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Abstract The gas metal arc welding (GMAW) process in-
volves arc plasma, metal transfer, and weld pool phenom-
ena. In addition, metal vapor is formed by evaporation
from the high-temperature metal and mixes with the arc
plasma. These phenomena interact with each other and
are very complicated. A numerical approach that includes
their interaction is therefore important for clarifying the
GMAW phenomena. We have developed a unified model
and used the model to investigate the influence of the
shielding gas on the metal transfer. When argon shielding
gas was used, for an arc current of less than 230 A, glob-
ular transfer occurred. For higher currents, spray transfer
occurred. On the other hand, when Ar + 18 %CO2 gas was
used, the transition from globular to spray transfer oc-
curred at around 280 A. This difference was caused by
changes in the driving force exerted on the molten metal
by the arc plasma. The arc pressure that lifts up the molten
metal and interferes with its detachment from the wire tip
becomes stronger when the gas mixture is used.

Keywords (IIW Thesaurus) Mathematical models . Mig
welding .Magwelding .Metal transfer . Vapors .Molten pool

1 Introduction

Gas metal arc welding (GMAW) is a highly productive pro-
cess that is an indispensable technology in many industrial
fields. It uses consumable wire electrodes, with molten metal
detaching from the wire tip and transferring through the arc to
the base metal. The properties of the metal transfer, such as the
droplet size and frequency of transfer, strongly affect the sta-
bility and quality of the overall process. Therefore, appropriate
control of the metal transfer 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 diffi-
cult to control the metal transfer completely. Free-flight trans-
fer, for example, can be divided into globular transfer and
spray transfer. Globular transfer occurs at low currents. In this
mode, a large droplet forms at the wire tip and falls to the base
metal under the influence of 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 [2–4]. The transfer
mode changes depending on welding conditions such as the
arc current, welding voltage, and electrode radius [5]. The
shielding gas also affects the transfer mode. When an Ar–
CO2 gas mixture is used, a higher arc current is necessary to
obtain spray transfer than when pure Ar is used. Moreover,
when CO2 or He is used, spray transfer does not occur even
for high arc currents [6].

Many investigations based on numerical simulations have
also been performed. Recently, with the dramatic improve-
ment in computing technology, many dynamic models based
on computational fluid dynamics (CFD) have been reported
[7–12]. In particular, a unified model that includes interactions

Recommended for publication by Study Group 212 - The Physics of
Welding

* Yosuke Ogino
ogino@mapse.eng.osaka-u.ac.jp

1 Graduate School of Engineering, Osaka University, Suita, Japan
2 CSIRO Manufacturing, Lindfield, Australia

Weld World (2016) 60:345–353
DOI 10.1007/s40194-015-0287-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-015-0287-3&domain=pdf


between the arc plasma and the metal transfer is a very pow-
erful tool for understanding the metal transfer phenomena
[13–17]. However, there are few reports that discuss the influ-
ence of the shielding gas. For example, Haidar et al. reported
the influence of CO2 gas on droplet formation by using nu-
merical model, but their model does not consider the influence
of metal vapor [18].

The objective of this research is to understand the met-
al transfer phenomena more deeply with a strong focus on
the influence of the shielding gas on the metal transfer.
We numerically investigate the influence of the arc cur-
rent on the metal transfer using Ar and an Ar–CO2 gas
mixture as the shielding gas. In addition, the mechanism
responsible for the difference in the transfer mode is
discussed.

2 Simulation model

A simulation model that includes the interactions between
the arc plasma, the metal transfer, and the weld pool is
constructed in this study. However, it is difficult to calcu-
late these phenomena simultaneously because of the differ-
ence in the material properties and velocity scales. For this
reason, the arc plasma and the molten metal were treated as
two separate fluids in the model. At one time step, the
characteristics of the arc plasma (such as the temperature,
velocity, and pressure fields) are calculated first for a fixed
molten metal shape. Then, the characteristics of the molten
metal are calculated using the arc plasma characteristics as
the boundary conditions. At the next time step, the arc
plasma is calculated using the new molten metal shape as
the boundary condition. These calculations are performed
repeatedly, allowing the development of both the droplet
and the arc plasma over time to be calculated, as shown in
Fig. 1.

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 elec-
tromagnetic fluid phenomena are governed by the following
equations:

∇⋅ ρ v!
� �

¼ S; ð1Þ

∂ ρ v!
� �

∂t
þ ∇⋅ ρ v! v!

� �
¼ −∇P þ ∇⋅τþ ρ g!þ F
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∂ ρHð Þ
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þ ∇⋅ρ v!H ¼ −∇⋅ −κ∇Tð Þ þW−Raþ SE; ð3Þ

where v! is the velocity [m/s], t is the time [s], ρ is the density
[kg/m3], P is the pressure [Pa], τ is the viscous stress tensor
[Pa], g! is the gravitational acceleration [m/s2], H is the en-
thalpy [J/kg], κ is the thermal conductivity [W/m/K], T is the
temperature [K], Ra is the radiative loss [W/m3], F

!
em is the

electromagnetic force [N/m3], W is the Joule heating [W/m3],
S is the source term of metal vapor mass [kg/m3/s], and SE is
the source term of metal vapor energy [W/m3]. The electro-
magnetic force and the Joule heating can be calculated using
the following equations:
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where j
!

is the current density [A/m2], B
!

is the magnetic flux
density [T], and σ is the electrical conductivity [S/m]. The
current density and the magnetic flux density can be calculat-
ed by the following equations:

∇⋅ j!¼ 0; ð6Þ
j
!¼ −σ∇V ; ð7Þ
B
!¼ ∇� A
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; ð8Þ

∇2 A
!¼ −μ0 j

! ð9Þ
where V is the electric potential [V], A

!
is the vector potential

[N/A], and μ0 is the permeability of free space [H/m].
In the model, generation of iron vapor from the tip of the

electrode and the droplet is considered. The vapor distribution
is described using the following equation:

∂ ρCð Þ
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þ ∇⋅ ρ v!C
� �

¼ −∇⋅ −ρD∇Cð Þ þ S; ð10Þ

where C is the mass fraction of iron vapor, and D is the diffu-
sion coefficient [m2/s] [19]. The iron vapor is generated ac-
cording to the following equation:

J ¼ p0ffiffiffiffiffiffiffiffiffiffiffi
TMetal

p −
pFe; vapffiffiffiffiffiffiffiffiffi
TGas

p
� � ffiffiffiffiffiffiffiffiffi

M

2πR

r
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where J is the mass flux of iron vapor [kg/m2/s], p0 is the
saturation vapor pressure of the iron vapor [Pa], pFe, vap is
the partial pressure of the iron vapor in the arc plasma [Pa],
TMetal is the temperature of the metal [K], TGas is the temper-
ature of the arc plasma adjacent to the metal [K], M is theFig. 1 Schematic explanation of calculation procedure for this model
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constant [J/mol/K]. The source terms S in Eqs. (1) and (10)
and SE in Eq. (3) were calculated using:

S ¼ ∇⋅ J!; ð12Þ
SE ¼ Hvap∇⋅ J

!
; ð13Þ

J
!¼ −J n̂, and n̂ is the unit normal vector calculated from
the shape of the metal.

Next, the calculation method for the droplet is considered.
The governing equations for the metal region were as follows:
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where F
!

ex is the external force vector [N/m3], obtained by
summing the electromagnetic force, the surface tension, the
arc pressure, and the drag force due to the plasma flow.

The metal transfer and weld pool phenomena involve the
deformation of a free surface, which was tracked in this model
using the volume-of-fluid (VOF) method [20]. 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. According to the velocity field in the metal
region, the free-surface deformation is calculated using the
following equation:

∂F
∂t

þ v!⋅∇
� �

F ¼ 0: ð17Þ

The surface tension force was calculated using the contin-
uum surface force (CSF) model [21], in which the capillary
pressure of the surface tension acting on the liquid phase is
expressed as a volume force in the surface region. This can be
calculated as follows:

F
!

ST ¼ γκcurv n
!; ð18Þ

where F
!

ST is the equivalent volume force vector of the cap-
illary pressure of the surface tension [N/m3], γ is the surface
tension [N/m], κcurv is the curvature [1/m], and n! is the nor-
mal vector [1/m].

In this model, sheath regions formed near the wire elec-
trode and the base metal are not resolved. Their influence is
taken into account though additional energy fluxes at the sur-
face of the wire electrode, which is the anode, and the base
metal, which is the cathode. These energy fluxes are given by
the following equations:Wire electrode (anode):

q!Anode ¼ − j
!
φAnode−εαT

4
Metaln̂; ð19Þ

Base metal (cathode):

q!Cathode ¼ − j
!

eφCathode þ j
!

iV i−εαT4
Metaln̂; ð20Þ

where q!Anode and q!Cathode are respectively the energy
fluxes at the anode and cathode surfaces [W/m2], φAnode

and φCathode are respectively the work functions of the

Fig. 2 Schematic image of VOF method

Fig. 3 Schematic image and
boundary conditions for the
model
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molecular weight of iron [kg/mol], and R is the ideal gas

where Hvap is the heat of vaporization of iron [J/kg],



anode and cathode [V], j
!

i and j
!

e are respectively the ion
and electron current densities [A/m2], ε is the radiative
emissivity, and α is the Stefan–Boltzmann constant

marker and cell (SMAC) method [22]. A schematic image
and the boundary conditions for the model are shown in
Fig. 3. The welding torch and base metal are assumed to be
stationary. The wire electrode and the base metal are mild
steel, and the material properties used for the metal are
shown in Table 1 [23, 24]. The diameter of the wire elec-
trode is 1.2 mm, the distance between the contact tip and
the base metal is 15 mm, and the time step is 1 × 10−4 s.
Pure argon and an Ar + 18 %CO2 mixture are used in order
to investigate the influence of the shielding gas. However,
the material properties of the plasma gas are changed re-
markably by the influence of iron vapor. The material
properties of the plasma gas, including the influence of
iron vapor, were taken from the work of Murphy [25].
The temperature dependence of the thermal conductivity
and the specific heat without the iron vapor are shown in
Fig. 4.

3 Results and discussion

3.1 Setting the initial conditions

The initial conditions for the calculations are first shown.
The initial conditions for the metal region are shown in
Fig. 5a. The base metal is set to room temperature
(300 K). The temperature of the wire electrode is set to
room temperature at the contact tip and the melting tem-
perature at the bottom tip. In addition, the initial droplet is
attached to the bottom tip of the wire electrode. The initial
droplet is hemispherical in shape, and its temperature is
2500 K. The initial condition for the arc plasma is that
calculated for steady state with the initial condition of the
metal region. Figure 5b, c shows the initial conditions for
the arc plasma using pure argon and the gas mixture, re-
spectively. The arc current is 260 A. When the gas mixture
is used, the maximum temperature increases, and the shape
of the arc plasma becomes constricted. This is because the
specific heat of the Ar–CO2 mixture is higher than that of
pure argon as was shown in Fig. 4 [26].

3.2 Setting the wire feeding speed

It is necessary to set the appropriate wire feeding speed
because wire melting is included in the model. The ap-
propriate wire feeding speed should be equal to the wire
melting speed in order to maintain a constant arc length.
The wire melting speed depends on the arc current. In
this study, the wire feeding speed that maintains the
length of the solid region of the wire electrode at 8 mm
(the initial condition) is employed as the appropriate val-
ue. The appropriate wire feeding speed obtained by our
model is shown in Fig. 6; it is independent of the
shielding gas.

3.3 Influence of the arc current on the metal transfer

The results obtained for time-dependent calculations of the
arc plasma and molten metal are now presented. Figure 7

Table 1 Physical properties of mild steel

Density [kg/m3] 7200

Viscosity [Pas] 6 × 10−3

Thermal conductivity [W/mK] 26–52

Specific heat [J/kgK] 695–800

Electrical conductivity [S/m] 7.7 × 105

Surface tension [N/m] 1.2

Work function [V] 4.3

Melting temperature [K] 1750

Latent heat of fusion [J/kg] 2.47× 105

Boiling temperature [K] 3080

Latent heat of vaporization [J/kg] 7.34× 106

Radiation emissivity 0.4

(a) Thermal conductivity (b) Specific heat

Fig. 4 Thermal properties of the
two shielding gases: a Thermal
conductivity and b specific heat
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[W/m2/K4]. These governing equations are solved in
two-dimensional axially symmetric geometry by our com-
puter code. The velocity and pressure fields of the arc plas-
ma and the molten metal are calculated using the simplified



shows the results obtained using pure argon and Ar–CO2

mixture when the arc current is set to 260 A. The left-hand
sides of the figures show the metal temperature, and the
right-hand sides show the gas temperature. Figure 7a
shows the calculation results using pure argon. The drop-
lets detaching from the wire tip are small, and the metal
transfer mode can be regarded as spray transfer. On the
other hand, when the gas mixture is used, the droplet be-
comes large, and the transfer mode can be regarded as
globular transfer, as shown in Fig. 7b. The results indicated
that even if the arc currents are set to be the same, the
transfer mode differs, depending on the shielding gas.
The mechanism that causes this difference is discussed in
Section 3.4. The temperature of the arc plasma reaches a
relatively low value as the droplet grows. Just after the
droplet detaches from the wire tip, the arc temperature in-
creases. The maximum temperature of the droplets is

around 3000 K when the droplet is attached to the wire
tip, decreasing to around 2900 K after the droplet detaches
from the wire tip.

Figure 8 shows the relationship between the arc current
and the transfer frequency of the droplet. When pure ar-
gon is used, the frequency significantly increases as the
current is increased to around 230 A. This means that the
transfer mode changes from globular to spray transfer at
this current. We call this current the Btransition current.^
On the other hand, in the case where the gas mixture is
used, the transfer frequency increases at around 280 A.
The transition current for the mixed-gas arc is higher than
that for the argon arc.

Figure 9 shows the relationship between the arc current and
the average droplet temperature. Compared with Fig. 8, the
average droplet temperature in globular transfer is around
2700 K, and in spray transfer, it is around 2900 K. Since the
droplet volume significantly changes, depending on the trans-
fer mode, the average droplet temperature also depends on the
transfer mode.

3.4 Discussion

In this section, the mechanism by which the transfer mode
depends on the shielding gas is discussed. The arc pressure
acting on the droplet is presumed to be an important factor.
It acts to lift up the droplet, and if it becomes stronger, it
interferes with the detachment of the droplet from the wire
tip. Figure 10 shows the time evolution of the average
pressure acting on the droplet. When pure argon is used,

(a) Metal temperature                (b) Temperature of Ar gas              (c) Temperature of gas mixture

Fig. 5 Initial conditions for
calculations (arc current: 260 A):
a metal temperature, b
temperature of Ar gas, c
temperature of gas mixture

Fig. 6 Relationship between arc current and wire feeding speed in the
model

Weld World (2016) 60:345–353 349



the average pressure is around 500 Pa, and it changes very
little with time. In the case of the gas mixture, the average
pressure changes significantly with time. The shape of the
droplets is also shown in the figure; when the average
pressure of the arc in the gas mixture rises, the droplet is
in the early phase of its growth. The surface area of the
droplet increases as the droplet grows, and the average
pressure decreases.

This difference in arc pressure is caused by the differ-
ence in the current path in the arc plasma. Figure 11 shows

the electrical conductivity and the current density distribu-
tion near the wire tip at the early phase of droplet growth.
When the gas mixture is used, the maximum current den-
sity is higher. Moreover, when pure argon is used, the
maximum current density occurs at the side of the forming
droplet. On the other hand, for the gas mixture, the current
density is concentrated at the bottom of the forming
droplet.

Figure 12 shows the temperature and iron vapor con-
centration distributions in the arc plasma. When pure

(a) Ar

(b) Ar+18%CO2

Fig. 7 Influence of shielding gas on gas and metal temperature (arc current: 260 A): a Ar, b Ar + 18%CO2

Fig. 8 Influence of arc current on transfer frequency of droplets Fig. 9 Influence of arc current on average droplet temperature
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argon is used, the temperature of the central region of the
arc plasma is low due to the large concentration of iron
vapor, and a high-temperature region is formed at the

side of the forming droplet, which is outside the region
of high iron-vapor concentration. For this reason, a cur-
rent path forms at the side of the forming droplet, as
shown in Fig. 11. On the other hand, when the gas mix-
ture is used, the arc plasma temperature is low not just in
the central region but all around the forming droplet. In
this case, a relatively high-temperature region forms at
the bottom of the forming droplet, which is inside the
region of high iron-vapor concentration. For this reason,
the difference in the electrical conductivity of the arc
plasma between the side of the forming droplet and the
bottom of the forming droplet is small. Once this elec-
trical conductivity distribution has developed, the current
density becomes concentrated on the bottom tip of the
forming droplet, which is the closest point to the base
metal. Consequently, when the gas mixture is used, a
high-temperature region is formed in the region of high
iron-vapor concentration.

Concluding these discussions, when the gas mixture is
used, the temperature of the arc plasma becomes low over
a wide area surrounding the forming droplet due to the
influence of the iron vapor generated from the droplet in
the early stages of droplet growth. For this reason, the
difference in the electrical conductivity of the arc plasma

Fig. 10 Change in average arc pressure acting on droplet over time

(a) Ar

(b) Ar+18%CO2

Fig. 11 Electrical conductivity
and current density distributions
near wire electrode: a Ar, b Ar +
18%CO2
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between the side and the bottom of the droplet becomes
small, and a region of high-temperature is formed in the
center of the arc plasma near the droplet. Consequently,
the current density becomes concentrated at the bottom of
the droplet, and the arc pressure becomes high. This arc
pressure lifts up the droplet and prevents detachment
from the wire tip. Therefore, in the case of the gas mix-
ture, it is difficult for the spray transfer mode to occur,
and the transition current become higher than that for
pure argon.

This difference of the property of the droplet transfer
is caused by differences between the material properties
of pure argon and that of the gas mixture. In this study,
the difference of their specific heat, as shown in Fig. 4b,
is important. When the gas mixture is used, the shape of
arc plasma becomes constricted because of its larger spe-
cific heat. When the metal vapor generates from the elec-
trode tip in the early stages of droplet growth, if the pure
argon is used, since the shape of arc plasma is relatively
large, a high-temperature region at the side of droplet
remains and the current path is easily formed at the side
of the arc plasma. On the other hand, if the gas mixture

4 Conclusion

In this study, the influence of the shielding gas on the metal
transfer phenomena was numerically investigated. The results
obtained are summarized as follows:

(1) When pure argon is used, the current at which the metal
transfer changes from globular to spray mode is around
230 A. In the case of mixed gas, the transition current is
around 280 A.

(2) The average droplet temperature depends on the transfer
mode. The temperature is around 2700 K for globular
transfer and around 2900 K for spray transfer.

(3) When the Ar–CO2 mixture is used, the arc plasma be-
comes constricted in shape because of its larger specific
heat. In the early stages of droplet growth, the current
density is concentrated at the bottom tip of the droplet.
Consequently, the arc pressure that lifts up the droplet
becomes stronger. For this reason, the transition current
is higher for the gas mixture.

(a) Ar

(b) Ar+18%CO2

Fig. 12 Temperature and iron
vapor distributions near the wire
electrode: a Ar, b Ar + 18%CO2
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i s u s ed , becau s e o f i t s con s t r i c t ed shape , a
high-temperature region cannot be formed at the side of

the droplet and the current path is formed at the center of
arc plasma.
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