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Abstract

Gas Metal arc Welding (GMAW) has become
the most widely used process for joining of steel
plates due to its high productivity, simplicity
of equipment and ease of use. Although the
process of melting of the electrode and devel-
opment of the weld deposit has been studied
for 40 years, the dynamic nature of the process
has not been studied in detail because accurate
models are computationally intensive and ex-
periments to measure what is occurring in the
arc are difficult due to the intense heat and
light. In this presentation, the fundamentals of
the GMAW process will be reviewed, followed
by a detailed description of droplet formation
and detachment followed by current studies of
fluid behaxior in the weld pool. It will be shown
that fluid motion both within the drop and the
weld pool has a significant effect on the quality
of the weld produced.

1 Introduction

1.1 Simulation of transport pheno-
mena in GMAW

The welding environment is characterized by
extreme conditions such as high temperatures,
intense light emitted from the plasma and the
existence of multi-phase systems which make
it particularly difficult or even impossible to
measure values of interest with a high preci-
sion. With the rapid development of com-
puting power and advanced numerical solution
techniques new possibilities are opened up to
predict transport phenomena associated with

GMAW. Numerical simulation can be a suitable
tool to gain insight in the determining processes
and to reduce the experimental expense of the
development of welding methods.  However,
computer analysis cannot explain more than the
physics of the formulated mathematical model.
A critical review of the hypothesis is needed on
the basis of validation experiments.

1.2 Investigated welding method

GMAW is characterized by an electric arc as
the heat source for melting of the base metal
and the consumable electrode. The electrode is
continuously fed to the arc and fills the groove
of the base plate. The molten metal is pro-
tected from the atmosphere by the shielding
gas (usually pure argon (Ar) or pure carbon
dioxide (COg), or mixtures of Ar, COz, or oxy-
gen (O2)). The electric current is carried by a
plasma consisting of ionized shielding gas.

The metal transfer mode affects the arc sta-
bility, fume generation, spatter, penetration,
and the weld pool behavior and is of practical
interest due to its essential influence on the weld
quality. In principle free-flight metal transfer
can be divided into two transfer modes [20]

e globular mode (drop, repelled) and

e spray mode (drop, projected, rotating,
streaming, pulse).

The most important parameters influencing
the transfer mode are the welding current I,
arc voltage U, contact to workpiece distance
CTWP, shielding gas composition, gas flow rate

Vyas, electrode/torch angle, alloying elements,



Table 1: Materials

and welding parameters

material
electrode | ER70S-3 (bare)
shielding gas | 98% Ar + 2% Oq
base metal | mild steel
parameter range
I]180—-480 A
Ul 271-35 V
CTWP| 18-25 1073 m
Vs | 142 m? /h
Doyire 1.6 1073 m
globular drop spray streaming spray

electrode

drops
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Figure 1: Drop transfer modes

wire feed speed vyire, extension [,;.. and dia-
meter D,;.. of the wire. The materials and the
parameter range considered in the current work
are given in Table 1. The welding current can
be constant or pulsed.

The globular, drop (or projected) spray and
steaming spray transfer mode can be observed
in Figure 1. The character of the metal transfer
depends mainly on the welding current, wherein
the size of the drops decreases with an in-
creasing current. In globular transfer the di-
ameter of the spherical drops is greater than
the electrode diameter. With increasing cur-
rent the mode changes into drop spray trans-

fer which is characterized by an acceleration of
the drops. The drop shape is similar to globu-
lar transfer but with a diameter slightly smaller
than the electrode. Upon a further increase in
wire feed speed, the mode turns into stream-
ing spray transfer characterized by very small
drops, wherein an almost continuous column ex-
tends from electrode to base metal [9].

1.3 Analysis of the general problem

Modeling metal transfer in GMAW is a chal-
lenging task, since it involves a strong inter-
dependence of the processes in the electrode,
the plasma, and the weld pool region. One
has to consider coupled transport phenomena
influenced by combined electrical, magnetic,
and chemical effects, free surface problems, and
phase transitions. Figure 2 shows a schematic
description, where the thin arrows stand for a
small influence, while the thick arrows stand
for a strong influence between the subproblems.
Due to the relatively small influence of the pro-
cesses in the weld pool on drop detachment and
transfer it seems possible to decouple these sub-
problems. Thus three relatively independent re-
gions of

1. drop formation and detachment,

2. processes in the arc column including the
free flight of drops, and

3. drop impingement and weld pool behavior

can be considered.

One is faced with modeling problems such
as an unsatisfactory knowledge of the material
properties in the range of high temperatures,
the existence of free surfaces, a multi-phase sys-
tem, and extreme non-linearities in the describ-
ing equations and boundary conditions. That
is why also the most sophisticated modeling
efforts are restricted to small intervals of the
welding parameters or they have to simplify the
governing equations.

Many previous models focused on globular
drop detachment from the electrode and small
weld pool deformations. But globular drop
transfer is rarely used in production. Due to



Drop dynamics

e surface tension

e clectro-magnetic forces
e gravity

e Marangoni effect

e drop oscillation
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Figure 2: Partial problems

the small influence of the electromagnetic force,
the drops are not accelerated towards the pool
which leads to shallow and broad weld beads.
High productivity applications involve the use
of high currents with great weld pool deforma-
tions and impinging drops with significant mo-
mentum. That is why special emphasis should
be given to the spray transfer mode of GMAW.

2 Previous modeling efforts

A classification of GMAW modeling efforts was
proposed in [13]. The sub-models for electrode,
arc, and weld pool region are named as first
generation models (cf. Figure 3). They are fo-
cused on the modular development of models
for the electrode [12,31], arc [14, 18, 33], and
weld pool region [15,29,32]. Approaches for
the development of the resulting microstructure
[2,19], hydrogen diffusion [7,25], and residual
stress and distortion [8,28] are coupled with the
weld pool behavior. Second generation mod-

els consider the interaction between electrode—
arc [4,27], arc—pool [3,6], or electrode—arc—pool
[23,35]. Proposed third generation models with
inclusion of micro-modeling of solidification and
solid weld mechanics in second generation mod-
els have not yet been acchieved.

Presently, there is a thorough understanding
of the mechanism of drop detachment during
globular transfer and of the behavior of the arc
and of the weld pool for relatively small surface
deformations.
modeling on the depression and the transport
phenomena in simpler gas tungsten arc (GTA)
or laser weld pools [5,21,30,34].

There has also been extensive

There is a lack of understanding of the dy-
namics of the drop detachment and weld pool
behavior during the high current regime of
GMAW. For example, phenomena such as fin-
ger penetration (Figure 4) are still not under-
stood. Weld defects such as undercutting,
humping, and tunnel porosity are created by
the interplay of processes occurring in the weld
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Figure 3: Classification of GMAW models (after
[13])

pool, but there is no clear understanding of the
fluid flow within the weld pool which leads to
these defects (cf. Figure 5-7 with examples for
these effects in GTAW).

The motivation of this paper is to make a con-
tribution to better understanding of dynamics
ruling these phenomena. Two models of the
drop and weld pool region will be developed
which are semi-coupled with a reduced model
for the arc region describing the density of weld-
ing current and heat flux.

3 Drop Formation and De-
tachment

3.1 Modeling

The process of drop formation and detachment
is characterized by a combined spatial and tem-
poral nature and can be divided in the stages

1. melting of the electrode,

2. tapering of the electrode,

Figure 4: Finger penetration (from [24])

Figure 5: Undercutting (from [24])

Figure 6: Tunnel porosity (from [24])

Figure 7: Humping (from [24])
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Figure 8: Forces acting on the drop

3. formation of the drop, and
4. pinching off the drop.

The thermal processes in stage (1) and (2) de-
termine the position of the melting interface
between wire and drop and the volume of the
pendant drop. Because these data are available
from experiments [16], this investigation will be
focused on stage (3) and (4). The detaching
forces involved are (cf. Figure 8)

e electromagnetic force I},
e gravitational force F,

e aerodynamic drag force (shear stress by the
plasma flow) Fy,,,

e inertial force Fj,,,

o Marangoni effects trough driven flows in-
side of the drop F

and the remaining forces are
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Figure 9: Comparison of experimental results
and theoretical prediction using SFBT and PIT
(from [17])

e surface tension effect F, and
e vapor jet force .

Former theoretical models are based on the
static force balance model (SFBT) [18,31] or the
pinch instability theory (PIT) [1,26]. Figure 9
shows a comparison between experimental and
theoretical results for the drop diameter Rg,.,
achieved in [18]. Agreement can be achieved
with SEFBT for currents lower 210 A, but it
fails for high currents. PIT shows an oppo-
site behavior, the theory is applicable for cur-
rents > 250 A. Both theories are restricted
to a small range of the welding parameters.
The observed problem can be explained by the
fact that the significant dynamic behavior of
the GMAW process is neglected by SFBT and
PIT. Asaremedy, adynamic drop-detachment
model (DDM) based on the following assump-
tions will be proposed.

e computation domain is restricted to elec-
trode wire and pendent drops

e position of the melting interface is given



e axisymmetric shape and motion of the drop
e isothermal domain
e neglect of internal rotational flows

e neglect of the direct dependence of the ge-
ometry on the spatially distributed forces

e constant values for surface tension, visco-
sity, and density

e constant welding current and wire feed
speed

The basic idea of DDM consists in the simula-
tion of a drop growth and detachment cycle in
the steps

1. computation of the sum of the spatially dis-
tributed forces acting on the drop from first
principles,

2. prediction of an a priori shape approxima-
tion determined by these forces using the
static equilibrium theory, and

3. adjustment of the drop shape by simulating
the dynamic response of the center of mass

where the melting rate of the electrode is con-
sidered by a drop volume growing from time
step to time step. DDM uses a switch between
the three cases where the drops are

e attached to the electrode with no neck (see
truncated ellipsoid in Figure 10),

e attached with a neck (see truncated-
ellipsoid /polynomial volume model of a
necking drop in Figure 11), and

e detached from the electrode (full ellipsoid).

In each time step of the discrete simulation a
decision has to be made which volume shape
will be used to model the drop. Truncated el-
lipsoids are used initially and when the balance
of forces at the liquid—solid boundary becomes
less than zero, truncated ellipsoids and polyno-
mial volumes are then used, which allows the
formation of a neck. The final collapse of the
drop neck represents the imbalance between the

Xy

Figure 10: Truncated-ellipsoid model of drop
with no neck (after [10])
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Figure 11: Truncated-ellipsoid /polynomial vol-
ume model of a necking drop (from [10])



primary forces acting on the drop just before de-
tachment, namely magnetic forces and surface
tension in the range of higher currents. The
force balance Fj,;; at the melting interface is
given as

Bﬂif:F’V_FSpT’_dep—I_Fmag_I(pr- (1)

The retaining surface tension force F, is com-
puted with

F, =21 Ry sin (2)

where R.; is the wire radius, v the interfacial
surface tension between liquid metal and ion-
ized gas, and f the tangent angle of the trun-
cated ellipsoid at the electrode (cf. Figure 11).

Fy,, and Fy,,, are the spring and damping
forces acting on the center of drop mass. The
effect of surface tension on the motion of the
center of drop mass is modeled as a non-linear
spring with one end of the spring attached to
the center of mass and the other end anchored
to the solid electrode. Motions of the drop are
damped by loss mechanisms in the fluid such
as viscous losses and joule heating from eddy
currents induced by fluid motion through the
welding current’s magnetic field.  The mag-
netic force Fj,q, is that acting on the ellipsoid
above its equator and was shown in [11] to be
negative in argon-rich plasmas. A detailed de-
scription of the computation of Fjp,., Fipp, and
Fqy is given in [10].

Finally, the term K, is an adjustable param-
eter to match the moment of neck formation
with that observed in experiments. It is be-
lieved that this parameter models radial mag-
netic pressure acting on the drop.

3.2 Results

The model performance was successfully tested
for different parameter sets covering

e drop dynamic for an attached drop,

drop impulse response,

drop dynamic for necking drops, and

drop dynamic for free drops.

The DDM simulations were compared with
measurements of obtained from video images
over a range of welding currents.

For low currents where the drops are large
and the magnetic forces are relatively small,
the force balance in Eq.1, which determines
the transition from truncated ellipsoids to trun-
cated ellipsoids/polynomial volumes, is not crit-
ical since the drop usually stays on the electrode
for some time after the transition. The forces
acting on the truncated ellipsoids and poly-
nomial volumes are what then determines the
time at which the drop detaches from the elec-
trode. However, at higher currents in the glob-
ular transfer region where the drops are small
and the magnetic forces are relatively large, the
drop detaches soon after the transition from
truncated ellipsoids to truncated ellipsoids/and
polynomial volumes, and the time of the transi-
tion, determined by the force balance in Eq. 1,
becomes more important.

Selected examples of simulations along with
the equivalent experimental images are shown
in Figure 12-16. A comparison of the impulse
response of the model to measured responses of
the drop is given in Figure 12. The welding arc
was initially operated at a base current of 40 A
with 330 A impulses superimposed at 5 Hz and
a 2% duty cycle. A drop was ejected from the
electrode with each current pulse. The peak
current level was then briefly reduced to 260 A
such that a drop was not ejected and a drop im-
pulse response was observed. The comparison
of the equatorial radius is shown in the upper
graph. Of interest here are the oscillation fre-
quency and damping rate. The surface tension,
damping, and gravitational forces generated by
the model are shown in the lower graph; the
non-linear nature of the surface tension model
is apparent. Magnetic forces are insignificant
during the oscillation as the base current was
only 40 A during this time. It was necessary to
use a surface-tension coefficient approximately
one-half the known value for molten steel and
a relatively large damping coefficient. It is hy-
pothesized that these discrepancies are due to
fluid flow inside the drop and the model sug-
gests that the effects of this flow are significant.
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Figure 12: Drop impulse simulation (from [10])

The excess viscous losses may be the result
of rotational flow in the drop driven by rota-
tional components of magnetic body forces and
Marangoni flow (flow driven by surface tension
gradients). This rotational flow would result in
additional viscous losses. It would also increase
eddy current losses.

The simulated drop geometries for a constant
current detachment compare well with the ex-
perimentally observed shapes. In Figure 13 and
14 the results for a current of 220 A are given.
In particular, the model reproduces the oblate
shape of the drop as it detaches from the elec-
trode. The model is also able to predict drop
shape and frequency with a high precision for
higher currents. The results for computation
and experiment in Figure 15 and 16 confirm
this. The simulated drop detachment frequen-
cies as a function of the current are shown in
Figure 17.

A A A d
G G Ad

Figure 13: Simulated detachment, =220 A,
U=29 V, image interval = 4 ms (from [10])
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Figure 14: Measured detachment, =220 A,
U=29 V, image interval = 3 ms (from [10])
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Figure 15: Simulated detachment, /=280 A,
U=29 V, image interval = 4 ms (from [10])
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Figure 16: Measured detachment, =280 A,
U=29 V, image interval = 1 ms (from [10])
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Figure 17: Simulated detachment frequencies

(from [10])

3.3 Discussion

A dynamic model of drop detachment in
GMAW was presented. It has the capability to
demonstrate the significance of different physi-
cal effects including process dynamics (influence
of gravity, magnetic forces, drop acceleration in
the plasma, throwing off of drops by electrode
vibration, etc) in a wide range of welding pa-
rameters. This capability allows e.g. to provide
quantitative explanations for the effectiveness
of current pulsing.

Simulations performed with this model are
compared with measurements of welding images
for low and moderate welding currents in an
argon-rich plasma. An agreement between the-
oretical and experimental results for drop de-
tachment could be achieved for a wide range of
parameters. The comparisons indicate that the
experimental magnetic forces are much less po-
tent than the calculated magnetic forces when
welding-current transients are not present. A
hypothesis to explain this finding is that inter-
nal flows are able to develop under the relatively
quiescent conditions that exist during drop de-
velopment in constant-current welding.
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Figure 18: Variation of penetration depth with
current for GTAW (after Lin and Eagar [22])

4 Weld Pool Behavior

In this section we will investigate the role of
Marangoni forces as the possible cause of deep
penetration. The model presented is a simpli-
fied representation of the physics in the weld
pool and depends critically on the mass and
heat flow resulting from the perocess at the elec-
trode.

In the high current regime (generally above
250 A), unexplained phenomena affect weld
penetration, thus making the process uncertain
and/or unreliable. Figure 18 shows previous
work by Lin and Eagar [22], where a critical
change in penetration with welding currents ap-
pears clearly. Current modeling efforts claim
to be able to understand the lower penetration
side of the curve (low currents), but the mod-
els break down as current increases beyond a
critical point, and the surface deformation is
large. Arc pressure itself cannot explain the
magnitude of surface deformation, neither can
evaporation forces, and our previous work [24]
indicates that for GMAW, droplet impingement
is not an important factor either.
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Figure 19: Problem studied: a moving liquid
film under a heat source

4.1 Thermal and fluid flow model

In this study we focus on a two-dimensional lig-
uid film that is moving under a linear gaussian
heat source. Marangoni forces, fluid flow and
heat transport are considered. Surface energy
influence on free surface shape has been ne-
glected, as well as electromagnetic effects and
conduction heat transfer in the direction of the
flow.
a pure element, with a clearly defined melting
point.

In addition, the material is treated as

Experimental observation of welding at high
currents showed the bottom of the weld pool
presenting a ”dry” aspect, that is, the bottom
of the weld pool looked rough, instead of mirror-
like typical of molten metal free surface. This
evidence could indicate the presence of a film
layer so thin that its free surface is affected by
the roughness of the mushy zone. To under-
stand the behavior of a thin layer, we will study
a similar problem, that is not an accurate de-
scription of a welding process, but will give in-
sight about the role of Marangoni forces in the
deformation of a free surface. Figure 19 shows a
schematic of the process analyzed. The problem
described in Figure 19 is two-dimensional, and
corresponds to the fluid flow, free surface defor-
mation and energy transport in a thin film that
is moving under a linear gaussian heat source.



Far from the heat source the film thickness is
constant (b), and both the liquid and the solid
and move towards the heat source at the same
velocity U and temperature T},.

4.2 Governing equations and bound-
ary conditions

Asuming two-dimensional fluid and heat flow,
constant properties, uniform pressure distribu-
tion, very low Reynolds number, and a surface
heat source, the applicable forms of the momen-
tum and energy equations are:

Momentum and Continuity:
Wy =0 (3)

Boundary conditions:

vU(E,0 = 0
V(& 0) = A (4)
W) = —1

The order of the differential equation in n has
been reduced from 4" to 37 order. This has
an important implication: we have now more
boundary conditions that degrees of freedom.
For this reason, Marangoni stresses will not be
considered as a boundary condition now, and
the corresponding Eq. 10 will be used as a check
in an iterative method. The non-dimensional
form of the Marangoni boundary condition is:

_2(L-AVTE AT
SA? (5)

For the equation of conservation of energy, a
large Peclet number will be assumed. The equa-
tion of energy in its dimensionless form then be-

Nf+AS + 3

comes:

Conservation of Energy:
Py — APe(Q, Ve — 0V, = 0) (6)

Boundary conditions:

¢(,0) = 0
q)ﬁ(_oovn) =0 (7)
(1) = A ()

11

where:

F(6) = € exp (—5—) (%)
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The independent variables are & = z/b and
n=1y/d(x) where b is the liquid layer thickness
far from the heat source and ¢ is the surface de-
formation. The dimensionless dependent vari-
ables are U and & defined as ¥ = +/(Ub) and
¢ = (I'-T,)/(I) — Tw) where U the trav-
eling velocity, T is the unknown temperature,
T,, the melting temperature, and 7T, the room
temperature.

The Reynolds number, Peclet number and lo-
cal liquid layer thickness ratio are defined by
Re = Ub/v, Pe=Ub/a and A(§) = §(x)/b,
where v the kinematic viscosity, and « heat
diffusivity of the liquid layer. And additional
dimensionless parameter, the surface tension
number S = C, (T}, — T)/(nU) is introduced
where (', is the surface tension coefficient and
1 the viscosity.

4.3 Solution procedure

The solution of the transformed equation of
conservation of mass and momentum Eq. 3 is:

(&) =—-An—(1-A)p’ (9)

The transformed equation of energy will be
solved approximating the temperature profile
with a second order polynomial, and performing
a shell balance at each point of the x coordinate.
The following differential equation is obtained:
Conservation of energy:

A1d' + Arp+ A3 =10 (10)

Boundary condition:

p(—00) =0 (11)
where:
Ay = —APe(b-A)/12
Ay = —(1-—AA'Pe/12)
As = APe(AA'f —2Af + %AQf

~2A'f) /3
(12)



The Marangoni condition can be expressed as:

Al
= | 2A'f+2AF
® D [ F+2Af
41— A1+ AZ As (13
SA2 A

The solution of the coupled problem consists
on finding the two functions f(z) and D(z)
that satisfy the energy equation Eq.10 and the
Marangoni condition Eq. 13 simultaneously. In
this work domain of 2 was discretized in 100
intervals (101 nodes). The iterative algorithm
used to find the two functions is the following:

1. assigning a value to A for each of the nodes
2. integrating the equation of energy for ¢

3. calculating ¢ps from the Marangoni condi-
tion

4. comparing ¢@p and s
5. assigning a new value to A for each of the
nodes
4.4 Order of magnitude estimation

A simplified analysis for the deepest part of the
weld pool yields an approximate estimation of
the minimum molten metal film thickness:

1/3
ablU pky
y=1-4 — 14

( Gmax C’)/) ( )

where a is the standard deviation of the heat
source, ¢,q; the maximum heat input, and k;
the heat conductivity of the liquid.

4.5 Results

The material considered for this example is pure
aluminum. The thermophysical properties used
are summarized in Table 2. The process param-
eters are summarized in Table 3. Using this val-
ues the Peclet number is 0.71 and the Reynolds
number 36.

Figure 20 summarizes the results of the
model. The free surface has a hump at the
front end and is greatly depressed under the
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Table 2:

minum

Material Properties for Pure Alu-

Symbol Value Units

c, —-3.6-107* N/(m K)
cp 682 J/(kg K)
ky 70 W/(m K)
T, 650 °C

0 2700 kg/m?

I 2.1073 Pas

Table 3: Process Parameters

Symbol Value Units
a 1073 m

b 1.5-107°% m
Gmax 6.65-105 W /m?
Teo 25 °C

U 1.8-107% m/s
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Table 4: Comparison of semi-analytical and or-
der of magnitude results

Equ. Semi- Order of  Unit
analytical Magnitude
delta* 9 1.71-107* 1.85-107* m
T 5 25.2 17.6 °C
v 7 0.297 0.309 m/s

heat source. The surface temperature rises in
front the heat source. Some numerical oscilla-
tions can be observed at the beginning of the
hump of the surface and at the highest surface
temperatures. Figure 21 shows the calculated
surface velocity. At the deepest part of the de-
pression it reaches values of the order of 0.3
m/s. It is evident also that the hump at the
front end of the weld corresponds with nega-
tive surface velocities. Some numerical oscilla-
tions are observed at the beginning of the front
hump and at the rear end of the weld. The sur-
face velocity is the resultant of its components
in x and y directions. Table 4 summarizes the
results obtained using the order of magnitude
calculations and the semi-analytical model.

4.6 Discussion

The results obtained indicate that indeed,
Marangoni stress can cause surface depression
and induce high velocities in the melt. For the
point of most interest, the point of maximum
surface depression, the order of magnitude cal-
culations actually give results very similar to
the semi-analytical model. A film thickness of
the order of tenths of a millimeter would be
consistent with the observation of a rough sur-
face at the bottom of the weld pool, since such
a thin film would follow the roughness of the
mushy zone in an alloy. The velocities obtained
are similar to those usually reported in the lit-
erature. The 7 mm high hump at the front end
of the weld pool does not correspond with usual
welding experiences. The most likely reason the

14

size of that hump was overestimated is that the
flattening effect of surface tension and hydro-
static pressure were neglected. Other possibil-
ity could be that the magnetic forces exert a
restorative action on the surface.

4.7 Conclusions and Recommenda-
tions

This work supports the possibility that large
depressions of the weld pool during welding are
due to the strong effect of Marangoni shear
stress. In these cases the weld pool would ac-
quire the configuration of a thin film under
the arc. This could explain why other nu-
merical models break down at higher currents,
and why there is a sharp transition in pene-
tration with current as reported by Eagar and
Lin.
dimensional problem could shed some light in
the phenomenon of undercutting. Coupled with
the proper thermal model for the solid state
this approach can be used to study welding

Extension of this mechanism to a three-

in thin sheet. The equations used can be ex-
tended to include melting and solidification by
only changing the boundary conditions. Also
the geometry can be adapted to a non flat in-
terface, as long as the liquid can still be consid-
ered a thin film. The hypotheses stated initially
are valid for the deepest part of the surface,
therefore an experimental validation of the re-
sults would be the most valuable next step. In
next revisions of the calculations, consideration
of surface tension effects, and finite Peclet and
Reynolds numbers would be for further study

5 Concluding Remarks

The effect of drop dynamics and Marangoni
driven weld pool flows in GMAW has been in-
vestigated. Some important conclusions can be
drawn:

o Although GMAW is a complex process,
order of magnitude estimates and simple
models can help to determine the relevant
physics.



e Fluid flow in both the drop and in the weld
pool has a major influence on weld quality.

e Understanding the physics permits im-
provement in weld quality, design of better
power supply, and reduction of fume for-
mation.
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