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Abstract

The effect of the welding parameters on the GTA weld shape is systematically investigated using
SUS304 stainless steel in Ar-O, and Ar-CO, mixed shielding gases. The results showed that the GTA
weld shape depends to a large extent on the pattern and magnitude of the Marangoni convection on
the liquid pool surface, which is controlled by the combination of the oxygen content in the weld pool
and the temperature distribution on the pool surface. An outward Marangoni convection pattern will
change to the inward convection mode when the oxygen content in the weld pool is over the critical
value of 100ppm. Different welding parameters will change the temperature distribution and
gradient on the pool surface, and therefore affect the strength of the Marangoni convection and the
weld shape. A slight difference in the weld metal oxygen content from different shielding gases
introduces a significantly different response in the weld depth/width ratio to the various welding

parameters.
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1. Introduction

In the GTA welding of stainless steel, the weld shape
is sensitive to minor elements, such as sulfur, oxygen and
selenium [1-10]. Adding and precisely controlling the
quantity of these minor elements in the weld pool are
critical for a satisfactory weld with deep penetration [11].
Recent investigations of the effects of the oxide flux
quantity [12] and active gaseous addition [11] on the weld
shape variation showed that reversal of the Marangoni
convection pattern was the main mechanism for changing
the weld penetration which was first proposed by Heiple,
Roper and Burgardt [1,2,6,10].

Since the 1980s, Debroy and co-workers have made
many modeling §md1es to investigate the fluid flow in a
weld pool for pure iron [13], carbon steel [14,15], and
stainless steel [20-23] by laser spot welding or GTA spot
welding. Heat transfer and fluid flow depend not only on
the thermal properties of the base materials, but also on
the power density and welding parameters.

" In this study, the effects of Ar-O, and Ar-CO,
mixed shielding gases on the weld shape were
systematically investigated under variable welding

parameters including welding speed, weld current and
electrode gap (arc length) with a SUS304 austenitic
stainless steel substrate. Based on the weld shape and weld
metal oxygen content, variations of the welding
parameters, the effects of oxygen in the weld pool, and
pattern and magnitude of the Marangoni convection on the
weld shape are discussed.

2. Experimental

Special SUS304 stainless plates with the average
composition of 0.06%C, 0.45%Si, 0.96%Mn, 8.19%Ni,
18.22%Cr, 0.027%P, 0.0005%S, 0.0038%0O and the
remainder Fe, were selected for the welding experiments
and machined into 100x50x10 mm rectangular plates.
Four kinds of Ar-O, mixed shielding gases, Ar-0.1%0,,
Ar-0.3%0,, Ar-0.1%CO, and Ar-0.3%CO,, were selected
for the welding experiments at the flow rate of 10L/Min.
Partial penetration, 50mm length bead-on-plate welds
were made with a Direct Current, Electrode Negative
(DCEN) GTAW power supply at different welding speeds
of 0.75mm/s to 5.0mm/s, welding currents of 60A to 260A
and electrode gaps of 1.0mm to 9.0mm.
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A water-cooled torch with a ¢$2.4 mm, W-2%ThO,
electrode was used. It was fixed horizontally above the
positioned weld plate, which could move at different
speeds using a mechanized system.

After welding, the specimens for the weld shape
observations were prepared and etched by an
HCI+Cu,SO, solution to reveal the bead shape and size.
The cross-sections of the weld bead were photographed
using an optical microscope. The oxygen content in the
weld metal was analyzed using an oxygen/nitrogen
analyzer (Horiba, EMGA-520).

3. Results and Discussion
3.1 Welding current

The representative weld shapes and weld depth/width
(D/W) ratio at different welding speeds under Ar-O, and
Ar-CO, mixed shielding gases are shown in Fig.1. All the
weld shapes under Ar-0.1%0, and Ar-0.1%CO, are wide
and shallow, while narrow and deep weld shapes form
under the Ar-0.3%0, and Ar-0.3%CO, shielding gases.
The weld D/W ratio decreases with increasing welding

speed for the Ar-0.3%0, and Ar-0.3%CO, shielding gases.

For the Ar-0.1%0; and Ar-0.1%CQO, shielding gases, the
weld D/W ratio is not sensitive to the welding speed, and
is about 0.2.

Table 1 shows weld metal oxygen content at different
welding speeds. The weld metal oxygen contents are
around 30ppm for the Ar-0.1%0, and Ar-0.1%CO,
shielding gases, and over 120ppm for the Ar-0.3%0, and
Ar-0.3CO, shielding gases. When the oxygen content in

the weld pool is over the critical value of around 100ppm,
the Marangoni convection pattern will change from an
outward direction to an inward direction during the
moving GTA welding [11, 12, 22]. Therefore, an inward
Marangoni convection under the Ar-0.3%0,, Ar-0.3%CO,
shielding gases and outward Marangoni convection under
the Ar-0.1%0,, Ar-0.1%CO; shielding gases occur during
the welding process.

The GTA weld shape for stainless steel depends to a
large extent on the direction and magnitude of the
Marangoni convection, which can be expressed by the
product of the temperature coefficient of the surface
tension, (do/dT), and the temperature gradient, (dT/dr), on
the pool surface. Changing the welding speed will alter the
heat input per unit length of the weld. A high welding
speed will decrease the peak temperature and the
temperature gradient on the pool surface. A lower
temperature gradient weakens the strength of the
Marangoni convection on the pool surface, therefore, for
the inward Marangoni convection mode under the
Ar-0.3%0, and Ar-0.3%CO, shielding gases, the D/W
ratio will decrease with the increasing welding speed as
shown in Fig.1. However, for the outward Marangoni
convection pattern under the Ar-0.1%0, and Ar-0.1%CO,
shielding gases, the weak outward Marangoni convection
leads to a decreasing weld width with the increasing
welding speed, which will impede the decrease in the
surface temperature gradient, and therefore, the weld D/W
ratio is not sensitive to the increasing welding speed.
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Fig.1 Effect of welding speed on weld shape and weld D/W ratio under mixed shielding gas of (a) Ar-O, and (b) Ar-CO,
Table 1 Weld metal oxygen content at different welding speeds and shielding gases (ppm)
Welding speed
( 5) 0.75 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0
Ar-0.1%0, 30 29 29 30 31 31 31 32 30
Ar-0.3%0, 167 158 158 128 130 133 132 132 121
Ar-0.1%CO, 38 33 35 37 35 37 - 43 47
Ar-0.3%CO, 135 131 129 120 135 127 - 115 120




3.2 Welding current

The weld D/W ratio and the representative weld

shapes at different welding currents under the Ar-O, and
" Ar-CO, mixed shielding gases are shown in Figure 2. The
weld D/W ratio initially increases, followed by a weak
decrease under the Ar-0.3%0; shielding gas or maintains
a constant value of around 0.5 under the Ar-0.3%CO,
shielding gas at high welding currents as shown in Fig.2.
Under the Ar-0.1%0, and Ar-0.1%CO, shielding gases,
the weld D/W ratio slightly decreases with the increasing
welding current. All the weld shapes are wide and shallow
under the Ar-0.1%0, and Ar-0.1%CO, shielding gases,
and relatively deep and narrow weld shapes form under
the Ar-0.3%0, and Ar-0.3%CO, shielding gases.

Tsai and Eagar [23] observed that increasing the
welding current would increase the magnitude of the heat
intensity and widen the heat distribution of the arc on the
pool surface. However, the heat distribution width weakly

increases compared with the magnitude of the heat density.

The higher the magnitude of the heat density, the larger is
the temperature gradient on the pool surface. The weld
metal oxygen content is around 40ppm under the
Ar-0.1%0, and Ar-0.1%CO, shielding gases as shown in
Table 2, and an outward Marangoni convection occurs on
the liquid pool in this case. The high welding current will
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increase the temperature gradient on the liquid pool and
strengthen the outward Marangoni convection. Therefore,
the weld D/W ratio weakly decreases with the increasing
welding current under the Ar-0.1%0, and Ar-0.1%CO,
shielding gases.

Under the Ar-0.3%0, and Ar-0.3%CO, shielding
gases, the weld metal oxygen content is between 130ppm
to 190ppm as shown in Table 2. In this case, an inward
Marangoni convection occurs on the pool surface. The
large welding current will increase the temperature
gradient on the pool surface and strengthen the inward
Marangoni convection, which will increase the weld D/W
ratio as shown in Fig.2. Recently, a numerical study by
Tanaka and Ushio [24. 25] showed that the convection
flow in the liquid pool was mainly controlled by the
plasma shear force and the Marangoni force during pure
argon shielded GTA welding. A large welding current will
directly increase the outward plasma shear force close to
the center area of the welding pool, which will weaken the
inward Marangoni convection on the pool surface.
Therefore, the weld D/W ratio welding decreases or
maintains a constant value around 0.5 when the welding
current is over 160A under the Ar-0.3%0, and
Ar-0.3%CO; shielding gases as shown in Fig.2.
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Fig.2 Effect of welding current on weld shape and weld D/W ratio under mixed shielding gas of (a) Ar-O, and (b) Ar-CO,

Table 2 Weld metal oxygen content at different welding currents and shielding gases (ppm)

Welding current (A) 60 80 100 120 140 160 175 200 220 240
Ar-0.1%0, 56 50 34 34 34 29 31 51 48 49
Ar-0.3%0, 148 168 196 178 170 128 124 168 157 141

Welding current (A) == 80 100 120 140 160 180 205 230 250

Ar-0.1%CO, - 29 24 35 27 31 28 39 35 33
Ar-0.3%CO, — 175 194 197 181 168 160 147 135 134
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3.3 Electrode Gap

The role of the electrode gap in determining the weld
shape at a constant welding current of 160A and welding
speed of 2.0mm/s for the Ar-O, and Ar-CO, shielding
gases was studied by varying the arc length from 1.0 to 9.0
mm as shown in Fig.3 and Fig.4. The weld D/W ratio
slightly increases with the increasing electrode gap under
the Ar-0.1%0, and Ar-0.1%CO, shielding gases.
However, under the Ar-0.3%0, and Ar-0.3%CO,
shielding gases, the weld D/W initially increases and then
decreases with the increasing electrode gap as shown in
Fig.3.
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Fig.3 Weld D/W ratio and weld metal oxygen content at
different electrode gaps under mixed shielding gas of
(a) Ar-O, and (b) Ar-CO,

Figure 4 shows the weld shapes for different
electrode gaps under the Ar-O, mixed shielding gas. All
the weld shapes are shallow and wide under the
Ar-0.1%0; shielding gas. Under Ar-0.3%0, shielding gas,
the weld shape for an electrode gap of 1mm is wide and
shallow as shown in Fig.4 (a), which is quite different
from the other weld shapes shown in Figs.4 (b, ¢ and d).
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Fig.4 Weld cross-sections at different electrode gaps
under Ar-O, mixed shielding gas

At a constant welding current, the large electrode
gap will directly increase the arc length and the arc
voltage. Therefore, the overall heat supply from the
welding power system will increase when the electrode
gap increases. However, the arc efficiency will be reduced
when the arc length increases [26]. Tsai reported that a
large electrode gap will significantly broaden the heat
distribution of the arc on the weld pool surface [23],
which will enlarge the anode size and lower the heat
density of the pool. Therefore, the temperature gradient on
the pool surface decreases when the electrode gap
increases. Ultimately, the Marangoni convection on the
pool surface weakens. Based on these facts, the weld D/W
ratio should decrease for the inward Marangoni
convection pattern and increase for the outward
Marangoni convection pattern with an increase in the
electrode gap.

However, the results in Fig. 3 shows that the weld
D/W ratios under the Ar-0.3%0, and Ar-0.3%CO,
shielding gases initially increase, followed by a decrease
when the electrode gap is over 2mm. When the electrode
gas is set at lmm, the measured weld metal oxygen
content is around 60ppm for the Ar-0.3%0, and
Ar-0.3%CO; shielding gases as shown in Fig.3. In this
case, the Marangoni convection on the liquid pool is in the
outward direction. Therefore, the weld shape is wide and



shallow as shown in Fig. 4(a) and the weld D/W ratio is
low.

4. Conclusions
Based on the results obtained, the following

conclusions were reached:

(1) Oxygen is a surface active element in the stainless
steel weld pool, and can be adjusted by the small
additions of O, or CO, to the argon base shielding
gas in GTA welding.

(2) The GTA weld shape for stainless steel depends to a
large extent on the pattern and strength of the
Marangoni convection on the pool surface, which is
controlled by the combinations of the weld metal
oxygen content and temperature distribution on the
pool surface. »

(3) Different welding parameters will change the weld
pool temperature distribution, and therefore, affect
the strength of the Marangoni convection and the
weld shape. The weld D/W ratios under the
Ar-0.3%0, and Ar-0.3%CO, shielding gases
significantly depend on the welding parameters.
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