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A B S T RAC T. In submerged arc welding
(SAW), selecting appropriate values for
process variables is essential in order to
control heat-affected zone (HAZ) di-
mensions and get the required bead size
and quality. Also, conditions must be se-
lected that will ensure a predictable and
reproducible weld bead, which is critical
for obtaining high quality. In this investi-
gation, mathematical models were devel-
oped to study the effects of process vari-
ables and heat input on various
metallurgical aspects, namely, the widths
of the HAZ, weld interface, and grain
growth and grain refinement regions of
the HAZ. The color metallography tech-
nique and response surface methodology
were also used. Direct and interaction ef-
fects of the process variables and heat
input on the characteristics of the HAZ
were presented in graphical forms. The
study revealed: 1) heat input and wire
feed rate have a positive effect, but weld-
ing speed has a negative effect on all
HAZ characteristics; 2) width of grain
growth and grain refinement zones in-
creased and weld interface decreased
with an increase in arc voltage; and 3)
width of HAZ is maximum (about 2.2
mm) when wire-feed rate and welding
speed are at their minimum limits.

Introduction

In any welding process, the mi-
crostructure of the weldment undergoes
considerable changes because of the
heating and cooling cycle of the weld
zone, which in turn is directly related to
the welding process and techniques em-

ployed. Only by improving the mi-
crostructure of the HAZ can the proper-
ties of a welded joint be improved. In gen-
eral, a number of welding process
variables and operating conditions influ-
ence the characteristics and microstruc-
ture, and, therefore, hardness, toughness,
and cracking susceptibility of the HAZ in
steel fusion welds (Ref. 1). Excessive heat
input could result in a wide HAZ with low
impact strength, particularly in high-
heat-input submerged arc welds.

From a metallurgical point of view,
the heat-affected zone of a fusion weld in
steel may be divided into three zones
( Ref. 2), supercritical, intercritical, and
subcritical, as shown in Fig. 1A. The su-
percritical region may, in turn, be divided
into two regions — grain growth and
grain refinement — as shown in Fig. 1B.
The microstructure of the grain growth
and grain refinement regions of the
HAZ’s supercritical zone influence the
properties of the weld joint. To predict
the properties of this zone, one must
know the amount and extent of grain
growth and the weld thermal cycle. Heat
input from the welding process must be
limited so as to keep the width of the
HAZ’s supercritical zone as narrow as
possible. Also, the supercritical zone un-

dergoes considerable microstructural
changes that compare to small, negligi-
ble, structural changes in the HAZ’s in-
tercritical and subcritical zones. These
microstructural changes affect the me-
chanical and metallurgical properties of
the  weldment (Ref. 3). Therefore, the
size of the HAZ is an indication of the ex-
tent of structural changes. Because HAZ
dimensions are controlled by process
variables and heat input, they have to be
correlated through development of
mathematical models. 

With a view to achieving the above-
mentioned aim, statistically designed ex-
periments based on the factorial tech-
nique were used to reduce cost and time,
as well as to obtain the required informa-
tion about the main and interaction effects
of process variables on response parame-
ters (Refs. 4, 5). The mathematical models
thus developed are useful for selecting
correct process variables for achieving the
desired weld bead HAZ characteristics
and mechanical properties and to predict
HAZ dimensions for the given process
variables (Ref. 6). They also help to im-
prove understanding of the effect of
process parameters on bead quality, for
quantitative evaluation of the interaction
effects of process variables on HAZ char-
acteristics, and to optimize the size of the
weld bead’s HAZ inorder to obtain a bet-
ter quality welded joint with desirable
properties at a relatively low cost.

Experimental Procedure

The experiment was conducted at M/s.
Sri Venkateswara Engineering Corp.,
Coimbatore, India, with the following
setup.

ADORE semiautomatic welding
equipment with a 1200-A-capacity, con-
stant voltage, rectifier-type power source
was used to weld 300 x 150 x 6-mm IS:
2062 structural steel plates. ESAB SA 1
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(E 8), 3.15-mm-diameter, copper-coated
electrode in coil form and ESAB  basic
fluoride-type (equivalent to DIN 8557)
granular flux were used. A weld bead was
laid on the plate surface.

Investigation Plan

The research was carried out using the
following steps (Ref. 7):

1) Identifying the important process
control variables and finding their upper
and lower limits;

2) Developing the design matrix;
3) Conducting the experiments as per

the design matrix;
4) Recording the responses;
5) Developing the mathematical mod-

e l s ;
6) Calculating the coefficients of the

polynomials;
7) Checking the adequacy of the mod-

els developed;
8) Calculating the significance of the

coefficients and arriving at final mathe-
matical models;

9) Conducting the conformity test;
10) Determining the quantitative ef-

fects of process variables and heat input
on weld bead HAZ.

Identification of the Process Variables
and Finding Their Limits 

The independently controllable
process parameters affecting bead geom-
etry and weld bead quality were arc volt -
age (V), wire feed rate (F), welding speed
(S), and nozzle-to-plate distance (N).
Trial runs were carried out by varying one
of the process parameters while keeping
the rest at constant values (Ref. 8). The
working range was decided upon by in-
specting the bead for a smooth appear-
ance without any visible defects such as
surface porosity and undercut. The upper
limit of a factor was coded as +2 and the
lower limit as –2. The coded values for in-
termediate values were calculated from
the following relationship: Xi = 2[2X –
(Xmax + Xmin)]/(Xmax – Xmin), where Xi is

the required coded value of a variable X;
X is any value of the variable from Xmin to
Xmax; Xmin is the lower level of the vari-
able; and Xm a x is the upper level. The
process variables with their units and no-
tations are given in Table 1.

Developing the Design Matrix

The selected design matrix, shown in
Table 2, is a five-level, four-factor, central
composite rotatable factorial design (Re f .
9) consisting of 31 sets of coded condi-

tions. It comprises a full replication of 24

(=16) factorial design plus seven center
points and eight star points. All welding
variables at their intermediate level (0)
constitute the center points and the com-
binations of each of the welding variables
at either its lowest (–2) or highest (+2),
with the other three variables at their in-
termediate level, constitute the star
points. Thus, the 31 experimental runs al-
lowed estimation of the linear, quadratic,
and two-way interactive effects of the
welding variables on the bead geometry.
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Fig. 1 — A — The different areas of the heat-affected zone; B — the different regions of the supercritical zone of the heat-affected zone.

A BWeld Interface
Weld Interface
Grain Growth Region

Grain Refinement Region

Supercritical Zone

Intercritical Zone

Subcritical Zone

Table 1 — Process Control Parameters and Their Limits

Limits

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

Arc 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 35.0 37.5 40.0

WI

Intercritical Zone
Subcritical Zone

Fig. 2 — Cross section of a typical welded speciment (specimen No. 2, 10X). WI = width of the weld
interface = 32 µm, GGZ = width of grain growth zone = 0.71 µm; GRZ = width of grain refinement
zone = 0.47 µm; HAZ = width of heat-affected zone = 1.28.
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Conducting the Experiments as Per the
Design Matrix

The experiments were conducted as
per the design matrix at random to avoid
systematic errors infiltrating the system.
Weld beads were deposited on the sur-
face of the 6-mm-thick structural steel
plates with the experimental setup ex-
plained previously. 

Recording the Responses

The welded plates were cut at the cen-
ter of the bead to obtain 10-mm-wide test
specimens. The standard metallographic
technique, i.e., metal polishing with a  se-
ries of emery sheets and disc polishing
using diamond paste with particle sizes
ranging from 5µ to 0.5 µ, was carried out.
The established color etching procedure
for steel was employed to identify differ-
ent regions of the weldment. An optical
research microscope (NEOPHOT- 3 2 )
was used. With the help of built-in linear
measuring devices in the microscope that
had an accuracy of 0.001 mm, dimensions
(width) of the weld interface and differ-

ent regions of the HAZ were measured.
These were the width of the heat-affected
zone (widths of supercritical zone + in-
tercritical zone + subcritical zone) and
the width of the weld interface (WI). The
observed and calculated values are given
in Table 2. A cross section of a typical
welded specimen (Specimen No. 2) is
shown in Fig. 2. 

Development of Mathematical Models

The response function representing
any of the HAZ dimensions can be ex-
pressed as y = f (V, F, S, N). The rela-
tionship selected, being a second-degree
response surface, is expressed as follows
(Ref. 10):

Y = b0 + b1V + b2F + b3S + b4N
+ b11V2 + b22F2 + b33S2

+ b44N2 + b12VF + b13VS
+ b14VN + b23FS + b24FN
+ b34SN 1)

Evaluation of the Coefficients of Models

Regression analysis, with the help of the
following equations, was used to calculate

the values of the coefficients (Ref. 11):
b0 = 0.142857 ΣY

– 0.035714 ΣΣ(XiiY)
bi = 0.041667 Σ(XiY)
bii = 0.03125 Σ(XiiY) – 0.035714

ΣΣ (XiiY) – 0.035714 ΣY
bij = 0.0625 Σ(XijY)
A computer program was used to cal-

culate the values of these coefficients for
different responses. The calculated val-
ues are presented in Table 3.

Checking the Adequacy of the
Developed Models

The adequacy of the models was then
tested by the analysis-of-variance technique
( A N OVA) (Ref. 11). As per this technique:
1) If the calculated value of the model’s F–
ratio does not exceed its tabulated value for
a desired level of confidence (say 95%); and
2) if the calculated value of the model’s 
R– ratio exceeds its standard tabulated
value for a desired level of confidence
(again 95%), then the models are adequate
( Refs. 11, 12). From Table 4, it is evident
that for all models, the above conditions
were satisfied and, hence, adequate.
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Table 2 — Design Matrix and Observed Values of the HAZ

Design Matrix Weld Bead Parameters

Heat input Width of heat-affected Width of Width of grain Width of grain 
(HI) zone (HAZ), Weld Interface (WI), growth zone refinement zone

Sl. No. V F S N kJ/cm mm µm (GGZ) mm (GRZ), mm

1 –1 –1 –1 –1 9.1 1.31 30 0.69 0.44
2 +1 –1 –1 –1 11.6 1.28 32 0.71 0.47
3 –1 +1 –1 –1 11.6 1.62 40 0.84 0.57
4 +1 +1 –1 –1 14.7 1.55 38 0.82 0.55
5 –1 –1 +1 –1 6.7 1.05 22 0.55 0.27
6 +1 –1 +1 –1 7.4 1.12 24 0.58 0.29
7 –1 +1 +1 –1 8.6 1.18 28 0.66 0.32
8 +1 +1 +1 –1 10.1 1.15 31 0.69 0.38
9 –1 –1 –1 +1 8.7 1.14 29 0.67 0.36
10 +1 –1 –1 +1 11.0 1.12 32 0.65 0.34
11 –1 +1 –1 +1 12.1 1.37 44 0.75 0.46
12 +1 +1 –1 +1 15.0 1.67 56 0.96 0.51
13 –1 –1 +1 +1 6.4 0.91 21 0.43 0.23
14 +1 –1 +1 +1 7.4 0.87 23 0.44 0.21
15 –1 +1 +1 +1 8.2 1.00 25 0.51 0.27
16 +1 +1 +1 +1 10.1 1.21 26 0.64 0.35
17 –2 0 0 0 7.8 1.15 24 0.54 0.27
18 +2 0 0 0 11.8 1.13 25 0.57 0.26
19 0 –2 0 0 7.0 0.92 22 0.47 0.25
20 0 +2 0 0 10.6 1.61 39 0.77 0.58
21 0 0 –2 0 14.2 1.66 47 0.81 0.64
22 0 0 +2 0 7.3 0.98 22 0.53 0.24
23 0 0 0 –2 10.2 1.02 29 0.52 0.28
24 0 0 0 +2 9.5 0.97 26 0.50 0.27
25 0 0 0 0 9.8 1.01 25 0.58 0.29
26 0 0 0 0 9.7 0.98 24 0.57 0.24
27 0 0 0 0 9.7 0.95 26 0.55 0.25
28 0 0 0 0 10.1 1.07 27 0.61 0.29
29 0 0 0 0 9.7 1.02 27 0.59 0.26
30 0 0 0 0 9.8 1.04 25 0.62 0.29
31 0 0 0 0 10.2 1.15 31 0.68 0.31

For each experimental run, arc voltage and arc current were noted. The corresponding heat input was calculated by using the formula

Arc voltage (volts) x Arc current (amperes)
Heat input, kJ/cm = x Arc Efficiency

Welding speed (cm/s) x 1000
Arc Efficiency for SAW is taken as 1.



Testing the Significance of the
Coefficients and Development
of Final Mathematical Models

The final mathematical models fol-
low. The process control variables are in
their coded form. Significance of the co-
efficients was tested using the SYSTAT
software package (Ref. 13). The soft-
ware’s step backward option was used to
eliminate insignificant coefficients and to
recalculate the values of significant coef-
ficients. Reduced models with significant
coefficients were developed. It was found
the reduced models were better than the
full models because they have higher val-
ues of R 2 (adjusted) and lesser values of
standard error estimates. The R2 values
and standard error of estimates for both
models are given in Table 5. The final re-
duced mathematical models with the sig-
nificant coefficients follow:

Heat Input, KJ/cm = 9.78
+ 0.996 V+1.22 F – 1.78 S
– 0.244 F2 + 0.244 S2

+0.18 V F – 0.356 V S
– 0.244 F S (2)

Width of Heat-Affected Zone, mm = 
1.029 + 0.013 V + 0.144 F
– 0.159 S – 0.05 N + 0.032V2

+ 0.064 F2 + 0.078 S2 + 0.03 V F 
+ 0.029 V N – 0.056 F S
+ 0.037 F N (3)

Width of Weld Interface, µm = 26.94
+ 0.924 V + 4.529 F – 6.305 S
+ 0.221N* + 1.431 F2+ 2.431 S2

– 2.169 FS + 1.044 F N
– 1.956 S N (4)

Width of Grain Growth Zone, mm = 
0.591 + 0.017 V + 0.073 F

– 0.089 S – 0.023 N + 0.018 F2

+ 0.031 S2 + 0.02 FS
– 0.026 SN (5)

Width of Grain Refinement Zone, mm =
0.282 + 0.061 F – 0.091 S
– 0.024 N + 0.039 F2

+ 0.045 S2 (6) 

Conducting the Conformity Test

Validity of the developed models was
further tested by drawing scatter dia-
grams that show the observed and pre-
dicted values of weld bead dimensions. A
representative scatter diagram is shown
in Fig. 3. To determine accuracy of the
models, conformity test runs were con-
ducted. For these runs, process variables

were assigned some intermediate values.
Responses were measured and presented
in Table 6. A comparison was made be-
tween actual and predicted values (Table
6). The results show the models’ accuracy
was above 97%.

Results and Discussions

Effects of process variables on HAZ
parameters are shown in Figs. 4–14.
These results were used to predict values
of the process variables and weld bead
HAZ geometry for any given set of
process variables for SAW of 6-mm struc-
tural steel plates without preheating.
Also, values of the control variables and
heat input can be obtained for any desir-
able HAZ parameter value. 
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Fig. 3 — Scatter diagram for heat-affected zone width. Fig. 4 — Direct effect of heat input on the width of the different HAZ re-
gions.

Table 3 – Regression Coefficients of Models

Bead Parameters

Heat Width Width Width Width
Sl. No. Coefficient Input of HAZ of WI of GGZ of
GRZ

1 b0 9.843 1.032 26.42 0.597 0.275
2 b1 0.996 0.013 0.924 0.170 0.007
3 b2 1.220 0.144 4.529 0.073 0.061
4 b3 –1.780 –0.159 –6.305 –0.089 –0.091
5 b4 –0.996 –0.050 0.221 –0.023 –0.024
6 b11 0.009 0.033 –0.082 0.003 0.002
7 b22 –0.241 0.064 1.498 0.017 0.039
8 b33 0.247 0.078 2.498 0.030 0.046
9 b44 0.002 –0.003 0.748 –0.010 0.004
10 b12 0.181 0.030 0.489 0.002 0.009
11 b13 –0.356 0.005 –0.261 0.003 0.006
12 b14 0.019 0.029 0.636 0.014 0.001
13 b23 –0.244 –0.056 –2.169 0.020 –0.010
14 b24 0.106 0.037 1.044 0.013 0.007
15 b34 –0.031 0.004 –1.956 –0.026 0.010
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Effects of Heat Input

Figure 4 shows the effect of heat input
on various dimensions, namely, the
widths of the weld interface (WI), grain
growth zone (GGZ) and grain refine-
ment zone (GRZ) of the HAZ’s super-
critical zone, and of the HAZ. From the
figure, it is observed these widths all in-
crease with an increase in heat input or
arc energy. This is because an increase in
heat input results in a decrease in cooling
rate. Also, increased heat input generally
results in a larger weld pool size and fused
area. 

Christensen (Ref. 14) developed a re-
lationship based on Rosenthal’s equa-
tions to correlate operating parameter
(n) and cross-sectional areas of weld zone
and the “recrystallized” portion of the
base metal heat-affected zone where

In Equation 7, q = net heat input (cal/s),
K = thermal conductivity of plate, α =
thermal diffusivity, tf = melting tempera-
ture of plate, t0 = initial temperature of
plate, and s = welding speed, cm/s.

It is also reported both the fused weld
zone and recrystallized HAZ areas in-
crease as the operating parameter (n) in-
creases for almost all materials.

From the equation, the HAZ and,
therefore, the widths of the different zones
of the HAZ increase steadily with the in-
crease in heat input. The trends shown in
Fig. 4 confirm the findings of Christensen
( Ref. 14) and other researchers.

Direct Effect of Process Variables

The direct effect of process variables
on the dimensions of different zones of
the HAZ are shown in Figs. 5–8. The ef-
fects are presented in order of their in-
fluence on HAZ dimensions.

Direct Effect of Wire Feed Rate (F)

Figure 5 shows the effects of F on dif-

ferent HAZ parameters. From the figure,
it is clear all dimensions of the different
HAZ regions, namely, width of the HAZ,
WI, GGZ, and GRZ, increase with the in-
crease of F. These effects are due to the
fact that as F increases, the heat-input
value also increases more or less propor-
tionately. But the increase in heat input
level results in a decrease in cooling rate,
as explained previously. Therefore, the
width of GGZ, GRZ, and WI all increase
with the increase in F. 

Effect of Welding Speed (S)

Many researchers have found that
next to current, welding speed is the main
factor controlling heat input and the di-
mensions of the HAZ. Figure 6 shows the
effects of S on HAZ parameters. Fr o m
the figure, the following facts are evident:
the value of WI, GGZ, GRZ, and HAZ
all decrease with the increase in S. This is
because heat input is inversely propor-
tional to welding speed. As S increases,
heat input decreases. Also, as per Chris-
tensen’s (Ref. 14) empirical relationship

Operating parameter (n) =
qs

4 K tf − t0( ) (7)
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Table 4 — Calculation of Variance for Testing the Adequacy of the Models

First-order terms Second-order terms Lack of fit Error terms

Bead SS DF SS DF SS DF SS DF F ratio R ratio Whether model
parameters is adequate

Heat input 138.7 4 7.52 10 1.740 10 0.334 6 3.122 183.7 Adequate
Width of HAZ 1.172 4 0.366 10 0.079 10 0.026 6 1.850 5.00 Adequate
Width of 1472 4 374.8 10 136.1 10 31.72 6 2.570 24.96 Adequate
weld interface
Width of grain 0.34 4 0.063 10 0.051 10 0.011 6 2.800 16.02 Adequate
growth zone
Width of grain 0.30 4 0.100 10 0.021 10 0.004 6 3.110 43.60 Adequate
refinement zone

R ratio(14, 6, 0.05) = 3.96 = (Sum of squares of first- and second-order terms/Sum of DF of first- and second-order terms)/MS of error terms
F ratio(10, 6, 0.05) = 4.09 = MS of Lack of fit/MS of error terms.
SS = Sum of squares; DF = Degree of freedom; MS = Mean square = SS/DF

Fig. 5 — Direct effect of wire feed rate on HAZ characteristics. Fig. 6 — Direct effect of welding speed on the width of the different HAZ 
regions.



between welding speed and HAZ dimen-
sions, S has a negative effect on HAZ di-
mensions because of its influence on heat
input. But, keeping heat input at a con-
stant level, if S is increased, it will have a
positive effect on most of the dimensions
of the HAZ because faster travel speeds
allow a greater portion of arc energy per
unit length to be utilized in melting the
base metal rather than just extending the
magnitude of heating into the base metal
beyond the boundary of the fused zone.
In this investigation, heat input was not
controlled. Therefore, S has a negative
effect on heat input and on all the di-
mensions of the HAZ. 

Direct Effects of Arc Voltage 

Many investigators (Refs. 1, 15) found
voltage in a consumable electrode process
has no significant effect on HAZ dimen-
sions. In this investigation, it was found
the effect of V is less than that of F on
HAZ. Figure 7 shows the effect of V on
the dimensions of different zones of the
HAZ. From the figure, it is apparent WI,
GRZ, and HAZ increase slightly with the
increase in V; GGZ increases significantly
with the increase in V. The reason for
these effects is the slight increase in heat
input (heat input increases by about 4
kJ/cm) with the increase in V from its
lower limit (–2 level) to upper limit (+2
level). This slight increase in heat input re-
duces the cooling rate. Therefore, the di-
mensions of the different HAZ layers in-
crease with the increase in V. 

Effects of Nozzle-to-Plate Distance (N)

It is found N has a negligible effect on
most HAZ dimensions within the range

evaluated — Fig. 8. From this figure, it is
clear WI increases slightly with the in-
crease in N. It was also found GGZ,
GRZ, and, therefore, HAZ decrease
slightly with the increase in N. This slight
decrease in HAZ (from 1.02 to 0.97 mm)
might be due to the decrease in heat input
from 10.2 to 9.5 kJ/cm when N is in-
creased from the –2 to +2 level (as evi-
dent from the 23rd and 24th experimen-
tal runs shown in Table 2). As heat input
has a positive effect on the HAZ, the
slight decrease in heat input (by about 0.7
kJ/cm as N is increased from 30 to 40 mm)
results in a slight decrease in the values of
the GGZ, GRZ, and HAZ. 

Interaction Effects of Process Variables

From the final mathematical models,
it is noted the process variables have
many interaction effects on the HAZ di-
mensions, but only a few select and im-
portant interaction effects are presented
in graphical form for analysis. Interaction

effects of the selected process variables
on various HAZ dimensions are shown in
Figs. 9–14. 

Interaction Effects of Wire Feed Rate and
Welding Speed on HAZ

Figure 9 shows the HAZ increases
with the increase in F for all values of S,
but the rate of increase in HAZ is steady
and greater when S is at its lower limit (–2
level). This is because F has a positive ef-
fect, but S has a negative effect on HAZ,
as discussed previously. HAZ is maxi-
mum (about 2.1 mm) when F and S are
respectively at their upper (+2) and
lower (–2) limits. HAZ is minimum
(about 0.7 mm) when F and S are respec-
tively at their lower and upper limits. The
decrease in the rate of increase in the
HAZ when S is increased indicates that at
a lower value of S, the net effect on HAZ
is the combined positive effect of F and S.
But at higher values of S, the negative ef-
fect of S in decreasing HAZ is predomi-
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Table 5 — Comparison of Squared Multiple R Values and Standard Error of Estimates for Full
and Reduced Mathematical Models

R2 Value (adjusted) Standard Error of Estimate

Sl. No. Bead Parameters Full models Reduced Full models
Reduced 

models models

1 Heat input 0.975 0.978 0.348 0.328
2 Width of HAZ 0.872 0.914 0.081 0.066
3 Width of weld 0.863 0.880 3.037 3.018

interface
4 Width of grain 0.751 0.789 0.062 0.057

growth zone
5 Width of grain 0.893 0.990 0.039 0.036

refinement zone

Fig. 7 — Direct effect of arc voltage on the width of the different HAZ re-
gions.

Fig. 8 — Direct effect of nozzle-to-plate distance on the width of the differ-
ent HAZ regions.



nant over the positive effect of F on HAZ.
These effects are further explained

with the help of a response surface plot,
as shown in Fig. 10. From the contour sur-
face, it is noted HAZ is maximum (about
2.2 mm) when F and S are respectively at
their maximum (+2) and minimum (–2)
limits, and the lowest value of HAZ
(about 1.0 mm) is obtained when F and S
are at their minimum and maximum lim-
its, respectively. It is also observed that
maximum value of the HAZ is obtained
when both V and N are at their +2 limits
and vice versa.

Interaction of Wire Feed Rate (F)
and Welding Speed (S) on Width of Weld
Interface (WI)

Figure 11 represents the interaction
effect of F and S on the width of the weld
interface. From the figure, it is clear WI
increases with the increase in F for all val-

ues of S, but the rate of increase in WI
gradually decreases with the increase in
S. This is because F has a positive effect
but S has a negative effect on heat input.
Maximum WI value is obtained (about 72
mm) when F is at its upper limit (+2
level) with S at its lower limit (–2 level).
Minimum WI value (about 22 mm) is ob-
tained when F is at its lower limit (–2
level) with S at 0.67 m/min (+1 level).
These effects show that at lower values of
S, the combined effects of F and S are the
net effect on WI, but at higher values of
S, the negative effect of S in decreasing
WI is found to be stronger than the posi-
tive effects of F. 

This is also shown clearly by the re-
sponse surface plot depicted in Fig. 12. It
is evident from the contour plot that WI
is maximum for all values of F and S when
V and N are at their upper limits, and WI
is minimum for all values of F and S when
V and N are at their lower limits.

Interaction of F and S on Width of Grain
Growth Zone (GGZ)

Figure 13 shows the interaction effects
of F and S on GGZ are similar to that of
F and S on WI. The reason for the in-
creasing trend of GGZ with the increase
in F is the positive effect of F. The grad-
ual decrease in the increasing rate of
GGZ with the increase in S is due to the
negative effect of S. At lower values of S,
heat input increases with the increase in
F. As the heat input has a positive effect
on GGZ, as explained previously, it in-
creases with the increase in F. This shows
the net effect is the combined effect of F
and S on GGZ, but, at higher values of S,
the negative effect of S is stronger than
the positive effect of F on GGZ. There-
fore, the increasing trend of GGZ de-
creases gradually as S is increased. 

It is also evident from the contour plot
shown in Fig. 14 that width of the GGZ is

Table 6 — Comparison of Actual and Predicted Values of HAZ Characteristics

Process parameters in Predicted values of HAz Actual values of bead error %

coded form characteristics characteristics

S. No. V F S N HAZ WI GGZ GRZ HAz WI GGZ GRZ HAZ WI GGZ GRZ
mm µm mm mm mm µm mm mm mm µm mm mm

1 1.5    –0.5     –1.5       1.5      1.38           49.8       0.86           0.46           1.35          51          0.88          0.47          –2.2          2.4         2.3          2.17
2 –0.5    1.0       0.5     –0.5      1.15           33.7       0.68           0.36           1.12          32.9       0.70          0.36          –2.6        –2.4         2.9        00
3 1.2    –1.2       1.0     –1.2      1.02           29.1       0.55           0.25           1.05          30          0.54          0.26            2.9          3.1       –1.8          4.0
4 –1.5     1.5    –1.2       1.5      1.5             62.6       0.88           0.60           1.5            63.9       0.89          0.62          00             2.0         2.3          3.33

Average Error         –0.48        1.28       1.43         2.4

Actual value-Predicted value
% Error = x 100

Predicted value

Fig. 9 — Interaction effect of wire feed rate and welding speed on HAZ width.

Fig. 10 — Response surface model for interaction effect of wire feed rate and
welding speed on HAZ width.
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maximum when F and S are at the +2 and
–2 levels, respectively. It is also evident
from the plot the width of the GGZ sur-
face is shifted below when V and N are
changed from their +2 to –2 levels; there-
fore, the GGZ decreases for all values of
F and S when V and N are lowered.

Conclusions

1) The second order quadratic mathe-
matical models are useful for predicting
and controling the dimensions of differ-
ent regions of the HAZ of a weldment.

2) Validation of the models and com-
parison of the predicted and observed
values of bead parameters revealed the
models’ average accuracy is about 97%.

3) Heat input — calculated using weld-
ing current, welding voltage, and welding
speed — had a considerable positive ef-
fect on almost all HAZ dimensions. 

4) Wire feed rate had a positive effect
but welding speed had a negative effect
on all HAZ dimensions. 

5) Within the values evaluated, noz-
zle-to-plate distance had no considerable
effect on most HAZ dimensions. The di-

mensions of the grain growth zone, grain
refinement zone, and, therefore, the
width of the heat-affected zone de-
creased slightly with the increase in noz-
zle-to-plate distance.

6) Out of the different process vari-
ables, wire feed rate and welding speed
had a strong interaction effect on HAZ
dimensions.

7) The increasing trend (rate) of the
widths of the weld interface, grain growth
zone, and HAZ with the increase in wire
feed rate gradually decreased with the in-
crease in welding speed. For instance,

CONTOURS OF WI

(V AND N ARE AT 0

LEVEL) 

Fig. 11 — Interaction effect of wire feed rate and welding speed on width of
the weld interface.

Fig. 12 — Response surface model for interaction effect of wire feed rate and
welding speed on width of the weld interface.

Fig. 14 — Response surface model for interaction effect of wire feed rate and
welding speed on width of grain growth zone.

Fig. 13 — Interaction effect of wire feed rate and welding speed on width of
grain growth zone.
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maximum value of the HAZ width was 2.1
mm when F and S were, respectively, at
their upper and lower limits, but the HAZ
width was minimum (0.7 mm) when F and
S were, respectively, at their lower and
upper limits.
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