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Abstract: Plasma MIG welding is a hybrid welding process that combines two welding methods
of conventional metal inert gas (MIG) welding with plasma arc welding. This study investigates
the effect of plasma and plasma current values on the microstructure and microhardness properties
of welded carbon steel plates. It was found that utilization of the plasma has resulted in a refined
microstructure in the heat affected zones (HAZ), and a decrease in microhardness values as compared
to conventional MIG welds. This potentially increases the ductility of the plasma MIG weldments.
Furthermore, decreasing the plasma currents would result in the decrease of microhardness and grain
sizes, thus further increasing the ductility of the welds.

Keywords: plasma MIG welding; MIG welding; plasma current; heat affected zone (HAZ)

1. Introduction

Gas metal arc welding (GMA), also known as metal inert gas (MIG) welding, is a
common method for joining various metals, such as carbon steel, aluminum and stainless
steel. It is a highly reliable and cost-effective technique, with high speeds and productiv-
ity [1]. However, the unstable arc of the MIG process causes low weld penetration and
high spatter generation [2]. To overcome this limitation, several hybrid methods have been
developed to enhance the MIG process. M. Gao et al. has studied the CO2 laser—MIG
hybrid welding to relate the melting energy and heat source interaction. The report showed
that the hybridization increased the melting energy up to 23% compared to the individual
welding process [3]. Further studied on microstructure characteristics of the welded steel by
using laser—MIG hybrid welding found that the laser zone affects the microstructure grain
size to be finer and narrower heat affected zone (HAZ) compared to the GMA arc zone due
to the difference of temperature gradient [4]. Meanwhile, S. Kanemaru et al. studied the
tungsten inert gas (TIG)—MIG hybrid welding and the report confirmed the higher quality
and efficiency compared to the conventional MIG welding [5,6]. The hybridization of
TIG—MIG welding also capable to reduce the welding defect such as undercut as reported
by Ran Zong et al. [7]. The above aforementioned hybridization of welding processes was
developed individually and combined to contemplate the advantages of each process.

The development of plasma MIG welding is the hybrid welding process that realizes
the plasma welding and MIG welding in a single torch [8]. This is a promising technology
that utilizes the merits of plasma arc and MIG welding processes [8]. A recent study on
plasma MIG has shown that the total heat input into base metal can be controlled through

Metals 2022, 12, 315. https://doi.org/10.3390/met12020315 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12020315
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-5997-4075
https://orcid.org/0000-0002-2012-5981
https://orcid.org/0000-0002-6974-0459
https://orcid.org/0000-0001-5702-6998
https://doi.org/10.3390/met12020315
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12020315?type=check_update&version=3


Metals 2022, 12, 315 2 of 9

reduction of metal droplet temperature [9]. However, the plasma flow surrounding the
MIG arc reduces the cooling rate at the weld zone. The combination of these two factors
of total heat input and cooling rate influences the microstructure formation in weld as
well as in the heat affected zone (HAZ) [10,11]. Thus, by using the plasma MIG welding
system, the microstructure formation and sizes at the HAZ can be controlled, which leads
to improvements in mechanical properties of the area [12].

In this study, the effects of plasma current in the plasma MIG welding process on
the microstructure refinement and mechanical properties of the HAZ were evaluated.
The observation was made on the microstructure at the HAZ for as-welded SPCC steel
weldments using optical microscopy and electron backscatter diffraction (EBSD). The
mechanical properties of the weldments were determined by Vickers micro-hardness tests.
Comparisons would be made with conventional MIG welding to determine the effect of
plasma and plasma currents on the microstructure and mechanical properties of the welds.

2. Experimental Method

In this study, a bead-on-plate weld was conducted on a 4 mm thick commercial cold
rolled steel plate, SPCC steel (TP Giken Co. Ltd., Osaka, Japan) using a 1.2 mm diameter
mild steel wire, YGW11 (Kobelco, Japan). Figure 1 shows the schematic of the plasma MIG
welding system used, comprising of a plasma power source and a specially designed hybrid
torch, which allows the system to operate either in normal MIG or plasma MIG modes.
The chemical compositions of the SPCC steel and filler wire are listed in Tables 1 and 2,
respectively. Table 3 lists the values for the constant welding parameters of the wire feeding
speed, welding speed, contact tip to work distance and the MIG voltage. Argon gas was
supplied into all three layers at flow rates of 5 L/min (center gas), 10 L/min (plasma gas)
and 10 L/min (shielding gas) from three different gas cylinders. The welds were conducted
for plasma currents of DC25 A, DC50 A, DC75 A and DC100 A. For comparison purposes,
conventional MIG welding tests were also conducted using the same plasma MIG welding
system, with the plasma current disabled. A two-color temperature measurement method
was used to measure the weld bead temperatures during welding [13].

Figure 1. Schematic illustration of plasma MIG welding system reprinted with permission from
ref [14]. Copyright 2022 Springer Nature.
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Table 1. Composition of the SPCC steel.

Element C Mn P S Cu Fe

Composition (%) 0.018 0.206 0.092 0.004 0.051 Bal

Table 2. Chemical composition of filler wire.

Wire Type Wire Diameter (mm)
Chemical Composition (%)

C Mn Si P S Ni

JIS YGW11 Ø 1.2
0.07 0.90–1.40 0.40–0.70 0.025 max 0.035 max 0.15 max
Cr Mo V Cu Ti Al

0.15 max 0.15 max 0.03 max 0.50 max 0.05–0.15 0.05–0.15

Table 3. Welding parameters.

Parameters Values

Polarity DCEP
Filler wire JIS YGW Ø 1.2 mm

Wire feeding speed 980 cm/min
MIG current 200 A
MIG voltage 25 V

Welding speed 50 cm/min
Contact tip to work distance 20 mm

Plasma current Conventional MIG: 0 A
Plasma MIG: 25 A, 50 A, 75 A, 100 A

Argon gas flow rate
Center gas: 5 L/min

Plasma gas: 10 L/min
Shielding gas: 10 L/min

Cross-sections of the resultant welds were micrographically prepared by grinding
and polishing to a mirror surface and etched using nital 2%. The microstructures of the
specimen were analyzed using optical microscopy (Meiji Techno Model IM7530, Meiji
Techno, Miyoshi, Japan) and EBSD (Hitachi Model NB5000, HITACHI High-Tech Co.,
Hitachi, Japan). The mechanical properties of the weldments were investigated using a
Vickers Hardness Tester (Mitutoyo HM-200, Aurora, IL, UAS).

3. Results and Discussion

In general, it was seen that the plasma current influences the width of the HAZ. Table 4
shows that as the plasma current increases, the width of the HAZ would also increase. The
change in the HAZ width suggests that the plasma current contributes to the increase of
heat input into the base metal. The increase of plasma current also increases the weld bead
size of the specimen. This suggests that the presence of plasma flow with increasing of
plasma current improves the melting rate of the welding wire.

Table 4. HAZ widths and weld bead size for different plasma currents.

Plasma Current (A) HAZ Width (mm) Weld Bead Size (mm)

0 3.5 9.6
25 4.5 5.7
50 5.0 6.6
75 6.0 7.4

100 7.0 7.9

Microscopic analysis of the coarse grain HAZ (CGHAZ) region shows the grain
boundaries at the area of each 0 A, 25 A, 50 A, 75 A and 100 A under microscope at 20×
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magnification, as shown in Figure 2. It was seen that finer grain structures were obtained
for plasma currents of 25 A, 50A, and 75 A as compared to 100 A and conventional MIG
welding. The finer grain structures in plasma MIG welding is believed due to the low heat
input into base metal during welding as a consequence of the lower droplet temperature as
a result of the presence of plasma flow in plasma MIG welding process [9].

Figure 2. Optical micrograph of CGHAZ for conventional MIG welding for 0 A plasma MIG current,
25 A plasma MIG welding, 50 A plasma MIG welding, 75 A plasma MIG welding and 100 A plasma
MIG welding under 20× magnification.

During the welding process, the weld bead temperature is measured by using a two-
color temperature measurement method [13]. Figure 3 shows the analysis of the weld pool
temperatures for different plasma currents. The temperature measurement was carried
out immediately after the arc eliminated. The weld pool temperature of conventional MIG
welding (0 A plasma current) was 2287 K, while for plasma MIG welding the measured
weld pool temperatures for 25, 50, 75 and 100 A plasma currents were 1864, 1845, 1896 and
1885 K, respectively. Thus, the temperature difference between 100 A plasma MIG and
conventional MIG was approximately 400 K. This suggests that the higher peak temperature
of weld pool in conventional MIG welding result in a coarser grain structure. The results
also show the good agreement with the previous result in Figure 2.

Heat transferred to the workpiece during welding may originate from radiation,
convection and conduction modes. In conventional arc welding, the heat from the arc
accounts for the largest part of the heat transferred. The heat input originates from the
molten filler metal, as is then transferred to the workpiece as the molten bead is dropped
and spreads on the surface of the weld metal. However, in plasma MIG welding, the
combination of two weld heat sources (plasma arc welding and MIG welding) enables the
formation of an inner (MIG) and outer (plasma) arc sources, resulting in variations in the
heat input. This heat input can be varied by altering the current and voltage values. In the
plasma MIG welding, the heat input into the workpiece was reduced as the current did not
flow through the workpiece but is collected by the lower nozzle instead [15].

In this study, it was found that regardless of MIG current or plasma current selection,
a high current value increases the heat input of the carbon steel weld metal. The increase
in heat input increases the welding temperature and size of the weld bead formed. Heat
input can influence the cooling rate, which may affect the mechanical properties and
metallurgical structure of the weld metal and the HAZ. It was found that increase in the
heat input reduces the hardness and strength values of the welded steel.

It was found that a stable weld bead formation was obtained for plasma MIG as
compared to conventional MIG. This could be due to the reduction in the cooling rate
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during solidification, as the plasma flow has enveloped the weld bead during solidification.
Figure 4 shows a graph of temperature versus time which represents the cooling rate.

Figure 3. Weld pool peak temperature in conventional MIG welding for 0 A plasma current, 25 A
plasma MIG welding, 50 A plasma MIG welding, 75 A plasma MIG welding and 100 A plasma MIG
welding.

Figure 4. Cooling rate graph for different plasma currents.
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Figure 5 shows the inverse pole figure (IPF) map for the specimen welded by conven-
tional MIG welding (plasma current 0 A) and by plasma MIG welding with 25, 50, 75 and
100 A of plasma current. The black lines shown in the figures represent the boundary lines
of the weld metal (WM), the CGHAZ, and the FGHAZ. The grain sizes in the CGHAZ of
conventional MIG welding (0 A plasma current) was larger than the grain size welded by
25, 50 and 100 A plasma current. In the plasma MIG welds, the grain sizes in the CGHAZ
and FGHAZ regions of the as-welded steel were almost similarly sized, thus making it
difficult to distinguish the boundaries between these areas. The reduction in the cooling
rate during solidification is believed to affects the refinement of the CGHAZ regions.

Figure 5. IPF maps of the specimen welded by different plasma currents (0, 25, 50 and 100 A) using
plasma MIG welding.
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20 grains at each CGHAZ and FGHAZ region were calculated by using the Image J
software and the average value of the grain size for the different plasma currents are shown
in Figure 6. The largest average grain size in the CGHAZ was obtained for conventional
MIG welding (0 A plasma current) at 99.699 µm. For plasma-MIG welding, the grain
sizes were 64.106 µm, 83.756 µm, 87.801 µm and 95.267 µm for plasma currents of 25 A,
50 A, 75 A and 100 A, respectively. Similar trends were recorded for FGHAZ at average
grain sizes of 86.326 µm for the conventional MIG (0 A plasma current), and grain sizes of
33.442 µm, 34.834 µm, 40.721 µm, and 76.322 µm for the plasma currents of 25, 50, 75 and
100 A, respectively. This shows that in general, the application of plasma currents reduces
the grain sizes of the HAZ as compared to MIG welds, and decreasing the plasma current
would further decrease the grain sizes.

Figure 6. Average grain size (µm) versus current for different plasma currents in plasma MIG welding
at CGHAZ and FGHAZ.

Vickers microhardness tests were performed at the FZ (fusion zone), HAZ and the
base metal of the as-welded carbon steel. The highest microhardness value of 196 Hv
was obtained for conventional MIG welding (plasma current 0 A). Figure 7 shows the
distribution of the microhardness values at the HAZ, weld metal (WM) and the base metal
(BM), indicating that all samples have higher hardness values in the weld zone than the
base metal. The higher weld bead temperature and higher cooling rate in conventional MIG
welding coarsened the microstructure at CGHAZ. The lower heat input causes the finer
microstructure and promotes the formation of low temperature microstructure [16]. This
phenomenon results in the higher hardness of the specimen welded by conventional MIG
welding. On the other hand, in plasma MIG welding, the lower weld bead temperature
and lower cooling rate results in the suppression of the grain growth, thus refines the grain.
The lower cooling rate hindered the formation of low temperature microstructure, thus
reduce the hardness value at the area.
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Figure 7. Graph of microhardness versus distance from the weld center for different plasma currents.

Meanwhile, the difference of the base metal’s hardness of the specimen welded by
using conventional MIG welding (0 A plasma current) and 100 A of plasma MIG welding
is mainly due to the difference of the weld bead size of both specimens compared with the
others. The hardness value at the distance 10 mm from the weld center is believed yet to be
in HAZ region.

4. Conclusions

It was seen that the use of plasma MIG welding process has resulted in the refinement
of the microstructure in the CGHAZ region, thus improving the mechanical properties of
the as-welded SPCC steel. The highest microhardness values were obtained for conven-
tional MIG in the CGHAZ regions. Incorporation of the plasma arc reduces the hardness,
potentially increasing the ductility of the joining by plasma MIG welds. Further reduction
in hardness can be obtained by decreasing the plasma current values.
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