
Metal Transfer in Gas Metal Arc Welding: 
Droplet Rate 

A study of droplet rates for various transfer modes verifies 
optimum operating parameters 

BY S. LIU AND T. A. SIEWERT 

ABSTRACT. This study reports the 
changes in droplet-transfer mode and 
rate during gas metal arc welding as the 
voltage is varied at a series of current 
levels. The droplet-transfer rate was 
found to be maximum (approximately 
100 s_1) for the voltage/current combi
nations that are normally suggested by 
the electrode manufacturers and are con
sidered optimum in the judgment of 
experienced welders. At voltages above 
or below the TV-wide optimum range, 
the transfer rate decreased by about 10 
s _ 1 per V in the vicinity of the optimum 
condition. Furthermore, statistical analysis 
of the arc current and voltage data 
showed that during operation outside the 
optimum range, the welding arc was 
unstable and the current output was very 
irregular with varying cycle time between 
each droplet transfer. At the maximum 
droplet-transfer rate, the droplet-transfer 
cycle time was very consistent and 
revealed a narrow rate range, which 
correlated with the high stability and 
lower spatter at these optimum operating 
conditions. The possibility of using the 
concept of maximum droplet-transfer 
rate range with minimum rate fluctuation 
and corresponding arc current-voltage 
signals as a means of short-circuiting 
welding process control and automation 
is being considered. At voltages below 
the optimum range, high-speed video 
recording confirmed that the short-
circuiting transfer was very unstable and 
the arc reignited explosively. Above the 
optimum voltage, the arc became longer 
and the droplets became visibly larger, 
with mixed globular and short-circuiting 
transfer. The droplets, however, were no 
longer directed uniformly to the weld 
pool, resulting in increased spatter. 

Introduction 

Metal Transfer Mode in Arc Welding 

Arc welding includes the major joining 
processes used in manufacturing indus
tries. Examples are shielded metal arc 
(SMA), gas metal arc (GMA), flux cored 

arc (FCA), submerged arc (SA) and gas 
tungsten arc (GTA) welding. With the 
exception of GTA welding, all these pro
cesses require a consumable electrode, 
which has the dual function of carrying 
the current that heats the weld pool and 
providing filler metal to complete the 
weld joint. This dual function has long 
been a topic of research. Spraragen and 
Lengyel (Ref. 1) reviewed the basic princi
ples of an electric arc and summarized 
the development of the field of welding 
arc physics. In particular, they concluded 
that in the area of liquid metal transfer 
from the electrode to the weld pool, the 
electromagnetic pinch force, gravity, 
shielding gas drag force and surface ten
sion are the major forces that act on the 
electrode tip. Using high-speed cinemat
ographic techniques, Muller, Greene, and 
Rothschild (Ref. 2) found that large spher
ical liquid-metal droplets in a GMA arc 
decreased in size with increasing current. 
As the electrode feed rate was continu
ously increased, however, a sudden 
decrease in droplet size occurred at what 
was termed the transition current. In 
addition, they determined that with inert 
gas shielding, the droplet composition 
remained constant during the metal trans
fer. 

Lesnewich (Refs. 3-5) investigated the 
physics of arc welding using SMA and 
CMA welding. Particularly, he studied the 
effects of welding process parameters 
such as current, voltage, electrode polar-
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ity, electrode extension and diameter on 
the electrode melting rate and metal 
transfer. In carbon steel welding of 1.2-
mm (0.045-in.) diameter electrodes with 
constant arc length and 99% Ar-1% 0 2 

shielding gas, a transition in metal transfer 
occurred at approximately 250 A, and 
below this current, the droplet rate 
decreased abruptly from more than 200 
to 10 s~1. Figure 1 illustrates this transition 
in droplet-transfer rate with welding cur
rent. The transition current increased 
with increasing electrode diameter and 
decreased with increasing electrode 
extension. 

From his GMAW studies, Ludwig (Refs. 
6, 7) confirmed that the electromagnetic 
force is the major force among the chem
ical and physical forces that affect the 
formation and subsequent transfer of 
metal droplets. Over a welding current 
range of 200 to 450 A, no abrupt change 
in metal transfer was observed. The fre
quency of droplet transfer decreased 
continuously with decreasing welding 
current, as shown in Fig. 1. Pintard (Ref. 8) 
also observed no abrupt variation in the 
transfer rate at current levels below 220 
A. However, there was a transfer mode 
change at 190 A. Above this current 
level, the electrode tip shape changed 
from hemispherical to conical, and the 
metal droplets, which detached from the 
tip of the electrode became smaller than 
the electrode diameter. 

Needham, Cooksey and Milner (Ref. 9) 
investigated the droplet-transfer rate for 
aluminum GMAW and confirmed the 
presence of a transition current. Disconti-
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nuity in the drop le t rate was seen at the 
transition current. In a m o r e recent inves
t igation o f a luminum-magnesium alloys 
we ld ing , W o o d s (Ref. 10) s h o w e d the 
impor tance of the e lect rode chemical 
composi t ion in determin ing the metal 
transfer m o d e and spatter levels. He 
indicated that the transfer characteristics 
of all alloy filler metal electrodes w o u l d 
also depend u p o n the concent ra t ion o f 
the high-vapor-pressure alloying ele
ments incorporated in the electrodes. 
Vapor izat ion of elements such as magne
sium and zinc cou ld cause arc instability 
and in-flight explosion of the metal d rop 
lets, resulting in unstable metal transfer. 

O n e of the most up- to-date and c o m 
prehensive rev iews of metal transfer 
modes dur ing arc we ld ing was wr i t ten by 
Lancaster (Ref. 11). Accord ing t o the IIW 
nomenclature referenced in his book 
(Ref. 12), metal transfer can be classified 
into three main groups: free-f l ight trans
fer, br idging transfer and slag-protected 
transfer. In free-f l ight transfer, the elec
t rode does not contact the mo l ten metal 
poo l . Meta l droplets detach f r o m the t ip 
of the e lect rode and m o v e across the arc 
co lumn. W h e n the e lect rode contacts 
the w e l d p o o l , br idging transfer occurs. 
For we ld ing processes that use large 
amounts o f fluxes, metal transfer may 
invo lve layers o f slag, k n o w n as slag-
p ro tec ted transfer. The comple te IIW 
classification of metal transfer modes 
w i t h examples is rep roduced in Table 1 
and schematically il lustrated in Fig. 2. 

In most of the we ld ing l i terature, the 
metal transfer m o d e is descr ibed only by 
the terms of short-circuit ing, globular and 
spray. At low-cur ren t and low-vo l tage 
levels, short-circuit ing transfer ( intermit
tent-br idging transfer) occurs. At a slightly 
higher vol tage level, globular (free-fl ight) 
transfer results. A n d above the transition 
current , f ine metal droplets are propel led 
across the arc towards the w e l d poo l and 
spray (free-fl ight) transfer becomes the 
predominant mechanism. 

Short-Circuiting Transfer in CO2 Welding 

In the early 1950's, ca rbon dioxide 
(CO2) was in t roduced in Europe as an 
alternate shielding gas in arc weld ing. 
Aside f r o m the high we ld ing speed and 
deposi t ion rate, and g o o d we ld penetra
t ion achieved in CO2 we ld ing , the main 
reason for utilizing this reactive gas is its 
l o w cost. Howeve r , the improper use of 
CO2 causes a large amount of spatter, 
wh ich may clog the gas ports of a w e l d 
ing gun and a l low ni t rogen to enter the 
w e l d poo l and embr i t t le it. Fur thermore, 
pos twe ld cleaning and gr inding opera
tions are o f t en requi red to r e m o v e the 
spatter. Therefore , several researchers 
have tr ied t o deve lop a bet ter under
standing of the metal transfer characteris
tics of this process fo r bet ter use o f this 
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economical shielding gas (Refs. 13-15). 
In C 0 2 we ld ing , Di l they (Ref. 16) 

repor ted three modes o f metal transfer: 
globular, subarc and short-circuit ing. Dur
ing globular transfer, large metal drops 
are f o r m e d . Some of these droplets are 
repel led f r o m the e lect rode t ip; they 
m o v e u p w a r d or sideways in an irregular 
pat tern, and deposit outside the mol ten 
poo l in the f o r m of spatter. The subarc 
m o d e is character ized by a higher current 
density; the arc has a ve ry short length 
( low voltage) and occurs b e l o w the 
workp iece surface. Small droplets are 
detached and transferred across the arc. 
Accord ing to Rothschild (Ref. 17), subarc 

cannot be classified as a t rue spray trans
fer since the droplets are transferred 
laterally into the we ld poo l . 

In the short-circuit ing m o d e , the elec
t rode feed rate is slightly higher than the 
melt ing rate in the arcing m o d e , so the t ip 
o f the e lect rode eventual ly dips into the 
mol ten poo l and extinguishes the arc 
(Ref. 18). This short circuit reduces the arc 
vol tage to zero and causes the we ld ing 
current to rise very rapidly. During this 
per iod o f increased current f l ow , the 
e lect rode heats according to Joule's law 
and begins t o melt . The electromagnet ic 
pinch force also increases strongly, push
ing the mol ten metal in the e lect rode 
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Fig. 3 — Instantaneous arc current and voltage variation during short-circuiting transfer 

towards the workpiece. As the liquid 
metal flows under the influence of the 
pinch force, a neck begins to develop 
near the solid-liquid interface at the tip of 
the electrode. Surface tension also plays 
an important role in the necking of the 
electrode tip. Finally, the neck breaks and 
the droplet is transferred. At this point, 
the arc is reignited, and the voltage 
reaches its peak value while the current 
decreases. The tip of the electrode adja
cent to the arc continues to melt as it 
moves toward the molten pool. This 
process repeats at approximately 20 to 
200 s~1. The current and voltage charac
teristics of the arc can be monitored and 
recorded with a high-speed oscilloscope. 
Figure 3 illustrates the current and voltage 
record during short-circuiting welding. 

In most applications, a stable arc with 
uniform transfer is required to obtain a 
spatter-free weld with the proper bead 
morphology. For thin-plate welding, pro
cess stability and quality weldments are 
extremely dependent on the careful 
adjustment of the welding parameters. 
The increase in current and rate of 
increase during the short circuiting of the 
electrode with the molten metal pool are 
extremely important in promoting stabili
ty. The current must increase rapidly at 
first to create sufficient electromagnetic 
pinch force for drop detachment, but the 
maximum current must be limited so that 
the electromagnetic forces do not cause 
excessive spatter (Ref. 18). 

Kolasa, Matsunawa and Arata (Ref. 19) 
investigated the effects of welding cur-

Table 1—International Institute of Welding Classifications of Metal Transfer 

1. 
1.1 
1.1.1 
1.1.2 
1.2 
1.2.1 
1.2.2 
1.2.3 
1.3 
2. 
2.1 
2.2 

3. 
3.1 
3.2 

Designation of 
Transfer Type 

Free-flight transfer 
Globular 
Drop 
Repelled 
Spray 
Projected 
Streaming 
Rotating 
Explosive 
Bridging transfer 
Short-circuiting 
Bridging without 
interruption 
Slag-protected transfer 
Flux-wall guided 
Other modes 

Welding Process 
(examples) 

Low-current CMA 
C02 shielded CMA 

Intermediate-current GMA 
Medium-current CMA 
High-current GMA 
SMA (covered electrodes) 

Short-circuiting CMA 
Welding with filler metal 

addition 

SAW 
SMA, cored wire, electroslag 

rent and voltage on short-circuiting rate 
in CO2 welding and determined that the 
dynamic characteristics of a power sup
ply can significantly affect the process 
stability. In many aspects, the results from 
Kolasa's work confirmed previous find
ings of other researchers (Refs. 13-15, 
20, 21). However, short circuiting was 
observed at up to 300 A without the 
abrupt transition reported by Lesnewich 
(Ref. 5). Rather, they observed a wide 
range of short-circuiting frequencies, 
from approximately 10 to 100 Hz, for 
different current and voltage settings. 
Lucas (Ref. 22) studied the effects of 
shielding gas, chemical composition of 
welding consumables, type of power 
source and contact-tip internal diameter 
on the process stability of short-circuiting 
welding. He used the standard deviation 
of the peak current measurements as the 
indicator of the stability and uniformity of 
the process. For a particular current level, 
the voltage that provides a minimum 
standard deviation in peak current was 
correlated with the optimum welding 
potential, as determined empirically dur
ing welding. 

Our study investigates the combined 
effects of current and voltage on short-
circuiting transfer of low-carbon steels 
during welding with C 0 2 and Ar-02 
shielding gases. In particular, parameter 
selection via empirical methods, such as 
smooth arc and uniform arc noise, is 
explained in terms of basic arc phenome
na, such as the current and voltage rela
tionship and the metal-transfer character
istics. The results of metal transfer deter
mined in the present study are compared 
with that reported in the literature. 

Broadly speaking, computer-generated 
data that can reach the same conclusions 
as an experienced welding operator per
mits substantial automation and brings its 
benefits to welding. In the manufacturing 
world of today, automation and quality 
assurance are the leading factors of suc
cess. Hence, the concept of using maxi
mum droplet-transfer-rate range with 
minimum rate fluctuation as proposed for 
study in this paper, and using the corre
sponding arc current-voltage signals as a 
means of short-circuiting welding process 
control and automation were the driving 
forces for conducting this research. 

Experimental Procedure 

Bead-on-plate welds were prepared 
on ASTM Type A36 steel using 100% 
C 0 2 as the shielding gas. A 1.2-mm 
(0.045-in.) diameter ER70S-3 electrode 
was used. Welding parameters were 
varied from 125 to 225 A and 20 to 29 V. 
A transistorized current regulator with 
variable slope control was used to simu
late a constant-potential power source 
and to set the operating parameters pre
cisely. Unlike most power supplies, the 
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transistorized current regulator had a 
vol tage r ipple that was less than 0.1 V. 

At each combinat ion o f current and 
vol tage, the we ld ing arc and d rop le t , 
transfer w e r e recorded by a high-speed 
v ideo system w i t h the capabil i ty of 
instant f rame-by- f rame replay. The v ideo 
system was capable of f i lming 300 frames 
per s, wh i ch was adequate fo r resolving 
individual drop le t transfer in the short-
circuiting m o d e . Arc observat ion and 
record ing w e r e enhanced by a laser 
backl ighting setup as s h o w n in Fig. 4. A 
series of opt ical filters in t roduced in the 
laser beam path reduced interference 
f r o m the arc light. 

Arc current and vol tage variations 
w e r e captured on a digital high-speed 
osci l loscope. In addi t ion to real-t ime eval
uat ion, the instantaneous values o f cur
rent and vol tage w e r e s tored on 
diskettes for later retrieval and analysis. 
Af ter the welds w e r e comp le ted , the 
surface appearance, we t t i ng , r ipple pat
tern and convex i ty of the beads w e r e 
also examined. 

A second set of welds was made using 
98% Ar -2% 0 2 shielding. The same range 
of parameters as those of C 0 2 we lds was 
used and the w e l d evaluat ion f o l l owed 
the p rocedure descr ibed above . 

Results and Discussion 

Statistical Analysis of the Current and 
Voltage Variations 

Figure 3 shows that the per iod of a 
comple te short-circuit ing transfer cycle 
may be d iv ided into four subper iods: 
short circuit ing, rapid rise in vo l tage as the 
arc ignites, arcing and rapid d r o p in vo l t 
age as the arc extinguishes. The durat ion 
o f each subper iod can be easily deter
mined f r o m a current- t ime or vol tage-
t ime plot . Cor respondence b e t w e e n the 
arc periods and electrical signals is con 
f i rmed by the high-speed v ideo record . In 
this study, the peak current and vol tage 
values d id not vary significantly and the 
transfer-cycle shapes remained fairly uni
f o r m . There fore , the per fo rmance o f the 
we ld ing process can be descr ibed by the 
statistical var iat ion in the per iod o f the 
transfer cycle (the t ime b e t w e e n t w o 
consecut ive drop le t transfers) or droplet 
rate. For a given e lect rode feed , a long 
per iod means a long t ime fo r mel t ing and 
drop le t g r o w t h . This causes a larger 
drop le t size and increases the splash and 
spatter in a w e l d poo l . Fur thermore, 
chemical reactions may cause gas evo lu
t ion in the drop le t , wh ich may lead to 
in-flight explosions and spatter. The long 
per iod of stable arcing could also indicate 
the prox imi ty o f a transit ion t o the l ower 
f requency globular-transfer m o d e . 

The instantaneous we ld ing current and 
potent ia l as a funct ion of t ime we re 
analyzed statistically to determine the 
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Fig. 4—Schematic of the experimental equipment 

Table 2—Summary of Some Statistical Predictors for the Characterization of the Time 
between Transfers (to) in Milliseconds for the 150-A Welds 

Volts 

20.4 
21.0 
22.4 
24.4 
26.4 

Mean 
t D 

24.3 
9.6 

12.7 
12.3 
13.4 

Standard 
Deviation 

Of tp 

22.6 
1.7 
2.5 
3.4 
6.7 

Standard 
Error of 
Mean to 

3.2 
0.2 
0.4 
0.5 
0.9 

Maximum 
tD 

95.8 
13.0 
17.8 
18.2 
29.6 

Minimum 
tD 

6.6 
5.6 
6.6 
3.2 
3.4 

t ime needed for successive drop le t trans
fers (to). Figure 5 shows typical arc cur
rent and vol tage curves, f r o m wh ich the 
t ime b e t w e e n successive short circuits 
and the average short-circuit ing rate 
w e r e de termined. O f the many di f ferent 
statistical parameters examined, the 
mean, standard dev ia t ion, standard error 
of the mean and the max imum and mini
m u m of transfer per iods characterize the 
transfer best. A summary of the statistical 

analysis of the t D data for the 150-A 
welds is given in Table 2. Figures 6 - 8 
illustrate the variat ion of the mean, stan
dard dev ia t ion, and standard error of the 
mean for the to data as funct ion o f 
vol tage. For welds p repared at 150 A, the 
mean to reaches a min imum of 9.56 ms at 
21 V. At this particular current-vol tage 
combinat ion , the standard deviat ion and 
standard error of the mean to w e r e also 
minimized, indicating that the t D popula-
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Fig. 5— Typical arc current and voltage variation recorded by high-speed digital oscilloscope 
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tion had a narrow distribution and that 
the process was less erratic than at higher 
or lower voltage levels. Considering the 
maximum and minimum values of to (not 
just the value of the mean) further eluci
date the behavior. At 20.4 V, the maxi
mum value of to was 95.8 ms and the 
minimum was 6.6 ms. The maximums and 
minimums are plotted in Fig. 9 to show 
the significant differences in the arc 
behavior at different weld conditions. 

In summary, welding parameters with 
the smallest variation in to were also 
those with the shortest transfer period, 
least spatter and smoothest bead sur
face. 

Droplet-Transfer Rate 

Droplet-transfer rate is a useful param
eter to characterize any welding process. 
It provides information on the stability of 

the process, the rate of transfer, the size 
of the metal droplet being transferred 
and the behavior between transfer 
modes. Lesnewich (Ref. 5) performed all 
his studies at a constant arc length with 
varying arc current, electrode type and 
diameter. He determined that, as the 
welding current increased with increasing 
wire feed rate, there was also a gradual 
increase in the droplet transfer rate, 
which implies a smaller droplet size. At 
the transition current, Lesnewich (Ref. 5) 
noticed a significant change in the droplet 
transfer rate. However, the effect of 
welding voltage on droplet transfer rate 
could not be clearly shown. This study 
included a matrix of weldments which 
were prepared at almost constant cur
rent with varied voltages to examine the 
stability of the process and the metal-
droplet transfer rate. 

Droplet transfer rate (fo) was defined 

as the inverse of the time period 
between two consecutive droplets ( 1 / 
to). For each welding current and voltage 
combination, a range in droplet rate was 
observed. The distribution of the droplet 
rates could be used to indicate the stabil
ity of the process as an alternative to the 
transfer-time distribution. Obtained by 
inverting the average transfer times in Fig. 
9, the droplet rates were plotted as a 
function of welding potential and current 
in Fig. 10. The maximum average droplet 
transfer rate was approximately 100 s_1. 
The maximum transfer rate also corre
sponds to the voltage-current combina
tion that is normally considered to be 
optimum (both in electrode data sheets 
and the judgment of welding operators) 
in terms of arc force, stability and 
sound. 

Using the droplet transfer rate to esti
mate the average droplet size, it follows 
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500 

that the droplet size is a minimum at the 
maximum droplet rate. This implies that at 
the optimum combination of welding 
parameters, the droplets are minute and 
transferred at a high rate. Figure 11 is a 
plot that includes data of Lesnewich, 
Ludwig and this study, and shows signifi
cant variations in the droplet rate. 

Influence of Welding Parameters on Metal 
Droplet Transfer 

To further clarify the influence of weld
ing parameters on the metal transfer 
behavior, the droplet-rate isopleths are 
mapped on a current-voltage graph in 

Fig. 12. By examination of this map, we 
can identify a current-voltage operating 
region corresponding to the maximum 
droplet rate. As the welding current was 
increased, the welding potential also had 
to be increased to maintain the maximum 
droplet-transfer rate. This maximum fre
quency range agreed well with the oper
ating conditions suggested in the welding 
handbooks or by the consumable manu
facturers. Minor discrepancies may be 
due to the individual characteristics of the 
different power supplies used in the dif
ferent studies. The relationship between 
the maximum droplet rate and optimum 
welding conditions might be used to 

simulate a welder's skill in adjusting a 
power source. This relationship could be 
programmed into an intelligent controller 
which would maintain optimum arc per
formance as the welding conditions 
change. Furthermore, this might improve 
the response of a welding robot to 
changes in welding conditions due to 
wear of the contact tip or change in 
electrode type or heat. 

Using the programming capability of 
the power supply, we also used a steeper 
slope to generate new sets of welds for 
the plotting of other current-voltage 
droplet rate maps. Results similar to those 
described previously were observed. 
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The maximum rate range fit and com
pared well with the range of welding 
parameters specified in the manufactur
ers' electrode data sheets. Lower rates 
were found for longer arc lengths (higher 
voltages), per Lesnewich (Ref. 5). Indeed, 
this confirms that variations in experimen
tal procedure (establishing a constant arc 
length versus a constant voltage) can 
easily explain the variations in transfer 
rate observed between previous stud
ies. 

In addition, 98% Ar-2% 0 2 welds were 
examined and a similar plot was ob
tained—Fig. 13. This shows that for the 
98% Ar-2% 0 2 shielding gas, the same 
concepts applied. The overall lower rate 
may be attributed to the more stable 
arcing period in the transfer, as observed 
in the video recording. The maximum 
droplet rate varied from 45 s~1 at 100 A 
and 13 V to 90 s~1 at 200 A and 16.5 
V 

Besides affecting the transfer rate, the 
voltage controls the energy entering the 
weld pool. Welding voltage below the 
optimum value resulted in little super
heating of the weld pool, which caused a 
crowned bead and sharp contours at the 
toe regions of the weld. Increasing the 
voltage to the optimum value led to a 
higher heat content and growth of the 
molten globules at the electrode tip. The 
weld-ripple pattern was smoother and 
less reinforcement was formed. Good 
bead appearance with smooth contours 
were observed. Increasing the voltage 
beyond the optimum range results in 
excessive growth of the globules of met
al; it moves into a transition region of 
short-circuiting and globular mode. More 
spatter resulted. 

For good gas metal arc welding opera
tion, parameters corresponding to the 
maximum rate of metal-droplet-transfer 
rate should be specified to conjugate the 
maximum metal-droplet-transfer rate 
with the optimum bead morphology, and 
thus produce acceptable base-metal wet
ting. 

Conclusions 

1) Measurements of the arc current 
and voltage fluctuations during short-
circuiting transfer enable quantitative 
measurement of the transfer stability. 

2) The conditions of minimum fluctua
tion in droplet-transfer rate correspond 
to the lowest spatter and the least ripple; 
they are precisely the conditions chosen 
by a welder from the sound of the arc. 
This indicates that an intelligent controller 
can be designed to duplicate a welder's 
skill in balancing the welding voltage to 
the current. 

3) Voltages above and below the opti
mum for a given current result in a lower 
average rate and a greater fluctuation in 
droplet rate. 

4) For certain voltage-current combi
nations, the rate alternates between two 
values. This indicates that the transition 
between droplet-transfer modes is not 
smooth, but discontinuous. 
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