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Abstract With increasing requirements of higher strength to
low weight ratio materials, high-strength low-alloy (HSLA)
steel has achieved higher commercial importance. Plasma arc
welding has the capability to join metals without edge prepa-
ration, weldment in a single pass and minimum angular dis-
tortion. Due to these embedded capabilities, plasma arc
welding is preferred over conventional joining processes for
HSLA steel applications involving part thickness greater than
3 mm. The quality of plasma arc-welded joints is highly de-
pendent on input process parameters. This paper aims to de-
velop empirical models for the prediction of weld bead geom-
etry including front bead height, back bead height, front bead
width, and back bead width. A series of tests were conducted
to investigate the effect of four input process parameters in-
cluding current, voltage, welding speed, and plasma gas flow
rate onweld bead geometry using a face-centered central com-
posite design. The confirmation experiments and ANOVA
results validated the models within 95 % accuracy. Current
was found to be the most influential factor affecting the weld
bead geometry followed by speed. Furthermore, current and
speed and speed and gas flow rates were identified as most
influencing interaction factors. The innovation in this research
is the empirical modeling of weld bead geometry for HSLA
using plasma arc welding.

Keywords Weld bead geometry . Central composite design
CCD . Plasma arc welding

1 Introduction

High-strength low-alloy (HSLA) steel is 20–30 % lighter than
carbon steel for the same volume. Therefore, HSLA steel is
preferred over carbon steel for the applications requiring high
strength to low weight ratio, better resistance to atmospheric
corrosion, and better mechanical properties. Due to these em-
bedded properties, HSLA steel is used for highly demanding
applications including oil and gas pipelines, storage tanks,
bridges, offshore structures, and power transmission towers
[1]. Welding is the most frequently employed fabrication pro-
cess for HSLA steel. Its welding is being successfully carried
out by shielded metal arc welding (SMAW), gas metal arc
welding (GMAW), and gas tungsten arc welding (GTAW).
For critical applications such as pressure vessels and rockets
which involve part thickness greater than 3.0 mm with class 1
weld joint and radiographic qualification requirements [2],
plasma arc welding (PAW) is preferred due to the following
reasons: (1) PAW has the capability of greater energy concen-
tration, improved arc stability, elevated heat content, and
higher welding speeds. As a result, PAW has greater penetra-
tion capabilities than SMAW, GMAW, and GTAW [3]; (2)
these arc welding processes (SMAW, GMAW, GTAW) re-
quire weld joint preparation in the form of V-groove or U-
groove. Although weld without joint preparation can be per-
formed, multi-passes are mandatory to meet the above said
requirements resulting in increased welding time and higher
chances of defects; (3) in some cases, SMAWis employed as a
cheaper alternative to qualify class 1 weld joint. It is usually
employed manually with a higher width to depth ratio as com-
pared to PAW, resulting in angular distortion [4]; (4) filler
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metal is not required for PAW, whereas SMAW and GTAW
require filler metal for sheet thickness greater than 3 mm; and
(5) removal of slag is mandatory for the SMAW process.

The welding strength is measured bymechanical properties
of weld (tensile strength, fracture strength, hardness, bend
strength, corrosion resistance, and impact toughness) [1,
5–7]. These properties are directly related to weld bead geom-
etry [8–13]. Therefore, the quality of plasma arc-welded joints
in this research has been measured through weld bead geom-
etry which consists of front bead height (FBH), back bead
height (BBH), front bead width (FBW), and back bead width
(BBW). The inappropriate weld bead geometry (FBH, BBH,
FBW, and BBW) results in weld failure. The importance of
weld bead geometry increases considerably as the failure of
component can cause serious loss of life and resources. The
weld bead geometry depends on certain welding process pa-
rameters. An expert welding operator selects these parameters
using hit and trial and past knowledge. Different combinations
of welding parameters are tried which may result in sub-
optimal solution. These trials can be avoided by conducting
a systematic research to identify the effects of process param-
eters on weld bead geometry.

In this research, a comprehensive literature review has been
carried out to highlight the previous work related to weld bead
geometry on different materials using alternative welding pro-
cesses. Figure 1 represents alternative approaches employed
by previous researchers on various materials using different
welding processes [5–26]. The materials are shown on x-axis,
whereaswelding processes are presented on y-axis. For example,
Al-Faruk et al. [14] used analytical neural network (ANN) to

model the weld bead geometry of mild steel plates using elec-
tron arc welding (EAW).

It is evident from Fig. 1 that a number of researchers inves-
tigated the effects of process parameters of PAW on AISI
1040, AISI 430, AISI 304/L, AISI 316L, SS 201, stainless
steel, Inconel 625, and AA5182 [5, 7–9, 12, 13, 17–19, 21].
Similarly, conventional experiments/analytical, response sur-
face methodology (RSM) using central composite design
(CCD), factorial design, and gray relational approaches have
been used by previous researchers to model weld bead geom-
etry of PAW. In all these modeling approaches, RSM is one of
the most effective approaches for the investigation of signifi-
cant process parameters and prediction of responses using
optimal combinations of significant process parameters [27].

It can be concluded from a detailed literature review that
little or no work has been reported on HSLA steel to pre-
dict weld bead geometry using the PAW process. There
fore, this research aims to develop models to correlate the
effects of input process parameters on response variables,
i.e., FBH, BBH, FBW, and BBW. This will aid in process
parameter optimization for weld bead geometry. RSM with
face-centered CCD and ANOVA has been applied to plan
experiments and investigate the effects of process para
meters.
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Fig. 1 Overview of research on
welding types, alternative
materials, and methods

Table 1 Chemical composition of HSLA steel

%C %Si %Mn %P %S %Cr %Ni %Mo %V

0.32 1.5 0.81 0.01 0.001 1.02 0.25 0.5 0.12
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2 Experimental procedure

This section describes the details regarding material composi-
tion, sample preparation, experimental setup, response mea-
surements, and welding assumptions. PAWwas performed on
HSLA steel plates having chemical composition as shown in
Table 1. The chemical composition of plates was verified
through an XRF analyzer and wet analysis technique prior to
experimentation.

The samples were prepared having dimensions 500 ×
135 × 4.5mm3 by using a CNC milling machine to form a
square butt joint. To constraint the relative motion of plates,
the samples were tack-welded from the ends.

All the samples were welded in a single pass on an auto-
matic linear PAW machine with a maximum current capacity
of 300 A. Argon was used as plasma, shielding, and backing
gas. Welding samples were pneumatically clamped and kept
stationary while the carriage with a plasma welding torch was
moved at defined speeds. Copper backing was provided as a
heat sink. Since this research was related to key hole PAW, a
groove under the joint was provided to allow the flow of
plasma gas through the sample plates. Orientation of the
welding torch was kept vertical to sample plates. A tungsten
electrode of 3.2 mm in diameter was used while shielding gas

flow rate and backing gas flow rate were kept constant at 30
and 20 l/min, respectively. The schematic of PAW has been
shown in Fig. 2.

The process parameters selected for the experiments
were current, voltage, welding speed, and plasma gas flow
rate. These parameters have been identified after a detailed
literature review. The design space (provided in Table 2)
has been selected on the basis of literature review, and trial
runs were performed in laboratory. The response variables
included FBH, BBH, FBW, and BBW as shown in Fig. 3.

To reveal the weld bead geometry, the samples were
prepared by using standard metallurgical polishing tech-
niques and etched with 5 % nital. The responses were
measured using an optical microscope. The average of
the three readings on each sample was taken as a final
response value.

3 Experimental design

RSM has been used for modeling and analysis of weld
bead geometry. In this method, multiple responses are
influenced by input parameters with an aim to optimize
the responses [28]. Four welding process parameters

Fig. 2 Schematic showing
orientation of sample, torch,
clamping, and copper backing

Table 2 Process parameters with their design space

Process parameter Units Level 1 Level 2 Level 3

Current Ampere 165 180 195

Voltage Volts 29 29.5 30

Speed Centimeter/min 20 22.5 25

Gas flow rate Liter/min 4.5 4.75 5

Front bead width

Back bead width

Front bead 
height

Back bead 
height

Fig. 3 Response variables of plasma arc weld
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(current (A), voltage (B), welding speed (C), and plasma
gas flow rate (D)) have been used to investigate their
effects on response variables, i.e., FBH, BBH, FBW,
and BBW.

In RSM, when all the independent (input) variables (A,
B, C, and D) are measurable, controllable and continuous
with negligible error, the response surface Y can be
expressed by the following relation (Eq. 1).

Y ¼ f A;B;C;Dð Þ ð1Þ

In practical applications of RSM, it is always compul-
sory to model the true response surface. The approximating
model is an empirical model and is based on experimental
observations from the process. The empirical model is

either first order (Eq. 2) or second order (Eq. 3) and can
be simplified as:

Y ¼ β0 þ ∑
n

i¼1
βiX i þ ð2Þ

Y ¼ β0 þ β1X 1 þ β2X
2 þ ð3Þ

where β0, βi, β1, and β2 are approximating functions of pa-
rameters, xi is input parameter, and y is response variable.

3.1 Central composite design

All the experiments performed in this research are based on a
faced-centered composite design. In the faced-centered

Table 3 Design matrix
Run Input variables Response variables

Current
(A)

Voltage
(V)

Speed
(cm/
min)

Gas flow
rate
(l/min)

Front bead
height
(mm)

Back bead
height
(mm)

Front bead
width
(mm)

Back bead
width
(mm)

1 180.00 29.50 22.50 4.75 0.19 0.69 5.83 2.50

2 180.00 29.50 22.50 4.50 0.12 0.58 6.23 2.80

3 195.00 30.00 25.00 5.00 0.08 0.75 6.228 3.23

4 180.00 29.50 22.50 4.75 0.18 0.64 5.63 2.59

5 165.00 29.00 25.00 5.00 0.44 0.42 4.42 2.69

6 180.00 29.00 22.50 4.75 0.20 0.67 6.195 2.81

7 165.00 29.00 20.00 4.50 0.36 0.20 5.71 2.654

8 165.00 30.00 25.00 4.50 0.40 0.22 4.33 2.246

9 180.00 29.50 20.00 4.75 0.12 0.70 6.34 3.22

10 165.00 30.00 20.00 5.00 0.37 0.39 5.47 2.51

11 195.00 29.00 25.00 4.50 0.05 0.90 6.25 2.75

12 165.00 30.00 20.00 4.50 0.38 0.27 5.80 2.90

13 180.00 29.50 22.50 5.00 0.19 0.67 6.31 2.85

14 165.00 29.00 25.00 4.50 0.34 0.37 4.323 2.70

15 180.00 30.00 22.50 4.75 0.14 0.75 6.13 2.79

16 180.00 29.50 22.50 4.75 0.17 0.69 5.73 2.50

17 165.00 29.00 20.00 5.00 0.35 0.49 5.75 2.90

18 180.00 29.50 25.00 4.75 0.11 0.71 5.6 2.56

19 195.00 29.00 20.00 5.00 0.04 0.75 7.23 4.20

20 195.00 29.00 25.00 5.00 0.08 0.69 6.21 3.37

21 195.00 29.00 20.00 4.50 0.09 0.65 7.45 4.23

22 195.00 29.50 22.50 4.75 0.06 0.77 6.3 3.74

23 195.00 30.00 25.00 4.50 0.02 1.00 6.33 2.78

24 180.00 29.50 22.50 4.75 0.15 0.63 5.82 2.70

25 180.00 29.50 22.50 4.75 0.18 0.65 5.64 2.66

26 180.00 29.50 22.50 4.75 0.19 0.62 5.79 2.60

27 195.00 30.00 20.00 5.00 0.01 0.89 7.16 4.42

28 195.00 30.00 20.00 4.50 0.02 0.78 7.10 4.31

29 165.00 30.00 25.00 5.00 0.50 0.20 4.263 2.43

30 165.00 29.50 22.50 4.75 0.33 0.42 4.68 2.40
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Table 4 Reduced ANOVA table of front bead height, back bead height, front bead width, and back bead width

Front bead height

Source Some of square DF Mean square F value P value (prob > F)

Model 0.55 7 0.079 89.34 <0.0001 Significant

A-current 0.51 1 0.51 574.14 <0.0001

B-voltage 5.000E−005 1 5.000E−005 0.057 0.8141

C-speed 4.356E−003 1 4.356E−003 4.94 0.0369

D-gas flow rate 4.356E−003 1 4.356E−003 4.94 0.0369

AB 5.256E−003 1 5.256E−003 5.96 0.0232

CD 8.556E−003 1 8.556E−003 9.70 0.0051

A2 0.023 1 0.023 25.69 <0.0001

Residual 0.019 22 8.825E−004
Lack of fit 0.018 17 1.075E−003 4.74 0.0467 Significant

Pure error 1.133E−003 5 2.267E−004
Cor total 0.57 29

Std. dev. 0.030 R2 0.9660
Mean 0.20 Adj R2 0.9552

C.V. % 15.21 Pred R2 0.9402

PRESS 0.034 Adeq precision 29.279

Back bead height

Model 1.23 7 0.12 49.04 <0.0001 Significant

A-current 0.98 1 0.98 391.89 <0.0001

B-voltage 6.722E−004 1 6.722E−004 0.27 0.6101

C-speed 1.089E−003 1 1.089E−003 0.44 0.5173

D-gas flow rate 4.356E−003 1 4.356E−003 1.74 0.2026

AB 0.043 1 0.043 17.22 0.0005

AC 0.011 1 0.011 4.20 0.0545

AD 0.030 1 0.030 11.90 0.0027

BC 0.013 1 0.013 5.06 0.0365

CD 0.069 1 0.069 27.55 <0.0001

A2 0.075 1 0.075 30.09 <0.0001

Residual 0.048 19 2.501E−003
Lack of fit 0.043 14 3.070E−003 3.39 0.0925 Not significant

Pure error 4.533E−003 5 9.067E−004
Cor total 1.27 29

Std. dev. 0.050 R2 0.9627
Mean 0.61 Adj R2 0.9431

C.V. % 8.26 Pred R2 0.8821

PRESS 0.15 Adeq precision 24.677

Front bead width

Model 19.74 6 3.29 133.77 <0.0001 Significant

A-current 13.37 1 13.37 543.47 <0.0001

C-speed 5.62 1 5.62 228.40 <0.0001

D-gas flow rate 0.013 1 0.013 0.52 0.4761

AC 0.14 1 0.14 5.51 0.0279

A2 0.52 1 0.52 21.00 0.0001

D2 0.53 1 0.53 21.61 0.0001

Residual 0.57 23 0.025

Lack of fit 0.53 18 0.029 3.73 0.0753 Not significant

Pure error 0.039 5 7.840E−003
Cor total 20.31 29

Std. dev. 0.16 R2 0.9721
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composite design, if the number of factors is represented by k
and the number of center points bym, then the total number of
experiments can be calculated by the following relation
(Eq. 4) [28].

n ¼ 2k þ 2k þ m ð4Þ

Equation 4 is composed of factorial points (2k), axial points
(2k), and 4~6 center points (m). It can be established from
Eq. 4 that for the current research involving four factors (A,
B, C, and D), the design consists of 30 experiments (16 facto-
rial points, 8 axial points, and 6 center points). In the face-
centered composite design, axial points are used to detect the

Table 4 (continued)

Mean 5.87 Adj R2 0.9649

C.V. % 2.67 Pred R2 0.9593

PRESS 0.83 Adeq precision 38.206

Back bead width

Model 10.07 6 1.68 57.50 <0.0001 Significant

A-current 5.12 1 5.12 175.43 <0.0001

C-speed 2.41 1 2.41 82.62 <0.0001

D-gas flow rate 0.084 1 0.084 2.88 0.1032

AC 1.07 1 1.07 36.56 <0.0001

CD 0.11 1 0.11 3.66 0.0681

A2 1.28 1 1.28 43.86 <0.0001

Residual 0.67 23 0.029

Lack of fit 0.64 18 0.035 5.32 0.0366 Significant

Pure error 0.033 5 6.657E−003
Cor total 10.74 29

Std. dev. 0.17 R2 0.9375
Mean 2.97 Adj R2 0.9212

C.V. % 5.76 Pred R2 0.8815

PRESS 1.27 Adeq precision 23.778
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Fig. 4 a Predicted vs actual
response for front bead height. b
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front bead width. c Predicted vs
actual response for back bead
height. d Predicted vs actual
response for back bead width
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curvature as a result of relationship between responses and
independent variables; center points on the other hand are
used to estimate the pure error. A complete design matrix with
observed responses is shown in Table 3.

4 Results and discussion

4.1 Development of mathematical models

For the analysis of measured responses (FBH, BBH, FBW,
and BBW) and development of best-fit mathematical models,
commercial statistical software has been used. The adequacy
of models, on the other hand, was tested using analysis of
variance (ANOVA) technique.

4.1.1 Front bead height

The fit summary for FBH suggested quadratic relationship as
the best-fit model. The ANOVA results revealed that main

effects current (A), speed (C), gas flow rate (D), interaction
effects current and voltage (AB), speed and gas flow rate
(CD), and quadratic effect of current (A2) were the significant
model terms associated with FBH. The other model terms
were insignificant and therefore eliminated by backward elim-
ination to improve model adequacy. The reduced ANOVA
table comprising of significant terms along with adequacy
measure R2, adjusted R2, and predicted R2 has been presented
in Table 4. The results indicated that the model is significant
(P value is less than 0.05). The adequacymeasure R2, adjusted
R2, and predicted R2 are close to 1, indicating the adequacy of
the resulting model. The final mathematical model for the
FBH which can be successfully applied for the prediction is
given in relation 5.

Front Bead Height ¼ þ1:03965– 0:029671� Currentð Þ

þ 0:43167� Voltageð Þ– 0:16953� Speedð Þ– 0:77028 Gas flow rateð Þ

– 0:00241667� Current� Voltageð Þ þ 0:037000� Speed� Gas flow rateð Þ

þ 0:000249383� Current2
� �

ð5Þ

Table 5 Comparison of predicted and actual response variables along with percentage error

Experiment
no.

Process parameters Predicted responses Actual responses Percentage error

Current Voltage Welding
speed

Flow
rate

Front
bead
height
(mm)

Back
bead
height
(mm)

Front
bead
width
(mm)

Back
bead
width
(mm)

Front
bead
height
(mm)

Back
bead
height
(mm)

Front
bead
width
(mm)

Back
bead
width
(mm)

Front
bead
height
(mm)

Back
bead
height
(mm)

Front
bead
width
(mm)

Back
bead
width
(mm)

1 172 29.2 21 4.9 0.25 0.57 5.82 2.70 0.26 0.59 5.95 2.83 4.00 3.51 2.23 4.81

2 187 29.7 23 4.6 0.08 0.78 6.23 2.88 0.09 0.81 6.26 2.98 4.65 3.85 0.48 3.47

3 170 30 24 4.8 0.33 0.43 4.72 2.33 0.32 0.42 4.85 2.4 3.03 2.33 2.75 3.00

4 177 30 20 4.5 0.19 0.51 6.64 2.98 0.18 0.53 6.78 3.12 4.76 3.92 2.11 4.70

5 182 29.5 22 4.8 0.14 0.70 6.10 2.89 0.13 0.72 6.37 3.0 4.41 2.86 4.43 3.81

6 175 30 24 4.9 0.26 0.54 5.27 2.38 0.25 0.56 5.39 2.42 3.85 3.70 2.28 1.68

Fig. 5 Tensile test samples
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Fig. 6 3D response surface graph showing the effect of current and
voltage on front bead height
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4.1.2 Back bead height

The fit summary for BBH also highlighted the quadratic rela-
tionship as the best-fit relationship. The main interaction and
quadratic factors that contribute significantly to BBH formation
include current (A), current and voltage (AB), current and speed
(AC), current and gas flow rate (AD), voltage and speed (BC),
speed and gas flow rate (CD), and current (A2). The reduced
ANOVA results presented in Table 4 indicate that the model is
significant (P value is less than 0.05). The developed mathe-
matical model for the prediction of BBH is presented in Eq. 6.

Back Bead Height ¼ −14:0732þ 0:0143194� Currentð Þ

� 0:726528� Voltageð Þ þ 1:04261� Speedð Þ 4:49472� Gas flow rateð Þ

þ 0:0069167� Current� Voltageð Þ þ 0:0006833� Current� Speedð Þ

– 0:0115� Current� Gas flow rateð Þ– 0:0225� Voltage� Speedð Þ

– 0:105� Speed� Gas flow rateð Þ– 0:0004543� Current2
� �

ð6Þ

4.1.3 Front bead width

The quadratic relationship was found as the best-fit model
for FBW. The main effects current (A), speed (C), inter-
action effects current and speed (AC), quadratic effects
current (A2), and gas flow rate (D2) were identified as
significant model terms associated with BBH. The
ANOVA results of BBH after the elimination of insignif-
icant terms are available in Table 4. With P value less
than 0.05, the model is significant. The final mathematical
model for the FBH which can be successfully applied for
the prediction is given in Eq. 7.

Front Bead Width ¼ 97:0422þ 0:6218� Currentð Þ– 0:6651� Speedð Þ

– 59:8112� Gas flow rateð Þ þ 0:00245� Current� Speedð Þ

– 0:00172� Current2
� �þ 6:28465� Gas flow rate2

� �

ð7Þ
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Fig. 7 3D response surface graph showing the effect of speed and gas
flow rate on front bead height
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Fig. 9 3D response surface graph showing the effect of current and speed
on back bead height
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Fig. 10 3D response surface graph showing the effect of current and gas
flow rate on back bead height
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4.1.4 Back bead width

The fit summary for FBW suggested a quadratic relation-
ship as the best-fit model. The ANOVA results suggested
that main effects current (A), speed (C), interaction effects
current and speed (AC), speed and gas flow rate (CD),
and quadratic effect current (A2) are the significant model
terms associated with BBH. The other model terms were
insignificant and therefore eliminated by backward elimi-
nation to improve model adequacy. The reduced ANOVA
table comprising of significant terms along with adequacy
measure R2, adjusted R2, and predicted R2 has been pre-
sented in Table 4. The results indicated that the model is
significant (P value is less than 0.05). The adequacy mea-
sure R2, adjusted R2, and predicted R2 are close to 1,
indicating the adequacy of the resulting model. The final
mathematical model for the FBH which can be success-
fully applied for the prediction is given in Eq. 8.

Back Bead Width ¼ 45:1189– 0:48416 � Currentð Þ þ 0:4719 � Speedð Þ

– 2:6697� Gas flow rateð Þ– 0:00688� Current� Speedð Þ

þ 0:13080� Speed� Gas flow rateð Þ þ 0:00187� Current2
� �

ð8Þ

4.2 Adequacy measure and validation of the developed
models

The developed models have been verified for their adequacy
through statistical analysis. In addition, confirmation experi-
ments were performed to validate the models experimentally.
The predicted versus actual responses of FBH, BBH, FBW,
and BBW are shown in Fig. 4a–d, respectively. It is evident
from the figures that predicted and actual points lie on or close
to the straight line indicating that errors are normally distrib-
uted. Thus, it can be claimed that the proposed models are
adequate and there is no chance of any violation of indepen-
dence or constant variation assumption.

To validate the developed model experimentally, six con-
firmation experiments were conducted with randomly chosen
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Fig. 11 3D response surface graph showing the effect of voltage and
speed on back bead height
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Fig. 12 3D response surface graph showing the effect of speed and gas
flow rate on back bead height
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Fig. 13 3D response surface graph showing the effect of current and
speed on front bead width
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Fig. 14 3D response surface graph showing the effect of current and
speed on back bead width
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welding conditions (different from CCD used for the devel-
opment of models) within design space. The results of confir-
mation experiments are presented in Table 5. To clearly visu-
alize the difference between predicted and actual values, the
percentage error was calculated through relation 9 and has
been provided in Table 5. Results show that percentage error
is less than 5 %, which validates the empirical models devel-
oped for the prediction. Furthermore, it can be established
from the results that the developed models have the capability
to predict the responses accurately with minor deviation.

Percentage error ¼ actual value−predicted value

predicted value

����

����� 100 ð9Þ

To verify the strength of the welded joints, tensile strength
tests were also carried out. Six samples were randomly chosen
from 30 experiments performed for the model development.
Tensile samples were made as per ASME section IX, boiler,
and pressure vessel code. The Universal Testing Machine
EDC (250 KN/25 Ton) was used for tensile testing. The
tensile-tested samples are shown in Fig. 5. It is evident from
the figure that the failure in all samples occurred at the section
away from the welded region.

4.3 3D response surface

The response surface plots shown in Figs. 5, 6, 7, 8, 9, 10,
11, 12, 13, and 14 demonstrate the effects of significant
welding parameters on weld bead geometry. The objective
is to minimize all response variables. Figures 6, 7, 8, 9,
10, 11, 12, 13, 14, and 15 show the effects of two signif-
icant welding parameters (simultaneously) on response
variables (FBH, BBH, FBW, and BBW) at the middle
levels of other welding parameters. Figure 6 shows the
effect of current and voltage on FBH. It is evident from
Fig. 6 that FBH is more influenced by current than volt-
age. Furthermore, the FBH is minimum at high current
and low voltage, and maximum at low current and high
voltage. Figure 7 demonstrates the effects of speed and
gas flow rate on FBH. It can be seen that minimum
FBH is achieved at lowest levels of speed and gas flow
rate. Figure 8 reflects the effects of current and voltage on
BBH. It is observed that BBH is affected more by current
as compared to voltage. It is also worth noting that min-
imum BBH can be obtained at lowest level of current and
voltage. Figure 9 presents the effects of current and speed
on BBH. The results indicate that BBH is highly affected
by current as compared to speed. The effects of current
and gas flow rate on BBH have been provided in Fig. 10.
It is evident from the figure that current has more effect
on BBH as compared to gas flow rate. Furthermore, at
low levels of current, BBH decreases by decreasing gas
flow rate, whereas at high levels of current, BBH in-
creases by increasing gas flow rate. Figure 11 represents
the effects of voltage and speed on BBH. Minimum BBH
is achieved at the highest level of voltage and speed.
However, it is noteworthy that the value of BBH remains
constant, i.e., 0.65 mm at the highest level of voltage and
lowest level of speed, or lowest level of voltage and
highest level of speed. The 3D relationship of speed and
gas flow rate with BBH (Fig. 12) is similar to that of
voltage and speed relationship with BBH (Fig. 11).

The effects of current and speed on FBW and BBW are
shown in Figs. 13 and 14, respectively. It is observed that
minimum FBW is obtained at the lowest level of current
and highest level of speed. The lowest current and speed
have minor effect on BBH. The effect of speed is

Fig. 15 3D response surface graph showing the effect of speed and gas
flow rate on back bead width

Table 6 Summary of main and interaction factors affecting the weld
bead geometry

Front
bead
height
(mm)

Back
bead
height
(mm)

Front
bead
width
(mm)

Back
bead
width
(mm)

Current: A ✓ ✓ ✓ ✓

Voltage: B

Speed: C ✓ ✓ ✓

Gas flow rate: D ✓

Current × voltage:
A × B

✓ ✓

Current × speed:
A × C

✓ ✓ ✓

Current × gas flow
rate: A × D

✓

Voltage × speed:
B × C

✓

Voltage × gas flow
rate: B × D

Speed × gas flow
rate: C × D

✓ ✓ ✓
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considerably very large at high levels of current.
However, the effect of current remains almost the same
at all levels of speed. It is noteworthy that minimum BBH
is obtained at center level of current (Fig. 14). Finally,
Fig. 15 describes the effects of variation in speed and
gas flow rate on BBW. It is clear from the figure that
BBW decreases with the increase in speed. The effect of
gas flow rate is negligibly small at low speed and vice
versa.

The above discussion represents the interaction effects of
performance measures individually. However, FBH, BBH,
FBW, and BBW contribute equally to achieve high weld qual-
ity. Therefore, the input parameters (current, voltage, speed,
and gas flow rate) need to be controlled in such a way that
optimum results could be achieved. Table 6 represents the
summary of main and interaction factors affecting the weld
bead geometry. It is clear from Table 6 that current is the main
contributing factor which controls all sub-factors of weld bead
geometry. Speed is the second factor which influences all sub-
factors of weld bead geometry except BBH. Gas flow rate, on
the other hand, influences the FBH only. The interaction factor
current × voltage influences FBH and BBH, whereas,
current × speed affects all sub-factors of weld bead geometry
except FBH. Similarly, speed × gas flow rate significantly
influences all sub-factors of weld bead geometry except
FBW. In addition to these factors, BBH is also influenced by
interaction of current × gas flow rate and voltage × speed.

5 Conclusions

The aim of the research was to develop empirical models for
the prediction of weld bead geometry of HSLA steel using
PAW process. The effects of different welding parameters,
i.e., current, voltage, welding speed, and plasma gas flow rate,
were quantified using face-centered CCD.

The experimental results demonstrate that current is the
most significant factor affecting all four responses, i.e., front
bead height, back bead height, front bead width, and back
bead width. Higher value of current with low welding speed
results in larger front bead width. Therefore, lower current
with higher welding speed is recommended for optimum front
bead width. To achieve more penetration, values of current
should be kept high and vice versa. Furthermore, values of
back bead width will be more at lower welding speed and
higher current.

The confirmation experiments were found in close approx-
imation to empirical models with percentage error less than
5 %. The validation results confirmed the capability of empir-
ical models to predict the responses accurately. In the future,
these models will be helpful for practitioners to determine
input parameters setting for optimum weld bead geometry.
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