steel
HAZ exhibits coarser grains due to higher heat
input and a minor quantity of martensite, which
enhances the hardness of the weld.
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