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Abstract The gas metal arc welding (GMAW) process com-
bines aspects of arc plasma, droplet transfer, and weld pool
phenomena. In the GMAW process, an electrode wire is
melted by heat from an arc plasma, and molten metal at the
wire tip is deformed by various driving forces such as electro-
magnetic force, surface tension, and arc pressure. Subsequent-
ly, the molten droplet detaches from the tip of the wire and is
transferred to the base metal. The arc plasma shape changes
together with the metal transfer behavior, so the interaction
between the arc plasma and the metal droplet changes from
moment to moment. In this paper, we describe a unified arc
model for GMAW, including metal transfer. In the model, we
do not account for heat transfer in the metal, but the wire
melting rate is determined by the arc current. The developed
model can show transition from globular transfer at low cur-
rents to spray transfer at higher currents. It was found that
electromagnetic force is the most important factor at high cur-
rents, but surface tension is more important than electromag-
netic force at low currents in determining the transfer mode.

Keywords Mathematical models - Arc physics - Metal
transfer - MIG welding

1 Introduction

Gas metal arc welding (GMAW) is an indispensable industrial
technology, as it is a highly productive process. It uses
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consumable wire electrodes and involves metal transfer phe-
nomena. In this metal transfer, a molten metal droplet detaches
from a wire tip and transfers to the base metal. Characteristics
of the metal transfer such as droplet size and frequency of
transfer are closely related to the stability and quality of the
overall process. Therefore, appropriate control of the metal
transfer process is highly desirable. However, there are many
different transfer modes [1], and the process is not yet fully
understood due to its complexity, so it is difficult to control the
metal transfer completely. Free-flight transfer, for example,
can be divided into globular transfer and spray transfer. Glob-
ular transfer occurs at low currents. In this mode, a large drop-
let forms at the wire tip and falls to the base metal by gravity.
On the other hand, spray transfer occurs at relatively high
currents. Many small droplets are sprayed onto the base metal
in this mode. Spray transfer is desirable in industrial fields
because of its high stability and low spatter generation.

In order to understand the metal transfer phenomena, con-
siderable research has been performed. For example, the size
of the droplet and the frequency of transfer have been ob-
served by high-speed camera [2—4]. Especially, the globular-
to-spray transition has often been discussed. Lesnewich inves-
tigated the influence of the arc current, wire diameter, and wire
extension on the transfer mode and reported that the transition
current became low with a small wire diameter and a small
wire extension [5]. Most of the reports indicate that the trans-
fer mode transition occurs suddenly in a narrow current range.
On the other hand, there are also reports that the transition
does not occur [6], that it occurs gradually [7], and that large
and small droplets can coexist at the same current [8], depend-
ing on the shielding gas.

Moreover, many investigations based on numerical simu-
lations have also been carried out since about 1960. The early
phase models can be divided into two types. The first type is
based on the static force balance theory [9—11], and the second
is based on the pinch instability theory [12, 13]. In models
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Fig. 1 Schematic explanation of
the calculation procedure used in
this model
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using static force balance theory, axial forces are focused and
the models can calculate accurately in the globular region. The
models based on pinch instability theory focus on radial forces
and can calculate accurately in the spray region. Nemchinsky
constructed a model including both axial and radial electro-
magnetic forces by assuming the current path in the
droplet, and this model was accurate over a wide range
of currents [14].

Recently, many dynamic models using CFD have been
reported [15—17]. Wang et al. constructed a model that can
describe the transition current using an assumed current den-
sity distribution on the surface of the droplet [18]. Kadota and
Hirata reported the influence of material properties such as
surface tension and viscosity on the size of the droplet and
the transfer mode [19]. Moreover, models including heat
transfer in the metal [20] and the influence of the arc plasma
[21-24] have been reported. However, in these models that
consider interactions between the droplet and the arc plasma,
the range of calculation parameters is limited. In order to un-
derstand and control the metal transfer phenomena, a broad
range of information is required. Therefore, the numerical
simulations must be carried out over a wide range of process
conditions.

The objective of this research is to understand the
metal transfer phenomena more deeply. Therefore, a
3D numerical model including interactions between the
droplet and the arc plasma was constructed, and the
influence of the driving force and arc current on the
metal transfer was investigated.

2 Numerical model

A numerical model that includes interactions between the met-
al transfer and the arc plasma was constructed in this study.

0:38 | 0.09 | 0.00 gy
1.00 | 0.79~[ 0.15 | 0.00 F=0 inagaseous cell
iy —— ] J0<F <1 inamixed cell
phase 1.00 0.99 0.88 F=1 inametal cell

Fig. 2 Schematic diagram of the VOF method
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However, it is difficult to calculate these phenomena simulta-
neously because of difference of those material properties and
velocity scales. For this reason, the arc plasma and the droplet
were calculated as two separate fluids in this model. At one
time step, the characteristics of the arc plasma, such as tem-
perature, velocity, and pressure fields, are calculated first, for a
fixed droplet shape. Then, the metal transfer phenomena are
calculated using the arc plasma characteristics as boundary
conditions. At the next time step, the arc plasma is calculated
using the new droplet shape as a boundary condition. These
calculations are performed repeatedly, allowing the develop-
ment over time of both the droplet and arc plasma to be cal-
culated, as shown in Fig. 1.

Metal transfer phenomena involve the deformation of
a free surface, which was tracked in this model using
the volume of fluid (VOF) method [25]. In the VOF
method, the shape of a free surface is described by fluid
occupancy using a so-called F value in each calculation
cell, as shown in Fig. 2.

In this model, F was 0 when the calculation cell was filled
with arc plasma (gaseous cell), and 1 when it was filled with
metal (metal cell). If F was between 0 and 1, the calculation
cell was considered a mixed cell, containing both arc plasma
and metal. In order to improve the stability of the calculations,
when the metal region was calculated, the mixed cells were
calculated as mixed cells. However, for the arc plasma calcu-
lation, mixed cells whose occupancy of the arc plasma is more
than 10 % were treated as gaseous cells, and the others were
treated as metal cells, as shown in Fig. 3. Because of this, the
calculated surface became coarse when the arc plasma was
calculated.

The following method was used to calculate the arc plasma
phenomena. Under the local thermodynamic equilibrium
(LTE) approximation, the arc plasma can be treated as a vis-
cous electromagnetic fluid. Therefore, the thermal and
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metal phase gaseous phase
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1.00 | 0.75 Y0.18 1.00 | 0.75 | 0.18
EE——
0.13 | 0.02 | 0.00 0.13 | 0.02 | 0.00

Fig. 3 Schematic explanation of the treatment of the droplet surface
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Table 1  Physical properties of mild steel

Density [kg/m*] 7200
Viscosity [Pa s] 6x107°
Surface tension [N/m] 1.2
Electrical conductivity [S/m] 7.7x10°

electromagnetic fluid phenomena are governed by the follow-
ing equations:
Mass conservation equation:

v. (pv’) =S, (1)
Momentum conservation equation:

0 ( p7) N

= [pvﬂ = VP4 Vt+pZ + Fem,  (2)
Energy conservation equation:

oH) . (pVH) = —V-(—kVT) + W—Ra+ S,  (3)

ot

where V' is the velocity [m/s], ¢ is the time [s], p is the density
[kg/m’], P is the pressure [Pa], T is the viscous stress tensor
[Pa], g is the gravitational acceleration [m/s*], H is the en-
thalpy [J/kg], ~ is the thermal conductivity [W/m Iﬂ, T'is the
temperature [K], Ra is the radiative loss [W/m®], F oy is the
electromagnetic force [N/m®], W is the Joule heating [W/m?],
S is the source term of mass by metal vapor [kg/m® s], and Sg
is the source term of energy by metal vapor [J/m® s].

The electromagnetic force and the Joule heating can be
calculated using the following equations:

—

Fen=j x B, (4)

em
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Fig. 5 Schematic image of the hypothetical arc model with a
hemispherical droplet
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where 7 is the current density [A/m?], B is the magnetic flux
density [T], and o is the electrical conductivity [S/m]. The
current density and the magnetic flux density can be calculat-
ed by the following equations:

Current conservation equation:

V-j =0, (6)
Ohm’s law:
T =0V, (7)

Arc current
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Fig. 6 Velocity and current
density distribution in the
hypothetical arc region: a 170 A,

b 250 A Hypothetical
arc region
94
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where J is the mass flux of iron vapor [kg/m? s], py is the
saturated vapor pressure of the iron vapor [Pa], pge gas iS the
V24 — /~L07a (9) partial pressure of iron vapor in arc plasma [Pa], Tj,e iS the

where Vis the electric potential [V], A is the vector potential
[N/A], and p is the permeability of free space [H/ml].

In this model, the influence of the iron vapor is considered.
Iron vapor is only generated from the tip of the electrode and
the droplet, and its distribution can be described using the
following equation:

a(pC)

E=4+V(pVC) = Vi(pDVC) + 5,

(10)

where C is the mass fraction of iron vapor and D is the diffu-
sion coefficient [m%/s] [26]. The iron vapor is generated ac-
cording to the following equation:

Fig. 7 Driving force distribution
on the hemispherical droplet. a
170 A: i surface tension, ii
electromagnetic force, iii arc
pressure, iv drag force. b 250 A: i
surface tension, 7i electromagnetic

force, iii arc pressure, iv drag Max. 2.4x107 N/m?

temperature of the metal [K], 7, is the temperature of the arc
plasma adjacent to the metal [K], M is the molecular weight of
iron [kg/mol], and R is the gas constant [J/mol K]. § in
Eq. (1) and Sg in Eq. (3) were calculated using the
following equations:

S=-v.7, (12)

Sg = V- (Hvaﬁ), (13)

where H,qy, is the vaporization heat of iron [J/kg], J = -Jn,
and 7 is the unit normal vector calculated from the shape of the
droplet.
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Fig. 8 Schematic image of the
velocity field in the droplet: a
surface tension, b electromagnetic
force, ¢ arc pressure, d drag force

(a) Surface tension  (b) Electromagnetic force

In this study, the shielding gas was argon. However,
the material properties of the plasma gas are changed
remarkably by the influence of the iron vapor. In this
model, the material properties of the plasma gas were
taken from a paper by Murphy [27]. The radiation loss
of argon was calculated using the method reported by
Cram [28], and that of the iron vapor was calculated
using Menart’s method [29]. The flow of heat from
the arc plasma to the droplet and the base metal by
conduction is described by the following equation:
qs =—ksVT, (14)
where ¢’g is the heat flux between the arc plasma and the
metal [W/m?] and kg is the thermal conductivity of the bound-
ary between the arc plasma and the metal [W/m K]. kg was
calculated from the average temperature 75 [K], obtained
using the following equation:

T gas +T metal

Ty = 7 (15)

Next, the calculation method of the droplet is explained. In
this model, heat transfer in the metal region is neglected. The
liquid metal flows out from the interface between solid and
liquid according to the wire feed rate, and the temperature of
the liquid metal is constant. The temperature of the solid re-
gion of the wire and the base metal was set to 300 K. The

Fig. 9 Influence of surface oms
tension on the droplet shape. a
170 A: i initial condition, i all
driving forces, iii surface tension
only. b 250 A: i initial condition,
ii all driving forces, iii surface
tension only

.
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Max::
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D D IR BN

(c) Arc pressure (d) Drag force

position of the interface between solid and liquid was deter-
mined from a balance between the wire melting rate and the
wire feed rate. In this model, the wire melting rate was always
equal to the wire feed rate, and the interface was fixed at a
certain position. The governing equations of the metal region
were as follows:

Mass conservation equation:

Momentum conservation equation:

ov . 1 1 .
—+V-[v v] — VP 4-Ver+ @+
ot p p

—
Fe,

(17)

|-

where ?ex is the external force vector [N/m®]. This is a
summation of the electromagnetic force, the surface ten-
sion, the arc pressure, and the drag force by plasma
stream. According to the velocity field in the metal
region, the free surface deformation is calculated using
the following equation:

oF

= (vv)F =o0. (18)

The surface tension force was calculated using the CSF
model [30], in which the capillary pressure of surface tension

60 ms 60 ms

300

15000 K 300 15000 K

~8920'K

(ii) All driving forces (iii) Surface tension only

(a) 170 A

60 ms

[
300 15000 K

B
300 15000 K

(ii) All driving forces (iii) Surface tension only

(b) 250 A
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Fig. 10 Influence of driving
force on the droplet shape (arc
current 250 A): a electromagnetic
force, b arc pressure, ¢ drag force

15000 K

— 14020°K

(a) Electromagnetic force

acting on the liquid phase is expressed as a volume force in the
surface region. This can be calculated as follows:
?ST = ’Y“curvﬁ); (19)
where ?ST is the equivalent volume force vector of the cap-
illary pressure of the surface tension [N/m’],  is the surface
tension [N/m], Ky is the curvature [1/m], and 7’ is the nor-
mal vector [1/m]. These are the governing equations of the
metal transfer phenomena. The wire electrode was mild steel,
and its diameter was 1.2 mm. The constant values shown in
Table 1 were used as the electrode’s material properties [31].

Figure 4 shows a schematic image of the model used, along
with the boundary conditions employed. The metal transfer
and the arc plasma were calculated in the same 3D domain.
The current density and shielding gas were applied at the top
boundary. The solid region of the wire and the base metal was
not allowed to flow or deform. The droplet that detached from
the wire tip was treated as an insulator, and the base metal and
torch were stationary. The wire feed rate was equal to
the wire melting rate, which was calculated using the
following equation:

vm = ol + BELI?, (20)
where vy, is the wire melting rate [m/s], o and 3 are constants
depending on the radius and other properties of the wire, 7 is
the arc current [A], and E, is the wire extension [m]. The
constants « and 3 were obtained from experimental results,

Fig. 11 Calculated temperature
fields in the arc plasma and
droplet shapes: a 170 A, b 250 A

300

12 ms
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(c) Drag force
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and their values were «=3.11x10"*m/A s and =4.63x10°
1/A% s [32].

3 Driving forces in the metal transfer phenomena
3.1 Driving forces acting on the pendant drop

In this section, the influence of the driving forces acting on the
droplet on the metal transfer is investigated. Here, a hemi-
spherical droplet was positioned at the wire tip, and a hypo-
thetical arc region was located between the droplet and the
base metal. The hypothetical arc was conical in shape. Figure 5
shows a schematic image of this calculation, in which the
material properties in the hypothetical arc region were those
of pure argon at 10,000 K, and the properties in the region
outside the hypothetical arc were those of pure argon at
1000 K. The shape of the droplet and the hypothetical arc
did not change during the calculation. In this calculation, the
minimum spatial mesh size was 0.1 mmx0.1 mmx0.1 mm,
and the time discretization was 5x 107 s.

The calculated velocity and current density distribution un-
der these conditions are shown in Fig. 6. The arc currents were
170 and 250 A. In the figures, the left side shows the velocity
field, and the right-hand side shows the current density distri-
bution. When the arc current was high, the velocity and the
current density increased. Therefore, for high currents, the
electromagnetic force and plasma drag force increased.

84 ms 88 ms

[ —
300 15000 K

[
300 15000 K
2mm

(a) 170 A
14ms [ | 16 ms ||
300 15000 K 300 15000 K

2mm

(b) 250 A
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Figure 7 shows the driving forces acting on the pendant
droplet. These figures show (a) the surface tension, (b) the
electromagnetic force, (c) the arc pressure, and (d) the plasma
drag force. The values shown have been converted to body
forces. The surface tension was independent of the arc current
because it was determined by the shape of the droplet. How-
ever, the other driving forces had higher values at higher
currents.

Therefore, when the arc current was low, it was pre-
sumed that the material properties of the wire became
relatively important in determining the transfer mode.
The driving forces act as follows. The surface tension
acts to raise the droplet. The electromagnetic force
pinches the top of the droplet. The arc pressure acts
to raise the droplet, just like the surface tension. The
plasma drag force drags the droplet downward but is
weaker than the other forces. Therefore, the surface tension
and arc pressure resist the transition to spray transfer, while the
electromagnetic force and the plasma drag force promote the
transition to spray transfer. Figure 8 shows a schematic image
of the velocity fields induced by each driving force.

Fig. 13 Calculated velocity and
iron vapor concentration

distributions in the arc plasma: a
170 A, b 250 A

100 %

Iron vapor
concentration

(b) 250 A

However, the calculated driving force changes with chang-
es in the properties of the droplet and the hypothetical arc. In
an actual arc plasma, the current path is very complicated due
to the temperature distribution and the influence of the metal
vapor. Moreover, the droplet and arc plasma shapes change
continuously. Therefore, the metal transfer occurs in the pres-
ence of changes in both the temperature distribution in the arc
plasma and the driving forces acting on the droplet.

3.2 Influence of the driving forces on the metal transfer
phenomena

Next, the influence of the driving forces was investigated in
the case of continuous changes in both the arc plasma and the
droplet using the model constructed in this study. In these
calculations, the minimum spatial mesh size was 0.3 mmx
0.3 mmx0.3 mm, and the time discretization was 5x10 " s
in the arc region and 1x10™* s in the metal region. In this
model, we considered four driving forces. The surface tension
was determined by the material properties and droplet shape,
while the others were determined by the properties of the arc

100 %

Iron vapor
concentration

100 %

Iron vapor
concentration

Max.: i Max.:
©985% 4 7176% |
12 ms 2mm [— | [— ] 16 ms 2mm [— |
— o o — o
E-, Y X»gg' ° Ironl:)p(ir/o —— vy w ° Iron‘l:?orb — A7 ¥§¥§ ° Ironj/:)p(ZrA
0 200{}[1’1/5 concentration 0 200Qm/s “ concentration 0 200.{m/5 concentration
Velocity g 3’ Velocity g N § { ’ Velocity g N 3
N | N N
A IRALR i sh.
225/ 637% . 236m/S 6616%  214m/s = 573%
(b) 250 A
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plasma. Moreover, the surface tension is required to maintain
an appropriate droplet shape. Here, the influence of the surface
tension is investigated first.

Figure 9 shows the calculated temperature distributions in
the arc plasma and the droplet shape when all of the driving
forces act on the droplet, and also when only the surface ten-
sion acts on the droplet. The black area shows the droplet and
the solid wire. Figure 9a(i), b(i) shows the initial conditions of
the calculation, and the others show calculated results 60 ms
after the beginning of the calculation. In this calculation, the
wire temperature was 2500 K, and the distance from the in-
terface between the liquid and solid wire to the base metal
surface was 5 mm. At an arc current of 170 A, the droplet
shapes were very similar. However, at 250 A, the shapes were
significantly different. These results indicate that surface ten-
sion is the dominant factor in the metal transfer when the arc
current is low and that the properties of the arc plasma have a
strong influence at high currents.

Figure 10 shows the calculated results in which the elec-
tromagnetic force, the arc pressure, and the plasma drag force
acted separately on the droplet. The arc current was 250 A. In
these calculations, the surface tension acted on the droplet.
These results are very similar to those shown in
Fig. 9b(ii) when only the electromagnetic force acted
on the droplet. Therefore, for high arc currents, the
electromagnetic force is the dominant factor in deter-
mining the transfer mode. These results are in good
agreement with the results reported by Lowke, which
were calculated using a simple model to analyze the
transition current from globular to spray transfer [33].

4 Time variation of the arc plasma during metal transfer

The properties of the arc plasma, such as the temperature field,
change with the growth and detachment of a droplet. Figure 11
shows the time variation of the temperature distribution of the
arc plasma and the droplet shape for arc currents of 170 and
250 A. In this calculation, the wire temperature was 2500 K,
and the distance from the interface between the liquid and
solid wire to the base metal surface was 5 mm. When the arc
current was 170 A, the droplet grew larger than the electrode
wire. This is globular transfer. At 250 A, the droplet was
small, and the transfer mode was spray transfer. This is be-
cause when the arc current is high, the electromagnetic force
also becomes high, causing a strong pinching effect to act on
the droplet. The droplet becomes elongated downward at first.
Then, the droplet constricts and subsequently detaches from
the wire. The temperature field of the arc plasma changes
along with the droplet behavior. When a droplet is growing
at the wire tip, the temperature of the arc plasma decreases.

@ Springer

When the droplet detaches from the wire tip, a high-
temperature region forms near the wire tip.

Figure 12 shows the electrical conductivity and cur-
rent density distributions. When a droplet is growing at
the wire tip, the electrical conductivity and current den-
sity at the bottom of the droplet are high. When the
droplet detaches from the wire tip, the current density
concentrates at the wire tip. Joule heating is dependent
upon the current density, and the temperature distribu-
tion changes as shown in Fig. 11.

Figure 13 shows the velocity and iron vapor distribution in
the arc plasma. As shown in the figure, the velocity is low for a
large droplet. This is easily observable at 170 A. When the
droplet detaches from the wire tip, the plasma velocity at the
wire tip increases considerably. This is because the electro-
magnetic force distribution changes, as do the current density
and Joule heating. The iron vapor distribution is concentrated
at the center of the arc plasma, and this leads to lower temper-
atures at the center of the arc plasma. In this calculation, when
the arc current was low, the iron vapor was more concentrated.
In this case, the mass flux of iron vapor was the same because
the wire temperature was the same. When the arc current was
low, the surface area of the droplet was large and the velocity
of the arc plasma was low. Therefore, the iron vapor could
easily remain within the arc plasma.

5 Influence of the arc current on the transfer frequency

Figure 14 shows the influence of the arc current on the transfer
frequency of the droplet. In this figure, the experimental re-
sults reported by Hirata [34] are also shown for reference. As
shown in the figure, the frequency of droplet transfer becomes
high when the arc current is high. In this calculation, the tran-
sition from globular to spray transfer does not occur suddenly,
but gradually. At an arc current of 190 A, there was a mixture
of large and small droplets.

1000 ;

100 A
A
A

_
o
'

A Calculation

Transfer frequency of
droplets [HZz]

® Measurement (Hirata) (

N N D D D
150 200 250 300 350 400

Arc current [A]

Fig. 14 Influence of the arc current on the droplet transfer frequency
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6 Conclusion

In this study, in order to clarify the metal transfer phenomena
in gas metal arc welding, a numerical model including inter-
actions between the droplets and the arc plasma was construct-
ed. The results obtained are summarized as follows:

‘When the arc current is low, surface tension is the domi-
nant factor determining the metal transfer mode. At high
currents, electromagnetic force becomes the dominant
factor.

The temperature and velocity distribution of the arc plas-
ma change with changes in the current density
distribution.

When the arc current is high, the transfer frequency of the
droplet becomes high and spray transfer becomes the
dominant transfer mode.

In this calculation, the transition from globular to spray is
gradual, not sudden.

The numerical model constructed in this study can be
used over a wide range of arc currents.
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