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ABSTRACT 

At moderate and high welding currents, 
the most important forces in gas metal arc 
welding acting on the molten electrode are 
magnetic forces arising from the interaction 
between the welding current and its own 
magnetic field. These forces drive the dy- 
namic evolution of the drop and also de- 
pend on the instantaneous shape of the 
drop. In this paper, experimentally ob- 
served manifestations of magnetic forces 
are shown, and a technique for approx- 
imating the temporal evolution of these 
forces from experimentally measured drops 
shapes is reported. The technique provides 
quantitative data illustrating the large in- 
crease in the magnetic forces as a drop de- 
taches from the electrode. 

The temporal evolution of the metal drop 
geometry during drop detachment in gas 
metal arc welding (GMAW) has an impor- 
tant effect on the process because the forces 
acting on the drop depend on its shape and 
they change dramatically over the course of 
drop detachment. If the geometric evolu- 

, tion of the drop is ignored, it is impossible 
to quantitatively explain such phenomena 

as the substantial initial velocity a drop has 
at the moment it detaches from the elec- 
trode. It is also difficult to quantitatively 
explain the effectiveness of current pulsing. 
As another example, if the geometric evo- 
lution of the drop is ignored, it is difficult 
to quantitatively explain why some welding 
conditions result in the stable, axisymmet- 
ric detachment of drops and other condi- 
tions do not. 

Over a wide range of conditions, the ef- 
fects of magnetic forces may be seen act- 
ing on drops detaching from a GMAW elec- 
trode. A drop detaching at 260 A and 29 V 
is shown in Figure 1.* For a 1116-inch 
diameter ER70S-3 electrode in Ar-2%02, 
this current is in the upper end of the glob- 
ular transfer region. The distinctly flat- 
tened (oblate) shape of the drop is a result 
of the magnetic forces acting on the drop. 
It will be seen below that when a drop of 
approximately the same size detaches un- 
der very low-current conditions, the drop is 
largely spherical and is not flattened (Fig- 
ure 5). Also, although it is not apparent 

'The images in Figure 1 and subsequent fig- 
ures were obtained using the optical technique de- 
scribed in [I]. An arc is present in all of the images, 
but it is rendered virtually invisible by the optical 
technique. 



from the images in Figure 1, the drops ac- 
celerate off the end of the electrode at a rate 
substantially greater than the acceleration 
of gravity. This excess acceleration is due 
to the sharp increase of magnetic forces act- 
ing while the drop is detaching and due to 
the force of plasma flow while the detached 
drop is in flight. 

The magnetic forces arise from the inter- 
action of the welding current with its own 
magnetic field as illustrated in Figure 2. If 
the current diverges in the drop (as shown 
in Figure 2), then downward forces act on 
the fluid in the drop, and if the current con- 
verges in the drop, then upward forces act 
on the fluid in the drop. Unlike gravity, 
which acts uniformly in the vertical direc- 
tion on the fluid (assuming the density of 
the fluid is spatially uniform) and is an ir- 
rotational force, the magnetic forces do not 
act uniformly and there is a rotational com- 
ponent of force acting on the fluid. 

At higher currents (~400-470 A), the 
heat of the arc causes molten metal to 
stream off of the electrode forming a col- 
umn of liquid which then breaks up into 
drops. The magnetic forces due to the 

Figure 1: Drop detachment with constant 
current 260 A and 29 V electrode posi- 
tive. The electrode is 1116-inch diameter 
ER70S-3 in Ar-2%02. Note the vertically 
flattened (oblate) shape of the drop during 
and after detachment. 

Figure 2: Magnetic forces in a welding 
drop arise from the interaction between the 
welding current and its own magnetic field. 

current flowing through this liquid aid 
the breakup of this column into drops. 
Even without magnetic forces acting, the 
breakup of a liquid column willoccur due 
to mechanical disturbances in the fluid flow 
which cause disturbances in the curvature 
of the surface of the column. If cur- 
rent is flowing in the column, the mag- 
netic forces aid the breakup of the column. 
At very high currents, the magnetic forces 
are apparent in the appearance of rotating 
streams of metal as shown in Figure 3 for 
480 A and 35 V. At such high currents the 
magnetic forces are significant compared to 
the inertial forces in the column and slight 
asymmetries in the column cause asymmet- 
ric radial magnetic forces which move the 
column away from its straight line of flow. 
It can be shown that such a bend in the 
current path also results in azimuthal com- 
ponents of the magnetic forces. The combi- 
nation of asymmetric radial forces and az- 
imuthal forces results in the spiraling mo- 



tion of the column as seen in Figure 3. This 
motion is known as a kink instability [2]. 

Figure 3: Drop detachment with constant 
current 480 A, 35 V electrode positive. The 
electrode is 1116-inch diameter ER70S-3 in 
Ar-2%02. Note the spiraling detachment 
of drops from a column of liquid metal. 

By pulsing the welding current, magnetic 
forces may be used to detach drops from 
the electrode. The shape of the pulse, its 
magnitude, duration, repetition rate (fre- 
quency), and the current level between 
pulses are all parameters in this process. 
An incorrect choice of parameters may re- 
sult in an unstable arc, a reduced metal de- 
position rate, incorrect base-plate heating, 
and/or spatter. Figure 4 shows the results 
of applying a pulse having too great an am- 
plitude. The magnetic forces overwhelm 
the surface tension forces and the detach- 
ment process proceeds asymmetrically. A 
thin, filamentous neck is violently snapped 
to the side resulting in fine spatter. Due to 
the violence of the detachment, the main 
drop sometimes breaks apart resulting in 
coarse spatter. If the current is not re- 
duced immediately after the detachment of 
a drop, the heat of the arc will generate a 
subsequent small drop (a droplet) and the 
magnetic forces will detach it asymmetri- 
cally which also generates coarse spatter. 
Such a droplet is seen forming in the last 
image in Figure 4. In this particular case, 

Figure 4: Drop detachment with pulsed 
current 550140 A, 6 Hz, 2% duty cycle, and 
18 V electrode positive. The electrode is 
1116-inch diameter ER70S-3 in Ar-2%02. 
Note the whipping of the drop neck, the 
severe distortion of the drop, and the pres- 
ence of a small droplet on the electrode at 
the end of the sequence which often de- 
taches and flies to the side as spatter. 

the current is reduced before the droplet 
detaches from the electrode and the droplet 
is pulled back onto the electrode by surface 
tension. 

Under certain pulsing conditions, drops 
will detach from the electrode with minimal 
distortion and no droplets. Such a case is 
shown in Figure 5. In this case, the current 
pulse imparts enough momentum to the 
drop to cause detachment, but ends well 
before the drop detaches, thereby avoiding 
the formation of droplets. At the time of 
detachment, the welding current is 40 A 
and the drop is almost spherical. The lack 
of distortion of the drop is in marked con- 
trast to the distortion of the drop seen in 
Figure 1 at 260 A constant current. When 
the current is very low at drop detachment, 
the magnetic forces do not act violently on 
the neck of the drop as seen in Figure 4, 
and since the drop is largely undistorted as 
it detaches, the probability is low that it 
will break apart. 

If a current pulse lower than 290 A 



is used, the momentum impulse supplied 
by the magnetic forces will not be great 
enough to overcome surface tension and the 
drop will not detach, as shown in Figure 6. 
Without the assistance of magnetic forces, 
the surface tension forces, which act to re- 
store equilibrium, dominate and overcome 
the inertial force of the drop. During the 
next several current pulses, the mass of the 
drop will be greater and the magnetic forces 
will be unable to impart enough momen- 
tum to the drop to make it detach. The 
drop will continue to grow until gravity, 
aided by the disturbances caused by cur- 
rent pulses, overcomes the surface tension 
holding the drop on the electrode. 

The magnetic diffusion time and the 
magnetic Reynolds number in a drop of 
molten steel on the end of a GMAW elec- 

Figure 5: Drop detachment with pulsed trode are both very small- The very short 
current 290/40 A, 5 Hz, 2% duty cycle, and magnetic diffusion time indicates that on 
18 V electrode positive. The electrode is the time-scale of drop motion, the diffu- 
1/16-inch diameter ER70S-3 in Ar-2%02. sion of the magnetic field throughout the 
Note the symmetric detachment of a drop drop is essentially instantaneous. The very 
and the lack of drop distortion. small magnetic Reynolds number indicates 

that the magnetic diffusion process is much 

Figure 6: Drop response with pulsed cur- In [3], the magnetic stress tensor is used 

rent 280140 A, 5 Hz, 2% duty cycle, and to calculate the total vertically-directed 

18 V electrode positive. The electrode is magnetic force acting on a generalized, ax- 

1116-inch diameter ER70S-3 in Ar-2%02. isymmetric drop shape. The motion of the 

The current pulse is insufficient to detach fluid interacts with the magnetic field only 

the drop. Subsequent current pulses will in that it affects the resulting shape of the 

also fail to detach the growing drop. drop and hence the shape of the current 
path. Therefore, if the shape of the current 



path is known at each instant, the magnetic 
stress tensor may be used to calculate the 
total vertically-directed magnetic force on 
the drop (the sum of the irrotational and 
rotational parts). 

As a drop attempts to detach from the 
solid electrode, a neck forms. The current 
density in the drop neck increases and the 
divergence of the current increases. Both 
phenomena cause the magnetic forces act- 
ing on the drop to increase and result in a 
measurable acceleration of the drop upon 
detachment. The time during which a neck 
initiates and collapses is short compared to 
the total drop growth time but it is during 
this brief time that the magnetic forces are 
most important. 

During drop necking, the lower part of 
the drop is well modeled by a truncated el- 
lipsoid and the upper part is well modeled 
by a volume formed by rotating a third- 
order polynomial about the vertical axis, as 
illustrated in Figure 7. Third-order poly- 

along with the portion of a polynomial vol- 

Figure 8: Stress tensor surfaces. 

ume below its waist (its narrowest point). 
In [3], the total vertically-directed magnetic 
force on a generalized shape is calculated to 
be 

Figure 7: Experimentally-observed necking 
drop shape modeled with a truncated ellip- 
soid and a polynomial volume. 

dr ds' /̂0' [As j (sf)r (sf )ds'] - - dsr r (sf) ' (1) 

where I is the portion of the welding cur- 
rent emerging from the drop and j(s) is the 
density of this current along the surface s 
of the drop. If there is no drop neck, if the 
truncated ellipsoid is a truncated sphere, 
and if the current density j(s) is taken to 
be constant,* then both integrals in Eq. 1 

nomial volumes were chosen to model the 
neck because these shapes are completely 
defined by the geometrical boundary con- 
ditions at the top of the truncated ellipsoid 
and the bottom of the electrode. 

A truncated ellipsoid is shown in Figure 8 

*No experimental measurements are available in 
the literature about the distribution of the current 
density on a GMAW electrode due to the difficulty 
of making such measurements in the harsh environ- 
ment of the arc next to the free surface of a drop. 
However, observations of drops detaching from the 
electrode empirically suggest that a constant j ( s )  
may be a reasonable approximation [4]. 



may be solved in closed form. The result- 
ing expression is commonly used to com- 
pute the total vertically-directed magnetic 
force acting on a welding drop: 

pol2 1 a sin 1 
/. = - 47~ [ - - ~ n ( ~ )  4 

+ 
1 - cosa 

2 + , ln ( ) I  7 (2) 
(1 - cos a) 1 + cos a 

where a is the radius of the sphere, re is 
the radius of the electrode, and is the an- 
gle describing the portion of the drop over 
which current is emerging (a = 0 + no cur- 
rent emerges from the drop, and @ = 7 r / 2  

current emerges from the lower hemi- 
sphere of the drop). 

While a drop is necking-a time when 
the magnetic forces increase dramatically- 
truncated-ellipsoid and polynomial-volume 
combinations are required to model the 
shape of the drop, as shown in Figure 7. 
The integrals in Eq. 1 cannot be solved 
analytically even for these simple approx- 
imations of the fluid surface of a necking 
drop. Over the surface of the truncated el- 
lipsoid, the inner, squared integral may be 
solved analytically, but not the outer inte- 
gral. Over the surface of the polynomial 
volume, the inner, squared integral cannot 
be solved analytically (and therefore the 
outer integral also cannot be solved ana- 
lytically). 

Truncated ellipsoids and polynomial vol- 
umes were fit to drop profiles observed dur- 
ing current pulsing similar to those shown 
in Figure 5 .  The instantaneous vertically- 
directed magnetic forces acting on these fit- 
ted shapes were then computed numerically 
using Eq. 1. Constant current density j ( s )  
was assumed to cover the entire surface of 
the shapes up to the waist of the poly- 
nomial volume. Experimentally-measured 
current pulses and the corresponding com- 
puted vertically-directed magnetic forces 

are shown in Figure 9. 

Image Number 
(250 pslimage) 

Figure 9: Total vertically-directed mag- 
netic force during current pulsing with the 
Ar-2%02 current emission model. 

The forces in Figure 9b show that ini- 
tially as a drop elongates in response to the 
downward (negative) magnetic force, the 
magnitude of the force decreases slightly. 
This decrease is because in an elongated 
(prolate) drop the current diverges less. 
Once a neck begins to form, however, the 
magnitude of the magnetic force increases 
rapidly. This increase is because the nar- 
rowing of the neck results in greater sub- 
sequent current divergence. This observa- 
tion is not surprising or new since it has 
long been known that magnetic forces act 
to "pinch" drops off the end of an electrode. 
The results shown in Figure 9, however, 
represent the first time the temporal evo- 
lution of the magnetic force has been com- 
puted using close approximations of exper- 
imentally measured drop shapes. 



By using shape approximations as in Fig- [4] L. A. JONES, Dynamic Electrode 
ure 7, a simple, dynamic model of drop Forces in Gas Metal Arc Welding, PhD 
detachment may be developed, as illus- thesis, Massachusetts Institute of Tech- 
trated in Figure 10. Such a model is de- nology, 1996. 

Polynomial Volume1 
Truncated Ellipsoid 

v Boundary 

Truncated Ellipsoid - 
Equator 

Figure 10: Illustration of the dynamic 
model developed in [4] using truncated- 
ellipsoid/polynomial-volume shapes. 

veloped in [4] and is compared with exten- 
sive measurements of drop detachment ob- 
tained from high-speed images of gas metal 
arc welding. 
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