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1. Introduction 

The numerical study on welding is often done in two 
separate steps, the study on the arc and the study on the 
weld pool. Many researchers have made a lot of efforts to 
research the arc [1-4] and the weld pool [5-8], but only several 
of their models [9-10] contain both of the arc and the pool. So, 
calculating the arc and the anode at the same time in a 
integrated model, and the consideration of mutual heat 
transfer and the force that the arc act on the pool are 
essential for the research of weld pools.   

In external axial magnetic fields, the welding arc is 
rotated by Lorentz force and thus stirs the pool. This can 
result grain refinement and better welding quality. The 
study of the GTAW arc in axial magnetic fields is detailed 
and complete in document [11], while the pool behavior 
needs further research. In document [12], the authors 
consider the influence, to some extent, which is exerted on 
the pool fluid by axial magnetic field, but they hypothesize 
that the heat source has a Gaussian distribution and neglect 
the shear force comes from the arc. These treatments make 
their results less reliable.  

This work is about a complete three-dimensional 
model for GTA welding in external axial magnetic fields, 
we focus on the study of how the magnetic field influences 
the welding behavior, especially the weld pool. 
 
2. Numerical model 

The GTAW in external axial magnetic fields is shown 
schematically in Fig.1. The exciting coil generates the axial 
magnetic field when it is connected to the power supply. 
Then the arc is rotated by the Lorentz force and it drives the 
fluid in the weld pool to rotate. Fig.2 is the 
three-dimensional computational domain, the radius of the 
anode is 10mm, the height is 6mm, and the arc length is 
3mm. The material of the anode is 1Cr18Ni9Ti, and the 
inert gas is argon. 

Source terms for the arc are the same as document [11]. 
For the anode, the source term for momentum equations, 

)( 0TTgBJSm   , the two terms on the right 

side of the equation are electromagnetic force and the 
buoyancy force[5] respectively, where   is the volumetric 

thermal expansion coefficient, 0T  is the reference 

temperature. 
Table 1 shows boundary conditions for anode. The 

boundary conditions for other zones are similar to 

document [11], while for Area 7, jmax= -1.2×108A/m2, Rc=0.5 
mm in this paper. The physical properties of argon are the 
same with document [11], and the physical properties of 
1Cr18Ni9Ti are taken from document [8]. 
   The calculation steps can be described as follows: First, 
start the calculation of arc only; when the calculation 
becomes steady, give Area 3 coupled conditions and 
initialize the temperature of the anode to 300K to simulate 
the true condition, and change the Solver from Steady to 
Unsteady, the time step size is 0.001s, and then start the 
calculation of the anode and the arc. In this calculation, the 
Solidification/Melting model is needed. 

 

 
(a) Experiment setup          (b) Mechanism [13] 

Fig.1 GTAW in external axial magnetic fields 
 

 
Fig.2 Computational domain 
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Table 1 Boundary conditions 

Boundary T  P  V   A  
Area 3 Coupled - - Coupled Coupled
Area 5 300 K - - 0 - 

Area 6 300 K - - 
i

0
x





 - 

 
3. Results and discussion 
3.1 Temperature fields 

Fig.3 shows the temperature contour lines of the arc 
and weld pool in different magnetic fields, the welding time 
is 2s. In Fig.3 (a), there is no external magnetic field, the 
welding pool is deeper in the center regions and shallower 
in the peripheral areas. On the contrary, when an axial 
magnetic field is applied, things will be totally different. As 
shown in Fig.3 (b) and (c), weld pools are deeper in edge 
areas and shallower in center areas. This is because the hot 
plasma is transported to peripheral areas and the cooler 
plasma flows back to center areas[11]. As the magnetic 
induction increases, this trend becomes clearer, and at the 
same time, the weld pool becomes wider and shallower. 

 

 
(a) B=0T 

 
(b) B=0.04T           (c) B=0.08T 

Fig.3 Temperature contour line of the arc and weld pool  
at different magnetic field (t=2s) 

 
Fig.4 shows the distributions of the heat flux and axial 

current density towards the anode for different magnetic 
inductions along the radial direction. The heat flux contains 
radiation heat flux, and the heat due to the conduction and 
charge motion (qe). In the arc attachment zone, the flux due 
to the charge motion is the most important term [4], and qe is 
mainly influenced by the axial current density at anode 
surface, so the heat flux profiles are similar to axial current 
density profiles. 

We have to point out that the current density profile of 
B=0T is a little abnormal in center areas. There is a flat 
form between -0.0005 to 0.0005m along x axis, this is 
because the cathode has a round flat tip, and the current 
density of the flat tip is a given and relatively high value. 
And in this situation, the peak value of the current density 
appears at the edge of the tip. At the same time, the arc 
length is only 3mm. All these characteristics of the model 

make the current density and heat flux at the anode surface 
have distributions shown in Fig.4 So, we can see that the 

high platform is in an area of  0.5mm, and it is not “very 
flat” and at the edge of platform the current density is 
higher than that in center regions.  
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(a) heat flux 
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(b) axial current density 

Fig.4 Anode heat flux and current density profiles for 
different magnetic inductions 

 
The current densities at the center of the anode surface 

for different magnetic inductions are showed in Fig.5. We 
can see that the computed values approximate to the 
measured values. The current density at center regions 
decreases when we strengthened the magnetic field, while 
the case B=0.1T is a little different. This can be explained 
by the fact that, to some degree, the high-intensity magnetic 
field stops the hot plasma’s transportation to the periphery 
of the arc.  
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Fig.5 Measured and computed current density 

 
Fig.6 is about the weld width and depth for different 

magnetic inductions. As shown in the profiles, the weld 
width increases as the magnetic induction rises, while the 
weld depth decreases. The weld width increases from 7mm 
to 11.28mm as the magnetic induction climbs from 0T to 
0.1T. On the other hand, the weld depth decreases from 
3.75mmto 1.42mm as the induction increases from 0 T to 
0.08T. This is because the high-intensity magnetic field 
enables the bottom of arcs to be extended, and then the heat 
flux transferred to the anode becomes more dispersed.  
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Fig.6 Width and depth of the weld pool (t=2s) 

 
 
3.2 Velocity fields 

Fig.7 is the velocity on the anode surface in different 
magnetic fields, the view direction is along the +Z axis. 
Fig.7 (a) is the free arc, the fluid flows inward to the center 
of the weld pool but the velocity is too small to see when it 
is compared with other cases. However, in Fig.7 (b) and (c), 
the fluid in the pool flows outward and rotates clockwise. 
This is because the arc is rotated by the magnetic field, and 
the fluid in the pool is rotated by the arc. As the magnetic 
induction increases, the force generated by the magnetic 
field becomes larger, and thus the velocity of arc rotation 
becomes higher and weld pool fluid flows more severely.  

In Fig.8, the maximum velocity of rotation of the 
plasma and the fluid in pool in different magnetic fields 
are reported. The maximum velocity of the plasma 
changes from 0 to about 600m/s, while that of the fluid 

in the pool increases from 0 to about 0.664 m/s. Both of 
them are on the rise while the magnetic induction increases. 
This also can be explained by the larger Lorentz force 
created by increasing magnetic inductions. 

 

 
(a) B=0T 

  
         (b) B=0.04T            (c) B=0.08T 

Fig.7 Velocity of the anode surface in different magnetic 
fields (t=2s) 
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Fig.8 The maximum values of the rotational velocity in 

different magnetic fields (t=2s) 
 

Fig.9 displays the velocity on the axial cross section of 
the anode in different magnetic fields. Tl and Ts in Fig.9 (a) 
indicate the liquids and solidus temperature, respectively. 
The line Tl represents the bottom outline of the weld pool. 
When the arc is free, as showed in Fig.9 (a), the fluid flows 
downward in the arc attachment zone and flows upward in 
periphery of the weld pool. On the other hand, when the arc 
is controlled by the magnetic field, in Fig.9 (b) and Fig.9 
(c), weld pools are deeper in the two side areas and 
shallower in the center area. The fluid flows upward in the 
center area and downward in the edge area, and thus sets up 
a cycle and enables the weld pool to be shallower in the 
center area and deeper in the edge area.  
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On the other hand, when the arc is controlled by the 
magnetic field, those weld pools are all deeper in the two 
side area and shallower in the center area. The fluid flows 
upward in the center area and downward in the edge area, 
and thus sets up a cycle and enables the weld pool to be 
shallow in the center area and deep in the edge area. This 
kind of fluid flow cycle is caused by the decrease of the arc 
pressure in the center area. Also, as the magnetic induction 
increases, the arc pressure in the center area becomes 
negative and the velocity becomes larger，and the weld pool 
becomes more and more shallower in its center areas. 

 
(a) B=0T 

 
(b) B=0.04T 

 
(a) B=0.08T 

Fig.9 Velocity on the axial cross section of the anode in 
different magnetic fields (t=2s). 

 
4. Conclusions 

In present paper, a three dimensional numerical model 
is developed to study the welding arc and weld pool of 
GTAW in external axial magnetic fields. The welding arc 
current densities at the center of the anode surface for 
different magnetic fields are measured and they are similar 
to the calculated ones. 

Under the influence of the external axial magnetic 
field, the rotated plasmas and the axial magnetic field make 
the fluid in the molten pool rotate; the arc pressure may 
become negative in the center area, and this enables the 
fluid to flow upward in center areas and downward in 
periphery of the weld pool. Also the heat flux on the anode 
surface is in a double-peak distribution. All these things 
make the weld pool become deeper in the peripheral 
regions and shallower in the center area. As the magnetic 
induction increases, the weld pool becomes wider, and the 
width changes from 7mm to 11.28mm, while the depth of 
the weld decreases to about 1.42mm from 3.75mm.  

In this paper, the first step was made towards the study 
of the relationship between the GTAW arc and molten pool 
motion behaviors and the external axial magnetic fields 
parameters. 
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