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ABSTRACT

The objective of this study is to investigate the effect of process parameters on ColdArc
welding of high strength steel plate using 1.2 mm diameter mild steel welding wire. A
Taguchi Design of Experiments (DOE) method with grey relational analysis approach was
selected for data collection and optimization. 9 experiments were conducted following the
L9 (3%) Taguchi Orthogonal Array Design. The best result from the experiments for tensile
strength was obtained for welding parameters of 70 A (current), 17.6 V (voltage) and 800
mm/min welding speed. Based on the results, the Taguchi analysis predicted the optimised
tensile strength would be obtained when the welding current, welding voltage and speed are
at 70V, 17.6A and 600 mm/min, respectively. Thus, most significant parameters for tensile
properties of cold rolled steel is welding speed (37%), voltage (34 %) and current (28%).
These factors are critical in determining the tensile strength, where increasing the welding
speed reduces the heat input. However, decreasing the heat input by lowering the welding
voltage resulted in bad weld bead formation.
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INTRODUCTION

The ColdArc welding method is a prospective welding process for the sheet metal industry.
It is a modification of the gas metal arc welding (GMAW) technology. The method offers
narrow fabrication tolerances, improved weld quality and increased welding productivity [1].
The ColdArc process is characterised by the reduced heat input, obtainable by modifying the
‘short arc’ process, which is only possible with recent advancements in electrical sources for
welding [2]. As compared to a typical short arc process, the power output at the time of arc
re-ignition is much lower in the ColdArc welding. Furthermore, the power at re-ignition is
not constant. It decreases dynamically in a controlled manner and once the arc is stabilised,
the power is increased by pulsating it until the required power necessary to melt the wire at
the end of the electrode is achieved [3].
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Heat input is one of the most important process parameters in controlling weld
response [4]. It refers to the electrical energy supplied by the welding arc to the weldment.
As manufacturers are adopting the use of light and thin materials, the issue of heat input in
welding becomes critical [5]. Welding of thin sheet metal products is very susceptible to
distortion and deformation, caused by the thermal expansion of the material due to the
welding heat input. Past studies have focused on GMAW welding of thin plate, mostly
selecting the parameters of welding current, voltage and speed [6-11]. It was found in most
studies that the welding speed was the most influential parameter in determining the weld
mechanical properties for tensile strength and hardness due to the weld bead formed.
Furthermore these parameters would also influence the corrosion resistance, the size of the
weld bead and the extent of grain coarsening obtained in these weld joints [12-14].

Recent advancement in automotive technology has seen the increasing use of cold
rolled steel plates for high-strength automotive steel applications. These transformations
induced plasticity and twinning induced plasticity steels, having readily achieving sheet-
formability, offers improved vehicle structure with high impact and shock resistance in
vehicle collisions [7-8]. However, despite their excellent tensile properties, the
commercialization of high-strength steel has been sluggish due to issues of deteriorated
surface quality, delayed fracture, and liquid metal embrittlement[9-14] . Usage of high
strength steel is appealing to automotive manufacturers since the required structural strength
can be obtained using thinner materials, thus reducing the weight and improves the overall
performance and fuel economy of the vehicle. Prior to the usage of high-strength high-
manganese steels in automotive applications, the production and further processing to cold
strip is a point of interest. Due to the high strength, it is possible to reduce the weight of the
car, whereas the increase in ductility allows for a more complex car design [15-16].

The Taguchi design method, developed by Genichi Taguchi, applies fractional
factorial test designs called Orthogonal Arrays (OA) that aims to reduce the number of
experiments to be conducted [17]. It is an efficient and systematic technique for optimizing
designs for performance, quality and cost [16]. The selection of a suitable OA depends on
the number of control factors and their levels. Using OA design allows the evaluation of
multiple process variables simultaneously affecting the performance characteristic, while
minimizing the number of test runs. For example, for four parameters at three levels, the
traditional full factorial design would require 34 or 81 experiments. In the Taguchi L9 OA,
however, the required experimental runs are reduced to 9 runs. Rizvi et al. (2018) optimized
the process parameters that affect the weldability of SS304 austenitic steel , and in their result,
they mentioned that wire feed speed the most significant effect followed by voltage and gas
flow rate effect on tensile strength of the welded joint[18] based on Taguchi method. Rizvi
et al. (2017) optimized the process parameters that affect the weldability of 1S2062, and in
their result, they mentioned that welding current and voltage have significant effects whereas
gas flow rate has an insignificant effect on tensile strength of the welded joint[19]. Ghosh et
al. (2016) optimized the gas metal arc welding process parameters on 316L steel by Grey
relational based Taguchi method, and the current was found to be more significant parameter
than gas flow rate influencing the strength of the welded joints [20]. Datta et al. [2008]
applied Taguchi technique followed by GRA to solve multi-response optimization problem
during the submerged arc welding[21].

The objective of this study is to investigate the effect of current, voltage and welding
speed on the tensile strength for high strength steel welded using the ColdArc method. Two

4847



Effects of ColdArc welding parameters on the tensile strengths of high strength steel plate investigated using
the Taguchi approach

plates of steel high strength steel of dissimilar thicknesses would be welded by direct fusion
welding using the ColdArc welding process. The experiments would be conducted following
the Taguchi L9 OA, and the results would be analysed accordingly from the Taguchi response
table, ANOVA and contour plot graphs. Mechanisms related with improvement of tensile
properties were investigated by focusing on welding parameters that have been established
through design method.

METHODS AND MATERIALS

Materials

In this research, the material chosen was high strength steel plate that following the JIS
G3141 specifications shown in Table 1. It offers very good formability and comparatively
high strength due to their unique combination of strength and elongation. This is because of
having manganese elements that suitable for the applications in the automotive industry [13].

Table 1. Chemical composition of material
Elements C Si Mn P S Cr Mo N Al Cu Co Fe
JIS G3141 0.045 0009 02 0.01 0.006 0.006 0.006 0.013 0.051 0.013 0.024 Bal

Design of Experiments

Three factors at three levels are selected for investigation, which are the welding current (A),
welding voltage and welding speed (WS). The values at (-1) were determined from trial runs
while the values at levels (0) and (1) are based on adjusted parameters from past studies
[1,18-19]. An L9 (3%) OA was used, and the complete design of experiment is shown in Table
2 and Table 3. Each experiment was repeated thrice for statistical reliability.

Table 2. The selection of response and variable in the experimental design.

Levels
Factors
-1 0 1
Welding current (A) 70 75 78
Welding voltage (V) 7.5 16.8 17.6
Welding speed(mm/min) 400 600 800
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Table 3. L9 orthogonal array of the experiments

Experiment Current Voltage Welding S_peed
(A) (V) (mm/min)
1 70 7.5 400
2 70 16.8 600
3 70 17.6 800
4 75 7.5 600
5 75 16.8 800
6 75 17.6 400
7 78 7.5 800
8 78 16.8 400
9 78 17.6 600

Analysis of S/N ratio: In Taguchi technique, the term ‘signal’ represents the desirable value
for the output characteristic and the term ‘noise’ represents the undesirable value for the
output characteristic. These points indicate the best parameters that would give the best or
optimised value of tensile strength. S/N ratios for different conditions are:

S/N ratio for (Nominal is better) = 10log(Z g—j) 1)
S/N ratio for (Smaller is better) = —10 log( Zy?z) 2
S/N ratio for (bigger the better) = —10 log(%Z y—12) 3)

Where
n= number of tests
L= mean or average
o= standard deviation
y= response factor

Experiment Setup

The steel plate samples were arranged to be welded in a lap joint configuration. This joint
arrangement was chosen for ease of welding using the robotic arm of the GMAW ColdArc
welding machine (Germany: EWM, model: alpha Q 352 puls), as shown in Figure 1. The
dimensions of each plates were 250 mm x 50 mm x 0.8 mm (Plate 1) and 250mm x 50 mm
x Imm (Plate 2). The filler rod used was an ER70S-6 mild steel filler rod with a diameter of
1.2mm. This mild steel wire is a high-performance filler material, especially for robotic or
mechanized welding, and is commonly used for construction, shipbuilding, automotive parts
and fabrication. It can produce a smooth constant arc with low spatter and smooth surface
finish in the weld bead. Figure 2 shows the schematic of the sample prepared for tensile
strength measurements. Tensile testing were conducted using a universal testing machine
(UTM), capable of maximum load of 100kN at 4 mm/min speed of stretch. Each parameter
were repeated three times during the experiment. The results obtained was then analysed
using Minitab® Statistical Software version 17.
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Figure 2. Schematic of lap joint of the specimen prepared for tensile test[20].

RESULTS AND DISCUSSION

Figure 3 shows example of the resulting ColdArc weld of the conducted experiment.
Generally, a constant weldment with good cap formation was obtained. Table 4 shows the
average results of the tensile strength. The highest tensile strength obtained for experiment 3
is 244 MPa while the lowest value is 195 MPa for the experiment 5.

TWI e

=

Sample 1 Sample 9
Figure 3. A sample photograph of the welded joint
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Table 4. Observed result of tensile strength

Welding Welding Welding Average Tensile
Sample Current Voltage Speed Strength
(A) (V) (mm/min) (MPa)
1 70 7.5 400 228
2 70 16.8 600 240
3 70 17.6 800 244
4 75 7.5 600 240
5 75 16.8 800 195
6 75 17.6 400 231
7 78 7.5 800 210
8 78 16.8 400 210
9 78 17.6 600 236

Analysis of Variance (ANOVA)
ANOVA method enables the computation of the contribution of each process parameter to
the overall response variation. It is used to determine the significance of each input
parameters. In this study, the significance of welding parameters of current, voltage and
welding speed was determine using Minitab® Statistical Software version 17. The ANOVA
was then calculated to analyse the importance of best process parameters. Table 5 indicate
that welding speed is the most significant for welding process. The welding speed has a
significant effect on the performance characteristic when the F value is large.

Table 5. ANOVA for average tensile strength

Source Degree of  Sum of Mean F-Value P-value Perce_ntage
freedom  Squares Contribution

Current 2 599.4 299.7 2.88 0.258 28.24
Voltage 2 730.4 365.2 351 0.222 34.41
Welding 2 7925 3963 381 0208 37.35

speed

Error 2 208 104

Total 8 2330.4

Figure 4 shows the percentage factor contribution, obtained from the ANOVA
analysis, on tensile strength material. The percentage contribution by each welding parameter
to the total sum of the squared deviations SST can be used to evaluate the importance of the
welding parameter change on the performance characteristic. The highest contribution was

4851



Effects of ColdArc welding parameters on the tensile strengths of high strength steel plate investigated using
the Taguchi approach

the welding speed (37.35 %), followed by Voltage (34.41%) and lastly by the Current
(28.24%). According to ANOVA results, the most dominant effect is welding speed is similar
with the finding by S. A. Rizvi and S. P. Tewari (2018)[18].

37.35

\

= Current = Voltage Welding speed
Figure 4. Effects factors parameter of tensile strength

Signal-to-noise ratio

Table 6 shows the S/N ratio analysis for tensile strength obtained from the results of the
Taguchi method analysis. The S/N ratio is the ratio of the mean (signal) to the standard
deviation (noise).The value of delta was the highest for the welding speed, followed by the
voltage and then current. This indicates that the welding speed is ranked first, followed by
the voltage and current. Therefore, the most significant parameter affecting the tensile
strength of the high strength steel welded by ColdArc GMAW is the welding speed.

Table 6: S/N ratio of tensile strength

Level Welding Welding Welding _
Current(A) Voltage(V) Speed(mm/min)
1 47.5 47.06 46.95
2 46.87 46.61 47.56
3 46.79 47.49 46.65
Delta 0.72 0.88 0.91
Rank 3 2 1

The S/N ratio is generally used is nominal is better , smaller is better and bigger is
better The Equation (3) to the response chosen is the bigger the better characteristics, which
indicates high tensile strength is desirable. Figure 5 shows the main effects plots for S/N ratio
of tensile strength results for the current, voltage and welding speed within the mean range
of 46.50 to 47.50. The response plot shows that the optimised condition is at 70A welding
current, voltage value of 17.6 V welding voltage and 600 mm/min welding speed. Similar
trends were observed for the three analysis of mean effects S/N ratio. The highest peak was
observed at the first point for the Current, the 3" point of VVoltage and the 2" peak of welding
speed.
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Main Effects Plot for SN ratios
Data Means

current voltage welding speed
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Figure 5: Effects plot for S/N ratio of tensile strength

Contour plot relationship three parameter

Figure 6 shows the contour plots are topographical maps drawn from three-dimensional data.
Welding speed is represented on the horizontal axis and a second variable is welding voltage
represented on the vertical axis. The welding current is represented by a colour gradient and
isolines. These plots shows minimums and maximum in a set of trivariate data three
parameter. The response graph for each factor at each level. It is clear that when the voltage
increase, the current will increases. On the contrary simultaneous increase of welding speed
result in increase of tensile strength. The higher the weld speed the lower is the irradiation
time causing low heat input to the weld zone.

Contour Plot of Current vs Voltage, Welding speed

current
<10

10 - 15
Wis-20
W20-25
W25-30

| ] > 30

10 15 20 25 30
welding speed

Figure 6. Iteration of current vs voltage and welding speed of tensile strength
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K. Japtap et al (2017) reported that tensile and yield strength increased at high
welding current 210 A and welding speed 3 mm/min. This work was conducted on the IS
2062 steel grade. This behaviour was attributed to the fact that by increasing welding speed
causing decrease in the heat input. This is proven through the increment of the mechanical
properties [25]. This study also correlate K. Bang et al (2008) reported variation of welding
parameters resulted tensile properties when heat input was decrease by increase welding
speed, and by increasing voltage, the tensile strength of weld metal increase[26].

CONCLUSIONS

In general, it was found that dissimilar high strength steels plates in a lap joint configuration
can be successfully welded using the ColdArc technology. The resulting weldment was
consistent with minimal spatter levels. Dissimilar thickness joining can be found in the
automotive industry, thus making the ColdArc technology relevant to these sectors. The
following conclusions can be drawn from this study:

o ColdArc technology using the Gas Metal Arc Welding (GMAW) platform can be
used to weld high strength steel sheet. However proper selection of welding
parameters is required to obtain good quality welds. This can be obtained by
screening processes as well as suitable control of the welding conditions and
environments.

o The tensile strength of the welded joint in the high strength steels is obtained for the
sample No.3 corresponding to 70A welding current, 17.6 V welding voltage and 800
mm/min welding speed.

o The main mean effects plots of S/N ratio for optimum parametric were obtained when
the welding current, welding voltage and speed were at 70V, 17.6A and 600 mm/min,
respectively.

o The welding speed (37%) and welding voltage (34 %) gave high impact on the tensile
strength properties. These two factors should be considered in obtaining the desired
tensile strength properties were related with the microstructural change. It was found
that increasing the welding speed decreases the heat input. However, lowering the
welding voltage would also result in lower heat input but the weld bead formed is not
very good.
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