
A B S T R AC T. The effects of surface de-
pression on pool convection and geom-
etry in  stationary GTAW are simulated
numerically under DC and pulsed-
current conditions. Welding current and
Marangoni flow affect surface depression
and velocity such that inward flow by the
current and positive surface-tension gra-
dient acts to decrease surface depression.
Arc pressure is found to be a major fac-
tor in surface depression and in fluctua-
tions of free surface and flow ve l o c i t y.
While arc pressure at the low current
range has negligible effects on surface
depression and pool geometry, it should
be considered in the high current range.
Under the pulsed current condition,
deep penetration is produced mainly by
arc pressure at peak duration. The solid-
liquid interface profile at the pool center
and periphery becomes similar to that of
peak and base current, respectively, and
penetration is closely correlated to sur-
face depression. 

Introduction

Because weld pool convection wa s
found to have significant effects on the
bead width and penetration in arc weld-
ing (Ref. 1), extensive research has been
undertaken to reveal the relationship be-
tween pool convection and geometry
(Refs. 2–10). Among the various factors
affecting pool convection, electromag-
netic force and surface-tension gradient
are the most important. Because the elec-
tromagnetic force generates circ u l a t i o n
within the molten pool in a downward
direction, penetration increases by pool
c o nvection. The rotating direction of
Marangoni flow depends on the surface-
tension gradient, wh i ch is affected by
minor elements such as sulfur composi-
tion in the base metal. These convection
patterns with heat input from the arc de-
termine pool geometry.

Numerical methods have been em-
p l oyed to predict pool convection, and
the calculated pool geometry was in
agreement with the experimental result
(Refs. 2, 5). One of the general assump-
tions made to simplify numerical com-
putation is the molten pool surface is flat
(Refs. 2–4). Another assumption of a de-
formed surface depression was em-
p l oyed (Refs. 6–8) using the surface pro-
file in an equilibrium state by
minimizing the potential energy (Ref. 9).
S e ve ral attempts were made to include
the free surface under the direct current
(DC) condition (Refs. 10, 11). While
three-dimensional pool geometry wa s
calculated for nonautogenous welding
using surface elevation, the effect of arc
pressure was not considered (Ref. 10). A
numerical model for a full penetra t i o n
weld with two free surfaces was pre-
sented (Ref. 11). Because the focus wa s
the Marangoni effect on a free surface,
the effect of the electromagnetic forc e
was ignored and the pool had a cy l i n-
drical shape. Therefore, dynamic effects
of surface depression on pool conve c-
tion and its geometry have not been fully
understood under DC and pulsed-
current conditions. 

In this work, dynamic variations of
surface depression and pool convection
in DC and pulsed-current gas tungsten
arc welding (GTAW) are calculated nu-
merically by employing the Volume of
Fluid (VOF) method (Ref. 12). The solid-
liquid interface of a molten pool is com-
puted by solving the energy equation,

and the effects of arc pressure, current
and surface-tension gradient on surface
depression and convection are analyzed
based on the calculated results. Causes of
deep penetration by the pulsed current
are also simulated. 

Formulation

Since the effects of a free surface are
emphasized in this work, the following
assumptions are made in the formula-
tion: 1) fluid flow in the axisymmetric
molten pool is incompressible and lami-
nar, 2) the effect of the drag force from the
plasma jet is neglected, and 3) material
properties are constant. The principle of
the VOF method for calculating fluid
f l ow with a free surface is described
briefly because it was explained in detail
in other works (Refs. 8, 12, 13). The so-
lution domain is divided by the staggered
grid and the function F is defined to de-
scribe the fluid volume ratio within the
cell. The governing equations consist of
the continuity, momentum equations and
an additional equation relating to the
function F as follows: 

where v represents the velocity vector, P
the pressure, ρ the mass density, ν the vis-
cosity, J the current density, B the mag-
netic flux, β the thermal expansion and
Tliq the melting temperature. The electro-
magnetic and buoyancy forces in Equa-
tion 2 are included as the body force. 

The energy equation is solved in an
implicit manner to calculate the temper-
ature and solid-liquid interface as follows: 

∂F
∂t

+ v ⋅ ∇( )F = 0 (3)

∂v 
∂t
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1
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where Cp represents the specific heat, k
the thermal conductivity and qj the joule
heating per unit volume. The latent heat,
∆H, is considered by increasing the spe-
cific heat in the temperature range of
phase change as follows: 

As for the boundary conditions, the
free-slip and no-slip conditions are im-
posed along the z-axis and on the solid-
liquid interface, respective l y. The arc pres-
sure of a Gaussian distribution is exerted
on the pool surface as shown in Fig. 1,

where P1 0 0, P2 0 0 and P3 0 0 represent arc
pressure at welding current 100, 200 and
300 A (Ref. 11). To compare the effect of
a rc pressure distribution, modified pres-
sures of P1 0 0* and P2 0 0* are introduced that
h ave the same total arc forces of P1 0 0 a n d
P2 0 0, respective l y. The heat flux and cur-
rent density from the arc are also de-
scribed using the Gaussian distribution on
the free surface as follow s :

where σq and σj denote distribution para-
meters of heat flux and current density,
r e s p e c t ive l y. Although the distributions
of heat flux and current density may vary

with surface depression, they are as-
sumed to be constant because these dis-
tributions are not known. Mara n g o n i
flow due to the surface-tension gradient,
(∂γ/∂T), is considered by imposing shear
stress on the free surface as follows: 

where γ and ψ denote the surface-tension
coefficient and tangential direction of the
free surface, respectively. The SOLA-VOF
code written in FORTRAN is modified to
include the effects of electromagnetic
force and surface-tension gradient.

Results and Discussions

Effects of Welding Parameters under the
DC Condition

In order to investigate the effects of the
process parameters on surface depres-
sion and pool convection, the molten
pool is assumed to be a hemispherical
shape having a radius of 5 mm without
solving the energy equation. Phy s i c a l
properties corresponding to those of mild
steel are listed in Table 1 (Refs. 14,15).
Initial flow velocity within the molten
pool is set to zero. When the pressures of
P100 and P 300 are exerted on the surface
without the current and surface-tension
gradient, the calculated free surface pro-
file and flow pattern are like that illus-
trated in Fig. 2. Small surface depressions
and flow velocity are developed at P100,
and they continue to fluctuate until the
steady state is reached, which represents
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Fig. 1 — Arc pressure distributions on the pool surface.
Fig. 2 — Surface depression and flow patterns for P100 and P300. (I = 0A, γ =
1200 dyne/cm).

.

Table 1 — Material Properties of Mild Steel Used for Calculation

Mass Density, ρ 7860 (kg/m3)
Kinematic Viscosity, ν 5.6 x 10–7 (m2/s)
Surface Tension Coefficient, γ 1200 (dyne/cm)
Surface Tension Gradient, dγ/dT ±4.9 x 10–4 (N/mK)
Electrical Conductivity, σe 8.54 x 105 (mho/m)
Permeability, µo 4π x 10–7 (H/m)
Thermal Conductivity, k 30 (W/mK)
Specific Heat, Cp 795 (J/kgK)
Latent Heat of Fusion, ∆H 272 (kJ/kg)
Liquidus Temperature, Tliq 1809 (K)
Solidus Temperature, Tsol 1789 (K)
Distribution Parameter of Current Density, σj 3 (mm)
Distribution Parameter of Heat Flux, σq 3 (mm)



weld pool oscillation (Ref. 16). With a
higher arc pressure of P3 0 0, surface de-
pression increases and faster flow veloc-
ity is induced.

Variations of surface depression at the
surface center and average axial velocity
along the z-axis are shown in Fig. 3. As
expected, surface depression increases
for higher arc pressure. While free sur-
face and flow velocity vibrate periodi-
cally for P100 and P 200, the amplitude of
P300 decays rapidly with the lapse of time
because high arc pressure acts as a re-
straint force on surface fluctuation. Since
the free surface and axial velocity vibrate
at the same frequency, velocity fluctua-
tion is induced by arc pressure.

With the arc pressure fixed to P2 0 0, the
effect of current on surface depression

and axial velocity is shown in Fig. 4. Fo r
the low current of 100 A, surface de-
pression is not affected and is almost
similar to the case of 0A in Fig. 3A.
When the current increases, surface de-
pression and the amplitude of surface
fluctuation decrease. The reason is ex-
plained using axial velocity in Fig. 4B. As
the electromagnetic force increases with
higher current, fast inward flow on the
pool surface fills the depressed pool cen-
t e r, wh i ch reduces the surface depres-
sion and its fluctuation. 

To identify the causes of free surface
and flow velocity fluctuation, compar-
isons are made for the cases with P200 and
without arc pressure (i.e., P = 0) as shown
in Fig. 5. Without arc pressure, the free
surface at the pool center rises slightly to

0.1 mm because of the inward flow and
the amplitude of surface fluctuation is
quite small. When arc pressure of P200 is
imposed, surface depression and its am-
plitude increase significantly. Flow ve-
locity also fluctuates with large ampli-
tude as shown in Fig. 5B, but its
magnitude becomes smaller than that of
P = 0. It clearly indicates arc pressure is
responsible for surface depression and
fluctuations of free surface and flow ve-
locity, while current affects flow velocity
and decaying of fluctuation. 

The effects of surface tension are il-
l u s t rated in Fig. 6 where the surface-
tension coefficients of 1200 and 1800
dyne/cm, fixed arc pressure and current
of P2 0 0 and 200 A are used for calcula-
tion. In this case, the effect of surface-
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Fig. 3 — Effects of arc pressure on surface depression and axial velocity (I = 0A, γ = 1200 dyne/cm). A —  Surface depression; B — average axial
velocity.
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Fig. 4 — Effects of current on surface depression and axial velocity (P = P200, γ = 1200 dyne/cm). A —  Surface depression; B — average axial ve-
locity.
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tension gradient is ignored. Surface de-
pression decreases with higher surface
tension coefficient as in Fig. 6A because
higher pressure is required to deform the
pool surface of higher surface tension.
H ow e ve r, the axial velocity is not af-
fected by the surface tension coefficient
as in Fig. 6B. 

When the surface-tension gradients of
± .49 dyne/cmK are used with fixed pres-
sure of P200 and current of 200 A, the sur-
face profile and flow pattern are illus-
trated in Fig. 7. In the case of the negative
surface-tension gradient, a double loop
c i rculation is calculated as in Fig. 7A.
When the surface-tension gradient is
changed to the positive value, Marangoni
and electromagnetic flow rotate in the
same inward direction, which results in
faster axial velocity. These flow patterns
are similar to those of previous wo r k s
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Fig. 5 — Comparison with and without effects of arc pressure (I = 200 A, γ = 1200 dyne/cm). A —  Surface depression; B — average axial velocity.

Fig. 6 — Effects of surface tension on surface depression and axial velocity (P = P2 0 0, I = 200 A. A — Surface depression; B — ave rage axial ve l o c i t y.
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Fig. 7 —  Surface profiles and convection patterns due to surface-tension gradient (P = P200, I =
200 A). A — dγ/dT = –0.49 dyne/cmK; B — dγ/dT = 0.49 dyne/cmK.



(Refs. 1–10). Variations of surface de-
pression and axial velocity are shown in
Fig. 8. With the negative surface-tension
g radient, the pool surface continues to
oscillate periodically as in Fig. 8A. Aver-
age axial velocity is small because the
double loop circulation cancels the axial
velocity components along the z-axis.
With the positive surface-tension gradi-
ent, surface fluctuation decays ra p i d l y
and surface depression becomes almost
negligible after 0.1 s. This phenomenon
by the surface-tension gradient is more
pronounced than that by the current in
Fig. 5A because the inward flow velocity
on the surface becomes much faster than
that by the current in Fig. 5B. Therefore,
the depressed pool center is filled by the
inward flow at a much faster rate.

The calculated results of the flow pat-
tern and solid-liquid interface in the
s t e a dy state are illustrated in Fig. 9 wh e r e
the surface-tension gradient of –0.49
dyne/cmK and current of 100 A are used.
Comparing the results with P1 0 0 and with-
out arc pressure (i . e ., P = 0), there is almost
no difference in pool geometry because
surface depression due to arc pressure is
very small. When current and arc pressure
are increased to 200 A and P2 0 0, surface
depression and the resultant penetra t i o n
increase substantially, as shown in Fi g .
10A. Without arc pressure as in Fig. 10B,
the effects of surface depression become
negligible, and penetration becomes shal-
l ow. Therefore, assumptions of the flat sur-
face and surface depression in a steady
state may not be valid in the high current
range where the arc pressure and resultant
surface depression have significant effects
on pool geometry. 

The effects of arc pressure distribution
are illustrated in Fig. 11 where P100* and
P200* in Fig. 1 are used for computation.

In the case of P1 0 0*, surface depression
and penetration are similar to those of
P100 in Fig. 9A because of low arc pres-
sure. When arc pressure is increased to
P200*, deep penetration and narrow pool

radius are calculated. Therefore, if the arc
pressure distribution changes in the high
current range due to arc length variation
or other disturbances, the pool geometry
is also influenced. 
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Fig. 8 — Effects of surface-tension gradient on surface depression and convection (P = P200, I = 200 A). A —  Surface depression; B — average axial
velocity.

Fig. 9 — Flow pattern and solid-liquid interface at low current of 100 A (dγ/dT = –0.49 dyne/cmK).
A — P = P100; B — P = 0.

Fig. 10 — Flow pattern and solid-liquid interface at 200 A (dγ/dT = –0.49 dyne/cmK). A — P =
P200; B — P = 0.



Effects of Pulsed Current 

The effects of pulsed current on pool
geometry are illustrated in Fig. 12 where
the surface-tension gradient of –0.49
dyne/cmK, the base and peak currents of
100 and 200 A, and corresponding arc
pressure of P100 and P200 are used for cal-
culation. When the pulsing frequency is
5 Hz and peak duration is 10 ms (average
current of 105 A), the penetration in Fig.
12A becomes deeper than that of DC 100
A in Fig. 9A. When the pulsing frequency

and peak duration increase to 10 Hz and
20 ms (average current of 120 A), pene-
t ration in Fig. 12B becomes more pro-
nounced and is almost equal to that of
DC 200 A in Fig. 10A. The pool radius
and penetration at the outer radius are al-
most the same as that of DC 100 A so the
pool geometry becomes similar to a fin-
ger shape. When the peak duration of 10
ms and pulsing frequency of 20 Hz are
used (Fig. 12C), penetration does not in-
crease to that in Fig. 12B though the av-
e rage current of 120 A is the same for
both cases. It implies that the peak dura-
tion is an important factor in determining
p e n e t ration, and sufficiently long peak
d u ration is needed to provide enough
momentum within the molten pool.

To find out the causes of deep pene-
tration under the current pulsing condi-
tion of Fig.12B, two cases of pulsing of
arc pressure and heat flux are simulated
as shown in Fig. 13. The condition of
pulsing arc pressure and constant heat
flux generates deep penetration similar to
a finger shape as shown in Fig. 13A.
H ow e ve r, another condition of pulsing
heat flux and constant arc pressure be-
comes similar to that of DC 100 A as in
Fig. 13B. These results clearly show deep
penetration is produced mainly by puls-
ing of arc pressure at peak duration rather
than by pulsing of heat flux. 

The relationship between surface de-
pression and penetration is illustrated in
Fig. 14 where pulsing frequency and
peak time are 10 Hz and 20 ms, respec-
tively. In this case, arc pressures of P100*
and P200* are used for calculation. A close
correlation between surface depression
and penetration is observed such that the
free surface is depressed just after current
pulsing and penetration increases
ra p i d l y. After peak current, penetra t i o n
decreases gradually. Peaks of surface de-
pression and penetration coincide up to
0.5 s, because axial momentum by sur-
face depression is delivered immediately
in the small weld pool. When the pool
size becomes larger after 0.5 s, there is a
time delay between the maximum sur-
face depression and penetration because
it takes time to deliver axial momentum
and heat by convection in the larger
molten pool. The experimental verifica-
tion and effects of tempera t u r e - d e p e n-
dent material properties need to be con-
sidered in future work.

Conclusions 

Surface depression and pool geome-
try of DC and pulsed-current arc welding
are calculated numerically, and the re-
sults lead to the following conclusions:

1) The free surface of a molten pool is
depressed mainly by arc pressure, and in-
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Fig. 11 — Flow pattern and solid-liquid interface for modified arc pressure distributions (dγ/dT
= –0.49 dyne/cmK). A — P = P100*; B — P = P200*.

Fig. 12 — Flow pattern and solid-liquid in-
terface for pulse current (Ip = 200 A, Ib = 100
A, dγ/dT = –0.49 dyne/cmK). A — fp =  5 Hz,
Tp = 10 ms; B — fp = 10 Hz, T p = 20 ms; C
— fp = 20 Hz, Tp = 10 ms.
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Fig. 13 — Effects of arc pressure and heat flux
pulsing on solid-liquid interface (Ip = 200 A,
Ib = 100 A, fp = 10 Hz, Tp = 20 ms, dγ/dT =
–0.49 dyne/cmK). A — Only arc pressure
pulsing; B — only heat flux pulsing.



ward circulation by the current and
M a rangoni flow decreases surface 
depression and its fluctuation. 

2) While arc pressure in the low cur-
rent range has negligible effects on sur-
face depression and pool geometry, the
effects of arc pressure and surface de-
pression should be considered in the
high current range above 200 A.

3) Deep penetration in pulsed current
welding is produced mainly by arc pres-
sure at peak duration, and sufficiently long
peak duration is needed for deep
p e n e t ration. 
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Fig. 14 — Relation between surface depression and penetration using
P100* and P200* (Ip = 200 A, Ib = 100 A, fp = 10 Hz, Tp = 20 ms, dγ/dT =
–0.49 dyne/cmK).

Correction

Figure 8 as it appears on page 353-s in ”A Martensite Boundary on the WRC-1992 Diagram — Part 2: The Effect of Manganese,” by
D. J. Kotecki, published December 2000, is a duplicate of Fig. 7. The correct Fig. 8 appears below. The editors regret this error.

Bend/break results at 10% Mn on the WRC-
1992 Diagram. Compositions that passed
the 2T bend test are shown in solid circles.
Compositions that cracked during bending
are shown as open squares. Between the two
p a rallel heavy lines, some compositions
bent and some cracked. Above and to the
right of the heavy lines, all compositions
bent. Below and to the left of the heavy lines,
all compositions cracked in bending


