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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 lack of
experimentally understanding of the quantitative values of them because of the existence of complicated
interactive phenomena between the arc plasma and the weld pool. The present article is focused on
a stationary tungsten-inert-gas (TIG) welding process for simplification, but the whole region of TIG
arc welding, namely, tungsten cathode, arc plasma, workpiece, and weld pool is treated in a unified
numerical model, taking into account the close interaction between the arc plasma and the weld pool.
Calculations in a steady state are made for stationary TIG welding in an argon atmosphere at a current
of 150 A. The anode is assumed to be a stainless steel, SUS304, with its negative temperature
coefficient of surface tension. The two-dimensional distributions of temperature and velocity in the
whole region of TIG welding process are predicted. The weld-penetration geometry is also predicted.
Furthermore, quantitative values of the energy balance for the various plasma and electrode regions
are given. The predicted temperatures of the arc plasma and the tungsten-cathode surface are in
good agreement with the experiments. There is also approximate agreement of the weld shape with
experiment, although there is a difference between the calculated and experimental volumes of the
weld. The calculated convective flow in the weld pool is mainly dominated by the drag force of the
cathode jet and the Marangoni force as compared with the other two driving forces, namely, the
buoyancy force and the electromagnetic force.

I. INTRODUCTION current density to be specified at the anode surface. Recently,
modeling the combined arc plasma and the weld-pool phe-HEAT transfer from the arc plasma to the weld pool
nomena has been tried for stationary welding,[14,15] but theplays an important role in the determination of the weld
calculated results of the arc plasma and the weld pool werepenetration in the arc-welding process.[1] Details of the fluid
made separately, without interaction between the plasma andflow in the weld pool are important in determining weld
the weld pool.shape. Taking account of all these phenomena is necessary

In the present article, we use a unified numerical modelfor the development of a numerical model of the tungsten-
of stationary TIG arc welding. The basic model and proce-inert-gas (TIG) welding process because there is close inter-
dure is that of Sansonnens et al.[16] but it is extended toaction between the arc plasma and the weld pool. For exam-
include melting of the anode, with inclusion of convectiveple, there are four driving forces of fluid flow in the weld
effects in the weld pool. We give predictions of the two-pool.[2] These are the drag force of the cathode jet on the
dimensional distributions of temperature and velocity in theliquid surface, the buoyancy force, the electromagnetic force
whole region of the TIG welding process and also the pre-due to the self-magnetic field of the welding current, and
dicted profile of weld penetration. Furthermore, quantitativethe surface-tension gradient force of the weld pool, as shown
values of the energy balance for the various plasma andin Figure 1.[2] These driving forces are dependent not only
electrode regions are given. We did not take into consider-on the physical properties of the weld metal but also the
ation the metal-vapor phenomenon from the weld pool andproperties of the plasma state.[1] Therefore, a unified numeri-
depression of the weld-pool surface.cal model accounting for both plasma and weld-metal proc-

esses is important for predicting the TIG arc-welding
properties.

II. MODEL OF TIG WELDING PROCESSModeling the arc-welding process has been tried by a
number of researchers.[2–15] However, almost every numeri- A. Governing Equations
cal model has treated either only the arc plasma[3–8] or only

The tungsten cathode, arc plasma, and anode are describedthe weld pool.[2,9–13] Then, calculated predictions, for exam-
relative to a cylindrical coordinate, assuming rotational sym-ple, for the weld pool, require distributions of heat flux and
metry around the arc axis. The calculation domain is shown
in Figure 2. The domain of computation is divided into 95
nodes axially and 70 nodes radially, using a nonuniformMANABU TANAKA, Research Associate, HIDENORI TERASAKI,
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The diameter of the tungsten cathode is 3.2 mm with a 60-
deg conical tip. The metal vapor from the weld pool is
neglected in this model. The shielding gas of the TIG welding
process is assumed to be pure argon.

The governing equations are given in Sansonnens et al.[16]

and then only the most pertinent details are explained here.
The mass-continuity equation is
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The radial-momentum conservation equation is
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The axial-momentum conservation equation is
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Fig. 1—(a) through (d ) Flow directions induced by four possible driving
forces in the weld pool.

1


z 12h
vz

z 2 1
1
r



r 1rh
vr

z
1 rh

vz

r 2 1 rg

The energy-conservation equation is
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The current-continuity equation is
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where h is enthalpy, P is pressure, vz and vr are the axial
and radial velocities, jz and jr are the axial and radial compo-
nent of the current density, g is the acceleration due to
gravity, k is the thermal conductivity, cp is the specific heat,
r is the density, h is the viscosity, U is the radiation emission
coefficient, Er and Ez are, respectively, the radial and axial
components of the electric field defined by Er 5 2V /r
and Ez 5 2V /z, where V is electric potential.

Instead of the usual representation of the current density
as dependent only on the electric field by Ohm’s law ( j 5
sE, where s is the electrical conductivity), 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 diffu-
sion term is also consistent with our previous article, which
suggested that the diffusion current would dominate the arc
current in the anode boundary layer.[17] Thus,

jr 5 2s
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Fig. 2—Schematic illustration of calculated domain.
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where De is the electron-diffusion coefficient, e is the ele- widely distributed in comparison with the mean-free-path
length of electrons,[17,24] and then electron-ion collision ormentary charge, and ne is the electron-number density. The

azimuthal-magnetic field, Bu, induced by the arc current is electron-neutral atom collision should occur in the anode-
fall region. Therefore, taking into account simply the j ? VAevaluated by Maxwell’s equation,
term would overestimate the energy flux into the anode. We
think that the j ? VA term is already included in Eq. [4]1

r


r
(rBu) 5 m0 jz [8]

because the energy of electron heating accelerated by the
VA changes “temperature” by sufficient collisions in thewhere m0 is the permeability of free space. The electron-
anode-fall region. The effect of the j(5/2(kBTe/e)) term oncontinuity equation in terms of ambipolar diffusion is
the anode heat transfer would depend on properties of the
plasma state, particularly, arc current.[25] In the case of high1
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current arc, plasma close to the anode still preserves a state
similar to the local thermodynamic equilibrium (LTE), and

1 g[Keq (T ) nena 2 n3
e] 5 0 the negative anode fall would reduce the electron tempera-

ture. Thus, the j(5/2(kBTe/e))term becomes small. In the case
where Damb is the ambipolar coefficient evaluated using of low current arc, plasma remarkably deviates from LTE,
the data of Devoto,[18,19] Keq (T ) is the Saha function, T is and the positive anode fall heats the electron, and then the
temperature, g is the three-body recombination coeffi- j(5/2(kBTe/e)) term becomes important. The arc current is
cient,[20,21] and n0 is the neutral number density. assumed to be 150 A in the present article, and it is seen to

be sufficient high current.[25] Thus, it is safe to take no
account of the j(5/2(kBTe/e)) term in Eq. [12], and it wouldB. Electrode Surfaces
be assumed that the j(5/2(kBTe/e)) term is reflected in the

Calculations at points on the cathode surface would need general enthalpy of the argon-arc plasma in Eq. [4], owing
to include the special process occurring at the surface. Thus, to sufficient collisions of electron-ion and electron-neutral
additional energy-flux terms need to be included in Eq. atom in the plasma. A two-temperature model of the arc
[4] at the cathode surface for thermionic cooling from the plasma, namely, a model of nonequilibrium plasma[26] would
cathode, ion heating, and radiation cooling. The additional be necessary for taking the j(5/2(kBTe/e)) term into account.
energy flux for the cathode, HK is At the anode surface, BE in Figure 2, there are two sources

of radial momentum, as shown in Figure 1. The first is theCathode Hk 5 2«aT 4 2 .je.fK 1 .ji.Vi [10]
drag force, namely, the shear stress that is applied by the
cathode jet on the surface of the weld pool, and the secondwhere « is the surface emissivity, a is the Stefan–Boltzmann
is the surface-tension gradient force, namely, the Marangoniconstant, fK is the work function of the tungsten cathode,
force. The drag force is already reflected in Eq. [2] for theVi is the ionization potential of argon, je is the electron-
radial-momentum conservation. The viscosity, h, makes thecurrent density, and ji is the ion-current density. At the cath-
drag force at the anode surface. Therefore, the Marangoniode surface and for thermionic emission of electrons, je
force would need to be included in the radial-momentumcannot exceed the Richardson current density, jR , given by
conservation at points on the anode surface, BE. In most
cases, the difference in surface tension arises from the tem-.jR. 5 AT 2 exp 12

efe

kBT2 [11]
perature variation at the weld-pool surfaces,[10] and then the
Marangoni force, t, can be expressed by

where A is the thermionic-emission constant for the surface
of the cathode, fe is the effective work function for thermi- t 5 2h

vr

z
5

g
T

T
r

[13]onic emission of the electrode surface at the local surface
temperature, and kB is the Boltzmann’s constant. The ion-

where g is the surface tension of the weld pool. Therefore,current density, ji , is then assumed to be . j. 2 . jR. if . j. is
the additional term for Eq. [2] at the anode surface, FA , isgreater than . jR.; where . j. 5 . je. 1 . ji. is the total current

density at the cathode surface obtained from Eq. [5].
Anode FA 5



z 1g
T

T
r2 [14]Calculations at points on the anode surface would also

need to include the special process occurring at the surface.
The additional energy-flux terms need to be included in Eq. In the present article, we assumed that the anode was a
[4] at the anode surface for thermionic heating and radiation stainless steel SUS304 and the surface tension of molten
cooling. The additional energy flux for the anode, HA , is SUS304 linearly decreased with temperature increase, as

shown in Figure 3.[9]. However, we were able to change theAnode HA 5 2«aT 4 1 . j.fA [12]
anode materials easily, and then we also used a copper as the
anode for some comparisons with experiments, for example,where fA is the work function of the anode, and . j. is the
comparisons of the energy loss and the plasma temperaturecurrent density at the anode surface obtained from Eq. [5].
with those values of experiments.In most cases, it has been considered that the heat transfer

to the anode needs to include more additional terms into
Eq. [12] for anode-fall heating, j ? VA , and electron enthalpy

C. Boundary Conditions and Numerical Methodentering the anode, j(5/2(kBTe/e)).[22,23] Here, VA is the anode
fall, and Te is the electron temperature. The j ? VA means The detailed boundary conditions and numerical method

are also given in Sansonnens et al.,[16] however, only theelectron heating accelerated by the VA without collisions in
the plasma. However, the anode fall in the arc plasma is most pertinent points are outlined here.
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of the anode surface, respectively. Figure 6 represents a two-
dimensional distribution of fluid-flow velocity. The interac-
tion of the arc current with its own magnetic 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.[22] The maximum calculated velocity of the cath-
ode jet reaches 203 ms21. Snyder showed an experimental
result of axial velocity in argon TIG arc by using the laser-
scattering measurement.[33] His result showed that the cath-
ode-jet velocity reached around 300 ms21 for 200 A in arc
current. In the case of 150 A in arc current, 100 to 200 ms21

in the cathode-jet velocity was reviewed.[34] Therefore, our
calculated result of the cathode-jet velocity is in good agree-
ment with the experimental results. This axial fluid flow of
the cathode jet changes its direction in front of the anode

Fig. 3—Assumption of surface tension of molten SUS304. surface, 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

Within both the electrodes, namely, cathode and anode, pool. The outward fluid flow is also caused by a negative
we set vr 5 vz 5 0. However, in the anode, both the velocities, temperature coefficient of surface tension, assumed in Figure
namely, vr and vz are calculated by Eq. [2] at the region in 3. The fluid flow caused by the surface-tension gradient
which temperature is more than the melting point of SUS304. force is called the Marangoni convection. Figure 7 shows
Furthermore, we set vz 5 0 at the anode surface, BE, in distributions of temperature and fluid-flow velocity of the
Figure 2. The temperatures at boundaries CD, DE, EF, and weld for the individual driving forces corresponding to Fig-
FA in Figure 2 are taken to be the same room temperature, ure 1. These calculations were made under the same condi-
namely, 300 K. tions as Figures 5 and 6. Each maximum velocity for drag,

Within both the electrodes, we set ne and De to zero. We buoyancy, electromagnetic, and Marangoni force is 47, 1.4,
also set ne 5 0 at the anode surface, corresponding to an 4.9 and 18 cm s21, respectively. Each value except for the
absorbing surface. However, at the cathode surface, we deter- drag force is similar to the calculated results by Choo and
mine a boundary value for ne from jR 5 enevth; jR is calculated Szekely.[14] Unfortunately, their numerical calculations did
from Eq. [11], and vth is the mean speed of emitted electrons not include the drag force effect at the weld-pool surface.
taken here to be equal to the thermal velocity (8kBT / Figure 7 suggests that the calculated convective flow in the
pme)1/2.[27]

weld pool is mainly dominated by the drag force of the
The differential Eq. [1] to [9] of Patankar are solved cathode jet and the Marangoni force as compared with other

iteratively by using the numerical procedure.[28] Major physi-
two driving forces, namely, the buoyancy force and thecal properties used in this model are listed in Table I.[29–32]

electromagnetic force. Figure 6 represents a numerical result
corresponding to outward fluid flow with a wide and shallow

III. EXPERIMENTAL METHOD weld penetration that is a typical geometry in the TIG arc-
welding process. The maximum calculated velocity in theA stationary TIG welding was performed for comparison
weld pool for all considered cases reaches 54 cms21, asof the weld penetration with a calculated result. The experi-
shown in Figure 6. Choo and Szekely showed that a maxi-mental setup is shown in Figure 4. The experiment was
mum surface velocity in the weld pool was around 40 cms21

made for 20 seconds of arcing, so that conditions were then
for 100 A in welding current.[14] Furthermore, Goodarziin the steady state, to be comparable to the results of the
showed that a maximum surface velocity was 36.2 cms21

steady state calculation. We took the short time of 20s for
for 200 A in welding current,[15] and Winkler also showedarcing to avoid effects, for example, due to evaporation of
that it reached 68 cms21 for 100 A.[13] Therefore, our calcu-surface active elements such as sulfur and oxygen from the
lated result of the surface velocity of the weld pool is similarweld pool, which would vary the surface tension coefficient.
to previously calculated results shown in other articles. How-The anode was a disk (50 mm in diameter and 10 mm in
ever, this small difference would lead to the differences inthickness) of SUS304 that was mounted into the water-
the heat and mass transfer in the weld pool and then bringcooled copper wall. The W-2 pct La2O3 electrode (diameter
visible differences into the weld-penetration geometry.3.2 mm with a conical tip angle of 60 deg) was used with

Figure 8 shows components of the whole energy balancea 5-mm arc length. The argon was employed as shielding
in TIG arc welding. Table II shows numerical results forgas at flow rate of 15 l/min.
calculation of energy balances in the case of the same condi-
tions as Figures 5 and 6. Ohmic heating of 47, 1183, and 1

IV. RESULTS AND DISCUSSIONS W occurs in the cathode, arc plasma, and anode, respectively.
The ohmic heating in the arc plasma reaches 97 pct of theFigure 5 represents a two-dimensional distribution of tem-
total heating in TIG arc welding. The total heating is aperature in the whole region of the stationary TIG welding
product of the welding current, 150 A, multiplied by theof SUS304 for a 150 A in welding current. The maximum
welding voltage, 8.1 V. The welding voltage, as shown intemperatures of the tungsten cathode, arc plasma, and weld
Figure 2, is given by the electric potential at the cathodepool are ,3500 K at the tip of the cathode, 17,000 K on

the arc axis close to the cathode tip, and 2000 K at the center top, A, with respect to the anode bottom, CD, which is
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Table I. Major Physical Properties Used in This Model

Physical properties of cathode, arc plasma, and anode

Cathode work function 4.52 V
effective work function for thermionic emission 2.63 V
thermionic emission constant for Richardson equation 3.0 A/cm2 K2

thermal conductivity 2.40 to 0.85 W/cm K
electrical conductivity 2.2 3 105 to 5.9 3 103 A/V cm
specific heat 0.13 to 0.22 J/g K
density 18.9 g/cm3

Arc plasma ionization potential of argon 15.68 V
thermal conductivity 1.8 3 1024 to 2.7 3 1022 W/cm K
electrical conductivity 1.0 3 1024 to 1.0 3 102 A/V cm
specific heat 0.52–9.3 J/g K
density 1.6 3 1023 to 1.2 3 1025 g/cm3

viscosity 2.3 3 1024 to 2.6 3 1023 g/cm s
Anode (SUS304) melting point 1750 K

work function 4.65 V
thermal conductivity 0.12 to 0.30 W/cm K
electrical conductivity 1.4 3 104 to 6.9 3 103 A/V cm
specific heat 0.51 to 0.65 J/g K
density 7.9 to 7.8 g/cm3

viscosity 6.0 3 1022 to 1.5 3 1022 g/cm s
Anode (Cu) melting point 1353 K

work function 4.65 V
thermal conductivity 4.33 to 2.7 W/cm K
electrical conductivity 1.2 3 106 to 7.5 3 104 A/V cm
specific heat 0.37 to 0.50 J/g K
density 8.9 g/cm3

viscosity 4.0 to 1.6 g/cm s

by the energy input from the arc plasma, which consists of
the electron absorption at the anode surface ( jfA), 697 W,
and thermal conduction, 373 W. It is suggested that the
anode heat transfer from the arc plasma, in this condition
of 150 A in welding current, is dominated by the energy of
electron absorption at the anode surface as compared with
the thermal conduction. The calculated arc efficiency for
heating the anode is 88 pct, which is in good agreement
with previous measurements.[35] Furthermore, the calculated
energy losses by total radiation from the arc and conduction
to the cathode top are also in good agreement with experi-
ments. Hiraoka measured them experimentally for a 100-A
arc with a water-cooled copper anode.[36] We calculated them
for 50, 100, and 150 A arcs in the case of the copper anode.Fig. 4—Schematic illustration of the apparatus for stationary TIG welding
Figures 9 and 10 show the comparison between the calcu-of SUS304.
lated and experimental results. The radiative energy loss is
suitable to the sum of energy losses by each radiation from
the cathode, arc plasma, and anode. The calculated quantita-earthed. Most of the generated thermal energy by the ohmic
tive values are almost the same with his experiments. How-heating in the arc plasma is transferred to the cathode and
ever, the results in Table II have errors of a few percentsanode, with the remaining energy disappearing as energy
because of the numerical inaccuracies for energy balance ofloss by radiation. A heat flux of 478 W for thermal conduc-
our converged calculations.tion and 156 W for neutralization of the ion flux are trans-

Figure 11 shows the distributions of heat intensity, currentferred from the arc to the tungsten cathode. A heat flux of
density, and temperature at the anode surface in the case of373 W for thermal conduction is transferred from the arc
the same conditions as Figures 5 and 6. Each distributionto the anode. The energy loss by radiation and conduction
is compared with a distribution in the case of a water-cooledfrom the arc plasma is 276 and 5 W, respectively. The energy
copper anode. The maximum heat intensity in the case ofloss from the cathode consists of the thermionic emission
SUS304 is about 2500 W/cm2, and it is about 57 pct of theof electrons, 678 W; thermal conduction, 33 W; and radia-
maximum heat intensity in the case of the copper anode. Intion, 47 W; and it balances against the energy input from
the current density distribution, the maximum of SUS304the arc plasma, as mentioned previously. The energy loss
is only 50 pct of that of the copper anode, but the distributionfrom the anode consists of the conduction to the anode

bottom, 1009 W, and radiation, 30 W. This loss is balanced of SUS304 is expanded in the radial direction as compared
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Fig. 6—Calculated fluid flow velocity for a 150 A in stationary TIG weldingFig. 5—Calculated temperature contours for a 150 A in stationary TIG
of SUS304.welding of SUS304.

with that of the copper anode, owing to the consistency of predicted temperature is in good agreement with the
experiment.the same welding current. The temperature of the anode

surface in the case of SUS304 is much higher than the Figure 14 shows the calculated weld penetration compared
with experimental result. The experiment was made for 20temperature in the case of the copper anode. Figure 11

suggests that different anode materials should lead to the seconds of arcing in the same conditions as the calculation.
There is approximate agreement between the calculated andlarge differences in heat transfer from the arc plasma to the

anode surface because of the close interaction between the experimental geometric shapes of weld penetration, although
there is a difference between the calculated and experimentalarc plasma and the anode. Applying these numerical results

of the anode heat transfer to the boundary conditions of volumes of the weld. It is possible that the differences of
physical properties taken from the literature[29–31] of thermalnumerical modeling only of the weld pool is necessary to

take careful discussion on different materials. conductivity, specific heat, and viscosity as a function of
temperature, particularly for the liquid metal, and those ofA comparison of the calculated temperature contours with

experimental values of our previous article[25] is made in the SUS304 used in our experiment would account for the
differences in penetration volume. One of the other possibili-Figure 12. The experiment for a 150, A arc with a water-

cooled copper anode was carried out by laser-scattering ties is a change in the physical properties of the weld, owing
to evaporation during the arcing. The arc plasma shouldmeasurement. It is seen that the predicted maximum temper-

ature, as well as the other temperatures, are in good agree- change a chemical composition in the weld penetration
because of evaporation from the weld-pool surface, and thenment with the experiment. Figure 13 shows the surface

temperature of the cathode compared with the experimental the physical properties of the weld would be changed. It is
well known that the slight increase of surface active ele-values of Zhou and Heberlein.[37] It is also seen that the
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Table II. Calculated Quantitative Values of Energy
Balance for Various Plasma and Electrode Regions in

Stationary TIG Welding Process

Energy balance (W)

Total heating in TIG welding
(Welding current: 150 A, welding voltage: 8.1 V) 1215

At cathode input ohmic heating 47
conduction from arc 478
neutralization of ion 156

output thermionic emission 678
conduction to top 33
radiation 47

At arc plasma input ohmic heating 1183
output conduction to cathode 478

neutralization of ion at cathode 156
energy loss by conduction 5
energy loss by radiation 276
conduction to anode 373

At anode input ohmic heating 1
conduction from arc 373
electron absorption ( jf ) 697

output conduction to bottom 1009
radiation 30

Fig. 7—(a) through (d ) Temperatures and fluid flow velocities in the welds
for individual driving forces corresponding to Fig. 1.

Fig. 9—Comparison of calculated energy loss by radiation from arc with
experimental result of Hiraoka et al.[36]

and oxygen from the weld-pool surface would change its
surface tension. Nogi experimentally showed that the evapo-
ration of sulfur from the Fe-alloy sample clearly increased
its surface tension, although the evaporation rate of sulfur
from the Fe-alloy containing Cr became small.[40] As shown
in Figure 7, the convective flow in the weld pool is mainly
dominated by the drag force of the cathode jet and theFig. 8—Schematic illustration of energy balance in TIG welding process.
Marangoni force. The Marangoni force, of course, is the
surface-tension gradient force. The change in surface tension
of the weld pool, owing to evaporation, leads to a change
in the valance between the drag force of the cathode jet andments, such as sulfur and oxygen, in the steel significantly

reduces the surface tension of the molten steel.[9,10,38,39] This, the Marangoni force, and it also leads to a change in the
fluid-flow velocity in the weld pool. Therefore, thesein other words, means that slight evaporation of the sulfur
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changes would bring visible differences into the weld-pene- welding with the negative temperature coefficient of
surface tension of molten SUS304 gave predictions oftration geometry. We cannot deny this evaporation effect in

the present experiment, although we have taken a short time
of arcing for avoiding the changes in physical properties
of SUS304, owing to the evaporation. Furthermore, it is
important to take account of the depression of the weld-pool
surface by the arc pressure because it should change the drag
force of the cathode jet at the weld-pool surface. Intensive
discussion about interaction between the arc plasma and the
weld pool is more necessary for solving this problem.

V. CONCLUSIONS

The conclusions in the present article are summarized
as follows.

(1) The basic model and procedure in the present article
was that of Sansonnens et al.,[16] but it was extended to
include melting of the anode, with inclusion of convec-
tive effects in the weld pool.

(2) This unified numerical model of stationary TIG arc

Fig. 10—Comparison of calculated energy loss by conduction to cathode
top with experimental result of Hiraoka, et al.[36]

Fig. 12—Comparison of theoretical results in plasma temperature with
experimental results of Tanaka.[25]

Fig. 11—Distributions of heat intensity, current density, and temperature at the anode surface of Figs. 5 and 6. (a) heat intensity, (b) current density, and
(c) temperature.

2050—VOLUME 33A, JULY 2002 METALLURGICAL AND MATERIALS TRANSACTIONS A



(6) The calculated maximum velocities of the weld pool
for each driving force, namely, drag, buoyancy, electro-
magnetic force, and Marangoni force were 47, 1.4, 4.9,
and 18 cms21, respectively. It was concluded that the
convective flow in the weld pool was mainly domi-
nated by the drag force of the cathode jet and the
Marangoni force as compared with other two driving
forces.
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