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Images of a Steel Electrode in Ar-2%O  Shielding 
during Constant Current Gas Metal Arc Welding 

A set of clear images gives a visual representation of transfer modes in GMAW 

BY L. A. JONES, T. W. EAGAR AND J. H. LANG 

ABSTRACT. A collection of well-speci- 
fied, clear images is presented that illus- 
trates the condition of a steel gas metal 
arc welding electrode in Ar-2%O 2 shield- 
ing gas over a wide range of constant 
welding currents. The images show that 
the transition from globular to spray 
transfer mode occurs over a narrow cur- 
rent range. The transition from spray 
mode to streaming mode is not evident. 

Introduction 

In gas metal arc welding (GMAW), a 
low-voltage electric arc plasma is main- 
tained between a workpiece and a wire 
electrode, both of which are melted by 
the arc. When Ar-2%O 2 is used for the 
shielding gas, drops of molten metal de- 
tach from the wire electrode in a uniform 
manner. At low welding currents, the 
drops are large compared to the elec- 
trode and assume classic pendant drop 
shapes determined by surface-tension 
and gravitational forces. As the welding 
current is increased, the drops become 
smaller and more frequent, and magnetic 
forces accelerate the drops off of the end 
of the electrode. If the current is in- 
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creased further, a taper forms on the end 
of the electrode, and the drops become 
small relative to the diameter of the elec- 
trode. At high currents, a short column of 
molten metal streams off of the end of the 
electrode taper, and small drops are 
formed by the breakup of this column. Fi- 
nally, at very high currents, asymmetric 
magnetic forces become significant com- 
pared to the inertial forces in the stream- 
ing column of metal and the column spi- 
rals about the electrode axis. 

Such a description of metal transfer in 
Ar-2%O2-shielded GMAW is commonly 
found in the literature and the various 
transfer conditions have been classified 
into metal transfer modes (Ref. 1). The 
large drops at low currents are com- 
monly referred to as the globular transfer 
mode. Metal transfer at mid-range cur- 
rents, typically after an electrode taper 
has formed, is known as the spray trans- 
fer mode. At high currents, drops formed 
by column breakup are known as the 
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streaming transfer mode, and at very high 
currents, the spiraling column is known 
as the rotating transfer mode. 

Only a limited number of experimen- 
tal images of these modes is available in 
the literature. For example, images of 
globular transfer at unspecified currents 
may be found in Ref. 2 (Fig. 17), Ref. 3 
(Fig. 4A) and Ref. 4 (Fig. 19). More care- 
fully specified images may be found in 
Ref. 5 (Fig. 1) and Ref. 6 (Figs. 22 and 24). 
Unclear images of spray transfer may be 
found in Ref. 7 (Fig. 5) and images of 
spray transfer at unspecified currents may 
be found in Ref. 3 (Figs. 4B and 8). More 
carefully specified images of spray trans- 
fer may be found in Ref. 6 (Fig. 26). Fi- 
nally, an unspecified image of rotating 
transfer may be found in Ref. 1 (Fig. 7.14). 

Not available in the literature is a 
carefully specified set of images showing 
the transition from globular to rotating 
transfer using the same electrode and 
shielding gas. Such a set is presented in 
the Appendix. This gallery of clear im- 
ages illustrates the condition of a steel 
GMAW electrode in a Ar-2%O 2 shield- 
ing gas over a wide range of currents. The 
experimental conditions in effect when 
the images were collected are described 
in the next section, followed by a discus- 
sion of the images. 

Description of Experiments 

The images in the Appendix are of 
bead-on-plate gas metal arc welding op- 
erated in constant current mode, that is, 
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Table 1--Data Collected during the Experiments 

Mean Commanded 
Mean Current S dev. Mean Voltage S dev Feed Speed S dev. Base-Plate Speed 

(A) (A) (V) (V) (in./s) (in.g) (in./min) 

180.0 1.0 27.0 2.0 1.3 0.9 15 
200.0 1.0 27.0 1.8 1.5 1.1 15 
220.0 1.0 29.0 1.4 1.7 0.5 10 
240.0 1.0 29.0 1.3 1.9 0.3 10 
260.0 1.0 29.0 0.8 2.1 0.2 10 
280.0 1.0 29.0 0.7 2.3 0.2 10 
300.0 1.0 29.0 0.3 2.6 0.2 10 
320.0 1.0 29.0 0.3 2.8 0.1 15 
340.0 t .1 29.0 0.3 3.1 0.2 15 
360.0 1.1 31.1 0.4 3.2 0.2 15 
380.0 1.1 31.0 0.5 3.5 0.2 20 
400.0 1.1 33.0 0.4 3.5 0.2 25 
420.0 1.2 33.0 0.4 3.9 0.1 30 
440.0 1.2 34.1 0.6 4.1 0.3 30 
460.0 1.3 34.1 0.4 4.5 0.2 30 
480.0 1.2 35.0 0.5 4.7 0.2 30 

The statistics were computed from 20,000 points collected over ten seconds. 

the welding current was controlled inde- 
pendently and the welding voltage was 
regulated about a set point by varying the 
wire feed speed. A special high-band- 
width current controller was used, which 
produced virtually ripple-free current. 

In all of the experiments, the electrode 
was 1/16 in. (1.6 mm) diameter ER70S-3 
solid wire (L-Tec 82) shielded with Ar- 
2%02 flowing at 50 ftVh (1.42 mVh-1) 
through a 3/4-in. (19.1-mm) diameter gas 
nozzle. A copper contact tube (L-Tec p.n. 
61 N40) was mounted flush with the bot- 
tom of the gas nozzle and the gas nozzle 
was always 1 in. (25.4 mm) above the 
base plate. The base plate is visible in all 
of the images in the Appendix and, using 
the electrode diameter as a reference, the 
arc length can be measured directly from 
the images. The electrode extension can 
be calculated by subtracting the arc 
length from 1 in. (25.4 mm). 

Images are shown for constant weld- 
ing currents from 180 to 480 A in 20-A 
increments. Measurements from these 
experiments are shown in Table 1. The 
special current controller tightly regu- 
lated the current, yielding a standard de- 
viation of 0.56% (-,1.0 A) about the mean 
current at 180 A. At low currents, the rel- 
atively large standard deviations of the 
voltage (measured from the contact tube 
to the base plate) are due to detachments 
of large drops from the end of the elec- 
trode. These large fluctuations of the volt- 
age at low currents are reflected in the 
large standard deviations of the directly 
measured wire feed speed, as the wire- 
feed control system acted to regulate the 
voltage. The base plate was operated 
open loop and the commanded base 
plate speed is reported in Table 1. 

The images in the Appendix were 

recorded with a high-speed video system 
using the optical technique described in 
Ref. 8. Stills, captured from the video im- 
ages, were assembled to illustrate the de- 
tachment of drops from the electrode. 
The experimental time in seconds of the 
stills are shown above the images. The 
times between images range from 3 ms in 
Fig. A1 down to 167 ps in Fig. A16. 

Discussion 

At the very low current of 180 A, the 
drops have a classic pendant drop shape 
(pear shape) due to the competition be- 
tween gravity and surface tension in the 
presence of minimal magnetic forces. 
However, at slightly higher currents 
(200-260 A), the drops appear disturbed 
from the classic pendant shape, most 
likely because of increasing magnetic 
forces acting on the volume of the drop 
and on the arc plasma. Various measure- 
ments of the drops in the globular trans- 
fer region below 300 A are available in 
Ref. 6. 

A significant transition in the drop de- 
tachment frequency and in the size of the 
drops occurs between 280 A (Fig. A6) 
and 320 A (Fig. A8), the transition be- 
tween the globular and spray transfer 
modes. The abruptness of this transition 
with respect to current is contrary to re- 
cent results (Ref. 4), but in agreement 
with earlier work (Ref. 2). 

A bifurcation in the drop detachment 
frequency and the drop size was ob- 
served at 300 A in the middle of the tran- 
sition. The images at 300 A (Fig. A7) show 
a small drop detaching. However, be- 
tween every few small drops, a large drop 
formed and detached. It appears that at 
this transition current a very short col- 

umn of fluid forms (see 14.38900 s in Fig. 
A7) from which small drops rapidly form 
and detach. These small drops exhaust 
the excess fluid on the end of the elec- 
trode and a larger drop then forms, an- 
chored to a larger diameter of the solid 
electrode. When this larger drop de- 
taches, an excess of fluid is left behind on 
the electrode, promoting the formation of 
another series of small drops. Above the 
transition current, all of the drops are 
much smaller, the drop detachment fre- 
quency is much greater, and there is sig- 
nificant tapering of the electrode, as seen 
in Fig. A8. 

The transition from spray mode to the 
so-called streaming transfer mode, where 
drops form from the breakup of a liquid 
column, is not evident. At currents im- 
mediately above the transition to spray 
mode, drops already appear to form from 
the breakup of a liquid column. The im- 
ages from 320 A to 480 A change little, 
other than the liquid column getting 
longer. (The images at 340 A (Fig. A9) ap- 
pear brighter only because they were 
slightly overexposed.) It is interesting to 
note that above 320 A the drop detach- 
ment frequencies are highly irregular and 
only at 320 A is a relatively regular se- 
quence of drops produced in the spray 
mode. This observation is contrary to the 
common assumption that the drop fre- 
quency is highly uniform in the spray 
transfer mode. 

The beginning of the transition to ro- 
tating transfer mode is apparent at 480 A 
where a kink instability (Refs. 9, 10) is vis- 
ible beginning at 17.14750 s in Fig. A16. 
Experiments at higher currents were not 
performed due to limitations in the wire 
feed mechanism. 

Conclusions 

The collection of well-specified, clear 
images presented here illustrates the con- 
dition of a steel GMAW electrode in Ar- 
2%02 gas shielding over a wide range of 
constant welding currents. Such a col- 
lection of images has not been previously 
available in the literature. The images 
show that the transition from globular to 
spray transfer mode for the given para- 
meters occurs over an approximately 40- 
A change in the welding current (be- 
tween 280 A and 320 A). The transition 
from spray mode to streaming mode is 
not evident. 
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Fig. A 1 -- Constant current GMAW at 180 A and 27 V in At-2 %02. Fig. A2 -- Constant current GMAW at 200 A and 27 V in At-2 % 02. 
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Fig. A3 - -  Constant current GMAW at 220 A and 29 V in At -2%02.  Fig. A4 - -  Constant current GMAW at 240 A and 29 V in Ar-2%02.  

Fig. A5 --  Constant current GMAW at 260 A and 29 V in Ar-2%02.  Fig. A6 --  Constant current GMAW at 280 A and 29 V in Ar-2 %02. 
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Fig. A7  --  Constant current G M A W  at 300 A and 29 V in Ar-2%02. Fig. A8  --  Constant current G M A W  at 320 A and 29 V in Ar-2 %02. 

Fig. A9 --  Constant current G M A W  at 340 A and 29 V in A r -2%02 .  Fig. A 10 - -  Constant current G M A W  at 360 A and 31 V in Ar-2 %02.  
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Fig. A 11 --  Constant current G M A W  at 380 A and 31 V in Ar-2 % 0 2. Fig. A 12 - -  Constant current G M A W  at 400 A and 33 V in A r -2%02 .  

Fig. A 13 - -  Constant current G M A W  at 420 A and 33 V in At-2 % 0  2. Fig. A 14 - -  Constant current G M A W  at 440 A and 34 V in At-2 %02. 
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Fig. A 15 --  Constant current GMAW at 460 A and 34 V in Ar-2 %02. Fig. A 16 --  Constant current GMAW at 480 A and 35 V in Ar-2 % O 2. 

Preparation of Manuscripts for Submission to the 
Welding Journal Research Supplement 

All authors should address themselves to the following questions when writing papers for submission to the Welding Research Sup- 
plement:Why was the work done? What was done? What was found? What is the significance of your results? What are your most im- 
portant conclusions? 

With those questions in mind, most authors can logically organize their material along the following lines, using suitable headings and 
subheadings to divide the paper. 

1) Abstract. A concise summary of the major elements of the presentation, not exceeding 200 words, to help the reader decide if the 
information is for him or her. 

2) Introduction. A short statement giving relevant background, purpose and scope to help orient the reader. Do not duplicate the ab- 
stract. 

3) Experimental Procedure, Materials, Equipment. 
4) Results, Discussion. The facts or data obtained and their evaluation. 
5) Conclusions. An evaluation and interpretation of your results. Most often, this is what the readers remember. 
6) Acknowledgment, References and Appendix. 
Also keep in mind that proper use of terms, abbreviations and symbols are important considerations in processing a manuscript for publi- 

cation. For welding terminology, the Welding Journal adheres to ANSI/AWS A3.0-94, Standard Welding Terms and Definitions. 
Papers submitted for consideration in the Welding Research Supplement are required to undergo Peer Review before acceptance for 

publication. An original and one copy (double-spaced on 8½ x 11-in. paper) should be submitted, along with figures, tables and figure cap- 
tions. Upon completion of any revisions mandated by the reviewers, the final manuscript should be submitted as listed above. 

Authors are encouraged to submit manuscripts by computer disk. The preferred format is from any Macintosh word processor, 3.5-in. 
double or high-density disk. Other acceptable formats include IBM ASCII Text, WORD PERFECT or WORD STAR on 3.5- in. double or 
high-density disks. A hard copy of the complete manuscript, including tables and figure captions, still must accompany the disk. Send pa- 
pers to Doreen Kubish, Peer Review Coordinator, American Welding Society, 550 NW LeJeune Rd., Miami, FL 33126. 

WELDING RESEARCH SUPPLEMENT I 141-s 


