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Abstract

Nuclear grade austenitic stainless steel 321 contains titanium for severe corrosive conditions and is used for process equip-
ment, aircraft exhaust manifolds and boiler shells. Taguchi-based grey relational analysis technique has been considered to
optimize the input parameters for welding SS321 material using activated tungsten inert gas welding process. The optimized
input parameters were identified from the multiple output responses, i.e. arc length of 3 mm, welding current of 220 Amps
and welding speed of 120 mm/min (A;B;C,). The analysis of the variance table was performed to calculate the importance
of the input parameters in the weldment quality. Also, the influence of the heat input on the depth of penetration and bead
width at different arc lengths has been studied. The mechanical integrity is evaluated in terms of tensile strength for base
metal (BM) (621 MPa) and weld metal (WM) (624 MPa) specimens by conducting the uniaxial tensile test. The 180° bend
test with WM sample revealed the ductility level and was free from fissures and cracks. Charpy impact test results depicted
the toughness values of BM (123.17 J) and WM (113.46 J) samples. Microstructural investigations at the SS321 WM high-
lighted the existence of columnar and equiaxed dendrites in the fusion zone. Moreover, the formation of titanium carbide
reduces the chances of weld decay. Ferrite number measurement shows that the amount of delta ferrite is higher in WM
(5.9) than in BM (1.2). The existence of dimples and voids in the fractographic analysis of the failed specimens (tensile and
impact) confirms the ductile type of failure.

Keywords A-TIG welding - SS321 - Taguchi-based GRA - Tensile properties - Microstructure examination

1 Introduction equipment and exhaust systems in automobile [2]. Gas tung-

sten arc welding (GTAW) processes are the most popular

SS321 is one of the noticeable grades of austenite stainless
steel, which has general corrosion resistance and excellent
protection from intergranular corrosion during temperature
exposure in the precipitation range of chromium carbides in
800-1500 °F (427-816 °C) [1]. It has good mechanical
integrity and erosion resistance at high temperatures. This
grade of steel is suitable choice for diverse applications in
structural components at nuclear reactors, oil refinery
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manufacturing processes that are used for welding metals
such as titanium alloys, stainless steel and aluminium alloys
because of their high quality and welding economically.
However, the main shortcoming of TIG welding process is
that welding can be carried out up to certain plate thickness
in a single pass [3]. To prevail over this limitation, a thin
coating of flux is applied on the plate surface to be joined
for achieving high DOP in a single pass (plates of 6 mm
thick or more) trailed by TIG process, this method is widely
distinguished from A-TIG welding process, and this incred-
ible DOP is a result of the mechanisms such as arc constric-
tion and reversal of Marangoni flow. The Paton Institute of
Welding of the National Academy of Sciences of Ukraine
developed the activated TIG welding or A-TIG welding in
1960 with the help of the flux [4]. In addition, the quality of
the weld depends mainly on the mechanical integrity of the
weldment and is influenced by the metallurgical properties
and nominal composition of the WM. Also, these
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metallurgical and mechanical properties of welded joints are
based on the geometry of the weld, directly related to the
input parameters of the welding process. The quality of the
welds depends mainly on the welding process and its input
parameters [5]. Therefore, a number of process parameters
come into the picture in a difficult manner which directly or
indirectly impacts on weld bead profile, metallurgical prop-
erties and mechanical behaviour of the WM. There is a need
to find an optimal process parameter for obtaining a desired
quality weld. Hence, an optimization technique is applied so
as to fulfil all the objectives to achieve a good-quality weld.
Such a technique is named multi-response optimization tech-
nique [6]. Most of the researchers have used various multi-
objective techniques such as principal component analysis,
GRA, genetic algorithm and simulated annealing algorithm
to optimize the input parameters. Optimization techniques
such as simulated annealing and genetic algorithm require
an appropriate function and more data, whereas GRA is
quite simple and can be realistic even to small amount of
data without any function [7]. Juang et al. [8] investigated
the selection of parameters for the welding process to
achieve the optimal weld geometry, such as the back height,
back width, front height and front width using TIG process
on austenitic grade steel and further have established a Tagu-
chi technique to analyse the result of the input parameters on
the geometry of the weld for optimum set of process param-
eters. Nagesh et al. [9] formulated a new approach for pre-
dicting the geometry of the weld bead with the aid of neural
network and application of genetic algorithm to optimize the
welding input process parameters in TIG process of 1100
aluminium material. Farhadkolahan et al. [10] derived the
regression model for the Taguchi’s experimental matrix
design to create a correlation between input parameters such
as arc length, welding speed, voltage, torch angle, rate of
wire feed and output results from gas metal arc welding
(GMAW) process, such as weld bead height, BW and DOP.
Nandagopal et al. [11] have optimized TIG welding process
parameters to weld dissimilar materials of aluminium 7075
and titanium 6Al4V with filler metal (aluminium 4047). In
addition to that, they have derived analysis of variance tech-
nique to find out the percentage contribution by each weld-
ing input parameter and also examined metallurgical studies
of weld samples. Pan et al. [12] have optimized the multiple
quality characteristics of the titanium alloy plates welded
with laser using the grey analysis based on Taguchi. Tamrin
et al. [13] studied the optimized characteristics of the welds
with CO, laser welding of dissimilar materials using GRA.
They also obtained the ANOVA table to figure out the cor-
relation between input process parameter and the character-
istics of the welded joint. Kim et al. [14] developed a new
method for the optimization of Nd:YAG laser and GMA
hybrid and welding parameters such as wire feed rate, travel-
ling speed, type of wire used, laser focus, laser power and
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shielding gas using GRA. Padhi et al. [15] developed an
optimization approach to find optimal process input param-
eters for laser welding to maximize weld bead depth and
minimize BW of austenitic grade steel 304 sheets of 2.9 mm
thick in pulsed laser welding using Taguchi-based GRA.
Hsiao et al. [16] optimized the parameters of the welding
process such as the plasma gas flow rate, the welding speed
of the torch and the welding current of the plasma arc weld-
ing, taking into account the response from the performance
characteristics, viz. the width of the welding groove, the
weld pool undercut and the penetration of the root, using the
Taguchi method with GRA. Saurabh Kumargupta et al. [17]
studied optimization technique with multi-objective for
welding input parameters using FSW of dissimilar alloys of
aluminium AA5083/AA6063 material. Sefika Kasman [18]
studied and optimized the dissimilar FSW input parameters
such as welding speed, shoulder diameter-to-pin diameter
ratio, tool rotational speed and tool that were related to ten-
sile strength as well as percentage of elongation of AA6082/
AAS5754 aluminium alloys. Tarng et al. [19] used the Tagu-
chi method based on the GRA to optimize the process
parameters for hardfacing with submerged arc welding
(SAW) process, taking into account the multiple qualities of
welded joints. Joby Joseph et al. [20] established the optimal
input process parameters of activated TIG welding of AISI
4135 type steel using simulated annealing and genetic algo-
rithm. Dan Wu et al. [21] have studied the use of an orthogo-
nal experiment in the A-TIG welding process in austenitic
grade steel for butt joint of 8-mm-thickness plate. Ahmadi
et al. [22] used Taguchi technique to evaluate the activating
fluxes effect on the penetration depth of TIG welds using
fluxes such as TiO, and SiO, and mechanical properties of
AISI 316L steel. Patel et al. [23] have studied the influence
of activating fluxes on weldment strength using Taguchi
method with Ly orthogonal array for AISI 321 steel using
TIG process. Although most researchers have shown that
ANOVA and Taguchi’s experimental design techniques are
the most predominant tools to analyse the effect of process
parameters. In addition to that, the GRA has been executed
extensively to find various responses from process parame-
ters using the multiple performance optimization [24]. Based
on the available literature, few papers have been published
on the optimization of the input process parameters of A-TIG
welding. Very few studies have been reported with the use
of the Edison Welding Institute (EWI) flux in the TIG weld-
ing process of the SS321 steel. Therefore, in this research
work, it is tried to optimize the input process parameters of
the A-TIG welding using Taguchi-based GRA to achieve the
preferred welding quality. The GRA optimization used in
this study will give an idea to the industry regarding the
parameters that has to be chosen in A-TIG welding of SS321
type steel. It can be broadly used in oil and gas industry for
storing fluids, in chemical industry to handle hazardous
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chemicals and in heat exchangers to transfer hot fluid.
Hence, it will improve the productivity by reducing the time
involved in choosing the right combination of input param-
eters and increase the quality by avoiding the defects in the
weld. Also, it will help the researchers to understand the
relation between DOP and the BW. Hence, researchers will
be very aware of choosing the parameters. Further, the
mechanical properties of A-TIG welding butt joint, (i.e. best
and least GRG experiment) were validated with the help of
microstructure and SEM fractographic analysis.

2 Materials and methods

The developed models are based on the trial-and-error
experimentation. The factors considered for the experimen-
tation and optimization are the AL, WC and WS.

2.1 Base metal

The present work is focused on SS321 steel plate of 6 mm
thick. Before welding, the bead on a plate with a required

size of 300X 110 X 6 mm was cut and scrubbed with wire
brush and lightly rinsed with acetone. Table 1 displays the
elemental composition of the candidate material SS321.

2.2 Experimental method

The A-TIG welding process is carried out on SS321 with
the help of TIG machine of Fronius make with a torch head
assisted by cooling water and numerical control (NC) unit
to regulate the traverse speed of the torch as presented in
Fig. 1. The combination of oxides present in the commer-
cially available EWI flux and corresponding ranges are indi-
cated in Table 2 [25-27].

From the available literature, it is understood that the AL,
WC and WS are considered as process parameters as they
play a significant role in evaluating the heat input and quality
of the weldments. The selected experimental design for this
work is based on an L, orthogonal array to achieve the high
DOP and corresponding BW for the A-TIG welding process
of SS321. The activated flux was mixed with acetone and
coated on the base metal surface with a width of 10 mm
immediately prior to welding with the help of a brush. The

Table 1 Elemental composition of candidate material SS321 (weight percentage, wt%)

Element name Mn P C Ni Cr S Si
Composition, % 1.007 0.031 0.032 9.356 17.560 0.016 0.349
Element name Ti Al Mo Cu W Nb Fe
Composition, % 0.356 0.006 0.113 0.356 0.036 0.003 70.775

Fig.1 A-TIG welding set-up

Welding
Torch

Work table
with fixture
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Table 2 EWI-flux composition

Name of the ingredients Weight
percent-
age

Chromium III oxide, Cr,05 0-50

Silicon oxide, SiO, 0-20

Titanium oxide, TiO, 20-60

Table 3 Experimental welding input parameters (control factors and
levels)

Factors (A, B and C) Levels

1 2 3
AL, mm 3 4 5
WC, Amps 120 170 220
WS, mm/min 120 150 180

easily vapourable liquid evaporates to separate a thin film
of coating that is satisfactorily adhered to the surface of the
base metal to be joined. From the selected input parameters,
the design matrix is established with three control factors
and levels which are listed in Table 3. A total of 27 beads on
plate weld trials are conducted with DCEN (direct current
electrode negative) polarity in A-TIG welding process on

Fig.2 Bead on plate trials in
SS321 (27 trials)

@ Springer

SS321 by keeping the shielding gas at a flow rate of 20 I/min
(industrial standard 99.99% pure argon), and respective bead
on the plate (27 trials) of base metal is presented in Fig. 2.

2.3 Preparation of sample for the measurement
of weld bead geometry

After completion of the trials, the samples were sliced from
plate using wire-cut EDM to obtain smooth edges of desired
dimensions (Fig. 3). The samples are mounted and rubbed
using various grades of sand papers and polished with alu-
mina (Al,Oj3, 0.05 pm). With the help of electrolytic etch-
ing, the specimens were etched using a mixture of 10 ml
oxalic acid in 100 ml of water for 50 to 60 s at a potential of
6 V for observing the weld bead geometry. The weld bead
dimensions such as DOP and BW were measured for each
sample with the aid of Struers welding expert system at a
magnification of 20X. The measured weld characteristics
are shown in Table 4.

3 Results and discussion

3.1 Taguchi technique

Japanese statistician Genichi Taguchi developed an
orthogonal array (OA)-based method that is widely used
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Fig.3 Specimen preparation (sample 22)

in various engineering fields to optimize process param-
eters [28]. In the Taguchi technique, process parameter
optimization can be obtained through the integration of
experimental design (DOE). OA provides an even-handed
set of experiments, and the S/N ratio of Taguchi method is

a logarithmic function of the preferred output parameters,
used as an objective function of the optimization. It helps
to inspect the whole parameter range with less number
of experiments (minimal experimental trials) [5]. OA and
S/N ratios are extensively applied to inspect the influ-
ences on the factors of noise and control and to evaluate
good-quality features for the particular application [29].
Optimized process parameters achieved by the Taguchi
method are tactless against changes in environmental cir-
cumstances and other factors of noise [30]. Initially, the
Taguchi method was developed to optimize the perfor-
mance feature of a single. However, optimizing multiple-
performance features is not a direct and more complex
than a single-performance feature. In order to evaluate the
multi-performance feature problems, the Taguchi method
is used along with the GRA [31]. Seminal on GRA was
carried out by Deng [32] to reach key mathematical stand-
ards for in connection with deprived, deficient and doubt-
ful systems [33]. This GRA-based Taguchi method has
been extensively applied in various disciplines of engi-
neering to evaluate the optimization problems with mul-
tiple responses.

Table 4 Bead on plate layout

X Trial no. AL, mm WC, Amps WS, mm/min DOP, mm BW, mm Heat input, kJ/mm
with L,; orthogonal array and
corresponding result 1 3 120 120 2.2826 5.1827 0.6426
2 3 120 150 1.6326 4.8802 0.5356
3 3 120 180 1.3679 4.5583 0.4680
4 3 170 120 4.3235 7.1065 1.0404
5 3 170 150 3.2207 6.8408 0.8568
6 3 170 180 2.8086 6.5822 0.7344
7 3 220 120 6.0000 8.9770 1.4751
8 3 220 150 5.3904 7.6308 1.2117
9 3 220 180 4.8226 7.4575 1.0362
10 4 120 120 2.2286 5.0760 0.6318
11 4 120 150 1.5812 4.7901 0.5270
12 4 120 180 1.0728 4.3215 0.4608
13 4 170 120 3.7412 7.0693 1.0251
14 4 170 150 3.1652 6.7997 0.8506
15 4 170 180 2.6829 6.4526 0.7293
16 4 220 120 5.8325 8.9300 1.4553
17 4 220 150 5.1203 7.5839 1.1959
18 4 220 180 4.5281 7.4127 1.0230
19 5 120 120 2.0065 4.9203 0.6264
20 5 120 150 1.4944 4.6815 0.5184
21 5 120 180 0.8733 4.2356 0.4536
22 5 170 120 3.4676 6.8737 1.0098
23 5 170 150 2.9803 6.6506 0.8445
24 5 170 180 2.5986 6.3978 0.7242
25 5 220 120 5.5422 8.6849 1.4454
26 5 220 150 5.0993 7.5194 1.1880
27 5 220 180 4.4012 7.3131 1.0164
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3.2 Grey relational analysis (GRA)

In GRA, black means no data or information and white, with
all the data or information. Grey level of the data or infor-
mation system is intermediate between black and white. It
means that, in the grey system, some information is known
and some are unknown [34]. The theory of Grey system
avoids the innate restrictions of statistics, traditional tech-
niques and only requires limited value or data to assess the
behaviour of uncertain systems. The system is especially
suited for data with multiple inputs, uncertainties and dif-
ferent attributes. With grey theory, systems can be inspected
through grey relational grade (GRG), modelling, prediction
and decision-making. Thus, using GRA, the GRG can be
achieved to estimate the multiple-performance features, so
that the optimal target of convoluted multiple-performance
features can be converted to optimize the single GRG. The
steps of GRA are as follows [35-37].

3.2.1 Grey relational generation

In the first step, the results of the experiments such as DOP
and BW are normalized in the range of 0 and 1. This circum-
vents the problem of different units, scales and targets. There
are various types of data normalization according to neces-
sity the larger is better (LB), the smaller is better (SB) and
nominal is better (NB). In case of activated TIG welding, the
ultimate purpose is to increase the DOP at a minimal of BW,
so that all heat input is efficiently used to penetrate the mate-
rial as well as to achieve desired quality A-TIG weldments.
Hence, the generation of the grey relation, the normalization
of a characteristic, such as DOP, is a “larger-the-better" (LB)
criterion, which can be stated by Eq. (1).

yi(k) — min yi(k)

Xi k) = max y;(k) — min y,(k)’

(D
BW should satisfy the “smaller-the-better" (SB) criterion,
which is described in Eq. (2) [28].

max y;(k) — y;(k)
max y;(k) — min y; (k)

X; (k) = ©)
wherei=1, 2, 3,...m; k=1 to n; m=number of trial data and
n=number of factors. y, (k) =original sequence for the kth
response; X;* (k) is the value after the generation of the grey
relation; and max y; (k) and min y; (k) are the maximum and
minimum value of y; (k) for the kth response, respectively.
Supposing the ideal sequence X, * (k) for the kth response,
then its value will be the maximum value of this specific
column, which will always be 1, and A ; (k) is the difference
between the absolute values of X, * (k) and X;* (k), that is,
how much this specific value deviates from the ideal value,
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which can be calculated from Eq. (3) [38]. The normalized
and sequences values are indicated in Table 5.

Agi(k) = [X5(8) = X7 ()| 3)

where X7 (k)= corresponding normalized value of given set
of input parameters.

3.2.2 Grey relational coefficient (GRC)

It gives the relation between the actual and ideal normalized
experimental results. The GRC is calculated by Eq. (4)

Amin + §Amax
By(k) +EA @

max

ii(k) =

where ¢ is the identification or distinguishing coefficient:
£€[0, 1]. In this study, £=0.5 is considered. A, =largest
value of A (k) and A_;, =smallest value of A (k) [39].

Table 5 Normalization and sequences of each response characteristic
after data processing

Trial no. Normalization Sequences

DOP, mm BW, mm DOP, mm BW, mm
1 0.274894 0.800249 0.725106 0.199751
2 0.148107 0.864049 0.851893 0.135951
3 0.096475 0.931940 0.903525 0.068060
4 0.672987 0.394504 0.327013 0.605496
5 0.457877 0.450542 0.542123 0.549458
6 0.377494 0.505083 0.622506 0.494917
7 1 0 0 1
8 0.881093 0.283925 0.118907 0.716075
9 0.77034 0.320475 0.229660 0.679525
10 0.264361 0.822753 0.735639 0.177247
11 0.138081 0.883051 0.861919 0.116949
12 0.038914 0.981883 0.961086 0.018117
13 0.559405 0.402350 0.440595 0.597650
14 0.447052 0.459210 0.552948 0.540790
15 0.352976 0.532417 0.647024 0.467583
16 0.967328 0.009913 0.032672 0.990087
17 0.828408 0.293816 0.171592 0.706184
18 0.712895 0.329924 0.287105 0.670076
19 0.221039 0.855591 0.778961 0.144409
20 0.121150 0.905956 0.878850 0.094044
21 0 1 1 0
22 0.506037 0.443603 0.493963 0.556397
23 0.410986 0.490657 0.589014 0.509343
24 0.336532 0.543974 0.663468 0.456026
25 0.910703 0.061606 0.089297 0.938394
26 0.824312 0.307420 0.175688 0.692580
27 0.688142 0.350930 0.311858 0.649070
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3.2.3 Grey relational grade (GRG)

The GRG is calculated by taking the mean of the GRC allied
to every performance feature. The general calculation of
multiple-performance features is depending on the GRG,; i.e.

=t > & )
k=1

where y;=GRG for the ith experiment trial and » =number
of responses.

3.3 Optimization of activated TIG welding
parameters

In the A-TIG welding, flux can be used to achieve higher
DOP with single pass, so that the most desirable output, BW,
is kept minimal. In this study, weighing factor used for DOP
is 0.9 and for BW is 0.1 [8]. The weight has been assigned by
considering the significance of these responses, in the high
DOP achieving process like A-TIG welding. The assigned
weight of grey relational coefficients and calculated grey
relational grade are presented in Table 6. In addition, the
GRG will be used to evaluate the S/N ratio values. Table 7
shows that the S/N ratio on the basis is larger which is the
best criterion for the overall GRG calculated using Eq. (6).

n

1w 1
S/N = —101log ;Z{y—; (©6)

where n=number of measurements and y,=measured char-
acteristic value.

Figure 4 shows the S/N ratio curve, which is a graphical
illustration to examine optimized set of process parameters.
In the S/N ratio graph, if the ratio is high, the desired effect
is maximal with minimal noise. It follows from Fig. 4 that
a higher S/N ratio is observed with an AL of 3 mm, a WC
of 220 Amps and a WS of 120 mm/min. From the response
mean in Table 8, it can be seen that the WC range is higher
than the WS and AL, which confirms that the WC has the
greatest influence among all other responses. So, based on
the examinations, it also indicates the optimal set of parame-
ters are A; B; C,, i.e. Trial no. 7, which are given in Table 9.
Figure 5 displays the optimized parameter weld bead surface
and macrostructure of Trial no. 7 which is captured by a
metallurgical microscope of 7X magnification.

3.4 ANOVA

The objective of the ANOVA lies in checking the most
likely welding parameter that is significant in affecting

Table6 GRC and GRG

Trial no. GRC GRG Rank
DOP, mm BW, mm

1 0.408128 0.714540 0.438769 19
2 0.369852 0.786224 0.411489 22
3 0.356246 0.880189 0.408640 25
4 0.604585 0.452286 0.589355 10
5 0.479790 0.476436 0.479455 13
6 0.445432 0.502554 0.451144 16
7 1 0.333333 0.933333 1
8 0.807876 0.411159 0.768204

9 0.685250 0.423899 0.659115 7
10 0.404649 0.738283 0.438012 20
11 0.367129 0.810440 0.411460 23
12 0.342211 0.965033 0.404493 26
13 0.531578 0.455518 0.523972 11
14 0.474857 0.480404 0.475412 14
15 0.435911 0.516751 0.443995 17
16 0.938664 0.335551 0.878352

17 0.744500 0.414531 0.711503

18 0.635239 0.427323 0.614448

19 0.390942 0.775905 0.429439 21
20 0.362621 0.841689 0.410528 24
21 0.333333 1 0.4 27
22 0.503037 0.473307 0.500064 12
23 0.459131 0.495372 0.462755 15
24 0.429750 0.522999 0.439075 18
25 0.848468 0.347610 0.798382 3
26 0.739986 0.419259 0.707914 6
27 0.615872 0.435135 0.597798

the performance characteristic (weld quality) [40]. This
is achieved by the total variability of the GRG separation,
which is the measure of the sum of the square deviations
from the total mean of the GRG, towards improvement by
each welding parameters and error [6]. Thus;

SSy =SSy + S8, )
14

SSr= D0 = 1)’ 8)
Jj=1

where SS;=total sum of squared deviations from the
mean, SS,=the sum of squares of deviations due to each
factor, SS,=the sum of squared deviations due to an error,
p =number of experiments in the orthogonal matrix,
¥m = grand mean value of the response and y;=mean
response for the jth experiment.

In the ANOVA table, the mean of the square and the
deviation F are defined as:

@ Springer
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Table 7 Signal-to-noise ratio
table

Fig.4 Signal-to-noise ratio plot

@ Springer

MS (Sum of square deviation)

Trial no. S/N ratio Mean Square = )
DOF (Degree of freedom)
1 —7.15528
2 —7.71284
Mean square for a term
3 —7.77318 F ratio = q . (10)
4 — 459246 Mean square for the error term
> —6.38505 Normally, the significance’s probability is calculated
6 —6.91369 depending on the value of F and P. In addition, an F-test
7 - 059926 was performed to determine process parameters that have
8 —2:29047 a noteworthy influence on performance. Typically, chang-
o —3.62077 ing the welding parameter will have a substantial effect on
10 —7.17027 performance features at a high F value [41].
1 — 771344 If the P value is lower than 0.05 (95% confidence), then it
12 —7:86177 is established that the influence of the factors/interaction of
13 —3.61383 the factors is significant in the selected response (using the
14 — 645860 MINITAB 17 software). It can be noted that the value of P
15 ~705245 o the WC and WS i less than 0.05. Obviously, WC and WS
16 ~1.12662 are the most important factors. The effect of other factors on
17 _1'25647 the GRG seems to be insignificant. The best insignificant
18 o i030 factor is converted into conditional random fields (Crf) for
;9 =73 ]?8 higher P value [5]. The percentage contributions of the input
20 — 773315 process parameters in the activated TIG welding are shown
; ; - 7'9T8i° in Tables 10 and 11. The result of the ANOVA displays that
5 -60 g ? the WC (87.0% influence) is the important parameter in the
2j B 6?3 28 responses under multi-criteria optimization (DOP and BW).
5 714923 The percentage contributions of the other parameters are WS
5 ~195578 (11 6%) and AL (1.4%) [6].
26 —3.00039
27 — 446891 3.5 Regression analysis
The arithmetical mean between the two or more process
input parameters for the assessment is called a regression
Main Effects Plot for S/N ratios
Arc Length (mm) Welding Current (Amps)
-3 - e
-4 -
5 —
g s e
2 -
5 7 e
4 ; . r . .
“"3 3 5 120 170 220
o Welding Speed (mm/min)
c
S 3
= 4.
-__
-5 - e
-6 - “"-——H______'
-7
120 180
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Table 8 Response mean table for grey relational grade

Table 11 Contribution

) £ the input Parameter % of
crcentage o € Inpu .
Parameter/level AL, mm WC, Amps WS, mm/min garameteg}s P lc)?lrtllt;;
Level 1 0.5711 0.4170 0.6144 AL 14
Level 2 0.5446 0.4850 0.5376 we 2‘“ 0
Level 3 0.5273 0.7410 0.4910 ws IL‘SS . L6
Range (max—min) 0.0437 0.3240 0.1234 > mm/min :
Rank 3 1 2

and the predicted value of GRG are reported in Table 12

and Fig. 6. The error deviation between experimental and
Table 9 Optimal st of input parameters (Trial no. 7) predicted values of grey 'rel‘at.loTlal grade ranges between

0.32 and 32.67%. From this, it is inferred that the developed
AL, mm WC, Amps WS, mm/min  reoression model for grey relational grade is 92.88% confi-
3 220 120 dence level [18].

analysis [11, 42]. The regression analysis is carried out in
this investigation for AL, WC and WS and to obtain the
optimal set of parameters.

With a confidence level of 95%, the model was tested.
Multiple linear regression models have been developed for
grey relational grade with main factors of process param-
eters such as AL, WC and WS, which is given by,

GRG = 0.393 -0.0219 * AL + 0.00324 * WC —0.00206 * WS.

It can be perceived that the regression model has been
developed as a function of the major process parameters
and their interactions. Using the regression model, a data
set (predicted value) has been constructed. The actual value

Fig.5 Bead surface (a) and
macrograph (b) obtained for
optimized parameters (Trial

3.6 Heatinput effect on DOP and BW

In the A-TIG welding process, DOP and BW are the most
significant output responses to produce high-quality welds
because they sturdily impact the changes in the base material.
In addition, the heat input in the weldment mostly depends on
the traverse speed, voltage and current. Hence, it is essential
to determine the effect of thermal input on resultant output
responses such as DOP and BW. Figures 7 and 8 show the
typical deviation in the DOP and BW for various heat inputs
on base material during A-TIG welding process at various
arc lengths. The facts presented in the plots are character-
ized by a second-degree polynomial equation, and it indicates
the excellent fit with R? values of 0.984, 0.9807 and 0.9698

———————— -

no. 7)

A
21

.

Table 10 ANOVA table

Factor DOF Sum of squares Mean square F P % of contribution
AL, mm 2 0.00873 0.00436 1.89 0.178 1.4

WC Amps 2 0.52544 0.26272 113.48 0.000 87.0

WS, mm/min 2 0.06993 0.03496 15.10 0.000 11.6

Error 20 0.04630 0.00232

Total 26 0.65040 130.39 100.00
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Table 12 Experimental and predicted GRG

(Fig. 7) and 0.9537, 0.961 and 0.9586 (Fig. 8) for the AL of
3 mm, 4 mm and 5 mm, respectively. By employing activated

Trial no. Experimental Predicted GRG % Error
GRG flux, there is a rise in thermal input trailed by TIG welding
process. Furthermore, it was perceived that an increase in the
! 0.4387 0.4689 —643 WC resulted in a rise in thermal input, which caused a large
2 0.4114 0.4071 1.07 amount of metal to melt, with the result that increased DOP
3 0.4086 0.3453 18.34 and corresponding BW were observed in the weld.
4 0.5893 0.6309 -6.59 It should also be noted that as the AL increases, a decrease
3 0.4794 0.5691 —15.80 in thermal input results in a reduction in DOP and BW. Hence,
6 04511 0.5073 - 1110 the influence of thermal input on DOP and BW for respective
7 0.9333 0.7929 17.71 input parameters such as high WC, low WS and minimum
8 0.7682 0.7311 .07 AL is the optimal choice of input parameters to produce high-
? 0.6391 0.6693 —1.52 quality weldments with more DOP and corresponding BW.
10 0.4380 0.4470 -2.01
i 0414 0.3852 681 3.7 A-TIG welding butt joint configuration
12 0.4044 0.3234 25.08
13 0.5239 0.6090 ~1400 Once the optimal set of input process parameters are opti-
14 04754 0.5472 —13.10 mized to achieve complete penetration of 6-mm-thick plate
15 0.4439 0.4854 —8.353 from the 27 trials, its macrostructure has to be visually
16 0.8783 0.7710 13.92 examined. With the data presented in Table 9, the respec-
17 0.7H15 0.7092 0.32 tive input parameters have been selected to achieve the full
18 0.6144 0.6474 =509 depth penetration for SS321 material of 6 mm thickness by
19 0.4294 0.4251 1.02 applying EWI flux. Base metal plate of 100 X 100X 6 mm
20 0.4105 0.3633 13.00 cross section is put together to fabricate butt joint. Figure 9
21 0.4000 0.3015 32.67 shows the butt joint with uniform weld bead surface. Fig-
22 0.5000 0.5871 - 14.80 ure 10 shows the macrostructure of the butt joint captured by
23 04627 0.5253 - 1190 a stereotype microscope at a magnification of 7x.
24 0.4390 0.4635 -5.27
25 0.7983 07491 6.57 3.8 Confirmation test
26 0.7079 0.6873 2.99
27 0.5977 0-6255 —443 After calculating the optimum parameters, the next phase
is to use the best combination of parameters to determine
Fig.6 Experimental and pre- 1
dicted values of GRG b °
09 § R
0.8 -; A °
F . 4 . A
07 A,
[ ".. N A.'. . -_A
06 | a " A °
® : SAT . S e 4
& 05 L o A . A o
o : ° Py % ° ° Se :
04 1 o, o 2% o
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Fig.7 Heat input effect on DOP at different ALs
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Fig.8 Heat input effect on BW at different ALs

and confirm the improvement in the weldment quality. The
estimated GRG 7 which uses the optimal level of design
parameters can be determined as:

Fig.9 Butt joint

Fig. 10 Butt joint macrostructure

[
=Yt DV~ T
=1

= 0.5476 + (0.5711 — 0.5476) + (0.7410 — 0.5476)
+(0.6144 — 0.5476) = 0.8313 a1

where y,,=total mean GRG, y ;=mean GRG at the optimal level
and o=number of the major design parameters that affect the
quality of the weld characteristics. An experiment with the con-
firmation of welding was carried out during the A-TIG welding
using the optimal set of parameters, that is, the AL of 3 mm,
the WC of 220 Amps and the WS of 120 mm/min. The values
of the weld geometry, obtained with the optimal parameters,
are given in Table 13. Table 13 shows a comparison of the
predicted DOP and BW with the actual value using the opti-
mum welding conditions. There was a good match between the
actual and the predicted results. (The overall GRG improvement
was 0.4959 (53%).) The macrostructure of the butt joint, made
using the optimal input parameters, is depicted in Fig. 10. The
macrostructure of the weldment is uniform without defects such
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Table 13 Results of confirmation test

Initial factor setting Optimal process param-

eters

Prediction Experiment
Factor level AB,C, A B;C, A B;C,
DOP, mm 2.2826 6.3400
BW, mm 5.1827 8.6570
GRG 0.4387 0.8313 0.9346

Improvement in GRG=0.4959

as cracks and porosity. For these sets of parameters, a GRG
is calculated, and the value is 0.9346, which is the maximum
among all the other 27 experimental parameters. This confirms,
for this set of conditions, the correct optimization of the param-
eters. From the analysis of the geometry of the weld bead, the
penetration depth in this case is maximal. It can also be under-
stood that the penetration in this case from the macrostructure
(A-TIG welding) is maximum.

4 Mechanical properties and microstructure
examination of the butt joint

Generally, austenitic stainless steel weldments have an aus-
tenitic matrix with varying amounts of delta ferrite. The
amount of delta ferrite in the weld reduces toughness, ductil-
ity and corrosion resistance [43]. It is needed to evaluate the

mechanical properties and microstructural analysis of butt
joint produced by optimized set of input parameters.

4.1 Mechanical properties

The uniaxial tensile test is one of the well-known mechani-
cal tests preferred to qualify welding procedures. Tensile
testing provides data on the material strength and ductility
under uniaxial tensile stress. This information can be used to
compare materials in the field of design, quality control and
alloy development in some cases. The samples are prepared
for tensile testing as per ASTM E8/8 M-16a standard. The
tests were conducted using 50-kN load cell with a Tinius
Olsen universal testing machine at a constant loading rate
of 1 mm/min. The graphical representation of engineering
stress vs. strain plot is shown in Fig. 11. The joint efficiency
of the A-TIG welding is 101.12%.

The tensile strength of WM (624 MPa), which is higher
than that of BM (621 MPa), and the ductility of WM
(45.44%) is reduced compared with that of BM (51.52%).
Also, the outcomes of ferrite measurement (make: Fischer
Feritscope FMP30) display that the amount of ferrite in the
WM (5.9 EN) is higher compared to that in the BM (1.2 FN).
Therefore, the increase in tensile strength and reduction in
ductility in the WM are attributed to the increase in delta
ferrite, especially for steels having a 3 or more percentage
of delta ferrite [44]. The equiaxed dendritic structure with
increased delta ferrite leads to an increase in the tensile
strength [45]. The presence of TiC particles in the WM also

Fig. 11 Graphic of uniaxial 700 —
tensile test E
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——Weld metal
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Fig. 12 a Macrostructure and optical micrographs of the b BM, ¢ WM and d interface

leads to reduced ductility of weldments. Besides, from the
experimental observation, it is indicated that the position of
fracture is in the BM region, confirming the welding pro-
cedures followed in this study offer superior tensile proper-
ties compared to the BM. In order to ensure the ductility
of the specimen, the bend test specimen (ASTM E190-14)
was subjected to 180° bend. After the test, there were no
visible cracks on the surface of the weld, which indicates
that the WM has comparable ductility. The Charpy impact
test sample is prepared according to ASTM E23-16b. The
energy absorbed for the WM (113.46 J) is less than that of
the BM (123.17 J), approximately 92.1% of the latter. This

is the reason for the lower impact value of WM compared to
that of the BM; WM contains oxide flux-induced inclusions
and more ferrite than BM, and the toughness of the ferrite
is lower than that of the austenite [46].

4.2 Microstructural examination

Figure 12a shows the macrostructure of the butt joint. The
joint consists of BM, WM and interface zone as presented
in Fig. 12b—d. The BM microstructure (refer zone b in
Fig. 12) comprises austenite and ferrite phase at the grain
boundary. BM also shows the presence of titanium carbides
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Fig. 13 EDX elemental line 1600
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(TiC)-intermetallic compounds in small level, primarily at
grain boundaries [47]. The microstructure of the c—d zone
in Fig. 12 reveals that the WM is composed of planar, cellu-
lar, columnar and equiaxed dendrites growth. The morphol-
ogy of the dendrite is primarily decided by G-temperature
gradient, R-solid—liquid (S—L) interface rate and degree of
constitutional supercooling. G/R decreased from the melt-
ing boundary to the internal molten pool, while the degree
of constitutional supercooling increased, resulting in the
transformation of the solidification mode from planar, cel-
lular, columnar to equiaxed dendrites growth [48]. Further,

@ Springer
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the WM region is composed of austenite and a delta ferrite
phase. During cooling, the primary delta ferrite solidifies
in the WM zone, and then, the transformation delta fer-
rite — austenite occurs. Since the delta ferrite — austenite
transition is a diffusion control process, the higher cooling
rate (low heat input) in the A-TIG welding process does not
provide sufficient time to complete the phase transition and
a small level of delta ferrite is retained in the WM. This phe-
nomenon increases the ferrite wt%. Delta ferrite in the range
of 3-8% is required to avoid the formation of hot cracks
during solidification of the weld [49, 50]. Not all observed
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Table 14 FN-measured versus predicted (according to the WRC-
1992 diagram)

Material zone FN—measured FN-—calculated Measured minus
calculated

WM 59 53 0.6

TiC particles are located at the centre of equiaxed dendrites,
which indicates that not all particles act as nucleants [51,
52]. Ferrite dendrites can be clearly observed in a range of
around 100 um from the solidification interface. Austen-
ite is solidified in succession to the retained liquid phase at
the ferrite—dendrite boundaries. This result shows that the
mode of solidification is FA mode, in which primary phase
is ferrite and the secondary phase is austenite during WM
solidification [53].

These microstructural features are in line with the previ-
ous investigations on austenitic stainless steel weldments by
Chandrasekar et al. [54] and Masoud Sabzi et al. [55]. Meh-
ran Nabahat et al. [45] reported that the SS321 WM solidi-
fication mode was FA with equiaxed grains at the centre
of the fusion zone and columnar dendrites at the interface.
Equiaxed dendrites nucleate at the centre of the fusion zone
as a result of the heterogeneous nucleation from fragmented
dendrites or detached grains. Similarly, the dissolution of
TiC in the microstructure confirms that the welding process
encompasses the formation of TiC and thereby it retains the
Cr wt% [54]. This confirms that heat input plays an impor-
tant role in the solidification mode and microstructure in
weldment. Figure 13 displays the energy-dispersive X-ray

Creq= Cr+ Mo + 0.7*Nb

(EDX) elemental line scan from BM to WM region. The
distribution of elements in the line illustration shows that
Fe and Cr are peaking in the WM than other elements. The
results show that when the peaks of Fe and Cr elements
decrease and the peak of Ti element increases, it is show-
ing that there is a TiC particle formation in that zone. It
is thus obvious that TiC particles present in the WM area
avoid weld decay and act as a nucleation site. In addition,
this leads to grain growth in the WM [26]. EDX analysis at
the WM is shown in Fig. 14. From the results obtained, it
is clear that there were no notable changes in the elemental
composition in the WM. In addition, there is a small increase
in the iron (Fe) content at the WM due to the presence of
higher delta ferrite content.

The microstructure of austenitic stainless steel-welded
metal depends only on the solidification mode. Typically,
the composition in 300 series stainless steel and the equiva-
lent (eq) Cr/Ni range allow all four types of solidification
modes to exist, namely austenite—A: Cr,/Ni,, <1.25),
austenite + ferrite—A + F: /.25 < Cr/Ni,, < 1.48, fer-
rite + austenite—F + A: 1.48 <Cr,/Ni., < 1.95 and fer-
rite—F: 1.95 < Cr,/Ni,, (according to the welding research
council (WRC)-1992 diagram). This creates difficulty in
identifying the WM microstructure, especially when its
composition lies close to the eutectic point. According to
the WRC-1992 diagram (Fig. 15), the calculated Creq =174,
Ni,=10.2 and Cr,/Ni,, = 1.7, respectively, for WM using
EDX results. Therefore, the solidification mode of WM must
be the FA mode: 1.48 < Cr,/Ni, < 1.95. The measured and
predicted FN using Feritscope and WRC-1992 in WM is
shown in Table 14, and it clearly indicates the higher wt%
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Fig. 16 EBSD images of the BM a IPF map, b grain boundary map and ¢ grain size distribution

of Fe with a deviation of 0.6 FN. The increase in delta ferrite
in the weldment will improve the mechanical integrity of the
welded joint [56].

The inverse pole figure (IPF) map, grain boundary map
and grain size distribution of the BM, interface and WM
zones are shown in Figs. 16, 17 and 18. The BM consists of
fine grains exhibiting random orientation colour distribu-
tion (Fig. 16a), and the average grain size is about 21 pm
(Fig. 16¢). Table 15 shows the summarized EBSD results of
BM, interface and WM zones. The BM constituted 97.0%
and 3.0% fraction of high-angle grain boundaries (HAGBs)
and low-angle grain boundaries (LAGBs), respectively. It
is observed from Figs. 17a and 18a the presence of coarse
columnar dendrites and equiaxed dendrites at the middle of
the joint, respectively. From Table 15, it can also be seen
that interface and WM have a lower fraction of HAGBs com-
pared to BM. Furthermore, Figs. 16¢, 17c and 18c show
the grain size distribution of BM, interface and WM zones,
respectively.

The grain coarsening is attributed to heat input produced
during the welding process as initially the grains at the inter-
face grew on the basis of the initial grain. Further, during the
welding process the cooling rate is more in WM and tem-
perature gradient at the edge and weld centre is fairly large.
Hence, the columnar and equiaxed grains grow along the

@ Springer

direction of the maximum temperature gradient. The average
grain size of interface and WM zone is 40 um and 61 pm,
respectively. Figures 16b, 17b and 18b show the grain
boundary map obtained from EBSD. The grain boundary
misorientation angle distribution has major influence on the
mechanical properties specifically for polycrystalline materi-
als. Two types of LAGBs are indicated in red (2°<0<5°)
and green colour (5° <6 <15°). Boundaries beyond 6> 15°
are called HAGBs, which is indicated in blue colour. The
increase in tensile strength is mainly based on the LAGBs
in the WM when compared with BM. It is observed that
LAGBs form within the grain interior as subgrain or disloca-
tion walls and the reason for their formation is the decrease
in energy stored to sustain some form of structural integrity
at the boundary. LAGBs have a discrete dislocation array,
while HAGBs generally keep a disordered structure. As the
LAGBs density increases, these dislocation walls are refined,
obstructing the movement of slip dislocations, i.e. mobile
dislocations across the boundaries, resulting in strengthening
of the welded joint when stress is applied. The rise in tensile
strength is due to the movement of LAGBs cells as a single
unit because of application of stress [57]. The movement of
the LAGBs units is dependent on the speed with which the
dislocations in the boundary can experience ‘climb’ [58].
As HAGBs can hinder the expansion of brittle cracks, £3
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Fig. 17 EBSD images of the interface a IPF map, b grain boundary map and ¢ grain size distribution

(8#=60°) coincidence site lattice boundary (CSL) is a type
of distinct grain boundary with fairly low grain boundary
energy and lesser impurity segregation. Higher the X3 CSL
boundaries are present, the more impediments there are in
the offset of the WM grains which has preferred orienta-
tion. Due to the application of the thermal weld cycle, the
X3 CSL boundaries declined significantly and the ability
to avert migration of HAGBs decreased. The misorienta-
tion angle distribution progressively migrated from HAGBs
to LAGBs. In combination with the above examination, it
can be stated that for WM compared with BM the tensile
strength increases and toughness decreases [59].

4.3 Fractographic examination of samples
from uniaxial tensile and impact test

The fractured surfaces of both BM and WM (uniaxial tensile
and impact test) samples were investigated using SEM to
study the microcharacteristics. SEM photomicrographs show
the existence of fine dimples, voids, riverine and honeycomb
structure in the BM and WM (Fig. 19). It could be concluded
that the nature of the fracture was ductile mode. The frac-
ture surface of the WM shows the existence of microvoids
and fine dimples comparing with the BM, and this micro-
voids aid in the improvement in the load-carrying capacity

of the WM [60-62]. Therefore, it is revealed that the tensile
strength of WM (consisting of austenite and delta ferrite
phase) is higher than that of BM (predominantly austenite
phase with lower amount of delta ferrite). The ductile mode
of failure is characterized with sufficient plastic deformation
[63]. As the A-TIG tensile sample contains relatively hard
oxide inclusions which do not deform at the same rate as
the matrix, voids are nucleated in the BM region to accom-
modate the incompatibility. The ductile mode of failure in
austenitic stainless steels consists of the following mecha-
nisms: nucleation growth and coalescence of fine dimples
and microvoids [64]. The ductile fracture propagates slowly
and after sufficient plastic deformation above the tensile
strength. This tensile stress aids in the formation of fine dim-
ples and microvoids at the necking region and interconnects
them until fracture by initiating fine crack slowly [65]. Most
of the metals, especially with FCC phase such as austenitic
stainless, typically have a “cup-cone” fracture at room tem-
perature. Also, the fractured surface of BM and WM impact
samples has similar features (dimples, voids, riverine and
honeycomb structure), indicating the ductile type of failure
(Fig. 20). Further, oxide flux-induced inclusions and higher
content of delta ferrite in the austenitic stainless steel weld-
ments reduce the toughness of the WM [46, 66].
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Fig. 18 EBSD images of the WM a IPF map, b grain boundary map and ¢ grain size distribution

Table 15 Grain size, LAGBs and HAGBs of different zones 5 Conclusions
Region Average LAGBs, % HAGBs, % . . .
grain size, In this current study, the meticulous approach of Taguchi-
2°<0<5° 5°<6<15° 15°<60<180° Lo . .
pm based GRA optimization technique has been implemented
BM 21 13 10 06.8 for finding the opthlal c.ombmatlon of parameters to attain
Interface 40 41 97 032 adequate weld quality, i.e. DOP and BW of the weldment
WM 61 23 105 66.3 obtained by A-TIG process, so that the essential condition

for producing a good welded joint is to provide full DOP.

Y L. T A 5
Shear rupture o

N

NITT WD12 .5mm

Fig. 19 SEM photomicrograph of the uniaxial tensile fracture surface a BM and b WM
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Fig.20 SEM photomicrograph of the impact test fracture surface a BM and b WM

Based on the present study, the following inferences are
drawn.

With the help of Taguchi-based GRA optimization tech-
nique, to attain the preferred level of quality in weld-
ments, the control of WC is the foremost governing
parameter followed by WS and AL.

From the ANOVA results, it is noted that the percentage
of contribution of input parameters, i.e. WC, WS and AL,
is 87.0, 11.6 and 1.4, respectively. The optimized input
parameter combination is given as follows:

AL, mm

WC, Amps WS, mm/min

220 120

The effect plots of thermal input during welding pro-
cess on DOP and BW confirms that high WC, low WS
and minimum AL are the ideal choice of choosing the
input parameters for the desired weldment with deep
penetration and resultant BW.

An increase in delta ferrite content and oxide flux-
induced inclusions reduce the toughness of the joint
compared to BM. Also, the butt joint has better ten-
sile strength compared with BM, and this is due to the
existence of delta ferrite. After bending test, there are
no obvious cracks on the surface of the weldment.
Microstructure analysis reveals that the WM region of
butt joint consists of columnar and equiaxed type den-
drite growth. Also, the presence of TiC in the WM will
avoid the weld decay and act as nucleate site, leading
to grain growth in the WM region.

e EBSD examination confirms that an increase in tensile

strength and a decrease in toughness of the butt joint
are due to the presence of LAGBs at the centre of the
WM during welding process.

The fracture morphology of the failure surfaces (tensile
and impact) indicates that mode of fracture is ductile.
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