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Abstract

This work presents the effect of process parameters viz., current, speed, gas flow rate, and arc gap on characteristics of
austenitic stainless steel SS304 bead-on plate welds and determines the optimal combination of parameters. Experiments
were conducted as per Taguchi L9 orthogonal array and the effect of process parameters on weld bead profile, penetration
depth, bead width, microstructure, and hardness were analysed. An optimum value was obtained for each process parameter
to maximize penetration depth and hardness and minimize the bead width and HAZ. It was found that heat input per unit
weld length is crucial in controlling the weld characteristics. Stronger inward flow patterns were responsible for beads with
a narrower width and deeper penetration because of higher heat input however, excessive heat input was detrimental and
produced wider beads and HAZ. Current and speed were most dominant in deciding weld characteristics than gas flow rate

and arc gap. Predicted results are in close agreement with the confirmation experiments.
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1 Introduction

Austenitic stainless steel of 300 series were developed in
early twentieth century in Germany and widely used in a
variety of industrial applications. Addition of austenite stabi-
lizing element like nickel, manganese and nitrogen develops
austenite, a face cubic crystalline structure from ferrite.
Also, specific composition, heat treatment and cooling rate
are needed for its formation [1]. These nonmagnetic, work
hardenable austenitic steels are widely used for diversified
applications in automotive, aerospace, chemical, food, dairy,
medical, home and architectural industries owing to their
formability, ductility, toughness, weldability, corrosion and
creep resistance [2, 3]. In general, applications of stainless
steels in diversified areas requires joining of standard struc-
tural shapes by one or other welding techniques [4]. SS304
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is weldable not only by arc welding techniques but also by
new techniques like friction stir welding, cold metal transfer
welding, etc. Friction stir welding is capable to produce high
quality consistent, light similar and dissimilar welds with
superior microstructure, mechanical, fatigue and corrosion
behavior [5-7].

Tungsten inert gas (TIG) welding utilizes non-consumable
tungsten electrode to produce arc for melting and joining of
metals. TIG utilizes low-cost equipment and can produce
high quality welds with an inert shielding gas like argon,
helium, or a mixture to prevent air metal reactions. Though,
TIG offers many advantages but low penetration depth (max-
imum of 3.5 mm in a single pass) renders it less appropriate
for welding of thick plates [8]. Joining of thick plates (thick-
ness greater than 3.5 mm) using the TIG welding necessitates
preparation of a suitable groove geometry, multiple-pass
welding, and filler material [9—14]. Multi-pass welding over-
comes the limitation of low penetration depth of single pass
TIG and was off late used for joining thick sections. How-
ever, it results in reduced productivity and increased welding
costs on account of expenses on edge preparation, increased
cost of filler metals, shielding gas and labor cost.

Other techniques to improve penetration during TIG weld-
ing include optimization of process parameters and use of
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oxide, fluoride, and chloride-based fluxes, known as acti-
vated fluxes. In most cases, oxide-based fluxes offer deepest
penetration, improved microstructural, and mechanical prop-
erties. Type of activated fluxes used varies from metal to
metal, for example, SiO;, TiO;, Al,O3, and MnO, fluxes
are preferred for joining of austenitic, duplex, and marten-
sitic stainless steels [15—17]. The use of activated fluxes along
with optimized parameters can enhance the penetration depth
to greatest achievable level.

Optimization of processes parameters is crucial for the
success of any welding process as it affects the quality and
properties of weldments. Welding current, speed, gas flow
rate, and arc gap are some of the process parameters which
had most significant consequences on the heat input however,
they affect weld heat input differently so as weld morphology
and quality [6, 18-21]. In general, an increase in welding cur-
rent, increases the melting rate of base metal due to increased
heat input which in turn results in a greater weld pool size,
thus increased bead dimensions [22—-24]. Similar effect was
also observed on decreasing the welding speed i.e., increased
penetration depth since weld arc spends more time at a loca-
tion and raises the temperature. Decrease in welding speed
from 71.94 to 60.58 mm/min and increase in current from
100 to 300 A, increased the depth of penetration from 6.3 mm
to 6.7 mm during welding of 10 mm thick P-22 grade steel
[25]. Arc gap also affects the weld penetration. If the arc
gap is too small, there is greater chances of tungsten con-
tamination and leads to inconsistent weld penetration which
causes shallow weld [26]. On the other hand, too large arc gap
causes unstable and erratic welding arc which causes incon-
sistent weld penetration. It causes deep and narrow weld,
which does not provide sufficient strength to weld [27, 28].
Welding speed and current were found the most influenc-
ing process parameter for controlling the hardness of HAZ
and tensile strength of TIG dissimilar welds of AA6061-
AAS5083 aluminum alloy while use of non-optimal process
parameters resulted in larger HAZ, porosity, voids, and other
defects in larger numbers [20]. Greater gas flow prevents the
molten metal from adverse outcomes of atmospheric gases
and increase penetration. On increasing gas flow from 1 to
18 1/min, weld width increased from 5.42 mm to 9.12 mm
because of higher rate of heat diffusion [29, 30]. Experiments
were planned as per Taguchi L9 orthogonal array for welding
4.84 mm thick SS304. Optimal parameters (110 A current,
82 mm/min speed, and 13 1/min flow rate) produces superior
HAZ hardness of 194 Hv possibly due to more ferrite content
owing to rapid cooling rate at low heat input. High heat input
resulted in lower hardness because slow cooling transformed
the majority of ferrite into low hardness austenite [31].

In view of the literature review the present work aims
to optimize the process parameters viz. welding current,
speed, gas flow rate and arc gap using Taguchi L9 orthogonal
array and investigate their influence on weld morphology,

@ Springer

microstructure, and hardness using analysis of variance
(ANOVA).

2 Experimental procedure

SS304 plates of dimension 100 mm x 30 mm x 6 mm were
used as base metal. TIG, bead on plate welding was used
in the experimental work. The nominal composition of base
metal is given in Table 1 [32].

After being hand-ground to eliminate impurities like
grease and dirt, the plates’ surfaces were thoroughly cleaned
using acetone. Bead-on-plate welding was completed using
an air-cooled TIG welding machine having direct current
electrode negative (DCEN) polarity (Electra-250, India).
Thoriated tungsten and argon were used as electrodes and
shielding gases for welding. The initial parameters for pilot
experiment were selected based on literature review [31, 33,
34]. During pilot experiment, a current range between 80
and 120 A produced good welding; current below 80A did
not cause penetration while current above 120 A melted the
6 mm thick plate. A feed setup was designed and fabricated to
maintain the arc gap constant and the welding speed uniform,
as shown in Fig. 1. The plates to be welded were placed over
the welding platform, and the setup was then adjusted for
the required welding speed and arc gap. Based on machine
constraints and pilot experiments, the range and levels of
input parameters and fixed parameter values were finalized,
as shown in Table 2.

The Taguchi technique was utilized to reduce the num-
ber of experimental trials with selected levels of factors.
A 3-level 4-factor design was selected to create a L-9 (3%
orthogonal array from available Taguchi Designs. The sig-
nal to noise (S/N) ratio for each level is based on the S/N
analysis. Larger-the-better criterion was considered for pen-
etration depth, bead hardness and HAZ hardness, whereas
smaller-the-better criterion was selected for bead width and
HAZ width. The standard S/N formula for computing the
type of response is mentioned in Egs. (1) and (2).

2
Larger the Better : (S/N); = —1010g|:1/n Zj:] I/Yiﬂ )

n 2
Smaller the Better : (S/N); = —101og[1/n}""_ ¥2] (@)
J:

where ‘i’ denotes the trial’s number, Yj;” denotes the quality
of the ith trial and jth experiment, and ‘n’ denotes the total
number of experiments [35].

The L9 orthogonal array is given in Table 3. The design
is orthogonal, which means it can estimate the independent
relationship between different response parameters and pro-
cess parameters.



International Journal on Interactive Design and Manufacturing (1JIDeM)

Table 1 Chemical composition

of base metal SS304 (Wt%) Steel Cr Ni

SS304 18-20 8-10.5

Fig. 1 Experimental setup for
TIG welding a Chain sprocket
and screw attachment for
constant feed b vertical screw
attachment used to control arc

gap

Table 2 Details of welding

parameters and weld condition Current Welding speed Gas flow rate Arc gap Power source
85-95-105 A 1-2.5-3.5 mm/s 5-9--3 1/min 1-2-3 mm DCEN
Shielding gas Electrode included angle Electrode diameter Material Voltage
Argon 60 3 mm SS304 20V
Table 3 L9 orthogonal array with corresponding responses
Run Control factors Responses
Current Welding Gas flow Arc gap Penetration Bead Aspect HAZ Bead HAZ
(A) speed rate (mm) depth (mm) width ratio width hardness hardness
(mm/s) (I/min) (mm) (D/IW) (mm) HV) HV)
1 85 1 5 1 3.10 5.18 0.60 3.39 204.12 209.80
2 85 2.5 9 2 1.85 4.62 0.40 2.35 230.40 236.96
3 85 35 13 3 1.75 4.46 0.39 2.20 237.60 244.20
4 95 1 9 3 343 6.34 0.54 4.35 206.88 212.00
5 95 2.5 13 1 2.18 4.94 0.44 3.17 225.20 240.00
6 95 35 5 2 2.05 5.24 0.39 3.63 230.60 242.00
7 105 1 13 2 3.45 7.32 0.47 4.41 191.52 192.52
8 105 2.5 5 3 2.75 6.48 0.42 3.83 206.40 209.40
9 105 35 9 1 2.73 5.76 0.47 4.21 203.06 218.40

Bead-on-plate welding was performed using different lev-
els of independent control factors as per Table 3. A rotal of
nine bead-on-plate welds were made. After welding, speci-
men of size 20 x 10 x 6 mm® were cut perpendicular to the
weld bead with fusion zone at the centre. The samples for
microscopy, hardness measurement, and confirmation tests
were then cold-mounted using resin and hardener, which
facilitates their polishing with ease. The mounted samples
were then polished on a dual disk polisher (BAINPOL PMYV,
Chennai Metco India) using various grades of emery papers
(120  to 2000 w). Samples were first grounded using 120
SiC paper and then rotated by 90° for each higher grade

of SiC paper. During polishing, a jet of water was used to
cool the specimen and flush the debris away from the spec-
imen. Finally, samples were polished on blazer and velvet
cloth with alumina powder of 1 p size. Polished samples
were etched with an etchant comprising 2 g CuSOy4, 5 ml
H>SOy4, 10 ml HCI, and 10 ml H,O to reveal the fusion zone,
HAZ, and grain structure. The microstructure of weld beads
was analyzed by optical microscope (DM750 M, Leica).
Hardness was measured on polished and etched samples per
ASTM E92-82 using a Vickers hardness tester (VM-50, SSS
Instruments, India).
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S.N. Weld Face Weld Bead Weld Root

Weld Direction Cross-Sectional Weld Direction

View

Fig.2 Variation of weld morphology (Weld face, root, and profile) with welding parameters

@ Springer



International Journal on Interactive Design and Manufacturing (1JIDeM)

3 Result and discussion
3.1 Weld morphology

The morphology of the bead on plate welds is presented in
Fig. 2. The serial number is same as Taguchi L9 design pre-
sented in Table 3. The process parameters largely affect the
appearance of the weld face, root, and bead as evident from
Fig. 2 which is obvious because of varying heat input to
welds.

A careful inspection of the deposited beads revealed that
all the beads were free from visible weld defects. Beads
were uniform, but their width was found to vary with weld-
ing parameters. Ripples were also visible on weld beads. A
region with changed color was seen on the weld bead’s root
side. In general, the width of the region was found in direct
relation to that of bead width at the crown. The wider crown
of the bead had a wider root also. The shape of the bead varied
with the change in parameters. It was symmetrical for exper-
iment runs 1, 3, and 9, while the rest had an unsymmetrical
profile. Trial run 7 was found to have the greatest penetra-
tion depth, followed by run 4 and 1. Run 3 of the experiment
produced the lowest penetration depth, followed by run 2.
The variation in penetration depth and bead profile can be
attributed to changes in heat input per unit weld length due
to change in parameters.

3.2 Microstructure

The base metal, HAZ, weld bead, fusion boundary, and par-
tial fusion zone are visible in the microstructure images of
the specimens. Figure 3 shows the microstructure images
of the weld specimens fabricated as per the Taguchi design.
Weld beads were defect-free, i.e., no evidence of defects,
such as solidification cracking and porosity, was found dur-
ing microstructure analysis. The base metal mostly consists
of an austenitic phase. The HAZ comprises an austenite phase
with large grain size. The grain size is larger near the weld
bead and tends to decrease as it moves away from the weld
center. During welding, weld metal cools rapidly because it is
surrounded by partially melted fusion zone and HAZ, which
have a temperature lower than molten weld pool. It creates a
large temperature gradient causing faster weld metal cooling.
The transformation of delta ferrite to austenite is incomplete,
and more delta ferrite is retained in the weld metal after solid-
ification.

Different weld zones have varying microstructures, as evi-
dent from the micrographs in Fig. 3. The central region of
the weld bead exhibited a dendritic microstructure. Dendrite
structure is found in the weld bead aligned along the cooling
direction. The dendritic structure at the weld periphery has
a longer dendritic arm of 85 pwm and a smaller dendritic arm
of 11 wm. These large and small dendrite arms were almost

indistinguishable in the central fusion zone of the bead. HAZ
size was found to vary from crown to root of the bead. The
width of HAZ was found to be more near the weld face and
smaller at the weld root hence widening it. The grain size
of HAZ in the vicinity of the weld bead was 110 pwm, and it
gradually decreased to 45 jum on approaching the base metal.
HAZ and base metal displayed the austenitic grain structure
but were significantly coarsened. The degree of coarsening
varied with the process parameters.

4 Statistical analysis

Statistical analysis was carried out to assess the impact of
process input variables (current, speed, gas flow rate, and arc
gap) on responses. Since some input factors had small contri-
butions, these were pooled and studied using response tables
of mean and a pooled analysis of variance. The delta value
depicts the influence of a factor on response. The higher the
delta value, the greater the rank, i.e., the influence of a factor
on a response. Degree of freedom (DF), sequential sums of
squares (Seq SS), adjusted sum of squares (Adj SS), adjusted
mean squares (Adj MS), contribution (P), and contribution
percentage (cont. %) were determined for all responses. The
ratio of the mean square value of the model to the mean square
value of the residual yields the model’s F value. The signifi-
cance of the parameters was determined with the help of the
P-value. If the P-value is less than 0.05, the input parameter
is statistically significant at a 95% confidence level. Other-
wise, the term is insignificant and may be removed from the
analysis. The R? score indicates how much of the variability
in the data is explained by the ANOVA model. [24, 25].

4.1 Penetration depth

Penetration depth had to be maximized, so larger the better
criterion is used for analysis. The response table for means
of penetration depth is presented in Table 4. Welding speed
had much higher delta values than current, while gas flow
rate and arc gap exhibit approximately similar lowest delta
values to vary their rank, i.e., influence. It can be concluded
from the response table for means that the welding speed has
the largest effect on penetration depth, followed by current,
arc gap, and gas flow rate.

The variation of mean penetration depth with various input
factors is shown by main effect plots for penetration depth,
as shown in Fig. 4. Penetration depth varies differently with
each input parameter. The mean value for penetration depth
increased with current and decreased with welding speed. For
the gas flow rate mean of penetration depth first increased to
maximum and then decreased with further increase in gas
flow rate. Arc gap has an opposite trend of variation of mean
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Fig. 3 Evolution of S.No. HAZ Left Fusion Zone HAZ Right
microstructure in HAZs and G A i e

fusion zone of weld beads with
process parameters
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Table 4 Response table for

means of penetration depth Level Current (A) Welding speed (mm/s) Gas flow rate (1/min) Arc gap (mm)

1 2.233 3.327 2.633 2.670
2 2.553 2.260 2.670 2.450
3 2.977 2.177 2.460 2.643
Delta 0.743 1.150 0.210 0.220
Rank 2 1 4 3
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Fig. 4 Main effect plot of means for penetration depth

to that of gas flow rate. The optimum maximum penetra-
tion depth recommended by main effect plots for means is
obtained at 105 A current, 1 mm/s welding speed, 9 1/min
gas flow rate, and 1 mm arc gap.

Table 5 summarizes the pooled variance of analysis for
means of penetration depth. P-values less than 0.05 indi-
cate model terms are significant. In this case, welding speed
and current were significant model terms. Welding Speed
had the highest (71.3%) contribution percentage followed by
current (24.1%); therefore, both were statistically significant,
whereas other factors, viz. arc gap and gas flow rate, were
insignificant due to much less percentage contribution and
hence pooled during analysis.

Heat generation by an electric arc is directly proportional
to welding current and voltage. The ratio of the product of
welding current (I) and voltage (E) divided by welding speed
(V) is the amount of heat input per unit weld length (EI/V)
and influences the cooling rate. Increased current at constant
speed increases the heat input per unit weld length and vice
versa. Therefore, increase in penetration depth with increas-
ing current or decreasing speed is due to the higher heat input
to weld, melting the faying edges easily. Increasing EI/V
decreases the cooling rate and vice versa. It can be achieved
by either increasing the current or decreasing speed. Slower
cooling facilitates this owing to the higher peak temperature
for a longer duration in a narrow region. It also affects the
weld pool’s surface tension, which decreases with increasing

temperature. Weld pool centre has lower surface tension than
the surrounding outer region owing to the higher temperature.
Molten metal flows from the low surface tension region to
the high surface tension region, i.e., weld center to the outer
region. This outward flow widens the weld bead and makes it
shallow, as in the case of low current or high speed for which
the cooling rate is low. Arc gap or arc length governs the speed
of electrons. Short is the arc gap, low is the speed of electrons
resulting in less weld pool heating on account of less bomb-
ing effect of electrons which in turn produces shallow weld.
This lower penetration is due to decreased efficiency of weld-
ing heat transfer arising from enlarged anode diameter on
account of higher heat generation [36]. An increase in helium
gas flow rates from 5 1/min to 9 I/min increased the penetra-
tion slightly due to enhanced compression effect, i.e., arc
constriction. At a higher flow rate, a small amount of helium
escapes into the air, so a large amount of gas around the arc
enhances compression effect, causing more heat transfer to
the weld; hence, the increased penetration depth is obvious.
In summary, stronger inward flow patterns are responsible
for beads with narrower width and deeper penetration due
to higher heat input. Similar results were also reported in
literature [37].
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Table 5 A pooled analysis of

variance for penetration depth Source DF  SeqSS Adj SS Adj MS F P Cont.% (%)
Current (A) 2 0.83416  0.83416 0.41708 10.30  0.026 24.1
Welding speed (mm/s) 2 246722 246722 1.23361 3046  0.04 71.3
Gas flow rate (I/min) * 2 0.07549 - - - - -
Arc gap (mm)* 2 0.08649  — - - - -
Pooled error 4 0.16198 0.16198 0.04049
Total 8 3.46336
“Pooled factor
Table 6 Response table for
means of bead width Level Current (A) Welding speed (mm) Gas flow rate (1/min) Arc gap (mm)
1 4753 6.280 5.633 5.293
2 5.507 5.347 5.573 5.727
3 6.520 5.153 5.573 5.760
Delta 1.767 1.127 0.060 0.467
Rank 1 2 4 3

4.2 Bead width

Bead width was minimized as per smaller the better crite-
ria. The response table for means of bead width is presented
in Table 6. Current has the greatest delta values followed by
speed, arc gap, and gas flow rate, and rank also varied accord-
ingly, so as their influence. It is evident from the response
table of mean that current had the largest effect on the bead
width while gas flow rate exhibited the least influence.

Figure 5 shows the main effect plot for mean of bead depth.
The variation of bead width was like that of penetration depth
with current and speed. However, the trend of variation of
the mean of bead width with gas flow rate and arc gap was
reversed to that of penetration depth, i.e., it first decreased
with an increase in gas flow rate and remained constant after
that. Bead width increased with arc gap for all values. Higher
heat input forms a larger melt pool, so a wider weld bead. It
is the reason for the increase in bead width with an increase
in current and arc gap, and decrease in speed. Similar results
were also reported by other researchers [38].

The optimum parameters for minimum bead width were
current 85 A, weld speed 3.5 mm/s, gas flow rate 13 I/mm,
and arc gap 1 mm, respectively.

Bead width must be kept to a minimum; hence smaller the
better criterion was used for analysis. Table 7 summarizes the
pooled analysis of variance for means of bead width. Weld-
ing current has the highest (64.5%) percentage contribution,
followed by speed (29.8%), and is statistically significant.
The contribution of the arc gap was only 5.6% of the total
variation and is significantly smaller compared to current and
speed however it has a value greater than 5% hence included
in analysis despite a small contribution.
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4.3 HAZ width

Smaller the better criterion was used for maximizing HAZ
width. The response table for means of HAZ width is pre-
sented in Table 8. It may be concluded from the delta values
of the response that the current has the largest effect on the
HAZ width, followed by welding speed, gas flow rate and
arc gap respectively.

The main effect plot for mean of HAZ width are presented
in Fig. 6. Mean of HAZ width increased with an increase in
current and had a similar trend to penetration depth and bead
width. An increase in weld speed drops the mean of HAZ, but
a further increase enhances the same. The trend is found like
the variation of penetration depth with arc gap. With gas flow
rate, mean of HAZ width first increased to maximum then
decreased with further increase in gas flow rate. The same was
found to decrease with the arc gap for all values. Like bead
width, HAZ width is also found to rise with increasing heat
input. A higher gas flow rate means more cooling, lower heat
input, and narrow HAZ. The increase in arc gap does not seem
to augment heat input to a level sufficient for enhancing HAZ
width. The optimum values of various factors were current
85 A, speed 2.5 mm/s, gas flow rate 13 I/mm, and arc gap
2 mm, as suggested by main effect plot of means shown in
Fig. 6.

Speed, current, gas flow rate, and arc gap had percent-
age contributions in descending order, as evident from the
table of a pooled analysis of variance presented in Table 9. In
this case, current and weld speed are crucial model factors,
with P values of 0.009 and 0.023, respectively. Current and
speed have a statistically significant percentage contribution
of 67.60% and 26.60%, respectively. Current exhibited the
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Fig. 5 Main effect plot of means for bead width
Table 7 A pooled analysis of - -
variance for bead width Source DF Seq SS Adj SS Adj MS F P Cont.% (%)
Current 2 4.71547 4.71547 2.35773 654.93 0.002 64.5
Weld speed 2 2.17787 2.17787 1.08893 302.48 0.003 29.8
Gas flow rate* 2 0.0072
Arc gap 2 0.4067 0.4067 0.20333 56.48 0.017 5.6
Pooled Error 2 0.0072 0.0072 0.0036
Total 8 7.30720
*Pooled factor
Table 8 Response table for
means of HAZ width Level Current (A) Welding speed (mm/s) Gas flow rate (I/min) Arc gap (mm)
1 2.647 4.050 3.617 3.590
2 3.717 3.117 3.637 3.463
3 4.150 3.347 3.260 3.460
Delta 1.503 0.933 0.377 0.130
Rank 1 2 3 4

highest percentage contribution, whereas the opposite is true
for the arc gap. Current was the most significant factor, fol-
lowed by speed and gas flow rate. On the other side, the arc
gap had a small percentage contribution less than 5% and
therefore it was pooled.

4.4 Bead hardness

Bead hardness was maximized as per larger the better cri-
terion. The response table for the mean of bead hardness is
presented in Table 10. Delta values were very high for cur-
rent and welding speed compared to arc gap and gas flow
rate. However, delta values were approximately the same for
current and welding speed. It is evident from Table 10 that
current dominates and is followed by welding speed, arc gap,
and gas flow rate.

The main effect plots for the mean of bead hardness are
presented in Fig. 7. Bead hardness declined with current.
However, it augmented with speed for all other values. Bead
hardness remained almost the same with the middle level
of gas flow rate, beyond which it again augmented to the
maximum value. Variation of bead hardness with arc gap had
an opposite trend of variation to that of gas flow rate. Overall,
the bead hardness mean varied in the opposite sense to that of
penetration depth. The range of change in the mean of bead
hardness was much more for current and speed than gas flow
rate and arc gap, which had a relatively narrow range.

Heat input per unit weld length is the main factor govern-
ing the hardness distribution in the bead-on plate welds. It
can be seen from Fig. 7 that hardness rapidly decreases with
increasing heat input, i.e., with increasing current, decreas-
ing speed, and gas flow rate. This is because the welding
process’s peak temperature and cooling rate depend on heat
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Mean of HAZ Width (mm)
3

variance for HAZ width

mean of bead hardness

Mean of Weld Bead Hardness (HV)
W
b

Current(3) Weld Speed (mm/Sec) | Casflowrate (Umin) L Arcgap(mm) |
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85 95 105 1.0 25 3.5 5 13 1 2 3
Fig. 6 Main effect plot for means of HAZ width
Table 9 A pooled analysis of
Source DF Seq SS Adj SS Adj MS F Cont.% (%)
Current (A) 2 3.59269  3.59269 1.79634 109.02 67.60
Weld speed (mm/s) 2 1.41869 1.41869  0.70934 43.05 26.60
Gas flow rate (I/min) 2 0.26949  0.26949  0.13474 8.18 5.07
Arc gap (mm)* 2% 0.03296
Pooled error 2 0.03296 0.03296 0.01648
Total 8 5.31382
*Pooled factor
Table 10 Response table for the
Level Current (A) Welding speed (mm/s) Gas flow rate (I/min) Arc gap (mm)
1 224.0 200.8 213.7 210.8
2 220.9 220.7 2134 217.5
3 200.3 223.8 218.1 217.0
Delta 237 22.9 4.7 6.7
Rank 1 2 4 3
Cwirent (A) Weld Speed (mm/Se) | Gasflowrate(/min) | Arcgap(mm) |
L] L] L] L] L] L] L] L] L] L] L]
85 95 105 1.0 25 35 5 13 1 2 3

Fig.7 Main effect plot for means of bead hardness
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input and affect microstructure evolution greatly. Higher the
heat input, lower is the cooling rate, which decreases the weld
bead hardness because of coarsening and low volume of delta
ferrite. Wichan et al. [25] and Bansod et al. reported similar
results [39]. High speed for welding of low nickel austenitic
stainless steel increases weld hardness. This was attributed to
faster weld cooling owing to high speed, forming microstruc-
ture with finer grains and significant volumes of delta-ferrite.
Increased gas flow rate beyond a medium level is believed to
increase the cooling rate and hardness. Similarly, an increase
in hardness with an increase in arc gap up to medium level is
due to a faster cooling rate due to low heat input. A decrease
in hardness with an increase in arc gap beyond the medium
level may be due to a lower cooling rate owing to excessive
heat input. The optimum values of process factors for maxi-
mum bead hardness were current 85 A, speed 3.5 mm/s, gas
flow rate 13 I/min, and arc gap 2 mm, as evident from Fig. 7.

Current and speed have almost similar percentage contri-
bution of 48.60% and 45.30%, respectively; thus, they were
statistically significant, while other two factors, arc gap and
gas flow rate, have a very low percentage contribution. Thus,
arc gap and gas flow rate were pooled out, being the most
insignificant factor, as seen from Table 11.

4.5 HAZ hardness

HAZ Hardness was maximized as per the larger the better
criterion for analysis. Delta values were very high for speed
and current compared to gas flow rate and arc gap. Speed
exhibited the greatest delta value and arc gap least one. Speed
had the most dominating effect on the mean of HAZ hardness
than current, arc gap, and gas flow rate, as evident from the
response table for means of HAZ hardness presented in Table
12.

The mean of HAZ hardness declined with current and arc
gap; however, it increased with speed and gas flow rate for all
the values used, as seen from the main effect plots of the mean
of HAZ hardness presented in Fig. 8. The trend of variation
was found like that of bead hardness. Further, the range of
change in the mean of HAZ hardness was much wider for
speed and current than gas flow rate and arc gap, which had
a very narrow range. The variation of HAZ hardness with
process parameters is like bead hardness. Higher the heat
input lower the cooling rate, and greater the HAZ hardness.
The decrease in HAZ hardness is due to grain coarsening
because of the weld thermal cycle. This work’s findings are
consistent with those of Vashishtha et al. [40] and Somrerk
et al. [41]

The optimum values of process factor for maximum HAZ
hardness were; current 95A, speed 3.5 mm/s, gas flow rate
13 1/min, and arc gap 2 mm, respectively, recommended by
main effect plots for mean of HAZ hardness presented in
Fig. 8.

Speed and current both have very high contribution per-
centages of 42.53% and 55.76%, respectively; therefore,
were statistically significant. Arc gap and gas flow rate were
statistically insignificant; hence, they were pooled out as evi-
dent from the pooled analysis of variance for the mean of
HAZ hardness presented in Table 13.

5 Summary of statistical analysis

It can be inferred from Tables 5, 7, 9, 11, and 13 that all the
input parameters do not have a significant contribution so
the results have been summarized and presented in Table 14,
which enlists optimal values of input parameters that have a
significant contribution on responses.

It is evident that current and welding speed are the most
contributing parameters whereas arc gap and gas flow rate has
almost insignificant contribution except for bead width and
HAZ width respectively in the investigated range of param-
eters.

Regression models were developed for prediction of each
of the response parameters with the help of the experimental
data and are presented below.

Penetration Depth = 0.40 + 0.0372 x Current — 0.480 x Welding Speed
—0.0217 x Gas Flow Rate — 0.013 x Arc Gap 3)

Bead Width = —2.11 4 0.0883 x Current — 0.464 x Welding Speed
—0.0075 x Gas Flow Rate 4+ 0.233 x Arc Gap “4)

HAZ Width = —2.39 4- 0.0752 x Current — 0.308 x Welding Speed
— 0.0446 x Gas Flow Rate — 0.065 x Arc Gap @)

Bead Hardness = 294 — 1.19 x Current + 9.49 x Welding Speed
+0.550 x Gas Flow Rate + 3.08 x Arc Gap (6)

HAZ Hardness = 301 — 1.18 x Current 4 12.4 x Welding Speed
+ 0.65 x Gas Flow Rate — 0.43 x Arc Gap (7)

5.1 Confirmation experiments

The regression models were used to predict the value of the
response parameters for optimal set of input parameters and
experimental trials were also conducted for each set of opti-
mal input parameters. The predicted and experimental values
thus obtained are presented in Table 15. It is evident that
predicted values were very close to experimental ones i.e.,
lies within & 10% of actual ones. The squares marked with
green shows those responses which are maximized whereas
red ones show the minimized one.

Some numerical trials were carried out to determine the
responses at the lowest, mid, and highest level of all the
input parameters for better understanding of the process.
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Table 11 Pooled analysis of

variance for means of bead Source DF Seq SS Adj SS Adj MS F P Cont.% (%)
hardness
Current (A) 2 995.21 995.211 497.606 15.98 0.012  48.60
Welding speed (mm/s) 2 927.65 927.645 463.823 1490 0.014  45.30
Gas flow rate (I/min)* 2 41.14
Arc gap (mm)* 2 83.40
Pooled error 4 124.54 124.54 31.13
Total 8 2047.40
*Pooled factor
Table 12 Response table for
means of HAZ hardness Level Current (A) Welding speed (mm/s) Gas flow rate (1/min) Arc gap (mm)
1 230.3 204.8 220.4 222.7
2 231.3 228.8 222.5 223.8
3 206.8 234.9 225.6 221.9
Delta 24.6 30.1 5.2 2.0
Rank 2 1 3 4
Cuirent (A) Weld Speed (mm/Sec) | Gasflowrate/min) |  Arcgap(mm) |
3
w -
é
« = — N — RS ——
=
g
(-}
-]
«
-
-
L] L] L]
1 2 3
Fig. 8 Main effect plot for means of HAZ hardness
Table 13 A pooled analysis of
variance for means of HAZ, Source DF  SeqSS Adj SS AdjMS F P Cont.% (%)
hardness
Current (A) 2 1158.67 1158.67 579.33 49.83 0.001 42.53
Welding speed (mm/s) 2 1519.22 1519.22  759.61 65.34  0.001 55.76
Gas flow rate (I/min) * 2 40.71
Arc gap (mm)* 2 5.79
Pooled Error 4 46.50 46.50 11.63
Total 8 2724.38

*Pooled factor
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Table 14 Summary of significant

factors for each response Response Current (A) Welding speed Gas flow rate (I/min) ~ Arc gap
(mm/s) (mm)
Penetration depth (mm) 105 1 * *
Bead width (mm) 85 3.5 * 1
HAZ width (mm) 85 2.5 13 *
Bead Hardness (HV) 85 35 * *
HAZ hardness (HV) 95 35 * *

*Parameters having insignificant contribution

Table 15 Comparison of predicted and experimental optimal parameters

The values thus obtained are presented in the last columns
of the Table 15 and the highest or lowest value are marked
as green or red among the three obtained values as per the
response requirement. It is evident that the Taguchi technique
has provided the optimal results with minimum number of
experiments. The results were far better than the results in
numerical trials.

6 Conclusions

The effect of input factors for tungsten inert gas welding
such as current, speed, gas flow rate, and arc gap on penetra-
tion depth, bead width, HAZ width, bead hardness, and HAZ
hardness were examined and optimized by using Taguchi
orthogonal array and pooled analysis of variance. The selec-
tion of input factors and their level is vital for creating

. Predicted Values when all
Optimal Value = .
=5 input parameters are at
Gas E g
Arc s 3 .S
Responses Current | Speed | Flow Ga 3 ‘g o5
P (A) Rate (mrrIZ) o = g ?é Lowest | Mid | Highest
(mnys) | (V/min) g g 8 & | Level | Level Level
A~ = 5}
a8 ~
105 1 13 2 3.62
85 3.5 13 1 391
85 2.5 13 2 2.52
85 3.5 13 2 239.38
95 3.5 13 2 239.89

high-quality welds with superior characteristics. No solid-
ification cracking was observed in the developed welds for
a selected range of process parameters, while the same was
seen during trial runs at 110 A current and a speed of 1 mm/s.
Current and speed were the most dominating input factors.
Heat input per unit weld length influences the weld character-
istics profoundly because melt flow and cooling rate depend
on it. An increase in current and arc gap increases the heat
input whereas speed and gas flow rate minimize the same.
Penetration depth is augmented with an increase in current
and a decrease in speed. Regression models were developed
for the response parameters and these models were compared
with the values of the confirmation experiments values. Pre-
dicted results are in excellent agreement with confirmation
experiments. Taguchi technique has clearly helped to reduce
the number of experiments, while analysis of variance has

@ Springer
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helped in studying the influence of responses. In future, influ-
ence of process parameters and their interaction on tensile
properties, fatigue and corrosion behaviour may be investi-
gated. Use of activated fluxes to enhance weld penetration
and mechanical properties may also be explored in detail.
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