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Abstract Bead-on-plate GTA welding (gas tungsten arc

welding) on a SUS304 substrate is carried out to investi-

gate the effect of carbon dioxide gas in the helium base

shielding on the oxygen content in the weld pool and the

weld shape variations. Experimental results show that

small addition of carbon dioxide to the shielding gas can

precisely adjust the weld metal oxygen content and change

the weld shape from wide shallow type to narrow deep one

when the weld pool oxygen content is over the critical

value, which is from 68 to 82 ppm, due to the Marangoni

convection reversal from the outward to inward mode on

the pool surface. The weld depth/width ratio increases two

times suddenly when the carbon dioxide content in the

torch gas is over 0.4 or 0.2% for 1 mm or 3 mm arc length,

respectively. The GTA weld shape depends to a large

extent on the pattern and magnitude of the Marangoni

convection on the pool surface, which is influenced by the

active element oxygen content in the SUS304 pool, tem-

perature coefficient of the surface tension (dr/dT), and the

temperature gradient on the pool surface (dT/dr, r is the

radius of the weld pool surface). Changing the welding

parameters will alter the temperature distribution and gra-

dient on the pool surface, and thus, affect the magnitude of

the Marangoni convection and the final weld shape.

Introduction

Gas tungsten arc welding (GTAW), also called tungsten

inert gas welding (TIG), is one of the main welding

methods which has been widely used in industry for the

welding of stainless steel, titanium alloy, and other non-

ferrous metals for its high weld quality, lower sensitivity to

the joint fitting and welding parameters, and lower equip-

ment investment. However, compared to high energy

welding method, such as laser welding, electronic beam

welding, and plasma welding, the single pass GTAW

penetration is shallow and X or V type grooves are nec-

essary in welding thick plates, which makes the welding

productivity low.

Increasing the GTAW penetration has been a concern

for decades, and several technologies were proposed

including the adjustment to the minor elements in the raw

material, such as the sulfur, oxygen, selenium, and bismuth

in group VIB and fluorine, bromine, and chlorine in group

VIIB [1–8], smearing active fluxes on the plate surface

(A-TIG or FB-TIG) before welding [7, 9–28], and adding a

small amount of active gas to the inert shielding gas

[29–35] to obtain deep penetration. Even though some

techniques have been partially applied in industry, there is

still no common agreement on the mechanism of A-TIG

welding. There have been four proposed mechanisms to

explain A-TIG phenomena. The first is based on the con-

cept that the surface tension of a molten pool lowers and

the pool surface is likely to descend due to the arc pressure,

resulting in arc concentration at the descended portion of

the pool. This mechanism is called the TIG keyhole model

[36]. In the second mechanism, it is considered that

vaporized flux molecules contract the welding arc [19–23,

26, 27, 37, 38]. The third one is based on the following

hypothesis: the reverse Marangoni convection is induced
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by the change of the temperature coefficient of the surface

tension (dr/dT) from negative to positive when the con-

centration of a surface active element in the weld pool

exceeds a critical value [6, 7, 18, 40–43]. Recently, Lowke

et al. [44] proposed the fourth mechanism called the

insulation mode.

Former research works showed that by smearing oxide

fluxes [24, 25] or adding small amount active gas, O2 or

CO2 [32–34], to the argon shielding gas can significantly

increase the GTAW penetration into SUS304 stainless steel.

It is found that the active element, oxygen, in the weld pool

can be adjusted by smearing the oxide flux or adding small

amount of active gas to the Ar shielding. When the oxygen

content is over a critical value, the reverse Marangoni

convection is induced and a deep narrow weld shape is

obtained. However, the weld shape is sensitive to the

quantity of the smearing oxide flux before welding, and it is

difficult for the operator to control the quantity of flux used.

However, the amount of oxygen content in a weld pool can

be easily controlled by adding active gas to the argon

shielded gas than by smearing oxide flux on plates.

Helium is another inert gas for GTA welding. The

thermal conductivity is higher for He gas (460 mW/mK)

than that for Ar gas (53 mW/mK). To maintain arc thermal

equilibrium, the He arc is more constricted than the Ar arc.

The current density in the He arc and at the anode spot is

also high. Therefore, the use of He gas should increase the

electromagnetic force and possibly raise the temperature

gradient on the pool surface (dT/dr). Since the intensity of

the Marangoni convection is governed by the combined

effect of the temperature gradient on the pool surface

(dT/dr) and the temperature coefficient of the surface ten-

sion (dr/dT), He arc should affect the Marangoni

convection more significantly than the Ar arc. In this

article, experimental studies are carried out to investigate

the effect of He–CO2 mixed shielding gas on the weld pool

oxygen content, Marangoni convection, and weld shape

variations with different welding parameters. It is benefit to

accumulate the experimental data for future real applica-

tion in industry with a high GTA welding efficiency.

Experimental

Bead-on-plate welding was carried out on SUS304 stain-

less steel substrate (100 9 50 9 10 mm3) with the average

composition of 0.06%C, 0.44%Si, 0.96%Mn, 8.19%Ni,

18.22%Cr, 0.027%P, 0.0005%S, and 0.0038%O and the

rest of Fe. Prior to the welding, the surface of the plate was

ground using an 80-grit flexible abrasive paper and then

cleaned with acetone.

A water-cooled torch with a thoriated tungsten elec-

trode (W-2%ThO2, 2.4 mm diameter) was used in the

experiments by direct current, electrode negative (DCEN)

polarity power source (YC-300BZ1) with a mechanized

system in which the test piece moves at a set speed. The

shielding gas was He–CO2 mixed gas with the CO2 content

from 0 to 1.0%. The effects of welding parameters on the

weld shape are also investigated using pure He and

He–0.6%CO2 shielding gases with welding current from 80

to 250 A and welding speed from 0.75 to 5.0 mm/s.

Table 1 shows the welding conditions used in the trial.

After welding, all the weld beads were sectioned and the

specimens for the weld shape observation were prepared by

etching using HCl (50 mL) + Cu2SO4 (25 mL) solution to

reveal the bead shape and dimensions. The cross-sections

of the weld bead were photographed using an optical

microscope (Olympus HC300 Z/OL). The oxygen content

in the weld metal was analyzed using an oxygen/nitrogen

analyzer (Horiba, EMGA-520). Samples for the oxygen

measurements were cut directly from the weld metal.

Results and discussion

Weld shape and Marangoni convection

The effect of the torch gas carbon dioxide content on the

weld shape and oxygen solution in the weld pool is studied

at 160 A welding current and 2 mm s-1 welding speed.

The arc length was set at 1 and 3 mm. The torch gas

concentration was varied between pure helium and helium

with 1.0%CO2. Figures 1 and 2 show representative weld

cross-sections under different torch gas shielding condi-

tions from pure He to He–1.0%CO2 with 1 and 3 mm arc

length, respectively. At 1 mm arc length, the weld shape

suddenly changes from wide shallow type to narrow deep

one as the carbon dioxide in the shielding is over 0.4% as

shown in Fig. 1e–h. When the torch gas carbon dioxide

content is over 0.2% for 3 mm arc length, the weld pene-

tration becomes deep as shown in Fig. 2c–h.

Table 1 Welding parameters

Parameters Value

Electrode type DCEN, W-2%ThO2

Diameter of electrode 2.4 mm

Vertex angle of electrode 60�
Shield gas He, He–CO2

Gas flow rate 10 L/min

Bead length 50 mm

Spot time 3 s

Arc length 1 mm, 3 mm

Welding current 80–250 A

Welding speed 0.75–5.0 mm/s
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Figures 3 and 4 show the effect of the torch gas carbon

dioxide content on the weld depth/width (D/W) ratio and

the weld metal oxygen content when 1 and 3 mm arc length

are used, respectively. The weld D/W ratio is suddenly

increased from 0.5 to 0.95 when the carbon dioxide content

is over 0.4% in the He shielding gas for the 1 mm arc length

as shown in Fig. 3. Figure 4 gives the experimental result

when 3 mm arc length is used. The weld D/W ratio

increases abruptly from 0.35 to 0.60 when the torch gas

carbon dioxide content is more than 0.2%. It is found that

the weld metal oxygen content monotonously increases

with the increasing torch gas carbon dioxide content, and

the weld metal oxygen content can be precisely adjusted by

the small addition of CO2 gas into He shielding gas.

Generally, the weld shape is controlled via heat transfer

by a combination of convection and conduction in the liquid

pool. The relative importance between the heat convection

and conduction, which can be valued by Peclet number,

varies for different materials and represents the ratio of heat

transfer by convection and conduction. It is defined as fol-

lows: Pe = L � Vmax/2al, where, Vmax is the maximum

surface velocity, al is the thermal diffusivity of liquid, and L

is the characteristic length of the weld pool, which can be

taken as the weld pool surface radius for wide and shallow

weld pool without or with low active element content. In a

Fig. 1 Weld shapes under different He–CO2 shielding with 1 mm arc length

Fig. 2 Weld shapes under different He–CO2 shielding with 3 mm arc length

Fig. 3 Weld depth/width ratio and weld metal oxygen content under

different He–CO2 shielding with 1 mm arc length
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deep and narrow weld pool containing certain active ele-

ment, L can be taken as the depth of the weld pool [33]. Here,

two representative weld shapes, Fig. 1c and g, are selected to

calculate the Peclet number. The weld pool surface radius for

Fig. 1c is 3.61 mm, and weld depth for Fig. 1g is 5.09 mm.

The other thermal properties for SUS304 are from published

reference [33]. The calculated Peclect numbers are 55.5 and

78.3 for Fig. 1c and g, respectively. Research by Lim-

maneevichitr and Kou [45] showed that the heat transfer in

the weld pool is dominated by conduction for Pe � 1, and on

the other hand, for Pe � 1, the heat transfer in the weld pool

is dominated by convection. The high Peclet number signi-

fies that heat transfer in liquid pool in this study is dominated

by the convection mode. Therefore, the GTA weld shapes

here depend to a large extent on the fluid flow mode in the

welding pool, which was governed by the combined effect of

the electromagnetic force, surface tension, buoyancy force,

and impinging force of the arc plasma. Many research works

have shown that the Marangoni convection induced by the

surface tension on the pool surface is the main convection

that significantly influences the fluid flow in a liquid pool [6,

7, 18, 39–43, 46]. Generally, the surface tension decreases

with the increasing temperature, that is qr/qT\0, for a pure

metal and many alloys. Since there is a large temperature

gradient on the welding pool surface, a large surface tension

gradient arises along the surface. In the weld pool of such

materials, the surface tension is higher at the cooler pool

edges than that on the pool center. Hence, the Marangoni

convection flows from the pool center to the edges. The heat

flux from the arc is readily transferred from the pool center to

the edges and the weld shape becomes relatively wide and

shallow as shown in Fig. 5a.

Simulation research [47] and experimental work [48] of

the temperature coefficient of the surface tension for the

Fe–O binary metal showed that oxygen is a surface active

element in the Fe–O system. The temperature coefficient of

the surface tension (dr/dT) is always negative for the Fe–O

system with a low oxygen content. On the other hand, it

changes from negative to positive when the oxygen content

is over a critical value. Heiple et al. [6, 7] and Lu et al. [24,

25, 32–34] found that sulfur and oxygen are also active

elements for stainless steel. When the active element

content exceeds the critical value, the temperature coeffi-

cient of the surface tension (dr/dT) changes from negative

to positive, that is dr/dT [ 0, and the direction of the

Marangoni convection on the weld pool changes in the

manner as illustrated in Fig. 5b. In this case, the heat flux

transfers from the center to the bottom and a relatively

deep and narrow weld shape forms. The previous experi-

mental results [24, 25] showed that when the oxygen

content in the weld pool ranges from 70 to 300 ppm in

SUS304 stainless steel, the temperature coefficient of the

surface tension (dr/dT) became positive.

The weld metal oxygen contents reach 68 and 82 ppm

when the torch gas carbon dioxide content is at 0.4 and

0.5% for the 1 mm arc length as shown in Fig. 3. When the

3 mm arc length is employed, the weld metal oxygen

content reaches 46 and 97 ppm with the torch gas carbon

dioxide content of 0.1 and 0.2%, respectively, as shown in

Fig. 4. Based on the results in Fig. 3 and 4, the critical

value of the oxygen content in the weld pool to change the

outward Marangoni convection to inward one should be

between 68 and 82 ppm, which agrees well with the pub-

lished data, 70 ppm. When the torch gas carbon dioxide

content exceeds 0.4% for the 1 mm arc length and 0.2% for

the 3 mm arc length as shown in Fig. 3 and 4, the weld

metal oxygen content is over 70 ppm. In this case, the

Fig. 4 Weld depth/width ratio and weld metal oxygen content under

He–CO2 shielding with 3 mm arc length

Fig. 5 Marangoni convection mode in the weld pool (a) qr/qT \ 0;

(b) qr/qT [ 0
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Marangoni convection direction changes from outward to

inward. Therefore, the weld shape changes from a rela-

tively wide and shallow type (Fig. 1a–d and Fig. 2a, b) to a

narrow and deep one (Fig. 1e–h and Fig. 2c–h), and the

weld depth/width ratio (D/W) suddenly increases from 0.5

to 0.95 for the 1 mm arc length and 0.35 to 0.6 for the

3 mm arc length as shown in Figs. 3 and 4.

Figure 6 shows the weld depth comparison of the He–

CO2 shielding with Ar–CO2 shielding under the inward

Marangoni convection. It is obvious that the weld depth for

the He–CO2 mixed shielding is 2 mm deeper than that at

the Ar–CO2 mixed shielding with the same welding

parameters of 160 A welding current, 2 mm s-1 welding

speed, and 3 mm arc length. The stronger inward

Marangoni convection on the pool surface and eletromag-

netic convection in the liquid pool are considered to be the

main factors that deepen the weld penetration with the

He–CO2 mixed shielding.

Effect of CO2 on the arc voltage and weld shape

Table 2 shows the arc voltages for the 1 and 3 mm arc

lengths with different CO2 concentration in the He base

shielding gas. Since the content of CO2 is not over 1%, the

variations in the arc voltages are small, between 14.2 and

15.0 V when the 1 mm arc length is used and between 18.3

and 19.2 V when the 3 mm arc length is employed. The

ionization potential is 24.59 ev for He, which is higher than

13.77 ev for CO2. Generally, addition CO2 should decrease

the arc voltage. However, in the experiments here, this

effect is weak, especially for the 1 mm arc length, probably

because of the low concentrations in the He base shielding

gas. The large arc length will increase the arc voltage,

which will increase the heat flux transferred to the weld

pool and enlarge the weld width. Therefore, the weld pool

volume and weld width for the 3 mm arc length are larger

than that for the 1 mm arc length as shown in Figs. 1 and 2,

which made the weld D/W ratio relatively small when the

3 mm arc length was used.

Carbon dioxide is an oxide gas. Adding an oxide gas in

an inert shielding gas will increase the electrode con-

sumption and cause the drop in the efficiency of TIG

welding. The high oxygen content in the weld metal will

cause the formation of oxide slag and void in the weld

metal. Also the toughness of the weld metal for carbon

steel decreases when the oxygen content is over 300 ppm

[49]. Therefore, the addition of CO2 to the inert gas should

be controlled to less than 1%.

Effect of welding current on the weld shape

Figure 7 shows the effect of the welding current on the

weld shape for He–0.6%CO2 and pure He shielding at the

constant welding speed of 2 mm s-1 and arc length of

1 mm. The weld is narrow and deep as shown in Fig. 7a–d

when the He–0.6%O2 shielding is used, and a relatively

wide and shallow weld is obtained when pure He shielding

is employed as shown in Fig. 7e–h. Figure 8 shows the

weld depth/width (D/W) ratio and weld metal oxygen

content for various welding currents. The weld metal

oxygen content under pure He shielding is around 20 ppm

and the outward Marangoni convection occurs, making the

weld shape wide and shallow. When He–0.6%CO2

shielding is used, the weld metal oxygen content is as high

as 70–110 ppm and the inward Marangoni convection

occurs on the liquid pool, thus forming deep and narrow

welds as shown in Fig. 7a–d.

The weld D/W ratio slightly decreases with increasing

welding current when pure He shielding is used. However,

when He–0.6%CO2 mixed shielding is employed, the weld

D/W ratio initially increases with an increase in the

welding current up to 180 A, and then decreases with the

continuous increasing welding current. This fact is similarFig. 6 Weld penetrations under He–CO2 and Ar–CO2 shielding

Table 2 Arc voltage at different He–CO2 shielding and arc length

(V)

Shielding gas 1 mm arc length 3 mm arc length

Pure He 14.5 19.2

He–0.1%CO2 14.4 18.7

He–0.2%CO2 14.6 18.3

He–0.3%CO2 14.5 18.5

He–0.4%CO2 14.6 18.6

He–0.6%CO2 14.9 18.7

He–0.8%CO2 14.8 18.9

He–1.0%CO2 14.8 18.5
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to our published results for Ar–0.3%O2 and Ar–0.3%CO2

mixed shielding [33, 50], but different from the reported

result under He–0.4%O2 mixed shielding [35], where the

weld D/W ratio continuously increases with the welding

current.

Changing the welding current directly alters the heat

input and the area of the weld. The heat distribution of the

arc on the weld pool is the main factor affecting the weld

shape and weld D/W ratio. Tsai and Eagar [51] observed

that a high welding current raised the magnitude of the heat

intensity and widens the heat distribution of the arc on the

pool surface. However, the heat distribution width increa-

ses to a lesser extent than the magnitude of the heat density.

The higher the magnitude of the heat density, the larger is

the temperature gradient on the pool surface. Therefore, the

Marangoni convection on the pool surface should be

strengthened by the increasing welding current. Also, the

high welding current should increase the magnitude of the

electromagnetic convection in a liquid pool. The numerical

study by Tanaka and Ushio [52, 53] of the GTA welding

indicated that the convection flow in a liquid pool was

mainly controlled by the Marangoni force and plasma drag

force under pure Ar shielding. While under pure He

shielding, the Marangoni force and electromagnetic force

are the main factors controlling the convection in the liquid

pool. When Ar–0.3%O2 and Ar–0.3%CO2 shielding are

used, the plasma drag force which induces the outward

convection in a liquid pool is one of the main factors

affecting the weld shape. A higher welding current

increases the plasma drag force and makes the weld D/W

ratio slightly decrease or remain constant when Ar–0.3%O2

or Ar–0.3%CO2 shielding are used [33, 50]. When He–

0.4%O2 mixed shielding is employed, the high welding

current directly strengthens the inward Marangoni con-

vection on the pool surface and the inward electromagnetic

convection in a liquid pool, which are the main forces

controlling the pool convection for the He base shielded

GTA welding. Therefore, the weld D/W ratio continuously

increases with the increasing welding current for the He–

0.4%O2 shielding [35]. Here, it is interesting to find that the

weld depth/width ratio initially increases with the welding

current and then decreases when the welding current is

over 180 A and He–0.6%CO2 is used as shown in Fig. 8. It

is assumed that the plasma drag force, which introduces the

outward convection on the pool surface, plays a more

important role than the Marangoni force and electromag-

netic force under high welding currents, and hence the

weld depth/width ratio decreases again at the high welding

current with He–0.6%CO2 shielding.

For pure He shielding, the outward Marangoni convec-

tion on a liquid pool occurs. The high welding current

strengthens not only the outward Marangoni convection on

the pool surface, but also the inward electromagnetic

convection in a liquid pool. Through the interactive reac-

tion of the two convections, the weld D/W ratio under pure

He shielding is not sensitive to the welding current as

shown in Fig. 8. A slight decrease in the weld D/W ratio

with the increasing welding current also indicates that the

Fig. 7 Weld shapes at different welding current for pure He and He–0.6%CO2 shielding gases

Fig. 8 Effect of welding current on weld shape and weld depth/width

ratio under pure He and He–0.6%CO2 shielding gases
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effect of the Marangoni convection is greater than that of

the electromagnetic convection.

Effect of welding speed on the weld shape

Figure 9 shows the weld shapes for the different welding

speeds from 0.75 to 5.0 mm s-1 at the constant welding

current of 160 A and electrode tip work distance of 1 mm.

All the weld shapes are narrow and deep when the He-

0.6%CO2 mixed shielding is used as shown in Fig. 9a–d,

and wide and shallow weld shapes are formed for pure He

shielding as shown in Fig. 9e–h. When the welding speed is

0.75 mm s-1 under the He–0.6%CO2 shielding, a 9.7-mm

weld penetration is obtained for single pass welding.

Figure 10 shows the weld metal oxygen content and weld

depth/width ratio (D/W) at different welding speeds for the

pure He and He–0.6%CO2 shieldings. For pure He shield-

ing, the weld metal oxygen content is around 20 ppm,

which is less than the value, 70–100 ppm. Therefore, the

outward Marangoni convection for pure He shielding and

the inward Marangoni convection for He–0.6%CO2 occur

on the liquid pool surface, respectively. The former one

makes the weld shape wide and shallow as shown in

Fig. 9e–h and the latter one makes it deep and narrow as

shown in Fig. 9a–d. The weld D/W ratio at the He–

0.6%CO2 shielding decreases with increasing the welding

speed, but it is not sensitive to the welding speed when pure

He shielding is used.

The GTA weld shape for stainless steel depends to a

large extent on the direction and magnitude of the

Marangoni convection, which is determined by the product

of the temperature coefficient of the surface tension (dr/dT)

and the temperature gradient (dT/dr) on the pool surface.

Therefore, all the factors that affect the temperature

coefficient of the surface tension (dr/dT) or the temperature

distribution on the pool surface govern the Marangoni

convection in a liquid pool. The negative or positive sign of

dr/dT determines the Marangoni convection direction on

the pool surface. The product of dr/dT and dT/dr deter-

mines the magnitude of the Marangoni convection. In GTA

welding, the peak temperature and temperature gradient on

the pool surface are affected by the heat input distribution.

A distributed heat source conduction model by Burgardt

[54] showed that a slower welding speed increased the

temperature gradient and the peak temperature on the pool

surface. This was also experimentally recognized by Sun-

dell [55]. Therefore, it is considered that increasing the

welding speed decreases the peak temperature and the

temperature gradient on the pool surface. A lower temper-

ature gradient weakens the magnitude of the Marangoni

convection on the pool surface. When the inward Marang-

oni convection occurs with He–0.6%CO2 shielding, the

Fig. 9 Weld shapes at different welding speed for pure He and He–0.6%CO2 shielding gases

Fig. 10 Effect of welding speed on weld depth/width ratio and weld

metal oxygen content under pure He and He–0.6%CO2 shielding
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inward Marangoni convection becomes weaker and the

weld D/W ratio becomes smaller with increasing welding

speed as shown in Fig. 10. However, for the outward Ma-

rangoni convection pattern for pure He shielding gas, the

weak outward Marangoni convection reduces the weld

width (W) and the radius of the weld pool surface (r). The

smaller weld pool radius will increase the surface temper-

ature gradient (dT/dr), and strengthen the magnitude of the

outward Marangoni convection again. Therefore, the weld

D/W is not sensitive to the welding speed for the outward

Marangoni convection under pure He shielding as shown in

Fig. 10. These results are in good agreement with the

findings by Burgardt and Heiple [54], and Shirali and Mills

[56] about the effect of the welding speed on the weld shape

for stainless steel with different sulfur contents.

Conclusions

(1) The small addition of carbon dioxide to the He base

shielding gas can significantly change the GTA weld

shape from a wide shallow type to narrow deep one.

Oxygen is an active element for SUS304 stainless steel,

and can be precisely adjusted by the torch gas carbon

dioxide content. When the torch gas carbon dioxide

content exceeds 0.4% for the 1 mm arc length, the weld

depth/width ratio suddenly increased from 0.5 to 0.95.

When the 3 mm arc length is used, the weld depth/

width ratio increased from 0.35 to 0.6 when the torch

gas carbon dioxide content is over 0.2%.

(2) The GTA weld shape on stainless steel depends to a

large extent on the pattern and magnitude of the

Marangoni convection, which is controlled by the

interactive effect of the weld metal oxygen content,

the temperature coefficient of the surface tension

(dr/dT), and the temperature gradient on the pool

surface. When the oxygen content in the weld pool

exceeds a critical value from 68 to 82 ppm, the

Marangoni convection changes from outward to

inward suddenly on the pool surface. The welding

parameters change the temperature gradient on the

pool surface and resultantly change the magnitude of

the Marangoni convection.

(3) For He–CO2 mixed GTA welding, the liquid pool

convection is mainly governed by the Marangoni

force and the electromagnetic force. However, at high

welding current, the arc plasma drag force also plays

an important role and strengthens the outward con-

vection on the pool surface, thus the weld depth/width

ratio decreases at high welding currents with He–

0.6%CO2 shielding.

(4) For the slower welding speed of 0.75 mm s-1, the

welding current of 160 A and 1 mm arc length under

the He–0.6%CO2 shielding, the weld penetration

reaches 9.7 mm for a single pass weld. The efficiency

of the GTA welding can be significantly improved by

the He–CO2 mixed shielding compared to that under

Ar–CO2 mixed shielding.
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