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Abstract
This study aims to clarify the effect of oxygen in shielding gas on weldability in the plasma-GMA (Gas Metal Arc) hybrid 
welding process of high-tensile strength steel plates. The difference in keyhole profile and bead formation, when the GMA 
shielding gas was pure Ar, Ar + 2% O2, or Ar + 20% CO2, was investigated for plate thicknesses of 6 and 9 mm for the first 
time. It was found that the weld beads were in good condition for 6 mm thickness plates for all shielding gases, which implied 
that the window of welding conditions for this thickness is wide. In contrast, for 9 mm thickness plates, a fully penetrated weld 
bead was achieved only in Ar + 20% CO2, and weld bead penetration in Ar + 20% CO2 is higher than in pure Ar and Ar + 2% 
O2 in the same welding condition. Due to decreased surface tension caused by sufficiently increased oxygen absorbed into 
the weld pool, the keyhole diameter increased to penetrate the bottom side of the plate, and the depressing weld pool surface 
under GMA allowed the heat input from the GMA to be directly applied to a deeper position. Consequently, the plasma-
GMA hybrid welding process with Ar + 20% CO2 achieved a complete penetration for a plate of 9 mm thickness, owing to 
the effects of both phenomena. It proved a potential to increase penetrability in welding thicker plates by controlling oxygen 
content in shielding gas of GMA adequately.

Keywords  Plasma-GMA hybrid welding · Shielding gas · Gas composition · High-tensile strength steel · Plasma keyhole · 
Oxygen · Surface tension

1  Introduction

The demand for welding thick steel plates is particularly 
high in the construction, civil engineering machinery, ship-
building, and railway industry sectors. A typical method for 
thick plate welding is a multi-layer welding process applying 
GMA (Gas Metal Arc) welding. However, in this method, 
it is generally necessary to produce a V or Y groove in the 
steel plate, and many steps are required to complete the work 

due to the dramatic increase in the number of welding passes 
required as the plate thickness increases. Furthermore, the 
excessive heat input caused by a large number of welding 
passes coarsens the microstructure of the heat-affected zone, 
lowering both the tensile strength and absorbed energy of 
the weld metal [1].

One solution to this problem is applying a hybrid welding 
process, which has been extensively researched and devel-
oped in recent years and is being put to practical use [2, 3]. 
Plasma-GMA welding, one of the hybrid welding processes, 
is known to be difficult to control, but it is possible to weld 
thick steel plates in a single pass with low heat input and 
deep penetration [4]. In addition, a low-cost square butt joint 
can be applied to save energy and resources for welding, and 
the gap tolerance is large. The equipment cost is also much 
lower than those of other hybrid welding processes, such as 
laser arc hybrid welding [5].

Plasma arc welding, which involves a very high-tem-
perature constricted arc column, can provide an intensive 
heat source. The process can be utilized in transferred and 
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non-transferred modes, which are useful for generating a 
deep penetration weld bead [6] and depositing a hard-fac-
ing layer on a substrate to increase the hardness and wear 
resistance [7, 8]. In plasma-GMA hybrid welding, plasma 
welding is used in the leading position, and a keyhole is 
formed in the weld pool due to a high arc pressure and a 
large heat flux brought by the constricted plasma arc, and 
full penetration until the bottom surface is achieved [9–11]. 
Then, GMA welding in the trailing position produces metal 
droplets by melting the welding wire, filling the keyhole and 
gap with the droplets at a high deposition rate. The shape of 
this keyhole is determined by the force balance between the 
arc pressure acting to expand the keyhole and the surface 
tension of the weld pool acting to contract it [12]. In order 
to achieve stable welding, it is primarily important to ensure 
the stability of the keyhole. When the thickness of the base 
metal increases greatly, the arc pressure from the plasma arc 
becomes difficult to reach the bottom of the keyhole [13], 
making stable formation of the keyhole abruptly difficult.

In recent years, cases of plasma-GMA welding of thick 
steel plates using various welding parameters have been 
reported. Ishida et al. applied plasma-MIG (Metal Inert Gas) 
welding using pure Ar gas to plasma welding and GMA 
welding for high-tensile strength steel with a thickness of 
9 mm and a square butt joint [14]. Plasma current and GMA 
current are direct current and pulse current, respectively. By 
using a high current of 280 A for plasma welding, although 
the heat input to the base metal was high, the keyhole was 
fully penetrated, and welding was achieved. Anh et al. per-
formed plasma-MIG welding on a mild steel plate with a 
thickness of 12 mm by applying a square butt joint [15]. 
Ar + 10%H2 gas was used as the pilot gas for plasma weld-
ing. Although the plasma current was a small current of 180 
A, the addition of a small amount of hydrogen gas strongly 
constricted the plasma arc [16], thus increasing the arc pres-
sure and heat flux to the weld pool and improving the pen-
etration ability for the keyhole. However, the effect of added 
hydrogen on the mechanical properties of the joint has not 
been evaluated. Skowrońska et al. conducted plasma-MAG 
(Metal Active Gas) welding using Ar + 20% CO2 to GMA 
welding for high-tensile strength steel with a thickness of 
10 mm applying a Y groove [17]. The plasma current was 
large at 335 A, and the MAG current was also 360 A or 
higher. The microstructure and mechanical properties of the 
joint were also evaluated.

To stabilize plasma-GMA welding of thick steel plates 
and improve welding quality, it is essential to clarify this 
processing mechanism and develop a process control tech-
nology based on understanding the mechanism.

Since the leading plasma arc and the trailing GMA are 
arranged close to each other, the electromagnetic force 
causes arc coupling (interference between the two arcs), 
causing arc disturbance. As a result, the penetration ability 

of the plasma arc to the keyhole is impaired, and the heat 
input position and the transferred position of the droplet 
in GMA welding largely vary during welding. Ishida et al. 
investigated the arc coupling mechanism through 3D spec-
troscopic measurements of plasma temperature and iron 
vapor concentration fields in plasma-MIG welding [18]. As 
a result, when a direct current was used for the MIG arc, 
the plasma arc and the MIG arc were regularly connected, 
and a direct current path between the two arcs was stably 
formed. On the other hand, when using a pulsed current, this 
phenomenon was observed only during the upslope of the 
pulsed current. Wu et al. observed both arcs in plasma-MIG 
welding with a high-speed video camera, showing that when 
a direct current path was formed between the arcs, the MIG 
current path from the wire to the weld pool was expanded, 
and droplet detachment was prompted [19]. They then per-
formed a weld pool simulation to evaluate the flow pattern of 
the weld pool and the driving force to induce the flow [20]. 
In addition, the transport process of heat and mass provided 
by droplets in the weld pool was also clarified [21].

Yu et al. tried to control the arc coupling and metal trans-
fer by applying an external magnetic field in plasma-MAG 
welding [22]. They also investigated the effect of external 
magnetic field application on the mechanical properties of 
the joint, presenting the improvement of those [23]. Wang 
et  al. developed high-quality automated welding using 
plasma-MIG welding [24]. In this research, a multi-vision 
sensor system was used to image the arc behavior and drop-
let transfer, and feedback control of welding conditions 
was carried out based on the information obtained from the 
images.

In addition to the above, it is considered that the shield-
ing gas composition can also be a controlling factor. The 
thermodynamic and transport properties of the shielding gas 
change greatly depending on its composition and strongly 
affect the temperature field and flow field of the arc [25]. For 
example, Ar + 20% CO2 is used as a shielding gas in MAG 
welding. Carbon dioxide has a higher specific heat due to the 
dissociation reaction, so the arc tends to be more constricted 
than argon. High arc pressure caused by the constricted arc 
under the droplet prevents droplet detachment [26]. Conse-
quently, the momentum and heat provided by the arc and 
droplets to the weld pool are also affected.

On the other hand, it is known that the surface tension 
of the weld pool decreases, and its temperature dependence 
changes when the oxygen atoms generated by the dissocia-
tion of carbon dioxide are absorbed by the weld pool [27]. 
AA-TIG (Advanced Active-Tungsten Inert Gas) welding is 
a welding process that utilizes this temperature-dependent 
change in surface tension [28]. In this process, the tempera-
ture dependence of the surface tension is changed by adding 
a small amount of oxygen or carbon dioxide to the helium 
shielding gas. When pure helium shielding gas is used, and 
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the amount of oxygen in the weld pool can be ignored, the 
temperature coefficient of surface tension becomes nega-
tive, and the Marangoni force is directed from high tem-
perature to low temperature. Therefore, the flow direction 
on the surface of the weld pool is outward from the center, 
and the penetration of the weld pool becomes shallow. On 
the other hand, when 0.4% O2 is added to helium, the weld 
pool absorbs a small amount of oxygen, and the tempera-
ture coefficient of surface tension becomes positive in the 
temperature range of the weld pool surface. As a result, the 
flow on the surface of the weld pool is directed toward the 
center. Since this causes a downward flow at the center of 
the weld pool, the penetration of the weld pool becomes 
deeper. This effect disappears when the amount of oxygen 
added to helium increases to 4.0%. From the above, plasma-
MAG welding, which uses Ar + 20% CO2 as a shielding gas, 
is considered to have a different surface tension effect than 
plasma-MIG welding. However, this effect on the formation 
of the keyhole and weld bead has not yet been elucidated.

This study aims to clarify the process mechanism of 
plasma-GMA welding of high-tensile strength steel thick 
plates for stabilization and sophistication of the welding 
process. Here, to reduce the heat input to the base metal, the 
current is set much lower than in other studies [14, 17], and 
the square butt that does not require machining is used as a 
desirable condition. As part of this study, for plasma-GMA 
welding of high-tensile strength steel plate with thicknesses 
of 6 and 9 mm, the difference in keyhole and bead forma-
tion when the shielding gas composition for GMA welding 
is Ar, Ar + 2% O2, or Ar + 20% CO2 is, for the first time, 
investigated in this paper.

2 � Experimental procedure

2.1 � Materials

In this study, plasma-GMA hybrid welding was applied 
to 780  MPa high-tensile strength steel plates (JIS 
G3128SHY685). The testing specimens were prepared in 
a square butt joint, including two plates with a dimension 
of 200 mm in length and 50 mm in width. Two levels of 
thickness were investigated at 6 and 9 mm. High-strength 
steel plates used in bridge construction typically range in 
thickness from 6 to 12 mm. These thicknesses provide struc-
tural strength comparable to that of conventional carbon 
steel plates, which are generally thicker, ranging from 15 to 
25 mm [29]. Through screening experiments on the weld-
ability of square groove joints, we determined that thick-
nesses of 6 and 9 mm are suitable for plasma-GMA hybrid 
welding in a single pass with three kinds of shielding gas 
utilized in this study. Additionally, these thickness levels 
facilitate comprehension of our previous research results 

[14, 18, 30]. The oxides on the surface of the welding plates 
were removed by grinding. Tack welding was carried out 
to maintain a root gap of 1.5 mm. The filler wire used for 
GMA is JIS Z3312 G78A4 M N5CM3MT, corresponding to 
AWS A5.28 ER110S-G. The mechanical properties of base 
metal and filler wire are shown in Table 1, and their chemi-
cal compositions are listed in Table 2.

2.2 � Experimental conditions

Figure 1 shows a paraxial plasma-GMA hybrid welding 
experimental setup in the current study. A plasma power 
source (NW-300ASR, Nippon Steel Welding & Engineer-
ing Co., Ltd.) equipped with a plasma arc welding torch 
(100WH, Nippon Steel Welding & Engineering Co., Ltd.) 
was combined with a GMA welding system including a 
welding power source (DP 500, OTC Daihen), a welding 
torch, and a compatible wire feeder. The plasma power 
source with a constant current characteristic was operated in 
EN (Electrode-Negative) mode. In contrast, the GMA weld-
ing power source with a constant voltage characteristic was 
utilized in EP (Electrode-Positive) mode.

An example of an experimental configuration for 9 mm 
thickness plates is shown in Fig. 1a. A leading plasma torch 
and trailing GMA welding torch were fixed on a jig to con-
figure a tilt angle of 30° between the two torches. The elec-
trode set-back of the plasma torch was 3 mm. A stand-off 
of the plasma torch was adjusted at 7 mm and 3 mm for 
the plate thickness of 6 mm and 9 mm, respectively. The 
shorter stand-off realizes greater arc pressure and heat flux 
to the base material, increasing the penetration ability. The 
distance from the center of the plasma torch to the cross-
ing position of the GMA wire extension on the base metal 
surface was 15 mm. The contact-tip to workpiece distance 
(CTWD) was set at 20 mm.

Hybrid welding experiments were carried out with 180 
and 220 A plasma welding currents for 6 and 9 mm thick-
nesses, respectively. Meanwhile, the GMA welding condi-
tions were maintained for both thicknesses. To measure the 
effect of GMA shielding gas on weld bead formation, three 
types of shield gas, pure argon, Ar + 2% O2, and Ar + 20% 
CO2, were introduced at 10  L/min. These three kinds 
of shielding gas were classified into I1, M1, and M2, as 
described in AWS A5.32, in which Ar + 2% O2 and Ar + 20% 

Table 1   Mechanical properties of base material and filler wire

Materials Yield point (N/
mm2)

Tensile strength (N/
mm2)

Elon-
gation 
(%)

Base metal 741 854 18
Filler wire 770 850 18
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CO2 were selected in groups M1 and M2, respectively. The 
other common welding parameters are listed in Table 3.

In order to investigate the metal transfer behavior dur-
ing the welding process, an observation using a high-
speed camera (Memrecam Q1v, Nac Image Technology) 
combined with a laser illumination system (Cavilux HF, 
Cavitar) was applied, as shown in Fig. 1b. The camera was 
equipped with a bandpass filter for a central wavelength 
equivalent to the laser wavelength at 640 nm, allowing 

the camera to reduce strong radiation from the arc and 
capture the reflected laser light simultaneously to visual-
ize the metal transfer process. The camera frame rate and 
the exposure time were set at 4000 frames per second and 
20 µs, respectively. A lens (AF Micro-Nikkor, Nikon) with 
a focal length and ratio of 105 mm and 1/2.8, respectively, 
was utilized under f/5.6 of the aperture value to magnify 
the welding image.

Table 2   Chemical compositions 
of base material and filler wire

Chemical composition (wt.%)

Component C Si Mn P S Cu Ni Cr Mo V Ti CEQ

Base metal 0.09 0.30 1.60 0.012 0.003 0.07 0.003 0.07 0.002 0.01 0.016 0.39
Filler wire 0.09 0.32 1.05 0.008 0.010 – 2.71 0.24 0.49 – – –

Fig. 1   Experimental setup for a 
hybrid welding and b observa-
tion system for 9 mm thickness 
plates



287The International Journal of Advanced Manufacturing Technology (2024) 134:283–296	

3 � Results and discussion

3.1 � Weldability of 6 mm thickness plates

Figure 2 shows the weld bead appearances for 6 mm thick-
ness plates under three types of GMA shielding gas. The 
welding was performed in approximately 140 mm length, 
and the top and bottom view photos are presented. It can 
be observed that a good weld bead can be obtained under 
all three shielding gases. A red dashed line on the images 

of the bottom side indicates the position to investigate the 
cross section of weld beads.

Figure 3 shows the cross section in the three shield-
ing gas conditions for plates with a 6 mm thickness. The 
macro photos indicate that the weld bead of hybrid weld-
ing contains two weld metal regions. The solidification of 
the melted filler wire from GMA welding contributed to 
the upper weld metal region. Meanwhile, plasma arc weld-
ing mainly produced the lower weld metal region from the 
molten base material. In Fig. 3a, it can be observed that 
the weld bead with pure Ar shielding gas presented a round 

Table 3   Welding parameters Parameters Value/unit

Base metal thickness 6 mm 9 mm
Plasma welding Welding current 180 A 220 A

Stand-off of the torch 7 mm 3 mm
Shielding gas Pure Ar; 15 L/min
Pilot gas Pure Ar; 2.5 L/min

GMA welding Welding current setting 160 A
Wire feeding speed 5.3 m/min
Voltage 25 V
CTWD 20 mm
Wire diameter 1.2 mm
Shielding gas Pure Ar; Ar + 2% O2; Ar + 20% CO2; 

10 L/min
Welding travel speed 35 cm/min 40 cm/min
Back shielding gas None
Root opening 1.5 mm

Fig. 2   Weld bead appearance for 6 mm thickness plates in a pure Ar, b Ar + 2% O2, and c Ar + 20% CO2 shielding gas
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shape of the upper part, in which the convexity angle (flank 
angle θ) at the weld toe was 30°. The angle at the transition 
location between the upper and lower weld metal regions 
(transition angle α) was 126°. The flank angle significantly 
decreased to 20° when Ar + 2% O2 was used and then to 17° 
with Ar + 20% CO2 shielding gas, as predicted in Fig. 3b, c. 
Reduction of flank angle was thought to diminish the stress 
concentration phenomenon and enhance the fatigue strength 
of weld joints [31–33]. Furthermore, the transition angle was 
increased from 126 to 140° and 144° when 2% O2 and 20% 
CO2 were included in the shielding gas, respectively. This 
result indicated that the molten metal became more fluid 
when 20% CO2 was added compared to 2% of O2 and to 
pure Ar shielding gas. In addition, the penetration of GMA 

welding in pure Ar and Ar + 2% O2 is similar at 2.8 mm, 
which is less than in Ar + 20% CO2 at 3.9 mm.

Figure 4 shows the arc appearance and metal transfer 
behavior for 6 mm thickness plates in three shielding gases. 
The figure shows one transfer cycle within 8 ms for each con-
dition. Although the GMA welding parameters were main-
tained during all the experiments, the transfer achieved one 
pulse and one droplet independently of shielding gas types. 
However, the arc length in Ar + 20% CO2 was observed to 
be less than that in pure Ar and Ar + 2% O2 circumstances. 
It can be considered that the arc in Ar + 20% CO2 becomes 
slightly constricted due to a high specific heat of CO2 [34]. 
When the specific heat is high, the arc contracts, reduc-
ing the cross-sectional area of the arc, which results in a 
larger voltage drop across the arc. Therefore, the arc length 
becomes shorter under the constant voltage characteristic. 
On the other hand, the arc was thought to extend upward to 
the contact tip in the other argon-rich gases because of the 
separation into metal vapor plasma and shielding gas plasma 
in GMA plasma, which was reported in many studies in pure 
Ar GMA welding [35].

3.2 � Weldability of 9 mm thickness plates

Figure 5 presents the weld bead appearances for 9 mm thick-
ness plates. The same weld bead length of 140 mm was 
produced also for this thickness. From the bottom side, it 
was observed that the weld beads in pure Ar and Ar + 2% 
O2 gases had insufficient penetration. A weld bead with 
full penetration was obtained only in Ar + 20% CO2 gas, as 
shown in Fig. 5c. In addition, the position for investigation 
of a cross section of the keyhole and weld bead was indi-
cated by dashed blue and red lines, respectively.

Figure 6 depicts the weld bead cross section for 9 mm 
thickness plates. The macro photos show incomplete root 
penetration for weld beads in pure Ar and Ar + 2% O2, as 
shown in Fig. 6a, b. On the other hand, a good bead with full 
penetration was achieved in Ar + 20% CO2 in Fig. 6c. The 
weld beads show two solidification regions, similar to those 
for 6 mm thickness plates in Fig. 3. The weld metal provided 
by the GMA welding in Fig. 6a almost resembled that in 
Fig. 6b. In both cases, the lower part of the gap was not 
melted by the plasma arc to be the leading heat source, so 
the weld metal by GMA welding formed high reinforcement 
above the base metal surface. The heat input was thought to 
be the same due to maintaining welding conditions, but the 
increase in the weld pool size and depression of the weld 
pool surface led to an improvement in flowing molten metal 
downward.

On the contrary, in Fig. 6c, the gap’s lower part was 
melted and filled with weld metal at all heights. The lack 
of penetration in weld beads was thought to be related to 
the plasma arc energy, which can be considered from the 

Fig. 3   Weld bead cross section of 6 mm thickness plates in a pure Ar, 
b Ar + 2% O2, and c)Ar + 20% CO2 shielding gas
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Fig. 4   Arc appearance and metal transfer behavior for 6 mm thickness plates in a pure Ar, b Ar + 2% O2, and c Ar + 20% CO2 shielding gas

Fig. 5   Weld bead appearance for 9 mm thickness plates in a pure Ar, b Ar + 2% O2, and c Ar + 20% CO2 shielding gas
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keyhole behavior during welding. To clarify the difference 
in weld bead formation, cross sections of the plasma keyhole 
were investigated.

Figure 7 presents the plasma’s keyhole geometry of the 
weld beads in three shielding gases. The keyhole diameters 
at the top surface of the plates in pure Ar, Ar + 2% O2, and 
Ar + 20% CO2 were 5.48, 6.27, and 7.67 mm, respectively. 
In addition, the keyhole profiles were compared in Fig. 7d. 
It can be observed that the width of the keyhole increased 
when the shielding gas changed from pure Ar to Ar + 2% 
O2 and then to Ar + 20% CO2. The results indicate that the 
keyhole broadened with increasing oxygen content in the 
shielding gas. Furthermore, it was also found that the base 
metal surface inside the gap around the bottom surface was 
not melted except for the case in Ar + 20% CO2.

Figure 8 shows arc appearance and metal transfer behav-
ior for 9 mm thickness plates during a cycle time of 8 ms. 
The time step for each condition is 2 ms. During this time, 
one droplet was transferred to the weld pool. For instance, 
in Fig. 8a, the first image shows the moment of the initial 
interaction between the plasma arc and GMA in pure Ar at 
t1. At t1 + 2 ms, the GMA current reached the peak current, 
and a droplet was detached from the wire. The droplet can 
be observed at t1 + 4 and t1 + 6 ms, which refers to the base 
current time. This phenomenon was reported by Ishida et al. 

[18], who found that the arc coupling between the plasma arc 
and GMA was significant during the upslope phase of the 
peak current period. The metal transfer behavior in Ar + 2% 
O2 was similar to that in pure Ar.

Meanwhile, the arc length of GMA welding in Ar + 20% 
CO2 is smaller than that in pure Ar and Ar + 2% O2. In addi-
tion, the weld pool surface was largely depressed under 
the top surface of the base metal behind the keyhole, as 
observed in Fig. 8c. It was considered to be caused by the 
greater arc pressure and heat flux given by the plasma arc 
with the shorter stand-off, higher current, and faster welding 
velocity compared with those for a thickness of 6 mm. It was 
also seen that part of the droplets was directly transferred to 
the deep portion of the keyhole due to this depression.

3.3 � Mechanism of the GMA welding shielding gas 
effect

From the experimental results, the mechanism of the GMA 
shielding gas effect on the difference in weld bead forma-
tion was suggested. The arc lengths of the GMA welding 
in pure Ar for plates of 6 and 9 mm thickness were com-
pared in Fig. 9. In Fig. 9a, b, an image for the moment t0 at 
0.25 ms before the arc coupling and another image for the 
moment of the arc coupling (t0 + 0.25 ms) were presented for 

Fig. 6   Weld bead cross section for 9 mm thickness plates in a pure Ar, b Ar + 2% O2, and c Ar + 20% CO2 shielding gas
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6 mm thickness plates, respectively. The similarity of the arc 
coupling phenomenon for the 9 mm thickness plates is also 
depicted in Fig. 9c, d. It was observed that the arc length was 
kept at 6.5 mm for two different thicknesses because GMA 
welding conditions were maintained.

Figure 10 shows the arc lengths of the GMA welding 
in Ar + 20% CO2 for plates of 6 and 9 mm thickness. In 
Fig. 10a, the time t3 indicated a moment of 0.25 ms before 
arc coupling occurred. The plasma arc and GMA interfered 
at t3 + 0.25 ms, as shown in Fig. 10b. The arc length from the 
wire tip to the weld pool surface was 4.3 mm for 6 mm thick-
ness plates. Due to the maintained GMA welding condition, 
the arc length in Ar + 20% CO2 was thought to be preserved 
when the thickness of the plate increased from 6 to 9 mm, 
similar to that for pure Ar shown in Fig. 9. Thus, both arc 
lengths in Fig. 10c, d were considered 4.3 mm, implying that 
the weld pool surface was depressed under the top surface 
for 9 mm thickness plates in Ar + 20% CO2.

The microstructure and mechanical properties of 
780 MPa high-strength steel in laser-GMA hybrid weld-
ing were observed by Suga et al. [30]. The investigation 
compared the weldability of a one-layer-one-pass weld 
bead under the effect of filler wire characteristics and GMA 
shielding gas composition. Three kinds of shielding gas 
similar to the current study were examined. They reported 
that Ar + 20% CO2 was beneficial for reducing spatter, while 

Ar + 2% O2 resulted in the highest spatter level. The effect of 
filler wire type on microstructure was measured to have no 
significant difference. Regarding the effect of shielding gas 
on microstructure and mechanical properties, the Ar + 20% 
CO2 showed a lower hardness and corresponding tensile 
strength compared to Ar + 2% O2 and pure Ar, but the high-
est absorbed energy for a 590 MPa filler wire, which is a 
lower grade than the filler wire in this study. On the other 
hand, the hardness of the different sheet thicknesses was 
observed to be almost consistent. We believe that the effect 
of shielding gas on the microstructure was similar to the 
previous study. The conceptualization of this study focuses 
on the weldability and weld bead formation of plasma-GMA 
hybrid welding. We propose that future research should 
include additional experiments to build upon our current 
findings, aiming to provide a more comprehensive under-
standing of the mechanical properties and microstructure of 
weld beads produced by plasma-GMA hybrid welding under 
varying welding conditions.

Figure 11 presents a schematic of welding behavior in 
pure Ar and Ar + 20% CO2 for 9 mm thickness plates at 
the arc coupling moment. The weld pool is small, and the 
weld bead is incomplete in the weld penetration for pure Ar 
in Fig. 11a. It was considered that in pure Ar, the molten 
metal had a high surface tension due to negligibly small 
oxygen content. On the other hand, in Ar + 20% CO2, a large 

Fig. 7   Keyhole cross section for 9 mm thickness plates in a pure Ar, b Ar + 2% O2, and c Ar + 20% CO2 shielding gas
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weld pool and a full penetration bead were obtained, as pre-
sented in Fig. 11b. In this case, the weld pool, especially at 
the GMA area, was thought to absorb much oxygen in the 
shielding gas, which is then transported frontward by weld 
pool convection [27, 36].

Many studies reported that the surface tension of a liquid 
metal depends on the temperature and oxygen content in the 
liquid [27, 36]. It should be noted that the surface tension is 
thought to decrease with increasing temperatures and oxygen 
content in the range for this experiment. The keyhole profile 
is governed mainly by the force balance between plasma 
arc pressure and surface tension. As a result, the keyhole 
diameter increased to penetrate the bottom side of the plate 
due to the sufficient presence of oxygen. By expanding the 
keyhole diameter on the bottom side, the heat input by the 
plasma arc can be given to the deeper region, contributing to 
the melting of the bottom side metal. In addition, this expan-
sion increases the amount of plasma flow outflowing below 
through the keyhole exit, inducing downward weld pool flow 
near the keyhole surface due to plasma shear force. This 
weld pool flow might transport energy to the bottom side, 

also contributing to the penetration [6]. Furthermore, reduc-
ing surface tension also has the effect of depressing the sur-
face of the weld pool below the GMA welding, allowing the 
heat input from the GMA to be directly applied to a deeper 
position. Consequently, plasma-GMA with Ar + 20% CO2 
can achieve complete penetration even with a plate thickness 
of 9 mm, owing to the effects of both phenomena.

Recently, the rationalization of steel bridge fabrication 
in both design and execution has been strongly demanded 
to save energy and reduce initial construction costs. High-
tensile strength steel plates are widely used to reduce the 
thickness and weight of components [37, 38]. Additionally, 
achieving full penetration welds in a single pass can mini-
mize distortion and enhance production efficiency. Plasma-
GMA hybrid welding is a promising process capable of 
welding thick plates in one pass with high-concentration 
heat input and deep penetration. This study investigates the 
application of plasma-GMA hybrid welding to a 9 mm thick 
square groove joint of high-strength steel, which offers a 
cost-effective alternative to the more complex V or Y groove 
weld joints [17].

Fig. 8   Arc appearance and metal transfer behavior for 9 mm thickness plates in a pure Ar, b Ar + 2% O2, and c Ar + 20% CO2 shielding gas
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Our findings indicate that plasma-GMA hybrid weld-
ing is significantly improved when using Ar + 20% CO2 
as the shielding gas. This approach provides two major 
advantages: deep penetration at the top side, resulting in 
a regular weld bead shape, and achieving full penetration 

due to the decreased surface tension of the weld pool at the 
plasma side. It has been demonstrated that controlling the 
oxygen content in the shielding gas can enhance penetra-
tion in welding thicker plates. Furthermore, improving the 

Fig. 9   Comparison of arc length in pure Ar shielding gas for 6 and 9 mm thickness plates

Fig. 10   Comparison of arc length in Ar + 20% CO2 shielding gas for 6 and 9 mm thickness plates
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weldability of thick plates at lower plasma welding cur-
rents can save energy and reduce welding process costs.

4 � Conclusion

This study measured the effect of GMA shielding gas in 
plasma-GMA hybrid welding on the weld bead formation. 
Three shielding gases, including pure Ar, Ar + 2% O2, and 
Ar + 20% CO2, were applied for a high-tensile strength 
steel 780 MPa grade with 6 and 9 mm thicknesses. From 
the comparison, the main conclusions are summarized as 
follows:

1.	 In welding 6 mm thickness plates, the weld beads are 
acceptable for all shielding gas compositions, which 
implies that the window for welding conditions for this 
thickness is wide.

2.	 In welding 9 mm thickness plates, a good weld bead 
can be achieved only in Ar + 20% CO2, and weld bead 
penetration in Ar + 20% CO2 is higher than in pure Ar 
and Ar + 2% O2 for the same welding condition.

3.	 In Ar + 20% CO2, the keyhole diameter was increased, 
and the GMA weld pool surface was depressed due to a 
decrease in surface tension of the weld pool caused by 
the increased oxygen contents, which supported more 
heat transfer to the bottom side of the base metal to 
increase weld bead penetration.

The result demonstrates that plasma-GMA hybrid weld-
ing, using Ar + 20% CO2 as shielding gas, effectively welds 
9 mm thick high-strength steel plates in a single pass, offer-
ing cost and energy savings. This method provides deep pen-
etration and regular weld bead shapes, enhancing production 
efficiency. Controlling the oxygen content in the shielding 
gas is crucial for improving weld penetration and weldability 
of thicker plates.
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