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Evaluation of Correlations between DP-GMAW
Process Parameters and Bead Geometry
Higher mean current, higher pulse frequency, lower thermal pulse frequency, and
standard arc voltage may generate optimum bead geometry when using
double pulsed gas metal arc welding
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ABSTRACT
In this study, an attempt has been made to evaluate the complex correlations
occurred between double pulsed gas metal arc welding (DP-GMAW) process parameters and weld bead geometry using two statistical methods: Taguchi orthogonal array design method and response surface methodology. The Taguchi method
was applied to plan the design of experiments (DoE). Contour and surface plots
were made using response surface methodology (RSM) to understand the effect of
different parameters on the bead geometry. It was found that at a particular range
of arc voltage higher mean current, higher pulse frequency along with lower thermal pulse frequency produced optimum conditions for high depth of penetration
with low or moderate bead width and height. The optimization of process parameters was also conducted using RSM and the optimum parameters were compared
with experimental trials. Three second-order statistical models were also developed using experimental results to predict the weld bead parameters from the
process parameters. The model developed was checked for its adequacy using
ANOVA. Results of confirmation experiments showed that the model can predict
the bead geometry with reasonable accuracy.
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Introduction
The demand for quality products
has led to the rapid advancement of
today’s manufacturing environments.
The total quality index of a product
depends on the quality of output from
each subprocess involved in the production chain, and obviously, welding
is one of the important subprocesses
in most of the cases. The weld quality
mainly depends on the weld bead
geometry, mechanical properties, distortion of the welded joint, and depo-

sition efficiency. All of these quality
characteristic parameters are directly
related to welding process parameters.
Arc welding is a major joining process in
modern manufacturing industries such
as mining industry for bulk transport,
road and rail transport, power generation, petrochemical, pulp and paper industries, and construction industries.
Among the various types of arc welding,
pulsed gas metal arc welding (GMAW-P)
is being increasingly used for joining a
wide variety of ferrous and nonferrous
materials in industries due to its inher-

ent advantages such as deep penetration, smooth weld bead, high welding
speed, large metal deposition rate, lower
spatter, lower distortion and shrinkage,
and lesser probability of porosity and
fusion defects (Refs. 1, 2). Smati (Ref. 3)
also remarked that it is an advanced
spray transfer process with low mean
current. Thus, the GMAW-P is becoming increasingly popular for use in modern robotics and automated industries.
In the pulsed GMAW process, welding
current is pulsed between high and low
levels of short or long time intervals 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 primary parameters
of a current pulse are peak current (Ip),
background current (Ib), peak current
duration (tp), background current duration (tb), and pulse frequency (f), as
shown in Fig. 1 (Ref. 4). Other process
parameters such as welding speed, pulse
current, welding voltage, wire feed rate,
electrode extension, and welding gun
angle also influence the process behavior and the weld bead shape during
welding in GMAW-P (Ref. 5). Pulsed
current gas metal arc welding (GMAWP) provides higher production efficiency
and excellent controllability of droplet
transfer. Pires et al. (Ref. 6) have mentioned that in GMAW-P the droplet is
usually controlled by pulsed current and
duration with ‘‘one drop per pulse’’
(ODPP), which makes it possible to improve the stability of welding process
and the quality of the weld joint.
However, the range of the peak cur-
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Fig. 1 — Pulsed GTAW process parameters (Ref. 4).

Fig. 2 — A schematic diagram of DP-GMAW electrical waveform
(Ref. 11).

Fig. 3 — Dimension of base plates used for preparing bead on
plates.

rent duration for generating ODPP is
narrow. If the duration of the peakcurrent period is longer, multiple
drops may be detached in a single
pulse, resulting in a streaming spray
transfer. Or, if the duration is shorter,
one droplet in multiple pulses (ODMP)
may occur. To overcome the uncertainty of ODPP in conventional GMAW-P
due to the narrowness of the optimal
range, Zhang et al. (Ref. 7) have proposed a modified GMAW-P power
source with an active metal transfer
control. In this process, a pulse cycle is
divided into two periods: growth period and detachment period. In the
growth period, a current waveform,
which is designed based on the desired
average current and is below the transition current, is used. When the
growth period ends, current is
switched to the base level and the
process enters the detachment period.
The sudden change in welding current
causes the droplet to oscillate vertically. When the droplet moves down, the
current is switched back to the peak
level. The increased electromagnetic
force and downward momentum concludes the active droplet detachment
in ODPP and eliminates the need for a
very high current to detach the
droplet, which is conventionally used
in GMAW-P Xiao et. al. (Refs. 8–10). It
further modified the original multi-

pulse waveform
of active metal
transfer mechanism by incorporating a longer
base period after
the exciting pulse
known as “active
Fig. 4 — Typical oscilloscope and high-speed video camera record
droplet oscillaof weld run R2 reveals thermal peak and thermal base with ODPP
tion method” and
mode of metal transfer.
detaching phase
delay period
known as “enGMAW is the simultaneous use of a
hanced active metal transfer” to maxihigh-frequency pulse (HFP) and thermize the oscillation and detachment
mal pulse (ft). The schematic of DPefficiency of the molten droplets.
GMAW waveform is shown in Fig. 2
These advanced metal transfer
(Ref. 11).
mechanisms are using multiple active
The pulse frequency, peak, and base
pulses within a pulse cycle to achieve
value of HFP are cyclically varied with
easy control of the droplet characteristhermal pulse fluctuation. The role of
tics in ODPP mode of metal transfer
the HFP is to maintain the arc stability
compared to conventional GMAW-P
and the droplet transfer behavior esprocess. However, these techniques do
pecially to ensure one droplet transfer
not deal with the weld pool stirring
per pulse (ODPP) during welding opermechanism, which actively controls
ation. The thermal pulse (i.e., lowthe fluidity of the weld pool (Ref. 11).
frequency pulse) is used to modulate
Recently, Liu et al. (Refs. 11, 12)
duration of the high frequency pulses
and Mendes da Silva et al. (Ref. 13) exto improve the weld pool stirring,
plored the double pulsed GMAW (DPwhich guarantees forming of the weld
GMAW) process for aluminium alloys,
bead ripple and expanding the range
where a low-frequency current pulsaof weld joint root opening (Ref. 12).
tion or the thermal pulse is superimMendes da Silva and Scotti (Ref. 13)
posed on a pulsed current for active
have also mentioned that an effective
metal transfer control and weld pool
fusion of the base metal and a good
stirring. The main feature of the DPweld joint with regular ripple surface
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Fig. 5 — A schematic diagram of weld bead geometry.
Fig. 7 — Typical images of weld bead appearances under different welding conditions. A — R2 (at ft = 0.6 Hz, Im = 220 A, f = 120 Hz, and V = 23); B — R9 (at ft = 1.0
Hz, Im = 240 A, f = 70 Hz, and V = 32); C — R11 (at ft = 0.4 Hz, Im = 260 A, f = 270 Hz
and V = 26); D — R13 (at ft = 0.8 Hz, Im = 260 A, f = 120 Hz, and V = 32 V); E — R16
(at ft = 0.4 Hz, Im = 280 A, f = 120 Hz, and V = 29); and, F — R21 (at ft = 0.4Hz Im = 300
A, f = 220 Hz and V = 32 V).

and control weld bead quality.
Weld bead geometry includes
the weld bead width (W), the
weld bead height (H), and the
depth of penetration (P). These
elements, W, H, and P are senFig. 6 — A schematic diagram of extracted specisitive to the welding processes
mens for bead geometry analysis.
and several input parameters.
The relationship between weldcan be obtained with the DP-GMAW
ing parameters and weld bead geomeprocess.
try is becoming complex, since a numPires et al. (Ref. 6) have compared
ber of factors are involved (Ref. 14).
the DP-GMAW process with GMAW-P
Several researchers have applied variand conventional GMAW process and
ous optimization methods through delisted some advantages as follows: 1)
veloping mathematical models to specwider adjusting range, 2) capability to
ify the relationship between the input
all-position welding, 3) wider root
parameters and bead geometry. In the
opening configuration, 4) reduce overlast two decades, a design of experiall heat input, 5) improve joint properment (DoE) technique has been used
ties, 6) strong weld pool stirring, and
to carry out such optimization. Evolu7) reduce crack sensitivity.
tionary algorithms and computational
Again, the welding process and panetworks have also grown rapidly and
rameters play a decisive role in conbeen adapted for many applications in
trolling the bead geometry. Weld bead
different areas. Several techniques
geometry is the first indication of the
such as fractional factorial technique,
weld bead quality. The present trend
multiple regression analysis, response
in the fabrication industries is the use
surface methodology (RSM), Taguchi
of automated welding processes to obmethod, and artificial neural network
tain high production rates and high
(ANN) were applied through several
precision. To automate a welding
decades to develop an understanding
process it is essential to establish the
of the relationship between bead
relationship between process paramegeometry and input variables for conters and weld bead geometry to predict
ventional processes like GMAW, gas

tungsten arc welding (GTAW), submerged arc welding (SAW), and advanced processes like GMAW-P,
GTAW-P, and electron beam welding
(EBW). Some researchers have also
used combined techniques such as GA
coupled with RSM, and multiple regression analysis coupled with ANN to
effectively predict optimum condition
for a particular process. Prior to 2008,
Benyounis and Olabi (Ref. 15) explicitly reviewed some of these advanced
methods and their application. Recently, Zhang et al. (Ref. 16) and Liu et
al. (Refs. 17, 18) have developed a new
advanced computer-based neuro-fuzzy
model to simulate 3D weld pool surface and bead geometry correlated
with the input variables in the conventional GTAW process. Through least
squares algorithm-based statistical
analyses, it was found that the optimal
model was able to predict the width,
length, and convexity of the 3D weld
pool surface with acceptable accuracy.
However, the literature revealed
that not much relevant work has been
done in the area of bead geometry
characteristics with DP-GMAW
process parameters. The correlation
between the bead geometry and the
input variables of a DP-GMAW process
is nonlinear, highly complex, interde-

Table 1 — Chemical Compositions (in wt-%) of Base Metal and Filler Metal
Type

C

Mn

Si

S

Base Metal
Filler Metal

0.147
0.099

0.79
1.13

0.02
0.64

0.011
0.011

P
0.014
0.01

Cr

Ni

Mo

V

W

Cu

Al

B

0.036
0.052

0.019
0.84

0.001
0.006

0.0013
0.001

0.038
0.049

0.0078
0.405

0.057
0.003

0.0008
0.0008
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Fig. 9 — Effect of primary process parameters on bead geometry.

Fig. 8 — Images of sections of weld bead geometry under different
welding conditions.

pendent and requires a large number
of parameters to form DoE. Hence, the
selection of an optimal welding parameter setting is critical and also very important from the point of view that it
should ensure desired weld quality and
reliability while enhancing productivity. Consequently, extensive research
work is needed to develop a better scientific knowledge of the interdependent nature of DP-GMAW process parameters and its output to the weld
quality, thus, the design engineers,
manufacturers, fabricators, and scientists associated with this field can be
benefited.
In this study, an attempt has been
made to evaluate DP-GMAW process
parameters for predicting and optimizing the weld bead geometry using
two statistical methods: Taguchi orthogonal array design method, and response surface methodology. The
main objective of this study is to get
insight into the complex correlations
occurring between DP-GMAW process
parameters and weld bead geometry.

Taguchi orthogonal array design has
been employed for the development of
design of experiments (DoE). The response surface methodology has been
further used to develop the mathematical model to study the main and interaction effects of process parameters
on bead geometry. Furthermore, optimization of process parameters was
carried out using RSM to obtain optimum weld bead geometry using the
developed models.

Design of Experiments
The general procedures that could
be used to determine the optimal
welding parameter settings are design
of experiment (DoE) techniques such
as fractional factorial design, D-optimal design, response surface methodology, and Taguchi method (Refs. 19,
20). Taguchi method has been successfully applied in the manufacturing
field for nearly three decades to robustly design products or processes
having a single quality parameter.

Table 2 — Process Parameters and the Diﬀerent Levels Used in Taguchi OA
Factors

Parameter

Unit

Level 1

Level 2

Level 3

Level 4

Level 5

1
2
3
4

Im
ft
V
f

A
Hz
V
Hz

220
0.4
20
70

240
0.6
23
120

260
0.8
26
170

280
1.0
29
220

300
1.2
32
270
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Taguchi technique is based on orthogonal array (OA) of experiments and
widely used in different fields of engineering to optimize the process parameters (Ref. 20). The integration of
DoE with parametric optimization of
process can be achieved in the Taguchi
method. An OA provides a set of wellbalanced experiments, and Taguchi’s
signal-to-noise (S/N) ratios, which are
logarithmic functions of the desired
output, serve as objective functions
for optimization. Orthogonal array
and S/N ratios are used to study the
effects of control factors and noise factors and to determine the best quality
characteristics for particular applications (Ref. 20). Among the several factors, mean current, pulse frequency,
thermal pulse frequency, and arc voltage are considered in this study as the
major influencing factors of a DPGMAW process due to the fact that
these parameters are the function of
one and/or several individual parameters such as peak current, background
current, peak current duration, and
background current duration.
In this work, sufficient numbers of
trial experiments have been carried
out to find the parameter ranges in
which effective welding took place
without failure (such as power failure
due to short circuit and discontinuous
arcing). In order to evaluate the
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Fig. 10 — Schematic diagram of weld bead
and fusion profile.

process parameters settings, the
Taguchi method uses a statistical
measure of performance, called signalto-noise (S/N) ratio (, dB). The standard S/N ratios generally used are categorized as nominal-is-best (NB), lower-the-better (LB), and higher-the-better (HB) criterion. Depending on the
experimental objective, three weld
bead geometries, i.e., the penetration,
the width, and the height, are considered as major weld quality characteristics. In the case of bead width and
height, lower values are desirable and
follow the LB criterion. On the other
hand, penetration follows the HB criterion. These S/N ratios in the Taguchi
method are defined as follows.

⎡1 n
⎤
η = −10 log ⎢ ∑ yi2 ⎥
⎣ n i =1 ⎦
(lower-the-better criterion)
⎡1 n 1 ⎤
η = −10 log ⎢ ∑ 2 ⎥
⎣ n i =1 yi ⎦
(higher-the-better criterion)

(1)

(2)

Where, yi is the observed data at the
ith trial and n is the number of trials.
In recent years, Taguchi’s approach
has become one of the most powerful
methods of statistical design of experiment (DoE) techniques. Several
researchers have also used Taguchi’s
OA experiment for selection of optimum levels of process parameter setting in different welding processes to
get desired bead geometry and weld
quality (Refs. 21–23). However,
Montgomery (Ref. 24) has noted that
the experimental design methods frequently become too complex and a
large number of experiments have to
be carried out as the number of
process parameters increases.
Nevertheless, the experimental optimization of any welding process is
often a very costly and time consum-

B

C

Fig. 11 — Contour and surface plot shows the effect of Im and ft on the following: A —
bead width; B — bead height; C — depth of penetration; at constant values of f = 270 Hz,
and V = 26.

ing task, due to many kinds of nonlinear events involved. To solve this problem, the response surface methodology (RSM) is often used, in which the
experimenter tries to approximate the
unknown mechanism with an appropriate empirical model (Refs. 25, 26).
Response surface methodology is an
empirical modeling approach using
polynomials as local approximations
to the true input/output relationship.
This empirical approach is often adequate for process improvement in an
industrial setting. By careful design of
experiments, the objective is to optimize a response (output variable) that
is influenced by several input variables
(input parameters). An experiment is a
series of tests, called runs, in which
changes are made in the input variables in order to identify the reasons
for changes in the output response.
The relationship between the response variable of interest (y), and the
input variables (x1, x2, . . . , xn) is usually not known. In general, if all the variables are assumed to be measurable,
the experimenter approximates the

system function with an empirical
model of the form
y = f (x1, x2, x3, ……, xn–1, …., xn) (3)
where f is a first- or second-order
polynomial. This empirical model is
known as response surface model.
The variables are known as natural
variables since they are expressed in
physical units of measurement. In the
RSM, the natural variables are transformed into coded variables that are
dimensionless. The successful application of RSM relies on the identification of a suitable approximation for f.
In the practical application of
RSM, it is necessary to develop an approximating model for the true response surface. The approximating
model is based on observed data from
the process or system and is an empirical model. Multiple regression is a
collection of statistical techniques
useful for building the types of empirical models required in RSM. Usually, a second-order polynomial Equation 4 is used in RSM
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Table 3 — The Design Matrix for Experimental Run and Other DP-GMAW Process Parameters
Sl no.

Im (A)

ft (Hz)

V

f (Hz)

vw (m/min)

Ip(A)

Ib(A)

tp (ms)

tb (ms)

HI
(kJ/mm)

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25

220
220
220
220
220
240
240
240
240
240
260
260
260
260
260
280
280
280
280
280
300
300
300
300
300

0.4
0.6
0.8
1
1.2
0.4
0.6
0.8
1
1.2
0.4
0.6
0.8
1
1.2
0.4
0.6
0.8
1
1.2
0.4
0.6
0.8
1
1.2

20
23
26
29
32
23
26
29
32
20
26
29
32
20
23
29
32
20
23
26
32
20
23
26
29

70
120
170
220
270
170
220
270
70
120
270
70
120
170
220
120
170
220
270
70
220
270
70
120
170

5
5
5
5
5
5.8
5.8
5.8
5.8
5.8
6.6
6.6
6.6
6.6
6.6
7.4
7.4
7.4
7.4
7.4
8.2
8.2
8.2
8.2
8.2

275.2
346.7
336.9
361.8
328.1
356.9
381.8
348.1
295.2
366.7
368.1
315.2
386.7
376.9
401.8
406.7
396.9
421.8
388.1
335.2
441.8
408.1
355.2
426.7
416.9

180
180
180
180
180
200
200
200
200
200
220
220
220
220
220
240
240
240
240
240
260
260
260
260
260

6.0
2.0
1.5
1.0
1.0
1.5
1.0
1.0
6.0
2.0
1.0
6.0
2.0
1.5
1.0
2.0
1.5
1.0
1.0
6.0
1.0
1.0
6.0
2.0
1.5

8.3
6.3
4.4
3.5
2.7
4.4
3.5
2.7
8.3
6.3
2.7
8.3
6.3
4.4
3.5
6.3
4.4
3.5
2.7
8.3
3.5
2.7
8.3
6.3
4.4

0.528
0.607
0.686
0.766
0.845
0.662
0.749
0.835
0.922
0.576
0.811
0.905
0.998
0.624
0.718
0.974
1.075
0.672
0.773
0.874
1.152
0.720
0.828
0.936
1.044

Note: Im = mean current, ft = thermal pulse frequency, V = voltage, f = pulse frequency, vw = wire feed speed, Ip = peak current, Ib = background current, tp = peak time,
ground time, HI = he t input (Im × V × η × 60/welding speed × 1000).
n

n

i =1

i =1

y = β0 + ∑ βi xi + ∑ βii x i2
+ ∑ ∑ βij xi x j + ε
i

j

(4)

where ε is a random error, and βij = 0,
1, 2….n are the regression coefficients.
The application of RSM in many areas of welding processes to predict and
to optimize bead geometry as a function
of process parameters was the interest
of many researchers (Refs. 27–30).
However, there are practically no studies reported on the bead geometry of
DP-GMAW process using sequential design of experiments employing the
Taguchi and RSM, and no numerical
models correlating DP-GMAW process
parameters with bead parameters like
depth of penetration, bead width, and
bead height were developed.

Experimental Procedure
Sample Preparation to Make
Weld Beads
In the present work, a mild steel

plate having 0.15% carbon of size 150
× 150 × 9 mm was used as base metal
to prepare bead on plates using
ER80S-G, a commercially available uncoated welding wire of diameter 1.2
mm. Details of bead-on-plate preparation for the DP-GMA welding process
are shown in Fig. 3. The chemical composition of the base metal and welding
wire are given in Table 1.
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= back-

ters such as mean current (Im), thermal
pulse frequency (ft), arc voltage (V)
and pulse frequency (f) were selected
and varied as per DoE. Mean current
(Im), thermal pulse frequency (ft), and
pulse frequency (f) can be defined by
the following equations:

Im =

Process Parameter Variation in
DP-GMAW
The control factors or process parameters and their different levels are
shown in Table 2. The design matrix
was made using Taguchi’s L25 (5 levels*4 factors) OA design as given in
Table 3 along with other operating parameters. The typical DP-GMAW
process with selected welding parameters was secured using the oscilloscope
and high-speed video camera as shown
in Fig. 4. Figure 4 reveals that the
thermal peak and thermal base appeared during the process along with
one drop per pulse (ODPP) transfer in
single pulsation. In this study, four important DP-GMAW process parame-

b

I p t p + I b tb

f =

ft =

t p + tb

(5)

1
t p + tb

(6)

1
Thermal peak time +
Thermal base time

(7)

However, the equation neglects any
variation in set values (selected
process parameters) due to the instantaneous changes in the double pulse
functions that may occur during operation. Either tp or tb can be preset due
to the machine constraints, i.e.; constant or factory curve feature, and
these two parameters are varied with
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the pulse frequency. Again, in the
welding machine, thermal peak time
and thermal base time can only be expressed as a function of thermal pulse
frequency.

A

Welding Procedure
The experiments were conducted
using a Kemppi, (Finland make) watercooled Universal MIG/MAG machine
(Model: KEMPPI FASTMIG Pulse 450)
using DC electrode positive (DCEP).
The welding conditions and process
parameters used (as per DoE) are given in Table 3. Bead-on-plate welding
was performed using the selected
welding parameters in a double pulsed
GMAW process. To ascertain the operating mode, oscilloscope (Model:
DLM2000; Make: Yokogawa Electronic
Co., Japan) and high-speed video camera (Model: Phantom V311, Make: Vision Research Inc., USA) were used to
record current pulsation, voltage, frequency, and drop transfer respectively
during each welding run. The welding
operations were performed using 92%
Ar + 8% CO2 shielding gas mixture. A
contact tip to workpiece distance
(CTWD) was maintained at 18 mm for
all the weld deposits. A welding speed
of 400 mm/min was also maintained
during the operation. All necessary
care was taken to avoid distortion and
the welding was made with applying
proper clamping (i.e., pneumatic grip
and C-clamp) devices.

Metallographic Sample
Preparation and Bead
Geometry Measurement
Once the welding was over, all
welded plates were cut perpendicular
to the welding direction using a power saw machine to measure the weld
bead geometry. A schematic diagram
of the bead geometry is shown in Fig.
5. Two specimens (cross-sectional
specimen centering the weld axis)
were cut from each plate 5 cm away
from the start and the end point as
shown in Fig. 6. The cut surfaces were
flattened through belt grinding and
were polished successively with 120-,
180-, 220-, 320-, 400-, 600-, 800-,
1000-, and 1200-grit silicon carbide
abrasive papers. The specimens were
further polished in a polishing wheel

B

C

Fig. 12 — Contour and surface plot shows the effect of Im and V on the following: A —
bead width; B — bead height; C — depth of penetration; at constant values of i = 0.6 Hz
and f = 270 Hz.
Table 4 — Complete Weld Bead Geometry Parameters of Each Welding Conditio
Sl no.

W (mm)

H (mm)

P (mm)

Toe angle (θ)

P/W rati

H/W rati

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25

7.17
8.17
8.35
8.15
7.59
8.66
8.11
8.26
8.13
7.66
9.64
8.88
8.77
8.84
8.34
9.26
9.38
9.18
9.55
8.14
10.85
9.36
10.41
9.99
11.29

2.59
2.68
2.43
2.52
2.81
2.93
2.85
2.85
2.82
2.80
3.11
3.06
3.33
3.30
2.96
3.67
3.38
3.39
2.76
2.95
3.54
3.03
3.42
3.15
3.95

1.561
2.312
2.348
2.164
2.194
2.247
2.000
2.623
2.546
2.339
2.981
3.098
2.542
2.239
2.843
3.322
3.081
2.707
3.173
2.741
3.671
3.461
2.647
2.634
2.336

49.5
44
46.5
50.5
51
35.5
53.5
52.5
58.5
60
45
60.5
52.5
49.5
55
60.5
53
59.5
46
63
55.5
54.5
53.5
44
51.5

0.218
0.283
0.281
0.265
0.289
0.259
0.246
0.318
0.313
0.305
0.309
0.349
0.290
0.253
0.341
0.359
0.328
0.295
0.332
0.336
0.338
0.370
0.254
0.263
0.206

0.361
0.329
0.292
0.310
0.370
0.339
0.352
0.346
0.347
0.366
0.323
0.345
0.380
0.374
0.355
0.396
0.360
0.369
0.289
0.362
0.327
0.324
0.329
0.315
0.321

Note: W = bead width; H = top reinforcement height; P = penetration depth; /W = aspect ratio; H/W = onvexity index.
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Fig. 13 — Contour and surface plot shows the effect of Im and f on the following: A —
Bead width; B — bead height; C — depth of penetration; at constant values of fi = 0.6 Hz,
and V = 26 Volt.
Table 5 — ANOVA Table for Response Surface Function of Bead Widt
Source

Degree of Freedom

Sum of Squares

Mean Square

F-Rati

P-Value

Model
Error
Total

20
4
24

21.1558
3.6825
24.8382

1.762980
0.306872

5.75

0.002

using diamond compound of 9-, 6-, 3, 1-, and 0.25-micron wet Selvyt
cloth/microcloth followed by final
polishing with 0.05-micron slurry of
Al2O3 (diluted by distilled water in
9:1 ratio) on a fine micro cloth. The
specimens were then washed, cleaned
with distilled water and ethanol, and
dried by a drier. After polishing,
those samples were etched with Nital
solution (2% HNO3). The bead geometry parameters were measured in a
Carl Zeiss Microscope (5× magnification). The average values of weld bead
width, height, and penetration (from
the two cuts) were calculated for each
experiment and the values are given
in Table 4.

Results and Discussion
The macro views of the beads (bead
appearance and bead geometry), welded with different process parameters
(Im, V, f, and ft ), were captured and
shown in Figs. 7 and 8. The values of
bead geometry such as bead height (H),
bead width (W), and depth of penetration (P) were measured from the
macrographs using AutoCAD 2006 software and all the data are presented in
Table 4. The aspect ratio or the maximum penetration depth to bead width
ratio (P/W ratio) and convexity index or
the reinforcement height to bead width
ratio along with toe angles are also pro-
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vided in Table 4. Concerning the index
P/W, which indicates the bead slenderness, one could expect that the less
slender the bead (higher ratio P/W),
the less difficult for the gas to escape
(Ref. 13). The P/W values in Table 4
suggest that the DP-GMAW technique
should present less difficulty for pore
trapping. Convexity index of the beads
is computed using W and H (Table 4).
The optimum level for a factor is the
level that gives the desired quality characteristics in the experimental region.
In this study, the desired quality characteristic for penetration is the biggerthe-better, and for convexity index, the
desired quality characteristic is thesmaller-the-better.

Weld Bead Appearance
The bead appearance or the bead
profile summarized in Fig. 7 shows
that the ripples are formed on the
joint surface. It can be anticipated
that the typical rise and fall features
of the ripples are similar to the electrical waveforms of the welding
process. Thermal pulse was used to
produce oscillation in weld pool to
improve fluidity, leading to the ripple
formation during the molten metal
solidification. The ripple profile on
the weld joint surface was related directly with the thermal pulse frequency. The thermal pulse (i.e., low frequency pulse) is used to modulate
peak and duration of the high-frequency pulse and to improve the fluidity of the weld pool (Refs. 12, 13).
Arc plasma force and heat input are
varied with thermal pulse frequency,
which guarantees forming of the weld
bead ripple and expanding the range
of weld joint clearance. A good bead
on plate with regular ripple surface
has been obtained with the DPGMAW process. Therefore, with the
increase of low-frequency pulses, the
ripples on the joint surface became
more prominent — Fig. 7. Furthermore, when observing the cross section of the weld beads as shown in
Fig. 8, there was scattered variation
of bead geometries, i.e., bead height,
width, and depth of penetration
along the longitudinal direction, indicating that other parameters along
with thermal pulse have significant
effect in controlling the geometry.
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Taguchi Analysis
The Taguchi method was applied to
understand the individual effect of
process parameters on the weld bead
geometry. In the present study, two criteria are typically followed: for bead
width and bead height, the lower-thebetter (LB) criterion and for the depth
of penetration, the higher-the-better
(HB) criterion. Consequently owing to
the LB characteristics, the highest S/N
ratio in each factor is desirable to obtain
the minimum bead width and bead
height, and because of the HB characteristics, the highest S/N ratio in each
factor is required to attain the maximum depth of penetration. In general,
higher is the difference between the
minimum and the maximum S/N ratios
in each factor, the higher is the effect on
the bead geometry.
Figure 9 presents the calculated S/N
ratios of four factors on the weld bead
geometry according to each level. As
shown in Fig. 9, the mean current (Im) is
a dominant parameter for all the bead
geometry. However, the mean current
has two-fold effect on the bead geometry. When considering minimum bead
width and bead height as the prime response then the lowest Im as a value of
220 A is desirable, but to get the maximum depth of penetration, higher Im as
a value of 280 A is required. This can be
explained in terms of the lower melting
rate of filler metal at low Im, which leads
to slower rate of molten filler metal
droplets transferring into weld pool and
consequently the bead geometry minimizes. On the other hand, high Im increases the melting rate due to a higher
heat input (Table 3) leading to a higher
rate of molten filler metal droplets
transferring into the molten weld pool,
and thus the weld pool becomes superheated (Ref. 31). This superheated
molten filler metal at single pulse condition increases the pinch effect of the
droplet and enhances the depth of penetration. Apart from mean current, the
thermal pulse frequency (ft), the arc
voltage (V), and pulse frequency (f) have
secondary effect on the bead geometry.
It is observed that the high ft values
ranging between 1.0–1.2 Hz result in
minimum bead width and height, but
maximum depth of penetration is attained at ft value of 0.6 Hz. Conversely,
to get the minimum W and H lower values of V and f are desirable; however, to

A

B

C

Fig. 14 — Contour and surface plot shows the effect of f and ft on the following: A —bead
width; B — bead height; C — depth of penetration; at constant values of Im = 280 A and
V= 26.
Table 6 — ANOVA Table for Response Surface Function of Bead Heig t
Source

Degree of Freedom

Sum of Squares

Mean Square

F-Rati

P-Value

Model
Error
Total

20
4
24

2.86383
0.47043
3.33426

0.238652
0.039203

6.09

0.002

get maximum P higher of these values is
probably essential. It is also observed
from Fig. 9 that the optimization of the
process parameters (where the minimum W and H along with maximum
depth of penetration can be achieved) is
not possible due to variation in LB and
HB characteristics of the bead geometry, and the Taguchi method simply ignores the parametric interactions.
Therefore, RSM optimization tool considering 25 experiments were further
used to get an accurate optimization
process. Additionally, the viable
process parameters obtained from the
Taguchi method are further considered as constant input variables (for
particular responses) to construct the
response surfaces and contour plots in

the RSM analysis to understand the
effect of process parameters on the
bead geometry.

The Evolution of Bead
Geometry Using RSM
In this study, four process parameters (Im, V, f, and ft ) were considered
(Table 3) as the basic DP-GMAW
process parameters (individual and
cumulative parameters) that can significantly affect the heat transfer and
fluid flow in the weld pool. Generally
the weld fusion area or the weld pool
area may be separated into two main
regions. “Primary Penetration” is
characterized by substantial penetration at the center of the fusion zone.
AUGUST 2015 / WELDING JOURNAL 273-s
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Fig. 15 — Contour and surface plot shows the effect of f and V on the follwing; A —bead
width; B — bead height; C — depth of penetration, at constant values of Im = 280 A and ft
= 0.6 Hz.
Table 7 — ANOVA Table for Response Surface Function of enetratio
Source

Degree of Freedom

Sum of Squares

Mean Square

F-Rati

P-Value

Model
Error
Total

20
4
24

5.36549
0.40497
5.77046

0.447124
0.033747

13.25

0.001

“Secondary Penetration” is caused by
comparatively slow melting at the
edges of the weld pool (Ref. 32). The
typical profile of the penetration regions in a bead-on-plate weld is
shown in Fig. 10. If the process parameters increase primary penetration then the depth of penetration
should also be increased. Whereas,
the increased secondary penetration
simply boost the convexity index by
sacrificing the depth of penetration.
Essers and Walter (Ref. 33) stated
that the heat is transferred to the
workpiece from the arc column
through convection, radiation, and
conduction, along with the heat developed within the transferred

droplet. In pulse spray transfer mode,
the primary mode of metal transfer
used in this study, liquid droplets
transferred from the filler metal are
superheated. Thus, the droplet transfer frequency coupled with the
droplet heat content would contribute to the depth of primary penetration. Therefore, a suitable combination of primary and secondary penetration or profile is required to
achieve acceptable bead geometry. By
varying several process parameters
and due to their combined effect, different bead profiles can be achieved.
Figure 11 shows the estimated response surfaces and contour plots for
bead width (W), bead height (H), and

274-s WELDING JOURNAL / AUGUST 2015, VOL. 94

depth of penetration (P) with varying
values of Im and ft keeping f and V constant. Figure 11 clearly reveals that
bead width, bead height, and depth of
penetration increases with an increase
in Im at fixed ft. However, at a particular higher Im bead width is less sensitive to change in ft, whereas bead
height increases with increase in ft and
large depth of penetration can be
achieved at lower ft values. However,
this variation was found to be reversed
with a decrease in mean current at a
constant thermal pulse frequency, especially for H and P. Furthermore, Figure 12A depicts that at a higher mean
current level, the increase in arc voltage increases bead width of the weld
deposit up to a certain level. Bead
height initially decreases with increased arc voltage at particular mean
current level and then increases —
Fig. 12B. Also, from Fig. 12C, it is observed that at a particular mean current, the depth of penetration increases with an increase up to 25–28 V, and
then decreases with the further increase in arc voltage. Again, Fig. 13
clearly represents that the pulse frequency has two-fold effects on bead
geometry. Lower pulse frequency
(ranging from 70 to 170 Hz) at higher
mean current (above 250 A) significantly increases W and H, but the effect of pulse frequency on W and H become opposite as the frequency increases further — Fig. 13A and B.
On the other hand, Fig. 13C shows
that the depth of penetration at lower
pulse frequency can be high if the
mean current is low, but at higher Im
increase in f significantly increases the
depth of penetration. Figure 14 clearly
depicts that increase in ft values at
particular pulse frequency decreases
the overall bead geometry. Whereas
high pulse frequency at low ft significantly enhances the bead geometry.
Maximum depth of penetration along
with the lower bead width and height
can be obtained within a particular
range of these parameters (i.e., f =
200–260 Hz, ft = 0.4–0.8 Hz). Figures
15 and 16 show that at a particular
range of arc voltage (25–28 V) higher
pulse frequency, along with lower
thermal pulse frequency, are able to
produce optimum conditions for high
depth of penetration with low or moderate bead width and height.
The variation in bead geometry due
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to the variation in process parameters
can be explained by the variation in
weld pool dimension and shape.
Zacharia et al. (Ref. 34) have stated
that the weld pool dimension and
shape is critically controlled by individual and combined effect of several
factors like fluid flow mechanism,
drop temperature, arc temperature,
drop transfer rate, droplet size, and
drop acceleration. It is well established
that these factors are the result of the
variation in different process parameters. The fluid flow mechanism, which
is a product of different driving forces,
plays a deterministic role on controlling the weld pool that and shape. The
effects of the different driving forces
on the flow fields and weld pool dimensions that have been identified to
date are illustrated schematically in
Fig. 17. The magnitude and direction
of the flow of molten metal in the
weld pool can significantly alter the local heat transfer conditions, and consequently, the fusion zone geometry.
The driving forces for fluid flow in the
weld pool fall into two broad categories: the volume forcing terms that
include the buoyant (thermal/gravity)
forces and electromagnetic forces, and
the shear and pressure acting on the
weld pool surface due to surface tension gradient and surface curvature
(Ref. 34). The fluid flow in the weld
pool is also influenced by the arc pressure due to plasma. However, the arc
pressure becomes important only
when welding current is more than
350 A because at current over 350 A,
the surface of the weld pool becomes
markedly depressed and the assumption of negligible or flat surface is no
longer valid (Ref. 35). Therefore, the
arc pressure has not been considered
in the present analysis, since the mean
current used in the present study are
below 350 A.
Again, the shear force due to the impinging of shielding gas flow, which remains constant during welding, is also
considered to be negligible on the weld
pool convection. Hence, in effect three
major driving forces such as buoyancy
force due to temperature-induced
changes in density of the liquid, electromagnetic (Lorentz) forces due to the interaction of the arc current with its
magnetic field (which forces fluid in a
downwards motion ), and Marangoni
forces due to changes in surface tension

A

B

C

Fig. 16 — Contour and surface plot shows the effect of ft and V on the following: A —bead
width; B — bead height; C — depth of penetration: at constant values of Im = 280 A and f
= 270 Hz.

with temperature across the free surface
of the weld pool, (/T) have contributed significant effect on the control
of weld pool dimension and shape (Refs.
34, 36–42). In this context, Heiple and
Roper (Refs. 43, 44) have mentioned
that /T is negative for most of the
metals and the Marangoni force drives
fluid flow on the surface outwards;
however, the presence of surface active
elements will produce a positive /T
which causes flow of the surface toward
the center of the pool and subsequent
increase in weld penetration. Matsunawa (Ref. 45) has also shown that
for long arcs and welding currents higher than 200 A, viscous drag from the arc
plasma can induce fluid flow in the weld
pool. However, the detail derivations of
these forces are beyond the scope of the
present study and mentioned elsewhere
by Zacharia et al. (Ref. 34).
In the present study, increasing
mean current at high f (more than 200
Hz) (Fig. 11) has caused an increase in
Lorentz force within the weld pool.
Such high Lorentz force developed in

the weld pool increases the downward
motion, also known as forced vortex
motion (Ref. 35), of the molten fluid
and transmits heat directly to the bottom of the weld pool leading to deeper
primary penetration. Nevertheless,
several researchers (Refs. 46, 47) have
demonstrated that due to the turbulent nature of the fluid flow in weld
pool, as schematically shown in Fig.
18A, Lorentz force alone is unable to
describe the nature of total fluid flow
mechanism.
Therefore, it is certain that the
Marangoni force and Lorentz force acted together on the flow field to control
the effective weld pool area. Because
of the increasing Im, the surface temperature of the weld pool increases,
and Kou and Wang (Ref. 48) have already reported that the increase in
temperature decreases the surface tension, which ultimately leads to more
negative surface tension temperature
gradient (/T). More negative /T
pushes the molten fluid at the outward direction (away from the weld
AUGUST 2015 / WELDING JOURNAL 275-s
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Fig. 17 — Schematic diagrams of the flow induced in the weld pool
by individual driving forces and their effect on the weld pool shape.

pool center as shown in Fig. 18A). The
fluid motion in the outward direction
is also referred to as free vortex motion after Lin and Eager (Ref. 35).
Consequently, the forced and free vortex together can result in a complex
flow pattern in the weld pool resulting
in enhanced penetration profile with
higher weld pool width (Fig. 8) because of deep surface depression (Ref.
35). In contrast, the weld pool width
initially decreases (Fig. 13) with an increase of pulse frequency due to shortening of the pulsing time at the lower
mean current (less than 250 A), which
reduces the effective arc heat (Ref. 49).
However, at higher mean current
(more than 270 A) due to higher energy
density of the heat source weld pool
width increases (Ref. 50). The increasing pulse frequency at high Im (more
than 270 A) reduces the peak duration
between the pulses and thus reduces
the droplet radius or size. The increase
in f also increases the rate of droplet detachment due to higher number of
droplets at fixed time duration. Small
droplet radius with high Im simultaneously reduces the surface tension force
and induces the outward or free vortex
fluid flow, which increases the weld
pool width. Again, one should also consider the effect of thermal pulse frequency along with f on the fluid flow.
Lower ft at high Im (more than 270 A)

and f (more than 200
Hz) (Figs. 11 and 13) increases the thermal peak
duration and increases
the number of high-frequency pulses or drop
Fig. 18 — Schematic representations show the following; A —
transfer rate, which
the effect of turbulent fluid flow induced in the weld pool by
probably increases the
the combined result of different driving forces on the weld
free vortex fluid flow,
pool dimension and shape; B — the difference between conand thus enhances bead
ventional or normal bead geometry (i.e. not significantly afwidth. Again, high-therfected by the complex fluid flow and generally occurs at the
lower Im and f level) and flat bead geometry (created due to
mal peak duration also
surface depression at higher Im and f level).
increases the arc temperature and the mobility of ions present in the
dependent upon the resultant interacarc, which results in higher arc force.
tion between Lorentz force and
Higher ionic mobility or the arc force
Marangoni force. In fact, high forced
increases the impact force of droplet
and free vortex motion have created
due to higher droplet velocity and/or
increased surface curvature or the
acceleration. Liu et al. (Refs. 11, 12) reweld cavity as shown in Fig. 18B,
cently showed that the higher impact
which eventually resulted in deep surforce of thermally exited molten drops
face depression. Since at a given
can create more pinch effect on the
process parameter the volume of the
weld puddle and transmit maximum
molten metal remains unchanged, the
heat at the bottom, which could cause
molten metal from top surface took
higher primary penetration. These
part in filling up the excess weld cavity
combined effects of the driving forces,
created by high forced and free vortex.
as a result of different Im, f, and ft , inThis phenomenon incurred shallower
creases the weld pool area (consists of
reinforcement (Fig. 18B), and hence,
weld pool width, secondary and pridecreased the bead height (Ref. 31).
mary penetration all together), which
Interestingly, in the present study,
causes higher bead width and depth of
with decrease in reinforcement or
penetration.
bead height of the weld deposits, both
On the other hand, decreasing weld
bead width and depth of penetration
reinforcement or bead height is closely
increased.
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Fig. 19 — Comparison of weld bead geometry. A — Width; B — Height; C — Depth of penetration, between experimental values and predicted (using RSM model) values.

Fig. 20 — Optimization plot for combined optimization of bead geometry.

Second-Order Polynomial
Model for Bead Geometry

× f × ft + 0.0000025 × f
× V – 0.000013 × ft × V

The second-order polynomial multiple regression model shows that the
different bead geometry (Y, mm) can
be expressed as the function of DPGMAW process parameters such as Im,
f, ft, and V. The relationship between
the bead geometry and the process parameters is expressed as follows:
Y = β0 + β1 × Im + β2 × f + β3 × ft
+ β4 × V + β11×Im2 + β22 × f2
+ β33 × ft2 + β44 × V2 + β12 × Im×f
+ β13 × Im × ft + β14 × Im× V + β23
× f × ft + β24 × f × V + β34 × ft × V

(8)

From the observed data for the
bead geometry and DP-GMAW process
parameters (Tables 3 and 4) using
Equation 8, the second-order response
functions are determined below.
Width (W, mm) = 18.983 – 0.135 × Im
+ 0.014 × f – 0.944 × ft + 0.180 × V
+ 0.0002 × Im2 – 0.00000246
× f2 – 1.054 × ft2 – 0.0007 × V2
– 0.00005 × Im × f + 0.009 × Im
× ft + 0.001 × Im × V – 0.00063

Fig. 21 — Verification results for the bead geometry
comparing response surface model with experiments.

(9)

S = 0.4075 R2 = 95.2% R2 (adjusted)
= 79.8%
Height (H, mm) = -0.147 + 0.052 × Im
+ 0.021 × f - 5.084 × ft - 0.369
× V – 0.00006 × Im2 - 0.00002 × f2
+ 1.068 × ft2 + 0.009 × V2 - 0.00003
× Im × f + 0.0011 × Im × ft – 0.00048
× Im × V + 0.001 × f × ft
+ 0.000099 × f × V + 0.00068
× ft × V
(10)
S = 0.1543 R2 = 95.9% R2 (adjusted)
= 81.8%
Penetration (P, mm) = –21.54 + 0.09
× Im – 0.04 × f + 11.08 × ft + 0.73
× V – 0.00006 × Im2 + 0.00001
× f 2 - 0.41 × ft 2 – 0.02 × V2
+ 0.00003 × Im × f – 0.04 × Im
× ft + 0.0008 × Im × V + 0.00209
× f × ft + 0.0000679 × f × V
– 0.0000585 × ft × V
(11)
S = 0.3356 R2 = 96.1% R2 (adjusted)
= 86.0%

A result of ANOVA for the response
surface function of the bead geometry is
shown in Tables 5–7. By comparing
with the calculated and the statistical Fratios, it was seen that the second-order
response function was quite adequate.
Also the P-values of these models clearly point out the acceptability of the second-order regression equations. All the
adjusted R2 values are more than 79%,
which is again a clear indication of the
adequacy of the developed models. The
values of weld bead geometry obtained
from experiments and those predicted
from response surface model are plotted in Fig. 19A–C. From the graph, it
can be observed that the weld bead
geometry obtained from experiments
and those predicted by RSM are very
close except for a few combination of
parameters.

Optimization of Process
Parameters
Optimization procedure in RSM is
initiated by picking several starting
points, from which, searching for the
optimal factor is continued. Two types
of solutions are obtained for the
AUGUST 2015 / WELDING JOURNAL 277-s
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search: 1) local solution, for each starting point there is a local solution.
These solutions are the “best” combination of factor settings found for that
particular starting point. 2) Global solution, there is only one global solution, which is the best of all the local
solutions. The global solution is the
“best” combination of factor settings
for achieving the desired responses.
As for welding, the desirable weld
bead geometry is one that has maximum depth of penetration, minimum
or targeted bead width and bead height.
The same can be achieved by adopting a
multiobjective optimization procedure
with global solution. To identify the
combination of input variable settings
that collectively optimize the above set
of responses (i.e., W, H, and P), a response optimizer based upon the fitted
model in RSM was utilized. The optimization was carried out using
Minitab®, with multiple objectives viz.,
maximizing the depth of penetration,
minimizing bead width, and minimizing
bead height. The second-order polynomial models (Equations 9–11) are used
to optimize responses with the set
weight factor variable of “1” for each response. The optimum parameter settings so obtained for achieving the
above objectives are: Im = 290.37 A, f =
254.55 Hz, ft = 0.6 Hz, and V = 27 V,
and the corresponding optimization
plot is depicted in Fig. 20. It is worthwhile to mention here that the obtained
optimum process parameters using
RSM optimization process were further
checked for adequacy by comparing predicted value of bead geometry and experimental trials.

Confirmation Experiments
In confirmation of the second-order polynomial model (Equations
8–10), three verification tests (designated as Test 1, Test 2, and Test 3)
were conducted using the optimum
process parameters, which were determined by the response surface method
to evaluate the optimal bead geometry. As shown in Fig. 21, differences
between the predicted bead geometry
(i.e., bead width, bead height, and
depth of penetration), by the secondorder response surface and the measure result by the experiments are
small. Therefore, it can be concluded
that the second-order response model

is very useful for predicting the bead
geometry. However, fluctuation occurred due to the redundant parametric variation during the welding operation. These fluctuations can be neglected if they remain within the tolerable limit (i.e., ± 5% of the respective
predicted values).

Conclusions
The major conclusions are summarized below.
1) Bead width, bead height, and
depth of penetration increases with
increase in mean current (Im) at fixed
thermal pulse frequency (ft). At a higher Im level (above 250 A), bead width
(W) is less sensitive to change in ft ,
whereas bead height (H) increases
with increase in ft and large depth of
penetration (P) can be achieved at lower ftvalues. However, this variation
was found to be reversed with a decrease in mean current at a constant
thermal pulse frequency, especially for
bead height and depth of penetration.
2) At a higher mean current level the
increase in arc voltage (V) increases
bead width of the weld deposit up to a
certain level. Bead height initially decreases with an increased arc voltage at
particular mean current level and then
increases. It is also observed that at a
particular mean current, the depth of
penetration increases with an increase
up to 25–28 V and then decreases with
a further increase in arc voltage.
3) The pulse frequency (f) has twofold effects on bead geometry. Lower
pulse frequency (ranging from 70 to
170 Hz) at higher mean current significantly increases W and H, but the effect of pulse frequency on W and H become opposite as the frequency increases further. On the other hand,
depth of penetration at lower pulse
frequency can be high if the Im is also
high, but at higher Im increases in f significantly increases the penetration. It
is also observed that maximum depth
of penetration along with the lower
bead width and height can be obtained
within a particular range of pulse frequency and thermal pulse frequency
(i.e., f = 200–260 Hz; ft = 0.4–0.8 Hz).
4) From the whole study, it can be
concluded that at a particular range of
arc voltage (i.e., 25–28 V) higher mean
current, higher pulse frequency along
with lower thermal pulse frequency are
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able to produce optimum conditions for
high depth of penetration with low or
moderate bead width and height.
5) A second-order mathematical
model was developed to predict the
weld bead geometry. The acquired
mathematical model has been checked
by ANOVA for its adequacy. It was also
found that the predicted bead geometry values using the mathematical
model are compatible with the 25 experimental weld runs, which eventually signifies the success of the secondorder mathematical model.
6) Response surface methodology is
also used for optimization of process
parameters. The optimum parameter
settings so obtained for range of parameters used in this study are: Im =
290.37 A, f = 254.55 Hz, ft = 0.6 Hz,
and V = 27. The optimum process parameters achieved from RSM was compared with experimental results. It
was found that the predicted optimum
bead geometry correlate very well with
the confirmation test results.
7) Finally, it can be generalized that
the obtained second-order polynomial
models may be useful to predict bead
geometry for any other double pulse
arc welding processes within a range of
input parameters, i.e., Im = 220–300 A,
f = 70-270 Hz, ft = 0.4-1.2 Hz, and V =
20–32 V.
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