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Abstract
In order to improve welding efficiency of conventional TIG welding process, a new activating TIG (A-TIG) welding process, 
named activating arc two-TIG (AT-TIG) welding, was developed by using two-TIG arc activated via mixing minor oxygen 
into the shielding gas of the front welding torch. The effect of the oxygen flow rate, welding current carried by two tungsten 
electrodes, and welding speed on the weld formation were investigated for the bead-on-plate welding of SUS304 stainless 
steel. It was found that, compared to conventional TIG welding, this method can successfully obtain a markedly deepened 
weld penetration, even at a relatively higher welding speed. Mixing of O2 into the argon shielding gas do not have a significant 
effect on the microstructure of the weld metal. The dramatically improved weld depth can be achieved at a lower oxygen flow 
rate and the corresponding impact toughness energy of the weld reaches as much as 92.3% of the workpiece. In addition, 
the modulation of the current proportions for each welding torch plays a prominent role in the weld formation, which was 
accounted by a numerical model that the current apportionment for each electrode results in the change of the arc plasma 
flow and thus the oxygen transfer process from the arc plasma to the weld pool. The predominant effect of the oxygen on 
the formation of the weld pool shape and the weld formation was demonstrated by a weld-bead-shift experiment. Therefore, 
the oxygen transfer process from the arc plasma to the weld pool and the mechanisms for enhancing the weld penetration 
in this welding process were clarified.
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1  Introduction

Gas tungsten arc welding (GTAW), also known as tungsten 
inert gas (TIG) welding, is a versatile welding process and 
widely used in industry for its excellent weld formation, 
stable welding process, and high weld quality. However, its 
shallow penetration in single-pass welding causes relatively 
lower productivity compared to other arc welding processes 

including submerged arc welding (SAW), gas metal arc 
welding (GMAW), and plasma arc welding (PAW). In 
addition, when the welding speed exceeds a critical value 
in high-speed GTAW, weld defects including undercut and 
humping are formed inevitably [1–3].

How to improve the GTAW efficiency has been a con-
cern of the researchers for a long time and several tech-
nologies have been proposed, such as activating flux TIG 
(A-TIG) welding [4–7], ultrasonic-assisted TIG welding [8], 
high-frequency pulse TIG welding [9], and high-frequency 
magnetic controlled TIG welding [10]. Twin-arc TIG weld-
ing has been introduced by Japanese researchers firstly and 
applied in the construction of a large liquefied natural gas 
storage tank successfully [11]. A similar welding process 
was developed by Leng et al. [12] to use in high-speed weld-
ing; they indicated that this method can achieve steady weld-
ing process and sound weld under high welding speed. Pulse 
tandem TIG welding system was realized by Jiang et al. [13] 
for thin stainless steel plate, which can obtain good weld 
formation even if the welding speed is over 50 mm/s.
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Among them, A-TIG welding, characterized by low cost 
and remarkable deepened penetration, has been attracting 
worldwide attention since its advent [4–7, 14, 15]. Many 
investigations on the mechanism for enhanced weld depth in 
A-TIG welding have been reported, and it is to date generally 
accepted that the increased weld penetration for non-ferrous 
metals is induced mainly by arc constriction [16–19]; for 
steels, primarily by reversal of the Marangoni convection 
originating from the change in surface tension of the weld 
pool [20–24]. For the latter, both the experimental [25–27] 
and theoretical [7, 20, 24, 28, 29] investigations showed that 
the active elements, including O and S in the welding pool, 
reverse the Marangoni convection direction from an outward 
flow to an inward one. To date, the reversal of the internal 
flow behavior of the weld pool stemming from the activating 
element during welding and additive manufacturing (AM) 
was observed directly via in situ synchrotron X-ray trans-
mitting technique by Aucott et al. [25], which demonstrated 
convincingly the predominant effect of the surfactant on the 
flow pattern within the molten pool. As a result, the heat 
from the arc is transported more to the weld center and bot-
tom, and the penetration was increased dramatically. From 
this point of view, precise controlling of these minor ele-
ments in the weld pool in GTA welding process is critical 
for a satisfactory weld with deep penetration.

Inspired by the mechanisms of A-TIG welding, Fujii et al. 
[30] proposed advanced activating TIG (AA-TIG) welding; 
it was invented by using a double-shielding gas with the 
addition of some active gases into outer shielding gas, and 
a deep weld penetration was achieved. Fan et al. [31] devel-
oped arc-assisted activating TIG welding, in which the work-
piece was pre-melted by assisting arc with lower current and 
gas mixture of argon and oxygen, so that the oxygen can 
be introduced to the weld pool in proceeding convectional 
TIG welding; as a result, the weld penetration was found 

to increase markedly as well. This process was developed 
further to use in the welding of dissimilar steels [32].

In this study, we advanced arc-assisted activating TIG 
welding and developed a new welding method named acti-
vating arc two-TIG welding (AT-TIG), in which two TIG 
welding torches were employed and oxygen was added to 
shielding gas of the front torch. Compared to the methods 
developed by Fan et al. [31, 32] and Fujii et al. [30], this 
process can be readily available and has a potential applica-
tion in high-speed GTAW. In addition, the arc characteristics 
and thus the weld formation could be different from that in 
literature [33]. In the present paper, the effects of main pro-
cess parameters, including oxygen flow rate, welding current 
for each electrode with equivalent total current, and welding 
speed, on the weld depth and width were investigated, and 
the weld microstructure and impact property are presented. 
Moreover, a computational fluid dynamics (CFD) model 
was used to elucidate the mass transfer of the oxygen in 
the two-TIG arc; meanwhile, a weld-bead-shift experiment 
was designed to account for the oxygen effect on the weld 
formation such that the oxygen transfer process from the 
arc plasma to the weld pool and the mechanisms for the 
increased weld penetration can be presented.

2 � Methodology

2.1 � AT‑TIG welding process

The AT-TIG welding process is shown schematically in 
Fig. 1. Two TIG welding torches are used in tandem con-
figuration and slanted to each other to form a certain angle 
in the plane perpendicular to the workpiece. Two independ-
ent welding power supplies are employed for each welding 
torch, and the welding current of the leading torch is less 

Fig. 1   Schematic diagram of 
AT-TIG welding process
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than that of the rear one. The shielding gas for the leading 
torch is mixed gas of argon and minor oxygen, while for the 
rear torch it is pure argon gas, such that the activating ele-
ment oxygen is introduced to the two-TIG arc, and the arc 
plasma is “activated.” Then, the activating element oxygen 
can be transferred to the weld pool to increase the weld pen-
etration. As the characteristic process parameters, tungsten 
electrode spacing (d) is defined as the horizontal distance 
between the tips of the two tungsten electrodes, while the arc 
length (L) is the vertical distance from the tip of the tungsten 
electrode to the workpiece, as shown in Fig. 1.

2.2 � Experimental procedures

SUS304 stainless steel plate with dimension of 
200 mm × 100 mm × 5 mm was selected as the workpiece 
for the bead-on-plate welding experiment. A direct current 
electrode negative (DCEN) polarity mode was selected for 
each of the welding torch; both of the torches were fixed in 
a workbench and the workpiece was moving at a set constant 
speed during welding. The cerium tungsten electrode with a 
diameter of 3.2 mm and a tip angle of 60°was used for each 
torch cooled by water. Basic welding process parameters are 
shown in Table 1, and the influence of the welding current, 
oxygen flow rate, and welding speed on the weld formation 
was examined. Prior to welding, the surface of the plate was 
ground using 80-grit flexible abrasive papers to remove the 
oxide layer and then cleaned by acetone.

After welding, all the weld beads were sectioned and the 
specimens for the weld shape observations were prepared 
and etched by aqua regia solution to reveal the bead shape 
and size as well as microstructure imaging. The cross-sec-
tion, size, and microstructure of the weld beads were pho-
tographed and measured using an optical microscope. The 
mechanical properties of the weld were evaluated using a 
V-notch sharpy impact test; the size of the impact test sam-
ple is 55 mm × 10 mm × 2.5 mm since the standard specimen 
cannot be extracted from the weld. Fracture surfaces of the 
destructed impact test specimens were observed by scanning 
electron microscope (SEM) to analyze the fracture behavior.

2.3 � Computational fluid dynamics model

In the present research, the numerical model based 
on our prior research [33] was extended further to 

three-dimensional (3D) case and employed to analyze 
the oxygen transfer in two-TIG arc. The primary points 
are briefly dictated herein. The approach for treating the 
binary composition diffusion in arc plasma for binary gas 
mixture was developed by Murphy [34] and was employed 
to treat diffusion of oxygen–argon mixture in the present 
model; the two tungsten electrodes were included in this 
model as well. As a simplified treatment, the workpiece 
and thus weld pool were not considered. Both the arc 
length and the tungsten electrode spacing were 3 mm, 
and the slanted angle for each electrodes is 30°to form 
a 60°angle between the two electrodes. Two cases, i.e., 
equal and unequal current for each electrode, were simu-
lated for a same total current. The temperature distribution 
and oxygen mass fraction were exhibited for both cases, 
respectively; the latter was explained through the plasma 
flow properties. The thermophysical properties of the arc 
plasma in gas mixture of oxygen–argon for the model are 
both temperature and mass faction dependent; they are 
referred in Refs. [35–37].

3 � Results

3.1 � Arc shape

Figure 2 shows the arc shape in conventional TIG welding 
and AT-TIG welding under a welding current of 300 A. For 
the latter, the current for the left-side torch was 200 A, while 
that for the right-side torch was 100 A; the arc length was 
3 mm and the Ar flow rate was 15 L/min. It can be seen in 
Fig. 2b that a well-coupled arc forms and its shape is no 
longer symmetric for AT-TIG arc, compared with the con-
ventional TIG arc with a well-known bell shape in Fig. 2a; 
this appearance for AT-TIG arc is induced by the attraction 
of the Lorentz force of the two plasma jets as well as the 
stronger plasma jets from the tungsten electrode with higher 
current. Such stronger arc plasma flows along its electrode 
axis and toward the right side when it is hindered by the 
workpiece surface, so the whole arc extends apparently to 
the side of the tungsten electrode with the lower current. 
In fact, this flow property of the two-TIG arc has a crucial 
effect on the oxygen transfer in the arc plasma, which will 
be discussed in detail in Section 4.

Table 1   Basic welding process parameters

Welding current
I1 + I2 (A)

Ar flow rate of the rear 
torch
Q1 (L/min)

Ar flow rate of the 
leading torch
Q2 (L/min)

O2 flow rate Q3 (L/
min)

Welding speed
V (mm/s)

Arc length
L (mm)

Tungsten electrode 
spacing
d (mm)

200 + 100 15 10 0.6 4 3 3
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3.2 � Oxidation of tungsten electrodes

Oxygen mixed into the argon shielding gas makes the elec-
trode tips oxidize inevitably. Oxidation of the electrode tip 
before and after welding with oxygen flow rate of 0.6 L/
min is shown in Fig. 3; it is seen that the very tip of the 
electrode with shielding gas of argon and oxygen passing 
through becomes melted and blunt due to both the high tem-
perature and oxidation, while that with argon gas keeps its 
initial shape well. The oxidation of the electrode tip will 
shorten the electrode application life and even affect the arc 
property and weld quality. Nevertheless, the melt size of 
electrode tip is less than 1 mm. From the results in the fol-
lowing section, it can be found that the weak oxidation of 
electrode tip plays a insignificant role in the weld formation 
and quality, although this change of the electrode tip may, 
to some extent, affect the arc plasma property.

3.3 � Weld formation

Comparison of the weld surface appearances and weld 
cross-sections under conditions listed in Table 1 for TIG 
welding, TIG welding with oxygen added into shielding 
gas, AT-TIG welding without oxygen, and AT-TIG welding 
with oxygen mixed are illustrated in Fig. 4, respectively. 

As shown in Fig.  4a, the weld depth of conventional 
TIG welding is wide and shallow, and the weld surface 
is smooth and uniform. In contrast, the weld penetration 
for TIG welding with oxygen of 0.6 L/min is increased 
markedly, while the undercut occurs and the weld surface 
is oxidized severely, as seen in Fig. 4b. For AT-TIG weld-
ing without oxygen, the weld depth is shallower and weld 
width is narrower than those for TIG welding with pure 
argon, as presented in Fig. 4c. In AT-TIG arc welding, the 
weld penetration is the deepest with a full penetration, and 
the weld bead surface is smooth and uniform as well, as 
shown in Fig. 4d.

The weld depth and width are further plotted in Fig. 5. It 
can be seen that the weld depth and width of conventional 
TIG welding with pure argon denoted by “TIG” are about 
3.0 and 14.4 mm, respectively; those of conventional TIG 
welding with oxygen mixed denoted by “TIG(O)” become 
5.0 and 13.6 mm, respectively. For AT-TIG welding with 
pure argon denoted by “AT-TIG,” the width and depth are 
respectively 2.1 and 13.4 mm, whereas those for AT-TIG 
welding with oxygen mixed denoted by “AT-TIG(O),” the 
weld depth reaches 5.0 mm with a full penetration and the 
weld width reduces to 8.7 mm. As a whole, AT-TIG welding 
can achieve significant increased weld penetration and good 
weld surface appearance in analogous welding conditions.

Fig. 2   Arc shape for a con-
ventional TIG and b AT-TIG 
welding
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3mm 3mm

(b)

Fig. 3   Oxidation of tungsten 
electrodes
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The weld metal oxygen content for different cases 
corresponding to Fig. 4 is shown in Fig. 6. It can be 
seen that all the oxygen content of the samples for 
difference welding cases are greater than those of 
the base metal. The weld metal oxygen content of the 
conventional TIG welding with pure argon denoted 
by “TIG” is 0.0061%; that of the traditional TIG 
welding with oxygen denoted by “TIG(O)” reaches 
0.0232%. For AT-TIG welding with pure argon 
denoted by “AT-TIG,” the weld metal oxygen con-
tent is 0.0068%, whereas for AT-TIG welding with 

oxygen denoted by “AT-TIG(O),” the weld metal oxy-
gen content is 0.0107%. Compared to conventional 
TIG welding with oxygen, the weld metal oxygen 
content of AT-TIG welding is at a relatively low level 
under the same welding conditions. It  is obvious 
that the weld oxygen content of AT-TIG welding in 
much less than that of the TIG welding with the same 
amount of oxygen introduced into the shielding gas. 
The oxygen content in the weld of AT-TIG welding 
is close to that presented by Lu et al. [22] and keeps 
at a lower level.

Fig. 4   Comparison of weld sur-
face and cross-section formation 
for different cases under basic 
welding conditions

(a) TIG welding with pure argon
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(b) TIG welding with oxygen mixed

(c) AT-TIG welding with pure argon
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3.4 � Effect of the main process parameters 
on the weld formation

The effect of oxygen flow rate on the weld depth and width 
is shown in Fig. 7. The results show that with the increase in 
oxygen flow rate, weld penetration increases first and then 
decreases, while the weld width decreases first and increase 
subsequently. As the oxygen flow rate is 0.6 and 1 L/min, 
the weld depth is the deepest with a full penetration, while 
weld width is relatively narrow, only 8.7 and 9.9 mm, respec-
tively. The paramount importance of the oxygen on the weld 
pool shape and size of steels has been investigated by many 
researchers from the aspect of both the theory and the experi-
ment [20–22, 25–27, 38], respectively; it is now believed that 
the oxygen solution into the weld pool results in the change 
in temperature dependence of the surface tension of the weld 
pool from a negative value to a positive one, which generates 
inward Marangoni convection and thus increased weld pen-
etration. This point will be discussed in detail in Section 4.2.

As the oxygen flow rate increases, the oxygen dissolved in 
the weld pool increases and the surface tension temperature 
d γ/dT inverses [38], leading to a reversed Marangoni flow 
and inward heat convection; the more oxygen introduced 
into the weld pool, the stronger the inward heat convec-
tion and deeper weld depth becomes. At the oxygen flow 
rate of 0.6 and 1.0 L/min, the Marangoni flow is the most 
intensive and the weld penetration is the deepest. When the 
oxygen flow rate surpasses 1.0 L/min, there is an excess 
of the oxides over the weld pool surface, which means the 
surface tension of the molten metal becomes that of the 
oxides, and the influence of the oxygen on the weld pool 
surface tension diminishes and even vanishes, so the inward 
Marangoni convection of the weld pool weakens and weld 
depth decreases accordingly. Lu et al. [39] proposed a simi-
lar model to explain the oxide formation over the weld pool 

and its hindering effect on the oxygen absorption by the 
weld pool.

The change in the weld width can also be explained by 
the melt flow within the weld pool; the stronger the inward 
Marangoni convection becomes, the more energy is trans-
ferred to the center of the weld pool, so less solid metal adja-
cent to the weld pool top area is melted, but more solid metal 
adjacent to the weld pool bottom is melted. As a result, the 
weld width becomes narrow and presents a minimum value 
under oxygen flow rate of 0.6 L/min. As a whole, the varia-
tion trend of the width with the increase of the oxygen flow 
rate is opposite to that of the change in weld penetration.

The effect of welding current on the weld depth and width 
is shown in Fig. 8. In this case, the total current is 300 A, and 
the current carried by each electrode varies. It can be seen 
that, with the increase in welding current of the rear torch 
(decrease in welding current of the leading torch), weld pen-
etration increases first and then decreases, while weld width 
keeps increasing all throughout the range of the current.

According to the aforementioned analysis, it is believed 
that the weld penetration change here is induced by the oxy-
gen concentration in the weld pool, which in this case results 
from the current change for the tungsten electrode. The influ-
ence of the electrode current on the oxygen transfer to the 
weld pool will be further discussed in Section 4.1. As for 
the increase in weld width, it is generated by the extension 
of the arc coverage over the weld pool when either of the 
electrode current increases.

The effect of welding speed on the weld depth and width 
is shown in Fig. 9. It can be seen that, with the increases 
of welding speed, both the welding penetration and width 
decrease, and weld surface formation keeps well. It is notice-
able that when the welding speed is over 16 mm/s, the effect 
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of the active elements oxygen on increasing weld penetration 
is not obvious.

A high welding speed will reduce the weld pool volume; 
also, it shortens the liquid weld pool retaining time and 
decreases the oxygen dissolved into the liquid pool. There-
fore, there is no adequate time for oxygen to exert its influ-
ence on the weld pool, and weld penetration and width do 
not significantly change when the welding speed is over a 
critical value.

3.5 � Microstructure and mechanical property

The effects of oxygen on the microstructure of the weld metal 
were investigated by comparing the microstructure under oxy-
gen flow rate of 0 and 0.6 L/min, respectively, as shown in 
Fig. 10. It is clear that weld microstructure consists of a large 
amount of austenite and a small amount of δ-ferrite; the latter 
presents both the vermicular and lathy types. Overall, the mix-
ing of O2 gas into the shielding gas has no significant effects 
on the microstructure of the weld metal.

The effect of the oxygen flow rate on the impact toughness 
is drawn in Fig. 11. As shown, as the oxygen flow rate in 
the shielding gas increases, the impact toughness of the weld 

metal reduces. All the impact toughness of the samples for 
different oxygen flow rates are lower than those of the base 
material. The impact toughness of substrate is 175J/cm2; when 
the oxygen flow rate is 0.6, 1.0, and 1.5 L/min, the impact 
toughness drops to 158.5 J/cm2, 146.5 J/cm2, and 126.5 J/cm2, 
respectively. However, a full weld penetration can be obtained 
in the present case when the oxygen flow rate is 0.6 L/min, 
which is corresponding to the impact toughness of 158.5 J/
cm2, as much as 92.3% of the workpiece.

Furthermore, the impact fracture surface of the AT-TIG 
welding with pure argon and AT-TIG welding with oxygen 
was analyzed by SEM, and the fractography microstructure 
is shown in Fig. 12. It is seen that the impact fractured sur-
face for the two cases present dimples which means a ductile 
fracture mode. For the AT-TIG welding with pure argon, it 
is shown in Fig. 12a and b that the fractured surface have 
the smaller dimples without significant oxide impurities or 
inclusions. As for the AT-TIG welding with oxygen mixed, 
as shown in Fig. 12c and d, there are inclusions with differ-
ent sizes in dimples; since the oxygen is introduced and dis-
solved into the weld pool, a variety of oxides can be formed 
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Fig. 10   Microstructure of weld 
metal for oxygen flow rate of a 
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and trapped in the weld during rapid solidification of the 
weld pool. This is responsible mainly for the impact tough-
ness reduction of the weld metal, according to the research 
of Refs. [40–42].

4 � Discussion

4.1 � Mass transfer of oxygen in two‑TIG arc

The main mechanism for enhancing the weld penetration in 
A-TIG welding is reversal of the Marangoni convection of 
the weld pool, and the surface-active elements, such as oxy-
gen and sulfur, can significantly change the Marangoni con-
vection direction [4, 6, 20, 25, 29]. Therefore, mass transfer 
of the oxygen from the arc plasma to the weld pool and its 
distribution over the weld pool surface is foremost to reveal 
its effect on the weld shape variation in AT-TIG welding. 
All factors that affect weld pool oxygen content can change 
temperature coefficient of the surface tension and thus the 
weld pool shape.

Based on our prior investigation [33], the oxygen transfer 
in AT-TIG arc plasma was presented by extending the 2D 
model to a 3D one. The argon flow rate is 15 L/min for each 
of the welding torches, and the oxygen flow rate is 1 L/
min, which is corresponding to an oxygen volume fraction 
of 5.41% and a mass fraction of 6.67%, respectively. Two 
cases of the welding current, i.e., 120 A + 120 A and 160 
A + 80 A, are considered to exhibit the effect of the current 
partition of the two electrodes on the oxygen transfer in the 

arc plasma. Both the tungsten electrode spacing and the arc 
length are 3 mm; the diameter of the tungsten electrode is 
3.2 mm with a conical tip angle of 60°.

Figure 13 draws the arc temperature distribution and the 
distribution of the oxygen mass fraction for the current of 
160 A + 80 A. It can be seen in Fig. 13a that an asymmetric 
arc forms due to the unequal current carried by each elec-
trode. The peak temperature of the arc plasma in Ar–5.4% 
O2 gas mixture is over 15,000 K close to the tip of the tung-
sten electrode with higher current. As seen in Fig. 13b, the 
oxygen concentrates mainly around the electrode with lower 
current; more importantly, the oxygen mass fraction near the 
anode (weld pool) under this electrode reduces to a rather 
low level. Nevertheless, oxygen transported to the front part 
(right side) of the weld pool is more than that to the rear part 
(left side) of the weld pool in AT-TIG welding since the 
welding torch with lower current is in the front, as shown 
in Fig. 1.

Figure 14 illustrates the temperature and oxygen mass 
fraction distributions in the case of 120 A + 120 A. In con-
trast to that in the above case, the arc plasma is symmetric 
except that very near the electrode tips, where the tem-
perature close to the electrode with oxygen mixed into the 
shielding gas is slightly higher, as shown in Fig. 14a. As 
can be seen in Fig. 14b, oxygen concentrates more signifi-
cantly to the side from which the oxygen was introduced 
into the shielding gas, and its mass fraction close to the 
electrode of this side is higher than that in input shield-
ing gas because of the stronger diffusion induced by the 
temperature gradient and weaker convective mass transfer, 

Fig. 12   Impact fracture mor-
phologies of impact samples: 
a, b AT-TIG welding with pure 
argon; c, d AT-TIG welding 
with oxygen (0.6 L/min)

(a) (b) 

Inclusion

(c) (d)
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as suggested in [33] and discussed following. It is more 
noticeable that the oxygen concentration near the anode 
(weld pool) is much higher than that in the case of 160 
A + 80 A current.

The difference between the above oxygen distributions 
is caused by the plasma flow in different cases of current 
partition for each electrode. As drawn in Fig. 15a, the 
plasma flow from the electrode with higher current is 
much stronger than that from the other electrode for the 
case of 160 A + 80 A current, so more oxygen is trans-
ported by such plasma flow along its moving direction 
and, as a result, blown to the periphery region of the arc 
column. In comparison, for the equal electrode current, 
the velocity magnitude of the plasma flow from each 
electrode is almost the same, seen in Fig. 15b, so the 
oxygen mass transfer by convection reduces greatly and 
its diffusion toward the arc center region becomes more 
pronounced.

Furthermore, we can give a detailed explanation for the 
effect of the electrode current partition on the weld width 
and penetration, as shown in Fig. 7. The closer the current 
level for each electrode, the more oxygen is transferred to 
the weld pool. Therefore, as the current of the front torch 
increases and that of the rear torch reduces, the oxygen 
transported by the plasma flow to the weld pool decreases 
progressively. Since there is an optimum value of the oxy-
gen concentration in the weld pool for improving the weld 
penetration most profoundly, as shown by the effect of the 
oxygen flow rate on the weld formation in Fig. 6 and other 
relevant research in [43, 44], the weld depth is able to reach 
a maximum at a certain current partition of each electrode 
in AT-TIG welding. Therefore, the minor oxygen introduced 
into the weld pool can be modulated and controlled in virtue 
of varying the current for each electrode to obtain a desired 
weld penetration and property, while keeping equivalent 
total current and thus almost unchanged heat input.
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Fig. 13   Distributions of a temperature and b oxygen mass fraction of AT-TIG arc in Ar–5.41% O2 gas mixture for welding current of 160 A + 80 
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4.2 � Molten metal flow within the weld pool

In order to validate the effect of oxygen on the flow pattern 
in the weld pool and weld variation, a weld-shift experi-
ment was designed and carried out; the schematic diagram 
is shown in Fig. 16, and the details of the welding process 
parameters are listed in Table 2. Welding direction is ver-
tical to the line through the electrodes’ tips, i.e., the two 
torches are moving in parallel arrangement, and the surface 
and cross-section of the weld without and with oxygen are 
presented in Figs. 17 and 18, respectively. The results show 
that the weld formation is not symmetrical and is shifted 
to the side with lower electrode current if oxygen is not 
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Fig. 16   Schematic diagram of weld bead center line shift experiment

Table 2   Welding process parameters

Welding current 
I1 + I2 (A)

Ar flow rate of the 
rear torch
Q1 (L/min)

Ar flow rate of the 
leading torch
Q2 (L/min)

O2 flow rate Q3 (L/
min)

Welding speed
V (mm/s)

Arc length
L (mm)

Tungsten electrode 
spacing
d (mm)

200 + 100 15 10 0.6 6 3 3

Fig. 17   Macrograph of weld 
center line shift for a pure argon 
shielding and b oxygen mixed

Higher current 

Lower current 
Center line 

Lower current (O2) 

Higher current 

Center line 

(a) 

(b) 
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mixed, as shown by the weld appearance and cross-section 
in both Figs. 17a and 18a, respectively, while the weld bead 
is shifted to the side with higher electrode current when 
oxygen is mixed, as shown in Figs. 17b and 18b. It is noted 
that the position of the maximum weld penetration for the 
weld without oxygen is not centered on the weld seam and 
shifts to the side of lower electrode current about 1.91 mm, 
whereas that for the weld with oxygen shifts to the other 
side, i.e., the side with higher current, about 1.44 mm.

The weld shift can be accounted schematically via 
Fig. 19. When the oxygen is not introduced, the surface ten-
sion of the weld pool γ drops as the temperature increases, 
i.e., surface tension temperature coefficient ∂γ/∂T is nega-
tive, so the Marangoni shear force over the weld pool sur-
face is directed from the center of the weld pool to the edge 
of that, and thus the molten metal flow in the weld pool is 
outward with the combination of the Marangoni shear force 
and the plasma shear force, as shown in Fig. 19a. Compara-
tively, as the oxygen is added and its content at the weld pool 
surface exceeds some threshold, surface tension temperature 
coefficient of the weld pool on the lower electrode current 
side becomes positive and the direction of the Marangoni 

force becomes opposite, resulting in the reversed flow pat-
tern, or Marangoni convection, within the weld pool; while 
on the side of higher current, the fluid flow at the weld pool 
surface is still outward. As a whole, both the molten metal 
and heat at the weld pool surface are transported more from 
the side under electrode with lower current to that with 
higher current, then downward to the weld pool bottom and 
giving rise to a weld shift to the side with higher current, 
as shown in Fig. 19b. Although the plasma shear force still 
exists, Marangoni shear force is the predominant factor since 
its effect is larger than the former, as suggested in Refs. [20, 
24], and [44]. Noted that the weld penetration in this experi-
ment is less than that in AT-TIG welding, we believe such 
difference is caused by the welding direction in the experi-
ments. In the validation experiment, the welding direction 
is designed to be vertical to the line through the electrodes’ 
tips, i.e., the two torches are moving in a parallel arrange-
ment, while in AT-TIG welding, the torches are arranged in 
tandem type. For the former, the oxygen is introduced from 
the side in the welding direction, so the oxygen element dis-
solved into the weld pool is less than that in the latter case, 
where the oxygen is mixed ahead of the weld pool; on the 

Fig. 18   Cross-section of weld 
profile for a pure argon shield-
ing and b oxygen mixed

2 mm

High current side
Ar

Lower current side
Ar

Center line shift

2 mm

High current side
Ar

Lower currentside
Ar+O2

Center line shift

(a) (b)

Fig. 19   Schematic diagram of metal flow within the weld pool for a Ar and b Ar-O2
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other hand, the flow of the weld pool in the former case is 
not inward completely, as shown in Fig. 19b, and the heat 
transferred to the weld pool center is less than that in the 
AT-TIG welding. For the two reasons, the penetration shown 
in Fig. 18b is less than that in Fig. 8.

Regarding the weld shift to the side of lower current 
without oxygen added, we believe that this phenomenon 
is induced by the asymmetrical distributions of the Maran-
goni force and plasma shear force at the weld pool surface. 
Especially the latter, arising from the high-velocity plasma 
flowing over a relatively quite low motion velocity of the 
weld pool surface, makes a great difference on the weld pool 
formation when the current changes. As seen in Fig. 15b, 
the plasma flow adjacent to the anode in this case has a 
significant tendency to push the molten metal of the weld 
pool from high current side to the lower current side. As a 
result, both the melt and the heat were transported more to 
the lower current side, leading to a weld shift to this side and 
an undercut at higher current side.

5 � Conclusion

A high-efficiency welding process named AT-TIG welding 
is developed and the effects of the main process parameters 
on the weld formation are investigated, and the mechani-
cal property and microstructure of the weld are presented; 
furthermore, the oxygen transfer process in the arc plasma 
is modeled and finally the weld pool formation mechanisms 
are revealed, and the conclusions can be drawn as follows:

1.	 Compared to conventional TIG welding, weld penetra-
tion can be enhanced significantly in AT-TIG welding, 
even at a relatively higher welding speed.

2.	 Optimum oxygen can be controlled by the oxygen flow 
rate as well as the current carried by each electrode, 
to achieve a desired weld formation while ensuring the 
weld mechanical property at low oxygen flow rate.

3.	 Electrode current partition for the same total current 
plays a critical role in the arc plasma flow and thus the 
oxygen mass transfer from the arc plasma to the weld 
pool.

4.	 Reversal of the Marangoni convection caused by the 
oxygen and induced convective heat transfer within the 
weld pool are the dominant factors in determining the 
weld formation in AT-TIG welding.
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