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In the present paper, a numerical model of spot pulsed current GTA welding for partially and fully
penetrated weld pools is presented. Heat transfer and fluid flow in the weld pool driven by the
combination of electromagnetic force, buoyancy force, surface tension gradient and latent heat are
included in our model. A new formulation of the electromagnetic problem is introduced to take into
account eddy current in the weld pool. The shape of the free deformable surface under the action of

pulsed arc force is also handled after the magneto-hydrodynamic calculation.
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agreement of the model.

The numerical model was applied to 304 stainless steel welding. We compare the influence of various
pulsed welding parameters such as pulse frequency and current ratio on the weld quality. Experimental
study is conducted to compare our numerical prediction with welding macrographies. It shows a good

© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Currently, the application of arc welding takes a leading position
among other methods of welding. However arc welding introduces
stress concentration, residual stresses and distortion. To get a good
prediction of weld quality after welding many numerical models
were developed [1—4] with the aim to predict thermal field which
is strongly coupled with the fluid flow in the weld pool, and then
the resulting thermo-metallurgical and mechanical behaviour of
the structure. It is well known that the fluid flow coupled to the
heat transfer in the weld pool strongly affect the final weld char-
acteristics such as weld dimensions, temperature gradients and
then microstructure.

Pulsed current GTA welding is widely used in welding with
semi-automatic and automatic welding equipment. This process
has been reported to have great advantages such as improving arc
stability, avoiding weld cracks and reducing thermal distortion and
residual stresses by the reduction of the total heat input [5]. Some
experimental studies were conducted to determine the influence of
pulsed current parameters on the welded joint [6,8]. An analytical
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model of the heat flow during pulsed welding is also available [7].
However, up to the present, far less work have been conducted on
the numerical simulation of heat transfer and fluid flow in pulsed
current GTA welding. Kim and Na [9] used the finite difference
method with curvilinear coordinate system to calculate the heat
transfer and the fluid flow in the weld pool of an axisymmetric disk.
Wu and Zheng [10], on the other hand used also finite difference
method to deal with the problem of moving torch, but in both cases,
only partially penetrated weld pools are considered, due to the
complexity of the coupling between the top and bottom free
surfaces, and the electromagnetic field was computed as
a stationary field by computing the electric potential. However
under time pulsed conditions, the electromagnetic forces could be
different from that of a constant current, since the variation of
current induces a variation of the magnetic field, which creates
itself an “eddy current”. The electromagnetic problem becomes
a time-dependent problem depending on the frequency of the
current.

An axisymmetric finite element model is proposed in this study
to simulate the behaviour of fluid flow and heat transfer in the weld
pool under pulsed current conditions. Comsol Multiphysics soft-
ware is used to compute all the governing equations. Full pene-
trated weld pools are also considered. A new formulation of the
electromagnetic field is introduced using the time-dependent
magnetic field. The shape of the deformable free surface is also
taken into account in a one way with the magneto-hydrodynamic
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coupling. In industry the impact of the pulse parameters on the
final weld quality is still empirical. Here a great effort has been
made to study the influence of the main parameters of the pulse on
the weld dimensions, thermal cycles and temperature gradients.

2. Mathematical formulation and governing equations

Fig. 1 shows a representation of the weld pool under the action
of the arc plasma. Fluid flow in the pool is driven by a combination
of buoyancy, electromagnetic, surface tension and arc pressure. Our
transient model is based on the finite element method to compute
the final weld shape, the fluid flow and the thermal field in the weld
pool. In order to simplify the problem, the following assumptions
are considered:

e The study is restricted to GTA spot welding, then we use an
axisymmetric coordinate system.

e The flow is laminar and incompressible due to the small size of
the weld pool, however gravity force is taken into account
using the boussinesq approximation.

e The thermal gradient of surface tension is temperature
dependent, and the latent heat of fusion is taken into account.

e The magnetic field is time dependent and not a superposition
of the top and bottom stationary solutions.

e The coupling between the MHD calculus and the free surface is
in one way, that is to say the free surface doesn't affect the
calculated thermal field.

2.1. The hydrodynamics problem

Based on the above assumptions, the classical Navier—Stokes
equations which governs the fluid flow in the weld pool can be
expressed as follows:

(1) Conservation of mass

(2) Conservation of momentum

-
p(%—'t’+7-v7) = —Vp+2uv-D(V)+ F,

D(V) = %(V7+tv7) (2)

F , represents body forces in the weld poo], it is the sum of Lorentz
force and buoyancy force (Boussinesq approximation) and could be
expressed as:

Fu = po(1 =B(T —Teer)) & + jAB 3)

Where 7 is the velocity vector field in the weld pool, t is time, p is
density, u is viscosity, p is pressure field, g is gravity, Tref is a refei—)
ence temperature taken as the solg:lus temperature of the alloy, j
is the current density vector and B is the magnetic field vector.

(3) Energy conservation

oT d
pcpﬁ +pCpv-V(T) = V-(AVT) +Q + po£ (4)
f1 is the liquid fraction, assumed to vary linearly with temperature

in the mushy zone:

fL = 1; if T > TL
T-T, .

= : <T< 5
fo=g g (L<T<T (5)
fL = O; if T < T]_

The equation of energy conservation could also be written as:
pCyl (g + 7-VT) =V-(AVT) +Q (6)
Where T is temperature, C, 1is specific heat and

G = Cp + Ly (9 /0t) is an equivalent specific heat which takes into
account the latent heat of fusion L.

Formulating the thermal problem using qu is very interesting
because the energy equation takes a classical form. The energy

V-7 =0 (]) . . . .
V= conservation is computed using the last formulation.
Cathode(-)
Deformable free surface by
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Fig. 1. Multiphysics coupling on a pulsed GTA welding.
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In order to avoid round-off due to manipulations with large/small
numbers and to assess the relative importance of terms in the model
equations it is useful to rewrite the whole equations in dimension-
less form. One must define reference quantities and related scales for
time, pressure, length, temperature and velocity. Then we can
introduce new dimensionless variables for the problem as following:

r z
R=-— Z=-"-
Lref Lref
V = 17 T = tViet
Vref Lref
_p o T-T, (7)
LrefV2 T - Ts

In our model we use Lo = 1 mm and Vief = 1 m/s Thus the
momentum, mass and energy conservation equations could be
rewritten as:

—vp 4 2Dy 4 Frlref _ (ﬂ + v-vv)

Re erzef ot
vV-V=0 20
PCpluetVee (G + V9O ) = 5-176) (8)

2.2. The electromagnetic problem

Under time pulsed conditions, the electromagnetic forces could
be different from that of a constant current, since the variation of
current during welding induces a variation of the magnetic field
which creates eddy current in the weld pool. The electromagnetic
field in the weld pool cannot be approximated by cyclic evolution of
the two stationary solutions at the top and bottom currents. To get
a good formulation of the problem, it is important to remind the
fundamental laws of electromagnetism that could be written as
follows:

VE=0, B=VxA
0A
— 0B — — 9E
X E =50 Vx B = ﬂo.’e+ﬂ050W 9)

Where B is the magnetic field, E is the electric field, T is the
current density, ¢ electrical conductivity, ug and €g are respectively
vacuum permeability and vacuum permittivity. Considering the
above equations the electromagn_gtic problem could be written as
a function of the magnetic field B as follows:

_
o 0B 1 — —

B
B=0 (10)

2 T ot e
Since the problem is axisymmetrical, only the §-component of the

gagnetic field F, and the r and z components of the current density
J are considered. Thus the equation becomes:

0By

LA 1
ot2

€ O  poer? | fofo

After solving the above equation the current density vector is
obtained from the Ampere's law as follows:

AB, = 0 (11)

_ 108y
Mo 0z°

. L a(rB,_g)

Jr T pr  or

(12)

4

2.3. The free surface problem

Under the actions of gravitational force, arc pressure and surface
tension acting on the weld pool, the free surface will form a shape
that minimizes the total energy of surface. The well known
stationary equation governing the free surface of the weld pool
takes the following form:

b+ ¢ (1+97)
(1+67)

Where ¢ is the vertical displacement of the top surface of the weld
pool, ¢, represents 9¢,/dr, and P, the arc pressure with its distri-
bution given in Fig. 3(¢). 4 is a Lagrangian multiplier introduced to
take into account the volume constraint under the free surface
Js2mp(r)rdr = 0. The above stationary equation is often used to
determine the free surface shape under constant current welding
[4]. In our study, in order to simplify the problem we only consider
the free surface shape at the top and bottom times of the pulse.

Pa+1—pgd = —v (13)

2.4. Boundary conditions

Fig. 2 shows the two different geometric configurations used in
this study for respectively partially and fully penetrated weld pools.
In order to reduce time computing, each geometry is made of two
subdomains with different mesh densities in each subdomain. For
example, in the case of a partially penetrated weld pool, the elec-
tromagnetic and energy conservation equations are solved in the
whole domain, i.e AEFG with a coarse mesh, however the
momentum and mass conservation equations are solved only in the
subdomain ABCD with a finer mesh size in the subdomain and in
particular at the top surface where occurs high gradients.

For a partially penetrated weld pool (Fig. 2 left) the boundary
conditions of the problem are listed as following:

(1) At the top surface of the workpiece (AB + BE)

b= 2 = Io(r) 5 = —palo(r) (14)
71% = qo(r) (15)

Where Jo(r) and qo(r) are respectively the current density and the
heat flux which distributions are given in Fig. 3(a) and (b).

In addition, at the free surface (region AB) the surface tension or
Marangoni-driven flow is described by adding the condition:

ou oy oT
,U«& = fLﬁ o

With u radial velocity of the fluid flow.

The temperature coefficient of surface tension 9y/9T for pure
metals is negative, however the presence of sulfur in the weld pool
can make the value of dy/aT positive. For liquid metals with 8y /0T
positive, the direction of the Marangoni stress on the surface of the
weld pool is changed resulting in an inward fluid flow which affects
the weld pool geometry. In the present study, the surface tension y
as a function of both temperature and sulfur activity is obtained
from the developed formalism [11]:

v=0 (16)

Y = Y — Ay(T — Ty) — RgTTsIn(1 + K(T)as) (17)
AH,

K(T) = I e —— 18

M) = kaexp(~ 2) (18)



1200 A. Traidia et al. / International Journal of Thermal Sciences 49 (2010) 1197—1208

A B E
D

C
G F

A B E

Fig. 2. Computational domains for partially (left) and fully (right) penetrated weld pools.

Where v, is the surface tension of the pure metal at the melting
temperature, as is the activity of sulfur and T; is the liquidus
temperature. The other variables are classical physical quantities,
the values are given in Table 1. The validity of the above equation for
application in Stainless Steel has been demonstrated in [12,13].
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Fig. 3. (a): Heat flux at the top surface of the weld pool. (b): Current density at the top
surface of the weld pool. (c): Arc pressure at the top surface of the weld pool.

By differentiating Eq. (17) with respect to temperature, the
expression of 9y/dT as a function of both temperature and sulfur
activity can be obtained as:

oY = A, — Reln(1 + Kay)

_ Kas IsdH,
1+Kas T

(19)

(2) At the outer surface (EF). A convective boundary condition is
applied;

oT
—ka = ho(T — Tp) (20)

Where hy is the convective coefficient of heat transfer.

_ 1 9(By) _ ,_0(rBy) _
Jz = uor  or O =0 (21)
(3) At the bottom surface (FG)

oT
—k& = ho(T —Ty) (22)
= 02080 _ g (23)

or

(4) Along the axisymmetrical axis (AD + DG)

oT
kg =0 (24)
By =0 (25)
u=0 (26)
Table 1
Material properties of AISI 304 stainless steel taken from [9].
Nomenclature  Symbol Value
as Activity of sulfur 0.0072 wt%
Ay Constant in surface tension 3x104Nm 'K
gradient
I Density of liquid phase 6350 kg m—3
Ps Density of solid phase 7500 kg m >
T Liquidus temperature 1723 K
Ts solidus temperature 1673 K
G Specific heat of liquid phase 720 ] kg ' K!
Cps Specific heat of solid phase 602 ] kg ' K!
ki Thermal conductivity of 20WmK!
liquid phase
ks Thermal conductivity of 26 Wm 'K!
solid phase
w Viscosity 0.05kgm~'s!
v Electrical conductivity 7.7 x10°Q ' m™!
Re Gas constant 8314.3 J kg~ ' mol ! K~!
AHg standard heat of adsorption —~1.88 x 10 ] kg~! mol~!
Ty Surface excess at saturation 1.3 x 108 kg ' mol~' m2
Ym Surface tension at pure metal ~ 1.943 N m™!
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(5) Along the solid interfaces (BC + CD)

u=v=20 (27)

It is important to notice that formulating Jhe electromagnetic
problem as function of the _r)nagnetic field B is very interesting,
because the current density J is immediately obtained by a spacial
differentiation. In fact the classical formulation of the problem in
term of the elecgic potential ¢ implies an integration step of the
current density | to obtain the magnetic field.

In the case of a fully penetrated weld pool (Fig. 2 right) the
boundary conditions remain the same except for the penetration
boundary (GC) where it is necessary to take into account the
Marangoni condition:

ou oy oT
#& = fLﬁ i
This makes the problem more complex because the two Marangoni
conditions on the top and bottom of the weld pool are coupled by
the fluid flow.

v="0 (28)

3. Results and discussion

Our spot pulsed GTAW model permits to us to study the influ-
ence of welding parameters on the fluid flow in the weld pool and
the final weld shape. Indeed, surface tension depending on
temperature coupled to Marangoni effect produces complex fluid
flow with vortices which produces quite different weld pool shapes
according to welding parameters. In the following paragraph, we
will first present the results of the developed model for partially
and fully penetrated pulsed GTAW welding, in a second part we will
compare welding under constant current with pulsed current, and
finally the model will be used to understand the effect of pulse
parameters such as current ratio (Ip/Ip) and pulse frequency on weld
pool shape and thermal field.

The numerical model was applied to AISI 304 stainless steel
welding containing 72 ppm sulfur. Table 1 lists the physical prop-
erties for AISI 304 ss taken from literature [9]. The temperature
dependent surface tension and its thermal gradient obtained from
equation are represented in Fig. 4(a) and (b).

3.1. Comparison between partially and fully penetrated weld pool

In this part, we present time evolution of the GTAW weld pool
for 4 and 10 mm thickness plates. Operating parameters are the
same for both cases, so the thin plate will have a fully penetrated
weld pool. The pulsed GTAW spot parameters are listed in Table 2.

3.1.1. Results for partial penetration

It is well known that the fluid flow and heat transfer in the weld
pool are dominated by Marangoni convection, which is due to the
temperature gradient of surface tension dy/dT. Fig. 4(b) shows that
dv/0T is positive until temperature reaches approximately a critical
temperature T, = 2300 K with a maximum of 8.52-107*Nm~' K ;
it then becomes negative for higher temperatures and reaches
a minimum of —2.75-10°* Nm~! K1,

Fig. 5(a) and (b) show the time evolution of the calculated weld
pool at the end of each background time and each peak time for the
total heating duration. In each figure it is represented the velocity
field and the streamlines inside the molten pool in order to identify
vortices. First it is important to notice that in each figure it appears
clearly two vertice; a clockwise vortex near the center of the weld
pool resulting in an outward fluid flow at the surface, the other one
is a counterclockwise vortex near the solidification point resulting
in an inward fluid flow at the surface of the weld pool.

v (N/m) a
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1,4
13 —v(T)
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1,1

1
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Fig. 4. (a): Surface tension as function of temperature for 72 ppm sulfur AISI 304. (b):
Surface tension gradient for 72 ppm sulfur AISI 304.

It is also seen that at each background time the counterclock-
wise vortex is clearly dominant, which induces a deeper weld pool.
Whereas, at each peak time the clockwise vortex is dominant
which creates a wider weld pool.

This phenomenon is simply due to the 8y /0T evolution. In fact as
itis shown in Fig. 6 at background time the temperature varies from
the liquidus temperature T; = 1723 K to about Tax = 2650 K, which
is above the critical temperature T, shown previously in 9y/oT
evolution, this explains the existence of two vertice; a clockwise
one corresponding to the region where 9y/d0T > 0 and a counter-
clockwise vortex corresponding to the domain where dy /0T > 0.
Moreover, Tnay is closer to T, then the region with dy/dT > 0 is
more important which explains the domination of the counter-
clockwise vortex. Whereas, at peak time, Fig. 6 shows that Tpay is
above 3000 K, then the region with dy/0T > 0 becomes more
important which causes the domination of the clockwise vortex.

The evolution of weld pool depth and half width a function of
time is shown in Fig. 7. As seen in this figure the weld pool

Table 2

Pulsed welding parameters.
Nomenclature Symbol Value
Ip Peak pulse current 200 A
Iy Background current 80 A
tp Peak pulse duration 0.25s
ty Background duration 0.25s
f Pulse frequency 2 Hz
te Total heating duration 35s
n, Number of periods 7
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Fig. 5. (a): Time evolution of the weld pool and streamlines for a 80/200 A pulsed current during the four first periods. (b): Time evolution of the weld pool and streamlines for a 80/
200 A pulsed current welding during the three last periods.
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Fig. 5. (Continued).

dimensions represents a very clear change at each peak or back-
ground time, it illustrates perfectly the domination of each vortex
discussed above. Since the clockwise vortex is dominant at peak
time, the outward fluid flow at the top surface induces an
increasing of the weld pool width, while its depth is decreasing,
during the background time, conversely; the width is decreasing
while the depth is increasing which illustrates the domination of
the counterclockwise vortex.

The velocity field at the top surface of the weld pool plays an
important role to what happens inside the molten pool. Fig. 8
shows the evolution of the radial velocity u as a function of the
radius r at the top surface. The two curves are plotted at the end of
the peak and background times for the last heating period. As it was
predicted, in each curve there are two regions; one region in which
the radial velocity is negative, the other one correspond to a posi-
tive velocity. During the background time the radial velocity is

predominantly negative with a maximum of 35 cm s, this velocity
becomes predominantly positive during the peak time with
a maximum of 40 cm s~ Globally, the two evolutions are similar
but shift in time.

Fig. 9 shows the free surface shape under the action of the arc
pressure for the peak current 200 A and background current 80 A.
As seen the free surface is deformed under the action of arc pres-
sure, gravity and surface tension. The maximum depression
reached for the peak current is about 0.28 mm whereas it is about
0.09 mm for the background currents. These values are very small
compared to the weld pool dimensions, for example the ratio
(¢/width) for the peak current is about 0.06. This explains the one
side coupling considered between the free surface deformation and
the hydrodynamics computation.

To obtain a three-dimensional representation of the results,
needed to compute the residual deformations where the clamping
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Fig. 6. Temperature at the top side of the plate for the last period; transition between
the background and peak times.

could make the problem non-axisymmetrical, we have used an
algorithm that projects all the computed quantities into a three-
dimensional disk. Fig. 10 represents the weld pool at the end of the
heating duration and some isothermal lines. As the end of heating
corresponds to a peak time, we could easily see the domination of
the clockwise vortex.

3.1.2. Results for full penetration

In the case of a fully penetrated weld pool, the thickness of the
plate was reduced from 10 mm to 4 mm to ensure the full pene-
tration. We used the same process variables as the 10 mm thick
plate welding.

Fig. 11 shows the time evolution of the weld pool depth, the top
and bottom width. The evolutions seem to be similar to a partially
penetrated weld pool except the fact that the bottom width
remains at zero until the fully penetration occurs. A very remark-
able point is that after the achieving of the full penetration the
width on the top surface has an opposite evolution compared to the
width on the bottom side. This is simply due to the sign of the
surface tension gradient.

The weld pool shape at the end of heating is shown in Fig. 12. It
is also represented the velocity field and the streamlines. We could
easily identify three vertice inside the molten pool; the two vertice
at the top correspond to the classical vertice discussed previously,
the clockwise one is dominating since the end of heating corre-
sponds to a peak time. The new vortex at the bottom is due to the
Marangoni effect at the bottom side of the weld pool. The reason
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Fig. 7. Time evolution of width and depth of the weld pool for a 80/200 A pulsed
current welding at 2 Hz.
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Fig. 8. Radial velocity at the top surface of the weld pool for the last peak and back-
ground times.

why there is only one vortex at the bottom is that the maximum of
temperature at this side is about 2000 K which is under the critical
temperature T = 2300 K. Thus the surface tension gradient 8y/aT is
positive everywhere, this results in a single counterclockwise
vortex at the bottom.

3.2. Comparison between constant current and pulsed current

Pulsed welding is here compared to a constant welding current
which produces approximately the same weld pool geometry
(depth and width). This will demonstrate the ability of pulsed
welding to produce the same penetration than a constant current
welding which needs more welding energy. Then, we will expect to
have less residual distortion with pulsed current welding.

Fig. 13 represents the time evolution of the weld pool width and
depth for a 10 mm thick plate, under a 80/200 A pulsed current
welding compared to a 170 A continuous current welding. As it is
seen in this figure the 170 A continuous current produces almost
the same weld pool dimensions as the 80/200 A pulsed current.
However over 3.5 s the continuous current corresponds to a total
heating energy of about 5867 ], while the pulsed current is equiv-
alent to 4565 J, so the reduction of energy is significant.

In other words, for a given weld pool shape (width and depth)
we reduce the welding energy by 22% when using pulsed current
welding. Then the residual distortions and stresses are expected to
be significantly reduced.
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Fig. 9. Free surface shapes for the peak (red) and background (blue) currents. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 10. Three-dimensional projection of the velocity field and isothermal lines
(1723 K, 1300 K, 1000 K, 600 K) at the end of calculation.

3.3. Effect of pulse parameters on weld pool time evolution

The aim of welder is to choose the best welding parameters to
maximise welding penetration and to minimize thermal gradient
to reduce the residual distortion and stresses. Pulsed current
welding is then an optimal choice. However, the welding parame-
ters are more complex to define and up to today the choice of
parameters remains empirical. In this section, we will try to use our
model in order to understand the influence of current ratio and
pulse frequency on the shape of the weld pool and the thermal
gradients.

3.3.1. Influence of the current ratio at constant energy

Using two levels of current during pulsed welding produces
high thermal gradients because the heating by arc plasma evolved
periodically with radius variation. Here, we study at constant total
welding energy, with a 140 A mean current but with three different
current variations (120/160 A; 100/180 A and 80/200 A) the
induced weld pool shape and the corresponding thermal field
history. Fig. 14(a) shows the time evolution of welding current, the
corresponding measured voltage is given in Fig. 14(b), it is impor-
tant to notice that the three cases have the same pulse frequency
(2 Hz), moreover the peak pulse duration t, is equal to the back-
ground duration tp, this leads to understand only the effect of the
current ratio I/I. Simulated weld shapes after solidification for the
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Fig. 11. Time evolution of the depth, width on the top and width on the bottom for
a fully penetrated weld pool.
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Fig. 12. Weld pool shape, normalized velocity field and streamlines for a fully pene-
trated weld pool at the end of calculation.

three cases are compared to macrographs and show a very good
predictions by our model.

The time evolution of the weld pool width and depth for the three
welding cases is given in Fig. 15 in which the case of the continuous
mean current of 140 A is also represented for comparison. The first
remarkable thing is that the three pulsed cases produce a deeper and
wider weld pool than the mean current. This suggests saying that for
a given level of welding energy, it is more interesting to use a pulsed
current welding. On the other hand the depth difference between
the three pulsed cases seems to be higher than the width difference.
In fact it is clearly seen that the 80/200 A case produces a deeper
weld pool than the others, this is caused by the fact that the back-
ground current is smaller, which leads to have a positive surface
tension gradient resulting in an inward fluid flow near the center of
the plate. This inward flow induces a deeper weld pool.

From the temperature field, the comparison between the three
pulsed cases and the mean current is given in Fig. 16, showing the
evolution of the top side temperature as a function of radius at the
last time. As it was expected the pulsed cases induce a higher
temperature at the center of the plate. The interesting point is that
far from the molten pool, there is no difference between the whole
cases. This may be due to the fact that all cases have the same
welding energy.
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Fig. 13. Comparison of weld pool dimensions between pulsed and continuous current
welding.
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Fig. 14. (a): Three current evolutions at constant energy. (b): Corresponding measured
voltage of each current.

As it was said previously the pulsed current cases produce
awider and deeper weld pool than the mean current, however they
induce higher thermal gradients caused by the periodic transition
between two levels of current. To emphasize this difference, the
Fig. 17 shows the time evolution of the thermal gradients near the
solidification point for the whole cases. This point is located in the
Heat Affected Zone where the main residual strains are concen-
trated. As seen in this figure, until the time t = 1 s the mean current
140 A induces a higher thermal gradients than the pulsed cases.
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Fig. 15. Time evolution of weld pool dimensions for the three different current ratios
and the mean current.
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Fig. 16. Temperature at the top side of the plate for the three current ratios and the
mean current at the end of calculation.

However thermal gradients tend to stabilize for the mean current
after the time t = 1 s, while it continues to increase periodically for
the three pulsed current cases. Thus, an optimal choice must be
made between the weld pool penetration and the induced thermal
gradients.

Fig. 18 shows the comparison between the experimental mac-
rographs of the three pulsed current cases and the corresponding
predicted weld pool shape after solidification. It shows a very good
agreement as much as shape as dimensions. We could also see on
the experimental macrographies the two solidification fronts cor-
responding to the final background and peak times.

3.3.2. Influence of the pulse frequency at constant energy

The variation of pulse frequency leads to control the heating
period between bottom and peak welding currents. Then frequency
controls thermal gradients and thus influences fluid flow in the
weld pool. Using the 80/200 A rectangular current distribution
previously used, with three different frequencies of 2, 4 and 6 Hz,
we study the effect of the current frequency on the weld pool shape
variation.

First, we start by comparing weld pool depth and width for each
frequency. As seen in Fig. 19 the weld pool characteristics evolve at
the same frequency as the corresponding welding current. As the
previous studied cases, during the peak duration the weld pool
width increases while the depth decreases and during the back-
ground duration the width decreases while the depth increases.

As regarding dimensions, the 2 Hz case produces a wider and
deeper weld pool than the other frequencies, this seems to be
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Fig. 17. Temperature gradients in the HAZ for the three current ratios and the mean
current.
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Fig. 18. Experimental macrographies and predicted weld pool shape; (a) 80/200 A, (b) 100/180 A, (c) 120/160 A.
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Fig. 19. Time evolution of weld pool dimensions for a 80/200 A pulsed current with
three different pulse frequencies.
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Fig. 20. Predicted weld pool shapes for a 80/200 A pulsed current welding with three
different pulse frequencies.

caused by the fact that the peak current is held during more time
which causes an increasing of the weld pool temperature and thus
dimensions. It is also important to notice that when we increase the
frequency, the weld pool dimensions are more and more close to
the mean current 140 A. The final computed weld pool shapes for
each frequency are compared in Fig. 20, it goes with the previous
remarks. This comparison is very interesting because we could get
different weld pool shapes with the same welding energy simply by
changing the pulse frequency.

The temperature evolution at the top side of the plate at the last
increment of time is showed in Fig. 21. By comparing this figure to
Fig. 16 we can see that the change in frequency has almost no effect
on the final temperature at the top of the plate, that is not the case
for the change in current ratio.
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Fig. 21. Temperature at the surface for the three different pulse frequencies at the final
time.
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4. Conclusion

In this paper we have presented a heat transfer and fluid flow
model for pulsed spot GTA welding. It deals with partially and fully
penetrated weld pools. This model can explain the phenomena gov-
erning weld pool shape evolution. Moreover, it allows to study the
influence of pulsed welding parameters on the final weld pool shape.

Gravity, electromagnetic forces, arc pressure and Marangoni
effect are taken into account. Electromagnetism is solved using
a magnetic field formulation which is easy to integrate in a finite
element software. Surface tension gradient is temperature depen-
dent and can be negative or positive according to the local
temperature of AISI 304 stainless steel.

A numerical comparison between continuous current and
pulsed current welding shows that pulsed welding can produce the
same weld pool shape as continuous current with less welding
energy. This shows the interest of pulsed current to limit the heat
transferred to plate and then to reduce residual stress and distor-
tions. The deformation of the free surface was also studied by
stationary formulation, but it will be very interesting to develop
a new dynamical free surface model that deals with the oscillations
of the weld pool under the action of time-dependent arc pressure.

Finally, we use our model to estimate the influence of welding
parameters such as current ratio and pulse frequency on the weld
pool shape. It shows that for a stainless steel the choice of the peak
current, background current and pulse frequency affects consider-
ably the weld pool shape. Using a higher difference between the
peak and background current results in a wider and deeper weld
pool, but it also induces higher thermal gradient near the Heat
Affected Zone. The model predictions are compared to different
welding macrographs, it shows a very good prediction. Indeed with
a unique surface tension gradient versus temperature relationship
we have successfully predicted different weld pool geometries. It
must be noticed that the sulfur activity, which governs the Mar-
angoni effect, is a significant parameter for the final weld shape. This
great influence of sulfur content is usually observed by welders.
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Nomenclature

Ay [N m~T K~1]: constant in surface tension gradient
By [Wh m~2]: azimuthal magnetic field

Cp [Wb m~2J: specific heat

Gl kg~! K~1]: equivalent specific heat

Fy[N m~3]: body forces in the weld pool

I [A]: welding current

Ip [A]: background current

Im [A]: mean current

I, [A]: peak pulse current

Lres [m]: reference length

P, [Pa]: arc pressure

Rg [J kg~! mole™! K~'J: gas constant

Vier [m s~!]: reference velocity

AHp [J kg~ ! mole™']: standard heat of adsorption
I's [J kg~ mole~! m=2]: specific heat

8 [K~1]: coefficient of thermal expansion

SN m~! K-1]: surface tension gradient

€ [J kg~! K~']: vacuum permittivity

v [N m~!]: surface tension

ym [N m~]: surface tension at melting point
A [Pa]: Lagrange multiplier

u [kg m~T s~1]: dynamic viscosity

o [H m~1]: magnetic constant

¢[m]: vertical displacement of the top surface
p [kg m~3]: density

o [S m~']: electrical conductivity

#: dimensionless temperature

as [weight%]: activity of sulfur

f[Hz]: pulse frequency

fi: liquid fraction

g [N kg~!]: gravity constant

ho [W m~2 K—2]: heat transfer coefficient

jo [A m~2]: current density distribution at the top surface
jr [A m~?]: radial current density

j. [A m~?]: axial current density

k [W m~1 K~]: thermal conductivity

kq: constant related to entropy of segregation
tp [s]: background time

ty [s]: peak pulse time

t; [s]: total heating duration

u [m s~!J: radial velocity

v [m s~!]: axial velocity



	Optimal parameters for pulsed gas tungsten arc welding in partially and fully penetrated weld pools
	Introduction
	Mathematical formulation and governing equations
	The hydrodynamics problem
	The electromagnetic problem
	The free surface problem
	Boundary conditions

	Results and discussion
	Comparison between partially and fully penetrated weld pool
	Results for partial penetration
	Results for full penetration

	Comparison between constant current and pulsed current
	Effect of pulse parameters on weld pool time evolution
	Influence of the current ratio at constant energy
	Influence of the pulse frequency at constant energy


	Conclusion
	References


