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Increasing welding speed beyond a critical limit results 
in weld-bead undercutting and/or humping which are 

related to arc force and its distribution 
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ABSTRACT. This investigation deals 
with the mechanism of formation of 
defects in GTA welding. Increasing the 
welding speed beyond a critical limit 
results in deterioration of the weld 
bead by undercutting and/or hump
ing. The travel-speed limit was ob
served to increase wi th the use of: 

1. Lower welding current. 
2. He shielding gas. 
3. Shorter electrode-to-work dis

tance. 
4. Smaller diameter electrodes. 
5. Larger included angles at the apex 

of the conical t ip of the electrode. 
6. Lower frequency pulsed-current. 
An arc-force measurement system, 

util izing a linear variable differential 
transformer, was effective for measur
ing the total arc force which acts 
against a plate surface during welding. 
The arc force was found to be a func
tion of both electrode-to-work dis
tance and welding current and was not 
affected by travel speed, shielding gas, 
electrode geometry, or pulse frequen
cy. When the electrode-to-work dis
tance was held constant at 2.4 mm 
(0.094 in.), the arc force varied linearly 
from 2.6 to 14.3 grams for welding 
currents of 100 to 550 amperes. This 
linear relationship existed between 
welding current and arc force, regard
less of whether weld defects were 
present or not. 

There was no direct relationship 
between the travel-speed limits and 
the total arc force. The observations of 
the bead cross-sections revealed, how
ever, that the welding variables which 
gave the higher travel-speed limits had 
a tendency to produce either a 
concave or flat root penetration. From 
this fact, the effective arc pressure for 

the formation of weld defects was 
considered to be low under those 
welding variables, even though the 
total arc force remained the same. 

Introduction 

This investigation deals wi th the 
relationship between arc force and the 
mechanism of weld-defect formation 
in gas tungsten arc (GTA) welding. 
Three types of weld defects are of 
specific interest: 

1. Humping—an irregular surface 
contour consisting of a series of bead
like protuberances separated by inter
vals of relatively uniform bead-surface 
contour. 

2. Undercutting—a groove, melted 
into the base metal adjacent to the 
fusion zone, which is left unfil led wi th 
weld metal. 

3. Tunnelling—a special form of un
dercut in which an open channel, 
which remains unfil led with weld 
metal, is formed at the root. 

In arc welding, it is well known that 
increasing the welding speed beyond a 
certain critical limit results in deterio
ration of the weld bead in the form of 
undercutting and/or humping. The 
prevention or minimization of these 
defects is a highly important goal, 
because it would permit increasing the 
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maximum welding speed and, there
fore, the melting efficiency. As a first 
step, it is necessary to clarify the mech
anism of formation of these defects. 

The main reason for the defects is 
the time interval between the gouging 
of a channel on a plate surface by the 
arc and the fil l ing of this channel wi th 
molten meta l . '4 Under the welding 
conditions which produce weld de
fects, the molten metal beneath the 
arc is forced to move toward the rear 
of the pool and a gouged solid surface 
appears beneath the arc. As the arc 
moves ahead, no defect occurs if the 
molten metal in the rear of the pool 
flows forward and fills the entire 
gouged region. Conversely, either rap
id solidification of the molten metal at 
the rear of the pool or imperfect fi l l ing 
wi th the molten metal results in the 
formation of weld defects. Both the 
physical and metallurgical properties 
of the gouged surface are important 
factors affecting defect formation. 
However, the published literature 
does not contain much information 
regarding effects of these properties.3 

Two factors have been considered 
to be responsible for the movement of 
the molten metal and the appearance 
of the gouged surface. First, the 
temperature difference between the 
front and the back of the pool alters 
the surface tension in such a manner 
as to cause the molten metal to f low to 
the rear of the pool.1 However, quanti
tative studies of this effect have not 
been reported. The other reason for 
the appearance of the gouged surface 
is the arc pressure which acts on the 
molten metal at the front of the 
pool.1-' In general, this is considered to 
be the major factor responsible for the 
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movement of the molten metal. 
Super-critical f low has been pro
posed3 as an additional factor which 
may affect the movement of the mol
ten metal. When the thickness of the 
molten metal in the front of the pool is 
reduced to a critical value by the arc 
pressure, the flow rate of the molten 
metal is accelerated by the super-criti
cal f low phenomenon and the liquid 
tends to pile up at some point on the 
f low path. 

Three major causes have been 
reported for the arc force which acts 
against the plate:13-10 

1. The electro-magnetic force, 
2. The plasma jet force. 
3. The electron impingement force. 

It is generally believed that the plas
ma jet is the most powerful compo
nent of the arc force. 

Object 

The major purposes of this investi
gation were: 

1. To analyze the effect of welding 
variables on the formation of weld 
defects in GTA welding. 

2. To measure the effect of welding 
variables on the arc force in GTA weld
ing. 

3. To discuss the relationship be
tween arc force and weld defect 
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Fig. 1—Block diagram for arc-force measur
ing equipment 

formation in GTA welding. 

Material 

The material used in this investiga
t ion was Republic 70 Precipitation 
Hardening Steel supplied by Republic 
Steel Corporation in the form of speci
mens 2 in. (51 mm) wide X 6 in. (152 
mm) long X % in. (19 mm) thick. The 
nominal chemical composit ion (wt-%) 
of this material is as follows: C—0.20, 
Si-0.15, Mn-1.00, P-0.04, S-0.04, 
Cu-1.00 to 1.50, Mo-0.20 to 0.30, and 
Ni-1.20 to 1.75. 

The % in. (19 mm) plate thickness 
was chosen to realize three-dimen
sional heat f low through the speci
men. All plates were used in the hot-
rolled condi t ion, and the surfaces to 
be welded were either ground smooth 
or sand-blasted. 

Experimental Procedures 

The study consisted of two major 
portions: 

1. The determination of the maxi
mum travel speed which could be 
used wi thout creating weld defects 
under different welding conditions 
(hereafter referred to as the travel-
speed l imit). 

2. The measurement of the in
fluence of welding variables on the 
total arc force. 

The preliminary experiments indi
cated that to obtain accurate and 
reproducible travel-speed limits, sev
eral arc-on periods are required before 
data sampling in order to stabilize the 
surface condit ion of the as-ground, 
thoriated-W electrode. Although the 
reason for this has not been clarified 
by this investigation, changes in the 
electrode surface during repeated arc-
on periods appear to "cond i t ion" the 
electrode and stabilize the welding 
arc. 
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Fig. 2—Detail drawing of arc-force sensing apparatus 
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Welding Power Supply 

All welds were made wi th an Airco 
Sampac Programmed GTA welding 
system. The welding mode was DCSP 
and the power supply was used in the 
constant current mode. The power 
supply and travel carriage operate as 
closed-loop servo systems wi th the 
fol lowing accuracies: current, ± 6 am
peres (A); voltage, ± 0.2 volts (V); and 
speed, ± 0.1 ipm (0.04 mm/sec). 

A low-frequency, square-pulse gen
erator, wi th a maximum pulse frequen
cy of 4 cps, was used to study the 
effect of pulsating current on both the 
travel-speed limit and the arc force. 
The combination of maximum and 
minimum current could be chosen 
between 30 to 600 A without restric
tion. The arc duration at both maxi
mum and minimum current could be 
independently controlled wi th in the 
range from 0.125 to 3.0 seconds (s). 

In this investigation, argon (Ar) was 
used as a shielding gas but, for 
comparison, helium (He) was also 
used in selected experiments. Gas flow 
rate was held constant at 40 cfh (19 
liters/min) throughout the investiga
tion. 

Centerless-ground, W-2% thoria 
electrodes were used exclusively. The 
diameters of electrodes were Ys, %.•, 

and Vu in. (3.2, 4.0, and 4.8 mm), wi th a 
vertex angle of the conical t ip of either 
18 or 90 deg. E lectrode extension, held 
constant at 0.20 in. (5.08 mm) mea
sured from the bottom of the gas cup, 
corresponded to a dimension of 1.043 
in. (26.5 mm) from the water-cooled 
collet. 

Welding Procedures 

To investigate the influence of arc 
force on weld-bead formation, it is 
necessary not only to measure the 
magnitude of arc force but also to note 
the deflection of the arc. This is true 
because the flow pattern in the molten 
pool is greatly affected by the deflec
tion of the arc. As a result, the forma
tion of the weld bead is greatly 
influenced by this f low pattern. It is 
well known that higher travel speeds 
can be used with a forehand arc angle 
than with a backhand arc angle. It is to 
be noted that the forehand arc points 
in the direction of travel, while the 
backhand arc points in the opposite 
direction. 

In addit ion, attention must be paid 
to the electrode-surface condit ion. 
Theoretical analysis8-" predicts that the 
plasma jet should be the most power
ful component of the arc pressure. The 
plasma jet velocity is directly related to 

Fig. 4—Typical weld-bead appearance ob
tained with different welding conditions. 
Electrode-to-work distance—2.4 mm; elec
trode—3.2 mm, 90 deg.; shielding gas—ar
gon, 40 cfh 

the current density which is in
fluenced by the surface condit ion of 
the electrode tip. 

Preliminary experiments were un
dertaken to determine the effect of 
both arc deflection and electrode-
surface condit ion on the formation of 
the weld bead. The welding proce
dures used in the balance of the study 
were based upon the results of these 
preliminary investigations. 

Effect of Arc Deflection. The factors 
which deflect an arc from a line 
perpendicular to the plate being 
welded are: 

1. The angle between the electrode 
and the work. 

2. The magnetic arc blow near the 
edge of the plate. 

3. The presence and direction of the 
residual magnetic field in the plate. 

4. The electro-magnetic force 
caused by the interaction of the arc 
plasma with current elements wi th in 
the plate. 

Electrodes were maintained perpen
dicular to the plate surface in all cases. 
The welds were made wel l wi th in the 
edges of the plate so that the effect of 
magnetic blow at plate edges could be 
eliminated. Also, to eliminate any 
residual magnetic field, all plates were 
thoroughly demagnetized before 
welding. 

The electro-magnetic force caused 
by the interaction of the plasma wi th 
current elements wi th in the plate is 
inevitable, and the arc deflection 
caused by this force depends on the 
ground position. When the ground 
connection is made at the starting side 
(Mode A), the arc deflects forward, 
and when made at the finishing side 
(Mode C), the arc deflects backward. 
Weld defects are less likely to occur 
when the arc is deflected forward. 
When the ground was attached at 

214-s I JULY 1979 



both ends of the plate (Mode B), the 
arc became essentially perpendicular 
to the plate surface. However, the arc 
stability in Mode B was poorer than 
that in either Mode A or Mode C, 
because the distribution of the current 
between the two ground connections 
is not necessarily equal in Mode B. 

In this investigation, Mode A, which 
permitted the highest travel-speed 
limit at a given current, was used. 

Effect of Electrode-Surface Condi
tion. The effect of the number of 
arc-on periods on the surface condi
tion of the electrodes was investi
gated. The relationship between the 
number of humps formed on 5 in. (127 
mm) long beads and the number of 
times the electrode was used after 
regrinding the tip was determined. 
Each arc-on period involved making a 
bead-on-plate weld wi th the fol lowing 
conditions: arc current—300 A, travel 
speed—22.5 ipm (9.64 mm/s), and trav
el length—5 in. (127 mm). 

Five to nine humps were formed per 
5 in. (127 mm) length wi th freshly 
ground electrodes, and the number of 
humps decreased to zero after 10 or 
more arc-on periods. 

Although the cause of the phenom
enon is not certain, it is probable that 
the thermionic emission from a tho
riated tungsten (W) electrode is 
affected by the changes in its surface 
condit ion produced by the arc-on 
periods. Consequently, in this investi
gation, all electrodes were subjected 
to 10 arc-on times at the current to be 

used prior to determining the travel-
speed limit. 

Determination of Travel-Speed Lim
its. In this investigation, the effects of 
welding variables on both the travel-
speed limit and the arc force were 
studied. The welding variables investi
gated included: 

1. Welding current (100-550 A). 
2. Shielding gas (Ar and He). 
3. Electrode-to-work distance 

(0.04-0.06 in., 1.0-4.0 mm). 
4. Electrode diameter (0.125-0.189 

in. 3.2-4.8 mm). 
5. Vertex angle of electrode tip (18 

and 90 deg). 
6. Frequency of pulsed-current 

(0-3.35 cps). 

The procedure for determining trav
el-speed limits under various welding 
conditions was as follows: 

1. For each combination of welding 
variables to be studied, the thoriated 
W electrodes were condit ioned by 
making ten 5 in. (127 mm) beads at 20 
to 25 ipm (8.47 to 10.6 mm/s) before 
making the data-sampling run. 

2. A travel speed for welding was 
arbitrarily chosen. If the weld bead 
obtained did not include any defects, 
the travel speed was increased until 
weld defects began to appear. The 
travel speed was usually increased in 
increments of 1.0 ipm (0.42 mm/s) 
except near the travel-speed limit 
where increments of 0.5 ipm (0.21 
mm/s) were used. 

3. The travel-speed limit was se
lected as the mid-point between the 
two travel speeds which produce the 
first defective bead and the last sound 
weld bead. The average error in deter
mining the travel-speed limit was 
approximately ± 0.25 ipm ( ± 0.106 
mm/s). 

Equipment and Procedure for Measuring 
Arc Force 

The main objective of measuring arc 
force is to evaluate the total force 
acting against the plate surface during 
welding. The block diagram in Fig, 1 
indicates the major components of the 
apparatus used to measure the total 
arc force. 

The transducer used is a Schaevitz 
Engineering Type 050-DC-D Linear 
Variable Differential Transformer 
(LVDT) which has a linear transfer 
function of 200.7 V/ in . (7.9 V /mm) 
over a range of 0.050 in. (1.27 mm). 

Figure 2 illustrates the device used 
to sense the arc force during this inves
tigation. The device, machined from 
an Al alloy, uti l ized a plexiglass plate, 
C, which electrically insulated the 
LVDT housing, D. The extension rod 
for the LVDT core, G, was made of 
plexiglass both to eliminate ferromag
netic effects and to provide electrical 
insulation between the core and the 
rest of the device. The ground cable, I, 
was made of a flexible, f lat-woven Cu 
cable. 

Procedure for using the arc-force 
sensor is summarized below: 
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1. Ad jus t t he ang le o f t h e s p e c i m e n 
ho lde r , A, so that it is p e r p e n d i c u l a r to 
the lever a r m , B. The ac tua l a rc - fo rce 
sensing dev i ce had a means for a c c u 
rately ad j us t i ng th is ang le ; to s i m p l i f y 
the d r a w i n g , h o w e v e r , it is no t i l lus
t ra ted . 

2. Fix t h e p o s i t i o n o f the a rc - fo rce 
sensor so tha t the W e l e c t r o d e tracks 
t he c e n t e r l i n e X-X' of t he spec imen 
ho lde r , A. 

3. M o u n t a s p e c i m e n o n the spec i 
m e n ho lde r , A , a n d ad jus t t he o u t p u t 
vo l t age of t h e LVDT to ze ro w i t h t he 
n u l l - v o l t a g e c o n t r o l in Fig. 1. If t he 
o u t p u t vo l t age is o u t s i d e the range o f 
the n u l l - v o l t a g e c o n t r o l , m o v e the 
LVDT core , F, up or d o w n by ro ta t i ng 
the screw, J, un t i l n u l l - v o l t a g e is 
ach ieved . 

4. In i t i a te the arc w i t h a h i g h -
f r e q u e n c y s tar t ing cu r ren t and record 
the o u t p u t o f the t ransducer as a f u n c 
t i on o f arc p o s i t i o n o n an X-Y r e c o r d 
er. 

Steps 1 and 2 assured that t he e f fec
t i ve lever l eng th f r o m a m o v i n g arc t o 
the f u l c r u m b e a m , H, w o u l d be 
cons tan t . 

The arc f o rce measu r i ng system was 
ca l i b ra ted by p lac ing d i f f e ren t w e i g h t s 
o n a s p e c i m e n m o u n t e d o n the spec i 
m e n ho lder . A l inear re l a t i onsh ip o f 
0.166 m V / g r a m was o b t a i n e d b e t w e e n 
the o u t p u t vo l t age o f t he LVDT and 
the load p laced o n a s p e c i m e n . N o 

s ign i f i can t d i f f e rence in the ca l i b ra t i on 
was n o t e d w h e n the p o s i t i o n o f t he 
w e i g h t was var ied a l o n g the w e l d i n g 
axis. 

In the course of the a rc - fo rce 
measu remen ts us ing the LVDT sys tem, 
specia l a t t e n t i o n was d e v o t e d to t he 
fact that any magne t i c mater ia ls 
l oca ted a r o u n d the spec imen h o l d e r 
c o u l d p r o d u c e errors in t he m a g n i t u d e 
of t h e LVDT o u t p u t . The magne t i c 
f ie lds m a d e by t h e c u r r e n t t h r o u g h t h e 
s p e c i m e n and its h o l d e r are d i s t o r t ed 
by magne t i c mater ia ls , and such 
d i s t o r t ed f ie lds cause d e f l e c t i o n of t he 
s p e c i m e n ho lder . As an examp le , a 
steel p la te p laced 2.5 in . (63.5 m m ) 
b e n e a t h t h e spec imen h o l d e r d o u b l e d 
the o u t p u t o f t he d e v i c e for a g i ven 
w e l d i n g cu r ren t . To m i n i m i z e the 
m a g n e t i c - f i e l d ef fect d u r i n g ac tua l 
measu remen ts , t he nearest m a g n e t i c 
mater ia l t o the s p e c i m e n ho lde r was 
the t rack of the w e l d i n g carr iage 
w h i c h was l oca ted 16 in . (0.4 m) to t h e 
rear o f t he axis o f the w e l d . 

R e s u l t s a n d D i s c u s s i o n 

Effect of Welding Current 

In the re l a t i onsh ip b e t w e e n t rave l -
speed l im i t and the m a g n i t u d e o f 
w rdH ing r u r r p n t , s h o w n in Fig. 3, t h ree 

w e l d i n g cu r ren t ranges can be i d e n t i 
f i e d : 

Range I—arc cu r ren ts b e l o w 250 A. 
In th is range, u n d e r c u t t i n g o c c u r r e d at 
l o w e r t ravel speeds than d i d h u m p i n g , 
and t h e cu rve of t he t rave l -speed l im i t 
for u n d e r c u t t i n g e x h i b i t e d a pos i t i ve 
s lope w h i l e that of t he t rave l -speed 
l im i t fo r h u m p i n g e x h i b i t e d a nega t i ve 
s lope. 

Range II—arc cur ren ts b e t w e e n 250 
and 430 A. In this range, the t rave l -
speed l im i t was d e t e r m i n e d by h u m p 
ing a lone . 

Range III—arc cur ren ts above 430A. 
In th is range, u n d e r c u t t i n g o c c u r r e d 
again at l owe r t ravel speeds than d i d 
h u m p i n g , and the s lope o f b o t h t rave l -
speed l im i t curves b e c a m e m o r e 
sharp ly negat ive . 

Figure 4 shows the typ ica l appear 
ance o f w e l d beads in each reg ion . The 
u n d e r c u t t i n g observed in the h i g h -
cu r ren t range has a step pa t te rn o n its 
sur face (Fig. 4 D ) a n d , t hus , d i f fers f r o m 
the u n d e r c u t t i n g w h i c h occurs in the 
l o w - c u r r e n t range (Fig. 4B). L o n g i t u d i 
nal sec t ions o f t he w e l d s revealed that 
u n d e r c u t t i n g in the h i gh -cu r ren t range 
was a c c o m p a n i e d by t he f o r m a t i o n o f 
d i s c o n t i n u o u s t unne l s at t he roo t of 
t he bead . 

Figure 5 shows the m a x i m u m 
d i m e n s i o n s and the cross-sect ions o f 
t he w e l d beads o b t a i n e d w i t h var ious 
cur ren ts at t he t rave l -speed l im i t . In 
the cu r ren t range b e l o w 250 A (Range 
I), the p e n e t r a t i o n is f o r m e d m a i n l y by 
arc heat and c o n v e c t i o n o f the m o l t e n 
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metal, and the effect of arc force is 
apparently small. The cross-section at 
250 A shows this clearly. The observed 
concave root is a characteristic sign 
that the convection is active in the 
weld pool.1 If the arc force were 
influential in the formation of the 
weld, the root of the bead would have 
been convex. 

The medium-current range (Range 
II) can be considered to be a transition 
stage wi th respect to the effect of arc 
force on the penetration. By increasing 
the current wi th in this range, the arc 
force is increased gradually. This 
increase in arc force changes the root 
shape from concave to flat to convex. 
When the current is increased beyond 
430 A (Range III), both the bead width 
and the penetration depth increase 
sharply. The abrupt decrease in travel-
speed limits shown in Fig. 3 may be 
related to this phenomenon. 

Effect of Electrode-Surface Condition 

The effect of the electrode-surface 
condit ion, already briefly discussed, is 
illustrated in Fig. 6. By using an elec
trode pre-conditioned with a higher 
current than that used in determining 
the travel-speed limit, the travel-speed 
limits are increased above those 
obtained when the electrodes were 
pre-conditioned wi th the same cur
rent. This fact emphasizes the impor
tance of the electrode-surface condi
t ion. 

During this investigation, all other 
electrodes were pre-condit ioned using 

the current employed to determine 
the travel-speed limit. 

Effect of Shielding Gas 

As mentioned earlier, the plasma jet 
is the most powerful component of 
the arc pressure. Theoretical analy
sis1"" shows that the arc pressure 
resulting from the plasma jet is inde
pendent of the gas density. 

In Fig. 7, which compares He and Ar 
shielding, the curve for He shows 
much higher travel-speed limits than 
that for Ar. As an example, the speed 
limit wi th He shielding at 400 A 
exceeds that for Ar shielding by a 
factor of three. This fact suggests that 
the arc pressure of the He-shielded arc 
may be much lower than that of the 
Ar-shielded arc. 

Considering the maximum dimen
sions and the penetration shapes of 
the weld beads obtained wi th He 
shielding, the penetration shows a 
concave root in the current range up 
to 450 A, and at 500 A the root 
becomes flat. In the case of Ar shield
ing, the transition current between a 
concave and a flat root geometry was 
250-300 A, as shown previously in Fig. 
5. This difference in the penetration 
shape between He and Ar shielding 
also suggests that the pressure of the 
He-shielded arc may be lower than 
that of the Ar-shielded arc. 

According to theoretical analysis,1 s 

the only factor which affects the arc 
pressure is the electro-magnetic pres
sure difference between the regions 

adjacent to the electrode and the 
plate. This pressure difference is 
caused by the current-density differ
ence between the two regions. Conse
quently, when different shielding 
gases are used, the arc shape changes 
and this shape difference is considered 
to be the main cause for the difference 
in the travel-speed limit. The major 
feature of the Ar-shielded arc is that a 
brighter and more slender arc column 
can be observed in the center of the 
arc. On the other hand, the He-
shielded arc exhibits relatively large 
anode spots on the rear surface of the 
molten pool. 

Effect of Electrode-to-Work Distance 

The electrode-to-work distance is 
one of the important factors which 
affect the travel-speed limit. The stiff
ness of arc, i.e., the arc force against a 
plate surface, is inversely proportional 
to the electrode-to-work distance. 

Figure 8 shows the effect of the 
electrode-to-work distance on the 
travel-speed limit for both Ar and He 
shielding. The curves indicate that the 
travel-speed limits for a shorter arc 
length exceed those for a longer arc 
length. 

The maximum dimensions and the 
cross-sections of the welds obtained at 
the travel-speed limits are shown in 
Fig. 9. As the electrode-to-work dis
tance is increased, the shape of the 
weld root changes from flat to convex 
for the Ar shielding, and concave to 
flat for the He shielding. These trends 
suggest that the arc pressure at a 
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longer distance may be stronger than 
that al a shorter one. This is also 
inconsistent with the expected effect 
of arc length on arc force. 

Effect of Electrode Geometry 

Several researchers have indicated 
that the tip shape of a W electrode 
exerts a significant influence upon arc 
phenomena and the weld-bead forma
tion. Savage, et al." have shown that, 
as the vertex angle of the conical t ip is 
decreased wi th in the range from 120 to 
30 deg, the effective arc length is 
increased even if the electrode-to-
work distance is held constant. As a 
result wider and shallower weld beads 
are formed with smaller vertex an
gles. 

Okada, et al.'- have shown that the 
plasma-jet pressure beneath the elec
trode reaches a peak value at a vertex 
angle of 45 deg, and decreases for 
both larger and smaller angles. Okada 
has also reported13 that the jet pressure 
can be reduced by using a wedge-
shaped tip on the electrode. 

Electrodes with three different d i 

ameters and two different vertex 
angles were used to study the effect of 
electrode geometry on the formation 
of weld defects. The relationships 
between the electrode geometry and 
the travel-speed limit are shown in Fig. 
10. For a given electrode diameter, the 
travel-speed limits are greatly in
creased by using an electrode with the 
vertex angle of 90 deg rather than 18 
deg. For a given vertex angle, using a 
smaller diameter electrode increases 
the travel-speed limit. 

From the standpoint of the current 
density at a conical t ip, a thicker elec
trode is supposed to result in a lower 
current density and consequently one 
would expect a higher travel-speed 
limit. However, the experimental re
sults are directly contrary to this 
expectation. 

To compare the surface conditions 
of the conical tips of electrodes wi th 
different diameters, stationary arcs 
were operated at 350 A for approxi
mately 10 s using 3.2 and 4.8 mm (Vi 
and 3/IB in.) diameter electrodes. Figure 
12 shows, in schematic form, the 
surface appearance of the conical tips 

after the 10 s arc time. At the extreme 
point of a conical t ip there is a frosty 
region which is surrounded by a 
smooth, shiny ring. Outside the shiny 
ring, a dul l , degenerate band extended 
over the balance of the conical t ip of 
the 3.2 mm (Vi in.) electrode. On the 
other hand, the 4.8 mm (%s in.) elec
trode exhibited a region of as-ground 
surface outside of the degenerate 
band. 

The dimension of the frosty region 
of the 3.2 mm (VB in.) diameter elec
trode, measured along the conical 
surface, was 1.12 mm (0.044 in.), which 
was much larger than the 0.90 mm 
(0.035 in.) dimension for the 4.8 mm 
(3/is in.) electrode. On the assumption 
that the majority of the welding 
current flows through the frosty 
region, the average current density can 
be calculated as fol lows: 3.2 mm (14 
in.) diameter electrode—126 A/mm'3; 
4.8 mm (%« in.) diameter elec
trode—195 A/mm 2 . Thus, the 4.8 mm 
(Vie in.) diameter electrode appears to 
have experienced a higher current 
density at its conical t ip than did the 
3.2 mm ('/a in.) electrode. The reason 
for this phenomenon is not clear and 
should be the subject of future 
research. 

Figure 12 shows the maximum 
dimensions and the cross-sections of 
the weld beads obtained wi th two 
different electrode geometries. By 
comparing Fig. 12 with Fig. 5, it may be 
noted that the electrode which results 
in the higher travel-speed limits has a 
tendency to experience a transition 
from a concave to convex root at a 
higher current. This fact suggests that 
the arc force may decrease wi th a 
decrease in the electrode diameter and 
wi th an increase in the vertex angle. 

Effect of Pulsed-Current"'8 

To reveal the effect of pulsed-
current on weld-defect formation, 
experiments were conducted using 
low-frequency pulsed-current of up to 
4 cps. The average current was held at 
300 A, and two combinations of the 
maximum and the min imum current 
were used. The ratio of the time at 
maximum current to the time at mini
mum current was held constant at 
1.0. 

The relationship between travel-
speed limits and pulse frequency is 
shown in Fig. 13. The data at zero 
frequency are those obtained wi th 
continuous current. As can be seen, 
the travel-speed limit decreases wi th 
increase in pulse frequency. In all 
cases, humping occurred in the weld 
pool during the interval of the maxi
mum current. It is believed that a 
transient increase in current density 
accompanies the transition from low 
to high current and that this causes a 
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transient increase in arc pressure early 
in the high-current pulse interval. 

Effect of Welding Variables on Arc Force 

Genera/ Characteristics. Some exam
ples of arc-force data are shown in Fig. 
14 together wi th photographs of the 
corresponding weld beads. The diame
ter and the vertex angle of the elec
trode used were 3.2 mm and 90 deg, 
respectively. Electrode-to-work dis
tance was held constant at 2.4 mm 
(0.094 in.). The current and travel 
speed used in each case are noted at 
the right-hand side of the figure. 

In Fig. 14A, arc force is plotted as a 
function of location for a welding 
current of 100 A, a current level which 
did not produce any defects in the 
weld bead. The average arc force is 3.8 
grams throughout the length of the 
weld bead. Figure 14B shows similar 
data obtained wi th an arc current of 
450 A, a current level which produced 
a humping bead. The number of 
humps which can be seen in the 
photograph of the weld does not coin
cide wi th the observed fluctuations in 
arc force, the average of which is 11.7 
grams. 

In Fig. 14C (the data for 550 A), an 
abrupt increase in arc force can be 
observed at point A. At point A, the arc 

plasma climbed up the electrode, as 
indicated in the sketch at the right, 
because of super-heating of the elec
trode tip. The arc plasma remained in 
this condit ion until the electrode tip 
melted free at point B. The tip of the 
electrode is visible near the left side of 
the photograph of the weld bead in 
Fig. 14C. The average arc forces before 
and after point A were 15.3 and 18.6 
grams, respectively. 

Figures 14D and E show arc force as 
a function of location for welds made 
wi th pulsed-current, w i th maximum 
and minimum currents of 450 and 150 
A, respectively. The pulse frequency 
was 1.15 cps for 14D, and 3.35 cps for 
14E. The maximum and the minimum 
arc force were 11.3 and 3.1 grams for 
14D, and 12.3 and 4.5 grams for 14E, 
respectively. 

The influence of welding speed on 
the arc force was investigated using a 
300-A constant current. Wi th in the 
travel-speed range investigated, from 9 
to 34 ipm (3.38 to 14.5 mm/s), the arc 
force remained constant, regardless of 
whether or not humping occurred [the 
travel-speed limit tor these conditions 
was 22.5 ipm (9.5 mm/s) ] . 

Effect of Welding Current. As shown 
in Fig. 15, the arc force increases 
linearly wi th increase in welding 
current. The scatter in the data indi
cates that the precision of measure

ment was approximately ± 1 . 4 grams. 
In all cases, the travel speed used was 
15 ipm (6.35 mm/s), the travel-speed 
limit for a current of 450 A. Regardless 
of whether or not humping occurred, 
the line has a constant slope. A least-
squares fit of the data yielded the 
equation F = 0.026I, wi th a coefficient 
of correlation of 0.99, where F is the 
force in grams and I is the current in 
amperes. 

As indicated in Fig. 3, the travel-
speed limit was found to decrease in a 
non-linear fashion as the welding 
current was increased. Although the 
curve of travel-speed limit vs. arc 
current shows abrupt changes in slope 
at 250 and 430 A, no corresponding 
deviations in slope were observed in 
the arc-force vs. welding-current rela
tionship. The fact that no deviations 
from the linear arc-current vs. arc-
force relationships were observed at 
currents where abrupt changes were 
noted in the slope of the arc-current 
vs. travel-speed-limit curve indicates 
that the pressure distribution rather 
than the total arc force may be the 
dominant factor in the formation of 
weld defects. 

The changes in the effective arc 
pressure as a function of welding 
current can be estimated from the 
critical pressure head of the molten 
metal at the travel-speed limit.3 From 
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Pascal's Laws, Pa = pgh, where 
Pa = arc pressure, p = density of the 
molten metal, g = acceleration due to 
gravity, and h, = critical pressure head 
of the molten metal. Figure 16 shows 
the relationship between the pressure 
head and the welding current. The 

curve, h,, represents the height of 
humps measured from the root of the 
gouged channel, and the curve, h2, 
represents the average depth of the 
weld metal excluding the areas where 
humping occurred. 

Although the actual head of molten 

metal during welding cannot be 
defined by either h, or Fu, which were 
measured from photomacrographs of 
the solidified welds, this method of 
estimating both quantities is probably 
not in error by more than 10%. Because 
the arc at the travel-speed limit is 
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believed to operate on solid metal, the 
effective pressure wi l l be determined 
by h,. Thus the effective arc pressure 
wi l l be defined in terms of estimates of 
the critical pressure head, h,, obtained 
in the above fashion. 

As can be seen in Fig 16, the curves 
h, and h2 show similar trends when 
plotted as a funct ion of the welding 
current, w i th abrupt changes in slope 
at 250 and 430 A. 

Figure 17 shows the relationship 
between the travel-speed limit and the 
components of the critical pressure 
head for the molten metal in the weld 
pool. In the current range above 
approximately 250 A, the travel-speed 
limit decreases linearly as the effective 
arc pressure is increased. In the current 
range below 250 A, the travel-speed 
limit exceeds the value which would 
be predicted from extrapolation of the 
linear portions of the effective arc-
pressure curves. 

In discussing Fig. 5, it was noted that 
. in the lower current range the shape of 
the weld cross-section suggested that 
the arc pressure may not be the domi
nant factor control l ing the geometry 
of the weld. The data shown in Fig. 17 
confirm this observation, and it is like
ly that the surface tension of the mol
ten metal is responsible for the forma
tion of weld defects in the lower 
current range. 

As to the abrupt decrease in the 
travel-speed limit in the higher current 
range, it is suggested that an ultra-high 
velocity gas jet, caused by the evapora
tion of the electrode material, may be 
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responsible.10 As evidence for the 
evaporation of electrode material, it 
was observed that in the current range 
above 450 A the ground tip of an 
electrode acquires a smooth, shiny 
surface instead of the normal frosty 
surface indicated in Fig. 11. 

Effect of Shielding Gas. The travel-
speed limit wi th He shielding was 
found to be much higher than that 
with Ar shielding, as shown previously 
in Fig. 7. On the basis of the penetra
tion geometry, it was speculated that 
the arc force for the He-shielded arc 
might be weaker than that for the 
Ar-shielded arc. 

Figure 18 shows the results of the 
arc-force measurements undertaken to 

check this speculation. The solid line 
represents the data presented pre
viously in Fig. 15 for Ar shielding, and 
the solid circles represent the arc force 
as a function of welding current wi th 
He shielding. As can be seen in Fig. 18, 
contrary to the original speculation, 
the arc force is directly proportional to 
the welding current and is indepen
dent of shielding gas. 

Thus, in order to explain the differ
ence in the travel-speed l imit, it is 
necessary to consider the effective arc 
pressure. If, for example, the arc pres
sure is more uniformly distributed over 
the surface of the weld pool w i th a He 
shield than wi th an Ar shield, the 
pressure head of the molten metal 
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would be reduced. This situation 
would permit the use of higher weld
ing speeds. Unfortunately, only the 
total arc force could be measured by 
the techniques used in this investiga
tion. Possibly high-speed motion pic
tures of the weld-pool surface might 
shed additional information on the 
pressure distr ibution. 

Effect of Electrode-to-Work Dis
tance. The data summarized in Fig. 8 
indicated that as the electrode-to-
work distance is increased, the travel-
speed limit is decreased, in spite of the 
fact that the arc force would be 
expected to be diminished by increas

ing the arc length. 
Figure 19 shows the actual relation

ship between the arc force and the 
electrode-to-work distance. As might 
be expected, as the distance is in
creased, the arc force is decreased. 
Thus, it is again impossible to explain 
the variation in the travel-speed limit 
on the basis of the arc force. This sup
ports the earlier postulation that the 
effective pressure rather than the total 
force may govern the travel-speed 
limit. 

Effect of Electrode Geometry. The 
influence of the electrode geometry 
on the travel-speed limit was shown in 

Fig. 10, and it was postulated that the 
electrode geometry should influence 
the arc force. 

The effect of the vertex angle of a 
conical t ip and the electrode diameter 
on the arc force were investigated 
using welding currents which were 
observed to produce a large difference 
in the travel-speed limit. A current of 
300 A was used for the vertex-angle 
study (18 vs. 90 deg) and a current of 
400 A was used for the electrode-
diameter study (3.2 vs. 4.8 mm, Va vs. Vu 
in.). In contrast to the expected behav
ior, the arc force was found to be 
independent of both the vertex angle 
and the electrode diameter. This fact 
confirms the necessity of considering 
how the arc-pressure distribution in
fluences the effective arc pressure for 
the formation of weld defects. 

Effect of Pulsed-Current. The rela
tionship between the travel-speed 
limit and the pulse frequency was 
reported in Fig. 13. The decrease in 
travel-speed limit wi th an increase in 
pulse frequency was postulated to be a 
result of the transient arc pressure 
variation at the transition from low to 
high current. 

Figure 20 shows the arc-force curves 
measured at a travel speed of 15 ipm 
(6.35 mm/s). Regardless of the pulse 
frequency, both the maximum and the 
minimum arc force show values char
acteristic of the instantaneous current. 
Although no transient arc-force 
changes could be observed (Figs. 14 D 
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and E), the frequency response of the 
arc-force measuring system is too low 
to detect such transients. 

Figure 21 shows the maximum bead 
dimensions measured at the gouged 
area of the humped beads. Both the 
penetration depth and the bead width 
decrease wi th increase in pulse fre
quency. This may be a result of the fact 
that the time constant for melting 
approaches the length of the pulse 
period as the pulse frequency is 
increased. The transient variation of 
the pool shape during each pulse may 
also contribute to the formation of 
weld defects. 

Conclusion 

The effect of arc force on the travel-
speed limit of GTA welding has been 
investigated and the fol lowing conclu
sions may be drawn: 

1. An effective apparatus was de
signed and constructed for measuring 
the total arc force which acts against 
the plate surface during welding. 

2. The arc force is a function of both 
the welding current and the electrode-
to-work distance and is not affected 
by travel speed, shielding gas, elec
trode diameter, vertex angle of a coni
cal electrode t ip, or pulse frequency. 

3. When the electrode-to-work dis
tance is held constant at 2.4 mm, the 
arc force increases from 2.6 to 14.3 
grams when the welding current is 
increased from 100 to 550 A. A least-
squares fit of the data gives the rela
tionship F = 0.026I wi th a correlation 
coefficient of 0.99, where F is the total 
arc force in grams and I is the welding 
current in amperes. 

4. The electrode-surface condit ion 
affects the travel-speed limit. Condi
t ioning the electrodes by repeated arc-
on intervals at the desired welding 
current increases the travel-speed 
limit. 

5. There are three current ranges 
which produce different characteristic 
relationships between the arc current 
and the travel-speed limit: 

(a) In the current range below 250 
A, the travel-speed limit corresponds 
to the beginning of undercutting, and 
higher speeds are required to cause 
humping. 

(b) From 250 to 400 A, the travel-
speed limit corresponds to the onset 
of humping, and undercutting is not 
observed. 

(c) Above 400-430 A the travel-
speed limit again corresponds to the 
beginning of undercutting, and higher 
speeds are required to cause hump
ing. 

6. No direct relationship was ob
served between the travel-speed limit 
and the arc force. The arc force 
increases linearly with increase in 
welding current, whi le the travel-
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speed limit decreases gradually up to 
400 A and then falls steeply. 

7. Above 400 A the undercut weld 
beads also exhibit tunneling at the 
root. 

8. Assuming the humping height at 
the travel-speed limit as the critical 
pressure head of the molten metal 
during welding, the effective arc pres
sure for the defect formation was esti
mated on the basis of Pascal's Law. In 
the current range above 250 A, the 
travel-speed limit decreases linearly as 
the effective arc pressure increases, 
whi le in the current range below 250 A 
the travel-speed limit lies at higher 
speeds above the extrapolated linear 
port ion of the effective-pressure plot. 
This fact indicates that the effect of 
the arc pressure is dominant for the 
formation of weld beads only in the 
current range above 250 A. Below 250 
A, it is postulated that the surface 
tension is the dominant factor causing 
weld defects. 

9. When the welding current is held 
constant, the travel-speed limit wi th a 
shorter electrode-to-work distance is 
higher than that wi th a longer one, 
despite the higher arc force of the 
shorter arc. 

10. When the electrode-to-work 
distance is held constant, the travel-
speed limit wi th He shielding is much 
higher than that wi th Ar shielding. 
However, no difference can be ob
served in the arc force as a result of 
changing from one shielding gas to the 
other. 

11. When the electrode-to-work 
distance is held constant, the travel-
speed limit is increased by a decrease 
in the electrode diameter and by an 
increase in the vertex angle of the 
conical tip. 

12. The total arc force is indepen
dent of both the electrode diameter 
and the vertex angle of the conical 
tip. 

13. At an arc current of 350 A, the 
current density was decreased by 
decreasing the electrode diameter 
from 4.8 to 3.2 mm (%e to '/a in.). 

14. When the electrode-to-work 
distance is held constant wi th pulsed-
GTA, the travel-speed limit decreases 
wi th increase in pulse frequency. 

15. The instantaneous arc force dur
ing pulsed-GTA welding is determined 
by the instantaneous current. 

16. In all cases, the welding condi
tions which increase travel-speed l im
its have a tendency to produce 
concave or flat root geometries more 
easily. From this fact, the effective arc 
pressure for the formation of weld 
defects is considered to be low under 
these welding conditions, even 
though the total arc force remains 
unchanged. 
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Allowable Axial Stress of Restrained Multi-Segment, Tapered Roof Girders 

by G. C. Lee, Y. C. Chen and T. L. Hsu 

In this paper allowable axial stresses of restrained tapered roof girders are developed. They are particularly 
useful to determine the allowable stress in the interaction equation for frames consisting of segmented tapered 
sections because the roof girders are generally supported adequately in the lateral direction by purlins. This study 
has concentrated on the inplane design of roof girders when the overall column instability, above the strong axis, 
governs the design. 

Because of the complexity of the problems due to the many parameters, the effective length factors are 
presented in the form of curves for both cases of sidesway permitted and sidesway prevented. 

Publication of this paper was sponsored by the WRC-SSRC Joint Subcommittee on Tapered Members of the 
Structural Steel Committee of the Welding Research Council. 

The price of WRC Bulletin 248 is $10.50 per copy. Orders should be sent with payment to the Welding Research 
Council, 345 East 47th Street. Room 801, New York, NY 10017. 
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Local Stresses in Spherical and Cylindrical Shells Due to External 
Loadings 

by K. R. Wichman, A. G. Hopper and J. L. Mershon 

The original WRC Bulletin 107, published in August 1965. has been one of the most widely used bulletins ever 
published by WRC. Since that time, a revised printing was issued in December 1968; a second revised printing 
was issued in July 1970; a third revised printing was released in April 1972; and a June 1977 reprint of the third 
revised printing was issued. 

In this March 1979 Revision of Bulletin 107 there are revisions and clarifications. The formulations for 
calculation of the combined stress intensity S have been clarified. Changes in labels in Figures 1C-1, 2C-1, 3C and 
4C have been made and the calculated stresses for Model " R " in Table A-3 and Model ••C-1" in Table A-4 have 
been revised accordingly. 

Therefore, it is recommended that all those who have been using WRC Bulletin 107 information in their design 
stress calculations should obtain a copy of this March 1979 Revision. 

Publication of this revised Bulletin was sponsored by the Subcommittee on Reinforced Openings and External 
Loadings of the Pressure Vessel Research Committee of the Welding Research Council. 

The price of this March 1979 Revision of WRC Bulletin 107 is $10.00 per copy. Orders should be sent with 
payment to the Welding Research Council, 345 East 47th Street. Room 801 , New York. NY 10017. 
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