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Abstract 

Gas pool coupled activating TIG (GPCA-TIG) welding put forward in-house can dramatically enhance weld penetration 
of TIG welding through introducing active element oxygen to reverse the Marangoni convection flow in the molten 
pool. In order to further improve the welding productivity, the normal solid tungsten electrode is replaced by a kind 
of coupling arc electrode. The changes of arc pressure distribution along anode surface and the weld appearance 
were evaluated. On this basis, the dependences of weld shape characterized with weld depth, width and undercut 
on the main welding parameters were discussed. The results indicate, the substitution of coupling arc electrode can 
lead to an obvious decrease of arc pressure. Compared to hollow tungsten electrode and twin tungsten electrodes, 
the coupling arc electrode is much easier to manufacture and has more compacter structure. Combined with the 
symmetric distribution of arc pressure in different directions, this electrode has extensive adaptability. In the GPCA-TIG 
welding with coupling arc electrode, both the substitution of coupling arc electrode and the introduction of outer 
active gas oxygen can reduce the possibilities of producing humping bead and undercut. Their joint action makes this 
welding method have the capability of realizing high travel speed and deep penetration welding.
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1  Introduction
High welding production is one of the desirable objec-
tives to pursuit for more and more manufacturing enter-
prises and welding research institutes. Especially for the 
Tungsten Inert Gas welding, it is well-known for its high 
welding quality among the common welding methods 
due to the inert shielding gas and the non-melting tung-
sten electrode. Because of the low current allowable value 
to prevent tungsten electrode from melting and the phe-
nomenon of arc divergence resulting from the low heat 
conductivity of argon shielding gas, however, low weld-
ing productivity has become its biggest shortcoming. It is 
believed that, improving the welding production by com-
bination of high welding speed and deep weld depth can 
greatly broaden the application field of TIG welding.

Increasing welding speed must eliminate several weld 
forming defects, such as undercut and humping bead. 

It is generally accepted that the occurrences of under-
cut and humping bead  have similar mechanism. Some 
theories had been proposed to reveal this reason. Mills 
and Keene [1] suggested that the presences of humping 
bead and undercut attribute to the Marangoni force cre-
ated in molten pool, which is based on the observation 
that humping bead is affected by sulfur content in the 
weld metal. Paton et  al. [2] believed that, there exists a 
pressure balance between the welding arc and the molten 
metal. Arc pressure increases with the welding current 
to the point of an imbalance in forces and the defects 
begin to form. A supercritical flow model was proposed 
by Yamamoto and Shimada [3]. Under conditions of 
high current and welding speed, weld depression forms 
because of the high arc pressure, and the front of molten 
pool turns into a thin liquid layer called gouging region 
followed by a trailing region. Humping bead will occur 
when the velocity of the thin layer is beyond the criti-
cal value for a hydraulic jump. Soderstrom and Mendez 
[4] modified this model. Humping bead produces when 
the arc pressure extends the gouging region beyond the 
heat influence of the arc and premature freezing of the 
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thin liquid film occurs. The backfilled trailing region 
then solidifies. To solve the weld forming problems in 
high speed TIG welding, depressing the arc pressure is 
believed a good way. Both hollow tungsten electrode [5] 
and twin tungsten electrodes [6, 7] had been used in this 
field. Moreover, some kinds of external magnetic fields 
were also applied by some researchers [8, 9] to weaken 
the backward drag of arc and improve the weld formation 
in high speed TIG welding. Qin et al. [10] employed an 
assistant TIG arc to prevent the premature solidification 
of thin liquid layer and the backward molten metal flow.

In order to enhance the weld penetration of TIG weld-
ing, many innovative welding processes had been pro-
posed. CSIRO [11] developed a keyhole mode TIG 
(K-TIG) welding to realize high current TIG welding. 
Great efforts were also made to combine the TIG arc 
heat source with other energy sources, such as laser [12], 
external magnetic field [13], ultrasonic vibration [14] and 
another arc heat source [15] to reach the goal of deep 
depth. Besides these, introducing active elements into 
the arc-pool coupling system using activating flux or acti-
vating gas is believed the most effective way to improve 
the weld penetration [16], meanwhile the energy cost is 
greatly decreased. This kind of welding method is col-
lectively referred to as activated TIG welding. More and 
more researches [17–19] revealed the increase of weld 
depth contributes to either the arc constriction or the 
reverse of Marangoni convection in the molten pool sur-
face. Both of them can make the arc heat more effectively 
transferred to the bottom of molten pool.

Brushing flux on the weld surface is the common way 
to introduce active elements. According to the variable 
properties of base metal and activating fluxes, several 
brushing methods [20–22] were put forward to welding 
different metal. Among these, the method called Acti-
vating flux TIG (A-TIG) welding pre-coating flux on the 
whole weld surface is the most deeply investigated and 
widely applied in industrial fabrication. To overcome the 
shortcoming of restricting weld efficiency and affecting 
the weld quality resulting from the flux coating process 
above-mentioned, Huang et al. [23, 24] creatively trans-
ferred the activating flux into the arc-pool coupling sys-
tem through the argon shielding gas of TIG welding.

Another way to introduce activating elements is utiliz-
ing gas containing active elements. For ferroalloys, acti-
vating elements, such as oxygen and sulfur, can decrease 
the surface tension of molten metal and reverse Maran-
goni convection flow, eventually obtain a much deeper 
weld depth. Accordingly, Heiple and Burgardt [25] added 
a small amount of SO2 into the argon shielding gas and 
obtained obviously increased weld penetration. Fujii et al. 
[26, 27] developed an Advanced A-TIG (AA-TIG) weld-
ing method to prevent oxidation consumption of the 

tungsten electrode by using a double shielding gas torch 
instead of the normal TIG welding torch. An assisted 
TIG arc with Ar+O2 or Ar+CO2 mixed shielding gas and 
low current was used by Fan and Huang [28–30] to form 
a thin oxide layer to introduce oxygen element before the 
common TIG welding and dramatically increase weld 
penetration in the end. A similar thin oxide film was pro-
duced using laser irradiation with oxygen gas by Mizu-
tani and Katayama [31].

In this study, a novel variation of activated TIG welding 
method called Gas Pool Coupled Activating TIG (GPCA-
TIG) welding with coupling arc electrode is put forward 
to actualize a TIG welding process simultaneously with 
deep penetration and high welding speed. This process 
is based on a specialized double layers gas shielded TIG 
welding method named GPCA-TIG welding [32] devel-
oped in-house. The inner inert shielding gas is to prevent 
tungsten electrode from oxidation. The outer pure/mix-
ing gas contains oxygen and/or nitrogen elements. Oxy-
gen is introduced to dramatically increase weld depth, 
while nitrogen to improve weld quality. The relative posi-
tion between the outer and inner convergent nozzles, 
simplified as a variable h named coupling degree, can be 
changed to adjust the coupled area and position between 
the outer activating gas and molten pool surface and con-
trol the weld shape and properties. The kind of coupling 
arc electrode was developed in-house to decrease arc 
pressure by cutting the tip of normal solid clubbed tung-
sten into four identical parts. Through analyzing the arc 
pressure and the influences of welding parameter on weld 
appearance, the feasibility of this process is discussed in 
this paper.

2 � Experimental
The GPCA-TIG welding method and the coupling 
arc electrode are shown in Figures  1 and 2. In order to 
investigate the arc pressure and weld shape, a torch [33] 
developed by ourselves as shown in Figure  3 is utilized 
to produce a GPCA-TIG welding arc with coupling arc 
electrode. The inner and outer gases are respectively 
argon and oxygen both with purity of 99.9%. A W-2% 
Ce2O3 electrode is employed with three levels of tung-
sten electrode diameter de=3.2 mm, 4.0 mm and 5.0 mm. 
The value of coupling degree h is defined as shown in 
Figure 4. When the positions of the outer and inner noz-
zle tips are aligned, the h value is zero. The positive value 
indicates the position of outer nozzle tip is higher than 
that of inner nozzle, while the negative value represents 
converse position relationship.   

In the interest of measurements of arc pressure distri-
bution along the anode surface, static keyhole method 
was utilized. As seen in Figure  5, the anode is water 
cooled copper plate. Through a pressure tube of a 0.8 mm 
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inner diameter, the arc pressure is conducted to a pres-
sure sensor and shifted into electric signal. In the end, 
a computer is used to collect the electric signal from 
a sampling resistance and obtain the arc pressure value 
required.

Due to the aimed application field of large current and 
high speed welding, a tungsten electrode with diameter 
de of 5 mm and gap width Wg of 1.4 mm was selected to 

performance a series of bead-on-plate welding experi-
ments on 5 mm thickness plate of SUS304 stainless steel. 
The basic welding specifications are current 400 A, travel 
speed 700 mm/min, electrode extension 4 mm, arc length 
6 mm, flow rate of inner argon 13 L/min, flow rate of 
outer oxygen 6 L/min, coupling degree 0. Comparison 
of weld shapes between conventional TIG welding, TIG 
welding with coupling arc tungsten electrode and GPCA-
TIG welding with coupling arc tungsten electrode were 
made. During this process, the weld shape is character-
ized with the weld depth D, weld width W and the under-
cut U. The value of undercut U is referred as the larger 
surface depression in the weld brim. Based on these, the 
influences of major welding parameters on weld shape 
were investigated.

3 � Arc Pressure
In order to determine the symmetrical characteristics 
of GPCA-TIG arc, the arc pressures in two directions 
presented in Figure  6(a) were gauged. As shown in Fig-
ure  6(b), despite the existence of the orthogonal gaps 
at the electrode tip as seen in Figure  2, difference of 
arc pressure between along the gap (0° direction) and 
through the solid part of the electrode (45° direction) 
hardly presents for different welding currents. This indi-
cates that this welding process can be performed in any 
direction and has extensive adaptability.

Based on the experiments mentioned above, the TIG 
arc pressure distributions with normal solid tungsten 
electrode and the coupling arc tungsten electrode were 
compared in Figure 7. Obviously, the arc pressures with 
coupling arc electrode are much lower than those with 
normal electrode. Although quite a few researchers had 
employed hollow tungsten or twin tungsten electrodes 
to effectively reduce the arc pressure, the coupling arc 
electrode as shown in Figure 2 is easier to manufacture as 
compared with hollow tungsten electrode [5]. The weld-
ing torch has more compact structure as compared with 
twin electrodes [6, 7].

In contrast with the arc appearance of normal elec-
trode as given in Figure 8, it is found that the arc cath-
ode radius obviously broadens. In an arc plasma, there 
exists electromagnetic force (also called Lorentz force) 
perpendicular to the current line because of the interac-
tion of electric field and the self-induced magnetic field. 
The broadened cathode zone will decrease the current 
density J and increase the directional angle β as shown 
in Figure  9, which lead to a decreased axial component 
of electromagnetic force directing to the anode plate sur-
face and a lowered arc pressure according to the formula 
of axial arc force given in Eq. (1):

(1)Fa = |J × B| cosβ ,

Figure 1  Schematic of GPCA-TIG welding with coupling arc 
electrode

Figure 2  Coupling arc electrode
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where Fα is the axial electromagnetic force, J is the cur-
rent density vector, B is the magnetic induction intensity 
vector, β is the directional angle. 

It is also found in Figure  7 that the arc pressures 
decrease with the increases of the electrode diameter and 
gap width. These phenomena are similar to those in twin 
tungsten electrodes TIG welding [34, 35].

4 � Weld Appearance of High Speed Welding
4.1 � Comparison with Different Welding Process
Comparison of weld shapes between the normal TIG 
welding, TIG welding with coupling arc electrode and 
the GPCA-TIG welding with coupling arc electrode were 
made. As shown in Figure  10, the normal TIG weld-
ing, that is to say when the normal GPCA-TIG welding 
is absent from outer gas, produces heavy humping bead 
owing to the relative high travel speed. If the normal solid 
electrode is replaced by the coupling arc electrode, the 
humping bead is eliminated and only a few undercuts 

present. As mentioned above, the coupling arc elec-
trode can produce lower arc pressure resulting in much 
shallower depression of the molten pool. This benefits 
the disappearance of the humping bead. Then adding 
outer gas oxygen into the outer gas path of the GPCA-
TIG welding torch, neither the humping bead nor the 
undercut exists. At the same time, comparing with TIG 
welding methods not only with normal electrode but 
also with coupling electrode, the weld penetration of 2.9 
mm of GPCA-TIG welding with coupling arc electrode 
is significantly improved from the corresponding values 
of 2.6 mm and 2.1 mm respectively. As a kind of activat-
ing element for iron alloy, the addition of oxygen into the 
weld pool will decrease the surface tension of the molten 
metal and improve the wettability between liquid molten 
metal and solid base metal. Meanwhile, the active oxygen 
element introduced will also change the surface tension 
temperature coefficient and enhance the forward fluid 
flow of molten metal in the rear region. These two effects 
resulting from the introduction of oxygen help hump-
ing bead and/or undercut be got over. Moreover, on the 
basis of theory of oxygen changing surface tension tem-
perature coefficient, the flow reverse in the weld pool will 
make more arc heat transferred to the bottom of molten 
pool and obtain a much deeper penetration. It can be 
concluded from these experimental results, the GPCA-
TIG welding method with coupling arc electrode is much 

Figure 3  GPCA-TIG welding torch

Figure 4  Relative position between the outer and inner nozzles

Figure 5  Schematic of arc pressure acquisition system
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more suitable to perform in the high productivity fields 
requiring high welding speed and deep weld depth.

4.2 � Effects of Welding Parameters
Figure  11 presents the influences of major welding 
parameters on weld appearance. With the increase of 
travel speed, the heat input per unit weld length reduces, 
resulting in weld depth and width simultaneously 
decreasing. The effect on undercut is much complicated. 
When the travel speed is lower (v ≤ 700 mm/min), there 
is no undercut presenting. Then the undercut increases. 
However, with the travel speed further increasing 
(v ≥ 900 mm/min), owing to the reductions of the heat 
input per unit weld length and the weld volume molten, 
the weakened depression of molten pool surface results 
in gradually decreased weld undercut. For other welding 
parameters, including the normal ones of TIG welding, 
such as arc length and election extension as well as the 
specific ones of GPCA-TIG welding, such as flowrate 
of oxygen and coupling degree, all of them have minor 
influence on the weld depth and width. Concerning the 
effects on weld undercut, both arc length and electrode 
extension have a weaken influences. For oxygen flowrate 

and coupling degree, their effects on undercut are the 
same. When the oxygen flow rate and coupling degree 
increase, more and more oxygen comes into the welding 
arc and pool resulting in a constricted arc and increased 
oxygen content in the pool. These will make the arc 
pressure increase and the surface tension of the molten 
pool decrease. The mechanical balance at the surface of 
molten pool is broken. Because these kinds of effects of 
oxygen introducing are relatively weaker, the enhance-
ment of weld surface depression is not obvious. Mean-
while, the increase of oxygen content in molten pool 
makes the forward fluid metal flow of the rear weld pool 
first enhance then weaken, which matches the depend-
ence of surface tension temperature coefficient on oxygen 
content as shown in Figure 12 based on the formula given 
in Eq. (2) proposed by Sahoo et al. [36]:

where ∂γ
/

∂T  is the surface tension temperature coef-
ficient, A is the negative of ∂γ

/

∂T  for pure metals, Γs 
is the surface excess at saturation, R is the gas constant, 
Kseg is the adsorption coefficient, k1 is the constant 
related to entropy of segregation, �H0 is the standard 
heat of absorption, aO is the activity of oxygen. Conse-
quently, the influences of both oxygen flow rate and cou-
pling degree on the weld undercut exhibit a tendency of 
first decreasing then increasing. 

5 � Conclusions

1.	 The distributions of arc pressure in different direc-
tions were evaluated. The results indicate the welding 
torch developed in-house has good structure sym-
metry and the GPCA-TIG arc can be used to weld in 
any direction.

2.	 When a normal solid tungsten electrode is sub-
stituted by a coupling arc electrode, the arc pres-
sure produced is decreased dramatically. With the 
increases of the electrode diameter and gap width, 
the arc pressure decreases.

3.	 In the GPCA-TIG welding method with coupling 
arc electrode, both the substitution of coupling arc 
electrode and the introduction of outer oxygen can 
reduce the possibilities of producing humping bead 
and undercut. This process has the capable of realiz-
ing high travel speed and deep penetration welding.

4.	 The effects of main welding parameters on weld 
shape were evaluated. Within the experimental 

(2)

∂γ

∂T
= −A− RΓs ln(1+ KsegaO)−

KsegaO

1+ KsegaO

Γs�H0

T
,

Kseg = k1 exp(
−�H0

RT
),

Figure 6  Arc pressures in different direction
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Figure 7  Comparison of arc pressures with normal electrode and 
coupling arc electrode

Figure 8  Comparison of arc shapes with normal electrode and 
coupling arc electrode

Figure 9  Axial arc pressure analysis

Figure 10  Comparison of weld shape
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range, travel speed compared with other specifica-
tions exhibits much more obvious influence on weld 
depth and width. Concerning the weld undercut, 
travel speed, oxygen flowrate and coupling degree 
present complicated and prominent influences, while 
arc length and electrode extension have weaken 
straight-forward effects.
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