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Abstract. This work systematically explores the e�ects of process parameters on the
technological responses, including Tensile Force (TF) and the Average Micro-Hardness
(AMH), in Gas Tungsten Arc Welding (GTAW) of titanium. Process parameters are
welding current (I), gas ow rate (F ), and arc gap (G). The objective of this work is
to improve tensile strength with respect to micro-hardness constraints. GTAW welding
machine was utilized with the Box-Behnken matrix to conduct experimental trails. The
nonlinear relationships between welding parameters and responses were developed using
Response Surface Method (RSM). Subsequently, an optimization technique, entitled
Desirability Approach (DA), was used to analyze the trade-o� among the considered
responses and to �nd the optimal parameters. Conformity test was carried out in order
to evaluate the accuracy of optimal values. The results showed that welding current had
the greatest inuence on the outputs among all factors. The measured improvements with
optimal parameters of TF and AMH were approximately 4.10% and 6.12%, respectively,
in comparison with the initial setting. The hybrid approach comprising RSM and DA was
found an e�ective method for obtaining signi�cantly optimal values in GTAW processes.

© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Gas Tungsten Arc Welding (GTAW) is an e�ective
joining technique in which the welded joint is prepared
using tungsten electrode, the heated work-piece, and
a �ller under the protection of the shielding gas. The
major capabilities of the GTAW process are producing
high quality joints, applicability to a wide range of ma-
terials used, and proper functionality for thin sections.
This process is widely adopted in the aerospace and
automotive industries as well as the repairing �elds for
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joining the thin sections of di�erent materials. On the
other hand, the primary shortcoming of the GTAW
process is that it has the lowest deposition rate among
all arc welding processes, which signi�cantly inuences
the characteristics of the welded bead. Therefore,
improving the technical outputs of GTAW processes
is still an e�ective contribution and important research
area.

Enhancing technological responses of the GTAW
welding processes using optimum factors has been
widely investigated in the previous works. Former
researchers attempted to improve the characteristics of
welded beads, including depth of penetration, width,
and Heat A�ected Zone (HAZ) [1{7]. In addition,
mechanical characteristics of welded joints have been
improved by means of optimal factors [7{15]. The
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parameters optimized are the processing conditions
(voltage, current, speed, gas ow rate, and arc gap),
characteristics of the electrode (diameter and mate-
rial), and workpiece properties (thickness and mate-
rial). It can be stated that multi-response optimization
of welding processes is more complex and practical than
single optimizing. However, the aforementioned works
on GTAW welding processes still have the following
de�ciencies.

They focus on GTAW welding optimization of the
stainless steel, magnesium alloys, and aluminum with
dissimilar or similar joints. Optimization of welding pa-
rameters for improving mechanical properties, includ-
ing Tensile Force (TF) and Average Micro-Hardness
(AMH), of the titanium has not been considered yet,
hence the de�ciencies in welding of titanium.

Most of the previous researchers attempted to
maximize micro-hardness of welded joints. However, in
practice, excessive hardness could lead to a reduction
in brittle strength, resulting in unfavorable quality.

The selection of optimal parameters may have
ine�cient results due to strong conicts between tensile
strength and hardness. It is necessary to resolve
the natural contradiction between these two factors
to achieve reliable optimum solutions for the welding
performance.

To �ll the mentioned research gap, multi-objective
optimization of GTAW of grade-2 titanium is consid-
ered in this paper for improving tensile strength with
prede�ned micro-hardness. A hybrid approach com-
bining RSM model and Desirability Approach (DA) is
used to develop the predictive models and identify the

globally optimal solution. This paper is an important
contribution to the investigation into the impacts of
welding parameters on TF and micro-hardness and it
will help the welding operators to select appropriate
conditions.

2. Materials and methods

The systematic procedure for titanium GTAW and
welding parameter optimization is depicted in Figure 1.
The Box-Behnken method was adopted in order to
reduce experimental costs and ensure accuracy of
modeling. Three key welding parameters were current
I, gas ow rate F , and arc gap length G and their levels
are listed in Table 1. The factors were selected based
on review of the literature on welding optimization,
machine characteristics, and material properties. The
ranges of parameters were taken based on welding
settings normally followed in industries for the titanium
material. The lowest level of each processing factor
was selected to ensure su�cient melting, weld forma-
tion, and penetration. Additionally, the upper bound

Table 1. Control factors and their ranges.

Symbol Parameter Level
-1

Level
0

Level
+1

I Current (A) 70 130 200

F Gas ow rate (L/min) 12 16 20

G Arc gap length (mm) 2 4 6

Figure 1. Optimization procedure.
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was determined to avoid excessive melting and crack
formation. Furthermore, these values were veri�ed by
means of welding handbook and expert knowledge of
the industry partner.

The output models for TF and AMH were devel-
oped with the aid of RSM [16{18] and experimental
data. TF was used to measure the load required to
stretch the welded specimen to the breaking point.
The values of the TF were directly extracted from
experimental results. ANOVA analysis was performed
to investigate adequacy of the proposed models and
signi�cance of the parameters.

In this paper, an optimizing technique, entitled
DA, is used in order to �nd the optimal values due
to its simplicity and exibility compared to other
methods [19]. The main principle of the DA is to
�rst convert each objective yi(x) into an individual
desirability function di(0 � di � 1). This method
is based on the idea that a process or product which
has multiple characteristics while one of them does not
possess some desired value is completely unacceptable.
The approach �nds processing conditions in order to
obtain the most desirable values of responses. The
simultaneous objective is the geometric mean of all
converted responses. A higher desirability function
implies that the response is more desirable. In this
study, the completely undesired objective was observed
in case of di = 0. On the other hand, completed
desirability or ideal response was achieved in case of
di = 1. The characteristics of the response could be
altered by adjusting the weights or importance. All
targets were combined into one desirability function for
multiple objectives and processing factors. The setting
of optimal parameters was observed with maximum
overall desirability value.

Desirability is calculated using Eq. (1) with the
goal of maximizing:

di =

8>>>>>><>>>>>>:
0; Yi � Li�
Yi�Li
Hi�Li

�w
; Li < Yi < �Hi

1; Yi � Hi

(1)

It is also calculated using Eq. (2) with the goal of
minimizing:

di =

8>>>>>><>>>>>>:
0; Yi � Li�
Hi�Yi
Hi�Li

�w
; Li < Yi < �Hi

1; Yi � Hi

(2)

The desirability is calculated using Eq. (3) for the goal
as a target:

di =

8>>>>>>>><>>>>>>>>:

�
Yi�Li
Ti�Li

�w1
; Li < Yi < Ti�

Yi�Hi
Ti�Hi

�w2
; Ti < Yi < Hi

0; Otherwise

(3)

and it is calculated using Eq. (4) for the goal within
the range:

di =

(
1; Li < Yi < Hi

0; Otherwise
(4)

where Li, Hi, Ti, and wi are the low value, high
value, target value, and weight of the ith response,
respectively. The weight is used to emphasize the vital
role of the bound and the goal (0:1 � wi � 10). A value
of the weight greater than 1 denotes higher emphasis
on the response and vice versa. When the value of the
weight is equal to 1, di varies from 0 to 1 in a linear
model.

The overall desirability function (D) of multiple
responses is measured using Eq. (5) in terms of individ-
ual desirability di. Each performance can be assigned
an importance r (0:1 � r � 10) relative to other
objectives.

D =

0@ N
�drii
i = 1

1A1=
P
ri

; (5)

where N is the number of the responses measured.
Titanium of the second grade was utilized with

heat treatment through normalization (700�C in
120 min) and tempering (550�C in 60 min). Chemical
composition of the Base Material (BM) tested by
Energy Dispersive X-ray Spectrometry (EDS) is shown
in Table 2.

The material used in the experimental trials was
titanium sheet of 3 mm thickness. Specimens of
60�88�3 mm3 were cut from the sheet. Welding sticks
of 1:5�6�3 mm3 were made from the BM using Wire
Electrical Discharge Machining (WEDM). Titanium
plates and �llers were cleaned using acetone and soaked
in alcohol of 90� to remove the contaminants. The
welding edge was prepared with all titanium plates of
90� included angle and 1.5 mm root face.

Then, the experimental runs were performed us-
ing a design matrix combining three inputs generated

Table 2. Chemical composition of titan grade 2.

Al Zr Mo V Si Mn Cr

0.004 < 0:003 0.0005 < 0:001 0.012 < 0:001 0.014

Ni Fe Cu W O N Ti

0.002 0.12 0.003 < 0:002 0.072 < 0:002 99.8
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Figure 2. Experiments and measurements.

by the Box-Behnken method. The welding trials were
conducted with the aid of a ZX7-200 welding machine
having an electrode diameter of 3.2 mm and 60� tip
angle. The welding torch angle of 45� was applied in
order to minimize the root gap between the plates.
A �xture was utilized to circulate the protecting air
and avoid deformation of the welded plates, as shown
in Figure 2(a). Argon controlled by a owmeter was
used as the shielding gas in order to protect the
welding areas. Shrinkage deformation and residual
stress could be ignored due to the small HAZ and
focused heat input. Two welded layers were generated
during processing time in order to enhance the joint
quality.

After welding, the welded specimens were pol-
ished by means of emery paper from 80 grits to 1 mm
and cleaned using alcohol containing 4% nitric acid.
The welded specimens were cut with the aid of WEDM
(Figure 2(b)).

Finally, the TF and micro-hardness tests were

performed with the aid of Exceed E45 and Vickers
Wolperts Wilson machines, respectively (Figure 2(c)).
The average hardness values were observed at �ve
di�erent positions of the weld bead with a 3 N load
in 15 s. A 3708 Carl Zeiss Microscope was employed to
explore the micro structure at di�erent welded areas.

The specimen machined by the wire cutting pro-
cess was utilized to evaluate mechanical properties
of the BM, as depicted in Figure 3(a). The TF of
17712.01 N and AMH of 250.4 HV are displayed in
Figure 3(b) and (c), respectively.

3. Results and discussions

The Design Of Experiment (DOE) matrix and exper-
imental results of the welding trials are exhibited in
Table 3. R2-values were used to evaluate accuracy
of the predictive models. The R2-values of the TF
and AMH models are 0.9903 and 0.9921, respectively.
Additionally, the experimental data are distributed
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Figure 3. Technological outputs of the Base Material (BM).

Table 3. Experimental results.

No. I
(A)

F
(L/min)

G
(mm)

TF
(N)

AMH
(HV)

1 70 20 4 12550.32 202.7
2 200 16 6 12840.48 224.4
3 70 16 6 12148.26 191.2
4 200 20 4 13148.28 234.2
5 135 16 4 14210.54 247.8
6 200 12 4 12072.65 202.4
7 135 12 2 13797.36 237.7
8 70 12 4 11398.68 167.4
9 135 16 4 14207.62 248.2
10 135 20 6 13065.48 222.6
11 135 16 4 14208.48 248.4
12 70 16 2 13276.08 222.2
13 200 16 2 13944.24 255.5
14 135 16 4 14208.24 247.6
15 135 20 2 14571.12 258.8
16 135 16 4 14209.52 246.5
17 135 12 6 12436.28 199.5

on the straight lines and do not show any particular
trend, as exhibited in Figure 4. It can be stated that
the predicted values highly correlate with experimental
data. Therefore, accuracy of the RSM models proposed
for the two welding performances is acceptable.

The signi�cance and percentage contributions of
welding parameters to the responses were analyzed
using ANOVA. The factors with p-values less than
0.05 were considered as signi�cant ones. The Pareto

charts depicting parameter contributions for welding
performances are shown in Figure 5.

As shown in Table 4, I, F , G, I2, and F 2 are
signi�cant terms for the TF model. Arc gap is the most
a�ected factor with the highest contribution (23.43%),
followed by F (11.88%) and I (6.25%). All the interac-
tion terms were considered as insigni�cant factors since
their p values were higher than 0.05. I2 accounted for
the highest percentage contribution among quadratic
terms (41.28%), followed by F 2 (17.11%).

The ANOVA results for AMH model are pre-
sented in Table 5. In this model, the single terms (I,
F , G) and quadratic terms (I2, F 2) were considered
as the signi�cant terms. G was the most e�ective
parameter with the highest contribution (21.87%). The
percentages of I and F were 20.76% and 14.54%,
respectively. Similarly, I2 accounted for the highest
percentage contribution, followed by F 2.

The predictive models of welding responses were
developed with process parameters using RSM and ex-
perimental data. The regression coe�cients of insignif-
icant terms were eliminated based on ANOVA results.
The regression response surface models showing TF
and AMH are expressed as follows:

TF =� 4419:7044 + 80:4964I + 1640:87619F

� 272:76092G� 0:27575I2 � 46:86019F 2; (6)

AMH =� 235:03565 + 1:98311I + 43:38245F

� 13:10529G�0:0061953I2�1:24063F 2: (7)

The main e�ects of each process parameter and their
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Figure 4. Investigation into the model accuracy.

Figure 5. Pareto-charts for welding responses.

Table 4. ANOVA results for the Tensile Force (TF).

Source Sum of squares Mean square F -value p-value Remark Contri.

Model 14315501.045704 1590611.227300 81.659829 < 0:0001 Signi�cant {
I 866138.572800 866138.572800 44.466383 0.0003 Signi�cant 6.25
F 1647330.307200 1647330.307200 84.571710 < 0:0001 Signi�cant 11.88
G 3249108.352800 3249108.352800 166.804828 < 0:0001 Signi�cant 23.43
IF 1442.480400 1442.480400 0.074055 0.7934 Insigni�cant 0.01
IG 145.443600 145.443600 0.007467 0.9336 Insigni�cant 0.00
FG 5209.952400 5209.952400 0.267472 0.6210 Insigni�cant 0.04
I2 5722708.494017 5722708.494017 293.796114 < 0:0001 Signi�cant 41.28
F 2 2371978.176712 2371978.176712 121.774151 < 0:0001 Signi�cant 17.11
G2 357.697217 357.697217 0.018364 0.8960 Insigni�cant 0.00

interactions on the welding responses are shown in
Figure 6.

As shown in Figure 6(a), TF is improved with
increase in welding current. Low energy input was
generated at low welding current, resulting in poor
material mixing and weak weld. On the other hand,
higher current increased the energy transferred to the
base metal, leading to better fusion and improved
mechanical strength. However, an increase in welding

current or energy input resulted in a slower cooling rate
and a coarser grain, leading to decreased TF.

Increase in gas ow rate up to the optimal value
resulted in an improved TF and afterwards, the techni-
cal response started to decrease with the excessive ow
rate (Figure 6(b)). Higher energy input was transferred
to the BM at a low amount of gas ow rate, resulting
in grain coarsening and decrease in TF. Increase in gas
ow rate led to an improved TF. However, excessive
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Table 5. ANOVA results for the Average Micro-Hardness (AMH).

Source Sum of squares Mean square F -value p-value Remark Contri.

Model 10882.455147 1209.161683 97.667755 < 0:0001 Signi�cant {
I 2211.125000 2211.125000 178.599452 < 0:0001 Signi�cant 20.76
F 1548.461250 1548.461250 125.074037 < 0:0001 Signi�cant 14.54
G 2329.031250 2329.031250 188.123107 < 0:0001 Signi�cant 21.87
IF 3.062500 3.062500 0.247368 0.6342 Insigni�cant 0.03
IG 0.002500 0.002500 0.000202 0.9891 Insigni�cant 0.00
FG 1.000000 1.000000 0.080773 0.7845 Insigni�cant 0.01
I2 2884.760526 2884.760526 233.011091 < 0:0001 Signi�cant 27.09
F 2 1659.042105 1659.042105 134.005997 < 0:0001 Signi�cant 15.58
G2 13.642105 13.642105 1.101915 0.3287 Insigni�cant 0.13

Figure 6. E�ects of parameters on welding responses.

gas ow rate was associated with low energy input,
which resulted in faster cooling rates of the weld and
reduction in TF.

As shown in Figure 6(b), as the arc gap increases,
TF decreases due to lower input energy transferred
to the BM. The heat input has an inverse proportion
to the welding gap length. Therefore, TF could be
minimized by increasing the arc gap.

Similarly, the impacts of processing factors on the
AMH are shown in Figure 6(c) and (d).

The objective of this paper is to improve the weld-
ing responses, including TF and AMH, through process

parameter optimization. The optimizing problem can
be de�ned as follows:

Find X = [I; F;G];
Maximize TF;
Maximize AMH;
Constraints: 70 � I � 200 (A), 12 � F � 20
(L/min), 2 � G � 6 (mm).

The design expert V7.0 software integrating the
DA theory was used to determine the optimal param-
eters. The ranges and goals of independent variables
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Table 6. Parameters for desirability function in simultaneous optimization.

Parameter Goal Lower
limit

Upper
limit

Lower
weight

Upper
weight

Importance

Welding current, I Is in range 70 200 1 1 3
Gas ow rate, F Is in range 12 20 1 1 3
Arc gap, G Is in range 2 6 1 1 3
Tensile Force (TF) Maximize 11398.7 14571.0 1 1 3
Average Micro Hardness (AMH) Maximize 167.4 258.8 1 1 3

Figure 7. Optimization results using Desirability
Approach (DA).

and responses for simultaneous optimization of TF and
AMH are shown in Table 6. The ramp graphs of process
parameters and welding responses using desirability
function are shown in Figure 7(a). Figure 7(b) presents
the desirability graph in terms of process parameters
and technological performances with a combination of
one. The optimal parameters and welding responses
can be found in Table 7.

Practically, it is unnecessary to simultaneously
maximize two objectives, which can be a technical
constraint. A higher micro-hardness could result in a
reduction in brittle strength, leading to unacceptable
weld quality. Furthermore, it can be stated that it is
hard to determine the optimal welding parameters for
di�erent technological outputs based on practical ex-
perience or operating guide. As a result, the approach
proposed can be adopted to determine the maximum
TF and optimal welding parameters with prede�ned
micro-hardness. The ranges and goals of independent
variables and responses for the constrained optimiza-
tion are shown in Table 8, in which AMH is prede�ned
as a target. The constrained values are 230 HV,
204 HV, 250 HV, and 255 HV, respectively. The
representative scenarios with the constrained micro-
hardness are given in Table 9.

An investigation was performed in order to con-
�rm optimum results. A welded specimen prepared us-
ing optimal values was used, as depicted in Figure 8(a).
The initial and optimized parameters are compared in
Figure 8(b) and (c). The small error indicates that
the proposed approach is more e�ective and reliable in
modeling and optimizing welding processes.

The microstructures of di�erent welding areas,
including the BM, HAZ, and Welded Zone (WZ)
were investigated and they are exhibited in Figure 9.
Figure 9(a) shows the evenly �ne grain with the
approximate size of 10 �m in the BM. The HAZ with
coarser grain and uneven size was observed without
defects, e.g., voids and pits, as displayed in Figure 9(b).
Grain size in the HAZ was around 120 �m due to
the welding heat. The microstructure of the WZ with
large particles and irregular dimensions compared to
the previous areas is shown in Figure 9(c). Grain size
in the WZ was around 160 �m.

The element distribution in the welded joint

Table 7. Optimization results.

Optimization parameters Responses
Method I (A) F (L/m) G (mm) TS (N) AMH (HV)

DA 127.83 17.26 2.21 14815.70 264.6
Initial 135 16 4 14208.48 248.4

Improvement (%) 4.10 6.12
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Table 8. Parameters for desirability function in the constrained optimization.

Parameter Goal Lower
limit

Upper
limit

Lower
weight

Upper
weight

Importance

Welding current, I Is in range 70 200 1 1 3
Gas ow rate, F Is in range 12 20 1 1 3
Arc gap, G Is in range 2 6 1 1 3
Tensile Force (TF) Maximize 11398.7 14571.0 1 1 3

Average Micro Hardness (AMH) Target = 230, 240,
250, and 255

167.4 258.8 1 1 3

Table 9. Representative scenarios with the constrained values of micro-hardness.

Scenario Optimization parameters Tensile Force (TF) Constraint

I (A) F (L/m) G (mm) TF (N) AMH (HV)
1 100.88 14.81 3.52 13662.34 230
2 103.72 15.67 3.14 14011.58 240
3 108.17 16.37 2.63 14353.72 250
4 110.21 16.79 2.33 14521.01 255

Figure 8. Experimental con�rmation.

Figure 9. Microstructure of the welded joint.
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Table 10. Chemical composition of the welded joint.

Al Zr Mo V Si Mn Cr
0.005 0.004 < 0:0003 < 0:001 0.012 < 0:001 0.013
Ni Fe Cu W O N Ti

0.002 0.12 0.001 < 0:002 0.12 < 0:002 99.7

explored using EDS is presented in Table 10. The result
indicates that the chemical compositions between BM
and welded joint are the same due to using the titanium
�ller.

4. Conclusions

This work presented multi-response optimization of
process parameters in the Gas Tungsten Arc Welding
(GTAW) process to improve Tensile Force (TF) while
micro-hardness was considered as a constraint. Models
developed by the Response Surface Method (RSM)
were used in conjunction with the Desirability Ap-
proach (DA) to render the nonlinear relations between
inputs and technological outputs as well as to deter-
mine the optimal values. The main conclusions from
the results of this work by the parameters considered
can be drawn as follows:

1. TF and Average Micro-Hardness (AMH) values
improved with increase in welding current or gas
ow rate until reaching the optimal points and
afterwards, with higher factors, the technological
outputs decreased. Additionally, the highest tech-
nological performances were observed at the lowest
level of the arc gap;

2. The optimal process parameters were the welding
current of 127.83 A, gas ow rate of 17.26 s, and
arc gap of 2.21 mm. Arc gap had the greatest
inuence on the mechanical strength of the welded
joint, followed by gas ow rate and welding current.
For micro-hardness, arc gap had the most e�ective
contribution, followed by current and gas ow rate;

3. Solving the multi-objective optimization problem
using DA could ensure achieving reliable optimizing
values. The proposed approach to improving tensile
strength with prede�ned micro-hardness was versa-
tile and realistic in the welding processes compared
with single-objective or simultaneous two response
optimization.
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