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ABSTRACT

Welding by the Gas Tungsten Arc Welding (GTAW) pro­
cess is normally limited to about 300 Amperes. At higher 

currents, the welding arc has been found to be unstable due 
to excessive arc pressure. It has been reported that GTAW 
hollow electrode improves bead morphology and arc voltage 
stability at currents as high as 700 to 800 Amperes.

This work characterizes the effect on bead morphology 
and arc stability while utilizing a hollow two-percent thor- 
iated tungsten electrode in GTAW. Bead-on-plate welds on 
17-4PH stainless steel were analyzed. Shaped (150 and 90 
degree blunt tip and 150 and 90 degree hollow tip) and 
unshaped (180 degree tip) electrodes were used in argon,

75ArHe, and 25ArHe shield gas atmospheres. Current was 
varied between 100 and 500 Amperes DC while maintaining a 
constant travel speed of 10 ipm (4.2 mm/sec).

In addition, welding under constant heat input condi­
tions was also performed in the three shield gases. Unshaped 
(180 degree) hollow electrodes were used in DC from 150 
to 300 Amperes and in AC from 100 to 230 Amperes. Finally, 

for comparison purposes, solid electrodes were utilized under 
conditions similar to those for hollow electrodes to get a 
direct comparison between data parameters for each welding
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condition. The electrodes used in this study were 5/32 inch 
(4 mm) diameter with 3/32 inch (2.3 mm) holes to make the 

hollow electrode or 3/32 inch (2.3 mm) blunt end diameters 
for the shaped solid electrodes.

Arc potential stability, as measured with a high-speed 
strip chart recorder was, in general, not found to be better 

with hollow electrodes (both shaped and unshaped) than with 
solid elecrodes in DC (no measurements were made in AC).

This was found to be true for all welding currents (high and 
low). Shield gas was found to have a minor effect on arc 
stability. Arc potential stability improved with decreased 
helium content in the shield gas (going from 25ArHe to 
75ArHe) for solid electrode GTAW.

DC hollow electrodes produced improvements in bead 
morphology at higher currents (above 400 Amperes). Penetra­
tion, melt efficiency, and p/w (penetration depth divided by 
bead width) were all improved; again, under limited condi­
tions. The penetration and melt area behavior as a function 
of welding current showed evidence of the transition from 
the fluid flow dominated region to the arc dominant para­
meter control region as suggested by the literature. This 
improvement was more pronounced when using a higher helium 

content shield gas and when shaped electrodes were used.
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Transitional behavior was seen under both conditions 

above held true for both conditions of constant heat input 
and constant travel speed. AC GTAW hollow electrode showed 
the opposite phenomenon! at all currents investigated (i.e. 
bead morphology and melt efficiency were better with solid 

electrode GTAW).

Little difference was seen in the operating arc vol­
tage between hollow and solid electrodes although the arc 

stability varied as previously mentioned.

Correlations of bead morphology measurements with 
existing bead morphology prediction equations was moderately 
successful and was possible only at currents above 300 

Amperes in the present study. This high current region 
corresponds with the parameter control zone region seen in 
previous experiments. Measured penetration was found to 

match the prediction equations well. The prediction equa­
tions were not found accurate for melt area. The results in 
this investigation are compared with the results and models 
of GTAW behavior from literature.
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INTRODUCTION
Gas Tungsten Arc Welding

Gas Tungsten Arc Welding (GTAW), also known as tung­
sten inert gas (TIG) welding is an electric arc welding 
process which fuses materials together by heating them with 
an arc between a non-consumable tungsten electrode and the 
material itself. Filler material may or may not be used. 

Shielding of the weld is obtained from either a pure inert 

gas (argon or helium) or a mixture of inert gases (argon- 
helium mixes are typically used). GTAW can be either a 
manual or automatic welding process that may be used on both 
ferrous and nonferrous metals. Figure 1 illustrates, and a 
later section describes the details of this process.

The advantages of GTAW over other welding techniques 
includes the ability to make high quality welds in almost all 

metals and alloys. GTAW is typically used in the welding of 
stainless steels, aluminum, titanium, and some of the more 
exotic metals used in the nuclear and defense industries. 
Welding may also be performed in all positions. Other advan­
tages include the fact that both the weld pool and arc are 
visible to the welder, post-weld cleanup is minimized since 

no surface slag is produced and typically no filler metal is 
carried across the arc which could lead to weld splatter (it 

is possible to use filler metal with the GTAW process).
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W ELDING  TORCH

SHIELDING GAS
TUNGSTEN ELECTRODE

MOLTEN WELD METAL

SOLIDIFIED 
WELD METAL FILLER ROD

BASE METAL

FIGURE 1 Illustration of Gas Tungsten Arc Weld 
Process Showing Parent Material, Elec­
trode , and Shield G a s . Filler Wire May 
Be Added When Required (1)
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The major disadvantage to GTAW is its low productivi­
ty. The deposition rate of GTAW is much lower than that for 

other processes. Its initial cost can also be a disadvantage. 
The power source and torch are more expensive than those used 
in gas metal arc welding. Welding must be controlled under 

a generous flow of shield gas to prevent oxidation of the 
weld and welders require significantly more training than 
those in other gas arc welding processes. Another disadvan­

tage that can be avoided if precautions are taken during 
welding are tungsten inclusions from the electrode breaking 
off during welding. One last disadvantage is electrode tip 
contamination. This may occur when high currents, lengthy 
welds, and/or large mismatch weld conditions are used or 
exist. It may also occur (as is obvious) if small electrode 
working gaps are used where the electrode may actually dip 
into and physically contact the molten weld pool.

Constant current power supplies are commonly used for 
gas tungsten arc welding. They are generally characterized 
by a drooping Volt-Ampere curve. Its advantage lies in the 
fact that small variations in voltage do not adversely affect 
the current output and subsequently the deposition rate (for 

wire feed applications). These voltage fluctuations arise 
from small changes in the arc length or arc gap.
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With this in mind, it is obvious that the steeper 

the current-potential characteristic curve, the more stable 

the arc is (ref figure 2). This is because fluctuations in 

arc voltage will lead to very small changes in the welding 

current. The electrode is typically negative in the Direct 

Current Straight Polarity (DCSP) GTAW process. This polarity 

allows 70 percent of the heat to be generated at the work­

piece (2) and lets the energy be expended in melting the 

workpiece. This also allows the tungsten electrode to carry 

the maximum current. It is extremely important to utilize 

the correct shielding gas atmosphere as this can determine 

the welding penetration, efficiency of operation, and arc 

stability.

Alternating current (AC) may also be used in GTAW.

This is especially true when welding aluminum where the ten­

uous aluminum oxide is continually removed by the alternating 

current pulses.

Pulsed DCSP has recently been used with favorable re­

sults (3). A high rate of current rise and decay and a high 

or low pulse repetition rate are achieved with pulsed arcs. 

The advantages of pulsations are as follows :

1. Increased depth-to-width ratios for weld
beads. A short duration, high current weld 
pulse (as well as the use of a small blunt 
thoriated tungsten electrode) has produced 
depth-to-width ratios approaching 2:1 in
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a) Normal Mode b) Cathode Spot Mode

Figure 2 Typical Arc Potential-Current Characteristic Curve 
For Different Electrode Gaps a) Normal mode and
b ) Cathode Spot Mode. (2)
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s ta inl es s stee 1 This ar ises be cause of an
incr ea se in the arc force . Incr ea sed arc
fore e can 1ead to deeper pe netra tion due to
the f 1ow of the molten we Id pool as shown in
f igu re 3 Thi s is discus sed in far ther de-
tail in a 1a te r section due to con fli ct ing
theo r ies wh ich say pénétrât ion dec r ea ses whe n
arc pr es sur e is too high.

2. Drop-through can be eliminated. The use of 
high current, short duration pulses melt 
through the root pass and solidify before the 
weld pool sags.

3. Minimal heat-affeet zone. By proper propor­
tioning of the pulse height and on-time, the 
extent of the heat-affected zone is minimized.

4. Stirring of the weld pool. Arc and electromag­
netic forces are developed by the high current 
of the pulse. These forces which are greater 
than those developed by constant current, 
agitate the weld pool, resulting in a reduc­
tion of weld porosity and lack of fusion at 
the bottom of the weld pool (reference figure
3) .

B . Arc Physics

Jackson (2) has described the GTAW process as "an 

electrical conduction in the arc occurs through a gaseous 

column (inert gas) possessing a high electrical conductivity 

to provide an electrical circuit between the positive anode 

(workpiece) and the negative tungsten electrode. This 

gaseous column ; also, known as the arc plasma; radiates a 

mixture of free electrons, positive ions, and excited neutral 

atoms. The plasma conductivity is maintained by thermal 

ionization meaning the plasma temperature is extremely high. 

Some temperature measurements (4) indicate it to be as high
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as 10,000 to 20,000°F (5540 to 11090°C).

The nature of the plasma sets up a thermal gradient 

between the two regions of electrical contact. These two 

regions are the plasma/anode interface and the plasma/elec­

trode interface. Because of this, there are three regions 

representing the arc : 1) the cathode region, 2) the anode

region, and 3) the plasma region. These areas in a typical 

gas tungsten arc can be seen in figure 4. A "space charge" 

is also associated with the plasma region where high electric 

field strengths exist. These in turn produce magnetic fields 

which act to compress the "plasma."

Goldman (5) farther states that the nature of the 

plasma is dependent on the electrode material, arc atmosphere, 

arc gap, arc mode, and the efficiency of electrode cooling.

He also found that small current increases at low current 

caused a sharp drop in potential. It is estimated (6,7) 

that approximately 70 percent of the energy generated by the 

arc reaches the anode and contributes to forming the weld 

bead. Heat energy is dissipated at the anode in the follow­

ing manner (8):

1) Normal heat conduction- heat supplied to the 
work piece and used to heat the material 
directly under the arc as well as the heat 
dissipated through the material away from the 
arc. This is also the heat used to melt the 
parent material and has one of the greatest
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WELDING
DIRECTION

FIGURE 3 Typical Weld Pool Fluid Flow With a) Negative Sur­
face Tension Temperature Coefficient or low arc 
pressure and b) Positive Surface Tension Temperature 
Coefficient or low arc pressure (9)
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FIGURE
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Schematic Representation of the Three Regions Seen 
In the Gas Tungsten Arc (5)
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affects on weld bead penetration.
2) Vaporization of the boiling anode- heat sup­

plied to the workpiece causing vaporization 
of the parent material and may lead to elec­
trode buildup (due to condensation of the 
vaporized material on the electrode surface) 
or weld splatter. This is a reasonably small 
contributor to the heat loss except at cur­
rents near the upper extremes of the electrodes 
capability where electron cooling occurs.

3) radiation- of heat to the outside environment 
as well as to the shield gas.

4) anode melting- this occurs under the arc and 
is utilized to fuse the two materials together 
at the joint interface which upon solidifica­
tion becomes the weld bead.

5) convection, and

6 ) anode ion emission.

As stated previously, the arc is considered to be com­
posed of three distinct areas. The first area is the cathode 
region (reference figure 4) or the tungsten electrode. This 
region is very small, extending outward approximately 10“  ̂

mm out from the cathode (8 ). The cathode supplies electrons; 
removed from the electrode by thermionic emission to the arc 
plasma. The ease by which thermionic emission occurs is 
determined by the work function of the electrode. The work 
function may be lowered (thus allowing more electrons to be 

transferred) by adding thoria or zirconia to the electrode. 
Typically one or two percent of these materials is added to 
the electrode surface.
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The cathode spot refers to the area on the cathode 

where electrons are emitted and transferred to the plasma. 
This may sometimes represent a restricted condition of the 
arc when a cathode spot mode is encountered. When the oper­
ating conditions of the arc are more diffuse, the normal 
mode is seen. Both normal and cathode spot mode arcs are 
discussed in detail in a later section. The thermal charac­
teristics of the arc plasma plumes exert a substantial 

influence on the penetrating power of the arc (7).

The cathode spot is defined as the spot on the tung­
sten electrode at which electron emission (field or thermion­
ic) is generated. As the current increases, the cathode spot 
has a tendency to climb the electrode (for shaped electrodes) 

to an area of larger diameter which will support the current 
density and maintain a stable arc. The reason for this move­
ment of the cathode spot is related to a phenomena known as 
electrode cooling. Thermionic emission allows the electrons 
to escape the electrode. As current increases, so does the 
emission of electrons. Heat is lost in the electrode with 
each electron lost and the more electrons which are lost due 
to emission, the more heat that will be lost from the elec­
trode surface. This forces the cathode spot up the electrode 
to an area with a higher temperature where electron emission
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will occur more efficiently.

The normal spot mode is the most stable and easily ob­
tained welding arc. This mode of operation is characterized 
by a broad luminous plasma extending around the cathode tip. 

This is the typical mode of operation when using a blunt 
tipped pure tungsten electrode in a pure argon atmosphere.

Typically, the normal mode arc is more prevalent than 

the cathode spot arc at currents up to about 200 Amperes when 
using a large vertex angle electrode. This can be as low as 
150 Amperes if a small vertex angle (sharp point) electrode 
is used.

Operation in the cathode spot mode represents a con­
striction of the arc plasma at the cathode and exhibits a 
higher potential for a given arc length than the normal spot 
mode. It is characterized by a dark circular spot on the 
cathode tip which is coaxial with a deep-blue cone of radi­
ation extending into the plasma, with its apex toward the 
anode (reference figure 5). This mode of operation is typi­
cally obtained when using a sharp tipped pure tungsten 

electrode in an argon atmosphere (may or may not be pure) 
at relatively high welding currents. It may also be seen 
at high currents using any shaped electrode or at relatively 
low currents when using sharp pointed electrodes.



a ) Normal Mode b) Cathode Spot Mode

FIGURE 5 Typical Electric Arc Operating Modes and Their Re- 
spective Arc Appearance. Refer to Figure 2 for the 
Arc Potential-Current Characteristic Curve for Each. 
( 2 )
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Goldman (5) in his studies of electric arcs in argon 
found three other arc mode types which are derivatives of 

the normal and cathode spot modes. These three additional 
types are as follows: 1) Unspotted bell shaped arc which is

the cathode spot mode arc without the dark spot, 2 ) a cone-
less bell-shaped arc which is the cathode spot mode without 
the characteristic blue cone or dark spot, and 3) a normal 

mode arc characterized by an axe-shaped envelope with no spot. 
This last mode is found between the transition from the un­
spotted bell-shaped arc to the normal mode. Goldman found 
the above characteristics present at overlapping conditions 
of current and voltage.

The second area is the plasma region in which the 
electrons emitted from the cathode are ionized in the shield 
gas to supply the necessary energy to melt the base metal. 
Plasma jets emanating from both the cathode and anode also 
convey energy to the workpiece and are considered a part of 

the arc plasma. The cathode jet is typically the most domi­
nant force of the two.

It has been reported (10) that both the temperature 
and electrical conductivity of the plasma near the anode 
surface increases with increasing current. This has been 
verified in tests where both temperature and electrical
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conductivity at and near the vicinity of the arc were mea­
sured (1 0 ).

A very rapid temperature reduction (11) in this 

area results in poor thermal ionization and insufficient ion 
generation to maintain the ion flow or plasma stream. If the 
plasma temperature near the anode is low, ion generation will 

be dominant and accomplished by field ionization rather than 
thermal ionization. A high anode fall voltage will also be 

characteristic of this condition. As the anode temperature 
increases, the amount of thermal ionization generated ions 
will also increase. Those generated by field emission will 
conversely decrease as will the anode fall voltage.

The third area is the anode region (the workpiece). 
Energy transported through the arc plasma from the cathode 
melts the workpiece material and allows the weld to be 

accomplished. Like the cathode, the anode also has a "spot". 
Though not always visible, electrons (energy) enter the work­
piece at the anode spot. This phenomena has been seen by 

Dinulescu (12), Jones (13), Kouwenhaven (14) and Ludwig (15). 
Each of these papers looked at single spots which were formed 
rather than typical weld beads comprised of many overlapping 

spots. However, it is at the anode spot where anode melting 
occurs and depending on weld conditions may be non-existant
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(no melting occurs) to rather large in size.

The anode spot is analogous to the cathode spot in 
that this is the area on the anode in which the emitted 
electrons from the cathode are absorbed. Numerous authors 
(12-15) have studied the anode spot portion of the welding 

a rc. It is in this area that the weld bead is formed.

Jones, et. al. (13) studied the heat effects in anode 

spots of high current arcs using a steel tape moving at a 
fast rate across the surface of an electrode. It is in the 
anode area where the effectiveness of the expended arc energy 

is seen. The smaller the anode spot area, the greater the 
current density and the smaller the weld bead (although pene­
tration may or may not be increased). This can be detrimental 
if too high a current density is achieved as excessive arc 
splatter and an unstable arc may occur.

Kouwenhaven (14) performed a similar study and found 
the same results. Both studies used single spots which were 
evenly, but distantly spaced. This differs from the common 
weld bead where a large number of individual anode spots over­
lap to form a continuions pattern known as the weld bead.

In another study, Ludwig (15) studied current density
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and anode spot size in GTAW. This study was similiar to many 

recent studies (16-18) where the effects of surface impuri­
ties on arc stability and appearance and penetration were 
studied. Ludwig (15) This study was similar to many already 
completed ; and, some which were in progress, found that sur­

face impurities could have either relatively small or large 
effects on the weld bead parameters including arc stability 
and weld penetration depending on the relative location, 

concentration, and nature of the impurities. The impurities 

affected the surface-tension temperature coefficient in 
either a positive or negative manner (reference figure 3). 
Anode impurity effects on bead morphology have been discus­
sed by a number of other investigators (9, 16-18).

Energy distribution in the welding arc can be sig­
nificantly changed by variations in the current, travel 

speed, arc gap and shield gas. These same factors affect GTA 
welding efficiency (i.e. efficiency decreases as current in­
creases and travel speed decreases). An increase in either 
travel speed or current (to a defined limit for a given set 
of welding parameters) increases the arc efficiency. Arc 

efficiency being defined as : the heat required and used to 
melt the anode and form the weld bead divided by the total 
heat input (18).

Niles (19) states the potential drop is proportional
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to the arc length. The larger the arc column the larger the 

total potential drop as well as a greater electrode climb for 

electrodes with small vertex angle tips (reference figure 6 ). 
Chihoski (20) also studied potential drops and found that 
higher potential drops occur with sharper cone tip electrodes 
than with broader cone tips.

Gordon, et. al. (21) studied the effects of current 
and shield gas on arc temperatures. In their studies they 
also investigated the potential drop across the electrode un­
der constant conditions for each experiment. They found 
that argon had the lowest and helium the highest potential 
drop under similar welding conditions. This is to be expec­

ted since helium has a higher ionization potential than argon 
(reference figure 7).

Jackson (2) concluded that the potential drop near 

the anode in both arc modes (cathode spot and normal) is 
independent of arc current for currents above 200 Amperes. 
However, potential drops in the system at currents above 200 

Amperes must be attributed to the cathode and probably result 

from a change in the cathode tip configuration. Potential 
drop was found to increase slightly with increasing current 
between 200 and 500 Amperes in the current study with no 
change in the electrode tip configuration.
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FIGURE 6 Typical Arc Potential-Arc Length Curves at Low, 
Moderate, and High Currents. (2)
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The potential drop is caused by the arc gap between 
the cathode and anode or workpiece. It is more dependent 

on the current type (AC vs DC), shield gas (helium, argon, 
or a mix), arc gap spacing, and electrode type (pure, thor- 
iated, or zirconated tungsten) than on anode material 
(aluminum, steel, stainless steel, etc.).

The potential drop, as mentioned above, may be control­

led by varying the weld parameters to obtain the optimum weld 

conditions. By controlling the potential drop to a minimum 

value, one improves the weld efficiency and the energy re­
quired to produce a weld becomes more cost-effective.

The cathode drop is independent of and the anode drop 
a function of arc length. As arc length is increases, the 

anode drop also increases.

Fett (22) defined the cathode drop as the difference 
in potential between the cathode and a point in the arc very 
near the cathode; the potential gradient over the intervening 
space between the cathode and this point is very high (ap­
proaching many thousands of volts per centimeter).

Lancaster (23) later analyzed this same region and 

derived a heat balance for the cathode drop region. In this 

region, there are two main sources of heat loss; 1) heat loss
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to the environment and 2) heat loss due to the cooling effect 
of electrons evaporating from the anode or metal surface.

Heat loss to the environment occurs through the electrode by 
conduction.

Lancaster (23) also analyzed the anode area and de­
rived formulas for the anode heat balance (the anode drop 

area). The anode potential drop results from a deficiency 
of positive ions near the metal surface giving rise to a 
negative space charge.

Measurements of the anode drop by Nestor (10) over a 
distance of 1 mm from the electrode indicate that the poten­
tial drop decreases with increasing current and decreasing 
arc length. Eguations also exist to measure the anode drop 
distance. It is from these equations that the distance was 
derived to be in the order of one electron free path, meaning 

each electron would arrive at the anode surface with a kine­
tic energy approximately equal to the sum of the anode drop 
potential times the electron unit charge plus its own kinetic 
energy at the top of the anode drop region.

Many investigators (2, 6, 7, 9, 16-18, and 20) have
found that gas composition, welding parameters (electrode 
gap, current, voltage, etc.), anode material and impurity 
content in the anode can all greatly affect the weld pool
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configuration, and subsequently bead morphology (penetration, 

width, and melt area) and arc characteristics. In particular, 

the effect of anode impurities on weldability and penetration 
in a variety of materials has been studied (16-18).

A previous investigation (24) has found that very 
large arc pressures exist when attempts are made to weld at 
high (above 350-400 Amperes) currents. This high arc pres­
sure is set up due to the Lorentz forces in the plasma. 

Undercutting, intermittent weld beads (weld bead is charac­

terized by severe instability as characterized by blowholes 
and other indications of poor welding), porosity, and arc 
instability are all symptoms of excessive arc pressure.

Some of the side effects include tungsten inclusions (in the 
weld material) and unnecessary electrode tip erosion.

Within limits, increased penetration may be achieved 

at higher currents and arc pressures though parameters must 
be tightly controlled to avoid the undercut problems which 
have been seen in many welds to date.

Arc pressure may be lowered in the following manner :
1 ) use a hollow electrode (as shown in figure 8), 2) use an

electrode with a dull vertex angle (this may lead to an un­
stable arc and current densities of approximately 120 amperes 

per m m 2 are required to stabilize the arc), or 3) use
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either helium or hydrogen shield gas. However, using a hol­

low electrode in argon shield gas serves the same purpose as 

changing shield gas to hydrogen or helium. This is evidenced 
by the results of Yamauchi, et. al. (24) as shown in figure 8.

A drawback to the use of the hollow electrode is the 
undercut which can occur as the travel speed is increased. 

Undercut was seen on both sides of the weld beads of Yamauchi, 
et. al. (24) as well as some of the welds in the current 
study using the hollow electrode. However, this same phe- 

nomenom has also been seen when conventional welding methods 
and electrodes are used and low arc pressure is encountered. 
Yamauchi, et. al. (24) did not report the travel speeds in 

their studies. The travel speed used in this current study 
was 10 ipnf (4.2 mm/sec) and undercut was typically seen in 
hollow electrode GTAW above 300 Amperes.

Bukarov, et. al. (25) looked at constricted arcs and 
the effects (force effects) on the weld metal. The effects 
of the arc pressure of a constricted arc on penetration were 

studied. As previously stated, penetration is primarily 

determined by the thermal and mechanical properties of the 
arc. A constricted arc produces more pronounced effects on 
the mechanical properties of the arc rather than on its 
thermal properties. The arc pressure of a constricted arc 
is approximately six to seven times that of a free arc with
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no constriction.

Jackson (2) went farther and developed a formula to 
determine the arc force acting toward the weld crater as

F = KI2log(r1/r2 ) eg. (1)

where F is the arc force in question, K is a constant,

I is current in Amperes, r^ is the arc radius at the 
center of the arc, and r^ is the arc radius at the elec­
trode .

From this equation, it can be seen that an increase 
in current with a given electrode, or a decrease in the 
electrode diameter for a given current, will lead to an in­
crease in the arc force.

Numerous other investigators (24-26) have also mea­
sured the arc force in a variety of ways. Most have found 

its dependence on current was quadratic in nature (i.e.

Parc = kl2 ). Two main forces contribute to the arc force. 
These are 1) the dynamic pressure of the shielding gas flow, 
and 2) the electrodynamic forces caused by the interaction 

of the molten metal pools with the arcs inherent magnetic 

field. The dynamic pressure is formed as a result of con­
striction at the cathode. The greater the constriction.
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the greater the dynamic pressure.

Selyanenkov, et. al. (26, 27) found in their stu­
dies that the magnitude of the arc pressure is determined 
primarily by the angle of the tip and the truncation angle 

of the tungsten electrode.

Yamauchi, et. al. (24) in the Sumitomo Hollow Tungsten 
Arc (SHOLTA) process found that arc pressure at high currents 
could be greatly reduced by using a hollow electrode rather 

than the standard solid electrode (at currents above 250 
Amperes). The arc pressure is reduced by decreasing the 
current density at the arc striking point. The larger the 

electrode hole, the lower the arc pressure. As seen in 
figure 8 the arc pressure distribution curves are relatively 

flat for hollow electrodes in both argon and helium shield 

gases which is similar to solid electrodes when using helium 
shield gas. The arc pressure distribution curve for solid 
electrodes in argon is shown for comparison. It can be seen 
that high arc pressure does exist above 250 Amperes when 
welding in pure argon using a solid electrode. The arc 
pressure obtained for a given set of welding conditions is 

dependent on the electrode hole diameter.

In GTAW, the arc characteristics are very sensitive
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to changes in cathode geometry and material, and the differ­
ent modes of arc operation (normal or cathode spot), making 

it nearly impossible to derive a mathematical formula which 
truly expresses the current-potential characteristics. Fi­
gure 2 illustrates the different current-potential curves 
which were obtained in a variety of experiments. A fixed 
electrode gap of 0.2 inch (5mm) and the potential drop 
along the cathode were taken into account in the curves.

The differences in operating potentials for the same current 
observed with different cathodes is due partially to the 
changes in potential drop in the immediate vicinity of the 
electrodes. In all cases, the anode material was the same, 
indicating the anode drop was independent of cathode changes 
for a given current. The figure also illustrates that the 
location of the most stable arc happened to occur at the low­
est possible potential. This condition was reported to occur 
most readily with a relatively long cathode extension and a 
blunt tipped electrode. The characteristic curves are sensi­
tive to slight changes in electrode geometry and material 
as well as to the cathode mechanism (normal or cathode-spot 
mode), but more drastically due to changes in shield gas.

The difference in the arc-potential characteristic 
curves between normal and cathode spot operating modes is 
also illustrated in figure 2. Comparing the curves, it can
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be seen that cathode spot mode arcs exhibit a much greater 

potential increase than arcs operating in the normal mode.

Figure 6 illustrates the effect arc length has on the 
arc potential of a given weld. When working with low current 
and low pressure welds, the plasma potential gradient can be 

determined from the slope of the potential-arc length curve 
( 1) . It can be seen from the figure that small changes in 

the arc length produce rather large increases in the operat­
ing potential. Electrode separation also affects the radial 

current density of the electrode and hence the energy avail­
able to the anode.

Jackson (2) also noted that the higher the current, 
the greater the minimum potential required to maintain the 

arc at a given arc length. For any given potential the arc 
length decreased with an increase in current in his studies.

Figure 7 illustrates the effect shield gas has on the 
arc potential-current characteristic curve. For the example 
shown, it can be seen that the use of helium rather than ar­
gon as the shield gas gives you a much higher arc potential. 
This is also the case with increasing arc length as shown 

in figure 7. It can also be seen that the arc potential is 
much higher in helium than in argon as arc length increases.

Winsor and Turk (28) studied electrode material
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effects in both argon and helium atmospheres using pure, 
thoriated, and zirconiated electrodes. The thoriated tung­

sten electrodes exhibited superior starting performance 
during DCSP welding of stainless steel, while pure tungsten 
exhibited the worst performance. This same trend was seen 
when initiating an arc and maintaining it at low potential 
settings. The minimum starting potential for both thoriated 
and zirconiated electrodes was seen to be more constant while 

that for pure tungsten was random. The increasing work func­
tions of the thoriated and zirconiated electrodes corre­
sponded to an increasing starting potential.

The choice of shield gas will also greatly affect the 

arc potential, with helium having a greater ionization poten­
tial than argon. Thus, thoria or zirconia additions to the 
tungsten electrode tend to yield a better, more stable arc at 
most current settings (high and low). Winsor and Turk (24) 
also found that the electrode temperature was slightly higher 
in helium than in argon.

The current has a much smaller effect on the arc poten­
tial causing the potential to gradually increase with increa­
sing currents (above 150 Amperes in this current study).

The electrode material (pure, thoriated, or zircona­
ted) influences the manner and ability of the electrode to
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generate electrons for the arc plasma. Thermionic emission 
is the means by which the electrode supplies electrons to 

the arc. This effect is known as the electrode materials 
work function. The work function is a measure of the mater­

ials ability (energy necessary) to lose (emit) electrons 

from its surface through thermionic emission. In scientific 
terms, it is the energy that must be imparted to an electron 

near the Fermi energy level (maximum energy that an electron 

in a solid may reach and still be stable) of a solid to get 
the electron out of the solid into the plasma. Zirconia and 
thoria additions to tungsten lower the work function making 
the release or emission of electrons from the electrode 
surface to the arc much easier.

Lowering the work function by even one volt can have 

a relatively substantial effect on the arc characteristics. 

Thus, work began to examine how the work function of the 
tungsten electrode could be lowered to improve the effective­
ness of the electrode during welding. Decreasing the work 
function of the electrode improves both the ease of arc 
initiation and the maintenance of the arc after initiation.
As previously mentioned, both thoria and zirconia additions 

( ThC>2 and ZrD^ respectively) were found to lower the 
tungsten electrode work function and improve the arc sta­
bility at higher currents.
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HISTORY

Stainless Steel Welding

Many studies (9, 16, 18) have been initiated to deter­
mine the weldability of stainless steels. These studies 
(9, 16, 18) have concentrated on the effects that minor ele­

ment additions (to the anode) have on bead morphology, namely 
penetration. These studies did not treat the bead morphology 
of the base material with changes in weld parameters. The 

conclusion of the studies (9, 16, 18) was that minor element
additions to the stainless steel anode can and do affect bead 
morphology. The effect can be either positive or negative in 
nature depending on the affect the addition has on the molten 
weld pool surface tension (reference figure 3). Both penetra­
tion and the p/w ratio (penetration divided by the surface 
bead width) were affected.

Variation In Electrode Shape
Studies have also been initiated to determine the 

effect that electrode shape has on arc and weld bead 
characteristics. The conclusion reached by many of the 
studies (20, 29-31) was that both arc stability and bead
morphology (penetration, bead width, p/w, and melt area) 
were influenced and could be optimized by altering the elec­
trode tip configuration.

Savage, et. al. (31) initiated one of the first
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studies in this area of improving penetration by altering 
the tungsten electrode geometry. Many other studies to date 

have expanded on his work to study the effects the tungsten 
electrode has on bead morphology. The conclusions reached by 
Savage in his study were as follows:

1) In the cathode spot operating mode, the arc 
potential-current characteristics, penetra­
tion, and bead characteristics (bead morpho­
logy) , and temperature distribution along the 
arc length and the electrode are all affected 
by the electrode tip geometry.

2) Bead width decreased by half, and penetration 
increased approximately fifty percent while 
melt area remained relatively constant by in­
creasing the electrode vertex angle from 30 
to 120 degrees when using two-percent thori- 
ated tungsten electrodes. This equates to a 
threefold increase in melt efficiency.

Chihoski (29) found that better penetration (and a 
narrower weld bead) could be achieved at lower currents by 
using a fine tipped electrode. Higher currents were required 

to achieve the same results when the electrode vertex angle 
increased. In addition, Chihoski (29) surmised that finer 
electrode tips produced better penetration because of in­
creased arc pressure. No further studies were found that 
pursued this idea, although if we take it to its conclusion, 
it would suggest that by ever increasing arc pressure and 

hence a finer and sharper tipped electrode one could expect 
very good penetration and p/w ratios at moderate current 
levels. The error in this thinking is that as the electrode
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tip becomes sharper, the arc has a tendency to move up or 
"climb" the electrode to find a stable point on the electrode, 
due to the electron cooling effect described in a previous 
section. Penetration and p/w are affected, but may or may 
not increase.

In general, bead width and penetration are improved 
(decreased bead width and increased penetration) with an in­
crease in the electrode included vertex angle. The weld 

' cross-sectional area remains nearly the same with the de­
creased vertex angle and the arc potential is also decreased 
(30).

Arc characteristics are also greatly affected by elec­
trode configuration. As the electrode tip becomes finer, 

(smaller vertex angle), the cathode spot has a tendency to 
climb to a higher point on the electrode as the operating 

current is increased. This occurs because the cathode spot 
is finding the point on the electrode of maximum temperature 
where thermionic emission will occur more efficiently.

Penetration
A number of studies (compiled in (34)) have also 

attempted to derive eguations to predict bead morphology; 
namely penetration, although bead width and melt area have 
also been predicted. These studies have been used with good
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success in submerged arc welding (SAW) and one investigator 
(32) used them with GTAW and had fair success. We will now 
look at these equations and how they apply to this current 
study.

Variation of one or more of a combination of welding 
variables usually has an effect on bead morphology. Poten­
tial, weld current, travel speed, and electrode shape, size, 
and composition must be considered when determining weld bead 

morphology prediction equations. This study was mainly 

interested in the effects and improvements a hollow electrode 
had over the use of a solid electrode on weld bead morphology. 
In particular, penetration, p/w, and melt area were examined.

A recent study by Burgardt and Heiple (33) has 
indicated that the proposed models based on welding para­
meters for GTA weldment bead morphology has limitations.
These limitations are that the models hold only in the "para­
meter control region" of the plots. Figure 9 illustrates 
this phenomena. At lower currents, "fluid flow" controls 
the weld pool ; at higher currents the weld pool is in the 
parameter control region and is modelled well by the existing 
equations.

The reason for the two zones (fluid flow and parameter 
control) is shown in figure 3 and 10. In particular ; for a
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Figure 9

Fluid Flow Zone 
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Proposed Regimes In Current versus Bead Morphology 
Plot Indicating Two Regions Seen, Fluid Flow Zone 
at Low Currents and Parameter Control Zone at High 
Currents. (33)
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PURE MATERIAL

i m p u r e  MATERIAL

cr

PARAMETER
CONTROLFLUID FLÔW CONTROL

C U R R E N T  ( A M P E R E S  )
Figure 10 Schematic Showing Effects of Surface Tension versus 

Weld Pool Temperature For Pure and Impure Materials 
On p/w Ratio versus Current Curve (From 9)
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pure material, as weld pool temperature increases, the sur­

face tension decreases. Referring to figure 3, it can be 

seen that the temperature in the middle of the pool is hot­

ter than at the edge of the pool which is limited to the 

melting point of the material (Tm ). Under these circum­

stances, weld pool flow will occur as shown in figure 3a or 

outward from the middle of the pool (leading to a wide, shal­

low pool and a low p/w ratio).

For an impure material (comparably larger Sulfur 

amounts) the opposite will occur. Surface tension increases 

with increasing temperature (up to a maximum or critical tem­

perature). This is shown in figure 3b where weld pool flow 

occurs from the outside weld pool surface inward due to the 

higher temperature in the middle of the pool. This in turn 

leads to a narrower, deeper pool and a larger p/w ratio. With 

increasing temperature, the driving force of the surface ten­

sion difference between the middle of the pool and the edge 

increases leading to an increased p/w until a critical tem­

perature is reached where p/w begins decreasing because of 

the smaller driving force ( v decreases with increasing tem­

perature) above this critical temperature (the weld pool 

becomes wider and shallower). This continues until fluid 

flow from surface tension is no longer the dominant force. 

Above this point in figure 10, the parameter control region
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is encountered and p/w increases with current.

Custom 630 with its impurity constituents (including 

Sulfur) follows the trends of the impure material just dis­

cussed. The results of this study using hollow and solid 

electrodes followed this pattern seen in the two regions. 

Namely penetration and p/w ratio were modelled well at higher 

currents in the parameter control zone, but this relationship 

broke down in the fluid flow zone.

Use of a hollow electrode in place of the standard 

solid electrode has been promoted by the Japanese (24) as a 

means of improving penetration at higher currents (above 

300 Amperes). The effects of shield gas, current type (AC 

or DC) and level, and electrode shape and type (solid or 

hollow) on melt area in addition to p/w and penetration were 

examined in this current study.

A compilation of the studies to date (compiled in (34)) 

have derived complex equations interrelating current, travel 

speed, and potential. In general, increasing current leads 

to increased bead width, melt area, and penetration. Most 

studies (compiled in (34)) have shown that both penetration 

and melt area are inversely related to travel speed.

A study by Jackson and Shrubsal1 (35) found that



T-3343 40

penetration could be predicted as follows:

P = k[l4/(gv2)]l/3 eq. (2)

where P is penetration (inch), I is current (Amperes), V is 

potential (volts), k is a constant determined by type of flux 

or shield gas, and and S is travel speed (ipm).

In this study, k represents a constant determined by 

shield gas, anode material and welding process, and is the 

slope of the plot of measured penetration versus the func­

tionality of the Jackson and Shrubsall (35) equation (eq. 2).

A study by Schwemmer and Olson (36) further defined k 

as being dependent on the surface tension between the solid 

parent metal/liquid weld pool interface. This equation is 

listed in Table I.

A study by Savage, et. al. (37) proposed that pene­

tration was a function of current, potential, travel speed, 

and material thickness as follows:

P = 3.35x10™ 2 1 0 - 3 38 v0.057 g-0.449 b-0.037 eq. (3 )

where P is penetration (inch), S is travel speed (ipm) and 

b is material thickness (inch).
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Another study (38), considering surface tension and 

static equilibrium conditions, suggested an expression for 
penetration as follows :

Pcm = 0.00355[(1.27xl0-5i2)+(6xl0-Gq2/Scm)] eq. (4)

where PGm is penetration (centimeters), Scm is travel 
speed (centimeters per minute), q is effective heat input 

(cal/sec) equal to the product of 0.024nIV, and n is arc 
efficiency (energy) and was assumed to be 0.6 for these 
studies. This equation was found to be satisfactory when 
the root side of the weld is not oxidized. If the root side 
is oxidized, there is a decrease in the surface tension in 
the molten weld pool. The root side is not oxidized provided 

penetration does not exceed about seventy-five percent of 
the material thickness.

Watanabe (39) predicted penetration as follows:

^cm/^cm ~ (S3 1 /Tcm ) / ( Scm/Tcrn) ! eq. (5)

where S3 is a constant dependent on electrode or flux type, 

and Tcrn is material thickness (cm)

Another study, by Shinoda (34) predicts penetration 
with the following equation :
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Pmm = I2/[6.05V0 -5DmmSm0 -4 ] e q . (6 )

where Dmm is electrode diameter (millimeters), and Sm 
is travel speed (meters per hour). This equation may be 
used when filler wire is added to the pool.

Lastly, a computer determination of welding parameters 

from ZIS (German Democratic Republic Welding Institute (40)) 
derived the following equation for penetration:

pmm = C(19.2x10-4I2 )/DV° * 5S° * 4 )] + 0.9G eq. (7)

where G is root gap (mm). Many of the of these penetration 

prediction equations were derived for the submerged arc weld­
ing process (SAW) but are considered valid for use in GTAW 
because the arc and heat flow characteristics between the 
two processes are similiar. Table I is a compilation of 
these equations.

Effect of GTAW Weld Parameters on Bead Morphology
The previous section discussed how increased current 

and travel speed, as well as electrode shape influenced pene­
tration. Bead width (and hence p/w) and melt area are also 
affected by variations in GTAW parameters. Bead width and 
melt area (like penetration) are all affected by the molten
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weld pool flow. Any GTAW parameter which affects the pool 
fluid flow will in turn affect bead width and melt area.
Melt area measurement has an additional advantage in that it 

is a good measure of the arcs melt efficiency.

Sharapov (4) predicted bead morphology using a dimen- 
sionless Peclet number. The equation is as follows:

Pq = [(q/kTf) ((Smm/ a Tc m )l/2) eq. (8)

where k is the thermal conductivity (ca1/centi-°C-sec), Tf 

is weld pool melting temperature (°C), a is the thermal 
diffusivity (cm^ per second), Tcm is plate thickness (cm), 
and SmrTl is travel speed (millimeters per minute)

ZIS (40) also derived an equation for bead width as 
follows :

Wmm = (0.38V1 * 0 5D0 * 4 4 )/ (10 * 0 2Sm° * 48) eq. (9)

where W mm is bead width (mm), Sm is travel speed (meters 
per hour).

Jackson and Shrubsall (30) also predicted bead melt 
area with the following expression :
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Log Amm = 0.903 log(1°*7 1 6/Sc m ) - 0.78 eg. (10)

where Amm is the fused area (mm). Jackson and Shrubsall (35) 
also found that the melt area was relatively unaffected by 
normal changes in the operating potential and is more greatly 
influenced by travel speed and current. The results of the 
melt area predictions can be found in Appendix III.

Hollow Electrodes/Cathodes
As previously mentioned, the Japanese (24) have pur­

sued the use of hollow electrodes to improve penetration at 

higher currents with success. They relate this improvement 
(and success) to the decreased arc pressure which has been 
measured and is shown in figure 9.

Soviet experimenters have also pursued the use of 
hollow electrodes (42-46). Their applications have all been 
in vacuum type environments. The mentioned references deal 

mainly with the electrical characteristics of the weld and 
do not address penetration or bead morphology affects. Other 
studies with Vanadium (47) and type 304 stainless steel (48) 
all report increased penetration and arc performance using 
hollow electrodes in place of the standard solid electrodes.

Very little work has been performed in the United 
States except for that accomplished by Key, et. al. (49).



T-3343 46

These studies have also indicated improved d/w and penetra­
tion for hollow electrodes over the standard solid electrode 
during welding.

Numerous Soviet investigators (42-46) have utilized 
hollow electrodes, but their applications have been in vaccum 
(similar to a space-type environment or a pressure vessel 

welding chamber). They found that hollow electrodes pro­
vided excellant arc stability (compared with solid elec­

trodes), lower sensitivity to changes in penetration depth 

at considerable fluctuations in arc length, and higher weld 
quality (all compared to the results obtained when utilizing 
standard solid electrodes). The hollow electrodes used were 
actually tungsten (or in some cases tantalum foil) tube uti­
lizing argon as the shielding gas which was passed through 

the hollow. Flow rates as low as 0.31 liters per hour were 

found to allow relatively easy initiation of the arc (using 
a high frequency start system). Once initiated flow rates 
as low as 0.14 liters per hour allowed stable welding arcs 
to be used. They also found that the electrode wall thick­
ness should be about half the hollow diameter to ensure long 
service lives with little electrode buildup problems. Cur­

rents up to 200 Amperes were analyzed.

In summary, the purported advantages of hollow elec­
trode GTA welding (over solid electrode GTA welding include
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the following:

1 ) lower arc pressure (and hence better arc sta­
bility )

2 ) improved penetration at constant heat inputs
3) the ability to arc weld in a vacuum with 

relatively low shield gas flows (compared 
with regular gas shielded welding where the 
gas is quickly removed from the welding arc 
preventing ionization from occurring)

4) improved arc control with smaller sensitivi­
ties to arc length and little effect on pene­
tration

Shield Gases
The shielding gas utilized in GTAW also has an effect 

on arc characteristics and to a lesser extent bead morphology 
However, it may affect penetration based on the flow rates 
and compositions of the shielding gases involved. Each gas/ 

gas combination has its own unique advantages and disadvan­
tages which warrant their use for specific applications.

In general, higher arc potentials are obtained as the 
percent helium is increased. Pure helium produces arc po­
tentials higher than those in pure argon at the same current 
levels. This is due to the higher ionization potential of 
helium than of argon producing a hotter arc. It has also 
been seen that arcs at lower currents start much more readily 
in pure argon atmospheres and it generally produces weldments 
with deeper penetration and narrower widths than when using
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helium. Helium also permits higher travel speeds to be uti­

lized before weld undercutting is seen.

Argon-helium gas mixtures tend to retain the proper­
ties of the argon gas up to about a 25ArHe m i x . Mixes at 
this ratio have the advantages of both helium and argon ma­
king it the optimum gas composition (generally).

Arc Stability/Appearance

Arc stability has been typically measured using an 

oscillograph type feedback equipment monitoring system which 
analyzes the current and potential fluctuations as a function 
of time. Another equally acceptable measurement technique 

is the use of a high speed strip chart recorder (visicorder). 
Figure 10 illustrates a typical example for both electrode 
types at the same current.

As current and potential increase (at a predetermined 
travel speed), an optimum point is reached whereby there 
exists a small fluctuation in the arc stability plot. Above 
this point the arc stability decreases. Travel speed will 
also have an affect on arc stability; therefore, as travel 
speed is altered, the optimum current/potential point for 
the most stable arc will also change. The arc stability 
results for this study can be found in Appendix IV.
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SOLID ELECTRODE HOLLOW ELECTRODE
FIGURE 11 Typical Arc Stability Measurement Outputs From

Visicorder For Shaped Solid and Hollow Electrode 
GTAW in 75ArHe at 500 Amperes, 150 degree tip.

TABLE II Nominal Chemical Analysis of Raw Material
Cr Ni C Cu Cb + Ta Mn Si Fe

17.0 4.0 0.0 7 4.0 0.15-0.45 1.0 1.0 rem.
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The intent of the present work was to verify the 

increased penetration results of the Japanese (24) using 
argon and argon-he1iumk gas mixtures in the welding of stain­
less steels. In addition, if improvements were found, an 
understanding of the physical reasons for these observations 
was attempted.
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EXPERIMENTAL PROCEDURE 
Material Selection

Stainless steel (Custom 630) was selected for use in 
this study because of its known weldability with the GTAW 
process and it was believed that the nugget and heat-affected- 
zone would be readily discernible from the parent material.
The material was supplied by Carpenter Technology in 0.5 

(12.7 mm) inch thick by 3 inch (76 mm) wide bars which were 
cut into nine inch (230 mm) lengths. The material came from 
heat lot 57029 and is in the HI165 condition. Chemical ana­
lysis of the material is given in Table II (it can be seen 
that the material matches 17-4PH stainless steel).

Equipment and Set-up
Argon and argon-helium mixtures (75ArHe and 25ArHe) 

were used in this study to aid in determining the effect of 
shield gas on penetration and bead morphology while utilizing 
both solid and hollow electrodes. The advantages and disad­
vantages of each shield gas are well known and were discussed 
in an earlier section.

Two percent thoriated solid, hollow, and unshaped and 
shaped solid and hollow electrodes were used in this study 
to determine the validity of increased penetration by uti­
lizing hollow over solid electrodes. The electrode diameter
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was 5/32 inch (4mm) to allow for boring of the hollow elec­
trodes . Hollow electrodes were made by using a carbide-tip 

bit to drill a 3/32 (2.3mm) inch diameter hole 1/2 inch
(12.7mm) deep into the solid electrodes. The electrode 
shapes used are shown in figure 1 2 .

Three vertex angle electrodes were utilized in this 
study ; namely, 180 (unshaped), 150, and 90 degree included 
angles. The solid electrodes with 150 and 90 degree vertex 

angles were blunted to a 3/32 inch (2.3mm) diameter (repre­

senting the hole diameter in the hollow electrode), while 
the hollow electrodes were ground to a point at the hole 
center (shown in figure 1 2 ).

Electrode preparation was done using a standard elec­

trode grinder. A relatively smooth finish (better than 32 
R M S ) was obtained with the 150 and 90 degree blunt tipped 
solid and 150 and 90 degree tapered hollow electrodes.

The power supply utilized for the lower currents (100 
to 290 Amperes DC and 100 to 230 Amperes AC) for constant 
heat input welding was a Hobart Cyber TIG 300 series machine. 
The remaining welds at constant travel speed were done using 

a Merrick power supply controlled with an Amptrak Micro I-B 
control1er.
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180° 150° 90° 180° 150° 90°
a) Solid Electrode 3/32 inch b) Hollow Electrode 3/32 inch 

(2.3mm) blunt end (2.3mm) hollow
FIGURE 12 Electrode Configurations Used In the Present Study.

All Electrodes Were 5/32 inch (4mm) diameter, two- 
percent thoriated tungsten.
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Arc Characterization

A high speed strip chart recorder (visicorder) was 
used to monitor arc stability. Figure 11 illustrates what 
was obtained using a visicorder for the arc stability mea­
surements .

The arc was observed visually to discern differences 
with the varied welding parameters (current, potential shield- 
g a s , etc.). The effects of electrode type (solid, hollow, 
or shaped solid or hollow) were also examined. The results 

of these observations are discussed in more detail in the 
results section.

Weld Procedure
Two welding approaches were taken in this work. The 

first, maintaining constant heat input utilized at lower 
currents to determine what affect increasing current under 

constant heat input had on puddle formation (and subsequently 
bead morphology). Using both solid and hollow electrodes in 
argon and argon-helium mixtures, weldments were made to de­
termine these effects on bead morphology. Weld parameters 
are listed in Table III and electrode configurations are 

shown in figure 1 2 .

The second approach, maintaining constant travel speed, 
was used at low and high current ranges to determine what
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TABLE III Constant Heat Input Weld Parameters 
CURRENT
(AMPERES) TYPE SHIELD GAS ELECTRODE

100 DC ARGON SOLID
150 DC ARGON SOLID
175 DC ARGON SOLID
200 DC ARGON SOLID
225 DC ARGON SOLID
250 DC ARGON SOLID
275 DC ARGON SOLID
300 DC ARGON SOLID
100 DC ARGON HOLLOW
150 DC ARGON HOLLOW
175 DC ARGON HOLLOW
200 DC ARGON HOLLOW
225 DC ARGON HOLLOW
250 DC ARGON HOLLOW
275 DC ARGON HOLLOW
300 DC ARGON HOLLOW
150 DC 7 5ArHe SOLID
200 DC 7 5ArHe SOLID
250 DC 7 5ArHe SOLID
300 DC 7 5ArHe SOLID
150 DC 7 5ArHe HOLLOW
200 DC 75ArHe HOLLOW
250 DC 7 5ArHe HOLLOW
300 DC 7 5ArHe HOLLOW
150 DC 25ArHe HOLLOW
200 DC 25ArHe HOLLOW
250 DC 25ArHe HOLLOW
300 DC 25ArHe HOLLOW
100 AC ARGON SOLID
150 AC ARGON SOLID
200 AC ARGON SOLID
250 AC ARGON SOLID
100 AC ARGON HOLLOW
150 AC ARGON HOLLOW
200 AC ARGON HOLLOW
250 AC ARGON HOLLOW
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TABLE III (continued)
CURRENT
(AMPERES) TYPE SHIELD GAS ELECTRODE

100 AC 75ArHe SOLID
150 AC 7 5ArHe SOLID
200 AC 7 5ArHe SOLID
250 AC 7 5ArHe SOLID
100 AC 7 5ArHe HOLLOW
150 AC 7 5ArHe HOLLOW
200 AC 7 5ArHe HOLLOW
100 AC 25ArHe HOLLOW
150 AC 25ArHe HOLLOW
200 AC 25ArHe HOLLOW
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effect increasing current at constant travel speed had on 
puddle formation and arc stability. Shaped and unshaped 
electrodes were used in the previously mentioned gases. Weld 

parameters used are listed in Table IV and figure 12 shows 
the electrode configurations used.

Standard GTAW procedures were followed in this study 
to make "bead-on-bar" welds. The weld samples were grit 
blasted to remove all evidence of the surface oxide present 
on the samples at receipt. In addition, the samples were 

solvent cleaned using acetone until a clean wipe resulted 
from wiping the surface. The samples were then placed into 
position for welding.

The power supply and water were turned o n , the elec­
trode gap and stickout were adjusted, and the shield gas flow 
and type were adjusted to yield a flow of 40 cfh (1.13 cmh ) . 
Shield gas was flower in the normal manner (through a shield 
cup) and not through the electrode hollow.Electrode gap and 
stickout were set at 5/32 inch (4mm) for all welds completed 
in this study.

Metallographic Procedure
Metallographic preparation of the welds was accompli­

shed using standard practice. Each test bar was sectioned in 
three places (yielding four data points per weld measurement
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TABLE IV Constant Travel Speed Weld Parameters
CURRENT
(AMPERES) TYPE T. SPEED SHIELD GAS ELECTRODE
100 DC 10 ipm 7 5ArHe SOLID
150 DC 10 75ArHe SOLID
200 DC 10 7 5ArHe SOLID
250 DC 10 7 5ArHe SOLID
300 DC 10 7 5ArHe SOLID
350 DC 10 7 SArHe SOLID
400 DC 10 7 SArHe SOLID
450 DC 10 7 SArHe SOLID
500 DC 10 7 SArHe SOLID

100 DC 10 7 SArHe HOLLOW
150 DC 10 7 SArHe HOLLOW
200 DC 10 7 SArHe HOLLOW
250 DC 10 7 SArHe HOLLOW
300 DC 10 7 SArHe HOLLOW
350 DC 10 7 SArHe HOLLOW
400 DC 10 7 SArHe HOLLOW
450 DC 10 7 SArHe HOLLOW
500 DC 10 7SArHe HOLLOW
100 DC 10 2SArHe SOLID
150 DC 10 25ArHe SOLID
200 DC 10 25ArHe SOLID
250 DC 10 25ArHe SOLID
300 DC 10 25ArHe SOLID
350 DC 10 25ArHe SOLID
400 DC 10 2 SArHe SOLID
450 DC 10 2 SArHe SOLID
500 DC 10 25ArHe SOLID
100 DC 10 25ArHe HOLLOW
150 DC 10 2SArHe HOLLOW
200 DC 10 2 SArHe HOLLOW
250 DC 10 25ArHe HOLLOW
300 DC 10 25ArHe HOLLOW
350 DC 10 25ArHe HOLLOW
400 DC 10 25ArHe HOLLOW
450 DC 10 25ArHe HOLLOW
500 DC 10 25ArHe HOLLOW

100 DC 10 ARGON 90 SBLUNT
150 DC 10 ARGON 90 SBLUNT
200 DC 10 ARGON 90 SBLUNT
250 DC 10 ARGON 90 SBLUNT
300 DC 10 ARGON 90 SBLUNT
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TABLE IV (continued)
CURRENT
(AMPERES) TYPE T. SPEED SHIELD GAS ELECTRODE
350 DC 10 ipm ARGON 90 SBLUNT
400 DC 10 ARGON 90 SBLUNT
450 DC 10 ARGON 90 SBLUNT
500 DC 10 ARGON 90 SBLUNT
100 DC 10 ARGON 90 HOLLOW
150 DC 10 ARGON 90 HOLLOW
200 DC 10 ARGON 90 HOLLOW
250 DC 10 ARGON 90 HOLLOW
300 DC 10 ARGON 90 HOLLOW
350 DC 10 ARGON 90 HOLLOW
400 DC 10 ARGON 90 HOLLOW
450 DC 10 ARGON 90 HOLLOW
500 DC 10 ARGON 90 HOLLOW
100 DC 10 7SArHe 150SBLUNT
150 DC 10 7SArHe 150SBLUNT
200 DC 10 7 SArHe 150SBLUNT
250 DC 10 7 SArHe 150SBLUNT
300 DC 10 7 SArHe 150SBLUNT
350 DC 10 7 SArHe 150SBLUNT
400 DC 10 7 SArHe 150SBLUNT
450 DC 10 7 SArHe 150SBLUNT
500 DC 10 7 SArHe 150SBLUNT
100 DC 10 7SArHe 150HOLLOW
150 DC 10 7 SArHe 150HOLLOW
200 DC 10 7 SArHe 150HOLLOW
250 DC 10 7SArHe 150HOLLOW
300 DC 10 7 SArHe 150HOLLOW
350 DC 10 7 SArHe 150HOLLOW
400 DC 10 75ArHe 150HOLLOW
450 DC 10 7 SArHe 150HOLLOW
500 DC 10 7 SArHe 150HOLLOW
100 DC 10 25ArHe 150SBLUNT
150 DC 10 2SArHe 150SBLUNT
200 DC 10 25ArHe 150SBLUNT
250 DC 10 2SArHe 150SBLUNT
300 DC 10 25ArHe 150SBLUNT
350 DC 10 25ArHe 150SBLUNT
400 DC 10 25ArHe 150SBLUNT
450 DC 10 2SArHe 150SBLUNT
500 DC 10 25ArHe 150SBLUNT
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TABLE IV (continued)
CURRENT
(AMPERES) TYPE T. SPEED
100 DC 10 ipm
150 DC 10
200 DC 10
250 DC 10
300 DC 10
350 DC 10
400 DC 10
450 DC 10
500 DC 10

100 DC 10
150 DC 10
200 DC 10
250 DC 10
300 DC 10
350 DC 10
400 DC 10
450 DC 10
500 DC 10

100 DC 10
150 DC 10
200 DC 10
250 DC 10
300 DC 10
350 DC 10
400 DC 10
450 DC 10
500 DC 10

100 DC 10
150 DC 10
200 DC 10
250 DC 10
300 DC 10
350 DC 10
400 DC 10
450 DC 10
500 DC 10

100 DC 10
150 DC 10
200 DC 10
250 DC 10
300 DC 10

SHIELD GAS ELECTRODE
25ArHe 1SOHOLLOW
25ArHe 1SOHOLLOW
2SArHe 1SOHOLLOW
25ArHe 1SOHOLLOW
25ArHe 1SOHOLLOW
25ArHe 1SOHOLLOW
25ArHe 1SOHOLLOW
25ArHe ISOHOLLOW
2SArHe 1SOHOLLOW

7SArHe 90 SBLUNT
7SArHe 90 SBLUNT
7 SArHe 90 SBLUNT
7 SArHe 90 SBLUNT
7 SArHe 90 SBLUNT
7 SArHe 90 SBLUNT
7 SAAHe 90 SBLUNT
7 SAAHe 90 SBLUNT
7 SArHe 90 SBLUNT
7 SArHe 90 HOLLOW
7 SArHe 90 HOLLOW
7SArHe 90 HOLLOW
7 SArHe 90 HOLLOW
7 SArHe 90 HOLLOW
7 SArHe 90 HOLLOW
7 SArHe 90 HOLLOW
7 SArHe 90 HOLLOW
7 SArHe 90 HOLLOW
2SArHe 90 SBLUNT
25ArHe 90 SBLUNT
25ArHe 90 SBLUNT
25ArHe 90 SBLUNT
25ArHe 90 SBLUNT
25ArHe 90 SBLUNT
25ArHe 90 SBLUNT
25ArHe 90 SBLUNT
25ArHe 90 SBLUNT

25ArHe 90 HOLLOW
25ArHe 90 HOLLOW
25ArHe 90 HOLLOW
25ArHe 90 HOLLOW
25ArHe 90 HOLLOW
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TABLE IV (continued)
CURRENT
(AMPERES) TYPE T. SPEED SHIELD GAS ELECTRODE
350
400
450
500

DC
DC
DC
DC

10 ipm 
10 
10 
10

25ArHe
25ArHe
25ArHe
25ArHe

90 HOLLOW 
90 HOLLOW 
90 HOLLOW 
90 HOLLOW
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listed in Table Al-1 or Al-2) and ground successively through 
80, 120, 320, and 600 grit paper. The samples were then

etched in heated (approximately 160°F (71°C)) Marbles 
reagent and were etched for 20 to 30 seconds. This brought 
the weld nugget and heat affected zone out for measurements 

of the bead morphology.

Test Matrix

Phase I Constant Heat Input

Arc potential-current characteristic curves were ob­
tained for currents ranging from 100 to 300 Amperes in AC and 
150 to 300 Amperes for DC. The arc potential-current plots 
describe the nature of the arc behavior. This data was used 
in determining the travel speed to be used for each of the 

current settings to obtain welds produced with the same heat 
input per the equation, heat input = I x V/S; where I is the 

current in Amperes, V is the potential, and S is the travel 
speed in inches per second. Data was obtained for all 
welding conditions including each electrode configuration 
(solid or hollow) and shield gas combination as noted in 
Table III.

Phase II Constant Travel Speed- Unshaped Electrodes

Arc potential/current characteristic curves were ob­
tained for currents ranging from 100 to 500 Amperes for DC
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welding. Data was obtained for all welding conditions in­

cluding each electrode configuration (solid or hollow) and 

shield gas combination. Unshaped (180 degree) solid and 
hollow electrodes were used in this phase. The weld para­
meters used are listed in Table IV.

Phase III Constant Travel Speed- Shaped Electrodes

Arc potential-current characteristic curves were ob­
tained for currents ranging from 100 to 500 Amperes for DC 
welding. Two different electrode shapes were used (90 and 

150 degree included angle) for both solid and hollow. The 
shaped solid electrodes had a 3/32 inch (2.3mm) truncation 
on the tip.

Using the above (all three phases), welds were made 
on each of the nine inch bar samples making attempts to keep 
the heat input constant at about 24,000 joules/inch (for 
constant heat input welds) or constant travel speed (10 ipm 
(4.2 mm/sec)). Three welds were made on each piece as shown 
in figure 12 (at currents above 400 Amperes, two welds per 
bar were made) per side of bar.

Arc potential-current characteristic data was gathered 
in all three phases and is presented in the Results section. 
In addition, arc characteristic changes (normal to cathode 
spot mode) and bead morphology (penetration, bead width, p/w,
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FIGURE 13 Orientation of "Bead-on Plate" Weldments
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and melt area) were recorded/measured for each of the com­
pleted welds. The weld parameters used in all three phases 

are listed in Table III and IV.

Weld Cross-Section Measurements
Weld bead morphology (penetration, melt area, bead 

width, and p/w) was measured by sectioning each weld; in a 
stable weld area, and preparing each sample as previously 
outlined. Photographs at 4 to 20X were taken of each weld 
to aid in making the required measurements. The data ob­
tained was an average of four data points. Melt area was 
determined by cutting the weld nugget out of each picture and 
weighing it. Knowing the weight of the weld nugget and di­

viding it by the weight of a given area of photo yields the 
melt area.

Arc Characterization

Arc characterization has been investigated by many 
investigators (2,5,12,13,29). The arc operating mode (normal 
or cathode spot) as well as the arc stability were determined. 

It is generally determined visually, visually with the aid 
of a high-speed camera, or with the use of an oscilloscope.
A high speed strip chart recorder (visicorder) was utilized 
in the present study. All arcs for the various conditions 
were visually characterzed and the observations are described 
in the Results section.
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RESULTS

Constant Heat Input

Constant heat input was utilized initially during the 
tests as it provides a good understanding of the weld under 

conditions conducive to a constant weld pool size.

Measurements were made on each weldment to determine 
penetration, bead width, penetration to bead width ratio 

(p/w), and melt area for each of the forty-six welds. These 
measurements are listed in Table Al-1. Figure 14 and 15 show 
the typical weld profiles seen under DC and AC conditions 

with pure argon as the shield gas. The two argon-helium gas 
mixtures yielded similiar profiles but are not shown.

Bead-on-plate welds were made on Custom 630 stainless 
steel bar with variations in current and shield gas. Travel 
speed was also varied to maintain constant heat input condi­
tions for each weld.

DC Constant Heat Input

The arc potential-current characteristic curves for 

weldments made using unshaped solid and hollow two-percent 
thoriated tungsten electrodes, in two argon-helium shield 
gas mixtures, under DC conditions are shown in figure 16.

Examination of this figure indicates that increasing
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150 Amperes

200 Amperes

250 Amperes

290 Amperes

FIGURE 14 Weld Profiles For DC Constant Heat 
Input Welds With Solid Electrode 
in Argon 11.4X
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100 Amperes

150 Amperes

200 Amperes

ÉISP̂
230 Amperes

FI-GURE 15 Weld Profiles For AC Constant Heat 
Input Welds With Solid Electrode 
in Argon 11.4X
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---------------------------------1---------------------------- 1------------------------------------- r
5/32 inch 2% thoriated tungsten electrode 
3/32 inch hollow 
5/32 inch arc gap
1-solid argon
2-hollow argon
3-solid 75ArHe
4-hollow 75ArHe

6-hollow 25ArHe

/

100 2CH) 3ÎÔ 4Ô&
C U R R E N T  ( A M P E R E S )

FIGURE 16 Arc Potential-Current Characteristic Curve DC Con­
stant Heat Input Welds.
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helium content in the shield gas increases the arc potential 

for a given current as well as decreasing the slope of the 
curve. It is also seen that the arc potential using a solid 
electrode is greater than that for a hollow electrode at com­

parable current levels in pure argon. This difference is 
much smaller between the two electrodes in 7SArHe gas mix­
tures and is expected to be nearly identical in 25ArHe.

Examination of the weld cross-sections yielded the 
current-pénétrâtion curves for the above conditions as seen 
in figure 17. No benefits were seen when utilizing the hol­
low electrode over the solid electrode in terms of penetra­

tion up to 300 Amperes. Penetration for both electrodes 
decreased at a rapid rate in argon below 200 Amperes while 
the other two argon-helium gas mixtures did not show this 
trend.

It is also interesting to note the characteristic 
shape of the curve. Penetration increased to a maximum, 
decreased to a minimum and began increasing again with in­
creasing current. Both electrodes exhibited this phenomenom 

and electrode type (solid or hollow) had no affect on the lo­
cation of the maxima/minima points. Shield gas did have an 

affect on the location of these characteristic points. 
Increasing helium content shifted the maxima/minima points to 
the left for hollow electrode GTA and had no affect on solid
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5/32 inch 2% thoriated tungsten electrode 
3/32 inch hollow 
5/32 inch arc gap
1-solid argon
2-hollow argon
3-solid 75ArHe
4-hollow 75ArHe

6-hollow 25ArHe
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FIGURE 17 Current versus Penetration for DC Constant Heat
Input Welds



T-3343 72

electrode GTA.

Cross-sectional measurements of the weldments also 
yielded penetration to bead width ratio (p/w) and melt area 
measurements. Melt area measurements are a good approximate 
measure of the arcs melt efficiency. As was seen in the 
penetration plots discussed earlier, the current versus 
penetration to bead width ratio (p/w) also showed the char­

acteristic maxima/minima points as seen in figure 18. Again, 
shield gas had the greater affect than electrode type on the 

location of these maxima/minima points. Increased helium 
spread the curves such that the initial maxima was shifted 

to the left and the minima was shifted to the right of the 
points seen in pure argon. Increased helium content also 
had the tendency to decrease p/w for electrodes at currents 

above 200 Amperes (and to 300 Amperes), although p/w was 
relatively unaffected by electrode type.

Melt area was not affected by either shield gas com­
position or electrode type utilized up to 300 Amperes as seen 
in figure 19. Maxima/minima points were also seen, but not 
to the degree seen in the earlier plots. The hollow elec­
trode exhibited a stronger tendency towards maxima/minima 
points than the solid electrode.
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0.5-

0.4-
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0.1

5/32 inch 2% thoriated tungsten electrode 
3/32 inch hollow 
5/32 inch arc gap
1-solid argon
2-hollow argon
3-solid 75ArHe
4-hollow 75ArHe

6-hollow 25ArHe

3 _ _4
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C U R R E N T  ( A M P E R E S )

FIGURE 18 Current versus p/w for DC Constant Heat Input Welds
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Figure 19 Current versus Melt Area for DC Constant Heat In­
put Welds
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AC Constant Heat Input

The arc potential-current characteristic curves for 
weldments made using unshaped solid and hollow two-percent 
thoriated tungsten electrodes, in argon and two argon-helium 
shield gas mixtures, under AC weld conditions are shown in 
figure 2 0 .

The arc potential for both electrodes under AC was 

significantly greater than that seen in DC welding. Examina­

tion of this figure indicates that increasing helium content 
in the shield gas increases the arc potential for a given cur­
rent. Increased helium content in the shield gas and current 
lead to a greater arc potential difference between the hollow 
ands solid electrodes. Little difference can be seen in the 
arc potential between the two electrode types in pure argon.

Examination of the weld cross-sections yielded the 
current-penetration curves for the above conditions as seen 
in figure 21. No benefits were seen when utilizing the hol­
low electrode over the solid electrode in terms of penetra­
tion up to 250 Amperes.

It is also interesting to note the characteristic 

shape of the curve. Penetration increased to a maximum, 
decreased to a minimum and began increasing again with in­

creasing current. Both electrodes exhibited this phenomenom
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Input Welds
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and electrode type (solid or hollow) had no effect on the lo­

cation of the maxima/minima points. Shield gas did have an
affect on their location. Increasing helium content shifted 
the maxima/minima points to the left for hollow electrode GTA
and had no affect on solid electrode GTA.

Weld cross-section measurements also yielded penetra­
tion to bead width ratio (p/w) and melt area measurements.
As was seen in the penetration plots discussed earlier, the 
current versus penetration to bead width ratio (p/w) also 
showed the characteristic maxima/minima points as seen in 
figure 22. This characteristic was not as prominant under AC 
weld conditions as was seen under DC conditions. Again, 
shield gas had the greater affect than electrode type on the 
location of these maxima/minima points although neither had a 
significant influence on p/w for currents up to 250 Amperes. 
Increased helium spread the curves such that the initial 
maxima was shifted to the left and the minima was shifted to 
the right of the points seen in pure argon. Increased helium 
content also had the tendency to decrease p/w for electrodes 
at currents above 200 Amperes although p/w was relatively 
unaffected by electrode type.

Melt area was not affected by electrode type, but 
shield gas did have an affect up to 250 Amperes as can be 
seen in figure 23. Increased helium led to increased melt
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FIGURE 22 Current versus p/w for AC Constant Heat Input Welds
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area or melt efficiency. However, maxima/minima points were 
not seen.

Constant Travel Speed

Constant travel speed was utilized in the second set of 

welds using both shaped and unshaped (180 degree) electrodes 
because it was believed that increasing weld pool size would 

also yield an accurate assessment of the effectiveness while 

utilizing a hollow, rather than a solid tungsten electrode.

Bead-on-plate welds were made on Custom 630 stainless 
steel bar with variations in current and shield gas. Travel 
speed was maintained constant at 10 ipm (4.2mm/sec).

Measurements were made on each of the weldments determine 

penetration, bead width, penetration to bead width ratio (p/w) 
and melt area for each of the welds. These measurements are 

listed in Table A2-1. Figure 24 shows the typical weld bead 
profiles in 25ArHe DC weld condition using unshaped (180) 
solid electrodes. The other argon-helium shield gas mixture 
showed a similiar profiles, but these welds are not shown.

Unshaped Electrode

The arc potential-current characteristic curves for 
weldments made using unshaped (180) solid and hollow two- 
percent thoriated tungsten electrodes, in two argon-helium
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100 Amperes

150 Amperes

200 Amperes

250 Amperes

300 Amperes

FIGURE 24 Typical Weld Profile for DC Constant Travel Speed
Welds in 25ArHe Using Shaped Solid Electrode GTAW
With 150 Degree Electrode Tip. 4X
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350 Amperes

400 Amperes

450 Amperes

500 Amperes

FIGURE 24 con
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shield gas mixtures, under DC weld conditions are shown in 

figure 25. It can be seen that arc potential increases with 
increasing current and increased helium content in the shield 
gas. The slopes of the curves are approximately equal with 

the 25ArHe being raised 2.5 to 3.0 volts above that of the 
75ArHe. Both electrode types exhibited similiar arc poten­
tials in their respective gas mixtures between 100 and 500 

Amperes.

Examination of the weld cross-sections yielded the 
penetration-current curves for the above conditions as seen 
in figure 26. Increased helium in the shield gas yields a 
slight increase in penetration. This is particularly true 

at low currents (100 to 200 Amperes) and high currents (400 
to 500 Amperes). Little difference in penetration existed 
between the two electrode types in the current range studied.

As previously noted, the characteristic maxima, minima, 
steady rise in penetration with increasing current can also 
be seen in these plots. Increased helium content in the 
shield gas shifts these maxima/minima points to the right and 
leads to a greater penetration difference between the maxima 
and minima seen in the 75ArHe mixture.

Weld cross-section measurements also yielded penetra­
tion to bead width ratio (p/w) and melt area measurements. 

Examining figure 27, it can be seen that p/w goes through a
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minima near the minima seen in the current-penetration plot 

(figure 26). It can also be seen that p/w is similiar for 
both electrode types in both shield gas mixtures up to 400 
Amperes. Above this, little difference in p/w is seen for 

welds in 25ArHe, but 75ArHe produces substantially better 

(and gradually increasing) p/w for hollow electrode GTAW.

Looking at figure 28, it can be seen that melt area 
for all conditions (both shield gas mixtures and electrode 
types) are the same for any given current up to 400 Amperes. 
Above 400 Amperes, shield gas tends to play a more important 
role in increased melt efficiency than electrode type. Hol­

low electrode GTAW melt efficiency is seen to be slightly 
better than that seen for solid electrode GTAW. The data to 
support each of the above figures can be seen in Table Al-2.

Shaped Electrode 150 Degree Tip
The current-arc potential characteristic curves for 

welds made using shaped solid and hollow two percent thoria- 
ted tungsten electrodes in argon and argon-helium gas mix­
tures under DC weld conditions are shown in figure 29. Two 
shapes were used, namely 150 and 90 degree included tip 

angles. A later section discusses weldments made utilizing 
90 degree included tip angle electrodes.

It can be seen that arc potential increases with
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increasing current and increased helium content in the shield 

gas. The slopes of the curves are approximately equal with 
the 25ArHe curve being raised 2.5 to 3.0 volts above that of 
the 75ArHe. Both electrode types exhibited similiar arc 

potentials in their respective gas mixtures between 100 and 
450 Amperes. At higher currents with the hollow electrode, 
the 75ArHe curve appears to converge with the 25ArHe curve.

In addition, opposite trends are seen with the two electrodes. 
In 75ArHe, the hollow electrode arc potential begins increa­
sing at a faster rate than that for the solid electrode. In 
25ArHe, the opposite trend is seen. This penetration-current 
behavior is similiar to that suggested by the Japanese (24).

Examination of the weld cross-sections yielded the 
penetration-current curves for the above conditions as seen 
in figure 30. Penetration increased with increasing current, 

except as noted when using solid and hollow electrodes with 
150 degree included tip angle. Both shield gas and electrode 

type had little effect on penetration between 100 and 500 
Amperes. The exception to this was the penetration data for 
hollow electrode GTAW using 75Artie and no explanation is 
available for this vast improvement in penetration with the 

hollow electrode over weldments made with the solid electrode. 
The characteristic maxima/minima points were seen and increa­
sing helium content led to a shift in the location of these
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points to the right for both electrodes.

Weld cross-section measurements also yielded penetra­
tion to bead width ratio (p/w) and melt area measurements. 
p/w remained nearly constant with increasing current except 
as noted when using solid and hollow electrodes with 150 

degree included tip angle as shown in figure 31. Both shield 

gas and electrode type had little affect on p/w between 100 

and 500 Amperes. The exception to this was the p/w data for 

hollow electrode GTAW using 75ArHe and no explanation is 
available for this behavior. No characteristic maxima/minima 
points were seen.

Figure 32 shows the melt area-current curve for 150 
degree included tip angle electrodes. Shield gas had no af­

fect on melt efficiency up to 300 Amperes, above this, shield 
gas had a significant affect on the melt efficiency. Melt 
efficiency increased with increasing current in 25ArHe at 
a faster rate than in 75ArHe. Electrode type had a minor 
affect on melt efficiency, but this trend rapidly decreased 
with increasing helium in the shield gas.

Shaped Electrode 90 Degree Tip
It can be seen in figure 33 that arc potential in­

creases with increasing current and increased helium content 
in the shield gas. The slopes of the curves are nearly
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equal with the 25ArHe being raised 2.5 to 3.0 volts above 

that of the 75ArHe. Both electrode types exhibited similiar 

arc potentials in their respective gas mixtures between 100 

and 450 Amperes when helium was added to the shield gas. At 
higher currents, arc potential increasingly diverged with 
decreasing helium content, with the hollow electrode exhibi­
ting a lower arc potential than seen for the solid electrode 
at similiar currents. In pure argon, the arc potential for 

solid electrode GTAW was greater than that seen for hollow 

electrode GTAW at all currents.

Penetration increased with increasing current, except 
as noted when using solid and hollow electrodes with 90 de­

gree included tip angles as shown in figure 34. Both shield 
gas and electrode type had little influence on penetration. 
As noted many previous times, the characteristic maxima/mi­

nima points were seen. These points were shifted to the 
right with increasing helium content in the shield gas.

p/w remained nearly constant with increasing current, 
except as noted when using solid and hollow electrodes with 
90 degree included tip angles as shown in figure 35. Both 
shield gas and electrode type had little influence on p/w.
As noted previously, the characteristic maxima/minima points 

were seen. These points were shifted to the right with- 
increasing helium content in the shield gas.
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Melt area for 90 degree included tip angle electrodes 

increased with increasing current as shown in figure 36, 
and up to 300 Amperes, melt area was independent of shield 
gas composition and electrode type. Above this, increasing 

helium content generally led to an increase in melt area.

This was more readily apparent for small additions (25 per­
cent) of helium rather than larger additions (75 percent).

Electrode type played a much smaller role in deter­

mining melt area and mixed results were obtained with both 
electrode types. Hollow electrode GTAW produced larger melt 
areas when using 75ArHe, but smaller melt areas were seen in 
both pure argon and 25ArHe than found when using solid elec­
trode GTAW. No explanation is available for the large in­
crease in melt area seen with solid electrode GTAW in 25ArHe. 
The data to support each of the above figures can be seen in 
Table Al-2.
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DISCUSSION

The reported observations of hollow electrode GTAW 
over solid electrode GTAW predicts improvements in the 
following areas :

1) Improved penetration in argon at high currents
2) Decreased arc pressure in pure argon cover 

gases

3) Increased arc stability again in pure argon 
cover gases.

In this investigation, the effect of shield gas, elec­

trode shape (unshaped (180) or 150 or 90 degree included tip 
angle), and current on penetration, p/w, and melt area as 

well as arc stability using solid and hollow electrode GTAW 
was investigated. Previous studies (24,42-46) with the hol­
low electrode have not dealt with bead morphology in as suf­
ficient depth as discussed herein.

This investigation was not able to substantiate the 
suggested improvements when utilizing hollow electrode as a 
generally accepted fact. The improvements were typically 
seen at either high (greater than 450 Amperes) or low (less 

than 150 Amperes) currents and then only under special cond­
itions for the welding parameters. Shield gas composition 
(helium versus argon) played a more significant role in 
parameter improvements than electrode type or the other 
parameters studied.
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Shield Gas Effects
As expected, increased helium in the shield gas led 

to a hotter arc due to the ionization potential of helium 
being greater than that for argon. This was true for both 
AC and DC weld conditions and constant heat input/travel 
speed weldments. Arc potential for solid and hollow elec­
trode GTAW were similiar under similiar welding conditions 
at all currents investigated. Shield gas had a more pro­
nounced effect on arc potential than electrode type.

Also, as expected, increased helium in the shield 
gas led to improved penetration. Electrode type had a minor 
affect which was more pronounced in pure argon than the two 
argon-helium gas mixtures. The hollow electrode showed 
occasional unpredictable excursions (usually at high cur­
rent) of vastly improved penetration over solid electrode 
GTAW. The general trend indicated shield gas had a substan­
tially greater role in penetration than did electrode type.

Shield gas and electrode type had relatively no effect 
on the p/w ratio. This ratio was nominally between 0.14 and 
0.18 (considered low) and helium additions to the shield gas 
tended to slightly lower the ratio. p/w decreased slightly 
with helium additions because the weld puddle was wider than 
that seen when using argon as the cover gas.
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Melt area was affected by increasing helium in the 

shield gas. As the figures indicate, melt area improved with 
increasing helium content and this trend was more pronounced 

with decreasing electrode included angle (from 180 to 150 to 

90 degree) tip. Little difference was noted between the two 
electrode types.

Electrode Shape Effects

A slight increase in electrode angle (150 degrees) 
increased the arc potential approximately one to two volts.
A farther increase in tip angle (to 90 degrees) had little 
effect. Again, shield gas had a greater effect on arc poten­

tial than either electrode shape or type.

Electrode shape did have an effect (greater than that 
seen for shield gas) on penetration at medium to high current 
(300 to 500 Amperes). At low current (less than 200 Amperes), 
penetration was better with an unshaped electrode than a 
shaped electrode. This phenomena at low currents contradicts 
the work of Chihoski (29) where increased penetration occur­
red with increased electrode tip (sharper). The explanation 

for this lies in the electrode size used. Chihoski used a 
1/8 inch (3 .2mm) diameter electrode sharpened to a point 
while the current study used a 5/32 inch (4mm) diameter 
electrode ground to a blunt 3/32 inch (2.3mm) end (solid
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electrode).

Although penetration was improved by electrode shape, 
p/w remained unchanged regardless of electrode shape. This 
was due to bead width increasing at the same rate penetration 
was increasing. p/w remained between 0.14 and 0.18. Elec­

trode shape did have a "flattening" effect at all currents 
studied up to 400 Amperes. The transition from fluid flow 
zone control to arc welding parameter control with increasing 
current became less prominant with decreasing tip angle.

Melt area was improved with increasing tip angle and 
the effect was further improved with increasing helium in 
the shield gas. Once again, shield gas had a substantially 
greater effect on melt area than either electrode shape or 
type.

Current Effects
Increased current led to a phenomena seen in penetra­

tion, p/w, and melt area plots. This same phenomena has been 
seen by other investigators (16,33) and was present in this 

study under both constant heat input and constant travel 
speed conditions. This phenomenom represents a transition 
from the fluid flow zone at lower currents to the parameter 
control zone at higher currents. It is characterized by an 
increase in a specific fusion zone to a maximum between 200
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and 250 Amperes followed by a decrease in this same measure 
to a minimum between 250 and 300 Amperes. Above this, the 
measure (penetration or p/w) steadily increases with increa­
sing current and follows the predicted parameter zone. The 
trend was more pronounced in the constant heat input welds 

where the pool size is maintained (more or less) constant. 
Once again, as has been previously stated, shield gas had a 
much greater effect on bead morphology than the other varied 

welding parameters.

Arc Stability
Arc stability was measured on all welds at currents 

above 300 Amperes while utilizing shaped electrodes. The 
actual data can be seen in the appendix (Table Al-3), but 

little difference was seen in arc stability between the two 
electrode types. Figure 11 shows the arc stability results 
for solid and hollow electrode GTA welding at 500 Amperes in 
75ArHe while using a 150 degree electrode tip angle.

Shield gas did have an effect on arc stability. In­
creased helium in the shield gas led to a less stable arc. 

This is not surprising since helium typically gives a higher 
arc potential than argon under similiar welding conditions.
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General Discussion

The transitional behavior phenomena mentioned earlier 

seen in the majority of the data gathered in this study and 
plotted as a function of current is described as the transi­

tion from fluid flow zone control to parameter zone control. 
This transition occurs at different currents and is deter­
mined by shield gas, electrode type, and to a lesser degree 
electrode shape. The transition occurred between 2 50 and 
300 Amperes in the present study.

Hollow electrode GTAW did not show the major increase 
in penetration expected as seen by the Japanese investigators 
(24). It was seen under optimum conditions only and could 

not be predicted. Shield gas had a much greater effect on 
penetration (and p/w and melt area) than any other parameter 
which was varied. In addition, the increased penetration 
seen at 250 Amperes in pure argon using hollow electrode 
GTAW occurred because the transition (going from maximum 

parameter to a minimum value) had not occurred as it had for 
solid electrode GTAW. The arc pressure measured by Yamauchi 
(24) was lower in argon for the hollow electrode than for the 
solid electrode in this condition. The fallacy in this mea­
surement, at least at this current level, is that at these 
low currents, arc pressure has a minor role compared with 
shield gas in affecting the weld pool. At higher currents,
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the arc force does play a substantial role in affecting pene­
tration .

Jackson and Shrubsal1 (35) derived two equations to 
predict penetration and melt area in submerged arc welds. 
These same equations apply equally well to gas tungsten arc 

welds for the reasons given in an earlier section. The 

application applies only to the parameter control zone and 
not to the fluid flow zone.

Two other penetration prediction equations were used 
to model the data obtained. The two equations were Erokhin 
(38) and Savage (37) but they were found to not accurately 
model the data. For this reason, the Jackson and Shrubsal1 
(35) model was used and presented in the next set of figures. 

Figure 37 shows the result of using both the Erokhin (38) and 
Savage (37) models to predict penetration. It can be seen 

that the Erokhin (38) equation is off by an order of magni­
tude while the Savage (37) model is off by about fifteen 
percent. The reason offered for these two models being inac­
curate is that they were developed for SAW with specific 
welding conditions while the Jackson and Shrubsall (34) model 

contains a constant (k) which accounts for shield gas and 

electrode shape in GTA welding.

A constant could be developed for the Savage (37)
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Figure 37 Comparison of Penetration Prediction Equations 
of Savage (37) and Erokhin (38). Comparison 
is shown for data from weldments using 150 Degree 
Electrode Tip In 75ArHe.
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model which would work for the current study, but the Jackson 

and Shrubsall (35) model was used. With the correct constant, 
it would be expected that both the jackson and Shrubsall (35) 
and Savage (37) penetration models would be similiar.

Bead Morphology Prediction Equations
Bead morphology prediction equations were investigated 

for the constant travel speed weldments utilizing both shaped 

and unshaped (180) electrodes. Penetration, and melt area 

for each of the three weld conditions were compared with the 

values predicted by the equations noted in Table I. These 
equations were originally derived for submerged arc welds; 
but, because of the nature of the arc (as discussed previous­

ly), and the fact that a number of other authors have uti­
lized them for GTAW it has been shown that they may be used 

with reasonable accuracy in predicting bead morphology.

The results of plotting actual penetration versus that 
predicted by the Jackson and Shrubsall (35) equation are 
shown in figures 38 and 39 for unshaped (180 degree) elec­
trodes, in 75ArHe and 25ArHe respectively.

Figures 40 and 41 show the results of plotting pre­
dicted versus measured penetration, respectively for weld­
ments using 150 degree tip electrodes in 75ArHe and 25ArHe.

Figures 42, 43, and 44 show the results of plotting
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predicted versus measured penetration, respectively for weld­

ments using 90 degree tip electrodes in argon, 75ArHe, and 
2 SArHe.

The Jackson and Shrubsall (35) equation for predicting 
penetration contains a constant "k". This constant is deter­
mined by taking the slope of the linear portion of the plot 
of measured penetration versus the model functionality. This 
constant is noted on each of the above figures for reference 
("a" figure in each figure). Multiplying the model function­

ality by "k" and plotting these values against actual pene­
tration yields the figures shown as "b" in each case. It is 
readily apparent that this equation is fairly accurate in 

predicting penetration in the parameter control zone of the 
figure at higher current, but does not apply at lower cur­
rents in the fluid flow zone region. These two areas are 
noted on the figures.

It is interesting to note in "b" of each figure, when 
plotting predicted penetration multiplied by "k" versus 
actual penetration, that penetration in the fluid flow con­
trol region is not predicted well and penetration in the 
parameter control region is predicted well by the equation. 
This is shown graphically by the line running from left to 
right at approximately 35 degrees.
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It is interesting to note that shield gas and elec­
trode tip shape have an affect on the slope of the measured 
versus predicted curves. Figure 45 shows the effect both of 
these variables had on "k". Plotted as a function of shield 
gas composition, it is apparent that "k" goes through a mini­

ma with a small addition of helium to the cover gas (25 per­
cent helium addition) and appears to increase with increasing 
amounts of helium. While the curve is the result of only 

three gas compositions, the trend is seen for unshaped (180 
degree) and 90 degree tip electrode weldments. This same 
trend is nearly non-existent for the 150 degree tip electrode.

Penetration Predictions
The Jackson and Shrubsall equation (reference Table 

I (35)) was used to plot predicted versus measured penetra­
tion. It was found to be reasonably accurate as shown in 

figures 38 through 44 for both electrode types in all three 
shield gases. The equation holds only for the parameter 
control zone as shown on each of the figures. This zone 
occurs at approximately 250 to 350 Amperes and is the result 
of a characteristic change in the dominant forces of the arc 
and the molten weld pool.

The slope of each plot in the parameter control zone 

yields the "k" constant in the Jackson and Shrubsall (35)
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5/32 inch 2% 
5/32 inch arc

thoriated
gap
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0.030- Shield Gas Electrode Jackson "k"
% Helium 

0
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25 180° 0.015
75 180° 0.020
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P E R C E N T  H E L I U M

Figure 45 Plot of "k" constant in Jackson and Shrubsal1 (35) 
Penetration Prediction equation versus shield gas 
composition as a function of electrode tip angle.
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equation. Figure 45 shows the effect of shield gas compo­

sition and electrode tip shape on the value of "k". Once

again, as seen in this figure, shield gas has a much larger
affect on the arc and bead morphology than any of the other
varied parameters.
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Future Work Implications

One of the biggest limitations in this investigation 
was electrode size. In order to be able to drill the elec­
trode to obtain the hollow electrode, a rather large elec­

trode had to be utilized (5/32 inch (4mm) diameter). Future 
work with a smaller electrode and/or a larger diameter hole 
may indeed show that hollow electrode GTAW has some merits.

In addition, use of krypton and hydrogen in place of 
argon and helium as the shield gas may produce interesting 
results. Both gases are even farther apart physically than 
the gases used here and would produce a different arc field 
than seen here. Determining "k" from measured versus pre­
dicted penetration plots utilizing these two gases and the 
conditions studied here and plotting them versus hydrogen 
content in the shield gas should provide a better understand­
ing of the shield gas phenomenom. Does shield gas have as 
large an effect on bead morphology in the normal operating 

current range for a given electrode diameter? This investi­

gation indicates shield gas is a much larger factor in deter­
mining arc stability and bead morphology than the other weld 
variables. Is this necessarily true at current ranges push­
ing the limits of the electrode?

Answers to the above two questions may help us under­
stand the factors controlling the arc and allow us a better
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understanding of how to weld in space type environments as 
well as those environments here on Earth.

The trends seen and the transitional behavior (fluid 

flow to parameter control depending on current range uti­
lized) found herein should be pursued with other anode ma­

terials. Specifically, the use of aluminum or carbon steel 
for the anode in studies similiar to those outlined herein 
would prove beneficial. The use of a relatively "pure" 
material on the transitional behavior would also be inte­

resting. It is known (33) how these materials behave at low 
currents, but how do they perform at higher currents? Do 
they follow the same behavior as "impure" materials and show 
steadily increasing penetration or p/w ratios with increasing 
currents (indicating at high enough current, in the parameter 

control region, anode chemistry has no effect on bead morpho­

logy), or does bead morphology follow another pattern.
This information will also be useful to program auto­

matic welding systems with feedback control.
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CONCLUSIONS

1. Shield gas had a much greater effect on bead 
morphology and arc characteristics than electrode 
type (solid or hollow) or shape (unshaped 180 
degree) or 150 or 90 degree tip).

2. Hollow electrode GTAW is much better than solid 
electrode GTAW under isolated conditions only. 
Generally, both electrodes yielded similiar re­
sults under similiar conditions.

3. Equations of the form P=k(I^/SV^)^/^ for 
prediction of fusion zone depth were found to 
be reasonable in predicting GTA weld penetra­
tion in the parameter control zone. This held 
true for the hollow electrode in most cases.
These above equations do not apply in the fluid 
flow zone (less than 300 Amperes)

4. In the limited measurements made, arc stability 
with hollow electrodes was not different from 
solid electrode GTAW.
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APPENDIX I 
Constant Heat Input Raw Data and Graphs
TABLE Al-1 
All values in inches unless otherwise noted
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TABLE Al-1 (continued)
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The figures following are the actual data points used in 
determining the trends seen in the main section of this 
thesis. In all cases, the solid electrode is represented 
by an X and the hollow electrode is represented with a 
cross (+).
Units on figures where not stated are:

CURRENT - AMPERES (x-axis)
VOLTAGE - VOLTS
PENETRATION - INCH
MELT AREA - SQUARE INCHES
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Figure Al-1 Arc Potential-Current Characteristic
Curve for DC Constant Heat Input
Welds In Argon
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Figure Al-2 Arc Potential-Current Characteristic
Curve for DC Constant Heat Input
Welds In 75ArHe
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Figure Al-3 Arc Potential-Current Characteristic
Curve for DC Constant Heat Input
Welds In 25ArHe
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Figure Al-4 Current Versus Penetration For 
DC Constant Heat Input Welds In 
Argon
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Figure Al-5 Current Versus Penetration For 
DC Constant Heat Input Welds In 
75ArHe



PE
N

ET
R

AT
iO

l-

T-3343 145

0.25

Xu

0 .07 -

0.01
400100 300200

CURRENT (AMPS)

Figure Al-6 Current Versus Penetration For 
DC Constant Heat Input Welds In 
25ArHe



T-3343 146

0.58

0.48 -

u  -

200 400500
CURRENT (AMPS)

Figure Al-7 Current versus p/w For DC Constant
Heat Input Welds In Argon
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Figure Al-8 Current versus p/w For DC Constant
Heat Input Welds In 75ArHe
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Figure Al-9 Current versus p/w For DC Constant
Heat Input Welds In 25ArHe
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Figure Al-10 Current versus Melt Area For DC
Constant Heat Input Welds In Argon
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Figure Al-11 Current versus Melt Area For DC
Constant Heat Input Welds In 75ArHe
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Figure Al-12 Current versus Melt Area For DC
Constant Heat Input Welds In 25ArHe
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Figure Al-13 Arc Potential-Current Characteristic
Curves for AC Constant Heat Input
Welds In Argon
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Figure Al-14 Arc Potential-Current Characteristic
Curves for AC Constant Heat Input
Welds In 75ArHe
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Figure Al-15 Arc Potential-Current Characteristic
Curves for AC Constant heat Input
Welds In 25ArHe
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Figure Al-16 Current Versus Penetration For
AC Constant Heat Input Welds In
Argon
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Figure Al-17 Current Versus Penetration For
AC Constant Heat Input Welds In
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Figure Al-18 Current Versus Penetration For
AC Constant Heat Input Welds In
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Figure Al-19 Current versus p/w For AC Constant
Heat Input Welds In Argon
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Figure Al-20 Current versus p/w For AC Constant
Heat Input Welds In 75ArHe
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Figure Al-21 Current versus p/w For AC Constant
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Figure Al-22 Current versus Melt Area For AC
Constant Heat Input Welds In Argon
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APPENDIX II 
Constant Travel Speed Raw Data and Graphs
TABLE A2-1 
All values
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in inches unless otherwise noted
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TABLE A2-1 (continued)
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TABLE A2-1 (continued)
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TABLE A2-1 (continued)

r ' - MC O in t r uD mc N O
co m  fN r- œrH r-f <N fN ro n ro CO

•HkDfNCOCNinCO'-lfN 
CO CM c\ rf CO fN fN ro CO ro 00 ro xf

IO O O O O O O 
O O O O O O O

O O 

O O

O O O O
O O O O

o  o  

o  o

0 0 0
0 0 0

<w05
< fN O' 03 o r - x? CO CN

1 fN m CO 0 CO ro in O'
tx z O 0 0 ro ro r-
-3 HU O O  0 O O  O 0 0 .H
z

CTV r- r- rH ro O 0 O'ID vO m fN in ro m  xf
> rH —1
a O O O O O O O 0  0

X O O fN r- m VD O
Q  E- CN O VO lO tn CO xf vO xf
<  0 CN ro xf m VD vDM
m  ? O O O O 0 0 O 0 O
1
< zo2 in 0 r- vO in lO Xt xT O
E- ro in m CO CO Ou z 0 O 0 O 0 0 O
z  0u 0 0 0 O 0 0 O O Oa, E*
u

0 O 0 O 0 0 O O O
0 ov <T> O' O' O' O' O' O' O'25<
W UCS3 (0 <0 «3 <0 10 f0 (0 (0 <0OZ cn c C c c c c c c c

0) 0) <D <D <u <0 0) 01 0)Q X X X X X X X XJ M u Ix Ix Ix k u IxW cn <  < < <  < < < < << 1 1 1 1 1 1 1 1 1Z U in m in in in m in mcn CN CN CN fN CN CN CN CN CN

< cn
E- Ex in in O 0  0 O' O O'
Z Jw O •vf xf xf VD xr lO vO
s* >
0
a,

MCU U u u U U u u U uix O 0 0 a O Q Q Q Q
E-i
Ex
Z
W cn05 cu 0 0 0 0 m O' O05 z 0 0 CO O' O
O < fN fN ro xT
U

QJM x* in VD
%
1

Z M
< ID VD VD m O' xT 00
cn cu fN CN fN rH xf

ctn tr o  co<n r- fN 
O O O r-N

O  VO Xt ro 
r-i ro

O O O O O O
CO if) <N rH LO rH
LO VO CO 
O O O

vOfNxJ'COlOlOiHLOr'
r^ r^v oi oo oc Nx t^ rH

o o o o o o o o o

OlOCNfNCOfOtNLOCO
-HCOr^’tvoovr^tHvofNCNroxfioiovor-LO
O O O O O O O O O

r^OVrHO^fx^LOxffN
r o ^ v D O ' O r ^ a v O f N
O O O O ^ t O O ^ H ^ H
o o o o o o o o o

o o o o o o o o oOvCvOvUiOvOVfTvOvOv
CNfNCNCNfNfNfNfNfNr o r o n r o m m m r o r o
mmmmmmmr'im
a)a)(Da)(Da)a)<ua) X K X E K K E X K  
k U L i W W W W k i k i  < < < < < < < 1< <  
I I I I I I I I I 

L n i n i n i n L n i n m i n m  CNfNfNfNfNfNfNfNfN

i n o o i r t i n c N C N O O
nxtvOvOvûLOvOvDvû

U U U U U U U U UQ O Û Û Q O Q O Q

OOOOLOOOVOVfN
o m o i n c o m c r v x t o^HrHfNfNCNrOrOxtm

LO<HfNfnxt(NfNfNrN

COvDvûvDvDOV’fuiCOIDvDvOvOvDfNxtr^



T-3343 168

The figures following are the actual data points used in 

determining the trends seen in the main section of this 
thesis. In all cases, the solid electrode is represented 
by an X and the hollow electrode is represented with a 

cross (+).
Units on figures where not stated are :

CURRENT - AMPERES (x-axis)
VOLTAGE - VOLTS
PENETRATION - INCH
MELT AREA - SQUARE INCHES
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Figure A2-1 Arc Potential-Current Characteristic
Curves for Constant Travel Speed
Welds Unshaped Electrode In 7SArHe
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Figure A2-2 Arc Potential-Current Characteristic
Curves for Constant Travel Speed
Welds Unshaped Electrode In 25ArHe
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Figure A2-3 Current Versus Penetration For
Constant Travel Speed Welds
Unshaped Electrode In 75ArHe
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Figure A2-4 Current Versus Penetration For
Constant Travel Speed Welds
Unshaped Electrode In 25ArHe
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Figure A2-5 Current versus p/w For Constant
Travel Speed Welds Unshaped Elec­
trode In 7SArHe
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Figure A2-6 Current versus p/w For Constant
Travel Speed Welds Unshaped Elec­
trode In 25ArHe
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Figure A2-7 Current versus Melt Area For Constant
Travel Speed Welds Unshaped Electrode
In 75ArHe
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Figure A2-8 Current versus Melt Area For Constant
Travel Speed Welds Unshaped Electrode
In 25ArHe
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Figure A2-9 Arc Potential-Current Characteristic
Curves for Constant Travel Speed
Welds 150 Degree Tip Angle In 75ArHe
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Figure A2-10 Arc Potential-Current Characteristic
Curves for Constant Travel Speed
Welds 150 Degree Tip Angle In 25ArHe
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Figure A2-11 Current Versus Penetration For
Constant Travel Speed Welds
150 Degree Tip Angle In 75ArHe
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Figure A2-12 Current Versus Penetration For
Constant Travel Speed Welds
150 Degree Tip Angle In 25ArHe
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Figure A2-13 Current versus p/w For Constant
Travel Speed Welds 150 Degree Tip
Angle In 7SArHe
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Figure A2-14 Current versus p/w For Constant
Travel Speed Welds 150 Degree Tip
Angle In 25ArHe
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Figure A2-15 Current versus Melt Area For Constant
Travel Speed Welds 150 Degree Tip Angle
In 75ArHe
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Figure A2-16 Current versus Melt Area For Constant
Travel Speed Welds 150 Degree Tip Angle 
In 25ArHe
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Figure A2-17 Arc Potential-Current Characteristic
Curves for Constant Travel Speed
Welds 90 Degree Tip Angle In Argon
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Figure A2-18 Arc Potential-Current Characteristic
Curves for Constant Travel Speed
Welds 90 Degree Tip Angle In 7SArHe
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Figure A2-19 Arc Potential-Current Characteristic
Curves for Constant Travel Speed
Welds 90 Degree Tip Angle In 25ArHe
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Figure A2-20 Current Versus Penetration For
Constant Travel Speed Welds
90 Degree Tip Angle In Argon
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Figure A2-21 Current Versus Penetration For
Constant Travel Speed Welds
90 Degree Tip Angle In 7SArHe
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Figure A2—22 Current Versus Penetration For
Constant Travel Speed Welds
90 Degree Tip Angle In 25ArHe
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Figure A2-23 Current versus p/w For Constant
Travel Speed Welds 90 Degree Tip
Angle In Argon
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Figure A2-24 Current versus p/w For Constant
Travel Speed Welds 90 Degree Tip
Angle In 7SArHe



T-3343

0.60

0 .5 0 -

0 .4 0 -

0 .3 0 -

0.20 -

500100 400200
CURRENT

Figure A2-25 Current versus p/w For Constant
Travel Speed Welds 90 Degree Tip
Angle In 25ArHe
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Figure A2-26 Current versus Melt Area For Constant
Travel Speed Welds 90 Degree Tip Angle
In Argon
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Figure A2-27 Current versus Melt Area For Constant
Travel Speed Welds 90 Degree Tip Angle

. In 7SArHe
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Figure A2-28 Current versus Melt Area For Constant
Travel Speed Welds 90 Degree Tip Angle
In 25ArHe
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Figure A2-29 Effect of Shield Gas and Electrode Shape 
On "k" In Jackson and Shrubsall Penetra­
tion Prediction Equation
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Appendix III Melt Area Prediction Results

The results of plotting actual melt area versus that 

predicted by the Jackson and Shrubsall equation (35) are shown 

in figures A3-1 and A3-2 for unshaped (180 degree) electrodes, 
in 7SArHe and 25ArHe respectively.

Figures A3-3 and A3-4 show the results of plotting pre­

dicted versus measured melt area, respectively for weldments 

using 150 degree tip electrodes in 7SArHe and 25ArHe.

Figures A3-5, A3-6, and A3-7 show the results of plot­
ting predicted versus measured melt area, respectively for 
weldments using 90 degree tip electrodes in argon, 7SArHe,

and 25ArHe.
Figures A3-1 thru A3-7 illustrate the validity of a 

melt area prediction equation in predicting melt area as a 
function of current, arc voltage, and travel speed. The 
equation was developed by Jackson and Shrubsall (35). In 
general, the equation was not accurate in predicting melt 

area, except at lower currents (in the fluid flow control 
region). As can be seen in figures A3-1 through A3-7, the 
actual melt area is greater than that predicted by the Jackson 

and Shrubsall (35) equation. This difference increases with 
increasing current and increasing helium content in the shield 
g a s .
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Figure A3-1 Measured versus predicted melt area for constant
travel speed weldments utilizing 75ArHe with un­
shaped electrodes.
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Figure A3-2 Measured versus predicted melt area for constant
travel speed weldments utilizing 25ArHe with un­
shaped electrodes.
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Figure A3-3 Measured versus predicted melt area for constant
travel speed weldments utilizing 7SArHe with 150
degree tip electrodes.
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Figure A3-4 Measured versus predicted melt area for constant
travel speed weldments utilizing 25ArHe with 150
degree tip electrodes.
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Figure A3-5 Measured versus predicted melt area for constant
travel speed weldments utilizing argon with 90
degree tip electrodes.
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Figure A3-6 Measured versus predicted melt area for constant
travel speed weldments utilizing 7SArHe with 90
degree tip electrodes.



T-3343 205

0.6“ o hollow electrode
——  solid electrode7 100 to 500 amperes

z 0.5 ’ 5/32 inch 2% thoriated tungsten electrode
H

<
0.4-

< 0.3-
H

x °
^^Êquation 
Prediction Line

W
z 0.2-

<
z> 0.1- Log A = 0.9031og(I°*?16/S) - 0.78
H
o

0.0<3 i « i i
0. 00 0.10 0.20 0.30 0.40

P R E D I C T E D  M E L T  A R E A  ( I N  - 2 )

Figure A3-7 Measured versus predicted melt area for constant
travel speed weldments utilizing 25ArHe with 90
degree tip electrodes.
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Appendix IV Arc Stability Measurements for Constant 
Travel Speed Weldments

SAM­
PLE

CURRENT
AMPERES

POTENTIAL
VOLTS

SHIELD
GAS

6 350 13.6 ARGON
39 397 14.0 ARGON
6 449 16.3 ARGON

39 501 17.2 ARGON
6 352 13.3 ARGON

39 399 14.0 ARGON
6 450 15.7 ARGON

39 502 15.8 ARGON
13 358 13.3 7 5ArHe
16 403 14.6 7SArHe
19 455 14.9 7 SArHe
22 507 14.8 7 SArHe
13 360 14.2 7 SArHe
16 400 14.5 7SArHe
19 450 15.3 7SArHe
22 503 16.6 7 SArHe

29 358 13.3 7 SArHe
44 403 14.6 7SArHe
75 455 14.9 7SArHe
8 507 14.8 7SArHe

29 352 13.4 7SArHe
44 400 14.0 7 SArHe
75 450 15.5 7SArHe
8 506 16.5 7SArHe

13 353 17.2 25ArHe
16 400 16.3 25ArHe
19 451 16.4 25ArHe
22 506 16.2 2SArHe
13 355 15.2 25ArHe
16 402 16.6 25ArHe
19 452 16.7 25ArHe
22 505 18.2 25ArHe
29 353 14.9 25ArHe
44 399 16.1 25ArHe
75 450 16.0 25ArHe
8 503 15.9 25ArHe

29 356 15.2 25ArHe
44 399 16.2 25ArHe
75 449 16.0 25ArHe
8 502 16.0 25ArHe

ELECTRODE ELECT DELTA I DELTA V
TYPE ANGLE AMPERES VOLTS
SOLID 90 2.9
SOLID 90 3.5
SOLID 90 2.0
SOLID 90 3.0 1.5

HOLLOW 90 2.5
HOLLOW 90 2.0
HOLLOW 90 2.0
HOLLOW 90 2.5 1.1
SOLID 150 2.8
SOLID 150 2.6
SOLID 150 2.6
SOLID 150 oCO 1.9

HOLLOW 150 2.6
HOLLOW 150 1.9
HOLLOW 150 2.0
HOLLOW 150 CN 3.8

SOLID 90 2.7
SOLID 90 3.1
SOLID 90 2.7
SOLID 90 3.5 1.9

HOLLOW 90 2.7
HOLLOW 90 2.4
HOLLOW 90 3.7
HOLLOW 90 5.0 2.4

SOLID 150 2.8
SOLID 150 2.0
SOLID 150 1.4
SOLID 150 oCN 1.7

HOLLOW 150 1.0
HOLLOW 150 0.7
HOLLOW 150 1.4
HOLLOW 150 3.0 1.5

SOLID 90 2.5
SOLID 90 1.9
SOLID 90 2.1
SOLID 90 3.0 1.6

HOLLOW 90 2.1
HOLLOW 90 1.6
HOLLOW 90 3.0
HOLLOW 90 3.0 1.7


