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ABSTRACT 
This article presents a numerical investigation on the 
transient transport phenomena including the arc plasma 
generation and evolution; droplet formation, 
detachment, transfer and impingement onto the 
workpiece; weld pool dynamics and final weld bead 
shape for pure argon and three argon-helium mixtures 
(75% Ar + 25% He, 50% Ar + 50% He, and 25% Ar + 
75% He) during the GMAW process. The results 
indicate that the arcs in different shielding gases 
behave very differently due to the significant differences 
in thermophysical properties, including the ionization 
potential and the electrical conductivity, thermal 
conductivity, specific heat, and viscosity at high 
temperatures. For the same welding power input, the 
increase of helium content in the mixture leads to a 
stronger convergence of electric current at the 
workpiece and a stronger upward electromagnetic force 
near the workpiece, resulting in a cone-like plasma arc, 
which is in contrast to a bell-like plasma arc for argon-
rich mixtures. 
 
INTRODUCTION 

The shielding gas composition is a critical 
parameter in the GMAW process. The primary function 
of shielding gas in GMAW is to provide a protective 
environment for the molten metal from being oxidized. It 
also plays an important role in affecting arc 
characteristics, mode of metal transfer, weld pool 
dynamic, weld bead profile and weld penetration [1] 
which, in turn, determines the efficiency, quality and 
overall performance of the welding operation. The 
selection of shielding gas for achieving better welding 
performance has been studied extensively, although 
mainly by experiments [2–6]. An increasing range of 
shielding gas is available for arc welding, which varies 
from pure gas to binary, ternary or even quaternary 
mixtures based on argon, helium, carbon dioxide, 
hydrogen and oxygen.  

Argon and helium are the most common shielding 
gases used for GMAW. Both argon and helium are inert 
gases which cannot react with the molten weld pool. 
However, they differ in physical properties, including 
density, thermal conductivity, electrical conductivity and 
ionization potential, and these differences can 
significantly influence the characteristics of arc plasma 
and molten metal in GMAW. The major difference is 
that helium has a higher ionization potential, 24.58 V as 
compared to 15.755 V for argon. For this reason, a 
much higher arc voltage is required to ionize helium 
and thus produces a higher arc power density at the 
same current level. In contrast, argon requires a lower 
arc voltage for ionization, which facilitates a better arc 
starting and arc stability. Helium is a good conductor of 

thermal energy with higher thermal conductivity than 
argon. However, helium is more expensive than argon. 
Owing to the abovementioned features and 
characteristics, argon is often mixed with various 
percentages of helium to take the advantages of each 
individual gas.  

To obtain satisfactory weld quality, it is essential to 
understand the role that shielding gas plays in heat 
transfer and fluid flow in the plasma arc of GMAW. 
Although experimental observations can provide some 
invaluable information, it is difficult to accurately 
measure arc parameters and reveal the underlying 
mechanisms during the GMAW process due to the 
extreme high temperature and high velocity. Therefore, 
numerical modeling has been broadly employed. In 
recent years, a number of articles have been published 
for modeling the transport phenomena of arc plasma 
during the GMAW process [7–14]. Modeling a GMAW 
process includes the following three events: 1) the 
generation and evolution of arc plasma, 2) the dynamic 
process of droplet formation, detachment, transfer and 
impingement onto the weld pool, and 3) the dynamics 
of weld pool and the formation of weld bead. Apparently, 
arc plasma interacts in a transient manner with the 
droplet and weld pool during the GMAW process. Due 
to the complexity of the welding process, most of the 
existing models deal with only one or two of these 
events while simplifying the rest. Recently, Hu and Tsai 
[15, 16] developed a real unified model employing the 
volume of fluid (VOF) technique and the continuum 
formulation to simulate the entire GMAW process 
including all the three aforementioned events. In their 
study, however, only pure argon was considered as the 
shielding gas, and the effects of shielding gas 
composition were not included. It is expected that the 
addition of helium to argon will lead to significant 
changes in the structure and characteristics of the 
plasma arc that affects the metal transfer, weld bead 
formation and ultimately the weld quality. Up to date, 
very few models have been developed to study the 
effect of shielding gas composition on arc plasma in 
GMAW, especially for helium or argon-helium mixtures. 
Haidar and Lowke [17] numerically studied the effect of 
carbon dioxide in shielding gas on arc plasma and thus 
on the metal droplet formation. In their model, the 
droplet was ignored in the calculation after its 
detachment, the workpiece was treated as a flat plate, 
and the effects of shielding gas on metal transfer and 
weld pool were not considered. Jönsson et al [18] 
developed a model to compare the argon arc and the 
helium arc in GMAW at a variety of current levels. In 
their model, however, the time-dependent behavior, 
periodic droplet formation, detachment and transfer 
toward the workpiece were all omitted, and the 
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electrode tip and weld pool surface were assumed to be 
flat. In reality, the profile of the electrode tip changes 
rapidly and the surface of the weld pool is highly 
deformable during the GMA welding process. During 
the droplet transfer through the arc plasma and 
impinging onto the weld pool, the flow of arc plasma is 
dramatically distorted which, in turn, changes the 
transient distributions of temperature, velocity and 
current of the arc plasma. Therefore, the effect of 
shielding gas with different argon-helium mixtures on 
arc plasma in GMAW has not been thoroughly 
understood yet.  

In this work, a transient unified model is developed 
to simulate the GMAW process with different shielding 
gases at a constant energy input including the arc, 
metal and their interaction. The emphasis is placed on 
the globular metal transfer in this study, thus a relatively 
low electric power is employed. The effects of shielding 
gas composition, including pure argon and argon-
helium mixtures with various molar percentages of 
argon content (75% Ar, 50% Ar and 25% Ar), on the 
GMAW process are investigated in terms of 1) the 
characteristics of plasma arc, 2) the droplet formation, 
detachment, transfer and impingement onto the weld 
pool, and 3) the weld bead penetration and profile. This 
paper focuses on presenting the results of arc plasma, 
while a second paper will discuss the transport 
phenomena in the metal region consisting of the 
electrode, droplet and workpiece. This study provides a 
better understanding of the role of shielding gas and 
gains the essential knowledge needed for the selection 
of shielding gas to achieve an optimum GMAW process. 
 
MATHEMATICAL MODEL  
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Figure 1 A schematic representation of a GMAW 
system including the electrode, the arc, and the weld 
pool (not to scale).  
 

Figure 1 is a schematic sketch of a stationary 
axisymmetric GMAW system. In this system, an electric 
current is supplied to the electrode through the contact 
tube at the top of the computational domain. A plasma 
arc is struck between the electrode and the workpiece. 
The electrode is continuously fed downward and then 
melted at the tip by the high temperature arc. Droplets 
are formed at the molten electrode tip and are then 

detached and transferred by arc plasma and gravity to 
the workpiece. A weld pool is gradually formed at the 
workpiece by the continuous impingement of the 
droplets and the dynamic interaction with the high 
temperature and high pressure arc plasma. Inert 
shielding gas is provided through the shielding gas 
nozzle to prevent the molten metal from oxidation.   

The calculation domain in Figure 1 is divided into 
two regions: the arc region and the metal region. The 
metal region includes the electrode, the workpiece, and 
the detached droplets. In this model, the arc region and 
the metal region are calculated separately and coupled 
through the special boundary conditions at the metal-
plasma interfaces [19, 20]. The differential equations 
governing the arc and the metal can be put into a single 
set [15] and are given below [21]: 
(1) Mass continuity: 
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(4) Current continuity: 
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(5) Ohm’s law: 
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The above equations are used to determine the 
basic physical parameters describing the arc plasma 
and metal region, including the pressure p, radial and 
axial velocities vr and vz, temperature T, electrical 
potential φ, radial and axial current densities Jr and Jz, 
and self-induced azimuthal magnetic field Bθ. The input 
material properties required for arc plasma, solid and 
liquid metal include density ρ, viscosity μ, specific heat c, 
thermal conductivity k, electrical conductivity σe, 
permeability function K, enthalpy h and inertial coefficient 
C. Note the effect of metal vapor on plasma properties 
is omitted in the present study. The plasma is assumed 
to be in local thermodynamic equilibrium (LTE) [20] and 
optically thin, thus the radiation may be modeled in an 
approximate manner by defining a radiation heat loss 
per unit volume SR in equation (4) [20, 22]. In equation 
(2), Vr = Vl - Vs is the relative velocity vector between the 
liquid phase and the solid phase in the mushy zone, 
where the solid phase velocity is assumed to be zero 
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due to a relative small weld pool (as compared to, for 
example, a casting), concentrated arc heat, and rapid 
solidification of the weld pool after the arc is turned off. A 
more detailed description of the assumptions and 
physical meanings for these equations is presented by 
Hu and Tsai [15], so it will not be repeated here.  

In equations (1)-(4), the continuum density, specific 
heat, thermal conductivity, solid mass fraction, liquid 
mass fraction, velocity, and enthalpy are defined as 
follows: 

,   ,   s s l l s s l l s s l lg g c f c f c k g k g kρ ρ ρ= + = + = +  

  ,   s s l l
s l

g gf fρ ρ
ρ ρ
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,   s s l l s s l lf f h h f h f= + = +V V V  
Assuming constant phase specific heats, the phase 

enthalpy for the solid and liquid can be expressed as 
( ),      s s l l s l sh c T h c T c c T H= = + − +  (9) 

where H is the latent heat of fusion for the alloy. 
The assumption of permeability function in the 

mushy zone requires consideration of the growth 
morphology specific to the alloy under study. In the 
present study, the permeability function analogous to 
fluid flow in porous media is assumed, employing the 
Carman-Kozeny equation [23, 24] 
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where d is proportional to the dendrite dimension, which 
is assumed to be a constant and is on the order of 10-2 
cm.  The inertial coefficient, C, can be calculated from 
[25] 

2/313.0 −= lgC  (11) 
 
Tracking of Solid-Liquid Interface 

The solid/liquid phase-change boundary is handled 
by the continuum model [21]. The third, fourth, and fifth 
terms on the right-hand-side of equations (2) and (3) 
vanish at the solid phase because u = us = v = vs = 0 
and fl = 0. For the liquid region, since K goes to infinity 
due to gl = 0 in equation (7) and fs = 0, all the 
aforementioned terms also vanish. These terms are 
only valid in the mushy zone, where 0< fl < 1 and 0< fs < 
1. Therefore, there is no need to explicitly track the 
phase-change boundaries, and the liquid region, mushy 
zone, and solid region are all calculated by the same 
equations (2) and (3). During the fusion and 
solidification processes, the latent heat is absorbed or 
released in the mushy zone, which is handled through 
the use of enthalpy defined in equation (9). 
 
Tracking of free surfaces 

The algorithm of volume-of-fluid (VOF) is used to 
track the moving free surface [26]. The fluid 
configuration is defined by a volume of fluid function, 
F(r,z,t), which tracks the location of the free surface. 
This function represents the volume of fluid per unit 
volume and satisfies the following conservation 
equation 

( ) 0=∇⋅+
∂
∂

= F
t

F
dt
dF V  (12) 

When averaged over the cells of a computing mesh, 
the average value of F in a cell is equal to the fractional 
volume of the cell occupied by the metal. A unit value of 

F corresponds to a cell full of metal, whereas a zero 
value indicates the cell contains no metal. Cells with F 
values between zero and one are partially filled with 
metal. 

 
Boundary conditions 

The boundary conditions for solution of equation (1) 
through equation (7) are given as follows. 
 
Forces at the local free surface 
The molten part of the metal is subjected to body forces 
such as gravity and electromagnetic force. It is also 
subjected to surface forces such as surface tension due 
to surface curvature, Marangoni shear stress due to 
temperature difference, arc plasma shear stress and 
arc pressure at the interface of arc plasma and metal. 

For cells containing a free surface, surface tension 
pressure normal to the free surface can be expressed 
as [27] 

sp γκ=  (13) 
where γ is the surface tension coefficient and κ is the 
free surface curvature given by 
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where nr  is a vector normal to the local free surface 
which equals the gradient of the VOF function 

Fn ∇=
r  (15) 
The temperature-dependent Marangoni shear 

stress at the free surface in a direction tangential to the 
local free surface is given by [28] 

Ms
T

T s
∂γ ∂τ
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= r
 (16) 

where sr  is a vector tangential to the local free surface. 
The arc plasma shear stress is calculated at the 

free surface from the velocities of the arc plasma cells 
immediately next to the metal cells. 

ps s
∂τ μ
∂

= r
V  (17) 

where μ is the viscosity of arc plasma. 
The arc pressure at the metal surface is obtained 

from the computational result in the arc region. The 
surface forces are included by adding source terms to 
the momentum equations according to the CSF 
(continuum surface force) model [27, 29]. Using F of the 
VOF function as the characteristic function, surface 
tension pressure, Marangoni shear stress, arc plasma 
shear stress, and arc pressure are all transformed to 
the localized body forces and added to the momentum 
transport equations as source terms at the boundary 
cells. 

 
Energy transfer at the local free surface. 
At the plasma-electrode interface, there exists an 
anode sheath region [20]. In this region, the mixture of 
plasma and metal vapor departs from LTE, thus it no 
longer complies with the model presented above. The 
thickness of this region is about 0.02 mm [20]. Since 
the sheath region is very thin, it is treated as a special 
interface to take into account the thermal effects on the 
electrode. The energy balance equation at the surface 
of the anode is modified to include an additional source 
term, Sa, as the following [8, 9] for the metal region 
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4( )eff arc a
a a w b a ev ev

k T T
S J k T q Hφ ε

δ
−

= + − −  (18) 

The first term on the right-hand side of equation 
(18) is the contribution due to thermal conduction from 
the plasma to the anode. The symbol keff represents the 
thermal conductivity taken as the harmonic mean of the 
thermal conductivities of the arc plasma and the anode 
material. δ  is the length of the anode sheath region and 
the maximum experimentally observed thickness of the 
anode fall region is 0.1 mm [30]. Tarc is chosen to be the 
temperature of the first gas plasma cell along the 
normal direction, and Ta is the temperature of the first 
metal cell along the normal direction at the local point. 
The second term represents the electron heating 
associated with the work function of the anode material. 

aJ  is the square root of 2
rJ  and 2

zJ  and 
wφ  is the work 

function of the anode material. The third term is the 
black body radiation loss from the anode surface. The 
final term is the heat loss due to the evaporation of 
electrode materials. ε is the emissivity of the surface 
and kb is the Stefan-Boltzmann constant. qev is the mass 
rate of evaporation of metal vapor from the droplet, and 
Hev is the latent heat of vaporization. For metal, such as 
steel, qev can be written as [29] 
log ( ) log 0.5logev v atmq A P T= + −  (19) 

T
Patm

18836121.6log −=  (20) 

At the arc-anode interface, the energy equation for 
the plasma only considers the cooling effects through 
conduction and the source term, Sap, is given 

( )eff arc a
ap

k T T
S

δ
−

= −  (21) 

Similar to the anode region, there exists a cathode 
sheath region between the plasma and the cathode. 
However, the physics of the cathode sheath and the 
energy balance at the nonthermionic cathode for 
GMAW are not well understood [8-12, 22]. The thermal 
effect due to the cathode sheath has been omitted in 
many models and reasonable results were obtained [8-
12]. Thus, the energy balance equation at the cathode 
surface will only have the conduction, radiation, and 
evaporation terms 

4( )eff arc c
c ev ev b c

k T T
S q H k Tε

δ
−

= − −  (22) 

where effk  is the effective thermal conductivity at the 

arc-cathode surface taken as the harmonic mean of 
the thermal conductivities of the arc plasma and the 
cathode material. δ is the length of the cathode sheath 
region. Tc is the cathode surface temperature. And the 
heat loss from the plasma at the cathode surface is 

( )eff arc c
cp

k T T
S

δ
−

= −  (23) 

 
External boundary conditions. The calculation domain, 
as shown in Figure 1, is ABCDEFGA. Only half of the 
entire physical domain is calculated due to the 
cylindrical symmetry along the centerline AG. The 
corresponding external boundary conditions for the 
entire domain are listed in table 1. Symmetrical 
boundary conditions are used along the centerline AG. 
The wire feed rate is incorporated through a boundary 
condition on v  along AB. The imposed shielding gas 

flow is set through a boundary condition on v  along BC. 
For the inflow of gas from the nozzle, the radial velocity 
component is omitted and the axial velocity component 
is determined from the formula for pipe flow as shown 
in the following [31]: 
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where Q is the inflow rate of the shielding gas, Rw is the 
radius of the electrode, Rn is the internal radius of the 
shielding gas nozzle, and Vw is the wire feed rate. A 
constant mass flow boundary condition is used for the 
open boundaries CD and DE. 

The temperature boundaries along AD, DE, and 
EG are determined by the ambient condition, which is 
set as room temperature. Uniform current density is 
specified along AB as 

2z e
w

IJ
z R
φσ

π
∂

= − =
∂

. The voltage, φ , 

is set to zero at the bottom of the workpiece FG. 
 

Internal boundary conditions. Within the computational 
domain, the moving surface of the electrode, droplet 
and weld pool forms the inner boundary for the arc 
region. VOF equation (12) is solved in the metal domain 
to track the moving free surface with free boundary 
conditions set at the metal free surface. Additional body 
force source terms are added to the momentum 
transport equations at the metal free surface to 
consider the effects of surface tension, Maragoni shear 
stress, arc plasma shear stress and arc pressure. 
Additional source terms described in equations (18) and 
(22) are added to the energy equation for the special 
treatment of the anode sheath and the cathode sheath. 

A fixed computational domain is used to solve the 
equations in the arc region. The metal region is used as 
the inner boundary for the arc region. As the velocity in 
the metal domain is much smaller than the velocity of 
the arc plasma, the metal region serves as an inner 
obstacle in the arc domain. The temperature at the 
metal free surface is considered as the temperature 
boundary for the arc domain.   
 
NUMERICAL CONSIDERATIONS 

In the present study, the transport phenomena in 
the metal and the arc plasma are calculated separately 
in the corresponding metal domain and arc domain, and 
the two domains are coupled through the interfacial 
boundary conditions at each time step. The current 
continuity equation and its associated boundary 
conditions are solved for the entire domain, while other 
primary variables, including p, u, v, and T, are calculated 
separately in the metal domain and arc domain. The 
current continuity equation is iterated with the transport 
equations in the arc domain to obtain the current 
density distribution for both the arc domain and the 
metal domain. Iterations are required to assure 
convergence of each domain and then the boundary 
conditions are calculated from each domain for the 
coupling between the two domains. 

For the metal domain, the method developed by 
Torrey et al [26] was used to solve p, u, v, and T.  This 
method is Eulerian and allows for an arbitrary number 
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of segments of free surface with any reasonable shape. 
The basic procedure for advancing the solution through 
one time step, Δt, consists of three steps. First, at the 
beginning of the time step, explicit approximations to 
the momentum equations (2) and (3) are used to find 
provisional values of the new time velocities. Second, 
an iterative procedure is used to solve for the advanced 
time pressure and velocity fields that satisfy equation 
(1) to within a convergence criterion at the new time. 
Third, the energy equation is solved. 

For the arc plasma domain, a fully implicit 
formulation is used for the time-dependent terms, and 
the combined convection/diffusion coefficients are 
evaluated using an upwind scheme. The SIMPLE 
algorithm [32] is applied to solve the momentum and 
mass continuity equations to obtain the velocity field. At 
each time step, the current continuity equation is solved 
first, based on the updated parameters. The new 
distributions of current density and electromagnetic 
force are then calculated for the momentum and energy 
equations. The momentum equations and the mass 
continuity equation are then solved in the iteration 
process to obtain pressure and velocity. The energy 
equation is solved to get the new temperature 
distribution. Next, the temperature-dependent 
parameters are updated, and the program goes back to 
the first step to calculate the current continuity equation. 
This process is repeated for each time step until the 
convergence criteria are satisfied.  

The calculation domain is half of the cylinder of 5.0 
cm in radius and 3.05 cm in length. Extensive tests 
using different grid sizes and time step sizes have been 
conducted to assure consistent results. The final grid 
and time-step sizes used in the present study can be 
considered as the compromised values between 
computational time and accuracy. A non-uniform grid 
point system is employed with finer grid sizes near both 
the cathode and the anode. The mesh sizes near the 
anode and cathode center are set as 0.01 cm. The time 
step size is set as 5 × 10–6 s. 

 
RESULTS AND DISCUSSION 

In this section, the results are presented for arcs 
operating in pure argon and argon-helium mixtures with 
various molar argon contents (75% Ar, 50% Ar and 
25% Ar). Generally, welding conditions employed for 
various shielding gases are quite different, including the 
current, arc length, wire feed speed, gas flow rate and 
so on [1]. However, the intent of this study is to 
compare the effects of different shielding gases on arc 
characteristics and, hence, for comparison purpose, in 
this study the electric power input ( uw·I = 3500 W), arc 
length, wire feed speed, etc., are assumed to be the 
same for various shielding gases. A 1.6-mm-diameter 
mild steel wire is fed continuously towards the 
workpiece at a wire feed speed of 4.5 cm/s. The initial 
arc length is set as 0.8 cm. The workpiece is also a mild 
steel disk with a 3 cm diameter and 0.5 cm thickness. 
The shielding gas flows out of the gas nozzle with 1.91 
cm inner diameter at a rate of 24 l/min. The 
thermophysical properties of mild steel and the other 
parameters used in the calculation are summarized in 
table 2. Note in practice, pure helium has never been 
used as shielding gas because of its much higher 

ionization potential compared to pure argon (24.58 V vs. 
15.76 V) which may lead to arc instability or otherwise 
requires much higher electric power input. Hence, we 
do not consider pure helium in this study. 
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Figure 2 The temperature-dependant material 
properties of shielding gases and the volume radiation 
heat loss taken from [22, 33-35]. 
 
The temperature-dependant thermophysical properties 
of pure argon [22, 33], pure helium and argon-helium 
mixtures at equilibrium [33-35], and the volume 
radiation heat loss (SR) [22] are drawn in Figure 2. It is 
seen that when temperatures are below about 750 K 
the electrical conductivities are nearly zero for all gases. 
As temperature increases, argon starts to be ionized, 
which results in higher electrical conductivities for 
higher argon contents until about 22,000 K when helium 
starts to be ionized the electrical conductivities increase 
with helium content due to the more effective ionization 
of helium. The thermal conductivity and specific heat of 
helium are higher than those of argon, especially at 
temperatures above 15,000 K. Hence, a higher helium 
content of shielding gas leads to a higher thermal 
conductivity and specific heat. The viscosities of argon-
helium mixtures remain approximately the same at 
lower temperatures, but at temperatures above 12,000 
K mixtures with higher helium content have much 
higher viscosity. Due to the lack of radiation loss for 
pure helium and argon-helium mixtures, the data of 
argon [22] is used for all cases, which does not lead to 
unreasonable results [18]. Note the presence of metal 
vapor increases the electrical conductivity in helium-rich 
arc and contributes to arc stability [18], which is, 
however, ignored in this study. 

In practice, a touch striking or a pilot starting arc is 
needed to initiate the main electric arc for welding. In 
this study, an initial high temperature (T = 25,000 K) arc 
column is assumed for arc initiation, which can be 
sustained by itself and reaches the working status after 
several numerical iterations for all cases. We found 
under the welding conditions used, the arc cannot be 
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sustained itself for pure helium. The time is set as t = 0 
s when the arc is established in all cases. In all the 
following figures, the shapes of the electrode and 
workpiece are marked with thick solid lines. In order to 
increase the readability of vectors, only a quarter of the 
grid nodes are used for plotting the distributions of 
velocity, current and electromagnetic force. 
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Figure 3 The distributions of (a) temperature, (b) current, 
(c) velocity, and (d) electromagnetic force at t = 90 ms 
for pure Ar, 75% Ar, 50% Ar and 25% Ar. 
 

Figure 3(a) through 3(d), respectively, show the 
distributions of temperature, current, velocity streamline 
and electromagnetic force at t = 90 ms. From Figure 
3(a), it is seen the outer shape of the temperature 
profile between the electrode tip and the workpiece for 
each case (pure Ar, 75% Ar, 50% Ar and 25% Ar) looks 
like a “bag” closed at the top. In the argon-rich cases 
(pure Ar or 75% Ar), a typical bell-shaped plasma arc is 
found. The arc expands outward and downward, 
resulting in the decrease of its temperature toward the 
workpiece surface. As the helium content increases, the 
arc tends to contract in the lower part of the arc column 
and forms a cone-like shape. Near the electrode tip, the 
shielding gas begins to ionize and forms a high 
temperature arc column underneath the tip. At a 
constant electric power, the arc peak temperature 
occurring on the axis near the electrode tip decreases 
with the increasing helium content and it is, respectively, 
20,240 K, 20,130 K, 20,100 K and 18,870 K for pure Ar, 
75% Ar, 50% Ar and 25% Ar. In comparison with pure 
argon, the addition of a small amount of helium to argon 
(e.g., 75% Ar) produces a slightly larger hot arc column. 
However, the size of the hot arc column significantly 
decreases in the case of 25% Ar. This is attributed to 
the high ionization potential of helium. For 25% Ar, as 
there is a large amount of helium in the mixture, the 
ionization degree of the mixture sharply decreases, 
which leads to a drop in arc temperatures. Due to less 
ionization, the lower part of the arc column are at low 
temperatures, resulting in a shrinkage of the size of the 
hot arc column for high helium contents (50% Ar and 
25% Ar). 

Due to the higher ionization potential of helium, a 
higher voltage is required to establish and maintain the 
stability of the plasma arc as helium content increases. 

At a constant electric power, the welding current is 
inversely proportional to the arc voltage and, therefore, 
decreases with the increase of helium content. During 
the GMA welding process, the welding current 
fluctuates, as the voltage does, in a narrow range. The 
currents at t = 90 ms are, respectively, about 230 A, 
210 A, 185 A and 162 A for pure Ar, 75% Ar, 50% Ar 
and 25% Ar. As shown in Figure 3(b), current generally 
diverges downward from the electrode tip, then 
converges at the surface of the workpiece, and finally 
diverges inside the workpiece. For argon-rich cases, 
the current converges to the surface of the workpiece at 
a larger “disk” area; while as the helium content 
increases, the current converges to a “ring” or “circle” 
(from an axisymmetric standpoint) surrounding the 
center of the workpiece. As the plasma temperature is 
caused by Joule heating, equation (4), the temperature 
distribution of the plasma arc, shown in Figure 3(a), is 
proportional to the magnitude and distribution of the 
current, Figure 3(b).  

As shown in Figure 3(c), the shielding gas from 
nozzle flows along the electrode surface and is ionized 
to become plasma around the electrode tip. Due to the 
action of the inward and downward electromagnetic 
force around the electrode tip, Figure 3(d), the plasma 
is accelerated and flows inward and downward toward 
the workpiece with very high velocities. The maximum 
velocities are, respectively, 269, 254, 253 and 210 m/s 
for pure Ar, 75% Ar, 50% Ar and 25% Ar. However, 
near the workpiece, the electromagnetic force becomes 
inward and upward, Figure 3(d), which gives an 
opposite action on the plasma flow along the z-axis. For 
argon-rich cases, the upward electrometric force near 
the workpiece is not too strong and, hence, the 
downward arc plasma impinges onto the workpiece and 
thereafter flows outward due to the stagnation effect. As 
the helium content increases, the upward 
electromagnetic force near the workpiece increases. 
For 25% Ar case, the downward plasma flow is 
counteracted by the upward electromagnetic force near 
the workpiece and is greatly decelerated, generating 
vortexes near the workpiece center. Similar phenomena 
for pure helium arc were also predicted by Jönsson et 
al [18]. The outward vortex near the center of the 
workpiece surface prevents the hot plasma from being 
transported from the electrode to the workpiece for high 
helium arc. The vortex also brings in the colder gas 
from outside of the arc column to the center, which 
further decreases the arc temperature near the 
workpiece.  

The variations of current density and arc pressure 
along the radial direction from the z-axis on the 
workpiece surface at t = 90 ms are shown in Figure 4(a) 
and 4(b), respectively. It is seen that the radius of the 
“disk” with high current density significantly decreases 
from about r = 6 mm for pure Ar to a little greater than 2 
mm for 25% Ar, which is consistent with the results 
shown in Figure 3(b). For all cases, there exists an 
abrupt decrease of current density in the radial direction 
and thereafter the current density becomes negligible. 
For argon-rich cases, the current density is fairly 
smooth and uniform near the center r = 0 with its peak 
at the center. For 50% Ar and 25% Ar cases, however, 
the current density curve fluctuates significantly and 
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there are two peaks (which actually is a “ring” or “circle” 
because of an axisymmetric coordinate). These peaks 
coincide with the converged “ring” as shown in Figure 
3(b). From Figure 4(b), the arc pressure generally has a 
Gaussian-like distribution, except for the 25% Ar case, 
in which a rather uniform pressure exists near the 
center. The arc pressure decreases to nearly zero at 
about r = 3 mm. The high pressure near the center is 
caused by the stagnation effect when the plasma flow 
impinges onto the workpiece. As the argon content 
decreases, the arc pressure becomes smaller in both 
magnitude and scope. This is caused by the significant 
decrease of the downward plasma velocity near the 
workpiece, resulting in the decrease of arc pressure as 
explained in Figure 3(c). It is seen in Figure 4(b) 
negative pressures less than the ambient pressure are 
created at the edge of the “ring” for helium-rich 
shielding gases. 
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Figure 4 The current density and arc pressure 
distributions along the workpiece surface at t = 90 ms: 
(a) current density and (b) arc pressure. 
 

Figures 5-8 show, respectively, the distributions of 
temperature, velocity, current density, and 
electromagnetic force in arc plasma at different instants 
for different argon-helium mixtures. The transient 
processes of droplet formation, detachment, transfer 
and impingement onto the workpiece and how they 
affect the transport phenomena of the plasma arcs are 
shown in these figures. Note in order to better explain 
the transport phenomena, the selected instants for each 
subfigure are different for each case, and the time 
intervals between two subfigures in each case are not 
equal. From the figures, it is seen the times for the 
formation of the first droplet are longer for higher helium 
contents, and the times are, respectively, about 100 ms, 
170 ms, 217 ms and 336 ms for pure Ar, 75% Ar, 50% 
Ar and 25% Ar. The addition of helium results in a less 
detachment frequency and thus a larger droplet for the 

same welding energy input. This is consistent with the 
phenomena observed by Rhee [36] that the droplet 
frequency using pure argon is much higher than that for 
helium. In all cases the falling droplet greatly alters and 
distorts the arc flow and arc characteristics. In the 
following, as the distribution of arc plasma temperature 
is influenced by current density, for convenience, Figure 
5 and Figure 6 are discussed alternatively. Similarly, as 
the distribution of plasma velocity is influenced by 
electrometric force, Figure 7 and Figure 8 will be 
discussed together. 
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Figure 5 The sequence of temperature distribution in 
plasma arcs at different instants: (a) pure Ar, (b) 75% 
Ar, (c) 50% Ar and (d) 25% Ar. 
 

As shown in Figure 5, before the detachment of the 
droplet, an arc column with high temperatures exists 
between the electrode tip and the top surface of the 
workpiece. The structure and shape of the arc column 
are different with different argon contents. When the 
droplet is detached from the electrode, a new arc 
column is formed between the electrode tip and the top 
surface of the detached droplet. As the detached 
droplet falls, the plasma arc column is “stretched” 
between the electrode tip and the top of the falling 
droplet. Due to the lower ionization potential of argon, it 
is easier and quicker for argon-rich shielding gas to re-
establish a new arc column after the droplet 
detachment. It is seen a new arc column has been 
established at t = 102 ms for pure argon, while at t = 
348 ms, there is still no arc column between the 
electrode tip and the droplet for 25% Ar. The falling 
droplet blocks the plasma arc and the arc temperature 
below the droplet is relatively low. However, it is 
interesting to see, Figure 5(d), at t = 348 ms, there 
exists a hot arc column between the bottom of the 
droplet and the workpiece. This is caused by the strong 
current convergence at the workpiece, Figure 6(d), 
which results in a high Joule heating. After the first 
droplet deposits onto the workpiece and the second 
droplet grows at the tip of the electrode, Figure 5(d), at t 
= 536 ms, the distance between the electrode tip and 
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the workpiece is short, which results in “double hot 
spots;” one is beneath the electrode and the other is 
above the workpiece. The plasma arc column looks like 
it is being “squeezed” and “bulged.” The lower hot spot 
is caused by the strong current convergence, Figure 
6(d), similar to the result at t = 348 ms.  
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Figure 6 The sequence of current distribution in plasma 
arcs at different instants: (a) pure Ar, (b) 75% Ar, (c) 
50% Ar and (d) 25% Ar. 
 

Figure 6 shows the current distributions at different 
instants for different shielding gases. For argon-rich 
cases, Figure 6(a) and 6(b), when the droplet has just 
been detached, the current can flow through the 
detached droplet because of high electrical conductivity 
and high current density of the plasma surrounding the 
droplet. However, less current flows through and part of 
the current flows around the falling droplet, as it is 
further away from the electrode tip. Note as the arc 
plasma expands downward, its temperature, electrical 
conductivity, and current density decrease. The 
phenomenon of current flowing around the droplet can 
be better seen when the helium content increases. As 
helium content increases, the electrical conductivity of 
the shielding gas decreases, Figure (2), which is 
compounded by the lower temperature underneath the 
falling droplet, resulting in less current flowing through 
the detached droplet. As shown for 25% Ar case, there 
is almost no current flowing through the detached 
droplet. When the detached droplet is impinged onto 
the workpiece, a weld pool is formed and its shape 
determines the current flow into the workpiece. After 
bypassing around the detached droplet, the current 
arriving at the surface of the workpiece tends to 
converge to an “annular” shape (e.g., Figure 6(b) at t = 
192 ms) instead of a “disk” shape (e.g., Figure 6(a) at t 
= 90 ms) from an axisymmetric standpoint. As the 
helium content increases, the aforementioned current 
convergence at the workpiece becomes more severe. 

Figure 7 shows the arc plasma flows at different 
instants for different gas mixtures. Generally, for argon-
rich gas, the plasma flows downward around the droplet, 
impinges onto the workpiece, and then spreads 
outward along the workpiece due to the stagnation 

effect. When the falling droplet is close to the workpiece, 
e.g., Figure 7(a) at t = 118 ms, two vortexes (in the r–z 
plane) are formed near the workpiece. In fact, for the 
25% Ar case, at t = 330 ms, two vortexes near the 
workpiece can be clearly seen even as the droplet is 
still being formed at the electrode tip. This is caused by 
a strong upward and inward electromagnetic force near 
the workpiece, Figure 8(d). At t = 348 ms, the 
downward flow collides with the upward flow near the 
droplet and the two vortexes become larger when the 
droplet is between the electrode tip and the workpiece 
because of stronger electromagnetic force, Figure 8(d). 
At t = 362 ms, however, the vortexes are “squeezed” by 
the falling droplet and become smaller as the 
electromagnetic force decreases. In Figure 7(d), at t = 
536 ms, two large vortexes appear again near the 
workpiece, caused by the strong electromagnetic force, 
Figure 8(d).  
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Figure 7 The sequence of velocity distribution in plasma 
arcs at different instants: (a) pure Ar, (b) 75% Ar, (c) 
50% Ar and (d) 25% Ar. 
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Figure 8 The sequence of electromagnetic force 
distribution in plasma arcs at different instants: (a) pure 
Ar, (b) 75% Ar, (c) 50% Ar and (d) 25% Ar. 
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As shown in Figure 8, generally, the 
electromagnetic force is inward and downward around 
the tip of the electrode, and inward and upward near 
the workpiece center. The downward plasma flow from 
the electrode counteracts with the upward flow from the 
workpiece, which may lead to the formation of vortexes. 
With the increase of helium content, the upward 
electromagnetic force from the workpiece becomes 
stronger, leading to a stronger upward arc flow. For the 
same welding energy input, as considered in this study, 
it is easier for argon-rich shielding gas to transport the 
hot plasma from the electrode to the workpiece. In other 
words, the welding efficiency would be higher when 
using argon-rich gases. 
 
CONCLUSIONS 

A comprehensive model and the associated 
numerical technique have been developed to study the 
effects of shielding gas compositions on the transient 
transport phenomena occurring in GMAW. The 
generation and evolution; the droplet formation, 
detachment, transfer, and impingement onto the 
workpiece; and welding pool dynamics are studied for 
pure argon, 75% Ar + 25% He, 50% Ar + 50% He and 
25% Ar + 75% He during the GMAW process. 
Compared to helium, argon has relatively lower 
ionization potential, thermal conductivity, specific heat, 
and viscosity, but higher electrical conductivity. From 
the results of this study, it is found that the 
thermophysical properties of shielding gases have 
pronounced effects on arc structure and characteristics. 
It is easy for argon to establish a stable plasma arc 
between the electrode tip and the workpiece. An 
increase of helium content may lead to insufficient 
ionization of gas and, hence, a shrinkage of hot plasma 
arc. When helium increases to an extent, there is a 
strong upward plasma flow from the workpiece, leading 
to the distortions of temperature, velocity, pressure and 
current distributions. The higher helium content in the 
mixture leads to the higher degree of arc contraction, 
longer time to generate a droplet and thus larger droplet 
size. The plasma arch shape changes from a bell 
shape to a cone shape as the helium content increases. 
In conclusion, the shielding gas composition plays a 
vital role in plasma arc and, hence, the efficiency and 
overall performance of the welding process. 
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NOMENCLATURE 
Bθ azimuthal magnetic field 
c specific heat, or color function 
C internal coefficient 
Cds drag coefficient 
Cl permeability coefficient 
Dd droplet diameter 
e  elementary charge 
F volume-of-fluid function 

svF
r

 surface tension volume force 

paF
r

 plasma arc pressure volume force 

f mass fraction 
g volume fraction or gravitational acceleration 
h  enthalpy 
Hev latent hat of vaporization 
I welding current 
j
r  current density vector 
ja current density at anode 
jr, jz, radial and axial current density 
k  thermal conductivity 
K permeability, defined in Eq. (11) 
kb Boltzmann constant 
keff effective thermal conductivity 
nr  normal vector to the free surface 
p  pressure 
ps surface tension pressure 
Patm atmosphere pressure 
qev evaporation mass rate of metal vapor 
r radial distance from the electrode axis 
Ra radius of the electrode 
sr  tangential vector to the free surface 
Sa  anode energy source term the metal  
Sap  anode energy source term for the plasma arc 
Sc  cathode energy source term for the metal 
Scp  cathode energy source term for the plasma arc 

mS
r  momentum source term the metal  
SR  radiation heat loss 
t time 
T temperature 
Tp,a, Tp,c arc plasma temperature adjacent to the anode 

and cathode 
Ta, Tc  temperature of anode and cathode 
Tl liquidus temperature 
Ts solidus temperature 
u, v  radial and axial velocity 
V
r

 velocity vector 
rV
r  relative velocity vector 

r, z Cylindrical coordinate system 
Greek Symbols 
γ surface tension coefficient 
ε radiation emissivity 
κ free surface curvature 
μl dynamic viscosity 
μg dynamic viscosity of plasma 
φ electric potential 
φw work function of the anode material 
σe electrical conductivity 
ρ density 
ρg density of plasma 

Msτr  Marangoni shear stress 

psτr  plasma shear stress 

δ  effective heat transfer length 
Subscripts 
a anode 
c cathode 
l liquid phase 
s solid phase 
Superscripts 
n time step n 
n+1 time step n+1 
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