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Abstract

In order to clarify the formative mechanism of weld penetration in an arc welding process, the
development of a numerical model of the process is quite useful for understanding quantitative values
of the balances of mass, energy and force in the welding phenomena, because there is still a lack of
understanding due to the existence of complicated interactive phenomena between the arc plasma and
the weld pool. The present paper is focused on a stationary gas tungsten arc (GTA) welding process for
simplification, but the whole region of GTA welding, namely, tungsten cathode, arc plasma, work-piece
and weld pool is treated in a unified numerical model so as to take into account the close interaction
between the arc plasma and the weld pool. The two-dimensional distributions of temperature and
velocity in the whole region of GTA welding process are predicted. The weld penetration geometry is

also predicted.
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1. Introduction

Heat transfer from the arc plasma to the weld pool
plays an important role in determing the weld penetration
in arc welding V. Details of the fluid flow in the weld pool
would be important in determining weld geometry. Taking
account of all these phenomena is necessary for the devel-
opment of a numerical model of the gas tungsten arc (GTA)
welding process because there is close interaction between
the arc plasma and the weld pool. For example, there are
four driving forces of fluid flow in the weld pool ?. These
are the drag force of the cathode jet on the liquid surface,
the buoyancy force, the electromagnetic force due to the
self-magnetic field of the welding current, and the surface
tension of the weld pool, as shown in Fig. 1 2. These driv-
ing forces are dependent not only on the physical properties
of the weld metal but also the properties of the plasma state
b, Therefore, a unified numerical model accounting for both
plasma and weld metal processes is important for predict-
ing the GTA welding properties.

Modeling the arc welding process has been tried by
a number of researchers '3, However, almost every nu-
merical model has treated either only the arc plasma *® or
only the weld pool 2919, Recently, modeling the combined
arc plasma and the weld pool phenomena has been tried for
stationary welding 9, but the calculated results of the arc
plasma and the weld pool were made separately, without

interaction between the plasma and the weld pool.

In the present paper, we use a unified numerical
model of stationary GTA welding. The basic model and
procedure is that of Sansonnens et al '©, but extended to
include melting of the anode, with inclusion of convective
effects in the weld pool. We give predictions of the two-
dimensional distributions of temperature and velocity in the
whole region of GTA welding process and also the predicted
profile of weld penetration. We did not take into consider-
ation metal vapor phenomenon from the weld pool or de-
pression of the weld pool surface.

2. A Unified Arc-Electrode Model

The tungsten cathode, arc plasma and anode are de-
scribed relative to a cylindrical coordinate, assuming rota-
tional symmetry around the arc axis. The calculation do-
main is shown in Fig, 2. The domain of computation is di-
vided into 95 nodes axially and 70 nodes radially, using a
non-uniform grid. The flow is assumed to be laminar, the
electron and heavy particle temperature are assumed to be
equal and the effects of the non-collisional space-charged
zone in front of both electrodes are neglected. Furthermore,
the anode surface is assumed to be flat and unperturbed by
the arc pressure. The diameter of the tungsten cathode is
3.2 mm with a 60 degrees conical tip. The shielding gas of
GTA welding process is assumed to be pure argon.
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Fig. 1 Flow directions induced by four possible driving forces in
the weld pool.

The governing equations, boundary conditions and
numerical method are given in Sansonnens et al !9, there-
fore only the most pertinent details are outlined here. The
mass continuity equation is
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Fig. 2 Schematic illustration of calculated domain.

The current continuity equation is
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where each physical symbol in the above equations indi-
cates the same meaning as general use. Instead of the usual

representation of the current density as dependent only on
the electric field by Ohm's law ( j = ¢ E£), we also include a

term to account for diffusion current from electrons. This
term overcomes the problem that the equilibrium electrical
conductivity is effectively zero in the plasma close to the
electrodes owing to the low plasma temperature. This dif-
fusion term is also consistent with our previous paper, which
suggested that the diffusion current would dominate the arc
current in the anode boundary layer '”. Thus,

. oV on
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where D, is the electron diffusion coefficient. The azi-
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Fig. 3 Assumption of surface tension of molten SUS304.

muthal magnetic field B, induced by the arc current is evalu-
ated by Maxwell's equation,

19 .
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The electron continuity equation in terms of ambipolar dif-
fusion is
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where D,,, is the ambipolar coefficient evaluated using

the data of Devoto '*'?, K, (T)is the Saha function, ¥ is

the three-body recombination coefficient 22,
Calculations at points on both electrode surfaces
would need to include the special process occurring at the
surfaces. Thus, additional energy flux terms need to be in-
cluded in equation (4) at each electrode surface for thermi-
onic heating and cooling from the electrons, ion heating,
and radiation cooling. The additional energy flux for the

cathode Hy and for the anode H, are

Hy =—eaT* —|j|og +|i]V; (10)

and

H,=—eaTl” +|j|¢, (11)
respectively. Here g is the surface emission, @ is the
Stefan-Boltzmann constant, ¢ is the work function of the
tungsten cathode, ¢, is the work function of the anode, and
V; is the ionization potential of argon.

At the anode surface, BE in Fig. 2, there are two
sources of radial momentum as shown in Fig. 1. The firstis
the drag force, namely, the shear stress which is applied by
the cathode jet on the surface of the weld pool, and the sec-
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ond is the surface tension gradient force, namely, the
Marangoni force. The drag force is already reflected in equa-
tion (2) for the radial momentum conservation. The viscos-
ity 11 makes the drag force at the anode surface. Therefore,
the Marangoni force would need to be included in the radial
momentum conservation at points on the anode surface, BE.
In most cases, the difference in surface tension arises from
the temperature variation at the weld pool surfaces !9, and

then the Marangoni force & can be expressed by

&, _dyar

S= M =T a

(12)
where ¥ is the surface tension of the weld pool. Therefore,
the additional term for equation (2) at the anode surface is

o (adyoT
Anode F4 =5“[ y__)

z oT or (13)

In the present paper, we assumed that the anode was a stain-
less steel SUS304 and the surface ténsion of molten SUS
304 linearly decreased with temperature increase as shown
in Fig. 3 9. However, we were able to change the anode
materials easily, and then we also used a copper as the an-
ode for some comparisons with experiments, for example,
comparison of the plasma temperatures with those values

.of experiment

The differential equations (1) to (9) are solved itera-
tively by the SIMPLEC numerical procedure ?.

3. Results and Discussion

In our model, we assumed that the melting point of
the stainless steel was 1750 K. Figure 4 represents a two-
dimensional distribution of temperature in the whole region
of the stationary GTA welding for a 150 A welding current.
The maximum temperatures of the tungsten cathode, arc
plasma and weld pool are ~3500 K at the tip of the cathode,
17000 K on the arc axis close to the cathode tip, and 2000 K
at the center of the anode surface, respectively. Figure 5
represents a two-dimensional distribution of fluid flow ve-
locity. The interaction of the arc current with its own mag-
netic field leads to the phenomena of induced mass flow
from the cathode to the anode. This induced mass flow is
generally called the cathode jet . The maximum calcu-
lated velocity of the cathode jet reaches 203 m s!'. This
cathode jet changes its direction in front of the anode sur-
face, and then its radial component of the fluid flow drags
the surface of the weld pool. This drag force is one of the
driving forces of outward fluid flow in the weld pool. The
outward fluid flow is also caused by a negative temperature
coefficient of surface tension assumed in Fig. 3. The fluid
flow caused by the surface tension gradient force is called
the Marangoni convection. Figure 5 represents a numerical
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Fig. 4 Calculated temperature contours for a 150 A, stationary
GTA welding of SUS304.

result corresponding to outward fluid flow with a wide and
shallow weld penetration which is a typical geometry in GTA
welding process. The maximum calculated velocity in the
weld pool for all considered cases in Fig. 1 reaches 54 cm s
!, while the calculated convective flow in the weld pool was
mainly dominated by the drag force of the cathode jet and
the Marangoni force as compared with other two driving
forces, namely, the buoyancy force and the electromagnetic
force.

A comparison of the calculated temperature contours
with experimental values of our previous paper * is made
in Fig. 6. The experiment for a 150 A arc with the water
cooled copper anode was carried out by the laser scattering
measurement. It is seen that the predicted maximum tem-
perature, as well as the other temperature, is in good agree-
ment with the experiment. Figure 7 shows the surface tem-
perature of the cathode compared with experimental values
of Zhou and Heberlein 2. It is also seen that the predicted
temperature is in good agreement with the experiment.

Stationary GTA welding was performed for compari-
son of the weld penetration with a calculated result. The
experimental setup is shown in Fig. 8. The experiment was
made for 20 seconds of arcing in the same conditions as the
calculation. The anode was a disk (50 mm in diameter and
10 mm in thickness) of SUS 304 that was mounted into the
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Fig. 5 Calculated fluid flow velocity for a 150 A, stationary GTA
welding of SUS304.
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Fig. 6 Comparison of theoretical results in plasma temperature
with experimental results of Tanaka (1999).
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Fig. 7 Comparison of theoretical result of cathode temperature
with experimental results of Zhou (1998).

water cooled copper wall. The W-2% La,0, electrode (di-
ameter 3.2 mm with conical tip angle 60° ) was used with a
5 mm arc length. The argon was employed as shielding gas
at flow rate of 15 L/min. Figure 9 shows the calculated
weld penetration compared with the experimental result.
There is approximate agreement between the calculated and
experimental geometric shapes of weld penetration, although
there is a difference between the calculated and experimen-
tal volumes of the weld. It is possible that the differences
of physical properties taken from the literature 26® of ther-
mal conductivity, specific heat, and viscosity as a function
of temperature, particularly for the liquid metal, and those
of the SUS 304 used in our experiment, would account for
the differences in penetration volume. Furthermore, the
theoretical predictions do not account for the depression of
the weld pool surface by the arc pressure. The depression
effect should change the drag force of the cathode jet at the
weld pool surface. More discussion about the interaction
between the arc plasma and the weld pool is necessary for
solving this problem.
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Fig. 8 Schematic illustration of the apparatus for stationary GTA
welding of SUS304.

4. Conclusions
The conclusions in this paper are summarized as fol-
lows.

1) The whole region of GTA welding, namely, tungsten
cathode, arc plasma, work-piece and weld pool has been
treated in a unified numerical model.

2) The predicted two-dimensional distributions of tempera-
ture and velocity were shown, together with the pre-
dicted shape of the weld for a 150 A arc in argon. There
was approximate agreement of weld shape with ex-
periment.
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