
ABSTRACT. As a part of a study and
analysis on the effects of process para-
meters on weld bead volume in sub-
merged arc welding (SAW) of pipes,
mathematical  models were developed to
relate the process parameters and the
weld bead quality parameters. Further,
the optimization of weld bead volume
was carried out using the optimization
module available in the MATLAB version
4.2b software package. The mathemati-
cal models thus developed for optimiza-
tion are also helpful in predicting the
weld bead quality parameters and in set-
ting process parameters at optimum val-
ues to achieve the desirable weld bead
quality at a relatively low cost with a high
degree of repeatability and increased
production rate. Total volume of the weld
bead, an important bead parameter, was
optimized (minimized), keeping the di-
mensions of the other important bead pa-
rameters as constraints, to obtain sound
and superior quality welded pipes. Sen-
sitivity analysis was also carried out to
predict the direct and few interaction ef-
fects of important bead parameters on
the total volume of the weld bead, and
the results are presented in graphical
form. The results of the sensitivity analy-
sis are very  useful in understanding the
interdependence of various weld bead
quality parameters in controlling the vol-
ume of the weld bead, to improve weld
quality, to increase productivity with the

available welding facilities and to mini-
mize the total welding cost.

Introduction

Submerged arc welding is widely em-
ployed as one of the major fabrication
processes in industry due to its inherent
advantages of deep penetration, smooth
bead and superior quality (Ref. 1). In
SAW of pipes, engineers are often faced
with the problems of relating the process
variables to the weld bead quality and
optimization of the bead parameters.
Also, welding is done with the aim of
achieving a sound joint at a low cost. But
without optimization, it is impossible to
achieve low-cost welding. The design
and optimization process is iterative, re-
quiring the repeated use of the same set
of calculations (Refs. 2, 3). Until recently,
cost and time-intensive trial and error
methods were used to determine the op-
timum process parameters for a required
bead quality. Since any welding process
is a multi-objective problem (maximum

penetration, minimum reinforcement,
minimum heat input, minimum width,
minimum dilution, low cost, maximum
production rate), the optimum solution is
a compromise (Ref. 4). Selection of an
appropriate weld bead parameter is also
equally important because if the selected
parameter is the one determined and
controlled by most of the other important
bead parameters, then the optimization
of that parameter will obviously include
all the other parameters. Total volume of
the weld bead is one of those important
bead parameters controlled by most of
the other bead parameters. Hence, the
total volume, if optimized (minimized),
obviously minimizes most of the other
bead quality parameters such as heat
input, dilution, reinforcement, bead
width and penetration. But for a sound
and strong weld, bead penetration
should be maximized. Hence, in opti-
mizing the total volume of the weld bead,
the penetration, included as a constraint,
should be set at its maximum  value.

Minimizing the size of the weld bead
reduces the welding cost through 1) re-
duced consumption of consumables
such as electrodes and flux; 2) reduced
heat input and energy consumption and
3) increased welding productivity
through a high welding speed. Because
of these advantages, the total volume of
the weld bead should be optimized, hav-
ing other bead parameters as constraints,
rather than optimizing all the bead para-
meters individually. The total volume of
the weld bead is the area of the weld
bead cross section multiplied by the
length of the weld bead. To reduce the
complexity of the problem, the length of
the bead is assumed as unity, which sim-
plifies the equation. Now the total vol-

WELDING RESEARCH SUPPLEMENT | 331-s

R
E

S
E

A
R

C
H

/D
E

V
E

L
O

P
M

E
N

T
/R

E
S

E
A

R
C

H
/D

E
V

E
L

O
P

M
E

N
T

/R
E

S
E

A
R

C
H

/D
E

V
E

L
O

P
M

E
N

T
/R

E
S

E
A

R
C

H
/D

E
V

E
L

O
P

M
E

N
T

Prediction and Optimization of 
Weld Bead Volume for the Submerged 

Arc Process — Part 2

BY V. GUNARAJ AND N. MURUGAN

Analytic models were developed to establish a relationship between process
parameters and weld bead quality

KEY WORDS

SAW
Weld Bead Volume
Optimization
Constraints
Sensitivity Analysis
Heat Input
Dilution
Penetration
Reinforcement
Bead Width

V. GUNARAJ is Assistant Professor of Me-
chanical Engineering, Kumaraguru College of
Technology, Coimbatore, India. N. MURU-
GAN is Assistant Professor of Mechanical En-
gineering, Coimbatore Institute of Technology,
Coimbatore, India.



ume is equal to the total area of the weld
bead. Hence, the optimization of the
total area of the weld bead cross section,
subject to minimum reinforcement, min-
imum bead width, minimum dilution
and maximum penetration, is the objec-
tive of this study. In order to do this, math-
ematical models were developed to es-
tablish the relationship between process
parameters and the weld bead quality pa-
rameters. To achieve these objectives, the
following three steps of methodology
were used (Ref. 5):

1) Development of mathematical
models, involving several steps to relate
the response and the process parameters.

2) Model building, which involves se-
lection of the objective function, along
with one or several constraints with lim-
its. This facilitates the optimization
process.

3) Optimization, which includes the
actual minimization or maximization of
the objective function, subject to the
constraints already specified.

As the amount of data generated in the
iterative process for optimization were
enormous and each design cycle requires
substantial calculations, the optimization
module available in the tool box of the
MATLAB version 4.2b software package
was used.

To achieve the objective, a study of
the SAW process used for longitudinal
welding of pipe was conducted to deter-
mine the effects of SAW process parame-
ters on the dimensions of the important
weld bead quality parameters. Statisti-
cally designed experiments based on the
factorial technique (Ref. 6) were used to
reduce the cost and time, as well as to ob-
tain the required information about the
main and interaction effects of the
process variables on the weld bead qual-
ity parameters. The cross section of a
weld bead showing important weld bead
quality parameters is given in Fig. 1.

The mathematical models developed
and optimized for weld bead parameters
are very useful to predict the optimum

weld bead geometry for the proposed
input variables, to select the optimum
combination of input variables for the de-
sired weld bead quality and to atomize
the SAW process through the develop-
ment of a computer program. Also, this
will be helpful in setting the process vari-
ables at the correct and optimum levels to
obtain superior quality welded joints at a
relatively high production rate with low
manufacturing cost. Also, it is very im-
portant to study the benefit of relaxing the
constraints associated with the  total vol-
ume in understanding the influence of
one bead parameter on the other. So, sen-
sitivity analysis was also carried out.

Experimental Work

The experiment was conducted at M/s.
Sri Venkateswara Engineering Corpora-
tion, Coimbatore, India, with the follow-
ing setup: ADORE semiautomatic welding
equipment joined IS 2062 carbon steel
plates 300 x 150 x 6 mm thick; ESAB SA1
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Fig. 1 — Cross section of a weld bead. Fig. 2 — Direct effect of penetration (P) on reinforcement (R) and bead
width (W).

Fig. 3 — Direct effect of penetration (P) on percentage of dilution (D),
area of penetration (AP), area of reinforcement (AR) and total weld
bead volume (T.V.).

Fig. 4 — Direct effect of reinforcement(R) on penetration (P) and bead
width (W).



(E8) copper-coated wire 3.15 mm in di-
ameter and ESAB basic fluoride type
(equivalent to DIN 8557) granular flux
were used. The plates were joined in the
flat position using a narrow square-groove
butt joint with 1-mm root opening.

Development of Mathematical Models

The detailed step-by-step procedure
of the development of mathematical
models was presented in Part 1, Mathe-
matical Modeling to Predict Weld Bead
Quality for SAW of Pipes, published in
the October 2000 issue of the Welding
Journal. A central composite rotatable
design (Ref. 7), a factorial design, was
used to develop mathematical models.
The selected process control parameters
with their limits and levels are shown in
Table 1. The final mathematical models
developed with all process parameters in
coded form are given below.

Penetration, mm = 3.57 – 0.113V + 0.33F
– 0.217S – 0.001N + 0.048V2 + 0.1F2 +
0.03S2 – 0.01N2 – 0.05VF + 0.03VS +
0.04VN – 0.01FS – 0.01FN + 0.08SN (1)

Reinforcement, mm = 1.27 – 0.08V +
0.16F – 0.18S – 0.03N + 0.03V2 + 0.07F2

+ 0.15S2 + 0.01N2 + 0.03VF + 0.03VS –
0.014VN – 0.001FS – 0.02FN + 0.03SN (2)

Width of weld bead, mm = 10.76 +
1.19V + 0.45F – 1.9S + 0.23N + 0.41V2

– 0.17F2 + 0.29S2 + 0.12N2 – 0.04VF –

0.64VS – 0.15VN – 0.35FS + 0.091FN –
0.29SN (3)

Area of penetration, mm2 = 21.56 +
1.05V + 1.85F – 1.61S – 0.212N +
0.041V2 + 0.29F2 – 0.097S2 + 0.15N2 +
0.14VF – 0.21VS + 0.056VN – 0.24FS –
0.16FN – 0.16SN (4)

Area of reinforcement, mm2 =  21.44 +
0.44V + 0.187F – 1.76S + 2.11N +
1.39V2 – 0.39F2 + 1.22S2 + 0.62N2 +
0.41VF – 0.047VS + 0.14VN – 0.94FS +
0.77FN – 0.33SN (5)

Percentage of dilution = 47.27 + 0.74V +
2.51F – 0.25S – 2.23N – 1.31V2 – 0.71F2

– 1.31S2 – 0.44N2 – 0.09VF – 0.3VS –
0.31VN + 0.43FS – 0.90FN + 0.17SN   (6)

Total weld bead volume, mm3 = 45.78 +
1.58V + 2.2F – 3.5S + 2.0N + 1.67V2 +
0.17F2 + 1.34S2 + 0.97N2 + 0.28VF –
0.21VS + 0.48VN – 0.87FS + 0.64FN –
0.77SN (7)

Optimization

Selection of Function and Constraints

The objective function selected for
optimization was the total volume of the
weld bead. The area in which the solu-
tion for the function lies decreases as the
number of constraints increases. There-
fore, only the parameters penetration, re-
inforcement, bead width and percentage
of dilution were given as constraints in
their equation form. In optimization,
generally the constraints with their upper
limits should be given in such a way that
their value will be less than or equal to
zero. Also, the function, as well as the
constraint functions, will usually be min-
imized. To obtain a strong weld in any
application, it is always desirable to have
maximum depth of penetration with min-
imum reinforcement, width and dilution
without sacrificing other bead qualities.
To maximize a function, the function
should be multiplied by –1. The process
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Table 1 — Process Parameters and Their Limits

Limits

Parameters Units Notation –2 –1 0 +1 +2

Welding voltage volts                V            24             26            28              30              32
Wire feed rate m/min F 0.70 0.93 1.16 1.39 1.62
Welding speed m/min S 0.43 0.51 0.59 0.67 0.75
Nozzle-to-plate distance mm N 30.00 32.50 35.00 37.50 40.00

Table 2 — Results of the Sensitivity Analysis

Optimum Process Variables Optimum Values of the Bead Parameters
S. No Parameters varied V F S N P R W AP AR D T.V

and their limits volts m/min m/min mm mm mm mm mm2 mm2 % mm3

1 R = 1.7 mm 28 0.69 0.64 34.5 3.05 1.28 8.4 18.07 20.19 37.9 41.31
2 R = 1.8 mm 28 0.70 0.64 34.6 3.07 1.28 8.3 18.13 20.21 38.0 41.33
3 R = 1.9 mm 28 0.70 0.64 34.6 3.07 1.28 8.3 18.13 20.21 38.0 41.33
4 R = 2.0 mm 28 0.70 0.64 34.6 3.07 1.28 8.3 18.13 20.21 38.0 41.33
5 P = 3.0 mm 28 0.70 0.64 34.6 3.07 1.28 8.3 18.13 20.21 38.0 41.33
6 P = 3.2 mm 28 1.02 0.66 33.6 3.20 1.28 9.1 19.25 20.53 44.6 42.48
7 P = 3.4 mm 28 1.17 0.68 33.3 3.40 1.42 9.0 19.89 20.03 46.5 42.98
8 P = 3.6 mm 27 1.28 0.71 33.5 3.60 1.64 8.6 20.00 19.72 46.6 43.38
9 P = 3.8 mm 27 1.40 0.72 34.7 3.80 1.80 8.2 20.00 20.30 45.1 44.44
10 W = 8 mm 27 0.70 0.67 35.6 3.07 1.38 8.0 17.54 21.37 36.3 41.58
11 W = 8.5 mm 28 0.70 0.64 34.6 3.07 1.28 8.5 18.13 20.21 38.0 41.33
12 W = 9 mm 28 0.70 0.64 34.6 3.07 1.28 9.0 18.13 20.21 38.0 41.33
13 W = 10 mm 28 0.70 0.64 34.6 3.07 1.28 9.0 18.13 20.21 38.0 41.33
14 D = 35% 28 0.70 0.63 35.3 3.04 1.47 7.9 17.14 22.00 35.0 42.51
15 D = 36% 27 0.70 0.60 35.4 3.05 1.40 8.0 17.40 21.64 36.0 41.68
16 D = 37% 27 0.70 0.66 35.1 3.06 1.34 8.1 17.74 20.89 37.0 41.43
17 D = 38% 28 0.70 0.64 34.7 3.07 1.28 8.3 18.13 20.21 38.0 41.33
18 AP = 18 mm2 29 0.70 0.65 34.8 3.06 1.30 8.2 18.00 20.16 37.7 41.33
19 AP = 20 mm2 28 0.70 0.64 34.7 3.07 1.28 8.3 18.13 20.21 38.0 41.34
20 AR = 20 mm2 28 0.70 0.63 34.6 3.07 1.27 8.5 18.27 20.00 38.3 41.33
21 AR = 22 mm2 28 0.70 0.64 34.7 3.07 1.28 8.3 18.13 20.21 38.0 41.34

For the values of the bead parameters P, R, W, AP, AR and D, other than that tabulated above, it was found that the value of objective function, namely, total volume of the weld bead, is either
unaltered or it had no feasible solution.



variables and their notations used in writ-
ing the M-file using MATLAB software are
given below.

X (1) = welding voltage (V)
X (2) = wire feed rate (F)
X (3) = welding speed (S)
X (4) = nozzle-to-plate distance (N).

Optimization of the Objective Function

The main purpose of this study is to
minimize the total volume of the weld
bead using other important bead para-
meters with their limits as constraints.
The model is a nonlinear equation with
constraints. The step-by-step procedure
of minimization of total volume using the
optimization module available in the tool
box of the MATLAB version 4.2b software
package is given below. The constrained
minimum of a scalar function of several
variables at an initial estimate, which is
referred as “constrained nonlinear opti-
mization,” is mathematically stated as
the following:

Minimize f(X) subject to
G(X1,X2,X3,....Xn) < 0

where, X and G(X) represent the matrices

of the objective and constraint functions,
respectively, and f(X) is a scalar function.
In optimization, the value of the con-
straints should be < 0 (Ref. 8). To satisfy
this condition, the upper limit of each of
the constraints, except for penetration, is
included in the constraint equation so
that each of the constraints is kept below
or equal to the limit. But the penetration
of the weld bead has to be fixed at the
maximum possible value. Therefore, the
penetration is specified as a constraint in
such a way that it is multiplied by –1 and
its minimum limit is included so that it be-
comes –P + 3 <0 (where 3 mm is its min-
imum value). Therefore, the value of the
penetration as a constraint will be above
3 mm. The limits of the other constraints
(i.e., reinforcement, width, area of pene-
tration, area of reinforcement and the di-
lution of the weld bead) were established
by data obtained from past experience
with a view that they should provide a
sound and defect-free welded joint along
with a feasible solution to the objective
function. Also, the constraints were given
in the form of equations. Several numeri-
cal methods are available for optimiza-

tion of nonlinear equations with con-
straints. A quasi-Newton method is the
most efficient and quickest one, and this
method was used to determine the opti-
mum total weld bead volume (Ref. 9).
Step 1: Writing M-file: Function (f, g) =
f(x)
f(X) = 45.78 + 1.58*X(1) + 2.2*X(2) –
3.5*X(3) + 2.0*X(4) + 1.67*X(1)^2 +
0.17*X(2)^2  + 1.34*X(3)^2 +
0.97*X(4)^2 + 0.28*X(1)*X(2) –
0.21*X(1)*X(3) + 0.48*X(1)*X(4) –
0.87*X(2)*X(3) + 0.64*X(2)*X(4) –
0.77*X(3)*X(4); Total weld bead volume.

g(1) = 1.27–0.08*X(1) + 0.16*X(2) –
0.18*X(3) – 0.03*X(4) + 0.03*X(1)^2 +
0.07*X(2)^2 + 0.15*X(3)^2 +
0.01*X(4)^2 + 0.03*X(1)*X(2) +
0.03*X(1)*X(3) – 0.014*X(1)*X(4) –
0.001*X(2)*X(3) – 0.02*X(2)*X(4) +
0.03*X(3)*X(4) – 1.8; Reinforcement and
its upper limit in mm.

g(2) = –[3.57 – 0.113*X(1) + 0.33*X(2) –
0.22*X(3) – 0.001*X(4) + 0.05*X(1)^2 
+ 0.1* X(2)^2 + 0.03*X(3)^2 –
0.01*X(4)^2 – 0.05*X(1)*X(2) +
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Fig. 5 — Direct effect of R on D, AP, AR and T.V. Fig. 6 — Direct effect of W on P, R, D and T.V.

Fig. 7 — Direct effect of W on AP and AR. Fig. 8 — Direct effect of D on P, R and W.



0.03*X(1)*X(3) + 0.04*X(1)*X(4) –
0.01*X(2)*X(3) – 0.01*X(2)*X(4) +
0.08*X(3)*X(4)] + 3.0; Penetration and its
lower limit in mm.

g(3) = 10.76 + 1.19*X(1) + 0.45*X(2) –
1.9*X(3) + 0.23*X(4) + 0.41*X(1)^2 –
0.17*X(2)^2 + 0.29*X(3)^2 +
0.12*X(4)^2 – 0.04*X(1)*X(2) –
0.64*X(1)*X(3) – 0.15*X(1)*X(4) –
0.35*X(2)*X(3) + 0.091*X(2)*X(4) –
0.29*X(3)*X(4) – 15.0; Bead width and its 
upper limit in mm.

g(4) = 47.27 + 0.74*X(1) + 2.51*X(2) –
0.25*X(3) – 2.23*X(4) – 1.31*X(1)^2 –
0.71*X(2)^2 1.31*X(3)^2 – 0.44*X(4)^2
– 0.09*X(1)*X(2) – 0.3*X(1)*X(3) –
0.31*X(1)*X(4) + 0.43*X(2)*X(3) –
0.90*X(2)*X(4) + 0.17*X(3)*X(4) – 50;
% Dilution and its upper limit.

g(5) = 21.56 + 1.05*X(1) + 1.85*X(2) –
1.61*X(3) – 0.212*X(4) + 0.041*X(1)^2 +
0.29*X(2)^2  – 0.097*X(3)^2 +
0.15*X(4)^2 + 0.14*X(1)*X(2) –
0.21*X(1)*X(3) + 0.056*X(1)*X(4) –
0.24*X(2)*X(3) – 0.16*X(2)*X(4) –
0.16*X(3)*X(4) – 20; Area of penetration
and its upper limit.

g(6) = 21.44 + 0.44*X(1) + 0.187*X(2) –
1.76*X(3) + 2.11*X(4) + 1.39*X(1)^2 –

0.39*X(2)^2 + 1.22*X(3)^2 +
0.62*X(4)^2 + 0.41*X(1)*X(2) –
0.047*X(1)*X(3) + 0.14*X(1)*X(4) –
0.94*X(2)*X(3) + 0.77*X(2)*X(4) –
0.33*X(3)*X(4) – 22; Area of reinforce-
ment and its upper limit.

g(7) = f – 45; upper limit of total weld
bead volume is 45 mm3.

g(8) = – f + 20; lower limit of total weld
bead volume is 20 mm3.

Step 2: Invoke an optimization routine
(R-file)

X0 = [ –1, –1,1,1] (guess of initial so-
lution)

Options = [    ] (change in the default
setting if any)

Vlb = [ –2,  –2,  –2,  –2] (lower bound-
aries of the variables)

Vub = [2, 2, 2, 2] (upper boundaries of
the variables)

X = Constr (‘f(X)’ X0; options; Vlb, Vub)

Step 3: Running the M-file. 
After running the M-file and retrieving

the constraints, the optimum values of
the process variables are the following:

X(1) = welding voltage (V) = 28 volts;
X(2) = wire feed rate (F) = 0.7 m/min;
X(3) = welding speed (S) = 0.64 m/min 
X(4) = nozzle-to-plate distance (N) =

34.6 mm.

The results of optimization are given
below.

T.V. = total volume of the weld bead =
41.33 mm3

R = reinforcement = 1.28 mm;
P = penetration = 3.07 mm;
W = width of the bead = 8.33 mm;
D = dilution of the bead = 38%;
AP = area of penetration = 18.13 mm2;
AR = area of reinforcement = 20.21

mm2.

Sensitivity Analysis

Sensitivity analysis, also known as the
post optimality analysis, is the study of
what happens to the value of the objec-
tive function if the limit of each of the
constraints is changed from optimum
value. Optimum solution for any func-
tion lies in a boundary or zone and,
hence, it is not a single constant value
(Ref. 10). This provides a flexibility in fix-
ing the limits for the constraints. Also, for
every value of each of the constraints
there is a possibility for change in the
value of the objective function as well as
other constraints.

Therefore, it is very important to know
the impact of relaxing the limits of each
constraint on the value of the objective
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Table 3 — Comparison of Observed and Predicted Values of Conformity Test

Process parameters Penetration, mm Dilution, % Total Volume, mm3

S. No. V F S N Observed Predicted Error Observed Predicted Error Observed Predicted Error
Volts m/min m/min mm Value Value % Value Value % Value Value %

1 27 0.70 0.67 36 3.00 3.08 +2.60 36.48 35.45 +2.91 41.66 41.50 2.21
2 27 1.39 0.75 35 3.70 3.75 –1.33 46.23 44.98 +2.84 44.34 44.11 2.85
3 28 0.70 0.61 35 3.20 3.10 +3.20 39.17 38.05 +2.94 42.25 43.14 2.06

Average 2.38 2.89 2.40
Error =

Observed value-predicted value
% Error = x 100

Predicted value

Fig. 9 — Direct effect of P on W and T.V. Fig. 10 — Interaction effect of P and R on T.V.



function and other constraints before fix-
ing the correct limits for the constraints to
produce a sound and strong weld at rel-
atively low cost with a high degree of re-
peatability. Sensitivity analysis was car-
ried out for the total volume of the weld
bead by varying the limit of one of the
constraints at a time, and the effect of the
change in the constraint limit on the
value of the total volume and other 
constraints were recorded and given in
Table 2. To find the interaction effect of
the constraints, limits of two constraints
were changed and their effects were also
noted.

Confirming Test

To check and confirm the validity of
the optimization results, test runs were
conducted in a manufacturing facility
with the same experimental setup. The
process parameters were assigned values
nearest to the optimum values selected
from Table 2 after confirming the equip-
ment could produce them and the results
were recorded. For the same set of para-
meters, optimization of T.V. was done
with other bead parameters as constraints
with the same limits. The objective func-
tion, as well as the constraints, were sub-
stituted in their natural scale. A compar-
ative study between the actual and
predicted results with a percentage of de-
viation of the results was carried out. The
results of this comparative study are pre-
sented in Table 3.

Results

The mathematical models furnished
above can be used to predict the weld
bead geometry by substituting the values,
in coded form, of the respective factors.
Also, knowing the weld bead volume is
very useful 1) to minimize the various
weld defects due to high heat input, 2) to

increase productivity and 3) to minimize
the total welding cost for the required
quality. The sensitivity analysis improves
the understanding of the direct and inter-
action effects of various bead parameters
on weld bead size and volume. The re-
sponses calculated for each set of coded
welding variables are represented graph-
ically in Figs. 2–12.

For bead parameter values, P, R, W,
AP, AR and D, other than that tabulated
above, it was found the value of the ob-
jective function, namely, total volume of
the weld bead, is either unaltered or has
no feasible solution.

Discussion

The main effects of each of the weld
bead parameters on the other bead para-
meters and on the total weld bead vol-
ume predicted from the sensitivity analy-
sis using the mathematical models
developed are depicted in Figs. 2–12.

Direct Effects of Bead Parameters

Direct Effect of Penetration on the Other
Bead Parameters

Figure 2 shows the effect of increasing
the lower limit value of the penetration
(P), a constraint, on reinforcement (R)
and bead width (W) in the process of op-
timizing the total volume of weld bead.
For the given constraints and limits, the
maximum penetration is 3.8 mm. For all
values of P greater than 3.8 mm, no fea-
sible solution was possible and for P less
than 3 mm, the values of R and W remain
unchanged. From Table 2, it is noted that
as P is increased from 3 to 3.2 mm, V and
S increase marginally but N drops from
34.6 to 33.6 mm and F increases consid-
erably from 0.7 to 1.02 m/min. As F has
a positive effect on all the bead parame-
ters and N has a negative effect on R but

a positive effect on W, the increase in P
from 3 to 3.2 mm results in an increase
in R from 1.28 to 1.30 mm and W from
8.3 to 9.1 mm. The increase in P beyond
3.2 mm results in a drop in V from 28 to
27 V, an increase in F from 1.02 to 1.40
m/min, an increase in S from 0.66 to 0.7
m/min and an increase in N from 33.6 to
34.7 mm. This shows the increase in R
from 1.30 to 1.80 mm as P is increased
beyond 3.2 mm is mainly due to an in-
crease in F. Therefore, F has the predom-
inant effect on R for all values of P com-
pared to that of other bead parameters.
The decrease of W is mainly due to an in-
crease in S as P is increased beyond 3.2
mm. Therefore, S has the predominant ef-
fect on W for all values of P >3.2 mm
compared to other bead parameters.

Figure 3 shows the effect of P on other
bead parameters, namely, area of pene-
tration (AP), area of reinforcement (AR),
total weld bead volume (T.V.) and per-
centage of dilution (D). From the figure,
it is clear AP generally increases  with the
increase in P. But this increase  of AP de-
creases gradually because of a decrease
in W as P is increased beyond 3.2 mm —
Fig. 2. AR has a mixed trend with the in-
crease in P. As P is increased from 3 to 3.2
mm, AR increases from 20.21 to 20.53
mm2 because both R and W increase  for
this range of values of P. As P is increased
from 3.2 to 3.6 mm, AR decreases from
20.53 to 19.72 mm2. This is mainly due
to the drop in W for this range of values
of P. For further increase in P, AR in-
creases from 19.72 to 20.30 mm. This
may be due to the predominant effect of
an increase in R rather than the decrease
in W on AR. T.V. also generally increases
with an increase in P. The increasing rate
of T.V. is not steady. This is because of a
mixed trend of R in spite of an increasing
trend of AP. D increases from 38% to
46.6% as P is increased from 3 to 3.6
mm. D drops from 46.6% to 45.1%. This
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Fig. 11 — Interaction effect of P and R on D. Fig. 12 — Interaction effect of P and D on T.V.



is because the increasing rate of AP com-
pared to T.V. with the increase in P from
3 to 3.6 mm is more. Therefore, D in-
creases. For the increase in P from 3 to
3.6 mm, AP remains at the same value of
20 mm2 but T.V. increases from 43.38 to
44.44 mm3. Therefore, D drops. For all
the other values of P, the values of R, W,
D, AP, AR and T.V. either remained unal-
tered or no feasible solution is possible.

Direct Effect of Reinforcement on the
Other Bead Parameters

Figures 4 and 5 show the effect of
changing the value of R, a constraint in
optimization, on bead parameters P, W,
AP, AR, T.V. and D. From Fig. 4, it is ap-
parent as R is increased from 1.7 to 1.8
mm, P increases from 3.05 to 3.07 mm,
but W drops from 8.4 to 8.3 mm. These
effects are mainly due to the increase in
the value of F as R increases. As F has a
positive effect on P and W, they increase
with the increase in R. For a further in-
crease in R beyond 1.8 mm, there is no
change in the values of the process para-
meters, and hence, in the values of P and
W. For other values of R, no feasible so-
lution was possible.

From Fig. 5, it is clear as R is increased
from 1.7 to 1.8 mm, V and F increase,
and, therefore, AP, AR, T.V. and D in-
crease. For a further increase in R beyond
1.8 mm, all the bead parameters remain
unaltered. For other values of R <1.7 mm,
no feasible solution was possible.

Direct Effect of Bead Width on the Other
Bead Parameters

Figure 6 shows the effect of varying
the value of the upper limit of W on other
bead parameters, namely, P, R, D and T.V.
From the figure, it is apparent the range
of values of W for which a feasible solu-
tion is possible is very narrow and is 8 to
8.5 mm only. For all the other values of
W, the values of bead parameters were
either unaltered or no feasible solution
was possible. As W is increased from 8 to
8.5 mm, P remains at the same value of
3.07 mm, but R drops from 1.38 to 1.28
mm. The decrease in R is due mainly to
increase in S and N as W is increased. As
S and N have a negative effect on R, R de-
creases. As P is unaltered and R de-
creases, T.V. drops when W is increased.
Because T.V. drops, D increased from
36.3% to 38% as W increased.

From Fig. 7, it is noted AP increases
from 17.54 to 18.13 mm2 with the in-
crease in W. This is because P is unal-
tered when W is increased from 8 to 8.5
mm. Also, as W increases from 8 to 8.5
mm, R drops from 1.38 to 1.28 mm, and
AR drops from 21.37 to 20.21 mm2. For
the other values of W, the values of AP

and AR either remain unaltered or no fea-
sible solution was possible.

Direct Effect of Percentage of Dilution on
the Other Bead Parameters

Figure 8 shows the effect of D on P
and R and W. The figure shows P in-
creases slightly from 3.04 to 3.07 mm but
R decreases gradually from 1.47 to1.28
mm and W increases from 7.9 to 8.3 mm
as D is increased from 30% to 38%. The
increase in P is mainly due to the de-
crease in N as D increased — Table 2.
The decrease in R is due to the increase
in S. The decrease in R is compensated
by the increase in W as D increases. For
the other values of D, the value of P, R and
W are either unchanged or no feasible
solution was possible.

Figure 9 shows the effect of changing
the value of D, a constraint in optimiza-
tion of T.V., on AP, AR and T.V. From the
figure, it is apparent AP increases but
both AR and T.V. decrease as D increases
from 35% to 38%. The increase in AP is
due mainly to an increase in P and W as
D increases. A decrease in AR, in spite of
an increase in W, is due to the decrease
in R as W increases. The decrease in T.V.
is due to the fact D increases when either
AP increases or the total area decreases.
In this case, AP increases and T.A. de-
creases. Therefore, T.V. decreases.

Interaction Effects of Bead Parameters

Interaction Effect of Penetration and Re-
inforcement on Total Volume of the Weld
Bead

Figure 10 shows the interaction effect
of P and R on T.V. The figure shows the
value of T.V. is the same for all values of
R as P increases from 3 to 3.4 mm. The
minimum value of T.V. (about 41.3 mm3)
is at the minimum value of P and R. Total
value of T.V. is maximum (about 45.4
mm3) at maximum values of P and R.
Total area and the total volume of the
weld bead generally increase when the
areas of penetration and reinforcement
increase. The areas of penetration and re-
inforcement increase as P and R are in-
creased, keeping W either constant or in-
creasing W. The total area and the total
volume of the weld bead depends on the
values of P, R and W. From the figure, it
is noted that even though T.V. increases
for all values of R when P is increased,
this increasing trend of T.V. decreases
gradually as R is increased from 1.6 to 2.0
mm. But T.V. is supposed to increase as R
is increased. As T.V. is influenced by W,
this decrease in the increasing trend of
T.V. as R is increased may be due to the
increase in the value of W.

Interaction Effect of Penetration and Re-
inforcement on Dilution of the Bead

Figure 11 shows the interaction effect
of P and R on D. From the figure, it is ap-
parent D increases as P increases from 3
to 3.4 mm for R = 1.6 and 1.8 mm, re-
spectively. For R = 2.0 mm, D increases
as P is increased from 3 to 3.6  mm. Be-
yond this value of P, D decreases for all
values of R. Also, the value of D for any
given value of R is the same as P is be-
tween 3 and 3.4 mm. This indicates P has
a stronger effect on D compared to R. As
P increases, AP increases, and D in-
creases. For all values of P >3.4 mm, the
value of D is more for the higher value of
R. For this range of P (P = 3.4 to 4.0 mm),
the effect of R is greater than P.  As R in-
creases, AR increases, T.A. increases and
D decreases.

Interaction Effect of Dilution and Pene-
tration on Total Volume of Weld Bead

Figure 12 shows the interaction effect
of D and P on T.V. From the figure, it is
clear the value of T.V. is minimum (41.3
mm3) at minimum value of P and D (=
40%). This is because when P is mini-
mum, AP is minimum for the same value
of W, and T.A. and T.V. are minimum. As
P increases, T.V. also increases for all val-
ues of D. For all values of P between 3.4
and 3.8 mm, the value of T.V. is more for
a lesser value of D (= 45%). This is due to
the fact that for this range of values of P,
the increase in AP is less than that of T.A.
Therefore, T.A. and T.V. are more for a
lesser value of D.

Conclusions

The following were concluded from
this investigation:

The MATLAB software package can
be effectively employed for the optimiza-
tion of weld bead parameters and finding
the corresponding optimum process vari-
ables.

The sensitivity analysis reveals the ef-
fect of constraint limits on the value of the
objective function.

The bead width has no effect on other
bead parameters including total area dur-
ing optimization and sensitivity analysis.
The penetration has a considerable posi-
tive effect on the dilution. At a maximum
penetration of 3.8 mm, the dilution is
also maximum at 46.6%.

The reinforcement has very little effect
on total volume of the weld bead and
other bead parameters.

The percentage dilution has a nega-
tive effect on the total volume of the weld
bead. At the lower dilution of 35%, the
total volume is maximum and equal to 43
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mm3, and at a higher value of dilution
(38% and above), the total volume is a
low 41%.

The comparison of predicted and ac-
tual results shows the predicted results
are accurate by about 97%.

The value for penetration and dilution
as constraints for which the objective
function and other parameters are sensi-
tive is considerable, while it is narrow for
other bead parameters.
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