
nvestigation of Arc Force Effects 
in Subsurface GTA Welding 

The force exerted by the welding arc plasma jet generally follows 
a parabolic relationship with the welding current and increases 

with an increase in electrode immersion depth 
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ABSTRACT. The force exerted by the gas 
tungsten arc (GTA) plasma jet has been 
measured using a weighing method for 
both surface and subsurface welding 
conditions. The effects of welding cur
rent, electrode tip position relative to the 
surface of the workpiece, base metal 
type, and shielding gas on arc force have 
been experimentally determined. Results 
obtained for surface CTA welds showed 
the arc force to increase wi th welding 
current between 100 and 800 A by a 
parabolic relationship, which is consis
tent with experimental results obtained 
by most previous investigators and sup
ported by theory. Surface arc force mea
surements for both t i tanium and stain
less steel alloy base metals and a water-
cooled copper anode also showed that 
the arc force increases with a decrease 
in the electrode t ip-to-workpiece dis
tance and, for identical welding condi
tions, to be higher for welds produced 
with argon vs. helium. In addition, higher 
levels of arc force were measured for 
welds produced in titanium vs. stainless 
steel for identical welding parameters. 
Submersion of the electrode tip to depths 
of 2 and 4 mm below the workpiece sur
face promoted an increase in the arc 
force. As with surface measurements, the 
arc force increased parabolically with 
welding current and was higher for welds 
produced with argon vs. helium for all 
other conditions being identical. In con
trast to the surface condition, higher lev
els of arc force were recorded for stain
less steel vs. t i tanium. Arc force mea
surements performed on the water-
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cooled copper anode indicated that a 
geometric containment effect, which in
fluences the transfer of momentum from 
the plasma jet to the anode surface, con
tributes in part to the higher arc force 
measured in the subsurface vs. the sur
face conditions. 

Introduction 

Subsurface Gas Tungsten Arc Welding 

Subsurface gas tungsten arc (GTA) 
welding, which is commonly known as 
"immersed" or "buried arc" GTA weld
ing, is a variation of conventional GTA 
welding, which effectively extends the 
process to the joining of thick materials 
(Refs. 1-1 8). In subsurface GTA weld
ing, the tip of the nonconsumable tungs
ten electrode is gradually submerged 
below the surface of the workpiece. 
Through the use of high welding currents 
(typically between 500 and 1000 A), a 
high arc force is generated, which pro
motes formation of a deep cavity in the 
molten weld pool within which the end 
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of the electrode may be immersed. This 
electrode condition effectively localizes 
the heat source nearer to the plate cen
ter and increases the heat transfer effi
ciency by reducing radiation losses. 

Figure 1 defines the specific elements 
and terminology associated with the im
mersed arc GTA welding process. Note 
the large electrode diameter, electrode 
tip immersion depth (which may exceed 
tens of mill imeters at high current lev
els) and large pool cavity. 

The stability of the subsurface GTAW 
process is dependent on the establish
ment of equi l ibr ium between the force 
of the arc plasma jet exerted upon the 
weld pool surface and the hydrostatic 
and surface tension forces associated 
wi th the displaced molten metal. This 
arc force, which equals the arc pressure 
integrated over the area of the arc at the 
anode, results from the transfer of mo
mentum from the plasma jet to the weld 
pool surface. While this force balance is 
maintained, the process remains stable. 
However, if these forces become unbal
anced, weld discontinuities may form 
such as cavities at the weld root, or total 
process instability may result. 

Considering this prerequisite force 
balance, it is apparent that the process 
is most suitable for joining low-density 
alloys, as an equivalent arc force or pres
sure can displace a greater volume of 
l iquid and thereby al low deeper elec
trode immersion and greater fusion zone 
penetration. Similarly, alloys exhibiting 
a low thermal conductivity are also most 
amenable to the process, as this physi
cal property promotes a greater concen
tration of the welding heat, i.e., a higher 
melting efficiency. 

Origin of Arc Force in GTA Welding 

Arc force originates from the action 
of the arc plasma jet impinging upon the 
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Fig. 1 — Schematic illustration showing longitudinal cross-section 
through subsurface GTA weld. Electrode tip immersion depth is d; 
the molten metal thickness below the arc is d; true arc length is I; and 
the total fusion zone penetration depth is H. 
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Fig. 2 — Plot of arc force vs. welding current for surface arc GTA 
welds (Refs. 21, 23-26). Data by Lin and Eagar (Ref. 21) is integrated 
arc force determined from arc pressure measurements. Data by Sav
age, et al. (Ref. 23), and Stolbov (Ref. 26) is total ("uncorrected") arc 
force. Kublanov and Erokin (Ref. 25) is for plasma jet (i.e., corrected). 

weld pool surface [i.e., the stagnation 
pressure) (Refs. 19-21). During GTA 
welding, current f lows through a con
ductor of ionized shielding gas, thereby 
generating a self-induced magnetic field 
circumferentially around the arc. The in
teraction between the current f low and 
this magnetic field produces a (J X B) 
Lorentz force in a direction toward the 
central, longitudinal axis of the arc. The 
radial constriction caused by the Lorentz 
force is balanced by a radial pressure 
gradient in the arc. In a typical GTA 
welding arc produced under direct cur
rent, electrode negative conditions, nat
ural constriction occurs at the cathode 
spot located on the tip of the tungsten 
electrode, thereby promoting a diver
gent current distribution (e.g., a Gaus
sian distribution). Since the current den
sity at the cathode is greater than at the 
anode, the cathode region exhibits a 
higher gas pressure than the uncon-
stricted anode region. This difference in 
static plasma pressure results in the cre
ation of a plasma jet from the cathodic 
tungsten electrode to the anodic weld 
pool surface. As indicated above, the 
arc force, or pressure, is associated with 
the transfer of momentum from this 
plasma jet to the weld pool surface. 

Measurement of Arc Force and 
Parametric Effects 

Arc force measurement data pre
sented in the published literature are lim
ited to the conventional surface GTA 
welding process. Basically, two meth
ods have been employed to measure arc 

force: "weighing" and "pressure" meth
ods. Weighing methods involve the use 
of scales or balances in which the de
flection of the base plate or nonconsum-
able anode is precisely measured and 
related to the arc force. The measure
ment of arc pressure is generally more 
complex and involves the welding on a 
thin plate containing a fine hole, or al
ternatively, the insertion of an appropri
ate probe into the plasma jet. The ad
vantage of such pressure measurements 
over weighing methods is that they allow 
characterization of the arc pressure dis
tr ibut ion. Integration of the measured 
arc pressure over the area of the arc pro
vides the value of the arc force gener
ated by the arc plasma jet. 

As reviewed by Erokhin (Ref. 22), nu
merous investigators have experimen
tally measured the arc force exerted for 
both consumable and nonconsumable 
electrode welding processes. With few 
exceptions, most investigators generally 
agree that the arc force is related to the 
welding current by the fo l lowing 
parabolic relationship: 

F - k|2 rarc - K l (1) 

where I = welding current and k is a con
stant dependent on the tungsten elec
trode tip geometry, arc length, anode 
material, etc. In his review, Erokhin (Ref. 
22) compared the results of 33 different 
authors and found k values to range from 
about 5 to 6 X 1 O"6 g/A2 in the 1 00- to 
300-A range. These values were ob
tained from measurements of the total 
arc force, which included contributions 

of both the plasma-jet force and three-
dimensional electromagnetic volumet
ric forces on the weld pool. 

Figure 2 provides a summary of data 
obtained from the published literature 
for surface GTA welds (Refs. 21 , 23-26). 
Although a parabolic relationship be
tween arc force and arc current was gen
erally observed, which is consistent with 
theory, a wide range of absolute force 
values have been obtained. The only ex
ception is the work of Savage and 
coworkers (Ref. 24), who observed a lin
ear relationship between the arc force 
and current. These differences result in 
part from the use of different experimen
tal apparatus, the measurement of total 
vs. corrected arc force, differences in the 
manner in which correction factors were 
determined, and finally, from the varia
t ion in process parameters and condi
tions other than exclusively welding cur
rent. 

Ult imately, the goal of characteriz
ing the arc force during GTA welding is 
to relate measured values to the weld
ing process performance, the weld fu
sion zone surface quality, bead profile 
and associated defects (humping bead 
formation, underfil l, undercut, void, or 
cavity formation) and the geometry of 
the fusion zone cross-section (in partic
ular, the depth of penetration). Clearly, 
the complex interaction of many addi
tional factors influences these weld char
acteristics, such as weld metal density, 
viscosity, electromagnetic (Lorentz) in
duced volumetric forces, and surface 
tension driven fluid f low. However, in 
the specific case of the subsurface GTA 
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welding process, the arc force plays a 
critical and dominant role in determin
ing the formation and geometry of the 
weld pool and fusion zone and in con
trolling overall process performance. 

Objectives 

The overall purpose of this study was 
to investigate the nature of arc force ef
fects in GTA welds produced below the 
surface. Specific objectives for the study 
included: 1) evaluating the influence of 
welding parameters and conditions on 
arc force measured for conventional, 
surface GTA weldments; 2) systemati
cally determining the relationships be
tween arc force and pertinent subsur
face GTA welding parameters including 
welding current, electrode tip immer
sion depth, material type, and shielding 
gas; 3) relating the arc force measure
ments to weld pool penetration and ge
ometry. 

Experimental Procedure 

The Subsurface GTA Welding System 

A principal limitation to the effective 
application of subsurface GTA welding, 
particularly at high welding currents and 
travel rates, is a narrow parameter op
erational range and, correspondingly, a 
necessity for the accurate control and 
maintenance of welding parameters. In 
addition to precise weld parameter con
trol, a requirement of the present inves
tigation included the simultaneous and 
accurate monitoring of numerous weld
ing system parameters. Both of these 
goals were achieved through the inte
gration of state-of-the-art welding power 
and control subsystems into a micro
computer-based control and data-acqui
sition system. 

Two SCR-controlled Mil ler Intell i-
weld 650 welding power supplies were 
connected in parallel to provide a total 
maximum welding current capability in 
excess of 1300 A. A D&F Specialties 
high-current GTA welding torch was 
used with a Jetline ALC 1 01 automatic 
voltage control . Transverse motion of 
the welding torch was provided by a 
conventional side beam carriage and a 
Minarik Model RG-1 01 -UC motor con
troller. Through the use of a digital-to-
analog (D/A) conversion board and out
put isolators, pertinent welding param
eters such as welding current, travel rate, 
arc voltage and torch position could be 
automatically and precisely controlled. 
The use of an analog-to-digital conver
sion board and input isolators allowed 
the simultaneous monitoring of perti
nent welding parameters and signals, in
cluding the actual welding current and 
voltage. A linear-variable-differential 

transducer (LVDT) was attached to the 
welding torch in order to continuously 
monitor electrode tip position relative 
to the plate surface. 

Each element of the welding system 
was considered as an individual block 
and calibrated separately. The static sen
sitivity and linear attributes of each sub
system were determined and later em
ployed when wri t ing computer pro
grams for the welding schedules. 

Arc Force Measurements 

Arc force measurements were per
formed using a weighing method. A l 
though the use of balance beam meth
ods was considered, it was determined 
that use of a high-resolution commer
cial scale would instead provide accept
able accuracy, considering the high cur
rent and arc forces evaluated in this 
study, while effectively eliminating elec
tromagnetic disturbances which had 
caused significant difficulties in several 
previous studies. A Toledo Scale Model 
6112 equipped with a digital strain 
gauge load cell was used with a Model 
8520 signal processor for all arc force 
measurements. Following signal pro
cessing, the information was stored in 
the microcomputer. An important ad
vantage of this system was its excellent 
shielding from electromagnetic noise 
because of the analog/digital signal con
version occurring inside the shielded 
load cell. Signal transmission and pro
cessing were digital, so the signal re
mained essentially free of noise despite 
the passage of currents up to 900 A at a 
distance of only 50 mm (2 in.) from the 
Wheatstone bridge in the load cel l . 
High-frequency/high-voltage signals 
used for arc initiation did not influence 
the scale output. 

Numerous sources of error can influ
ence arc force measurements, including 
electromagnetically induced volumetric 
forces on the weld pool and surround
ing material, electromagnetically in
duced forces due to welding cables, 
shielding gas effects, thermal gradients, 
vibration, and pool oscil lation. During 
all welding experiments, the influence 
of these effects was minimized by the 
appropriate positioning of welding ca
bles and use of mult iple, symmetric 
ground connections. To assure accurate 
force measurements and eliminate ex
traneous signals in the arc force mea
surement (isolating on the plasma-jet 
force), various calibration tests were per
formed. These procedures included: 
scale calibration using static weights, 
welding current calibration using a no-
arc condition with a liquid gallium con
tact and shielding gas/no-arc calibra
tion. 

Scale calibration for the maximum 

load/resolution combination using stan
dard test weights between 0.5 g and 1 0 
kg (0.01 6 oz and 22 Ib) was performed 
using recommended procedures pro
vided by the scale manufacturer. The 
use of digital filters helped produce 
smooth, noise-free output signals fo l 
lowing an initial transient period. A res
olut ion of 0.5 g was achieved, which 
was excellent considering that, with the 
total weight of the weld specimens and 
cables, the scale was operating near its 
mid-range of about 5000 g. Initial tran
sients varied from about 1.2 to 2.0 s, and 
data collected during these transients 
were disregarded. Welds were produced 
for 5 to 1 0 s after reaching apparent 
quasi-stationary, steady-state thermal 
conditions (based on achievement of a 
constant bead width). Therefore, at a 50-
Hz sampling rate, appreciable data 
points were obtained for averaging a sin
gle arc force value. 

Eliminating signals other than those 
resulting from the force of the plasma jet 
was achieved by measuring the arc force 
for a current-but-no-arc condition (Ref. 
27). For this analysis, the thoriated tungs
ten electrode was immersed in l iquid 
gal l ium, and the welding current was 
varied between 1 00 to 1 200 A in 100 A 
increments. The no-arc forces were sub
sequently subtracted from the total arc 
force measured by the scale during 
welding. 

Measurement of shielding gas effects 
revealed that the total gas flow pressure 
was below 0.5 g for argon and helium 
shielding gases. The influence of the gas 
f low on arc force measurements was 
eliminated by zeroing the force reading 
from the scale, init iating the gas f low, 
and subsequently zeroing the force read
ing prior to arc initiation. 

Arc Force Measurement Procedures 
and Test Program 

Arc force measurements were per
formed for both surface and subsurface 
GTA welding. Variables for tests per
formed on consumable base materials 
included base material type, electrode 
tip position relative to the base plate, 
and shielding gas. Tests were also per
formed on a flat, water-cooled copper 
anode to evaluate changes in the arc 
force and plasma geometry with weld
ing current and shielding gas. Additional 
tests were performed on grooved water-
cooled copper anodes in order to study 
the influence of anode geometry (flat vs. 
grooved to simulate confinement of the 
arc within a cavity) on arc force. 

Materials 

Two different base metals were uti
lized in the present investigation: a Ti-
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Fig. 3 — Groove geometries for copper anode subsurface GTA simulation experiments. A • 
Variable groove depth; B — variable groove width. 

1 5V-3Al-3Sn-3Cr (wt-%, hereafter des
ignated as Ti-1 5-3) t i tanium alloy and 
Type 410 martensitic stainless steel. Ti-
15-3, which is a metastable beta tita
nium alloy, was provided in the form of 
25.4-mm-thick (1-in.) alpha/beta an
nealed plate. It was anticipated that the 
higher beta stabilizer content of this 
alloy, as compared to conventional 
alpha/beta titanium alloys, would pro
mote retention of beta phase in the fu
sion zone on weld cooling, thereby al
lowing resolution of the solidif ication 
grain and subgrain growth structures. 
Type 410 stainless steel plate 1 2.7 mm 
(xh in.) thick was provided in the 
quenched-and-tempered condition. Fu
sion zone solidification of this alloy to 
coarse, columnar ferrite grains allowed 
resolution of macroscopic solidification 
behavior experienced by the weld pool. 

Surface GTA Welding Measurements 

Initial arc force measurement exper
iments were performed for conventional 
surface GTA welds to provide a data
base wi th which arc force values ob
tained by previous investigators could 
be comparatively evaluated and wi th 
which subsequently developed data for 
the subsurface GTAW condition could 
be compared. All experiments were con
ducted on 300-mm long by 50-mm wide 
(12 X 2-in.) plates sectioned from each 
base material. All welds produced in this 
program were performed using direct 
current with the electrode negative 
(straight polarity). For the surface weld
ing condit ion, a constant distance of 6 
mm (0.24 in.) (the automatic arc voltage 
controller was deactivated) was main
tained between a 9.5-mm (0.37-in.) d i 

ameter, 2% thoriated tungsten electrode 
and the workpiece. The electrode tip in
cluded angle was maintained at 30 deg, 
and the welding current was varied from 
100 to 800 A in 100-A increments. 
Travel rates were also maintained con
stant at 5.1 mm/s (12 in./min) for each 
respective base material during these 
tests (bead width/pool size compensa
tion was not maintained). Consequently, 
as the welding current was increased, 
the total energy input into the weld pool, 
and therefore the weld pool size, in
creased (assuming only relatively small 
changes in arc voltage as well as in the 
arc and melting efficiencies). This 
methodology was consistent with that 
used most frequently by previous inves
tigators. Since the welds were performed 
autogenously (i.e., no fi l ler metal), all 
welds produced over this wide range of 
energy inputs did not exhibit complete 
weld integrity, particularly with regard 
to the occurrence of an irregular weld 
surface profile and undercut. Shielding 
of the welds was provided by argon (38 
L/min — 18 ft3/h) or helium (76 L/min 
— 36 ft3/h), wi th appropriate trail ing 
shields used for welding Ti-15-3. 

Measurements of arc force were also 
made for an arc maintained between the 
2% thoriated tungsten electrode and a 
water-cooled copper anode. This tech
nique was used to examine the inf lu
ence of welding current, shielding gas 
and electrode tip immersion depth on 
the arc force. 

Subsurface GTAW Measurements 

After establishing the validity of the 
arc force measurement technique using 
surface GTA welding, the effects of the 
welding current, base metal type, shield
ing gas and electrode tip immersion 
depth on the arc force were determined 
for the subsurface condit ion. Initial ex
periments were conducted on a water-
cooled copper anode to simulate the in
fluence of arc confinement on the mea
sured arc force in a more control led 
manner. The influence of cavity depth 
on measured arc force was examined by 
maintaining an arc between the 2% tho
riated tungsten electrode and a grooved 
water-cooled copper anode. Welds 
were produced at currents of 1 00, 200 
and 300 A, and a constant travel rate of 
5.1 mm/s. The groove was 1 2.7 mm in 
width and varied in depth (stepped) in 
increments of 2,4, 6, 8 and 10 mm (0.08, 
0.16, 0.24, 0.31 and 0.39 in.), as 
schematically shown in Fig. 3A. During 
the experiment, the distance between 
the tip of the electrode and the bottom 
of the groove was maintained at 6 mm. 
Inert gas shielding was provided by 
argon at 38 L/min. In a second experi
ment, the influence of groove width on 
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Fig. 4 — Plot of arc force vs. welding current for surface GTA welds 
produced in titanium and stainless steel. Electrode tip-to-workpiece 
distance = 6 mm; travel rate = 5.1 mm/s; argon and helium shield
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Fig. 5 — Plot of arc force vs. current for arc produced between tungs
ten electrode and copper anode. Electrode tip-to-workpiece distance 
= 6 mm; travel rate = 5.1 mm/s; argon and helium shielding. 

arc force was determined by cont inu
ously decreasing the width of a square 
groove 6 mm in depth from 32 to 1 2.7 
mm (Fig. 3B). As in the previous experi
ment, the distance between the tip of the 
electrode and the bottom of the groove 
was maintained constant at 6 mm (in 
other words, the electrode tip-to-work
piece distance was equal to zero). 

Subsurface GTA welds were pro
duced in the titanium and stainless steel 
base materials with electrode tip immer
sion depths of 0, 2 and 4 mm for tita
nium only below the plate surface. 
Welds were initiated in the surface con
dit ion (6 mm electrode-to-work dis
tance) and the electrode was slowly low
ered in stepped increments, where it re
mained for sufficient time to reach a 
quasi-steady-state condit ion and con
stant arc force value (generally 5 to 10 
s) before lowering to the next level. 
Welding currents were generally varied 
from 400 to 900 A in 100-A increments 
(DC, electrode negative), with the weld 
travel rate remaining constant at 5.1 
mm/s. All welds were bead-on-plate pro
duced autogenously and exhibited par
tial penetration. As in the surface GTA 
welds, the exclusive variation of the cur
rent and electrode position in these ex
periments precluded achieving high in
tegrity in all welds. 

Weld Characterization 

After welding, selected specimens 
were sectioned, mounted in epoxy, 
ground, polished and etched for metal
lographic analysis. Weld penetration 
depth, surface bead width and the over
all weld pool geometry were character
ized. In addition, the morphology of the 
columnar fusion zone grain structure 
and the cellular-dendritic solidification 
substructure were analyzed to develop 
a further understanding of weld pool 

cavity shape and weld solidif ication 
conditions. 

Results 

Experimental results are presented 
and discussed in the sections below in 
order of: 1) arc force measurements for 
surface GTAW, 2) arc force measure
ments for subsurface GTAW, and 3) 
characterization of the weld pool geom
etry. 

Arc Force Measurements for Surface GTAW 

Surface GTAW measurements were 
performed primari ly for comparison 
with previously published values of arc 
force for surface GTAW and with arc 
force measurements obtained in this 
study for subsurface GTAW. Test results 
for consumable anodes (titanium and 
stainless steel) and the water-cooled 
copper anode are presented in Figs. 4 
and 5, respectively. Unless noted other
wise, all force measurements presented 
are "corrected" to give only the arc 
plasma jet contribution to the total mea
sured force. These corrected arc force 
values were approximately 50% of the 
total arc force measured. Similar pro
portions have been reported by other in
vestigators (Ref. 26). Values of arc force 
measured for titanium and stainless steel 
base materials (Fig. 4) and a water-
cooled copper anode (Fig. 5) were found 
to increase parabolically with the weld
ing current, wi th a maximum arc force 
of approximately 1 6 g measured at 800 
A for a weld produced in titanium with 
argon shielding. The results generally 
compared quite favorably wi th pub
lished data shown in Fig. 2. 

In addition to the influence of weld
ing current, the arc force data presented 
in Figs. 4 and 5 indicate an influence of 
the base metal substrate and the shield

ing gas on the arc force. A higher arc 
force was measured for t i tanium vs. 
stainless steel, with the difference being 
more significant for helium vs. argon 
shielding. A consistently greater arc 
force for argon vs. helium shielding is 
also shown. 

Final measurements of arc force for 
the surface GTAW condition evaluated 
the influence of electrode tip-to-work
piece distance on measured arc force. 
Results were consistent with those re
ported by Savage and coworkers (Ref. 
23). Recently, Lin and Eagar (Ref. 21) 
also showed an increase in maximum 
arc pressure with a decrease in electrode 
tip-to-workpiece distance, with the ef
fect most significant for helium shield
ing. In the present work for stainless steel 
plate welded at 300 A in argon, the arc 
force increased from 2.7 g at an elec
trode tip-to-workpiece distance of 0.25 
in. to 4.5 g for a zero gap. 

Arc Force Measurements for 
Subsurface GTAW 

Corrected arc force measurements 
were made for subsurface GTA welds 
produced on consumable titanium and 
stainless steel anodes, and on water-
cooled copper anodes to simulate geo
metric containment effects experienced 
by the arc. Figure 6 shows a plot of arc 
force vs. the distance between the elec
trode tip and the top surface of the cop
per plate for arcs produced between the 
tungsten electrode and a water-cooled 
copper electrode that contained a 6-
mm- wide square groove which in
creased in stepped increments from 0 to 
10 mm deep. As shown, an increase in 
the electrode tip immersion depth below 
the top surface of the plate (while main
taining a constant distance from the elec
trode tip to the bottom of the groove con
stant of 6 mm) resulted in a continuous 
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Fig. 6 — Plot of arc force (gm) vs. distance from electrode tip to plate 
surface (mm) for tungsten arcs produced within 12.7-mm wide groove 
in water-cooled anode. The distance between the electrode tip and 
the bottom of the groove was maintained at 6 mm. Travel rate was 
5.1 mm/s; argon shielding. 
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Fig. 7 — Plot of arc force vs. groove width in water-cooled copper 
anode. Groove depth was 6 mm, and the distance between the elec
trode tip and the bottom of the groove was maintained at 6 mm. Travel 
rate was 5.1 mm/s; argon shielding. 

increase in arc force for all three cur
rents evaluated. Although not shown in 
Fig. 6, a further increase in immersion 
depth above 6 mm (measurements were 
made at 8 and 10 mm at 300 A) showed 
no further increase in arc force. 

Figure 7 shows the results of a simi
lar analysis in which an arc was main
tained between the tungsten electrode 
and a water-cooled copper anode con
taining a groove of varying width but 
with a constant 6-mm depth. For a con
stant electrode tip-to-groove bottom dis
tance of 6 mm (i.e., zero gap between 
the electrode tip and the top of the 
anode), the arc force increased with a 
decrease in the groove width. 

Figures 8 and 9 show plots of arc 
force vs. welding current for surface GTA 
welds (6 mm electrode tip-to-workpiece 
distance) and subsurface GTA welds 
produced at various electrode tip im
mersion depths in titanium for argon and 
helium shielding, respectively. As with 

the surface measurements, arc force data 
obtained for all electrode immersion 
depths consistently showed a parabolic 
increase in arc force with an increase in 
welding current. A decrease in the elec
trode tip-to-workpiece distance to zero 
and finally to a subsurface condition re
sulted in an increase in the measured 
arc force. For welds produced in tita
nium using argon shielding, an electrode 
tip immersion of 4 mm resulted in ap
proximately a 25 to 35% increase in arc 
force vs. the surface condit ion over a 
range of welding currents. For helium 
shielding, an even greater proportional 
increase in arc force was measured for 
an electrode tip immersion depth of 2 
mm, with nearly a 1 00% increase vs. the 
surface arc (6 mm) condition. The influ
ence of shielding gas type on arc force 
also paralleled the results of surface stud
ies, wi th argon consistently registering 
higher arc force levels for comparable 
electrode tip immersion depths. 

Arc force vs. welding current for sur
face and subsurface GTA welds pro
duced in stainless steel wi th argon 
shielding is plotted in Fig. 10 and shows 
a significant increase in measured arc 
force wi th electrode immersion. At a 
400-A welding current, the arc force in
creased from about 4.5 to 12 g in tran
sition from surface condition to a 2-mm 
electrode tip immersion depth. Although 
the arc force levels measured for stain
less steel were below those of titanium 
in the surface condit ion, the greater in
crease in arc force wi th immersion for 
stainless steel resulted in greater mea
sured force levels in the zero gap and 2-
mm electrode tip immersion depth con
ditions. 

Weld Pool Geometry 

Selected surface and subsurface GTA 
welds were sectioned for metallographic 
analysis to better understand how weld-
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ing parameters (in particular electrode 
tip immersion depth and shielding gas) 
influence the geometry of the molten 
weld pool and the cavity within which 
the electrode is submerged. Figure 
11 A - D shows light macrographs of GTA 
welds produced in the Ti-1 5-3 titanium 
plate at a 500-A welding current, 5.1 
mm/s travel rate, argon and helium 
shielding and with electrode tip immer
sion depths of 0 and 4 mm. 

A significant influence of shielding 
gas on the weld pool geometry and 
depth-to-width ratio is apparent. Welds 
produced wi th argon shielding exhib
ited two different grain structure pat
terns. In the lower portion of the weld 
pool, columnar beta grain solidification 
occurred epitaxially from the side walls 
toward the center of the pool, abutting 
at the weld centerline. The solidification 
structure resembled that exhibited by ti
tanium alloy welds produced using high-
energy-density processes approximating 
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Fig. 10 —Plot of arc 
force vs. welding cur
rent for surface and 
subsurface GTA welds 
produced in stainless 
steel at varying 
electrode tip-to-work
piece distances. Travel 

8 0 0 rate - 5, | mm/s, argon 
shielding. 

two-dimensional (thin-plate condition) 
heat f low. Near the top of the weld, the 
fusion zone broadened and the beta 
grain growth orientation changed to
ward the top surface, similar to grain 
growth in conduction-limited, three-di

mensional, heat-flow conditions (simi
lar to a thick-plate condition) commonly 
observed in partial-penetration surface 
GTA welds in titanium plate. Despite the 
surface broadening, depth-to-width ra
tios of the welds produced in argon were 

Fig. 11 — Macrographs showing transverse cross-sections of subsurface GTA welds produced in titanium with electrode tip-to-workpiece dis
tances of zero and —4 mm. Arrows indicate approximate location of electrode tip during welding. Welding current = 500 A and travel rate = 5.1 
mm/s. A, C — Argon shielding; B, D — helium shielding. Note differences in the growth orientation of columnar beta grains. 
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Fig. 12 — Plot of weld 
fusion zone D/W ratio 
vs. welding current for 
surface and subsurface 

GTA welds produced in 
titanium at varying 

electrode tip-to-work
piece distances. Travel 
rate = 5.1 mm/s, argon 
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Fig. 13 — Macrographs showing transverse 
cross-sections of surface and subsurface GTA 
welds produced in Type 410 stainless steel 
at electrode tip-to-workpiece distances. Top 
to bottom: 6 mm, zero, —2 mm. Welding cur
rent = 400 A, travel rate = 5.1 mm/s, argon 
shielding. 

0.62 and 0.9 for the weld produced with 
0 and 4 mm electrode tip immersion 
depths. Welds produced with helium 
shielding using identical parameters 
(Fig. 11C and D) did not exhibit the re
gion of deep penetration. Instead, they 
showed shallow, low depth-to-width ra
tios (0.32 and 0.40 for welds produced 
with 0 to 4 mm electrode-tip immersion 
depths, respectively). Solidification oc
curred in a manner typical of three-di
mensional, conduction-l imited heat 
f low, with columnar beta grains grow
ing from the base metal substrate up to
ward the weld pool surface. The weld 
produced with a 4-mm electrode tip im
mersion depth did show evidence of a 
transition to the deeper penetrating fu
sion zone geometry exhibited by the 
argon-shielded welds, and perhaps at 
higher electrode tip immersion depths 
would result in the formation of such a 
weld pool geometry. 

Figure 12 shows a plot of weld 
depth/width ratio vs. welding current for 
subsurface GTA welds produced in the 
t i tanium plate wi th argon and helium 
shielding gases, and indicates an in
crease in this ratio with an increase in 
welding current and electrode tip im
mersion depth. Although the data were 
l imited to only one current level, a 
higher weld depth/width ratio was also 
observed for argon vs. helium shielding. 

The weld fusion zone geometry for 
surface and subsurface GTA welds pro
duced in Type 410 stainless steel dif
fered from those produced in t itanium. 
As shown in Fig. 1 3, a decrease in the 
electrode t ip-to-workpiece distance 
from 6 mm to the subsurface condition 
o f - 2 mm promoted an increase in both 
the depth of penetration and depth-to-
width ratio. Columnar grain growth dur
ing solidif ication of the stainless steel 
welds occurred both in toward the cen
terline and up toward the top and cen
ter of the fusion zone, with the two dis
tinct regions of differing growth orienta
tion observed in the titanium welds pro
duced with argon shielding not appar

ent. Consistent wi th the weld macro
graphs, the weld depth-to-width ratio in
creased with current level and immer
sion depth — Fig. 1 4. Limited data ob
tained for subsurface GTA welds pro
duced in the stainless steel with helium 
shielding showed a decrease in the fu
sion zone depth-to-wiclth ratio vs. welds 
produced in argon. 

Discussion 

The section below correlates and fur
ther discusses results obtained in this 
study. Based on the similarities in the re
lationships observed for the surface and 
subsurface conditions, parametric ef
fects on arc force, and the origin of these 
effects, are discussed concurrently for 
these two conditions in a comparative 
manner. 

Effect of Welding Current on Arc Force 

The parabolic relationship measured 
in the present study between arc force 
and welding current for both surface and 
subsurface GTA welding was generally 
very consistent wi th that observed by 
previous investigators for surface weld
ing conditions, and with a recent theo
retical analysis by Converti (Ref. 28). As 
indicated above, the subsurface GTA 
welds produced using helium shielding 
did not exhibit a distinct parabolic rela
tionship. However, it is believed that this 
inconsistency resulted principally from 
insufficient data obtained from helium-
shielded welds required to construct a 
complete plot rather than from a funda
mental change in the phenomena/con
ditions that control this relationship. Al
though all arc force data presented in 
the study were corrected to include only 
force contributions from the arc plasma 
jet, an analysis of the uncorrected total 
arc force levels determined k coefficient 
values in Equation 1 to be between 5 
and 6 X 1 0"6 g/A2, which are exactly in 
the range reported by Erokhin's work 
(Ref. 22). Generally, arc force measure
ments for surface conditions obtained 
in the present work fell within the range 
of plasma jet (i.e., corrected) arc force 
values reported by several previous in
vestigators (Fig. 2), despite differences 
in measurement techniques and weld
ing conditions. 

Effect of Electrode Tip Immersion 
Depth on Arc Force 

An analysis of the literature reveals 
very little information regarding the in
fluence of electrode t ip-to-workpiece 
distance on the measured arc force, and 
no data for the subsurface arc condition. 
Work by Savage and coworkers (Ref. 23) 
showed a reduction in the surface arc 
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length to increase arc force, although 
his uncorrected arc force measurements 
were appreciably greater for similar 
welding parameters than those in the 
present study. Lin and Eagar (Ref. 21) 
showed an increase in maximum arc 
pressure with a decrease in arc length, 
with the effect appreciably more signifi
cant for helium vs. argon shielding gas. 
They attributed this difference to the 
greater spreading of the helium plasma 
jet vs. that of argon, and correspond
ingly, the higher radial momentum dis
sipation in hel ium. Results of the pre
sent study were consistent wi th these 
previous results in determining that a de
crease in the electrode tip-to-workpiece 
distance in incremental steps from a 6-
mm surface condition to a condition in 
which the electrode tip was immersed 
4 mm below the surface of the work-
piece showed an increase in arc force 
for both base metal types and shielding 
gases. 

An analysis of the weld pool geome
tries and the results of tests performed 
on water-cooled copper anodes pro
vides some rationale for the observed 
relationships. The results of experiments 
on grooved, water-cooled, copper an
odes clearly suggest an "arc contain
ment" effect, such that an arc produced 
wi th in a cavity surrounded by solid 
metal exerts a greater force than an arc 
produced (for the same welding param
eters and electrode tip-to-workpiece dis
tance) on a flat, open surface. Although 
not detailed here, the influence of arc 
containment may be explained using 
fluid mechanics models relating the in
fluence of surface geometry on changes 
in the momentum flux of an impinging 
fluid (Ref. 29). This analysis suggests that 
changes in the momentum flux of the in
coming vs. the outgoing arc plasma jet 
(after it impinges the surface) is strongly 
influenced by the surface geometry (i.e., 
the weld pool surface profile). Wi th the 
change in momentum flux, therefore, 
the effective reaction force imparted by 
the arc plasma jet becomes greater as 
the surface becomes increasingly con
vex and deeper. Intuitively, this is the 
same effect that results in a greater force 
being produced on a cupped surface im
pinged by a gaseous or liquid fluid vs. a 
flat surface of the same projected area. 
The differences in this force results be
cause the change in momentum of the 
f luid impinging the surface and being 
reversed in direction is greater for the 
convex vs. the flat surface. 

This arc containment effect may in 
part explain the consistently greater arc 
force measurements for t i tanium alloy 
welds produced with argon vs. helium 
shielding. Based on the analysis of weld 
pool geometry and columnar beta grain 
and solidification-substructure orienta-
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t ion, welds produced with argon shield
ing and an immersed electrode tip con
dit ion appeared to exhibit a deep weld 
cavity and pool shape. In contrast, welds 
produced in t i tanium with helium 
shielding, even with a 4-mm electrode 
tip immersion depth, exhibited a much 
shallower and less concave pool sur
face. This lower degree of arc contain
ment by the welds produced in helium 
apparently contributed in part to the 
lower arc force levels. 

Addit ional factors may also con
tribute to an increase in arc force with 
increased electrode tip immersion. The 
immersion of the electrode tip within a 
cavity, in conjunction with a relatively 
short arc length and high arc current, 
vaporize elements in the molten weld 
pool. The presence of these elements in 
the plasma likely influence the arc 
plasma geometry and ultimately the arc 
force. 

Effect of Shielding Gas on Arc Force 

The higher arc force levels consis
tently measured for welds produced with 
argon vs. helium shielding for both sur
face and subsurface GTAW conditions 
were consistent with previous arc pres
sure measurements by Lin and Eagar 
(Ref. 21) and Yamauchi (Ref. 30). In ad
dit ion to the aforementioned effect of 
weld pool surface shape, factors that 
promote this behavior include the 
greater density of argon vs. helium, and 
the higher velocity of the argon vs. the 
helium arc plasma jet due to the higher 
viscosity of helium vs. argon (Ref. 21). 

As indicated in the previous section, 
differentiating the influence of shielding 
gas on arc force in welds produced on 
actual consumable anodes becomes 
more complex due to synergism effects. 
In actual welds, the arc pressure distri
bution and arc force may be affected by 
variables other than differences in the 
physical and electrical properties of the 
inert gases. These may include the ac
tual arc length, the geometry of the pool 
surface and weld pool vaporization ef
fects. 

Effect of Base Metal Type on Arc Force 

The higher arc force values measured 
for titanium vs. stainless steel base met
als under surface conditions were con
sistent with results previously reported 
by Burleigh (Ref. 27). He suggested that 
this difference may originate from dif
ferences in the arc plasma composition 
caused by variations in the level of va
porized metallic elements in the arc, as 
influenced by differences in the heats of 
vaporization of these elements. Arc force 
values for both base metals were wel l 
above values measured for the water-
cooled copper electrode, further sug
gesting that base metal vaporization may 
have affected the arc and ultimately the 
arc force. 

The higher levels of arc force for 
stainless steel as compared to titanium 
under identical welding conditions sug
gest that a different effect begins to dom
inate the arc force wi th increased im
mersion depth. 

Effect of Welding Conditions on 
Weld Pool Geometry 

Although the present study was l im
ited with regard to base metal thickness, 
welding current, and electrode tip pen
etration (because of l imitations of the 
maximum load capacity of the scale), 
results clearly showed an influence of 
increased electrode tip immersion depth 
on increasing the weld fusion zone pen
etration and depth-to-width ratio over a 
wide range of welding currents. For cur
rent levels used in the present work, this 
influence was most significant for argon 
shielding because of the basic geome
try of the weld pool produced. 

Conclusions 

1) Measurements of the force exerted 
by the gas tungsten arc on titanium alloy 
and stainless steel plates for the surface 
condition have shown a parabolic rela
tionship between the "corrected" arc 
force and the welding current for cur-
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rent levels r ang ing f r o m 100 to 8 0 0 A. 
For i den t i ca l w e l d i n g paramete rs , arc 
f o r c e leve ls w e r e greater fo r t i t a n i u m 
than stainless steel and for a rgon c o m 
pared to he l i um sh ie ld ing. 

2) A n increase in e l e c t r o d e i m m e r 
sion depth f rom the surface cond i t i on to 
b e l o w the w o r k p i e c e surface p r o m o t e d 
an increase in arc f o r c e fo r b o t h base 
materials and sh ie ld ing gases. 

3) Subsur face G T A w e l d i n g e x p e r i 
ments o n the base mate r ia l s s h o w e d a 
s im i la r p a r a b o l i c increase in co r rec ted 
arc f o rce w i t h w e l d i n g c u r r e n t , w i t h a 
m a x i m u m arc force of 25 g at 900 A and 
a submers ion dep th o f 4 m m b e l o w the 
w o r k p i e c e sur face. A rc f o rce measure
ments w e r e greater fo r sta in less steel 
t han t i t a n i u m in the subsur face c o n d i 
t i on , and higher for we lds p roduced w i t h 
argon vs. he l i um sh ie ld ing. 

5) Exper imen ts p e r f o r m e d us ing a 
g rooved , wa te r -coo led copper anode in 
d icated an increase in arc force w i t h i n 
creased " con ta i nmen t " of the arc w i t h i n 
t he s imu la ted w e l d cav i t y , suggest ing 
that this effect may con t r i bu te in part to 
t he greater arc fo rces measu red in the 
subsurface cond i t i on . 

6) W e l d fus ion zone penetrat ion and 
d e p t h - t o - w i d t h rat io inc reased w i t h 
e lect rode immers ion dep th , w i t h the lat
ter be ing a p p r e c i a b l y greater for a rgon 
vs. h e l i u m sh ie ld i ng . These d i f ferences 
have been a t t r ibu ted in part t o d i f ferent 
cav i t y a n d w e l d p o o l geomet r i es for 
these d i f fe ren t sh ie ld ing gases, and are 
corre la ted w i t h di f ferences in measured 
arc force. 
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