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Abstract— Submerged arc welding of different grades of steels is widely used in industry. In the present work, an attempt
has been made to optimize the weld bead width and weld bead hardness of submerged arc welded joints of mild steel plates
using Taguchi Method. Experimentation has been conducted using Ly experimental design where welding current (A), arc
voltage (V) and welding speed (m/min) are considered as variable process parameters. Optimised input parameter setting
for maximum weld bead hardness and weld bead width are welding current =250 A, Arc Voltage =30V and welding speed =
1.2 m/min respectively. Significant improvement in weld quality has been achieved with optimized parameter setting. Arc
voltage is found to affect the weld quality most significantly in the operating range of process parameters.
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I. INTRODUCTION

Submerged arc welding (SAW) is a popular arc welding process now a days and is widely used for welding of different grades of
steels in many sectors such as shipbuilding, offshore, structural and pressure vessel industries along with surfacing operations like
reclamation, hard facing and cladding. In this technique coalescence is produced by heating with an electric arc where the arc, end
of the electrode and molten pool are invisible being submerged under a blanket of granulated flux. Inherent advantages of SAW
process include deep penetration, complete fusion, and smooth weld bead. However, SAW is not adaptable to all metals and alloys.
Most suitable work metals for SAW process includes low-carbon steels, Medium-carbon and low-alloy structural steels, Stainless
steel, hardenable carbon steel, hardenable high-strength low alloy steel, and hardenable high-strength structural steel. The quality of
SAW joint can be evaluated in terms weld bead geometry, joint strength, heat affected zone and metallurgical properties. The weld
quality itself is directly influenced by the welding input parameters. The common input parameters for SAW are welding current,
voltage, welding speed, feed rate electrode wire, stick out length for electrode, quality of flux used etc. Therefore, appropriate
selection of process control parameters is very crucial for achieving required weld bead quality. As input parameters bear very
complex relationship with weld quality output, various statistical design of experiments methodologies such as, Taguchi method
(TM), factorial design (FD), response surface methodology (RSM) and Grey relational analysis (GRA) have been employed in
recent years by the researchers to specify relationship between process parameters and weld quality.

Taguchi method have been employed by Tarng et al.[1] for optimization of process parameters of the SAW process. Further Tarng
et al.[2] have employed fuzzy logic in the Taguchi method for optimisation of the performance characteristics, including deposition
rate and dilution while arc current, arc voltage, welding speed, electrode protrusion, and preheat temperature are considered as
process parameters. Tarng et al.[3] applied grey based Taguchi methods for optimization of submerged arc welding process
parameters in hard facing operation. Further, Kumanan et al. [4] determined the optimum SAW process parameter by using
Taguchi method & employed regression analysis to built mathematical model for prediction of the bead geometry for any given
welding conditions. Datta et al. [5] have employed the grey-based Taguchi method for optimization of bead geometry viz. bead
width, bead reinforcement, depth of penetration and depth of HAZ in submerged arc bead-on-plate welding. Further Datta et al
[6,7] studied the effect of mixture of fresh flux and fused slag on weld quality characteristics for welding of mild steel. Alam et al.
[8] have predicted the effect of SAW process parameters on weld bead width for MS 1018 Steel. In this study, investigation uses
arc voltages, current, welding speed, wires feed rate and nozzle to plate distance as process parameters. Multiple regression analysis
has been used to develop a mathematical model to predict weld width. Bhattacharya et al. [9] have investigated multi-response
optimization of bead geometry involving depth of penetration, bead height and bead width in SAW using grey relational analysis.
Saluja et al. [10] have employed Factorial design approach for optimizing four submerged arc welding parameters viz. welding
current, arc voltage, welding speed and electrode stick out by developing a mathematical model for sound quality bead width,
bead penetration and weld reinforcement on butt joint. Kumar et al [11] have optimized of Vickers Hardness and Impact Strength
by Taguchi Method for Silica Based Fluxes for Submerged Arc Welding.

Literature discussed so far indicates application of different grades of mild steel as base metal for welding. Welding current, arc
voltage and welding speed have been considered as input parameters in majority of the works. Welding current influences the
depth of penetration and extend base metal fusion. The welding arc voltage has a direct influence on the shape of weld bead and
external bead appearance. The welding speed has effect on the weld size and penetration for a given combination of welding
current and welding voltage. Weld bead geometry is measured as output in most of the studies. Very few works have measured
hardness of joint as output. In the present work, weld hardness and weld bead geometry in terms of weld width are simultaneously
measured as output during experimentation and subsequently optimized using Taguchi Method during SAW of mild steel plates.
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Variable input process parameters are welding current, arc voltage and welding speed respectively.

Il. TAGUCHI METHOD FOR OPTIMISATION

Classical experimental design methods are time consuming and require more experiments to be performed when the number of
control factors is high. Taguchi methods [12] use a special design of orthogonal arrays to study the entire factor space with only a
small number of experiments. In the Taguchi method, the term ‘signal’ represents the desirable value for the output characteristic
and the term ‘noise’ represents the undesirable value for the output characteristic. Therefore, the term ‘signal-to-noise ratio’ or S/N
ratio in Taguchi method measures the deviation of quality characteristic from the desired value. Optimization in Taguchi method
means maximization of S/N ratio. In the present problem for simultaneous optimization of kerf quality and kerf deviation following
steps of Taguchi method has been followed:

i) Computation of quality loss function: Quality loss functions which may be of three types based on output characteristics: smaller-
the-better, nominal-the-best or higher-the-better. As in the present problem minimum value of kerf width and kerf deviation is

n
desired, the smaller-the-better quality loss function (f) has been used and for ith trial (fi) it is given by f; = %z yi2
i=1

1)
where, y; are the output or quality characteristics at the ith trial of same parameter level, and n is the number of trials.
i) Normalization of quality loss function: As Present work bears two quality characteristic (kerf width and kerf deviation) with
different range of values, it is required to normalize the quality loss function values computed in Eq.(1) between 0 and 1 before
. . f.
employing them for simultaneous optimization. Normalised quality loss ( fij ) values are computed as f;; = 4 2)
imax
Where, ﬂj = normalized quality loss for ith output characteristic at the jth trial condition, f; = maximum quality loss for the ith

output characteristic among all the trials/fexperimental runs.
If w; represents the weights corresponding to ith output characteristic, p is the number of output characteristics, then the total

B 3
normalised quality loss for jth trial condition (Fj) can be computed as F; = Zwi fij 3)
i=1
iii) Computation of multiple S/N ratio: Multiple S/N ratio (MSNR) is computed to determine the quality index of each design
point using total normalised quality loss values. The MSNR corresponding to jth trial condition (MSNR;) is calculated as:
MSNR; =—10log, (F;) 4

iv) Optimization of process parameters: Mean of all MSNR values at a specific level of a process parameter is used to describe the
effect of a process parameter or factor on quality characteristics at that level. A parameter level corresponding to the maximum
average MSNR s called the optimum level for that parameter. The predicted value of MSNR (MSNRg) at optimum parameter

ok -
levels is calculated by using following formula: MSNR,;; = MSNR + Z(MSNRmi — MSNR) (5)
i=1
where MSNRis the mean MSNR of all experimental runs, k is the number of significant control factors, and mi is the average
MSNR for ith control factor corresponding to optimum parameter level. Further an experiment is conducted with optimum
parameter levels determined by Taguchi method for validation of the predicted response.

111. EXPERIMENT

In the present investigation, experiments have been conducted with the automatic SAW equipments with a constant voltage,
rectifier type power source of 1000A capacity (TECHNOCRATS PLASMA SYSYTEMS PVT LTD”, MODEL-1000) as shown in
Fig. 1. Based on literature review and importance as discussed in Section 1, the controllable process parameters are considered as
arc voltage (V), welding current (A) and welding speed (m/min) respectively. Copper coated Electrode Auto melt EH-14 wire size:
3.20mm diameter of coil form and basic fluoride type granular flux was used. A V butt joint with a 4mm root height opening was
selected to join the plates in the V position of 30° to 45°, keeping the electrode positive and perpendicular to the V position of the
two plates. A wire feeder was used to drive the electrode to the work through the contact tube of a welding gun.

Mild steel plates (1S:2062,Gr.B, 0.16C 0.76Mn 0.24Si 0.02S 0.03P) of size 100mm (length) x 50mm (width) x 6mm (thickness) are
used as work specimen. Weld bead width (W) and weld bead hardness (H) has been considered as two output quality characteristics
for analysis. An exhaustive set of pilot experiments has been conducted to determine the feasible range of input parameters for
complete penetration during welding. The initial setting of input parameters is: arc voltage: 26 V, welding current: 150A and
welding speed: 1 m/min. Three levels of each input process parameters have been selected. Range of operations for process
parameters are 26 -30V for arc voltage (V), 150-250A for welding current (A) and 1- 1.5 m/min for welding speed (S) respectively.
The numerical values of control factors at different levels for SAW process are furnished in Table 1.

Nine experiments have been conducted based on Ly orthogonal array experimental design as given in Table 2. Weld bead hardness,
kgf (H) is measured by a Rockwell Hardness Tester and weld bead width, mm (W) is measured by a measuring scale as given in
Fig.2.
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Fig.1. Submerged arc welding setup

Symbol \Welding parameters Level 1 Level 2 Level 3
A \Welding current, A 150 200 250
Y IArc voltage, V 26 28 30
S 'Welding speed, m/min 1 1.2 15

Table 1. Levels of experimental input parameters

Fig. 2. Measurement of the weld bead width

IV. RESULTS AND DISCUSSION

The experimental dataset developed based on Lg orthogonal array with weld bead hardness, (H) and weld bead width (W) as output
is given in Table 2. The quality loss values for quality characteristics H and W during each experimental run is calculated using
Eqg.1. The quality loss, normalised quality loss, total normalised quality loss and MSNR values are computed using Eq.2-4 and
given in Table 3. As weld quality depends more on weld bead hardness than weld bead width more importance has been assigned
to weld bead hardness than weld bead width during calculation of normalised quality loss. Weight of weld bead width (w;) is 0.3
and of weld bead hardness (w,) is 0.7.

Input parameters Output parameters
CodeelLe Ugi%d\?(gtgl: : welding speed V\{eld bead weld bead
Current | Arc Voltage | Speed | Current (amp) (volt) (m/min) width(mm) hardness(kgf)
A \ S A Vv S W H
1 1 1 150 26 1 11 24
1 2 2 150 28 1.2 11.9 33
1 3 3 150 30 1.5 12 33
2 1 2 200 26 1.2 12.4 27
2 2 3 200 28 1.5 12.8 28
2 3 1 200 30 1 18.3 29
3 1 3 250 26 15 10.5 30
3 2 1 250 28 1 14.7 35
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| 3 | 2 ] 250 | 30 | 1.2 | 14.8 | 38
Table 2. Experimental dataset using Lo Orthogonal array
Quality loss values Normalised quality loss values Total

weld bead | Weld D2 | weld bead width | weld bead hardness gagwtay' ed | MSNR
0.00826 0.00174 0.9112 0.9978 0.9718 0.12427
0.00706 0.00092 0.7786 0.5277 0.6030 2.19688
0.00694 0.00092 0.7656 0.5277 0.5991 2.22490
0.00650 0.00137 0.7170 0.7884 0.7670 1.15224
0.00610 0.00128 0.6729 0.7331 0.7150 1.45684
0.00299 0.00119 0.3292 0.6834 0.5771 2.38730
0.00907 0.00111 1.0000 0.6386 0.7470 1.26674
0.00463 0.00082 0.5102 0.4692 0.4815 3.17428
0.00457 0.00069 0.5033 0.3980 0.4296 3.66931
Mean of MSNR (1) 1.96141

Table3: Quality loss values and multiple S/N ratio for Taguchi method

The effect of different operating parameters on multiple S/N ratio comprising weld bead width (W) and weld bead hardness (H) is
shown in Table 4 and Fig.3. It is clear that, optimum levels of different control factors for obtaining maximum weld bead hardness
(H) and weld bead width (W) are: welding current at level 3 (250A), arc voltage at level3 (30V) and welding speed at level 2
(1.2m/min). Relative contribution of the controlling parameters on welding quality is shown in Table 4. The MSNR is calculated by
using the Eq.5.

Means Of Multiple S/N Ratio .
Maximum-

Symbols Factors Level 1 Level 2 Level 3 Minimum Rank
A Welding Current 1.515 1.665 2.703 1.188 2
B Arc Voltage 0.848 2.276 2.761 1.913 1
C Welding Speed 1.895 2.339* 1.649 0.690 3

Table 4 Effects of factors on multiple S/N ratio
3

= 4, 2.761
S5 2.703
j=
)
S2
Z
) 1.649
s
= 1.515
)
S 1
p 0.848

0.5

level 1 level 2 level 3

Fig 3 Effects of factors on multiple S/N ratio plotted from computed results

Analysis of Variance (ANOVA) is a statistical technique for the quantitative estimation of relative contribution of each control
factor or parameter on overall measured response. The relative significance of factors is often represented in terms of F-ratio or in
terms of percentage contribution. Greater the F-ratio indicates more significant will be the factor. In present work ANOVA is
employed for analysing significance of controlling parameters Welding current, Arc voltage and Welding speed on combined
welding quality parameters and is given in Table 5.
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Degree I
Source 31‘ Sum of squares Mean F ratio Co”t'[,'b““o”
freedom squares (%)
Current(amp) 2 3.1949 1.5975 1.0463 23.46
Arc voltage(volt) 2 7.5089 3.7544 2.4591 55.15
Welding speed (m/min) 2 2.9120 1.4560 0.9537 21.39
Residual error 2 0.0794 0.0397
Pooled error 4 6.1069 1.5267
Total 8 13.6952

Table 5. Results of Analysis of Variance (ANOVA)

An estimation of the sum of squares for the pooled error can be obtained by pooling the sum of squares of factors with the lowest
sum of squares i.e. current and welding speed. The pooled errors have 4 degrees of freedom and sum of squares of 6.1069. Hence
the pooled mean square error is 1.5267. The F value can be found using the ratio of mean square of a factor to variance of pooled
error. High F value indicates all the factors Welding current, Arc voltage and Welding speed are significant for determination of
welding quality.

Further highest F ratio of 2.4591 indicates Arc voltage as most significant control factor with percentage contribution of 55.15%
for welding quality, while Welding speed is found as least significant factor. The percentage contribution of different control
factors on combined welding quality parameter for mild steel plate in increasing order are Welding speed (21.39%), Welding
current (23.46%) and Arc voltage (55.15%).

Optimal SAW Parameters
Initial Parameter
Settings Prediction Experiment
Levels AB,C, AsB:C, AsB3C,
Weld Bead Width 11 - 14.8
Weld Bead Hardness 24 - 38
MSNR 0.12427 3.8806 3.66931
Improvement of MSNR 3.54504

Table 6. Results of validation experiment at optimum parameter level.

Finally a validation experiment has been conducted to find whether optimum condition suggested by Taguchi optimisation
technique produce necessary improvement. Predicted value of MSNR with optimized parameter levels is computed using Eq. 5 and
given in Table 6. The validation experiment has been conducted with above mentioned optimum levels of operating parameters and
optimized output with corresponding MSNR is given in Table 6. The significant improvement in MSNR is observed to be 3.54504
during comparison with initial parameter setting. Weld bead width and Weld bead hardness values at optimum levels of process
parameters to be 14.8mm and 38kgf respectively compared to initial parameters setting output of 11mm and 24kgf respectively.
Therefore considerable improvement in both Weld bead width and Weld bead hardness has been obtained.

V. CONCLUSION

In present work, multi-objective optimisation of weld bead width and weld bead hardness has been carried out using Taguchi
Method for submerged arc welding of mild steel. A series of experiments has been conducted for generation of dataset. Following
conclusions can be drawn on the basis of results obtained:

. Results of optimization using Taguchi method indicates that, maximum weld bead hardness and weld bead width for mild
steel sheet can be obtained by operating with input parameter setting of welding current =250 Amp, Arc Voltage =30 volt and
welding speed = 1.2 m/min. Significant improvement in MSNR has been obtained using validation experiment.

o Arc voltage significantly affects the weld quality in the operating range of process parameters.

e The weld bead width and weld bead hardness has been increased up to 14.8 mm and 38 kgf respectively compared to initial
value of weld bead width and weld bead hardness as 11mm and 24kgf respectively.

e The multiple S/N ratio compared to initial conditions has been improved by 3.54504.
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