
1.  INTRODUCTION
The passenger safety, comfort and the fuel consumption are 
the most significant commercial factors for bus builders. 
While the global demand for fuel consumption is increas-
ing, some standards such as Euro-6 norms for reduction of 
CO2 emissions and ECE-R66-01 regulation for safer pas-
senger transportation become legislative obligations for bus 
builders [1]. These two adaptations increase the weight of a 
bus structure as nearly 600kg which also increases the fuel 
consumption nearly 1.5-3%. The most effective methods to 
compensate this increase in fuel consumptions without any 
loss on passenger safety and comfort can be improved by 
redesigning bus body aerodynamics, chemical changes on 
the consumed fuel, engine efficiency improvement, and re-
duction on the structure weight. Among these applications, 
reducing the vehicle weight is the most effective and appli-
cable method for fuel economy [1]. 

Reducing the weight includes redesigning the bus body 
structure and use of higher strength to weight ratio steels.  

Unfortunately, geometrical design changes on bus structure 
have limited potential to compensate the weight increase 
which is caused by the legislative obligations. Thus, the best 
way to compensate the weight increase is decreasing the 
thickness of the parts by using higher strength structural 
steels. 

Gas metal arc welding (GMAW) process produces an elec-
tric arc between a consumable wire electrode and the work-
pieces to melt and join base materials. The filler metal is fed 
automatically from the wire feeder mechanism, through a 
liner, then out of a contact tip in the torch. In this process, 
CO2 or mixture gas (combinations of Ar, He, CO2 and O2) 
are used to prevent oxidation and diffusion of H2 and N2 to 
the molten metal. GMAW process can be applied semi-au-
tomatic or fully automatic. Figure 1 shows the basic sche-
matic representation of GMAW process.

The GMAW process is mostly performed on lower grades 
of DP steels such as DP480 and DP600, however, it can also 
be used to weld higher strength grades (DP780, DP1000). 
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But, martensite tempering percentage and decrease in 
UTS increase with higher grade DP steel usage at the same 
heat input. However, GMAW is the mostly applied tech-
nique in bus building industry, because it is the fastest and 
most applicable welding method for joining of rectangular 
cross-sectional profiles [1]. Literature survey shows that 
there are various studies in the literature dealing with mod-
eling and optimization of GMAW using different kind of 
workpiece materials and optimization techniques. Martinez 
et al. [3] developed a framework for the prediction of weld 
bead and penetration geometry in GMAW process using 
deep learning and machine learning techniques. Huang et 
al. [4] proposed ensemble empirical mode decomposition 
with adaptive noise and extreme learning machine for on-
line control the weld quality diagnosis of GMAW process. 
Sivasakthivelet. al. [5] developed a back propagation neu-
ral network model for the prediction of bead geometry in 
gas metal arc welded stainless steel plates. Chauhan et al. 
[6] used Taguchi technique in GMAW process for optimi-
zation of gas metal arc welded AISI 1018 mild steel plates. 
Aghakhani et al. [7] optimized GMAW process by Taguchi 
method on weld dilution. Kumar et al. [8] implemented the 
Taguchi method followed by grey relation analysis to op-
timize gas metal arc welding process parameters for multi 
performance characteristics of bead width and height, weld 
penetration and heat affected zone using AISI 1020 steel. 
Rizvi et al. [9] investigated the optimization for SS304H 
steel using Taguchi based grey relational analysis. Arya 
et al. [10] showed the influence of welding parameters in 
metal inert gas welding process using Taguchi based grey 
relation analysis. Esme et al. [11] optimized quality charac-
teristics of the tungsten inert gas welding parameters such 
as weld bead, weld height, penetration, heat affected zone 
and ultimate tensile strength using Taguchi combined grey 
relational analysis method. Srivastava et al. [12] used Box 
Behnken design technique of Response Surface Methodolo-
gy to optimize gas metal arc welding for IS 2062 mild steel. 
Singla et al. [13] developed a mathematical model for the 
parametric optimization of gas metal arc welding by using 
factorial design approach. Ambekar et al. [14] presented a 
study by using Taguchi orthogonal array of L16for optimi-
zation of process parameters gas metal arc welding on AISI 
410 steel. Yadav et al. [15] made parametric optimization 
tensile strength in GMAW by performing Taguchi method. 
Sreeraj et al. [16] made an optimization study for gas metal 
arc welding parameters using central composite rotatable 

design and particle swarm method. Shao et al. [17] devel-
oped a mathematical model using design of experiments 
and polynomial regression method for modeling and opti-
mization of gas metal arc welding method. Kshirsagar et al. 
[18] used Hybrid Nelder Mead-Evolutionary algorithms to 
develop a model for optimization purpose and comparison 
of this method with the others.

The Taguchi method proposed by Genichi Taguchi in 1950s 
is very famous and fast tool to improve and solve optimi-
zation of in all kind of manufacturing process [11,19]. This 
technique offers an opportunity to design the experiments 
called orthogonal design matrix with a minimum number of 
trials. The approach also uses the signal to noise ratio (S/N) 
to serve the objective role within the experimental range 
to be optimized (maximized). On the other hand, Taguchi 
method alone cannot solve the multi objective optimization 
problem. Taguchi method combined with GRA may over-
come this problem and solve the multi-response designed 
problems in a wide range of engineering applications. Tagu-
chi technique successfully uses orthogonal arrays to build 
the experiments in optimization.

In the present study, it is aimed to determine the optimum 
process parameters such as welding voltage (U, volt), weld-
ing speed (V, mm/min) and wire feed rate (f, m/min)in 
GMAW process to generate required weld quality in respect 
of ultimate tensile strength (UTS, MPa), joint efficiency (JE) 
and heat input Q (kj/mm). Hybrid combination of grey re-
lation analysis and Taguchi approach for multi objective op-
timization has been performed to determine the optimum 
process condition for GMAW process. Finally, the analysis 
of variance (ANOVA) and confirmation test were applied in 
order to examine the contribution of each welding factors 
and to check the optimum results.

2. GREY RELATIONAL ANALYSIS APPROACH AND 
TERMINOLOGY
Although the black region of the grey relational analysis 
(GRA) contains no information, the white region contains 
information completely. The grey system, on the other hand, 
denotes the degree of detail between white and black. In 
other words, while some information is known in the grey 
system, but some is unknown. GRA is one of the subtitles of 
grey modeling. The each factor in the system compared with 
reference sequence to determine the relationship degree be-
tween the factors [19].

First, experimental data is normalized starting from zero 
to one according to the normalization criterions: i. small-
er-the-better, ii. Larger-the-better and iii. ideal-the-better. 
This is named as Grey relational generation. Grey relational 
coefficient (GRC) for each experimental level is then deter-
mined using normalized values in order to find the relation-
ship in between actual and desired data. Averaging the cor-
responding GRC for the selected response yields the overall 
Grey relational grade (GRG). So, GRG which is also perfor-
mance characteristic of the multiple response is converted 

Figure 1. A general schematic representation of a GMAW system [2]
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into a single response optimization [11,19]. The highest 
GRG in the system is the optimal parametric combination. 
Lastly, Taguchi method is applied to maximize the overall 
GRG for optimal parameter setting.

In Grey relational generation calculation of this work, the 
larger-the-better (LB) criterion is used to calculate the nor-
malized reference sequences for ultimate tensile strength 
and joint efficiency. LB criterion is expressed as [19]:
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hereby, )(kxi is determined after GRG, min )(kyi is the lowest
)(kyi value associated with the kth response, and max )(kyi

is the highest )(kyi value related to the kth response. For the 
responses, the reference series is )(0 kx  (k=1,2,3......,9). In the 
process of GRG analysis, the concept of the grey relational 
degree is to demonstrate the degree of the relationship be-
tween 9 sequences [x0(k) and xi(k), i=1,2,3.......,9]. The rela-
tional coefficient of grey (GRC) is measured as [19]:
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hereby, the number of welding responses is expressed by n. 
The higher the GRG value, the greater the relation between 
the given sequence xi(k) and comparison sequence. The 
best sequence is the reference sequence x0(k); hence, a 
higher GRG indicates that the acquired parameter combi-
nation is approaching the optimum value. Both the GRG 
main effect graph and the average response for the GRG 
are extremely important in deciding the optimum welding 
process conditions [19].

3. MOTIVATION AND EXAMINATION RESULTS OF 
EXPERIMENTS

3.1. Description of Experiments
The purpose of this study is multi objective optimization 

of GMAW process parameters for improving mechanical 
properties of DP1000 steel joint [1]. For this aim, the effects 
of GMAW parameters on mechanical performance and 
welding quality of 1.2mm DP1000 plates were investigated. 
The dimensions of the DP1000 plates and welding design 
were defined depending on TS 6868-1 EN 287-1 standard. 
Therefore, 300x150 mm dimensions of DP1000 steel plates 
were used for butt welding. The mechanical properties and 
chemical composition (wt.%) of the used workpiece material 
is depicted in Table 1.

An automated GMAW system was designed and built to 
provide consistent linear welds and to eliminate the welding 
defects, which can be caused by the welder. In this way, free 
wire length was kept constant. The components of welding 
automation system used in this study is shown in Figure 2.

Figure 2. Components of the automated welding system used for experi-
mental work: (1) Fronius Transpuls Synergic 2700 welding power supply, 
(2) Pneumatic welding automation mechanism, (3) Pneumatic valve to 

control welding speed, (4) Pneumatic valve to control welding start/stop 
and direction, (5) GMAW torch, (6) Welding arc start/stop control panel 

and (7) Welding fixture

Fronius Transpuls Synergic 2700 welding power supply, 
which had 270A current capacity is employed for welding 
applications. The welding wire is selected as 0.8mm and 
ER70S-6 (AWS 5.18) standard.100% CO2 under the con-
stant flow rate of 8 L/min is used as a shielding gas. Also, 
direct current electrode positive (DCEP) polarity is utilized 
for better penetration, arc stability, higher electrode melting 
rates and lower heat input to workpiece. The welding cur-
rent start and stop functions are controlled with an adapted 
on/off switch panel. The welding automation system is pro-
pelled using a pneumatic activation system which is used 
to adjust welding speed (valve-3) and direction (valve-4). 
In order to prevent lost welding designs due to the welding 
deformation, a workpiece clamping fixture is produced as 
shown in Figure 3.

Table 1. Mechanical properties and chemical composition (wt.%) of DP1000 steel [20]

Chemical composition
(wt..%)

Si P C Mn Nb S Al

0.50 0.01 0.15 1.50 0.015 0.02 0.04

Mechanical properties
Tensile strength (MPa) Yield strength  (MPa) Hardness (HV0.5) Elongation (%)

1000 1000 320 7
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Figure 3. Welding fixture used in the experiments

Samples which is prepared according to transverse tensile 
test method of EN 895 were taken from the weld zone cen-
tered in the gage length. After, they were loaded to tensile 
test machine to measure the ultimate tensile strength. 

3.2. Experimental Procedure and Results
In a full factorial experimental plan, increasing the number 
of parameters and their levels raises the cost, time and espe-
cially experimental runs exponentially [11,19]. In order to 
avoid these negative effects under a limited number of ex-
perimental runs, Taguchi's L9 orthogonal array, which con-
sists of 9 data sets, was used.

Experimental runs have been carried out in according to the 
welding parameters illustrated in Table 2 given below. Weld-
ing current (I, A) was adjusted according to the wire feed 
rate level; for f1=2.20m/min I=45A, f2=2.40m/min I=53A 
and for f3=2.60m/min I=60A.

Table 2. Level of GMAW parameters 

Welding parameters Notation Unit
Parameter Levels 

1 2 3

Voltage U volt 17.50* 18.50 19.50

Welding speed V mm/min 260* 320 380

Wire feed f m/min 2.20*

(I=45A)
2.40

(I=53A)
2.60*

(I=60A)
*Initial GMAW parameter setting

Energy generated by the power source E (kj/mm) can be cal-
culated as [20]:

                                                       
(5)

where U = Voltage (Volt), I = Current (A) and Ѵ = Welding 
Speed (mm/min).

In order to calculate the heat input more accurately, the arc 
efficiency (η) is taken as 0.8 for the present GMAW welding 
process. Finally, the following formula is used for calculating 
the welding heat input (Q, kj/mm) [20];

                       (6)

The ratio of the strength of a welded joint to the strength 
of the used base material is known as joint efficiency (JE). 
L9 Taguchi’s orthogonal array that shows the 9 sets of cod-
ed experimental condition corresponding to UTS, JE and 
Q are shown in Table 3. For the evaluation of the optimum 
GMAW parameter combination needed to overcome the 
required weld quality within the studied region, all these 
data were used for grey relationship analysis.

The welding samples of DP1000 steel were visually inspect-
ed according to EN ISO 3834 standard [1]. Therefore, Lev-
el-C which has medium tolerances for imperfections was 
used as a guide on the quality levels of butt welding. Some 
of the visual inspected workpieces and their categorization 
is illustrated in Figure 4.

Figure 4. Visual categorization of weld inspection of the samples: (a) 
Excess weld metal, (b) Lack of penetration, (c) Good, (d) Burning gaps, (e) 

Excess penetration

4. GRA OPTIMIZATION OF GMAW PARAMETERS

4.1. Evaluation of Optimal Welding Condition
First, measured and calculated data is normalized for grey 

Table 3. L9 Orthogonal array and corresponding experimental and calculated results

Run no

Process parameter levels Experimental results

U V f
UTS

(MPa)
JE

Q
(kj/mm)

Visual weld inspection

Cap Root

1 1 1 1 794.125 0.794 0.145 Good Good

2 1 2 2 795.785 0.796 0.139 Burning gap Lack of Penetration

3 1 3 3 797.215 0.797 0.133 Good Good

4 2 1 2 772.995 0.772 0.181 Burning gap Good

5 2 2 3 786.235 0.786 0.167 Good Good 

6 2 3 1 808.04 0.808 0.105 Good Burning gap

7 3 1 3 772.905 0.772 0.216 Burning gap Excess penetration

8 3 2 1 796.715 0.796 0.132 Burning gap Excess penetration

9 3 3 2 801.095 0.801 0.131 Good Good 
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relation generation by using Eqs. (1) and (2) [11,19]. For 
each of the responses, the normalized data and the differ-
ence in absolute value ( i0∆ ) were calculated and presented in 
Table 4 and Table 5, respectively. 

Table 4. Normalization of the responses

Exp. run
UTS JE Q

larger-the-better larger-the-better smaller-the-better

Reference series 1.000 1.000 1.000

1 0.604 0.611 0.640

2 0.651 0.667 0.694

3 0.692 0.694 0.748

4 0.003 0.000 0.315

5 0.379 0.389 0.441

6 1.000 1.000 1.000

7 0.000 0.000 0.000

8 0.678 0.667 0.757

9 0.802 0.806 0.766

Table 5. i0∆ for each responses

Exp. run UTS JE Q

Reference series 1 1 1

1 0.396 0.389 0.360

2 0.349 0.333 0.306

3 0.308 0.306 0.252

4 0.997 1.000 0.685

5 0.621 0.611 0.559

6 0.000 0.000 0.000

7 1.000 1.000 1.000

8 0.322 0.333 0.243

9 0.198 0.194 0.234

Distinguishing coefficient (ψ ) is ranged between 0 and 1. 
Literature review shows that distinguishing factor does not 
affect the grey relational grade [8]. In this study it is taken as 
equal weight of 0.333 for each responses as === QJEUTS ψψψ
0.333. The determined Grey relational coefficients (GRC) 
for each response using Eq (3) are shown in Table 6. 

Table 6. GRC for each responses

Exp. run UTS JE Q

ψ 0.333 0.333 0.333

1 0.457 0.461 0.480

2 0.488 0.500 0.521

3 0.519 0.521 0.569

4 0.250 0.250 0.327

5 0.349 0.353 0.374

6 1.000 1.000 1.000

7 0.250 0.250 0.250

8 0.508 0.500 0.578

9 0.628 0.631 0.587

Then, it is followed by calculation of grey relational grade 
(GRG) which shows the total representative value of the 
responses. The multi-criteria optimization problem of the 
GMAW method is thus reduced to a basic optimization 
model using the Taguchi combined GRA. In this section, it 
should be noted that a higher GRG indicates that the factor 
combination is close to its optimal value. Table 7 shows the 

calculated GRG and their grade. 

Table 7. GRG and their rank

Exp. run GRG Ranking

1 0.466 6

2 0.503 5

3 0.536 3

4 0.275 8

5 0.358 7

6 0.999 1

7 0.250 9

8 0.528 4

9 0.615 2

Now, the signal to noise (S/N) related to the larger-the-bet-
ter criteria for overall GRG for each experiment is calculated 
using Eq. (7) [19]. Converted GRG into S/N ratio is present-
ed in Table 8.

 
(7) 

hereby, yi is the experimental value ith response in the jth ex-
periment at the kth test, and n denotes the number of mea-
surements.

Table 8. Mean grey grade and corresponding S/N ratios

Exp. run S/N Mean grey grade 

1 -6.632 0.466

2 -5.969 0.503

3 -5.417 0.536

4 -11.213 0.275

5 -8.922 0.358

6 -0.009 0.999

7 -12.041 0.250

8 -5.547 0.528

9 -4.222 0.615

The highest S/N ratio means the optimum parameter setting 
for related process is in the experimental domain. Since a 
high S/N value has a much greater effect on responses than 
the noise factors of the random effects. Graphical represen-
tation of S/N ratio and GRG versus parameter level is given 
in Figure 5.  The average of the GRG and S/N ratio on the 
plots symbolized as dashed line.

As shown in Figure 4, the optimal parameter combination 
for GMAW welding of DP1000 steel joint becomes U1V3f1. 
Corresponding each level of average results for GRG and 
S/N ratios is presented in Table 9.

Delta statistics which is formulated as the maximum value 
minus minimum value indicates the relative size of each 
effect. According to delta analysis; welding speed has the 
highest rank value, wire feed and welding voltage have sec-
ond and third rank values respectively. 
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Table 9. Response results for mean GRG and S/N

Factors
Mean GRG

Level 1 Level 2 Level 3 Delta=max-min Rank

U 0.501  0.544 0.464 0.079 3

V 0.330 0.463 0.716 0.386 1

f 0.664 0.464 0.381 0.283 2

Total mean Grey relational grade= 0.50

Factors
S/N 

Level 1 Level 2 Level 3 Delta=max-min Rank

U -6.006 -6.715 -7.270 1.264 3

V -9.962 -6.813 -3.216 6.746 1

f -4.063 -7.135 -8.793 4.731 2

Total mean S/N= -6.70

4.2. The Analysis of Variance (ANOVA) Method
The analysis of variance (ANOVA) is a useful standard sta-
tistical tool carried out to determine which parameters sig-
nificantly influence on quality characteristics. Percent con-
tribution of factors are also calculated throughout ANOVA 
analysis [19]. This is accomplished by separating the overall 
variability of the GRG, determined by the number of the 
square deviations from the GRG average, between the con-
tributions and the error of each GMAW parameter. Namely;

epT SSSSSS += 	                                    (8) 

where

∑
=

−=
n

j
mjTSS

1

2)( γγ
 

(9) 

and
SST Total sum of mean square deviations

jγ Average response related to jth  experiment

mγ Grand mean of the response

n Experiment run number

SSp Sum of square deviations for each parameters

SSe Sum of squared error-related deviations

The F value of Fisher's ratio, which is the ratio of the mean of 

squares deviations of the parameters to the total mean of the 
error, was also used to calculate how much the parameter 
influences the responses. Table 10 illustrates the summary 
of the calculated statistical results.

Table 10. Analysis of variance results for GMAW parameters

Parameter Degree of 
freedom

Sum of square Mean
Square

F Contributi-
on (%)

U 2 0.00953  0.00477  0.31  2.39

V 2 0.23120  0.11560  7.47  57.99

f 2 0.12698  0.06349  4.10  31.85

Residual 2 0.03095  0.01547 7.76

Total 8 0.39866 100

S=0.124396  R-Sq=92.24%  R-Sq (adj)=68.95

In accordance with the ANOVA analysis, it is evident that 
welding speed (57.99% contribution), wire feed rate (31.85% 
contribution) are the most effective parameter while weld-
ing voltage (2.39% contribution) is the least effective param-
eter on ultimate tensile strength, joint efficiency and heat 
input. Figure 6 shows the percent contribution of GMAW 
parameters.

Figure 6. Contribution percentages of GMAW parameters

(a) (b)

Figure 5. (a) Mean GRG, (b) S/N
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4.3. Confirmation Test
In this work, the confirmation test is conducted at optimal 
parameter combination (U1V3f1) to verify the enhancement 
in the process responses and validity of the optimum weld-
ing condition. The predicted GRG (

∧

γ ) can be expressed as 
[19]:

∑
=

−∧

−+=
p

i
aoa

1
)( γγγγ
	   

(10) 

where aγ is the total average GRG, o

−

γ  is the average GRG 
at the optimal level, and p is the design parameter number 
[11,19]. Table 11 shows the confirmation test results.

Table 11. Confirmatory test results

Initial parameter 
set up

Optimum parameter condition

Predicted Experimental

Responses U1V1f1 U1V3f1 U1V3f1

UTS 794.125 816.21

JE 0.79 0.81

Q 0.145 0.099

S/N ratio for  overall 
GRG

-6.63 0.04 -0.10

Overall GRG
Improvement in GRG 

is 0.53

0.46 0.88 0.99

From the confirmatory test results, it is clear that improve-
ment in overall GRG is obtained as 0.53.This is the main 
indicator of the proposed optimization methodology. Also, 
the method shows that higher UTS, JE and Q was obtained 
under determined optimum welding condition.  

5. CONCLUSIONS
According to aforementioned results, this study also re-
marked the effectiveness of the Taguchi method on design-
ing experiment and optimization under restricted number 
of experiments. It is concluded that the Grey relationship 
analysis based on the hybrid application of Taguchi was suc-
cessful in solving a multi-criteria optimization problem. The 
best results for the responses of ultimate tensile strength of 
816.21 MPa, joint efficiency of 0.81 and heat input of 0.099 
kj/mm are obtained for the DP1000 workpiece using the 
optimum welding parameters of voltage of 17.50 V, weld-
ing speed of 380 mm/min and wire feed rate of 2.20 m/min 
under current of 45 A. So, ultimate tensile strength, joint 
efficiency and heat input in gas metal arc welding process 
is greatly enhanced by using hybrid Taguchi based grey re-
lation method. 
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