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The droplet size is predicted using both the static force balance theory and the 
pinch instability theory as a function of welding current. Experimental 
measurements of the droplet size are also presented. The causes for the 
deviation of predicted droplet size from measured size is discussed with 
suggestions for modifications of the theories in order to more accurately model 
metal transfer in GMAW. 
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1.0 INTRODUCTION 

Since introduction of the gas metal arc process in the late 1940s, it has become 
one of the most important welding processes which often constitutes a major 
fraction of the product cost of large structures. It is now used in joining most 
commercial alloys, however, many applications of the process are still limited by 
a lack of understanding of the physics and the ability to control the process. 
For example, the heat flow and the mass flow processes are understood only 
generally and a detailed knowledge of what occurs in the arc is lacking. Heat 
flow in the system determines the melting behavior of the base metal and the 
electrode, while mass flow controls the shape of the weld pool and the metal 
transfer from the electrode. Among these phenomena, metal transfer is of great 
importance because it is crucial in controlling the process. 

Table 1 shows the classes of metal transfer as defined by the International 
Institute of Welding (IIW). These include short circuit, globular and spray 
metal transfer. Short circuit metal transfer occurs when a metal drop bridges 
the weld pool. It is used for welding sheet metal which requires very shallow 
penetration. The globular and spray transfer modes are employed in heavy section 
welding and are used most generally. The globular transfer mode is loosely 
defined as occurring when the drop diameter is two to three times the diameter of 
the electrode. It is more difficult to define spray transfer since there are 
three different types: projected transfer, streaming transfer and rotating 
transfer. In projected transfer, the drop diameter is about the same size as the 
diameter of the electrode. This mode is generally very stable. In streaming 
transfer, the drop is formed at the tapered tip of the electrode and the size of 
the droplets is as fine as 0.1 times the electrode diameter. Rotating transfer 
occurs at very high welding currents when the liauid string rotates in the 
welding arc, spraying tiny liquid drops in an uncontrolled manner. This transfer 
mode is very unstable and sets practical upper limits on the power input into the 
system. 

In GMAW, globular metal transfer occurs at low welding currents while spray 
transfer occurs at relatively higher welding currents. The transition from 
globular transfer to spray transfer as the welding current increases has been 
reported to be very sharp as shown in Figure 1 (Ref. 1). According to this 
figure, as welding current is increased, the drop transfer rate and the size of 
the drop suddenly changes at a critical current. 

1.1 Theories of Metal Transfer Mechanism 

A number of theories has been proposed to explain metal transfer mechanisms. 
These include the static force balance theory (Refs. 2, 4 ) ,  the pinch 
instability theory (Refs. 5, 6 ) ,  the plasma force theory (Ref. 7), and the 
critical velocity theory (Ref. 8). 

Among these theories, the plasma force theory and the critical velocity theory 
are proposed to explain the transition of metal transfer from globular transfer 
to spray transfer. 



In the static force theory, four kinds of forces are considered: viz., the ' 

gravitational force, the electromagnetic force, the plasma drag force, and the 
surface tension force. According to this theory, the molten drop is removed from 
the electrode when the holding force of the surface tension is exceeded by the 
sum of the detaching forces. 

where Fg is the gravitational force which is equal to the drop mass times the . 
acceleration of gravity. Fem may be obtained from the laws of Biot and Savart, 
and Lorentz. From the law of Biot and Savart, the magnetic flux B within a 
conductor of radius R is given by: 

where u0 is the permeability, r is the radial coordinate, and I is the current. 
From the Lorentz law, the pinch force is given by: 

- 
where pe is the electrical conductivity, E is the electrical field, and 2 is the 
current density in the electrode. When the liquid drop is spherical and is ^:^ highly conductive, the approximate longitudinal detaching component of the pinch 
force is calculated as follows (Ref. 2): 

current is transferred 
radius of the drop and 

where @ = the half angle of the arc root (area over which 
from arc to the electrode as shown in Figure 2, Rd is the 
R is the electrode radius. As seen from equation 5, the detaching force 
increases with both increases in the welding current and in the angle of the arc 
root. However, when the angle of the arc root is very small such that the 
welding current is converging to a spot, the sign of the force becomes negative 
and the electromagnetic force acts as a holding force instead of a detaching 
force. 

The drag force on a sphere immersed in a fluid of uniform velocity field at low 
values of the Reynolds number is obtained as (Ref. 9): 

where 



where N R is the Reynolds number, P is the density of the gas, and v is the 
velocity of the gas. 

g 

Therefore, the plasma drag force acting on the liquid drop can be approximated by 
modifying equation (Ref. 6) to allow for the area occupied by the electrode. 

The surface tension force, which acts to hold the drops on the electrode is given 
as follows: 

where y is the surface tension of the liquid metal. 

Waszink and Graat (Ref. 11) measured the electromagnetic force in equation 1 and 
showed good agreement with the calculated results in the globular transfer range. 

The pinch instability theory has its origin in the Rayleigh model (Ref. 12) of 
liquid column instability. Any disturbances to the liquid column tends to 
activate forces that may cause the liquid column to break up into drops since 
drops have a lower free energy than the liquid column. The conditions for the 
liquid column break-up was derived by Rayleigh from the principles of the 
conservation of mechanical energy of the system. For an inviscid and uncharged 
system the most probable drop size (Ro) created by liquid column disintegration 
is calculated to be twice the diameter of the liquid column. The pinch 
instability theory postulates that the pinch force on the liquid column due to 
the self-induced electromagnetic force enhances the break-up of the liquid column 
into droplets. An analytical solution of the critical wavelength of this 
instability in an inviscid jet with current flowing has been derived as (Ref. 
1 3 ) .  



Equation 8 shows that in the presence of an electric current, the critical wave 
length of the instability of the liquid jet is reduced, leading to a decreased 
drop size. 

The above two theories have been successfully exploited in explaining globular 
transfer in a qualitative manner, but they are unable to correctly explain spray 
transfer especially in the streaming transfer mode. Thus, this analysis applies 
over only a very narrow range of welding parameters which produce projected 
globular transfer. The specific conditions for which this analysis applies 
includes: argon shielding gas, steel or aluminum electrodes, constant stick-out, 
and low welding current. In other cases such as with helium and GO2 shielding 
gases, metal transfer occurs in a repelled globular transfer mode and the 
transition to spray transfer is not well defined (Ref. 14). The length of stick- 
out also has an effect on the mode of metal transfer (Ref. 15). The longer the 
stick-out, the lower the welding current for spray metal transfer. For Ti-6Al-4V 
alloy with argon gas shielding, metal transfer always occurs in the repelled 
globular mode at lower welding currents and in the projected spray mode at high 
welding currents (Ref. 16). 

In addition, as seen in Figure 1, Lesnewich reported a dramatic transition from 
globular transfer mode to spray transfer mode. In his experiment, as the welding 
current increases, the drop size and transfer frequency change sharply, marking 
the transition between globular and spray transfer mode. This phenomena should &,*f-y 
be reexamined since there are contradicting reports (Refs. 17, 18) which show a 
smooth rather than a sharp and abrupt transition from globular to spray mode. 
In any case, this abrupt transition cannot be explained with the static force 
balance theory and the pinch instability theory. According to these theories the 
drop size decreases continuously as the welding current increases. 

In an attempt to explain the sharp transition in metal transfer mode, Needham 
et.al. (Ref. 7 )  proposed that the transition occurs when the plasma envelopes the 
drop to exert a drag force by the plasma jet, hence the plasma force theory. 
This theory improves on the static force balance theory in that it explains the 
transition. Nonetheless, it is without quantitative analysis. The critical 
velocity theory (Ref. 8) was suggested by analogy with the transition of a liquid 
column flowing through a cylindrical nozzle in which flow changes from a stream 
to spray at a critical mass flow rate. Nonetheless, this theory disregards many 
of the forces on the droplets during welding, such as the electromagnetic force 
and the plasma drag force. 

1.2 Heat Flow into the Electrode 

With so many theories available and none of comprehensive nature, it is not 
possible to predict the metal transfer behavior for a wide variety of welding 
conditions. One of the important reasons lies in the fact that the mass flow and 
the heat flow are coupled together and previous analyses have treated them 
separately, thus simplifying the phenomena too much. In the electrode 
particularly, the metal transfer only occurs after the solid is melted and the 
coupling between mass flow and heat transfer is very strong. 



Heat input into the electrode occurs by several mechanisms, these include 
electron condensation heating, joule heating and convective heating from the 
plasma. The electron condensation heat is due to the energy difference between 
the electrons in the plasma and in the metal. This heat evolves at the location 
where the electrons condense and, therefore, represents surface rather than bulk 
heating. Joule heating, which is due to the electrical resistance of the 
material, is a form of bulk heating and is uniform as long as the current density 
is uniform. Convective heat transfer from the plasma is another form of surface 
heating. Depending on the relative intensity of each of these heat sources, the 
mode of metal transfer may be altered since the geometry of the electrode and the 
melting rate will be changed. 

In this study, the drop size predicted from each theory is calculated and 
compared with measured results. Also, in an effort to couple the mass flow and 
the heat flow, the effect of electrode geometry on the metal transfer mode will 
be physically modeled through a simulation experiment. 

2.0 EXPERIMENTAL PROCEDURES 

The welding power supply used in this study was of the constant current type and 
can supply DC current with less than 1 percent ripple. The regulator is a 
transistorized current controller which was designed by Alexander Kusko, Inc. of 
Needham, Massachusetts, and was constructed in the MIT Welding Laboratory (Ref. 
19). The consumable electrode used was mild steel (AWS ER70S-3) of 1.6 mm 
diameter. The shielding gases used included argon + 2 percent O-) and helium. 

To be able to analyze the effect of various heat sources, it is essential to have 
close control of the stick-out length while measuring drop transfer frequency and 
drop diameter of the consumable electrode. In this study, a high speed video 
camera was used with laser back light illumination technique (Ref. 20). With 
this technique, the stick-out length could be controlled and monitored very 
precisely during welding. Also, to ensure a relatively constant contact point 
between the contact tip and the consumable electrode, an alumina tube was 
inserted into the contact tip leaving only a 5 nun contact length. Figure 3 shows 
the design of the contact tip used in this experiment. 

In another experiment, performed to simulate the plasma drag on the pendant drop, 
a film of oil was dropped from the end of a tapered metal tip. This experiment 
was designed to study the effect of electrode geometry on metal transfer. Since 
it is very hard to independently control the geometry of the welding electrode 
tip, the apparatus shown in Figure 4 was used to simulate the drop detachment 
process. Pressurized air was fed into the gas cup providing a detaching force 
which could be changed by altering the flow rate of air. Tip angles of 15 
percent, 30 percent and 60 percent were tested. 



3.0 RESULTS AND DISCUSSION 

3.1 Calculation of Equilibrium Drop Size 

In a previous study (Ref. 111, the static force balance theory was tested by 
measuring the magnitude of each of the detaching and the holding forces at a 
given drop size. This method contains a source of error since the measurements 
of the forces cannot be made directly under actual welding conditions. 
Therefore, the forces were measured under simulated conditions to separate each 
force independently. In this study, rather than measuring the individual forces, 
the equilibrium drop size was calculated from the theoretical force balance 
analysis. The advantage of this approach is that the drop size is an easily 
measurable quantity. At a constant welding current, the sum of the detaching 
forces and the holding force was calculated for various drop sizes. The 
equilibrium drop size occurs when the detaching forces and holding force are 
equal. Figure 5 is an example of one calculation showing the sum of the 
detaching force as a function of drop size, surface tension holding force and the 
equilibrium drop size. The data and the assumptions used in the calculation are 
described in Table 2. By calculating equilibrium drop size at different 
currents, the equilibrium drop size was determined as a function of current as 
shown in Figure 6. As seen in the figure, the drop size decreases smoothly as 
welding current increases and no sharp discontinuity is observed. 

,,?!+y-y 
The pinch instability theory was also applied using the equation (Ref. 8) shown 
in Figure 6. The drop size decreases continuously as welding current increases; 
however, the pinch instability theory predicts drop sizes which are much smaller 
than the equilibrium drop size predicted by the static force balance theory. At 
the current range of globular transfer, where the drop size is two to three times 
the electrode radius, the predicted drop radius is as small as the radius of the 
electrode. 

3.2 Drop Size Measurement 

Drop size was measured as a function of welding current with two different 
shielding gases: Ar + 2Z O2 and He. The measured drop size using Ar + 27 O2 
shielding gas at two different stick-out lengths and the calculated drop size 
from the static force balance theory and from the pinch instability are plotted 
in Figure 7. From the definition of the mode of metal transfer, spray transfer 
occurs at a current of approximately 255 amperes for 26 mrn stick-out length and 
240 amperes for 33 mm stick-out length. As seen in the figure, the transition 
from globular to spray mode is smooth and there is no sharp transition. Figure 8 
shows the measured frequency of drop transfer. Again, no sign of dramatic 
transition from globular to spray was observed. 

As seen in Figure 7, at a low current level, the predicted drop size from the 
static force balance is reasonably close to the measured values, but the 
predicted drop size deviates from the measured values as the welding current 
increases. The drop size predicted from the pinch instability theory is too 
small at lower currents and does not tend toward the experimentally determined 
droplet sizes at high currents. 



In Figure 9, the average drop, size which is calculated from the melting rate and 
the frequency of metal transfer shielded with He gas, is plotted as a function of 
welding current. The average drop size is calculated rather than measured since 
the shape of the drop is very irregular causing errors in measurements of drop 
size. In this case, the decrease in drop size with increased welding current is 
less than seen with Ar + 27 O2 shielding gas and the large deviation at high 
welding current is not observed. Nonetheless, the drop size decreases 
continuously and no sharp transition is seen. 

Simple comparison of metal transfer among Ar + 2% O2 and He shielding gases 
reveals several important differences. First, as stated above, the mode of 
metal transfer is repelled transfer with He gas as shown in Figure 10 and 
projected transfer with Ar + 2% 02. The metal transfer mode with He shielding 
appears to be governed by repelling forces which has not been quantified 
previously. The pinch instability theory cannot explain this phenomenon. 

Second, the current path into the liquid drop changes with different shielding 
gases. As seen in Figure 10, with Ar + 2% 02, electrons tend to condense all 
around the liquid drop and onto the solid wall of the cylindrical electrode, 
which leads to the tapered shape electrode tip at higher welding current; 
however, with He shielding gas, most of the electrons tend to condense onto the 
bottom part of the liquid drop and the electrode keeps its cylindrical shape. 
These phenomena can be rationalized from the fact that the ionization energy of 
He shielding gas is higher than that of the Ar + 2% O2 gas. Therefore, it is 
difficult for the electron in He to reach the upper part of the liquid drop and 
the solid electrode. In this case, there is no heat input onto the surface of 
the electrode. No side wall melting of the electrode is expected and the 
electrode will keep its cylindrical shape. 

Third, the transition current depends on the stick-out length as Lesnewich 
observed. This observation is very important in that it suggests that joule 
heating may affect the metal transfer mode since the stick-out length varies 
significantly with joule heating. Finally, at higher current ranges when the 
liquid column emanating from the tapered electrode tip is well developed at 
streaming transfer mode, a phenomenon which is believed to be a liquid column 
instability is observed. Figure lla shows the intact liquid column which later 
disintegrates into drops by jet instability as in Figure llb. 

By considering the facts that the deviation of the predicted size from measured 
value is significant with Ar + 27 O2 shielding gas and that the stick-out length 
which varies temperature of the electrode, affects the deviation also, it is 
concluded that the deviation may result from melting the side wall of the 
electrode. The side wall melting has two effects in the static force balance 
analysis. At first as seen in Figure 12, the vector sum of the holding force of 
the surface tension will be decreased due to the changing angle of contact. 
Second, because of the decreased diameter of the drop neck, the total holding 
force will be decreased from the equation 7. 



From the postulation, several important phenomena could be explained and will be 
discussed at later section. Since the taper is hard to predict through modeling, 
a simulation experiment was used to evaluate these effects. 

3.3 Oil Dripping Experiment 

Figure 13 shows the measured drop sizes with three different tip angles as a 
function of gas flow rates. With a 60-degree angle tip, the drop size decreased 
slightly with increasing gas flow rate, while with a 15-degree angle tip the drop 
size decreases dramatically with increasing gas flow rate. The drop size change 
with a 30-degree angle tip is specially interesting in that it shows a transition 
in droplet detachment mode. At low gas flow rates, the drop forms at the root of 
the cylindrical electrode as in Figure l4a which corresponds to the first four 
data points. However, as the gas flow rate increases, the drop starts to form at 
the tapered corner of the electrode as in Figure l4b and shows a steep decrease 
in the drop sizes at the high gas flow rates. This is analogous to the metal 
transfer seen in welding the electrode. This experiment clearly shows that the 
taper formation at the end of the electrode tip is very crucial in determining 
the mode of metal transfer. 

3.4 Comparison Between Static Force Balance Theory and Pinch Instability 

The pinch instability theory and static force balance theory have been used in 
modeling metal transfer, but somewhat disappointing results. Static force 
balance theory predicted larger drop size than the experimental value. This 
deviation can be explained by considering the drop movement at the electrode as 
in Figure 15. Figure 15 is the successive pictures of a pendant drop motion for 
the 60 milliseconds and it can be seen that the movement of the drop is 
significant. Therefore, to model the metal transfer more accurately, it is 
necessary to incorporate the effect of dynamics of drop motion. Picture analyses 
show that the peak velocity of the pendant drop reaches to 20 cm/sec and the 
dynamic forces due to the pendant drop movement are approximately calculated to 
200 dynes which is enough to account for the deviation of the drop size in the 
globular mode. 

As mentioned in a previous section, the deviation of drop size in spray transfer 
range could be explained by the taper formation theory combined with static force 
balance theory. Therefore, to predict the drop size at the spray projected mode, 
it is necessary to predict the taper and the size of the neck. With the taper 
formation theory, several important phenomena such as effects of stick-out length 
and shielding gas on the metal transfer and the transition of metal transfer mode 
can be explained without difficulties. Transition current decreased with 
increased stick-out, and the higher temperature of the electrode resulted from 
increased joule heating. Therefore, the taper can be formed at lower welding 
current with longer stick-out leading to decreased transition current. Also, the 
phenomenon that Ar + 27e O2 gas shows the large deviation can be explained by the 
taper formation theory. Since with Ar + 22 O2 shielding the taper is formed at 
higher welding currents, the drop size decreases steeply with increased welding 
currents as in a simulation experiment with a 15-degree tip; however, with He 



shielding the taper is not formed, so that the drop size decreases gradually as 
with the 60-degree tip. Also, the streaming transfer is not expected to occur 
since the taper is not formed with He shielding. 

The drop size predicted from the pinch instability as in equation ( 8 )  is unable 
to match the measured drop size as in Figure 5. One of the fundamental 
requirements for a pinch instability phenomena to occur is that the liquid metal 
should be in the form of a cylinder which is at the higher state of free energy 
than the liquid metal sphere. However, the observation through a high-speed 
video camera shows that as soon as solid metal melts, it forms a special liquid 
drop which is at the lower free energy state. Contrary to the postulation of 
pinch instability, Anno (Ref. 2 1 )  predicts that electric charge on the liquid 
surface has a stabilizing effect, thus, resulting in bigger droplet size. From 
these observations, it was concluded that pinch instability is not adequate in 
explaining metal transfer phenomena in globular transfer and spray projected 
transfer. 

When the taper is formed at the electrode at the higher welding currents, as seen 
in Figure 12, the phenomenon which is believed to be a pinch instability is 
observed. In this case, the speed of liquid jet is very fast so that the molten 
metal keeps the cylindrical shape before disintegration. This may explain the 
plateau of drop size at the high current range of streaming transfer. In this 
case, the pinch instability theory should be applied to the liquid column which 
is emanating from the tapered tip of the electrode. 

4.0 CONCLUSIONS 

The metal transfer in the electrode was modeled using pinch instability theory 
and static force balance theory. The predicted drop size from static force 
balance theory was reasonably close at globular transfer mode but deviates 
significantly at spray transfer mode region. At globular transfer mode, the 
accuracy of the theory can be improved by incorporating the effects of the 
droplet movements. The deviation at the spray transfer mode is concluded due to 
the taper formation at the electrode and the simulation experiment proves the 
effect. Pinch instability theory is unable to explain the metal transfer at 
globular and spray projected transfer mode, but the drop size at the streaming 
transfer is thought to be determined by the pinch instability. 

The transition of metal transfer mode from globular to spray is observed to be a 
gradual rather than a sharp and abrupt phenomenon. 
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T a b l e  1. I IW Classif icat ion of Metal T rans fe r  

1. F ree  Fl ight  T rans fe r  

1.1. Globular  

1.2. Spray 

2. Bridging Trans fe r  

2.1. Shor t - c i r cu i t i ng  
2.2. Bridging wi thout  

3. Slag-protected Trans fe r  

3.1. Flux-wall  Guided  
3.2. O the r  Modes 

Drop  
Repelled 

Projected 
St reaming 
Ro ta t ing  

low-current  GMAW 
Cot  shielded GMAW 

Intermedia te-current  GMA 
Medium-Current  GMA 
High-Current  GMA 

Shor t -Arc  GMA 
Weld ing  wi th  Fi l ler  Wire Addi t ion  
I 

SAW 
SAW, Cored Wire, Electroslag 

Tab le  2. Data used in Stat ic  Force Balance analys is  

Material  
Electrode Rad ius  (cm)  
Surface  Tension (d yne/cm) 
Root  Angle (Degree) 
Gas  Velocity (M/sec) 
Viscosity (cP) 

steel 
0.08 
1800.0 
135.0 
100.0 
1.29 x 10-3 

* Cur ren t  densi ty on the l iquid d r o p  is assumed to be un i fo rm.  
* T h e  electrode mainta ins  i ts  cyl indrical  shape.  



Fig. 1 .  E f f e c t  of c u r r e n t  on t he  s ize a n d  f r equency  of d rops  t r a n s f e r r e d  i n  a n  

a rgon-sh ie lded  arc.  

Fig. 2. De f in i t i on  of  t he  root  angle .  



Fig .  3. 
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T 
C o n t a c t  t i p  des ign .  A n  a lumina  tube  is inser ted inside of 

t ip  so t h a t  t he  ac tua l  c u r r e n t  contac t  point  is kep t  constan 

t he  

t. 

contac t  

F ig .  4. Oil d r i pp ing  a p p a r a t u s  
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Fig. 5. S t a t i c  f o r c e  ba lance  analysis .  Equi l ibr ium d r o p  size is the cross-over 

po in t  w h e r e  the  sum of de taching  forces  meet  the holding sur face  

tension force .  

! S O  0 2GZ 0 250 C 3G0 0 3 5 0  C 422 C - - 3  ,. -a. , 

WELDING CURRENT 

Fig.  6. T h e  predic ted  d r o p  size f r o m  s t a t i c  force  ba lance  a n d  p inch  

in s t ab i l i t y .  T h e  predic ted  d r o p  size f r o m  pinch ins tabi l i ty  is smaller 

t h a n  f r o m  t h a t  of  s t a t i c  fo rce  balance theory.  
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Fig. 7. Compar ison  of d r o p  size among  t h e  predic ted  a n d  the  measured  va lues  

210 2 4 0  278 

WELDING CURRENT 

Fig. 8. F requency  of  d r o p  t r ans fe r  w i th  Ar + 2% 0; sh i e ld ing  measured  a s  a 

func t ion  of weld ing  cur ren t .  
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Fig. 9. Variation of drop sizes shielded with He gas as a function of welding 

current. 

Fig. 10. Typical mode of metal transfer and current path. With Ar -+  2%02 

shielding (a) , metal transfer is projected and electrons condense 

around the drop. With He shielding (b) , repelled transfer is the 

dominant metal transfer mode and the current path is confined to the 

bottom of the drop. 



Fig. 11. Streaming metal transfer showing the pinch instability phenomena at  

the liquid column. (a) shows the intact cylindrical liquid jet and 

(b) shows the instability of liquid jet af ter  its incubation time. 

k 
I 

! : net holding force 

Fig. 12. When the taper is formed a t  the electrode, there are  two sources of 

reduction in holding forces; reduction of diameter of neck and the 

vector sum of surface tension. 
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Fig. 13. Drop size measured as a function of gas flow rate (relative scale) in 

oil dripping apparatus. 

(a) (b) 

Fig. 14. Illustration of drop forming position. With low gas flow rate (a), 

drop forms a t  the cylindrical part of the electrode and with high gas 

flow rate (b) drop forms a t  the end of the taper. 



(D 
I-' 
(D 
0 
r+ 
'i 
0 
Q> 
(D 

a\ 
0 

a r- 
P 
I-' 
r - 
in 
(D 
0 
0 
3 a 
in 
u . 




