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Abstract: Gas metal arc welding (GMAW) is one of the 

most widely used processes in automated welding 

technologies. Its efficiency relies on the travel speed and 

wire melting rate. Increasing the welding current is the 

most effective way to improve them. However, the 

welding quality will decrease because of the unstable metal 

rotating spray transfer in the high-current GMAW which 

will aggravate the welding spatters and instability. To 

study the high-current metal transfer mechanism and then 

propose schemes of improvements and controls, a 

three-dimensional numerical model based on the 

volume-of-fluid (VOF) method is typically preferred. 

Unfortunately, the rotating spray transfer is extremely 

complicated, therefore the research community has focused 

on simplified models without considering the energy 

conservation to make analysis manageable for the unstable 

metal transfer process. Using our created model, the metal 

transfer of high-current GMAW with shielding gas of 

different conductivities has been studied by analyzing 

acting forces and fluid flows in the metal liquid column, 

especially for the contributions of the self-induced 

electromagnetic force, equivalent volume force of the 

capillary pressure of the surface tension (Named surface 

tension force in this work), static arc pressure. It is found 

that the unbalanced electromagnetic force greatly promotes 

the metal rotating motion in 500A MIG with pure argon 

shielding gas and it pushes the metal liquid column to 

rotate. Considering the arc constricting effect in active 

shielding gas by simply changing the arc conductivity, it is 

found that the metal liquid column no longer rotates, it 

turns to swing since the unbalanced electromagnetic force 
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is large enough to break the rotating motion. The 

calculated results of the metal liquid column deflected 

angle and rotating/swing frequency agree well with the 

experiment of high-speed camera observations. 

Keywords: Gas metal arc welding • Rotating spray 

transfer • Three-dimensional model • Electromagnetic 

force • Surface tension 

 

1  Introduction 

Increasing welding efficiency is under large significance 

for shortening the producing/processing time since welding 

is indispensable in most of the manufacturing processing. 

To acquire a high-efficiency GMAW process of large 

travel speed and melting rate, increasing the welding 

current in the feeding wire is a less complicated and more 

effective way. In the meantime, the metal transfer process 

will change from globular transfer to spray transfer. The 

project and stream spray transfers are widely used in the 

high-quality welding process. However, rotating spray 

transfer is avoided in most welding industrial applications 

because of its spatter deficiency [1]. As the environmental 

issue has become the main problem in recent years, the 

environmental protection of welding spatters and fume in 

the welding processes is going to be more and more 

significant [2]. Some control methods including the 

magnetic field control methods [3, 4] and altered voltage 

wave control methods [5] were ultimately attempted to 

reduce the spatter in high-current GMAW. Nevertheless, 

the acting mechanism of main forces in the rotating metal 

liquid column was not clear on account of its complication. 

It is necessary to make the rotating mechanism understood 

and contribute to finding a way for controlling the unstable 

metal transfer process in high-current GMAW. 

Electromagnetic forces in the molten metal are no 

doubt the strongest acting force when the welding current 

exceeds 400A with a 1.2mm diameter steel wire in 

GMAW. And it is difficult to measure the current density 
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in the conductive region by experimental methods directly 

because of the high-temperature and small-size welding 

region. Hence numerical simulation method based on 

computational fluid dynamics (CFD) including 

volume-of-fluid (VOF) method, which is investigated to be 

adaptable than the static equilibrium theory [6, 7] and 

varicose instabilities theory [8, 9], is advantaged to make it 

possible to estimate the electromagnetic force distributions 

and flow fields in the liquid phase. The acting forces in the 

metal liquid column include gravity, electromagnetic force, 

surface tension force, arc plasma shear stress, the opposing 

force caused by the metal evaporation, arc pressure, and 

positive pole spot pressure. Besides, their strengths alter at 

different welding parameters. It is not possible to 

accurately consider all the mentioned forces in a uniformed 

mathematic model, and the most viable way is to simplify 

the model by taking into account only the primary factors. 

Choi et al. [10] considered gravity, the electromagnetic 

force, and surface tension in the globular and spray transfer 

models, and fixed current density was assumed on the 

droplet surface which generated the prime acting force of 

self-induced electromagnetic force. Wang et al. [11] 

applied that method of setting current flux on the droplet 

surface to the pulsed GMAW. Wu et al. [12] modified the 

mathematic model to consider shear stress from arc plasma 

and assumed that the current density distribution in the 

droplet was Gaussian. Wang et al [13] developed their 

model by assuming both current density distribution and 

heat flux distribution on the droplet surface, the shape of 

the melting interface on the welding wire was accurately 

predicted. Moreover, coupled models including arc and 

droplets have also been reported in recent years [14-19]. In 

the coupled models, the current density can be calculated 

by the coupled conservation equations, hence the 

calculated results are more accurate than previous 

simplified models. It is significant that the metal vapor 

behavior can be accurately expressed in the coupled model 

[20-22], and the sharp transition in the droplet size and 

detachment frequency when the metal transfer changes 

from globular to spray mode can also be observed in the 

coupled unified models [23, 24]. 

However, it is difficult to deal with the 

three-dimensional rotating transfer process of high-current 

GMAW by modeling an arc and metal liquid column 

coupled model since there are still some difficulties to deal 

with the coupled boundary between the gas phase and 

liquid phase. To solve this problem, Ogino et al. [25] 

proposed a three-dimensional metal transfer model 

considering gravity, surface tension, and electromagnetic 

force to study the metal transfer processes of different 

current GMAW. However, in their model, the arc plasma 

flow was ignored. It is no doubt that the arc pressure is 

large enough to impact the metal transfer process in 

high-current GMAW. In our present work, an upgraded 

three-dimensional model is proposed by considering both 

the metal flow and the arc plasma flow using two 

individual momentum balance equations. The metal 

transfer, variations of current density distributions, velocity 

vector fields, and electromagnetic force distributions in the 

molten metal liquid column in 500A GMAW are analyzed. 

The metal liquid column rotating frequencies and deflected 

angles agree well with the verification of experimental 

results. 

 

2  Mathematical model 

2.1  Assumptions 

 

1. The arc is considered as a gas phase while the 

molten or solid wire is treated as a liquid phase. Both the 

gas and liquid phases are incompressible, Newtonian, and 

laminar flow [15, 26].  

2. Only mass and momentum transfer processes are 

considered in this work. We assume constant conductivity, 

viscosity, density for argon plasma in this numerical model 

according to the argon plasma physical properties at 

15000K. It is a very rough treatment for arc conductivity, 

which is affected by the arc temperature field, flow field, 

metal vapor effects a lot [22].  However, it is a reasonably 

simple arc conductive mechanism referenced to [25], and it 

can also be applied in some other researches which have 

no concern with arc temperature. 

3. Since the temperature field is not coupled in this 

work, the interactions between the liquid phase and the gas 

phase contain only forces and electrical potential. The 

anode sheath effects and metal vapor behavior are both 

ignored.   

  

2.2  Conservation equations 

 

The unitive form of the governing equations is listed as 

follows. 

( ) ( ) ( )Φ vΦ Γ Φ +S
t
   


+ =  


,   (1)                                                                 

where t is the time, ρ is the density, Φ is the generic 

variable, v  is the velocity vector, ГΦ is the diffusion 

coefficient and SΦ is the source term. Table 1 shows the 

details of the governing equations. 
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Table 1  The governing equations 

 

where µ is the dynamic viscosity, P is the pressure, j is 

the current density, B  is the magnetic flux density, g  is 

the gravitational acceleration, V is the electrical potential, σ 

is the electric conductivity, A  is the magnetic vector 

potential, µ0 is the permeability of vacuum (4π×10-7H·m-1), 

Fmp is the volume fraction of the metal liquid phase, and 

the volume fraction of gas-phase Fgp reads as follows: 

 

Fgp=1- Fmp,                  (2) 

                                                                                                                                             

In the boundary region of the gas and liquid phase, the gas 

phase has a small density and large velocity while the 

liquid phase has a large density and small velocity. 

Therefore, laws of conservation of mass and momentum 

should be satisfied by each phase individually. The 

multi-fluid VOF model is used to calculate two 

independent momentum conservation equations of metal 

and gas phases and two independent mass conservation 

equations as well. The mixing phase properties for the 

density ρmix, the dynamic viscosity µmix, and the electrical 

conductivity σmix are defined by the volume fractions and 

properties of two phases, respectively. 

 

ρmix=Fgpρg+Fmpρm,              (3) 

                                                                                                                

µmix=Fgpµg +Fmpµm,             (4)  

                                                                                                                                     

σmix=Fgpσg +Fmpσm,              (5)  

                                                                                                                           

Two assisted equations about current density j  and 

magnetic flux density B  are added as follows: 

 

( )j V E = −  = ,          (6) 

                                                                                                                                    

B A=  ,                (7)                                                                                                                                                 

 

2.3  Boundary conditions 

 

Figure 1 displays the three-dimensional cylinder 

calculated domain and boundary conditions. The domain 

diameter is 24mm, and the height is 12mm with a wire 

length of 2mm, an arc length of 10mm. The metal flows 

into the arc region from the boundary of “metal inlet” 

while the shielding gas flows through the boundary of 

“gas inlet”. There is an assumed arc disperse angle θ 

colored with orange, which is set to 20° according to the 

experimental high-speed observation of arc sharp and 

Ogino et al’s work[25]. It has been studied that, 

polyatomic shielding gas like O2, CO2 can constrict the 

arc to the metal liquid column tip for it has higher specific 

heat and thermal conductivity, hence more current will 

flow through the molten metal. We define different 

conductivities in the arc region for approximately 

consider different shielding gases of pure argon shielding 

gas and CO2 mixed with argon shielding gas. 

 

Figure 1  Calculated domain and boundary conditions 

Table 2 lists the external boundary conditions. All the 

metal part of the calculated region is assumed to be fluid 

injecting from the “metal inlet” boundary, and the flow 

velocity is 0.5m/s, and so does the shielding gas flow rate. 

The arc plasma shear stress is modified to a body force by 

multiplying with the gradient of the volume fraction as 

follows: 

ps mpg

v
F

s
µ


=  


,            (8)                                                                                                                              

where s is the tangential normal vector to the free surface. 

The Marangoni shear stress due to temperature variation 

is neglectable and the surface tension in the free surface 

region is considered as follows [27]: 

st cur mpF k F=  ,              (9)    

                                                                                                                          

where stF  is the equivalent volume force vector of 

surface tension pressure, γ is the surface tension 

coefficient, kcur is the curvature, calculated as follows: 

mp

cur

mp

F
k

F


=


,            (10)                                                                                                                                    

Governing equations Φ ГΦ SΦ 

Mass 1 0 0 

Momentum v  µ 
P j B g− +  +

 

Electric field V σ 0 

Magnetic field A  1 µ0 j  

VOF Fmp 0 0 
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Table 2  External boundary conditions 

n : unit vector 

 

2.4  Numerical considerations and initial conditions 

 

Commercial CFD software FLUENT is used in this work. 

Only structured meshes are applied in the whole 

calculated domain for easier convergences and more 

accurate results. There are more than 100000 meshes in 

the 5000 mm3 calculated domain. The finest mesh size is 

0.05mm in the metal transfer region. It was reported in 

[28] that, the mesh size should be larger than 0.1mm for 

ignoring the non-LTE region in the arc-droplet coupled 

model using “LTE-diffusion approximation”. However, 

the heat transfer is not considered in this work, and the arc 

conductivity is set to constant, we can use a fine mesh for 

the accurately calculated process. A pressure-based solver 

and phase coupled SIMPLE algorithm with second-order 

and high-resolution spatial discretization are applied. 

Nomura et al[29] measure the welding arc temperature of 

more than 400A spray transfer GMAW with the 

spectroscopic method, and it is reported that the arc 

temperature in the electric arc conductive region is around 

13000-15000K. For 500A GMAW in this work, the 

density, dynamic viscosity, and electrical conductivity of 

the gas phase are chosen as the argon plasma physical and 

transfer properties at the temperature of 15000K. For the 

non-arc region of the gas phase colored with blue, a 

relatively small value of about 10 S·m-1 is set to forbid the 

current to flow through. The shielding gas flow rate is 

20L/min, and the welding current is 500A. To 

approximately express the arc constricting to the tip of the 

metal liquid column, we assume the arc conductivity of 

Ar-CO2 mixture shielding gas to be half of the pure argon 

shielding gas. In the results, we use Metal Inert Gas (MIG) 

and Metal Active Gas (MAG) to differentiate these two 

cases. This is a rough way to consider the influence of 

different shielding gases in GMAW, especially for 

high-current cases. However, considering the complexity 

of the three-dimensional arc-metal coupled model in 

recent times, we prefer this simplified model for an 

advanced look of the high-current rotating spray transfer 

process and its mechanism. A heat and mass transfer 

rotating spray model can be impelled based on this 

research. 

 

3  Results and discussions 

The main acting forces in the molten metal liquid column 

are shown in Figure 2. They are all treated as volume 

forces with a unit of N/m3 besides the original volume 

forces of gravity, electromagnetic forces. Gravity and arc 

shear stress drive the metal to transfer no doubt. The 

electromagnetic force is a pinch force, which will 

pressure the metal to flow upward and downward 

respectively. Surface tension is related to the surface 

curvature of the metal liquid column, and it will be 

discussed for its shifty in one metal transfer period. The 

largest arc pressure acts on the metal surface where the 

arc velocity is lowest around the surface since the 

mathematic relation between arc pressure and arc velocity 

is an inverse proportion. The forces will change when the 

welding current increases to about 500A for a 1.2mm 

diameter wire, and we will study on it using our proposed 

3D high-current GMAW metal transfer mathematical 

model. 

 

Figure 2  The main acting forces in the metal liquid column of GMAW 

spray transfer 

3.1  Rotating spray transfer and swing spray transfer 

 

As shown in Figure 3, there are two different metal transfer 

modes. One is rotating spray transfer at the rotating 

frequency of about 500Hz, and the other one is swing 

spray transfer at swing frequency of about 400Hz. The 
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largest deflected angles of them respectively are 34° and 

90°, hence the welding spatter in MAG is much more 

serious. The only distinction between MIG and MAG in 

our mathematical model is the arc conductivity. The arc 

conductivity in MAG is half of that in MIG, which will 

cause more current to flow through the metal liquid 

column instead of the arc region, and the arc constricts to 

the metal tip. The strengths of the gravity, surface tension 

force, electromagnetic force, arc pressure are different 

between MIG and MAG, which will be discussed in detail 

below.  

      

(a) MIG          

    

(b) MAG 

    Figure 3  The metal transfer processes of 500A MIG and MAG  

There are apparent spatters during the transfer process. 

Observing at Figure 4, it is distinct that the spatter velocity 

reaches more than 5m/s in both MIG and MAG cases, 

which will no doubt destroy the welding stability. The 

maximal velocity in the liquid phase exists near the 

bending point of the metal liquid column, where the 

curvature is the largest. There are many more spatters in 

the swing process of MAG since the deflected angle is 

larger than MIG. To explain the rotating and swing 

mechanism, the force analysis including gravity, 

electromagnetic force, surface tension force, and arc 

pressure is necessary. 

 

(a) MIG 
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(b) MAG 

Figure 4  The velocity vector of 500A MIG and MAG 

The electromagnetic force is the most powerful one 

for driving the metal liquid column to move because of 

the high current. The maximal current densities in the 

z-direction in one period of MIG/MAG are shown in 

Figure 5.  It can be seen that the maximal current density 

in MAG has a larger amplitude. The conductivity in MAG 

arc is lower, hence more current flows through the metal 

liquid column, in which the current density is larger. 

 

Figure 5  Maximal current density in the z-direction of 500A MIG and 

MAG 

The self-induced magnetic flux density and 

electromagnetic force are shown in Figure 6. Observing at 

the contour surfaces of MIG, the magnetic flux density 

magnitude is larger on the concave side and lower on the 

convex side because the conductive path is inflected in the 

metal liquid column. And so does the self-induced 

magnetic flux density and electromagnetic force, which is 

a pinch force. we should consider both the positive and 

negative electromagnetic force. According to the 

electromagnetic force source term of the momentum 

conservation equation, the larger magnetic flux density and 

current density on the concave side will lead to a larger 

electromagnetic force. At the first moment of 50.5ms, the 

maximal positive electromagnetic force is about 

1.16E+8N/m3, and the maximal negative force on the 

opposite side is about 6.25E+8N/m3. Finally, the resultant 

force with considering the force of both sides can push the 

metal liquid column to rotate. Observing at 74ms of MAG, 

which has a larger resultant force with considering positive 

one of 2.52E+8N/m3 and the negative one of 1.03E+8N/m3. 

The larger resultant electromagnetic force will destroy the 

rotating motion. The current path and self-induced 

magnetic flux density are described in Figure 7. As shown 

in Figure 7 for MIG, the electromagnetic force is smaller 

with a spiral current path, therefore the current density has 

three components of axial, radial, and angular directions. 

The axial and radial current density can induce only the 

angular magnetic field, which is larger inside the spiral and 

smaller outside the spiral. The angular current density 

induces an axial magnetic field as shown as arrows in 

Figure 7 left, and the current density and induced magnetic 

flux density inside is also larger than the outside one. The 

maximal axial magnetic flux density inside the spiral is 

about 0.08T, while it is 0.05T in a negative direction 

outside. So the rotating motion can be continuous in the 

MIG case. For the case of MAG, when the electromagnetic 

force is larger than MIG, the larger asymmetry 

electromagnetic force breaks the rotating motion and shifts 

it to a swing motion. As shown in Figure 7 right, it is 

different that there is only an angular induced magnetic 

field since there is no angular current density. The 

self-induced magnetic flux density on the curve side is no 

doubt larger than the other side, hence the unbalanced 

pinch force will push the metal liquid column back to the 

other side, and then move back and forth. These are two 



Lei Xiao et al. 

 

·8· 

metal transfer modes of melted metal in high-current 

GMAW.  

 

 

 

(a) MIG 

 

(b) MAG 

 Figure 6  Magnetic flux density and electromagnetic force distributions in the y-direction of 500A MIG and MAG. 

 

 

Figure 7  Rotating and swing mechanism in 500A MIG and MAG 

We have considered the surface tension force using 

the continuum surface force model. The maximal surface 

tension forces along y-direction at 50.5ms of MIG and 

74ms of MAG are respectively 1.1E+8N/m3 and 

1.2E+8N/m3, as shown in Figure 8. The bending angle is 

90° in MAG, so the surface tension force is small on the 

concave surface and larger on the convex surface, which 

will resist the swing motion. In this work, the surface 

tension coefficient of MIG and MAG is set to 1.2N/m, 

which is independent of temperature and shielding gas 

environment. Actually, the surface tension coefficient of 

melted mild steel in active shielding gas condition is about 

10-15% lower than pure argon shielding gas [30]. Also, the 

Marangoni force caused by the temperature gradient is also 

a strong acting force on the boundary of the gas and liquid 

phase. According to Cobine et al [31] and  Nemchinsky 

[32, 33], heavy vaporization occurs on the droplet surface. 

Hence, measurement and modeling of the Marangoni 

effect are very difficult. The other reason we have ignored 

the variational surface tension coefficient is that the 

electromagnetic force in this work is very large. The swing 

motion will be intensified if we consider the surface 

tension coefficient decreasing in MAG. The surface 

tension force distributes on the boundary between the gas 

and the liquid phase where 0<Fmp<1. Gravity is a volume 

force acting everywhere in the liquid phase, however, it is 

a constant of about 7.05E+4N/m3, which is independent of 

anything and there is no difference between MIG and 

MAG. 
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(a) MIG (50.5ms)         (b) MAG (74ms) 

Figure 8  Surface tension forces along the y-direction of 500A MIG and 

MAG 

Another acting force during the GMAW metal 

transfer is the plasma static pressure acting on the liquid 

phase surface of the interface boundary between the gas 

and liquid phase. According to the governing equation of 

momentum, the source term of electromagnetic forces can 

increase the arc static pressure. Figures 9 and 10 show the 

static pressure and flow field of arc plasma in 500A MIG 

and MAG. For MIG, the maximal pressure force on the 

interface boundary reaches nearly 1.5×107 N/m3 at 52ms, 

which is of course much less than the maximal 

electromagnetic force and surface tension there. However, 

the pressure force is not a pinch force, and it turns to a 

promoting force directly without subtracting any opposite 

parts. As shown in the gas phase region of Figure 9b, the 

static pressure gradient in the arc plasma pushes the arc to 

flow under the metal flow beam, meanwhile the static 

pressure transfers to dynamic pressure, so the maximal gas 

velocity increases to nearly 700m/s. At the beginning of 

the promotion, there is a large static pressure area that will 

hold the metal liquid column and impede the column to 

move through the axis, hence the metal liquid column, 

under the promotion of the electromagnetic force, can only 

rotate around the axis. For MAG, the maximal arc pressure 

is about 2.9×107 N/m3 at 76ms, which is a relatively larger 

force than MIG. However, the unbalanced electromagnetic 

force is quite a strong controlling force to overcome the arc 

pressure to achieve swing motion. It can be seen in Figure 

9 that the arc deflecting angle increases caused by the 

swing spray transfer process. 

 

 
(a) Arc pressure iso-surface of 1000Pa and -200Pa 

 

 

(b) Arc flow field at 52ms 

Figure 9  Arc pressure field and flow field in 500A MIG 
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(a) Arc pressure iso-surface of 1000Pa and -200Pa 

 

(b) Arc flow field at 76ms 

Figure 10:  Arc pressure field and flow field in 500A MAG 

 

3.2. Experimental results 

 

We use a high-speed video camera (Olympus i-SPEED 3), 

a microlens (Nikon AF Micro 200mm) attached with a 

band-pass filter with the nominal center wavelength of 

650±10nm. The frame rate is set to 5000fps with a 

resolution of 804×600 pixels. The exposure parameters 

are selected based on the clear vision of both arc and 

droplet forms. 

A mild steel filler wire with a diameter of 1.2mm is 

used and the wire feeding rate is 30m/min. The preset 

welding voltage is 50V, and the contact tip to work 

distance (CTWD) is 30mm. The arc length is different 

between MIG (pure argon shielding gas) and MAG (10% 

CO2 mixed with argon) since they have the same preset 

welding voltage. Observational results of metal liquid 

column shape and rotating frequency (or swing frequency) 

are clearly shown in Figure 11. The welding current is 

about 450-550A, which is influenced by the wire feeding 

stability. In Figure 11a, the metal liquid column rotates at 

the frequency of about 500Hz, and the deflected angle in 

the front view of 0.2ms is about 34°, comparing with that 

in Figure 3a, at 52.5ms, the deflected angle is about 35°. 

In Figure 11b, the swing frequency is about 450Hz, and 

the maximal deflected angle is approximate 90° as same 

as the calculated deflected angle.
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(a) MIG  

 

(b) MAG (430A) 

Figure 11  Experimentally observing metal transfer processes of MIG and MAG 

3.3. Discussion 

The current path is very important for the calculated 

results of the electromagnetic force.  It is easily affected 

by the arc attachment to the metal liquid column. 

However, there are a lot of difficult problems for the 

numerical study of the arc-metal coupled behavior with 

considering mass, momentum, and heat transfer process 

since the anode sheath boundary is extremely complicated. 

In this work, we remove the energy conservation equation 

to simplify our mathematic model for a more complex 

high-current GMAW metal transfer process. The arc 

properties depend on the arc temperature which is not 

calculated, therefore the fixed arc conductivity, density, 

viscosity are assumed. To ensure the accuracy of the 

calculation, we choose the arc physical properties and 

transfer properties as the argon plasma properties at about 

15000K. We should point out that it is just a simplified 

acting forces model of the metal liquid column for 

high-current GMAW metal transfer. Actually, according 

to Hertel et, al’s work [22], it was reported that the metal 

vapor influenced the current path a lot. Most of the 

current flows through the region where there is no metal 

vapor, hence the current density should decrease at the 

metal liquid column tip comparing with our model.  

In this section, the metal rotating spray and swing 

spray transfer mechanism is discussed. The unbalanced 

electromagnetic forces are presumed to be important 

factors for the metal transfer mechanism of high-current 

GMAW. For MIG welding with pure argon shielding gas, 

the arc expands and more current flows through the arc 

region instead of the metal liquid column, hence the 

current density in the metal is lower than that in MAG 

with Ar-CO2 mixing shielding gas. The metal liquid 

column will be kinky under the asymmetric 

electromagnetic forces whatever it is MIG or MAG. 

However, the resultant force of asymmetric 

electromagnetic forces is smaller in MIG and larger in 

MAG as shown in Figure 6. When the resultant force of 

asymmetric electromagnetic forces is small, the metal 

liquid column deflected angle is an acute angle, and the 

metal liquid column has a spiral structure, in which, the 

current density will generate a self-induced axial 

magnetic field. The spiral motion can be maintained with 

the help of self-induced angular force coming from the 

multiplication of the axial magnetic flux density and 

radial current density. To control the rotating motion of 

the MIG case, an additional negative and cyclically 

varying axial magnetic field for counteracting the 

self-induced axial magnetic field is expectant. When the 

resultant force of asymmetric electromagnetic forces is 
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large in the MAG case, the metal liquid column deflected 

angle is no longer an acute angle. The large promoting 

force can destroy the rotating motion and spiral structure. 

Hence the liquid column has a plane structure, in which, 

the current density can only induce the magnetic field 

along the transverse direction. With the help of cyclically 

varying induced transverse magnetic field, the metal 

liquid column will swing back and forth. To control the 

swing motion of the MAG case, the additional negative 

and cyclically varying transverse magnetic field for 

counteracting the self-induced axial magnetic field is 

expectant. 

It is shown that the arc pressure attached to the metal 

liquid column is another important acting force for metal 

transfer of high-current GMAW. According to the 

calculated results without considering arc flow, it is to say 

that we remove the electromagnetic force source in the 

gas phase region. The calculated results of the metal 

transfer process are displayed in Figure 12. It can be seen 

that the liquid column stops its rotating motion and 

changes to swing with a deflected angle of about 30°. 

Since the arc static pressure prevents the liquid column to 

swing across the z-axis where the arc static pressure 

reaches its maximal value, the metal liquid column can 

only change its moving path beside the z-axis as a spiral 

structure. The strong arc pressure is probably one of the 

main reasons why there are swing and rotating spray 

transfer models in high-current GMAW processes. In [25], 

without considering the arc pressure, the calculated results 

about the metal transfer process of high-current GMAW 

showed that the metal liquid column would swing under 

the unbalanced electromagnetic pinch force. 

 

Figure 12  Metal transfer process of 500A MIG without considering the 

arc flow 

 

4  Conclusions 

 

1. There are two metal transfer modes in 

high-current GMAW, rotating spray transfer and swing 

spray transfer. In the 500A MIG welding process, less 

current flows through the melted metal, the unbalanced 

pinch force can push the metal liquid column to rotate. 

However, in the 500A MAG welding process, more 

current flows through the melted metal, the large 

unbalanced electromagnetic pinch force will destroy 

the rotating motion and turn to swing.  

2. The spiral structure of the rotating spray 

transfer process generates an induced axial magnetic 

field, which could also stabilize the rotating motion. To 

control the rotating motion of the MIG case, an 

additional negative axial magnetic field for 

counteracting the self-induced axial magnetic field is 

expectant. The flat structure of the swing spray transfer 

process can only generate the transverse magnetic field 

to stabilize the swing motion. To control the swing 

motion of the MAG case, the additional negative and 

cyclically varying transverse magnetic field for 

counteracting the self-induced axial magnetic field is 

expectant. 
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