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ABSTRACT

This research focuses on the capabilities of coldArc GMAW in the behaviour of heat input to the weld bead
dimension. This study investigated the effect of process GMAW on 308L stainless steel filler wire with a thickness
of 1.2 mm and 304L stainless steel base plate, and a dimension of 120 mm x 25 mm x 10 mm (height x width x
thickness) by applying WAAM. The data were collected using MATLAB of a Smart Weld Rosenthal’s Steady-
State 3D Isotherms. A Taguchi response was used in the DOE method with Minitab software to analyse the effect
of process parameters on height, width, and depth of weld bead dimension during GMAW. The experiments were
conducted following the low, mid, and high input parameters that showed different structures of weld bead
dimension, which include 70 A, 75 A, and 78 A (arc current), 15V, 16 V, and 17 V (voltage), 400 mm/min, 600
mm/min, and 800 mm/min (welding speed). Hence, the optimum value was 75 A, 16 V, and 800 mm/min, while
the most significant parameters to deposit stainless steel with coldArc GMAW were welding speed followed by
arc current and voltage.

Keywords : wire and arc additive manufacturing, GMAW, 308L stainless steel, MATLAB, taguchi

Nomenclature (Greek symbols towards the end)
| arc current (A)
\Y voltage (V)
v welding speed (mm/min)

Abbreviations

AM additive manufacturing

ANOVA analysis of variance

DOE design of experiment

GMAW gas metal arc welding

OA orthogonal array

WAAM wire and arc additive manufacturing
S/N Signal-to-noise ratio

1.0 INTRODUCTION

The WAAM is a layer-by-layer manufacturing process; a form of AM that uses an electric arc to melt the
metallic wire. When it comes to AM technology, WAAM can create parts in less time (time-efficient) and at a
cheaper cost than other related technologies (cost-competitive) [1-3]. Moreover, according to [4], this technology
is a powerful technique with high feed rate. In recent years, research on WAAM technology has primarily focused
on WAAM complex component manufacturing, whereby industries commonly make use of arc welding method
of GMAW that has been formed, distributed and in trend due to its high weldment strength and decreased post-weld
cleaning [5].

GMAW is reported as the second fastest growing welding process. The welding variables that affect the weld
penetration, bead geometry, and overall weld quality must be controlled during a manual welding process. Weld bead
dimension problems, on the other hand, can be significantly affected by welding procedures and techniques. At the
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moment of arc re-ignition in coldArc welding, the power output is substantially lower than in a standard short arc
technique. Hence, the welding quality issues of height weld, maximum width, and penetration depth are being
complied [6]. According to Stuzer et al. [7], standard GMAW enables selecting an optimal process variant based
on the required component wall thickness. Pulsed arc welding is an alternative for thick-walled components,
whereas for thin-walled structures, the GMAW WAAM technique is advised [8-9]. ColdArc GMAW has several
benefits, including minimal heat input, a small heating area, and good thermal stability.

Recent advancement has seen GMAW as an excellent welding method for stainless steel. Due to stainless
steel’s larger thermal expansion, lower thermal conductivity and lower melting temperature, lower current levels
may be preferable to weld mild steel. The carbon and any other alloy composition of welding steel determine the
hardness and hardenability of the weld metal, which influences the amount of preheating required. The steel
deposits are used to find the best GMAW parameters for better weld efficiency [4], [8] by transforming the
experimental results (S/N) ratios since this technique recommends deviating desired values and measured
characteristics. Sabdin et al. [10] and Ghosh et al. [11] stated that DOE helps to regulate factors on the relationship
by giving a detailed analysis. DOE techniques can minimize the cost of design by speeding up process design,
reducing design changes, and reducing material and labour complexity. For DOE, it can understand and control
the analysis of variance in order to control and comprehend its ANOVA whereby it acts upon a combination of
statistical models to produce an optimal process of parameters in differencing between the mean groups and
associate procedures. It provides information on each controlled parameter towards the quality.

The coldArc approach will be beneficial to the industry by reducing costs and lead times, improving material
efficiency, improving component performance, and reducing inventory and logistics costs through local usage.
On-demand manufacturing claimed that this technology of coldArc AM, which has found its application in the
aerospace industry, can cut time to market and material waste and time [12-13]. The capacity to generate massive
metal 3D printed pieces and utilize light materials, such as titanium, adds to this attractiveness. For example, for
medium-to-large scale engineering components of medium complexity, coldArc with AM provides tremendous
cost and lead time-saving potential [6-7]. In addition, WAAM design can offer some topological optimization,
while careful wire feedstock selection can enable additional material optimization and multi-material components.
The deposited weld metal generates a bead shape on the material. Thereby, the control of weld bead geometry of
WAAM is critical.

Hence, this study aims to study the effect of coldArc GMAW parameters that are current, voltage, and travel
speed of AM process to the 308L steel single layer bead dimensions on weld bead deposits through Smart Weld
simulation in order to optimize the parameters of 308L steel single bead layer deposits for the WAAM process
using the Taguchi method whereby the height and width are the primary focuses when determining the size and
shape of a weld bead [14]. The voltage parameter in a welding arc is utilized to influence the weld bead form.
Besides, the arc current has the most influence on the width of the bead, but the welding speed has the most
significant influence on the depth of the bead [15]. The technique has been widely used to overcome the
weaknesses of standard GMAW with high heat penetration, making the coldArc approach an excellent alternative.

2.0 METHODOLOGY
2.1 Materials

This research used the 304L stainless steel base plate and 308L stainless steel filler wire for the GMAW
WAAM process. The nominal composition of the materials is shown in Table 1 and Table 2. Stainless steel is the
commonly used material for reactor coolant pipelines, valve bodies, and pressure vessels. Furthermore, its
outstanding high temperature mechanical and corrosion resistance qualities are also employed in the chemical and
process industries petrochemical industries. The data were collected and simulated using the SmartWeld software.

Table 1: Nominal composition of grade 308L stainless steel as filler wire and 304L stainless steel for base plate

[15]
Elements/Contents (%) 308L Stainless Steel 304L Stainless Steel
Iron, Fe Balance Balance
Chromium, Cr 18.95 18.2
Nickel, Ni 10.55 10.0
Manganese, Mn 0.50 2.0
Silicon, Si 0.90 1.0
Phosphorus, P 0.018 0.045
Carbon, C 0.030 0.030
Sulphur, S 0.015 0.030
Copper, Cu 0.1 -
Molybdenum, Mo 0.30 -
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2.2 Design of Experiment (DOE)

The welding parameters of welding speed included the low, mid, and high of arc current (A), arc voltage (V),
and welding speed (mm/min) as listed in Table 2. The design matrix of the experiments was generated using
Minitab® Software v19.0, as shown in Table 3.

Table 2: The selection of response and variable of experimental design

Welding Parameters Low Medium High
Arc Current, | (A) 70 75 78
Voltage, V (V) 15 16 17
Welding Speed, v 400 600 800
(mm/min)

Table 3: Taguchi design matrix of L9 orthogonal array

Experiment Arc Current Voltage Welding Speed
(A) V) (mm/min)
1 70 15 400
2 70 16 600
3 70 17 800
4 75 15 600
S 75 16 800
6 75 17 400
! 78 15 800
8 78 16 400
9 78 17 600

The three critical variables of penetration, deposition rate and bead shape were examined in-depth among the
welding factors. The findings were evaluated to determine the optimal parameter for a single weld bead deposit.
In order to determine the changes in weld bead dimension, three parameters were presented with the lowest,
medium, and highest values. The test was then performed, and the results were obtained using a Taguchi of L9
DOE. In this research, the Taguchi design L9 (OA) with 9 runs was applied to optimize the welding parameters
of single layer bead deposits to optimize which arc current, voltage, and welding speed offer high weld bead
height and wider width and low depth of penetration. The most optimum value was determined from Table 3. The
DOE divides the parameters into potential combinations based on the number of components involved and records
the experiment’s results. By resolving the issues that arise, this technology could save us a significant amount of
cost. Typically, humankind has difficulty balancing parameter combinations. However, this tool can generate
alternative combinations in seconds after the data were provided. This program can also determine the causes and
effects relationship and, in the end, recommend the optimum set of parameters. This tool is required in an
experiment to manage the process inputs to achieve optimal results. Current, voltage, and arc welding speed are
the parameters involved for this experiment, in which all are modified with three levels each.

2.3 Experimental setup

Firstly, the material of 304L as the base plate was selected from the software, followed by the welding speed
and the input power. Power was presented as arc current times by voltage which has to be set up following the
parameter used. Then, the plate thickness, view height, and view width were also set up. Finally, after all the
parameters were set up, the results data appeared after the ‘push to compute contours’ button was clicked.

Three-level degrees of welding speed and power input were available for GMAW welding. The simulation
was analysed three times based on the three levels of parameters, as shown in Table 4. SmartWeld software was
used to create the fusion or moving heat source steady-state conduction model. The effect of process parameters
on the output simulated results of height, width, and depth of penetration of weld bead dimension during GMAW
welding was later optimized using the Taguchi approach by using Minitab Statistical Software.

Table 4: Process parameter inserted into the simulation software

No. Smart Weld Parameters First Level Second Level Third Level
1. Welding Speed (mm/sec) 0.1111 0.1667 0.2222
2. Input Power (Watts) 1050 1200 1326
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3.0 RESULTS AND DISCUSSION

Figure 1 shows the simulated heat distribution for three level parameters to study the effect of coldArc GMAW
parameters: current, voltage, and welding speed of the WAAM process to the 308L steel single layer bead
dimensions. The weld bead dimension was shown in red colours which indicated the molten metal or fusion zone.
The temperature contours bordering the weld zone were in blue colour. Table 5 shows the data collected using the
SmartWeld software and the steps of the data collected.
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Figure 1. Heat Distribution for (a) First Level; (b) Second Level; and (c) Third Level Parameters

Table 5: Simulation result of weld height, weld width, and depth of penetration

. Arc Current Voltage Welding W_eld V\/_eld Depth (.Jf
Experiment A) V) Speed Height Width Penetration

(mm/min) (mm) (mm) (mm)
1 70 15 400 135 135 3.80
2 70 16 600 22.1 21.8 4.87
3 70 17 800 59.2 56.2 6.73
4 75 15 600 24.7 24.0 5.53
5 75 16 800 64.6 58.3 7.56
6 75 17 400 15.3 15.1 4.35
7 78 15 800 31.9 30.1 7.15
8 78 16 400 14.5 14.3 4.67
9 78 17 600 19.9 19.3 5.63
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3.1 ANOVA

The ANOVA was used to assess the differences in variables between mean groups. The contribution of each
process parameter to the overall response variation was calculated using the ANOVA approach. In addition, it
was used to figure out the importance of each input variables. Minitab® Statistical Software version 19.0 was used
in this study to determine the importance of welding factors such as arc current, voltage, and welding speed.

Table 6, Table 7, and Table 8 show that welding speed was the most critical factor in the welding process.
Thus, when the F value was considerable, welding speed was the most significant parameter with the largest value
from the ANOVA table, which were 12.63, 12.72, and 162.31 for weld height, weld width, and depth penetration,
respectively; thus the welding speed substantially impacted the performance characteristic.

Table 6: ANOVA table of weld height

Source Degree of Sum of Mean F- P-
Freedom Squares Value Value
Arc Current 2 263.9 131.95 1.42 0.413
Voltage 2 178.2 89.11 0.96 0.510
Welding Speed 2 2344.7 1172.35 12.63 0.073
Residual Error 2 185.6 92.81
Total 8 29725
Table 7: ANOVA table of weld width
Source Degree of Sum of Mean F- P-
Freedom Squares Value Value
Arc Current 2 215.9 107.96 1.44 0.410
Voltage 2 140.2 70.09 0.94 0.517
Welding Speed 2 1906.2 953.11 12.72 0.073
Residual Error 2 149.8 74.92
Total 8 2412.2
Table 8: ANOVA table of the depth of penetration
Source Degree of Sum of Mean F- P-
Freedom Squares Value Value
Arc Current 2 0.9294 0.46468 11.92 0.077
Voltage 2 0.0655 0.03274 0.84 0.543
Welding Speed 2 12.6530 6.32648 162.31 0.073
Residual Error 2 0.0780 0.03898
Total 8 13.7258
3.2 SIN ratio

Figure 2 shows the S/N ratio analysis for weld bead dimension obtained from the Taguchi method analysis for
weld height, weld width, and depth of penetration. The standard deviation to the mean (signal) ratio was the S/N
ratio (noise). The welding speed had the biggest delta value followed by voltage and current. This suggests that
the welding speed is the most important factor, followed by arc current and voltage. The S/N ratio is commonly
employed assuming that nominal is better, smaller is better, and larger is better. The larger the qualities, the better
it is which indicates that high weld height and weld width of single weld layer deposit is preferable, as shown in
Table 9 and Table 10. Meanwhile, the penetration depth is selected according to the assumption that the smaller,
the better as in Table 11. This research supports the findings of [14-15], who discovered that altering welding
parameters resulted in mechanical characteristics in which heat input was reduced by increasing welding current
while weld voltage was raised by increasing welding speed.
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Main Effects Plot for SN ratios Main Effects Plot for SN ratios
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Figure 2. Main Plot Graphs of (a) Weld Height; (b) Weld Width; and (c) Depth of Penetration

As can be observed, welding speed (mm/min) had the most significant impact on the experimental analysis of
S/N ratio, followed by arc current (A), and finally voltage (V). This was due to the fact that greater welding speed
resulted in a decrease of heat input. The rise in mechanical properties demonstrated this. The parameters selected
were observed where the voltage and weld current were the major effects on bead width [16], while weld current
and welding speed significantly affected bead height in Smart Weld Simulation.

In this research upon 304L stainless steel material base plate on 308L stainless steel filler wire, the effect of
the weld layer deposits was investigated on the depth of penetration upon microstructure on a single deposits weld
layer [17-18]. The grain orientation and heat input had a significant impact on the WAAM process’ mechanical
characteristics. Some studies relate heat input to mechanical characteristics. The research primarily focused on
the hardness and tensile strength of WAAM-manufactured structures [19]. Commonly, the mechanical properties
of the weld deposits are investigated through the microhardness. Since the coldArc GMAWAM involved the least
heat input, it was necessary to determine whether or not the cooling approach resulted in better weld bead
depositions. The microstructure of the WAAM process changed dramatically as a result of the different heat input
and cooling rates.

Table 9: S/N ratio of weld height

Level Arc Current Voltage Welding Speed
(A) V) (mm/min)
1 28.31 26.85 23.18
2 29.25 28.77 26.91
3 26.43 28.37 33.91
Delta 2.82 1.93 10.73
Rank 2 3 1
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Table 10: S/N ratio of weld width

Level Arc Current Voltage Welding Speed
(A) V) (mm/min)
1 28.12 26.59 23.10
2 28.83 28.40 26.69
3 26.13 28.10 33.29
Delta 2.70 1.80 10.20
Rank 2 3 1
Table 11: S/N ratio of depth of penetration
Level Arc Current Voltage Welding Speed
(A) V) (mm/min)
1 -13.97 -13.17 -13.03
2 -15.06 -13.18 -15.18
3 -15.16 -13.13 -11.28
Delta 1.19 0.39 4.49
Rank 2 3 1

3.3 Contour plot relationship

The contour plot depicts two-dimensional contours, a three-dimensional surface graphic approach based on
constant z variables. The contour plots shown in Figure 3 are topographical maps created from three-dimensional
data. The horizontal axis represents welding speed, whereas the vertical axis represents welding voltage. A colour
gradient and isolines depict the welding current. In dark green, it also indicates the most significant value of the
variables, which appears on each side of the figure. These graphs demonstrate the minimums and maximum in a
collection of three-parameter three data. The graph shows each response factor at each level. It is self-evident that
when the voltage rises, the current increases as well. On the other hand, increasing welding speed at the same time
increases the voltage. The irradiation period decreases as the weld speed increases, resulting in minimal heat input
to the weld zone and lower weld penetration depth.

Contour Plot of Arc Current vs Voltage, Travelling Speed

Are Current
< 70
70 - 72
H2- 74
W7i-76
|
" -8

Voltage

600

Travelling Speed

Figure 3. Current versus Voltage Iteration and Welding Speed of Depth of Penetration

Table 13: Smart Weld Software Simulation on Effect of Parameters

Variables Weld Height (mm) Weld Width (mm) Depth of Penetration (mm)
Arc Current Medium Medium Medium
Voltage Medium Medium Low
Welding Speed High High Medium

The data attributed can be supported by a few past studies. A few previous studies backed up the claims made.
According to [20], the correct current choice provides a better deposition rate and penetration on the weld material.
The high deposition rate and good penetration enhance the material’s strength. Also, according to [21] and [22],
as the voltage rises, the material’s mechanical strength and hardness rise as well. Overall result on simulation
Smart Weld output response data is shown in Table 13. This research demonstrated the good penetration of weld
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bead, where an average 75 A, 16 V, and 800 mm/min setting yielded a sound output of sample strength. Thereby,
the expected range of sample strength was 500MPa with the largest value of 56.2 mm, 58.3 mm, and 30.1 mm for
bead width, 59.2 mm, 64.6 mm, and 31.9 mm for bead height while the smallest value for depth of penetration is
3.8 mm, 4.35 mm, and 4.67 mm for the first level, second level, third level simulation, respectively. In addition,
a welding speed influences the rate of heat input and welding penetration [23-24] and [25]. Overall, the above
response table shows that welding speed is the most crucial factor in the welding process, which is influenced by
the percentage factor contribution obtained from the ANOVA study [26].

4.0 CONCLUSION

Current, voltage, and welding speed are the input to perform AM, while the depth of penetration and weld
bead dimension (height and width) are the output of the Smart Weld Software simulation. The best parameters of
stainless steel on coldArc GMAW and the analysis using the Taguchi approach are highly effective in tabulating
the collection of parameters into a well-organized design matrix and controlling the number of experimental runs.
The main conclusion of the study is summarized as follows:

e The most significant impact of weld height was altered at medium current, medium voltage, high welding
speed, and high temperature for the weld bead dimension. At the same time, maximum width varied
depending on welding current, voltage, and speed. At medium current, low voltage, and medium welding
speed, the effect of parameter affected the depth of penetration.

e The parameter that contributes the most to the coldArc GMAW process with the contribution of AM
technology is low input power which is recommended for the optimum temperature advice with low heat
involved.

o From the main mean major effect plot of S/N ratios, the best parameters for WAAM were welding speed,
followed by arc current and voltage, in which the weld bead dimension tends to change in response to
the rate of temperature. Therefore, the deposition rate increases as the heat input increases, resulting in a
bigger bead and deeper penetration.

e The dimension was more significant than the actual plate thickness according to the weld height,
maximum width, and maximum depth data. This is because the Smart Weld software has almost 70%
offsets, and it is recommended to run a validity test to prove the data are significant with the result.
However, the welding parameters must be modified based on the material and its impact on the material’s
mechanical properties.
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