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Abstract. A mathematical model to describe the globular transfer in gas metal arc
welding is developed. This work is both theoretical and experimental. Using the
volume-of-fluid (VOF) method, the fluid-flow and heat-transfer phenomena during
the impingement of a droplet on a solid substrate, arc striking, the impingement of

multiple droplets on the molten pool and finally the solidification after the arc
extinguishes are dynamically studied. A He—Ne laser in conjunction with the
shadow-graphing technique is used to observe the metal-transfer processes.
Theoretical predictions and experimental results are shown to be in good
agreement, suggesting that the theoretical treatment of the model is sound.

Nomenclature u,w radial, axial velocity
U arc voltage
ag droplet’s acceleration in arc plasma Vi initial velocr[y of droplet ,
B, azimuthal magnetic field Vi, normal velocity component at molten pool’'s surface
C heat capacity Vs tangential velocity component at molten pool's
P
Dy droplet’s diameter sqrfafce i q
f droplet-transfer frequency Vy,  wire-feeding spee
1 liquid fraction AH latent heat of fusion
F volume of fluid
g gravitational acceleration Greek symbols
h specific enthalpy - .
he combined heat-transfer coefficient at the surface p Coejﬂ'c'e_”F of thermal expansion
I arc current " arcs efﬂmency
Jrj.  radial, axial current density ® V'SCOS'W.
X thermal conductivity “o perm_lttlwty of free space
K drag index in source term P de”S'Fy .
% maximum drag index o electrical conductivity
max :
n normal direction to surface ¢ potential .
p ressure y surface tension
p o . dy/dT temperature gradient of surface tension
rqie  heat-, current-flux-distribution radius S )
e radial. axial coordinate e emissivity of body’s surface
s tangential direction along the surface
S source term 1. Introduction
t time
T temperature In view of the significant effects of weld-pool convection
T, reference temperature on the microstructure and properties of the resultant weld,
Two surrounding temperature numerous investigators have attempted to calculate heat
T; liquidus temperature transfer and fluid flow in the weld pool, especially in
T melting temperature gas tungsten arc welding (GTAW) [1-6]. For GTAW,
T, solidus temperature convection in the weld pool is driven by a combination of
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Figure 1. A schematic diagram of the photographic arrangement: La, laser; L, L, and L3, lenses; H; and H,, pin holes;
G; and G,, protective transparent screen glasses; |, image screen; F, filter; Ca, camera; Mo, monitor; and W, welding system
(1, contact tube; 2, consumable electrode; 3, arc column; 4, droplet; and 5, workpiece).

t=0ms

-

t=80ms t-92ms t=96ms t=104ms between the droplet and the base metal. The ?mpingement
e g—— T‘ F' ) of molten metal droplets into the weld pool in GMAW

will affect the shape of the free surface and the convec-
tive heat transfer in the weld pool. Tsao and Wu [8] pre-
sented a two-dimensional stationary weld-pool-convection
model for GMAW which assumed the weld pool’s surface
to be flat and took into account the exchange of thermal
energy between metal droplets and the weld pool. Using
boundary-fitted coordinates, Kim and Na [9] presented a
three-dimensional quasi-steady model for the moving-bead-
on-plate GMAW process. The size and profile of the weld
pool were predicted, but the dynamic interaction between
the droplet and the weld pool’s free surface was not con-
sidered. Ushio and Wu [10] approximated the effect of
the droplets on the weld pool as a constant force acting on
the weld pool’'s free surface, although the impingement is
not a continuous process. That is, the transient influence
of successive impinging droplets on fluid flow in the weld
pool was not considered. Cheit al [11] recently used
t=260ms t=264ms t=268ms t=272ms t=276ms the volume-of-fluid (VOF) method to simulate the short-
EW-TEW T TEW TEW T OEw circuit-mode metal transfer in stationary GMAW welding.

; _ ' However, the work did not include a description of ther-
mal phenomena, rather it assumed that the droplets and
molten pool were isothermal. Adopting the VOF method,
Trapagaet al [12] simulated fluid flow, heat transfer and
solidification of a single molten droplet impinging on a sub-
strate in plasma spraying. However, the multiple droplets
in GMAW produce much more complex phenomena which
Figure 2. Successive images of arc striking and the even involve electromagnetic forces and Marangoni flow.
impingement of the first droplet. To summarize, because of the complexity in account-

ing for the impingement of molten metal droplets on the
forces, which include the surface tension force, buoyancy surface of the weld pool, the existing models take a limited
force, electromagnetic force and arc drag force. In most approach in dealing with the impingement of metal droplets
cases, the fluid flow and heat transfer in the weld pool are by (i) accounting for an exchange of energy between the
controlled by the surface-tension force [7]. weld pool and the molten droplet, (ii) specifying a rate of

Gas metal arc welding (GMAW) is an arc welding addition of metal droplets, (iii) considering the dynamic in-

process that uses an arc between a continuous, consumteraction between the metal droplets and the free surface of
able filler metal electrode and the weld pool (figure 1). the weld pool and (iv) considering the increase in volume of
GMAW, due to its high productivity, has been the predom- the weld pool due to the addition of molten metal droplets.
inant welding process. Studying the transport phenomena It is clear that the filler droplets have an important
in stationary GMAW could provide insight into what would  influence on the weld pool, since the droplets bring not only
happen in the molten pool with the impingement of multi- the impinging momentum but also a significant amount of
ple droplets. Compared with the GTA welding pool, how- thermal energy to the weld pool. Thus, one of the biggest
ever, the GMAW molten pool is less studied both in ex- challenges is the development of a realistic treatment of
perimental and in theoretical aspects due to the interactionthe impingement of the filler droplets into the weld pool,
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Figure 3. (a) The temperature distribution during the process of arc striking and the impingement of the first droplet on the
molten pool. (b) The velocity distribution during the process of arc striking and the impingement of the first droplet on the
molten pool.

Table 1. Welding parameters, some determined by measurements on high-speed films.

Case [(A) U(N) V,mmin? Dymm) V,ms?1) a;ms=2) f(dropss?)

A 200 31 5.2 2.5 0.3 51 13
B 160 29 3.6 3.1 0.1 22 5

including the free surface’s deformation. So far, no public In this paper, a new transient two-dimensional model was
literature has been published for GMAW considering the developed to simulate the heat transfer and fluid flow
dynamic interaction between droplets and the molten pool. associated with a weld pool into which molten droplets
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Figure 3. (Continued)

periodically are injected. The solution algorithm—volume 2. Experimental procedures
of fluid (SOLA-VOF) [13], modified to include heat _
transfer and the electromagnetic force, was used to track!n GMAW, there are various modes of metal transfer,

the transiently deformed shape of the weld pool's surface, ¢lassified into three main groups: free-flight transfer,
In addition, high-speed videography was used to record bridging transfer and slag-protected transfer. In free-flight

. . . transfer, including globular, spray and explosive modes of
the welding process. The theoretical and experimental . .
; transfer, the electrode does not come into contact with the
results were found to be in good agreement. A future

; molten pool. Lesnewich [15] showed that the mode of
model for GMAW should combine the electrode, arc plasma et transfer depends on many operational variables such

and molten pool, describing the growth and detachment 55 the welding current, electrode’s extension, electrode’s
of molten droplets [14], the transport and interaction of diameter and polarity. Among these variables, the welding
the molten droplets in the arc plasma and the interaction current is the most common variable that is adjusted to
between the droplets and the weld pool. obtain the desired metal-transfer mode. At low welding

2932



Analysis of globular metal transfer

1=3008 04ms 1=3801202ms 1=3016.04 ms 1=38020.02 ms 1=3024.04 ms

ince {mm)

o

]

Axial Distance

R e i R e

5 0 5
Radial Distance {[mm}

1=23028.02 ms 1=23032.04 1=3036.02 ms 1=3040.04 ms 1=304402ms

nce (mm)
- (=] L B

Axial Distance
om

5 0 5
Radial Distance {mm}

1= 3048 04 ms 1=306202ms 1=3128.02 ms 1=4818.03 ms 1=60680ms

nee (mmj}

Axial Distance

5 a 5
Radial Distance {mrm)

@)

Figure 4. (a) The temperature distribution during the process of the impingement of the last droplet and subsequent
solidification (case A). (b) The velocity distribution during the process of the impingement of the last droplet and subsequent
solidification (case A).

currents, the globular transfer mode occurs, whereas thethe droplet and molten pool was obtained. The high-speed
spray transfer mode occurs at relatively higher welding video camera is capable of grabbing images at a maximum
currents. There is a sudden change in rate of formation speed of 1000 full-frame pictures per second.
of droplets over a narrow current range, which is called the A power supply (Miller Phoeni¥®! 456) set in the
transition. According to Lesnewich’s work, in carbon steel constant-current mode was used to make stationary spot
welding with 1.2 mm diameter electrodes, a transition in welds on a 4.8 mm thick mild steel plate. The welding
metal transfer occurred at approximately 250 A. was performed under direct current, electrode negative
In the experiment, analysis of metal transfer was conditions. The electrode used in this experiment was a
performed using high-speed videography with a laser- mild steel welding wire with a diameter of 1.2 mm. The
backlighted shadow-graphic method [16]. The set-up of the shielding gas used was pure argon. The length of the
laser optics and the high-speed camera systems is showrelectrode’s extension between the contact tube and the tip
in figure 1. A He—Ne laser was used as a background of the electrode was 16 mm. Other experimental conditions
light source to exclude the high-intensity arc light. With are given in table 1. The droplet's sizB() was measured
the collimated light directed at the arc, a shadow graph of from the still image on the screen and averaged. A number
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1 %: ' : l ’:?‘ ' ' | Figure 6. The resultant weld bead (case A).

Figure 5. The images for the impingement of the last are further accelerated as they pass across the arc. Thus,

droplet on the molten pool (case A). the axial position,z, was measured on the images. The
drop’s velocity at detachmentV() and accelerationaf)

of works [17] have shown that, in GMA welding, the drops were determined graphically from the axial positiaf) (

detach from the electrode with an appreciable velocity and versus time ).
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Figure 7. (a) The temperature distribution for the impingement of the droplet on the substrate. (b) The velocity distribution
for the impingement of the droplet on the substrate.
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Figure 8. The images for the impingement of the droplet
onto the substrate.

3. The mathematical formulation

3.1. Governing equations

In order to simplify the mathematical model, the following
assumptions have been made.

(i) The droplet’s impingement process is assumed to be

axisymmetrical.

(if) Laminar flow is assumed since the size of the pool
is small.

(iii) The thermophysical properties which are listed in
table 2 are assumed constant.

(iv) The fluid in the pool is driven by a combination of
buoyancy, electromagnetic and surface tension forces.

(v) The droplet's diameter, initial velocity and

acceleration are set according to the experimental results

The conservation of radial momentum is

B ( 3u>
pruu — ur—
ar

ar oz

:
puw —

% o+ 1
9 w4 =
atp r 0z

ou
0z

oP 190 ou 5 u 0 ow

S Sy L T WL AT (i

or  ror H or Mrz 9z H or
—j.Bg — Ku. 2)

The conservation of axial momentum is

d 10 ow 0 ow
o iy (orw =) g (o =)
oP 10 ou d w
T T Tror (Ma*) S (%7)

+j, By — Kw + pgB(T — T,). 3)

The temperature-dependent drag term which represents
fluid flow in the mushy zone is incorporated into the
momentum equation via Ku and —K w, where

0 T>T,
K =1 Knax(Ti = T)/(T) = T}) I,<T=<T, (4
[ee) T < T;.
The conservation of energy is
B(h)+13 I k8h+8 " k oh
- —— | prun—r—— —|opwn — ——
or PV \P c,ar) oz \""" T ¢, ez
afL
= —AH—. 5
o7 ®)

In the energy equation, the latent heat of fusion is included
by employing the liquid fractionf;, which is defined as
follows:

1 T>T,
fo=1T-T)/(Ti - Ty) I,<T<T (6)
0 T < T,

(table 1). The temperature of the droplet is assumed to be

2400 K [17, 20].

On the basis of the above assumptions, the governing

differential equations used to describe heat and fluid flow
in the weld pool can be expressed as follows.
The equation of mass continuity is

10(ru ow
Lou)

— =0.
or 0z

1)

r

Table 2. Physical properties of the workpiece.

Property Value
1074 K1

Property Value

B 0 7200kgm~3

y 1.2Nm™? Lo 1.26x105Hm?
m 0.006kgm~—ts™?t o 7.7x10°Qtm™t
dy/dT 10*Nm-tK? e 0.9

Cp 753Jkg t K? AH 2.47x105Jkg™*
T 1723K Ts 1523K

k 20Wm-tK-? Kiax 10%s71
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whereT; and T, are the liquidus and solidus temperature,
respectively.

The conservation of electrical charge is given as
follows. In order to obtain the electromagnetic force
terms in equations (2) and (3), the electrical potential
¢ is calculated by solving the equation for the current’s

continuity,
¢ I\
<0r§> + (0 5) =0

and the current density is calculated from Ohm’s law,

99

J: = —0_—

0z

10
ror

d

9z ™

®)

while the self-induced azimuthal magnetic fiel, is
derived from Amggre’s law:

r
By = X2

Jor dr. 9)

r Jo
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Figure 9. (a) The temperature distribution for the impingement of the last droplet and subsequent solidification (case B).
(b) The velocity distribution for the impingement of the last droplet and subsequent solidification (case B).

3.2. Tracking of free surfaces 3.3. Boundary conditions

The moving free surface is tracked using a volume-of-fluid 3.3.1.  Boundary conditions for momentum. The
function, F, which represents the volume of fluid in the boundary conditions needed to specify the fluid-flow
computational cell. The functiof' takes the value of 1 for  problem are

the cell filled with the fluid and becomes 0 for the empty
cell. If the cell is located on the free surface, the function
F has a value between 0 and 1. The functiors governed
by the equation

oF 190
at + ror
In addition, there are some numerical techniques to
handle the free surface such as the surface pressure due
to curvature and the effect of wall adhesion. These are 3.3.2. Boundary conditions for thermal energy. The
discussed in detail by Nicholet al [13] and will not be boundary conditions pertaining to the heat-transfer problem

reiterated here. are

(i) the symmetry about the centreline,

(i) that there is no slip at the solid boundaries and

(iii) that surface-tension-driven flow at the free surface,
is described by

(ruF)—l—i(wF):O. (10)
9z

oV, dyaT
an ~ dT as’

T = (11)
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Figure 9. (Continued)
(i) the symmetry about the axial centreline (i) an isopotential line ¢ = 0) is selected at the

(ii) the heat flux from the welding arc at the free surface right wall because the right wall is far from the weld pool
is assumed to obey a Gaussian-type distribution of the form (3¢ /3z = 0 is set at the bottom wall) and
(iii) at the free surface, an assumed Gaussian-type

aT Ul 2 [ '
9T _n exp( — T\ ho(T — Too) (12) current flux is described by
an  2mr? 2r2
3o I r?
. . - —0o— = expl—== ) - (15)
where i, is a combined heat-transfer coefficient for the n  2mr? 2r?
radiative and convective boundary expressed in the equation
[18] 4. Results and discussion
he =241 x 10747161 (13)
. . 4.1. Case A
and (iii) the boundary conditions for the surfaces without
heat input are expressed as 4.1.1. Arc striking and the first droplet after arc
ignition. The welding arc is struck by touching the
or workpiece with the end of the wire. As shown in figure 2,
—k— = h (T — To). (14) . )
on when the wire touches the weld metal, the end of the wire

melts because of the Joule heating. Molten metal spreads
gradually on the metal surface. At the beginning, the
rate of the wire’s melting is slower than the wire-feeding
speed; thus, there is no space for arc ignition between the
(i) the symmetry about the centreline, electrode and the workpiece. During the time of a short

3.3.3. Electrical potential boundary conditions. The
boundary conditions concerning the electrical potential are
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droplet recoiling and the inwards impingement of fluid at
the centre, the fluid moves upwards, as shown in figure 3(b).
A hump, affected by the inertial force, which overpasses the
equilibrium point, is formed. That is, part of the kinetic
energy has been transformed into potential energy. Under
the impact of the above-mentioned forces, the fluid has
to move downwards. Between the impingement of two
successive drops, this loop will continue until equilibrium
is achieved. This is called weld-pool oscillation.

3016 ms

I

t=3020ms t=3024ms

B

4.1.2. The last droplet and subsequent solidification.
After around 3 s, the arc is extinguished in order to observe
the impact of the last droplet and subsequent solidification.
Figure 4 shows that, when the droplet impinges upon the
weld pool, there is a mixing of mass, momentum and
energy between the droplet and the molten pool. The
Figure 10. The image for the impingement of the last addition of the molten droplet increases the volume of
droplet onto the molten pool (case B). the weld pool, the impact of the droplet causes a marked
indentation in the weld pool and the heat contained in the
overheated droplet is transferred to the weld pool. The
added high-temperature filler metal is driven downwards
by the stirring force due to the momentum of the droplets
falling onto the pool. Some experiments [20] have led one
to conclude that, with GMA welding, the arc heat influences
the depth of penetration only to a limited degree. As
shown in figure 4(a), the high-temperature filler metal could
reach the bottom of the weld pool, which suggests that the
penetration of the weld pool could be mainly determined by
the impingement of droplets. Without additional droplets
and arc heating, the molten pool becomes smaller and
smaller and the solidification is completed after around
6 s. The size of the molten pool and the flow pattern are
shown in figure 4(b). The flow pattern in the weld pool
makes the effect of convection on heat transfer and weld-
Figure 11. The cross section of the resultant weld bead pool oscillation easily understood. It is also shown that the
(case B). impingement of droplets is a key factor affecting the fluid
velocity. The fluid's velocity increases significantly after

circuit, the electrode is overheated. It is shown that the hot impingement and decreases gradually during the process of
wire collapses after around 92 ms. At the same time, the gglidification.

welding arc is struck. In the model, the wire is assumed The experimental images are shown in figure 5.

to be at the liquidus temperaturd) and the velocity  Ajthough the cavity in the centre of the weld pool could not
of the fluid is assumed to be equal to the wire-feeding e gpserved under the current experimental conditions, the
speed. After the collapse, the fluid flow is controlled by yained images show that the weld-pool oscillation could

the buoyancy, electromagnetic force and surface tension.be triggered by the impingement of a droplet and that the
That is to say, the governing equations used are the same

as those mentioned before. Figure 3 indicates that theamphtude of oscillation is dgcreased .gralldually.
. ) . The resultant weld bead is shown in figure 6. The actual
predicted surface profile of the weld pool in the process of

arc striking under the above-mentioned assumptions agree§enetration is less than the predicted results in figure 4(b),
well with the experimental results and the penetration is not finger-like. In the model, we

After 240 ms, the first droplet is formed and detached 2SSume that the droplets always impact upon the centre of
from the wire. The droplet's velocity is increased after the molten pool. In actual stationary gas metal arc welding,
acceleration across the arc. As shown in figure 3, the transfer of metal could not be focused on one point.
when the droplet transfers to the pool it imparts kinetic The droplets strike the weld pool over a wide area. As
energy to a region local to the surface and this kinetic @ result, there is no finger-shaped penetration. Since the
energy is expended in generating a cavity. Then the weld surface’s profile is controlled by surface tension and
fluid is accelerated into that cavity by the hydrostatic, the locations of impact of the drops on the workpiece are
electromagnetic and surface-tension forces [19]; therefore,not a dominant factor, the predicted surface profile agrees
the cavity fills immediately after impact. Owing to the well with the resultant weld bead.
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4.2. Case B

4.2.1. Impingement of a droplet on a substrate.
Figure 7 depicts the behaviour of a molten droplet
impacting on the substrate. It is seen that the droplet

5. Conclusions

The globular transfer in stationary gas metal arc welding
has been dynamically simulated using a modified SOLA-
VOF method. The principal conclusions are summarized

assumed to be spherical is accelerated in the arc plasmaas follows.

After the droplet hits the substrate surface, it spreads out
on the substrate’s surface quickly. As shown, the velocity
of fluid flow in the molten pool rapidly decreases. An
examination of the temperature contours in figure 7(a)
reveals that the substrate in the central region is more
molten than is that on the splat's periphery due to its
higher fluid temperature. This is because the splat's
periphery is continuously cooled by being in contact
with the low-temperature surface of the substrate as it
spreads outwards. The heat input from the welding arc is
another factor affecting the temperature distribution. To
get the image of a droplet impinging on the substrate,
the workpiece is moved forwards quickly after the arc
is struck. As shown in figure 8, the experimental
results are in reasonable agreement with predictions. The
instant when the workpiece stops is setras= 0 ms in
figure 8.

4.2.2. The last droplet and subsequent solidification.

In GMAW, hot, molten droplets are continuously supplied
to the centre of the weld pool. At the current of 160 A,
the size of the droplet is much bigger and the velocity of
the droplet is less. As shown in figure 9, the frequency of
weld-pool oscillation is greater than that in case A. This
may be due to the drop’s velocity at the moment of impact
being different. At higher current, the cavity caused by
the impingement of the droplet is much deeper and it takes
longer to fill. Comparing with figure 3, the solidification
process is described in detail in figure 9. The heat loss is
mainly from the base metal, so the liquid adjacent to the
solid—liquid interface solidifies first. The last liquid zone is
located in the top of the weld bead. The predications are in
fair agreement with the corresponding experimental images
shown in figure 10.

The cross section of a weld bead at 160 A is shown
in figure 11. Compared with case A, the penetration is
shallow. In gas metal arc spot welding, the periodically
injected droplets result in a high-reinforcement bead profile.
Since it is difficult for falling droplets to reach the bottom
of the weld pool because of the bead’'s height, the heat
cannot be transferred to the weld’s root efficiently. This is
the reason why GMAW could be used in rapid prototyping,
which needs higher weld beads and shallower penetration.
For welding, the increase in the droplet-transfer rate could
cause the well-known finger-shaped penetration. With
increasing droplet-transfer rate, the droplets are more
easily directed to one point. The cavity caused by the
impingement of the droplets could not be filled in time
because of the higher droplet-transfer rate. The droplets fall
constantly in the same cavity so that the heat is transferred
efficiently to the weld’s root.
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In the process of arc striking, the collapse of
the overheated wire has been observed and simulated.
The weld pool's oscillation could be triggered by the
impingement of the droplets. The frequency and amplitude
of the pool's oscillation is closely connected with the
momentum of droplets.

The droplet-transfer frequency has a major influence
on the weld pool’s configuration. A higher frequency leads
to a deeper penetration. The locations where the droplets
impinge on the weld pool are another important factor that
affects the pool's shape. The scatter of impinging locations
could result in a shallower and wider weld shape instead of
the normal finger shape.

The calculated temperature distribution reveals that the
fluid’s temperature around the periphery is lower than
the temperature at the centre. Solidification, therefore,
is expected to initiate from the solid—liquid interface and
advance towards the centre. It is noticed that the velocity
of falling droplets is an important factor in deciding the
velocity field in the molten pool.

A high-speed video camera has been used to record the
images of the metal-transfer process. The calculated results
appear to agree well with the experimental results.
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