
Near-Anode Cross-Section of the Arc 
in the GTAW Process 

The effect of non-ideal welding conditions on the symmetry 
of a moving arc column is evaluated 

BY C. J. CREMERS AND R. M. PARANJAPE 

ABSTRACT. A GTA welding arc with 
argon shielding gas, a water-cooled 
anode and a 1% thoriated tungsten cath
ode ground to a 60-deg included angle 
was operated at 100, 150, 200 and 250 A 
with a relatively large arc length and 
speeds of 7.5 mm and 6.35 mm/s (0.3 
and 0.25 in./s), respectively. The last two 
variables were chosen because they are 
on the high ends of their typical ranges 
for welding applications, and the effects 
of instability and asymmetry could be 
evaluated. An electrostatic probe was 
used to determine the cross-sectional 
profile of the current-carrying core of the 
arc for each current. It was found that in 
all cases the arc core remained circular in 
cross-section within the uncertainty of 
the measurements. 

Introduction 

The assumption of axial symmetry is 
usually made in modeling the current-
carrying column of a welding arc. How
ever, experiments have not been con
ducted to show that this is indeed the 
case for the particular conditions of weld
ing arc operation. The only quantitative 
experiments that have been done to 
establish the shape of a moving arc col
umn have been those of Paulson and 
Pfender (Ref. 1) and Benenson and 
Cenkner (Ref. 2), who worked with arc 
speeds of 10-100 m/s (32-328 ft/s) and 
0.42-1.27 m/s (1.4-4.2 ft/s), respective
ly. In both cases, they observed consider
able distortion and asymmetry of the arc 
column. The present study is an attempt 
to examine the symmetry of the column 
of an arc operated under typical welding 
conditions, but with the gap and speed 
chosen on the high end of their ranges to 
favor asymmetry. 
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Gases are poor electrical conductors 
until they reach a certain temperature 
range above which the electron density 
and electrical conductivity each increase 
sharply. For example, air and argon at a 
temperature of 8000 K and 1-atm pres
sure have an electrical conductivity that is 
only about 10% of its value at 14,000 K, a 
typical centerline temperature in arcs 
(Refs. 3, 4). In an electric arc, for which 
temperature decreases rapidly with 
increasing distance from the axis, the 
current can be considered as being con
fined to a region bounded by an isother
mal surface corresponding to the low 
end of this temperature range. There
fore, an electrostatic probe can be used 
to measure the cross-sectional profile of 
the conducting arc column. This probe is 
made part of the circuit that includes the 
cathode or anode and the arc. When the 
probe tip is moved toward the column, it 
ultimately comes in contact with the 
weakly conducting outer shell of the arc, 
which can be considered as being the 
outer surface of the arc. Here the probe 
assumes a small floating potential that can 
be determined by drawing a small current 
from the arc. This method was devel

oped by Paulson and Pfender (Ref. 3), 
and was used to measure the cross-
sectional profile of a rapidly moving arc 
column. They used floating double 
probes, as well as conductance probes, 
in their experiments. 

Experiment 

Single floating probes were used in the 
pr.esent experiments. Though it would 
have been better to use floating double 
probes, problems with probe burning 
prevented their use. Probes are mounted 
on independent slides and hence cannot 
be moved simultaneously. Therefore, if 
one is made to " touch" the arc column 
and the other is then adjusted, the first tip 
burns out before the other can be made 
to touch the arc column. Hence, it was 
decided to use single probes so that it 
would not be necessary for both to be in 
contact with the arc column simulta
neously. Figure 1 shows the schematic 
diagram of the electrode configuration, 
the arc, the probes and the probe cir
cuit. 

An attempt was made to use moving 
probes by mounting them on projections 
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Fig. 2 —Probe and traversing mechanism 

in the anode mounting so that the probes 
moved along with the anode. This 
reduced the time of contact of the probe 
tip with the arc column. But these moving 
probes could then only be used to mea
sure the arc dimension in a direction 
perpendicular to the motion of the 
anode. Stationary probes would still have 
to be used for measurements across 
other sections. Hence, for the sake of 
uniformity, stationary probes were used 
throughout. 

Selection of proper material for the 
probe is important. The material of the 
collecting part of the probe (the portion 
inserted into the plasma) should be resis
tant to sputtering, heat and chemical 
reactions. Moreover, the material should 
have a high work function in order to 
minimize secondary processes, such as 
electron emission due to ion impact or 
the high temperature of the probe, which 
would result in undesirable disturbance in 
the plasma. We chose for our application 
1% thoriated tungsten wires of 0.20-mm 
(0.008-in.) diameter, insulated by 0.25-
mm (0.010-in.) OD alumina tubes. Before 
use, the wires' ends were ground flat and 
perpendicular with respect to the wire 
axis. 

The probe and traverse assembly are 
shown in Fig. 2. The wire is inserted into 
the alumina tube for thermal protection 
and electrical insulation. This is then 
wrapped with Teflon tape and placed 
inside a stainless steel tube 13.3 mm (0.52 
in.) long, which serves as a holder. The 
probe is held in place inside the steel tube 
holder by set screws. An electrical con
nection is provided at one end of the 
probe, while the other tip is the one 
exposed to the arc column. The probes 

are mounted on slides that can be accu
rately positioned by micrometer heads 
that have a least count of 0.01/mm. The 
probe is held at an angle of 15 deg with 
respect to the workpiece surface, so that 
the tip can be located close to the sur
face. The distance of the wire centerline 
from the surface of the workpiece was 
determined with shim stock. 

The use of stationary probes caused 
melting of the probe tip during the 
course of use and resulted in diminished 
lengths of the tungsten wire and alumina 
tube. In order to increase the useful life of 
a tungsten wire-alumina tube pair, anoth
er set of stainless steel holders 11.4 mm 
(0.45 in.) long was made. Therefore, 
when a tungsten wire and alumina tube 
could no longer be used in a long holder 
due to reduction in its length by melting, 
they were reinserted into a shorter hold
er and reused. This resulted in a 100 
percent increase in the useful life of a 
tungsten wire-alumina tube pair. But the 
distances involved ruled out the possibili
ty of any further shortening of the probe 
holder length. 

The cross-section of the arc is mea
sured along the two major axes, one 
along the line of motion of the anode 
(x-axis) and the other perpendicular to 
the direction of the anode movement 
(y-axis), as shown in Fig. 3. The two axes 
intersect at the point where the cathode 
tip would touch the anode surface, if 
lowered. In addition to this, the dimen
sion of the arc column is also measured at 
sections parallel to the x-axis to give an 
accurate cross-sectional profile. The pro
cedure for measurement along all the 
various sections is essentially the same. 
The probe is advanced in 0.05-mm 
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Fig. 3— Top view of measurement scheme 

(0.002-in.) increments until there is a sud
den rise in the voltage indicated by a 
millivoltmeter. This position is recorded 
as the location of the arc boundary. 
Details of the measurements of the cross-
section of the moving arc are given in 
Ref. 5. 

The method described above was 
applied to a DC arc that was operated 
between a fixed welding torch (cathode) 
and a moving water-cooled copper 
anode. Argon was used as the shielding 
gas with a mass flow of 1.23 kg/hr (2.7 
Ib/hr) through a 12.5-mm (Vi-in.F-diame-
ter nozzle. The cathode tip was 1% 
thoriated tungsten and had a tip included 
angle of 60 deg. Before each run, the 
lateral surface of the tip was ground to 
expose fresh surface, and then the point 
was ground hemispherical with a radius 
of 0.15 mm (0.006 in.), which was 0.03 
mm (0.001 in.) from its original position. 
The cathode tip was set 7.5 mm (0.3 in.) 
from the anode. The latter was mounted 
on a traverse that was driven by a step
per motor-translator combination at a 
speed of 6.35 mm/s (0.25 in./s). Arc 
power was provided by a welding recti
fier. 

The measurements of the arc cross-
section at 0.25 mm (0.01 in.) above the 
anode surface were carried out for four 
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Table 1—Coordinates of Intersection of Arc 
Column Surface with Measurement Axes 
(mm) 

Table 2—Near Anode Radius of Electric Arcs at 1 atm 

Section 

y-axis 

AA 

Current (A) 
100 150 

BB 

+3.38 
-2 .92 
+2.90 
-3 .02 
+3.00 
-2 .40 
+2.97 
-2 .98 

+4.58 
-4 .28 
+4.68 
-4 .47 
+3.48 
-2 .94 
+3.54 
-3 .08 

200 

+5.80 
-6 .21 
+6.50 
-6 .27 
+4.85 
-4 .50 
+4.89 
-4 .35 

250 

+6.93 
-6.93 
+7.18 
-6.97 
+5.63 
-5.43 
+6.03 
-5.83 

See Fig. 3 for description oi axes. At 100 A, AA and BB 
are ±1.70 mm from the y-axis. For the other currents, AA and 
BB are ±3.00 mm from the y-axis. The results shown are the 
means of six measurements at each position. 

di f ferent current settings: 100, 150, 200 
and 250 A. The o ther variables, such as 
the arc-co lumn height, shielding gas f l o w 
rate, and the ve loc i ty of the workp iece , 
w e r e kept constant. The vol tage ranged 
f r o m 16.7 t o 19.7 V as the current was 
increased f r o m 100 t o 250 A. For each 
setting of the arc current , the arc d imen
sions w e r e measured along four di f ferent 
axes in order t o obta in the cross-sectional 
prof i le. M o r e o v e r , six readings w e r e tak
en fo r each axis, and the mean of these 
six readings was taken to be the d imen
sion of the arc a long that axis fo r the 
particular current setting. 

Results and Discussion 

The final results for each sett ing and a 
comple te uncertainty analysis are g iven in 
Ref. 5. A summary o f the results is given 
in Table 1. Figure 3 indicates the locat ion 
of the measurements, wh ich w e r e made 
along the x- and y-axes, as we l l as along 
lines A A and BB. The distance d was 1.7 
m m (0.07 in.) fo r a current of 100 A and 
3.0 mm (0.12 in.) for currents of 150, 200 
and 250 A. The uncertainty of the posi
t ion o f the p r o b e t ip w i t h respect t o the 
cathode was ± 4 . 0 % for the 100-A arc, 
wh ich was the wors t case. The standard 
deviat ions for the measurements of the 
arc boundary locat ion w e r e ± 1 1 . 2 , 9.8, 
10.4 and 11.4%, respectively, for currents 
of 100, 150, 200 and 250 A. Since these 
are close to each o ther and as there we re 
only six repeti t ions o f each measurement , 
it should be safe t o suggest ± 1 2 % for 
the who le set of measurements. Then the 
root-sum-square of the t w o uncertainties 
is ± 12.6%. The size o f the circles repre
senting the data points in Fig. 4 approx i 
mately represents this uncertainty. A 
comple te descr ipt ion of the data and its 
analysis is g iven in Ref. 5. 

The data d o not exhibit any regular 
asymmetry fo r any o f the four currents. 
The big circles s h o w n in Fig. 4 are for a 
radius that is the average o f the distances 
of the eight points f r o m the centerl ine. It 

Study 

Present 

Nestor (Ref. 7) 

Schoeck (Ref. 6) 

Eberhart, Seban 
(Ref. 8) 

Yu (Ref. 9) 

Bulyani, Polyakov 
(Ref. 10) 

Hsu, Pfender (Ref. 
11) 

Electrodes 
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Calculated from temperature 

Current (A) 

100 
150 
200 
250 

100 
200 
300 

100 
100 
150 
150 

256 
255 

150 
150 
200 
200 
245 
245 

100 
200 
300 

Radius (mm) 

3.17 
4.47 
4.47 
6.78 

7.0 
7.5 
10.0 

5.40 
5.90 
6.30 
7.20 

8.89 
9.40 

5.0 
5.7 
6.0 
7.0 
6.2 
7.2 

4 
6.2 
7.7 

Cap (mr 

7.5 
7.5 
7.5 
7.5 

6.3 
6.3 
6.3 

6.0 
9.0 
6.0 
9.0 

6.35 
12.7 

5.0 
10.0 
5.0 
10.0 
5.0 
10.0 

— 
-
-

200 3.9 10 

(a)Shielding with argon. 
(b)12.5-mm nozzle with 1.23 kg/hr. 
(c)15-mm nozzle with velocity of 250 cm/s. 
'"' 10-mm nozzle with 0.75 g/s. 

appears that these circles are a g o o d 
representat ion of the data, at least wi th in 
the uncertainty of the measurements. 

Initially, it had been expected that as a 
result o f the anode mo t i on , the arc p ro 
file w o u l d be af fected and some asym
met ry w o u l d be in t roduced as a result. In 
o rder to make this as large as possible t o 
facilitate measurements, the we ld ing 
speed and arc length chosen, 6.35 m m / s 
and 7.5 mm, respectively, w e r e o n the 
high side fo r typical we ld ing applications. 
Thus, these t w o variables should repre
sent wors t case situations. In particular, 
the relative mo t i on b e t w e e n the arc and 
incoming co ld anode might be expec ted 
to cause cont ract ion of the arc on the 
f ront side. Howeve r , this was not 
observed . 

It appears that the arc mov ing to the 
anode at this relatively s low speed is in 
most respects similar t o a stationary arc. 
This observat ion includes the increase in 
diameter o f the current , which results 
f r o m the tempera ture of the core being 
sufficiently high that the electrical con 
duct iv i ty is almost constant, and there
fo re the current has little preference for 
the hot ter regions (Ref. 6). Consequent ly , 
the arc becomes w ider t o accommoda te 
the increasing current. 

As the arc of a mov ing electrode 
exhibits qualities characteristic of stat ion
ary arcs, it is instructive t o compare 
measurements of the latter w i t h the 
present results. Table 2 shows arc radii 
obta ined by Schoeck (point p r o b e and 
split anode) (Ref. 6), Nestor (split anode) 
(Ref. 7), Eberhart and Seban (split anode) 
(Ref. 8), Yu (split anode) (Ref. 9), Bulyani 
and Polyakov (rotat ing split anode) (Ref. 
10), Hsu and Pfender (calculated f r o m 
temperature distributions) (Ref. 11), and 
the present study (electrostatic probe) . 
All the results are in the same general 
range. Those of Eberhart and Seban are 
o n the high side. Howeve r , their anode 
was o f tungsten. This has a considerably 
lower thermal conduct iv i ty than copper , 
and so wil l opera te at a much higher 
temperature . This tends to favor spread
ing of the arc at tachment area (Ref. 9). 

The results of the present study are o n 
the l ow side of the g roup . Howeve r , the 
ef fect of the shielding gas, if any, w o u l d 
tend to coo l the co lumn and cause the 
arc t o constrict. No te that this is suppor t 
e d by the results o f Bulyani and Polyakov. 
They t o o had gas shielding and their 
results for 100 and 200 A are only slightly 
higher than this study. It should be no ted 
that they had a rapidly rotat ing and split 
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cylindrical anode (100-mm/4-in. diameter 
with 1.3-rev/s rotation and 0.4-mm/s 
translation) with net surface velocity 
about ten times typical welding speeds. 
As is true with split anodes in general, it is 
not possible to determine the shape of 
the arc attachment other than to show 
symmetry about the axis of relative 
motion between the arc and the dividing 
plane of the anode segments. If the 
assumption of circular symmetry is made 
for the arc, then the data, for the current 
density distribution as a function of lateral 
position of the splitting plane with respect 
to the cathode, can be used to find the 
current flux density. However, they give 
no information on either the symmetry of 
the lateral current distribution or that of 
the arc itself. 

It appears that the heating of the 
anode surface by the cathode jet is 
instantaneous, and the effect of the arc 
constantly coming in contact with a rela
tively cooler anode surface, as it moves, 
is negligible except for possibly a small 
overall contraction of the arc attachment. 
Also, the hydrodynamic flow that devel
ops in the cathode jet results in plasma 
velocities of the order of 104 cm/s (328 
ft/s) (Ref. 6). These two factors over
shadow the effect of the anode motion, 
thereby resulting in a circular near-anode 
cross-section similar to those obtained for 
stationary arcs. As the current input zone 
is the region of primary heating in the 

welding arc, this means that the simple 
Gaussian distribution of current density is 
appropriate, at least until more is known 
about the physics of the arc attachment. 
This model approximates the data in the 
literature. However, it is not based on 
first principles, but rather is a fortuitous fit 
to the data. 

Conclusion 

The evidence gathered with the elec
trostatic probes appears to support the 
assumption, usually made in heat transfer 
analysis of welding problems, that the arc 
column retains circular symmetry, and 
that it exhibits a size about the same as 
that of stationary arcs of the same cur
rent. 
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The purpose of this report was to systematically investigate the metallurgical influence of weld metal 
microstructure, hydrogen presence and loading rate on fracture morphology in the presence of different 
types of discontinuit ies. In order to assess the metallurgical significance of weld discontinuit ies on 
fracture characterist ics, mechanical and nondestructive testing, metallographic and fractographic 
examination, and hydrogen determinat ions were used to evaluate E7018, E9018 and E l 1018 weld 
metals. 
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The American Welding Society and the National Electrical Manufacturers Association developed 
this questionnaire as part of a project to research the status of automated welding in the U.S. We hope 
you will take the time to answer these questions. By answering, you will help AWS and NEMA to 
provide an accurate, detailed description of where the welding industry is headed. Your answers will 
be incorporated, along with those of your peers, into a summary report in a future issue of the Welding 
Journal. Feel free to contact NEMA or AWS for more details on this project. 

INHVIA 

NEMA AWS Research 
Arc Welding Section ^ ^ 5 5 0 N W L e J e u n e Rd-
2101 L. Street, N.W. ^M§}> P-O. Box 351040 
Suite 300 ^ ^ Miami, FL 33135 
Washington, DC 20037 

Thank you for your assistance. 

AUTOMATED WELDING USER SURVEY 
1. Which of the following types of welding technology do you presently utilize, or plan to utilize within 

the next five years? (Check both if appropriate.) 
Presently Plan to 

utilize utilize 
Manual shielded metal arc ("Stick") 
Manual gas tungsten arc ("Tig") 
Semiautomatic gas shielded arc welding ("Mig") 
Automatic gas shielded arc welding 
Plasma arc welding 
Resistance welding 
Laser welding 
Electron beam welding 

2. What factors limit your use of automated welding? 
Very much Somewhat Minor 
a problem a problem problem 

In-house technical capability 
Readily available technical information 
Controller capabilities 
Power supply capabilities 
Software capability 
Labor acceptance 
Middle management acceptance 
System reliability 
System cost — 
System maintenance 
Operator training 
Equipment safety 

Other: 



3. If you utilize automated welding, do you use now, or plan to use within the next five years, any of 
the following technologies? (Check both if appropriate.) 

Presently Plan to 
utilize utilize 

Through-the-arc sensing 
Contact seam tracking 
Non-contact seam tracking 
Real time weld pool analysis 
Machine-to-machine communication via hard wiring or networks 
On-line inspection operations 
Positioning sensing 

4. Within the field of automated welding, which organization presently has, and which organization 
will have five years from now, the primary responsibility for each of the following functions: (Please 
check one organization per function.) 

Equipment System End 
manufacturers Distributors intergrators user 

System design 
System installation 
Service 
Training 

5. What is your formal title or descriptive job function? 

6. What is your role in purchasing welding equipment within your firm? (Please check the appropriate 
space.) 
Recommend Specify Approve None 

7. What is the approximate number of employees involved in direct manufacturing labor at your 
facility? 
1-24 ; 25-99 ; 100-499 ; 500 and over 

8. What is the principal type of welding application at your company? (Check only one.) 
Heavy industrial Light industrial 
Automotive Other consumer products. 
High tech Military Aerospace 
Transportation 

Return to: 
AWS Research 
RO. Box 351040 
Miami, FL 33135 


