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Abstract Optimization of pulsed gas tungsten arc welding
(pulsed GTAW) process parameters was carried out to obtain
optimum weld bead geometry with full penetration in
welding of stainless steel (304L) sheets of 3 mm thickness.
Autogenuous welding with square butt joint was employed.
Design of experiments based on central composite rotatable
design was employed for the development of a mathematical
model correlating the important controllable pulsed GTAW
process parameters like pulse current (Ip), pulse current
duration (Tp), and welding speed (S) with weld bead
parameters such as penetration, bead width (W), aspect ratio
(AR), and weld bead area of the weld. The developed models
were checked for adequacy based on ANOVA analysis and
accuracy of prediction by conducting a confirmation test.
Weld bead parameters predicted by the models were found to
confirm observed values with high accuracy. Using these
models, the main and interaction effects of pulsed GTAW
process parameters on weld bead parameters were studied
and discussed. Optimization of pulsed GTAW process
parameters was carried out to obtain optimum bead geometry
using the developed models. A quasi-Newton numerical
optimization technique was used to solve the optimization
problem and the results of the optimization are presented.

Keywords Pulsed GTAW process .

Welding of stainless steel sheets . Mathematical models .

Design of experiments . ANOVA analysis and optimization

1 Introduction

The pulsed GTAW process is suitable for joining thin and
medium thickness materials, e.g. stainless steel sheets, and
for applications where metallurgical control of the weld
metal is critical. With the increased use of mechanized
welding, the selection of welding process parameters and
welding procedure must be more specific to ensure that the
weld bead parameters of good quality are obtained at
minimum cost and with high repeatability [1].

In the pulsed GTAW welding process, welding current is
pulsed between high and low levels of short or long time
interval so that it brings the weld zone to the melting point
during the pulse current period and allows the molten weld
pool to cool and solidify during the background current
period. The weld bead shape will be a series of overlapping
weld spots and the amount of overlap depends upon the
pulse frequency and welding speed [2]. Pulsed GTAW
process parameters are depicted in Fig. 1. Generally,
stainless steel welds produced by the pulsed GTAW process
have good weld bead geometry in addition to good
mechanical and corrosion resistant properties [2]. One of
the major problems in welding of thin austenitic stainless
steel sheets is variation in penetration from weld-to-weld
and heat-to-heat of the base metal. Until now, addition of
filler materials has been employed to control the variation
in penetration. It is recommended to use stainless steel
sheets with sulphur content less than 0.008% for the
automated welding process in order to control the variation
in weld penetration [2].
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Bead geometry studies using numerical models for
conventional welding processes like SAW [1, 3, 4], Co2
welding [5], GTAW [6, 7], GMAW [8], and FCAW [9], etc.
were developed and reported. Very few studies on bead
geometry of the pulsed current welding process like pulsed
GTAW have been available using sequential experiments or
design of experiments employing the Taguchi [6] or
modified Taguchi methods [10], and no numerical models
correlating pulsed GTAW process parameters with bead
parameters like penetration, bead width, bead area, etc.
were developed. The main reason that very little has been
reported in the pulsed GTAW process, especially using
mathematical models, is the difficulty in selecting the
optimum combination of pulse parameter for desired weld
bead geometry. Hence, most of the recent studies on bead
geometry and optimization of the pulsed GTAW process
were carried out based on real time control/monitoring
using an artificial neural network [11], fuzzy logic [12] and
visual image sensing [11, 13–16]. The real-time control
methods employed so far in bead geometry studies were of
little success, and further research is needed in these
approaches.

Selection of optimum pulsed GTAW process parameter
combinations to obtain optimum bead parameters using
sequential experimentation was reported for welding of thin
stainless steel sheets [17, 18]. Application of design of
experiments for the study of the effect of the pulsed GTAW
process on bead parameters for bead on plate weld (304
type stainless steel) was reported [19]. But a mathematical

model correlating pulsed GTAW process parameters with
bead geometry to be used to predict the bead parameters
was not reported. Moreover, the study was confined to bead
on plate weld and not for full penetration weld on thin
stainless steel sheets. So from the earlier works, it was
observed that some work was carried out to investigate the
effect of pulsed GTAW process parameters on stainless
steel weld characteristics; but not much effort was made to
develop mathematical models to predict the same especially
for welding thin stainless steel sheets in a flat position.

Hence, an attempt was made to correlate important
pulsed GTAW process parameters to bead geometry of thin
stainless steel welds by developing mathematical models.
The models developed will be very useful to predict and
also to optimize the weld bead parameters or optimizing the
pulsed GTAW process parameters for desired bead geom-
etry in a flat position. A statistically designed experiment
based on central composite rotatable design was employed
for the development of mathematical models [20, 21].
Response surface methodology was used for study of the
main and interaction effects of welding process parameters
on weld bead parameters [22]. Optimization of welding
process parameters was carried out to obtain optimum weld
bead geometry using the developed models. In the
optimization procedure, the weld bead area model was
taken as the objective function (for minimum heat input)
along with other weld bead parameter models such as bead
width, penetration, and aspect ratio, with their limits as
constraints.

2 Experimental procedure

Austenitic stainless steel sheets of type AISI 304L 100×
50×3 mm were welded autogenously with square butt joint
without edge preparation. The chemical composition of
AISI 304L stainless steel sheet is given in Table 1.
Experiments were conducted using the pulsed tungsten
inert gas welding (TIG) process. Industrial pure and
commercial grade argon gases were used for shielding and
back purging, respectively. Automatic voltage control
available in the welding equipment was used. The voltage
and current readings indicated by the equipment were used
for heat input calculation. Fixture variation effects were not
considered as the same setup was being used throughout the
experiment. Some of the welding process parameters were
fixed based on earlier work and also from the trial run so as

Ib = Base Current, Amps 
Ip = Pulse Current, Amps 
Tb = Base Current Duration, Milliseconds 
Tp = Pulse Current Duration, Milliseconds 
F = 1/ (Tp+ Tb), Pulse Frequency, Hertz 
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Fig. 1 Pulsed GTAW process parameters

Table 1 Chemical composition of austenitic stainless steel (304L) sheet

Elements C Ni Cr Si Mn P S N Fe

% by weight 0.017 10.1 18.71 0.22 1.64 0.027 0.047 0.015 69.224
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to obtain full penetration weld. The fixed pulsed GTAW
process parameters and their values are presented in Table 2.

Independently controllable pulsed GTAW process
parameters identified to carry out the experimental work
and to develop the mathematical models include: pulse
current (Ip), pulse current duration (Tp), and welding speed
(S). The ratio between base current and pulse current was
maintained at 0.2 throughout the experiments.

Trial runs were conducted to find the limits of each
controllable process parameter so as to obtain full penetra-
tion weld, free from any visible defects. Because of
computational ease and enhanced interpretability of the
models, parameters were converted to coded form for
developing mathematical models. The upper limit of a
factor was coded as +1.682 and the lower limit as −1.682.
The coded value for intermediate values was calculated
from the relation given by Eq. 1:

Xi ¼ 3:364 X � Xminð Þ= Xmax � Xminð Þf g � 1:682ð Þ ð1Þ
where Xi is the required coded value of X, X is any value of
the variable from Xmin to Xmax, and Xmin and Xmax are lower
and upper limits of the variable X, respectively. The levels
determined for process variables with their levels, units, and
notations for the pulsed GTAW process are given in Table 3.

A central composite rotatable three factor five level full
factorial experimental design consisting of 20 runs was
used [23]. Experiments were conducted at random to avoid
systematic error creeping into the experimental procedure.

During the trial run, it was observed from the welded
plates that penetration was at a minimum between the two
pulses, i.e. at the location of maximum bead overlap. Hence,
by ensuring full penetration at maximum bead overlap
location, full penetration weld can be achieved for the entire
length of the weld. So welded plate was cross-sectioned at
the location A–A (maximum bead overlap) for the measure-
ment of weld bead parameters and is shown in Fig. 2.

The 10-mm-wide welded specimens were cut and
mounted using Bakelite and polished using a standard
metallurgical procedure. The electrolytic etching technique
using 10% oxalic acid solution was employed for revealing

the macrostructure. A photomacrograph of a typical weld
specimen cross-sectioned at A–A showing the bead profile
at 10× magnification is presented in Fig. 3. Weld bead
profiles were traced and bead dimensions such as bead
width (W), depth of penetration (P), and weld bead area
(BA) were measured by using an optical profile projector
and a digital planimeter. Aspect ratio (AR) was calculated
from the measured value of bead width and depth of
penetration (AR = bead width / depth of penetration).

Heat input is also a very important factor, which affects
the bead geometry, mechanical, metallurgical, and corro-
sion resistant properties of weld. Hence, heat input was also
included in the study. The heat input per unit length is
proportional to voltage and current as well as inversely
proportional to welding speed. In a continuous current
GTAW process, heat input is calculated from continuous
current, whereas in the pulsed GTAW process, heat input is
calculated from the mean current. The equation for mean
current [2] is given as:

mean current Im ¼ Ip � Tp þ Ib � Tb
Tp þ Tb

amps ð2Þ

Heat input (HI) is calculated using Eq. 3 [2]:

heat input HI ¼ Im � V

S
� η kJ=mmð Þ ð3Þ

Ip pulse current, amps
Ib base current, amps
Tb base current duration, ms
Tp pulse current duration, ms
S welding speed, cm/min
V mean voltage, V

efficiency of the welding process

For the pulsed GTAW process, arc efficiency is taken
as 60% [2]. During the experiment, voltage was found to
vary from 13.4 to 14.6 V. Hence, a mean voltage of 14 V is
taken for heat input calculation. The observed value of weld
bead width, penetration, weld bead area, calculated values
of aspect ratio and heat input for pulsed GTA welded
specimens along with the design matrix are given in
Table 4.

3 Development of mathematical model

A procedure based on regression was used for the
development of mathematical models and to predict the
weld bead geometry [8].

The response surface function representing any of the
weld bead geometry can be expressed as Y = f (Ip, Tp, S),

Table 2 Fixed PGTAW process parameters and their values

Sl no. Process parameters Values

1 Pulse frequency 1 Hz
2 Arc length 2 mm
3 Mean arc voltage 14 V
3 Tungsten electrode diameter 2.4 mm
4 Electrode vertex angle 60°
5 Gas flow rate (Argon)

a. Shielding 10 l/min
b. Back purging 5 l/min
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and the relationship selected is a second-order response
surface given as [7]:

Y ¼ bo þ b1Ip þ b2Tp þ b3S þ b11I
2
p þ b22T

2
p

þ b33S
2 þ b12IpTp þ b13IpS þ b23TpS ð4Þ

where Ip is the pulse current in amps, Tp is the pulse current
duration in milliseconds, and S is the welding speed in cm/
min. Also, b0 is a constant term, b1, b2, b3 are coefficients
of linear terms, b11, b22, b33 are coefficients of second order

square terms, and b12, b13, b23 are coefficients of second
order interaction terms.

Coefficients of the above polynomial equation were
calculated by regression as given by Eqs. 5–8 [9]:

b0 ¼ 0:166338
X

X0Y
� �

þ 0:05679
XX

XiiY
� �� �

ð5Þ

bi ¼ 0:166338
X

XiY
� �

ð6Þ

bii ¼ 0:0625
X

XiiY
� �

þ 0:06889
XX

XiiY
� �

� 0:056791
XX

X0Y
� �� �

ð7Þ

bij ¼ 0:125
X

XijY
� �

ð8Þ

where Xi, Xii and Xij are values of first order, second order
square, and interaction terms of the process parameters
considered for the study. Y is the observed response.

Initial mathematical models were developed using the
coefficients obtained from the above equations. Signifi-
cance of the coefficients was tested using a t test [8] and
also by the backward elimination method available in
statistical software packages [24]. Final models were
developed by using significant coefficients only after
eliminating the insignificant coefficient with the associated
response without sacrificing much of the accuracy.

Table 3 PGTAW process variables and their levels

Sl. no. Pulsed GTAW process variables Notations Units Process variable levels

−1.628 −1 0 1 1.628
1 Pulse current Ip Amps 180 188 200 212 220
2 Pulse current duration Tp milliseconds 450 490 550 610 650
3 Welding speed S cm / min 11 12.6 15 17.4 19

Fig. 2 A typical pulsed GTAW welded specimen (S20) showing the
location of cross sectioning (A–A)

Fig. 3 Photomacrograph of a typical bead profile of a weld specimen
(S20) cross-sectioned at A–A (10× magnification)
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The developed models were checked for adequacy by
regression analysis. The values of adjusted square multiple
R and standard error of estimate for both the full and
reduced models are given in Table 5. It is evident from the
table that the reduced models were better than the full
models as reduced models have higher values of adjusted
square multiple R and lesser values of standard error of
estimate than that of respective full models. The adequacy
of developed models was also tested via the analysis of
variance technique (ANOVA) [25]. The results of analysis
of variance are presented in Table 6. It is evident from
Table 6 that all models are adequate.

3.1 Final mathematical model

Final mathematical models with process parameters in
coded form as determined by regression analysis are given
by Eqs. 9–13:

P ¼ 3:637þ 0:502Ip þ 0:419Tp � 0:433S� 0:276I2p

� 0:265T 2
p � 0:226S2

ð9Þ

W ¼ 8:874þ 0:456Ip þ 0:273Tp � 0:509 S

� 0:209T 2
p þ 0:193S2 ð10Þ

Table 4 Design matrix and the observed values of bead parameters and heat input

Specimen
code

Pulsed GTAW process
parameters

Depth of
penetration
(P) mm

Width (W)
mm

Bead area
(BA) mm2

Aspect
ratio
(AR)

Heat input
(HI) kJ/mm

Ip Tp S

S1 −1 −1 −1 2.36 8.79 12.04 3.725 0.75
S2 1 −1 −1 3.54 9.77 20.93 2.76 0.83
S3 −1 1 −1 3.4 9.24 18.88 2.718 0.87
S4 1 1 −1 3.85 9.8 23.29 2.545 0.97
S5 −1 −1 1 1.66 7.75 7.85 4.668 0.54
S6 1 −1 1 2.98 8.54 13.5 2.866 0.6
S7 −1 1 1 2.37 8.18 10.94 3.451 0.63
S8 1 1 1 3.43 9.33 18.15 2.72 0.70
S9 −1.682 0 0 1.9 7.89 8.62 4.153 0.66
S10 1.682 0 0 3.59 9.52 19.4 2.652 0.78
S11 0 −1.682 0 1.85 7.58 8.68 4.097 0.63
S12 0 1.682 0 3.73 8.79 22.5 2.357 0.81
S13 0 0 −1.682 3.84 10.26 24.66 2.672 0.98
S14 0 0 1.682 1.95 8.385 8.95 4.30 0.57
S15 0 0 0 3.45 9.1 18.44 2.638 0.72
S16 0 0 0 3.78 8.62 20.01 2.28 0.72
S17 0 0 0 3.48 9.14 20.63 2.626 0.72
S18 0 0 0 3.48 9.08 20.91 2.609 0.72
S19 0 0 0 3.84 8.73 21.58 2.273 0.72
S20 0 0 0 3.83 8.75 19.76 2.285 0.72

Table 5 Comparison of square multiple ‘R’ values and standard error of estimate for full and reduced models

Bead parameters Adjusted square multiple R Standard error of estimate

Full model Reduced model Full model Reduced model

Penetration (P) 0.887 0.888 0.262 0.261
Width (W) 0.886 0.904 0.237 0.218
Bead area (BA) 0.899 0.919 1.766 1.583
Aspect ratio (AR) 0.877 0.888 0.264 0.252
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AR ¼ 2:46� 0:454Ip � 0:404Tp þ 0:344S

� 0:284I2p þ 0:222T2
p þ 0:314S2 þ 0:233IpTp

� 0:174IpS ð11Þ

BA ¼ 20:205þ 3:243Ip þ 2:942Tp � 3:743S

� 2:087I2p � 1:528T2
p � 1:099S2 ð12Þ

HI ¼ 0:72þ 0:037Ip þ 0:055Tp � 0:12S � 0:001I2p

� 0:001T2
p � 0:019S2 þ 0:004IpTp

� 0:006IpS � 0:009TpS ð13Þ
where P is the depth of penetration in mm, W is the weld
bead width in mm, AR aspect ratio, BA is the weld bead
area in mm 2, and HI is the heat input in kJ/ mm.

4 Validation of the model

Conformity tests were conducted with the same experimen-
tal setup to validate the accuracy of the models. The results
of the conformity test are presented in Tables 7 and 8. From
the conformity test, it was found that developed models

were able to predict the bead parameters with a reasonable
accuracy. The validity of the model was tested again by
drawing scatter diagrams, which show the degree of
closeness between observed and predicted values of weld
bead dimensions. A typical scatter diagram for bead area
(BA) is shown in Fig. 4.

5 Optimization of bead area (BA)

As the welding process is a multi-objective problem (full
penetration, minimum weld bead area, minimum bead
width for good quality bead, and maximum welding speed
for higher productivity, etc.), the optimum solution is a
compromise [26]. The models developed were used for
optimization of pulsed GTAW process parameters to obtain
optimum weld bead geometry. Bead area is an important
weld bead parameter, which in turn controlled by other
bead parameters such as penetration, bead width, and aspect
ratio. A good control over weld bead area leads to
minimum heat input, better control on other bead geometry,
and also optimum use of the welding power source.

The limits of constraints were selected based on trial
runs. From the trail runs, it was observed that weld bead
width less than 9 mm, penetration greater than 3 mm,
aspect ratio in the range of 2.5–3, and bead area in the

Table 6 Results of ANOVA analysis

Bead parameters First order term Second order term Lack of fit Error term F ratio R ratio Remarks

SS DOF SS DOF SS DOF SS DOF

Penetration (P) 8.332 3 2.561 6 0.505 5 0.1829 5 2.76 33.08 Adequate
Width (W) 7.103 3 7.396 6 0.303 5 0.2597 5 1.16 18.80 Adequate
Bead area (BA) 453.2 3 98.27 6 26.86 5 5.9178 5 4.54 59.77 Adequate
Aspect ratio (AR) 6.648 3 3.445 6 0.517 5 0.179 5 2.89 31.32 Adequate

SS sum of squares, DOF degree of freedom
Mean sum of squares = sum of square terms / DOF
F ratio = MS of lack of fit / MS of error term
R ratio = MS of first order term & second order term / MS of error terms
F ratio (5, 5, 0.05) = 5.05
R ratio (9, 5, 0.05) = 4.77

Table 7 Results of conformity tests—penetration and bead width

Test no. Process parameter Penetration (P), mm Bead width (W), mm

Ip
(Amps)

Tp
(msec)

S
(cm /min)

Predicted
values

Observed
values

Error
%

Predicted
values

Observed
values

Error
%

1 200 550 17 3.11 2.98 −4.27 8.58 8.77 2.19
2 212 603 17.14 3.45 3.31 −4.15 9.11 9.23 1.37
3 211.4 537.65 16.51 3.40 3.28 −3.53 9.00 9.17 1.91
Mean error −3.98 1.82

Error% ¼ ObservedValue�PredictedValue
PredictedValue � 100
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range of 15–20 mm2 ensured good weld bead geometry
with full penetration. So limits of constraints for bead width
and bead area were considered less than 9 mm and between
15–20 mm2, respectively; whereas for aspect ratio and
penetration, greater than 2.5 and 3 mm were considered as
their respective constraint values.

In the optimization, bead area was taken as the objective
function and penetration, bead width, aspect ratio, and bead
area with its limits as constraint equations. The optimization
problem considered is a nonlinear constrained minimization
problem and solved using the quasi-Newton numerical
optimization technique [26]. The technique applied is simple,
efficient, and also well suited for second order equations
[27].

The objective function and constraint equations used for
optimization are given as follows.

5.1 Objective functions

Minimize f xð Þ ¼ 20:205þ 3:243Ip þ 2:942Tp

� 3:743S � 2:087I2p � 1:528T2
p

� 1:099S2

ð14Þ

which is the bead area in mm 2.

5.2 Constraints equations

The objective function is subjected to the following
constraints:

P ¼ � 3:637þ 0:502Ip þ 0:419Tp � 0:433S
�0:276I2p � 0:265T 2

p � 0:226S2

� �
þ 3

ð15Þ
(penetration and its lower limit),

W ¼ 8:874þ 0:456Ip þ 0:273Tp
�0:509S � 0:209T2

p þ 0:193S2

� �
þ 10 ð16Þ

(bead width with its upper limit in mm),

AR ¼ 2:46� 0:454Ip � 0:404Tp þ 0:344S � 0:284I2p
þ0:222T2

p þ 0:314S2 þ 0:233IpTp � 0:174IpS

 !
þ 2:5

ð17Þ
(aspect ratio with its lower limit in mm),

f xð Þ � 20 ð18Þ
(bead area with its upper limit, mm2),

�f xð Þ þ 15 ð19Þ
(bead area with its lower limit, mm2),

Ip; Tp; S � 1:682 ð20Þ

Ip; Tp; S � �1:682 ð21Þ

6

9

12

15

18

21

24

6 9 12 15 18 21 24

OBSERVED BEAD AREA (BA), mm  2

E
S

T
IM

A
T

E
D

 B
E

A
D

 A
R

E
A

 (
B

A
),

 m
m

 2

Fig. 4 Scatter diagram for bead area model

Table 8 Results of conformity test—aspect ratio and bead area

Test no. Process parameter Aspect ratio (AR) Bead area (BA), mm2

Ip (A) Tp
(msec)

S
(cm/min)

Predicted
values

Observed
values

Error
%

Predicted
values

Observed
values

Error
%

1 200 550 17 2.971 2.943 −0.96 16.28 17.051 4.73
2 212 603 17.14 2.721 2.788 2.45 18.51 19.017 2.74
3 211.4 537.6 16.51 2.572 2.795 −2.03 16.63 16.014 −3.7
Mean Error −0.18 1.25

Error% ¼ ObservedValue�PredictedValue
PredictedValue � 100
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An optimization tool available in a mathematical
processing software package was used for optimization.
The software tool “Solver”, available in Microsoft Excel
2000, was also used for solving the optimization and was
found to confirm the results obtained from the software
package. The results of optimization are as follows.

5.3 Optimized pulsed GTAW process parameters

5.4 Optimized bead parameters

Pulsed GTAW process parameters were set close to the
predicted optimum process parameter values and a confor-
mity test was conducted. The results obtained from the
conformity test are given in Tables 7 and 8 and found to
confirm the predicted results with the observed optimum
bead parameters with high accuracy.

6 Results and discussion

Mathematical models were developed correlating important
pulsed GTAwelding process parameters with the weld bead
geometry for welding of thin austenitic stainless steel
(304L) sheets.

The possible causes for the main and interaction effects
of different pulsed GTAW process parameters on the weld
bead parameters were analyzed and are presented graph-
ically in Figs. 5, 6, 7, 8, 9, 10 and 11 for quick analysis and
discussed subsequently in Sects. 6.1 and 6.2. The graphs
constructed with the help of the developed models (in
coded form) provide satisfactory explanations about the
effect of the welding process parameters on various bead
parameters. Contour and response surface plots were drawn
for studying interaction effects using the SYSTAT statistical
software package [24] to visualize their nature and are
depicted in Figs. 9 and 11.

The effects of heat input on bead parameters were also
included in the study using the heat input model, shown in
Eq. 13. From the mathematical Eqs. 9, 10, and 12, it is clear
that there is no interaction effect of the process parameter

on P, W, and BA; whereas from Eq. 11, it is evident that
aspect ratio has interaction effects. Hence, an interaction
study of process parameters on AR alone are studied and
discussed subsequently.

6.1 Direct effects

In the study of direct (main) effects of process variable on
weld bead parameters, one variable was varied from
minimum to maximum level while other variables were
kept constant at their middle level. The direct effect of
pulsed GTAW process variables on the weld bead param-
eters and heat input were determined from the models and
are discussed below.

6.1.1 Direct effects of pulse current (Ip) on weld bead
parameters and heat input (HI)

Figure 5 shows the effect of pulse current (Ip) on penetration
(P), bead width (W), aspect ratio (AR), bead area (BA), and
heat input (HI). It is evident from Fig. 5 that as Ip increases
from 180 to 220 A, HI and W increase steadily from 0.65 to
0.78 kJ/mm and 8.1 to 9.6 mm, respectively. Whereas P

Penetration (P) 3.4 mm
Bead width (W) 9 mm
Aspect ratio (AR) 2.57
Bead area (BA) 17.89 mm2

Pulse current 211.4 A
Pulse current duration 537.65 ms
Welding speed 16.51 cm/min
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increases from 2.0 to 3.8 mm as Ip increases from 180 to 212
A, further increase in Ip beyond 212 A brings no significant
change in P. The initial increase in P is due to an increase in
HI, and reaches maximum at full penetration (when Ip is at
212 A); thereafter is no change in P due to dissipation of HI
along the parent metal, which also may be due to a heat sink
effect of the fixture by conduction.

Bead area increases significantly from 8.84 to 21.36 mm2

as Ip is increased from 180 to 212 A due to increase in HI;
further increase in Ip beyond 212 A induces only a slight
decrease in BA. The decrease in BA is very small and can be
treated as less significant. Initially, increase in BA is large
due to simultaneous increase in P and W as Ip is increased
from 180 to 212 A. Even though increase in Ip beyond 212
A increases the heat input, it gets dissipated along the base
material and also due to heat sink effect of fixture after
attaining full penetration. Therefore, less heat input is
available for melting the base metal to create appreciable
change in P and BA.

AR initially decreases from 4 to 2.3 as Ip is increased to
212 A because the increase in P is larger than that of W,
and for further increase in Ip beyond 212 A, the increase in

P is not significant and hence there is no appreciable
change in AR. Therefore, it is evident that the effect of
increasing pulse current (Ip) has significant influence on all
bead parameters up to full penetration and thereafter has
very little influence on it. Therefore, Ip is an important
process variable affecting bead parameters.

6.1.2 Direct effects of pulse current duration (Tp) on weld
bead parameters and heat input (HI)

It is evident from Fig. 6 that as Tp increases from 450 to
650 ms, HI increases gradually from 0.59 to 0.78 kJ/mm. W
and P increase considerably from 7.8 to 8.9 mm and 2.2 to
3.8 mm, respectively, as Tp increases from 450 to 550 ms
due to increase in HI; further increase in Tp beyond 550 ms
has very little effect on W and P. BA increases significantly
from 10.93 to 21.62 mm2 as Tp is increased from 450 to
550 ms due to simultaneous increase of P and W until full
penetration; for further increase in Tp beyond 550 A, there
are no significant changes in P and W and hence no
significant change in BA. The reason for increases in W, P,
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and BA are due to increase in HI. But after attaining full
penetration, increase in HI has no appreciable effect on
bead parameters due to dissipation of heat by conduction as
explained for Ip in Sect. 6.1.1.

AR initially decreases from 3.7 to 2.3 as Tp increases to
550 ms due to significant increase in P when compared
with that of W. There is no appreciable change in AR when
Tp is increased beyond 550 ms due to very small changes in
P and W indicating a similar trend of Ip on AR shown in
Fig. 4. So, it is clear that the effect of increasing pulse
current duration (Tp) has significant influence on all bead
parameters until full penetration, i.e. at 550 ms; thereafter,
increase in Tp has less influence on all bead parameters,
showing a similar trend as Ip (Sect. 6.1.1) with less
magnitude.

6.1.3 Direct effects of welding speed (S) on weld bead
parameters and heat input (HI)

It is apparent from Fig. 7 that as welding speed (S) is
increased from 11 to 15 cm/min, HI initially decreases
gradually from 0.86 kJ/mm to 0.5 kJ/mm and decreases
significantly on further increase in S beyond 15 cm/min.
Bead width initially decreases from 10.2 to 8.8 mm and
later becomes constant when S is increased beyond 15 cm/
min. Moreover, it is apparent that W cannot be reduced
below the diameter of the arc zone. So there is no change in
W after attaining a certain minimum value. Initially P has
very little change when S is reduced to 15 cm/min and then
decreases considerably due to large reduction in heat input
when S is increased beyond 15 cm/min. BA decreases
slowly and then decreases drastically when S is increased
beyond 15 cm/min due to significant reduction in P and W.

AR decreases slightly from 2.7 to 2.4 as S is increased to
15 cm/min and then increases significantly to 3.9 as S is
increased beyond 15 cm/min. Initial decrease in AR is due

to slight increase in P when compared with W as S
increased from 11 to 15 cm/min. But significant increase
in AR as S is increased beyond 15 cm/min is due to large
reduction in P while W remains constant. Therefore, it is
clear that as long as S is less than 15 cm/min, bead
parameters are less affected, but once S increases beyond
15 cm/min, there is considerable reduction in HI and
change in bead parameters. Also, significant reduction in S
will result in melting of the base metal at the surface only.
Hence, increase in S has high influence on all bead
parameters. Thus, S is the most important process variable
affecting bead parameters.

Therefore, it is evident from the above discussion
(Sects. 6.1.1–6.1.3) on direct effects of process variables
on bead parameter that S is the most important and Ip is the
next most important influencing process variable, while
pulse current duration is the least important among the three
process parameters considered for the study.

6.2 Interaction effects

A study on interaction effects of pulsed GTAW process
parameters on aspect ratio (AR) of the bead parameter was
carried out using the developed AR model. Only two-way
interaction effects of the welding process parameters on
aspect ratio are discussed below.

6.2.1 Interaction effect of pulse current (Ip) and pulse
current duration (Tp) on aspect ratio (AR)

Figure 8 shows the interaction effects of Ip and Tp on AR. It
is apparent that as Ip is increased from 180 to 200 A, AR
decreases significantly for all values of Tp, whereas further
increase in Ip to 220 A, results in little change in AR. The
initial decreasing trend of AR may be due to the
predominant effect of Ip on AR, and the later slight
increasing trend of AR may be due to the predominant
effect of Tp on AR. It is also observed that AR is maximum
when Ip and Tp are at their minimum level, whereas AR is
minimum, when Ip and Tp are at 200 A and 610 ms,
respectively, while welding speed is 15 cm/min. As Tp
increases from 450 to 490 ms, there is insignificant change
to AR, whereas there is considerable increase in AR as Tp is
increased from 550 to 650 ms as Ip increases above 200 A.
Hence, the effect of increasing Tp has a predominant effect
on AR as Ip is increased beyond 200 A.

These effects are also reflected in the response surface
and contour plots shown in Fig. 9. The response surface
shows that AR increases as S changes from a minimum
level to maximum level for all values of Ip and Tp. AR is
maximum when Ip and Tp are at their minimum levels and S
is at maximum level.

Fig. 11 Response surface and contour plot for interaction effects of
pulse current (Ip) and welding speed (S) on aspect ratio (AR)
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6.2.2 Interaction effect of pulse current (Ip) and welding
speed (S) on AR

Figure 10 shows the interaction effect of Ip and S on AR. It
is observed that AR is maximum when Ip and S are at their
minimum and maximum levels, respectively, whereas AR is
minimum when Ip and S are at 212 A and 15 cm/min,
respectively. It is apparent that as Ip is increased from 180
to 200 A, AR initially decreases significantly for all values
of S. For further increase in Ip beyond 200 A, AR increases
considerably as S is decreased from 15 to 11 cm /min,
whereas AR becomes more or less steady when S is
decreased from 19 to 17.4 cm/min. Hence, it is clear that
an increase of Ip from 180 to 200 A has a predominant
effect on AR whereas a decrease of S has a predominant
effect on AR when Ip is increased from 200 to 220 A.

These effects are also visualized in Fig. 11, which shows
the response surface and contour plots for the interaction
effects of Ip and S on AR. From the figure, it is evident that
AR decreases as Tp is changed from a minimum level to
maximum level for all values of Ip and S. AR is maximum
when Ip and Tp are at their minimum level and S is at a
maximum level.

7 Conclusions

The following conclusions were arrived at from the above
investigations:

1. Mathematical models correlating weld bead parameters
to pulsed GTAW process parameters were developed
for predicting the bead parameters for welding thin
stainless steel (304L) sheets of 3 mm thickness with
high accuracy.

2. Pulsed GTAW process parameters have shown signif-
icant influence on weld bead parameters.

3. Welding speed (S) is the most important and pulse
current ( Ip) the next most important influencing
process variable on bead parameters, while pulse
current duration is the least important among the three
process parameters considered in this study.

4. Interaction effects of Ip and Tp, and also Tp and S, on
AR are significant.

5. Optimum pulsed GTAW process and optimum weld bead
parameters for welding of 3 mm thick stainless steel
(304L) sheets were found using a quasi-Newton numer-
ical optimization technique. The results were confirmed
using conformity tests and found to have good accuracy.
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