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ABSTRACT. Aluminum alloys are typi-
cally welded on AC with the gas tungsten
arc welding (GTAW) process. Many
power sources have “max penetration” in-
dicated when more than 50% of the AC
cycle is spent on electrode negative polar-
ity and “max cleaning” when more than
50% of the cycle is on electrode positive
polarity. In the work reported here, weld
bead dimensions, notably penetration and
bead width, increase with the percentage
of electrode positive polarity during the
unbalanced square wave AC welding of
aluminum alloys with the GTAW process.
This is in direct contradiction of conven-
tional assumptions about the role of elec-
trode positive and electrode negative con-
tributions to surface cleaning and fusion
behavior during AC welding. 

The primary source of the extra base
metal melting during electrode positive
operation is in the nature of cold cathode
field emission of electrons from the base
metal. The dielectric breakdown of sur-
face oxide as electrons are emitted also
contributes to the increased fusion, but
this is not a contributory factor once the
weld metal surface is completely clean.
Both phenomena require extra energy to
be supplied to the cathode, which results
in the increased fusion.  Earlier works on
the gas metal arc welding (GMAW)
process confirm this behavior of enhanced
melting at the cathode. Positive ion bom-
bardment, thermal convection from the
plasma jet, and radiation from the plasma
complete the thermal input to the cathode
for metal fusion.

Introduction

When discussing the physics of variable
polarity arc welding, the simplest case to

consider is a DC electric arc with inert gas
shielding and a tungsten cathode capable
of thermionic emission. The basic
schematic is shown in Fig. 1. The arc can
be broken up into five distinct regions:
anode spot, anode fall space, arc plasma
column, cathode fall space, and cathode
spot. During electrode negative polarity,
electrons flow from the tungsten cathode
to the anode (base material) by means of
the arc plasma.  

The anode spot is the positive elec-
trode that attracts the negative electrons.
Collection of electrons at this region leads
to intense heating of the anode substrate
(discussed in detail below). The small arc
region adjacent to the anode spot is
termed the anode fall space. This thin
layer, estimated to be a micrometer, has a
negative space charge and is characterized
by a steep voltage gradient that maintains
passage of the current. The arc column is
electrically neutral plasma consisting of
electrons, ions, and neutral atoms or mol-
ecules that are in quasi-thermal equilib-
rium. The voltage gradient, as shown in
Fig. 1, is uniform along the length of the
column for a given shielding gas. The cath-
ode fall region is the electrical connection
between the cathode and the arc column,
but is the most poorly understood region
of the welding arc. The region is narrow
with a voltage gradient steeper than the
anode fall region, and there is a net posi-
tive space charge. The cathode spot is the
location of electron production by
thermionic emission. This emission mech-
anism is only applicable for high melting
point and low work-function materials
such as carbon, molybdenum, tantalum, or
tungsten. 

During AC welding, portions of the
welding cycle are spent on both electrode
negative and positive polarity. The work-
piece now produces the electrons during
the EP cycle of the waveform. Typical con-
struction materials such as steel and alu-
minum melt at temperatures much lower

than that necessary for thermionic emis-
sion. Hence, these materials are non-
thermionic and are often termed “cold
cathodes.” Field emission processes,
whereby electrons are removed from the
base materials due to the strong localized
voltage gradients, are facilitated by an in-
crease in the cathode fall voltage during
electrode positive polarity (Ref. 1). The
electrode positive cycle during AC weld-
ing permits the removal of tenacious sur-
face oxides from aluminum alloys by
“cathode sputtering.” This phenomenon
produces clean weld surfaces and good fu-
sion characteristics in both the gas tung-
sten arc welding (GTAW) and plasma arc
welding (PAW) processes. 

Previous arc physics studies suggest
that maximum weld depth and fusion vol-
ume occur on electrode negative polarity,
when electrons stream toward the metal
being welded. This is supported by early
energy balance work on the GTAW
process using DC electrode negative
(DCEN) polarity, where approximately
60–80% (Ref. 2) of the heat generated is
absorbed at the anode (Refs. 3, 4). This
heat input from the arc is primarily from
electron condensation plus convection
and radiation from the plasma. Radiation
and convection heating account for a tiny
proportion of the total heat input (Ref. 5).
The anode heating due to electron con-
densation is

(1)
where Ha = anode heat input, I = arc cur-
rent, Ø = anode thermionic work func-
tion, Va = anode fall space voltage, and
3kT/2e = electron thermal energy in the
high-temperature plasma. 

In contrast, the emission processes and
thermal characteristics at nonthermionic
cathodes, where electrons are emitted pri-
marily by field emission, are not well un-
derstood and no similar comprehensive
equation exists (Ref. 6). Nonthermionic
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electrodes emit electrons under large volt-
age gradients at specific sites, called cath-
ode spots. These spots are highly mobile
and often appear at inclusions of lower
work function rather than the metallic
phase. Aluminum alloys do not have many
such inclusions and the electron extrac-
tion at an aluminum cathode will normally
occur under field emission conditions at
many sites on the metal surface.

Previous work on heat transfer in the
GTAW and PAW processes has usually
been done on copper (Ref. 7) or austenitic
stainless steel (Refs. 4, 8) anodes to mea-
sure the anode heat input. Little experi-
mental data exist for other metals, espe-
cially electrode positive AC effects on
aluminum. The low currents and large
tungsten electrodes (along with different
electrode tip geometry) required for DC
electrode positive (DCEP) or AC investi-
gations of heat transfer make duplication
of the DCEN experiments for direct com-
parison very difficult. There has been
some investigation of heat inputs to alu-
minum alloys using AC waveforms, but
primarily for the PAW process. Fuersch-
bach (Ref. 1) found that fusion zone size
depended only on net power; no apparent
influence of variable polarity on weld fu-
sion dimensions was noted. The same
anode/cathode heat balance seen in DC
electrode negative GTAW and PAW weld
metal fusion is still assumed for AC oper-
ation in some publications concerning the
processes (Ref. 9).

During the early development of the
GTAW process in the 1940s, only balanced
50 or 60 Hz sine wave AC power (50% of
each cycle on electrode negative and elec-
trode positive polarity) was available in
commercial power sources. Crude forms
of square wave AC power became avail-
able in the early 1960s, still with balanced

waveforms. Power sources including un-
balanced waveforms first appeared in the
early 1980s with maximum cleaning as
55% electrode positive and maximum
penetration as 40% electrode positive.
This rather restricted variability in polar-
ity within one AC cycle was due to elec-
tronic wave shaping limitations and the
need to avoid thermally overloading the
tungsten electrodes with excessive per-
centages of the electrode positive cycle. 

General literature on the GTAW
process suggests that this characterization
of cleaning and penetration is due to “the
advantage of surface cleaning associated
with conventional AC power and deep
penetration obtainable with DCEN power
(Refs. 10, 11).” Our experience with these
settings in welding process laboratory ex-
periments has been the opposite, i.e., max-
imum penetration occurs on the maxi-
mum cleaning setting, where the majority
of each AC cycle is on electrode positive
polarity.

Recent developments in solid-state
power source design using inverters and
advanced wave shape control provide
square wave AC at frequencies between
20 and 240 Hz with unbalanced waveforms
from 70% electrode positive (maximum
cleaning) to 1% electrode positive (maxi-
mum penetration). There is also the ca-
pacity in some power sources to choose
differing levels of current in the positive
and negative portions of the current cycle.
These enhancements of unbalanced wave
capabilities offer significant opportunities
to investigate the fundamental effects of
AC power on fusion characteristics. The
purpose of the work reported in this arti-
cle was to assess the influence of unbal-
anced polarity AC waveforms, of constant
current magnitude, on the GTAW fusion
characteristics of aluminum.

Experimental Program

Autogenous GTA fusion welds were
produced on 5083 Al-Mg alloy bars 10 mm
thick × 75 mm wide × 300 mm long. Dif-
fering types of surface oxide were created
by treatments of wire brushing, heat treat-
ing (375°C for one hour), and anodizing in
nitric acid. All welds used a current of 125
A and a welding speed of 0.8 mm/s (nom-
inal heat input of 1.3 kJ/mm). The 3.2-mm
pure tungsten electrode was conditioned
at 125 A on a balanced (50% electrode
positive) AC cycle for 60 seconds before
each run, to ensure that electrode tip
geometry was consistent and not a vari-
able in weld bead formation. Arc length
was set at 2 mm and the welding-grade
argon shielding gas had a constant flow
rate of 30 L/min. Electrode positive set-
tings of between 70% and 20% of each AC
cycle were assessed using a fixed fre-
quency of 60 Hz. After the pattern of fu-
sion behavior was established for 60 Hz, a
set of 50% electrode positive welds using
20, 120, and 240 Hz were made to assess
any effects of frequency variations at a
fixed electrode positive/negative ratio.

Fusion characteristics were assessed by
observing the cleaned surface zone width
and by measuring fusion width and depth
with a low magnification stereo micro-
scope. Three cross sections were assessed
from each weld pass and three welds were
made for each experimental condition.

Results

The initial experimental welding was
done on aluminum plates that had been
degreased and then wire brushed with a
stainless steel brush. This ensured both a
minimum oxide layer thickness and an
even oxide layer thickness. These charac-

Fig. 1 — Nonconsumable thermionic cathode welding arc: regions of
the arc and arc voltage behavior (electrode negative polarity).

Fig. 2 — Autogenous GTA weld penetration vs. electrode polar-
ity balance — wire-brushed surface.
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teristics were considered important refer-
ence states for other welds, where oxide
thickness and regularity could be altered
via heat treatment and oxide enhance-
ment techniques, e.g., anodizing. Fusion
characteristics on the cleaned and wire
brushed surface clearly show that increas-
ing the percentage of electrode positive
polarity in the AC cycle increases both
penetration depth and bead width of an
autogenous GTA weld on aluminum,
shown in Figs. 2 and 3. As shown in Fig. 4,
the penetration increased linearly with the
bead width, indicating that the energy for
fusion increased with the percentage of
electrode positive polarity. Figure 5 shows
typical weld cross sections used to mea-
sure bead dimensions.

Welds on the heat-treated specimen
did not reveal a significant difference in
the weld penetration pattern from the
wire-brushed specimen. Figure 6 shows
the two sets of data for the penetration be-
havior (error bars are omitted for clarity
and are of the same order as reported ear-
lier). The pattern is still consistent with re-
spect to electrode positive polarity in the
AC cycle; penetration increased with per-
cent electrode positive in the unbalanced
cycle. These results show that a heat-treat-
ing cycle (in this case annealing at 375°C)
has no measurable effect on arc behavior.

Increasing the oxide layer thickness by
anodizing the base metal in nitric acid pro-
duced two changes. The weld penetration
for a given percent electrode positive in
the AC cycle increased from the value for
the wire-brushed specimen. These results
for the weld depth are shown in Fig. 6 for
comparison. Figure 7 shows a similar but
lesser result for the weld width. The sec-
ond difference in the anodized specimens
was that the observed sputtered width (not
the fusion width) was reduced in compar-

ison with the wire brushed and heat-
treated specimens. This suggests that the
thicker oxide produced by anodizing is
more difficult to disrupt via cathode sput-
tering. The extra energy used to pull elec-
trons from the aluminum cathode on elec-
trode positive polarity in the presence of a
thick oxide layer enhances fusion, rather
than reducing it.

The final experiment assessed the ef-
fect, if any, of AC frequency on fusion
characteristics. Variable frequency AC
waveforms have been readily available
since the advent of inverter power sup-
plies. The power source used in these ex-
periments was capable of frequency varia-
tions between 20 and 240 Hz, which
offered a good experimental range around
the standard frequency of 60 Hz. The re-
sults, shown in Fig. 8, indicate that fre-
quency has no effect on fusion character-
istics for a balanced 50% electrode
positive AC waveform. It remains to be
determined whether or not there is a mea-
surable effect of unbalanced waveforms
on fusion behavior at differing
frequencies.

Discussion

The results show that maximum fusion
width and penetration occurs in GTAW
procedures on aluminum with a maximum
cleaning (more electrode positive per-
centage) setting on an unbalanced AC
waveform. This phenomenon occurs on
cleaned and wire-brushed surfaces with
minimum oxide and increases with en-
hanced oxide thickness developed on an-
odized specimens. When the GTAW
process is on electrode positive polarity,
the electrons needed to maintain the ma-
jority of the current flow must be extracted
from the weld pool. As aluminum is a cold

cathode material, the electrons are ex-
tracted from mobile cathode spots via
field emission. Longer times spent on
electrode positive polarity increase the
weld penetration via the extra energy
input from field emission and increase the
weld width via the enhanced area covered
by the mobile cathode spots seeking new
locations for electron emission.

When up to 70% electrode positive
waveforms are used, thicker surface ox-
ides enhance penetration and (to a lesser
extent) weld width, shown in Figs. 6 and 7,
but restrict sputtered width. Thick oxides
produced by anodizing are more difficult
to disrupt. This resilience restricts the area
of arc impingement and increases the en-
ergy density forming the weld pool at a
given arc power. This is confirmed by the
narrower cleaned zone (not weld width)
produced on anodized vs. heat-treated
specimens. The cleaned (sputtered) zone
is slightly wider than the fused weld width.

Oxides on the surface of the weld metal
are disrupted during the electrode posi-
tive portion of the AC cycle. The two prob-
able mechanisms, which likely work in
concert, are positive ion bombardment
(Ref. 12) (primarily from inert gas atoms
from the shielding gas) and dielectric
breakdown of the oxide during electron
extraction from the cathode (Ref. 13).
Both phenomena add energy to the cath-
ode and are capable of enhancing the
amount of fusion. Oxide disruption is rea-
sonably complete in balanced wave AC
operation. In the case of the unbalanced
AC wave, increasing the percentage of
electrode positive current increases the
time spent extracting electrons from alu-
minum via field emission. The energy re-
quired for this process then increases the
amount of fusion. Figure 9 summarizes
these effects in schematic form.

Fig. 3 — Autogenous GTA weld width vs. electrode polarity bal-
ance — wire-brushed surface.

Fig. 4 — Autogenous GTA weld penetration vs. weld width — wire-
brushed surface.

yarmuch layout:Layout 1  6/7/07  2:31 PM  Page 198



WELDING RESEARCH

-s199WELDING JOURNAL

To some degree, the confusion over the
relative melting rates of the anode and
cathode in GTAW on AC is caused by the
effects of electrode positive polarity on
the melting of the tungsten electrode. The
tungsten anode is heated by electron con-
densation and the poor thermal conduc-
tivity of tungsten leads to overheating and
melting. This effect suggests that the max
cleaning mode increases the heat input
into the tungsten anode and at the same
time reduces the heat input into the weld
metal cathode. This is not necessarily the
case. When the tungsten is the cathode,
thermionic electron emission cools the
tungsten as the electrons “evaporate.” For
nonthermionic emitters, there is an in-
crease in cathode (workpiece) heating due
to the absence of the cathode cooling phe-
nomenon during the field emission
process. An increase in the cathode fall
voltage (Ref. 1) and the corresponding in-
crease in energy required to extract elec-
trons from the cold cathode similarly con-
tribute to the increased workpiece fusion
observed in the variable polarity 
experiments.

The most clearly documented cold
cathode effect on cathode heat input is the
electrode melting rate in the gas metal arc
welding (GMAW) process, which is always
higher on electrode negative polarity for
cold cathode metals (Refs. 14, 15). The
cathode melting rate is up to double the
rate for an anode in similar welding con-
ditions. Although some papers assume
that the same heat partition exists between
anode and cathode for both GTAW and
GMAW (Ref. 16), the experimental facts
clearly show that the heat input (melting
rate) to a GMAW cold cathode is sub-
stantially higher than for an anode of sim-
ilar geometry (Refs. 13, 14). This effect
can be reduced through the addition of ox-
idizing atoms to the shielding gas, for ex-
ample chlorine in argon, which reduces
the energy required to extract electrons
from the surface of the cathode (Refs. 17,
18), and therefore reduces the electrode
melting rate, or by using emissive coatings
on the electrode surface, which provide a
similar function (Ref. 13). Electrode melt-
ing rates are reduced from bare wire val-
ues in both cases. In the absence of such

electron emission enhancers, the extra en-
ergy required to extract the electrons from
the cold cathode metal increases the melt-
ing rate. 

In the GTAW process, the cold cathode
material also experiences the higher heat
input, causing the larger weld beads ob-
served here as the percentage of electrode
positive time increases. Enhanced oxide
thickness, particularly from anodizing, in-
creases the difficulty of extracting elec-
trons, thus further concentrating and in-
creasing heat input. 

Pang et al. found that AC welding of
aluminum with the plasma arc welding
(PAW) process produces welds of superior
mechanical and aesthetic quality when
compared to DCEN (Ref. 19). Fuersch-
bach highlighted that a higher percentage
of DCEN during variable AC welding with
PAW does not translate into greater fu-
sion/penetration, due to the now greater
influence of the cold cathode field emis-
sion mechanism (Ref. 1). An area of fu-
ture work would be to completely charac-
terize weld fusion in tungsten arc
processes as a function of phase balance

Fig. 5 — Typical cross section of weld zone used for bead 
measurements.

Fig. 6 — Effect of heat treating and anodizing on autogenous weld
penetration vs. electrode polarity balance.

Fig. 7 — Effect of heat treating and anodizing on autogenous weld
width vs. electrode polarity balance.

Fig. 8 — Weld metal depth and width vs. AC waveform frequency
for a balanced waveform (50% electrode positive).
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(i.e., from 1 to 100% DCEP), and deter-
mine the theorized locations of the maxi-
mum and minimum weld metal fusion —
Fig. 10. This information will further ad-
vance the knowledge of welding arc
physics, and determine the electron mech-
anisms that dominate fusion behavior for
the entire range of variability polarity
welding. A practical effect is possible in
the root welding of aluminum pipe, where
control of the penetration is critical.

Conclusions

1) Increased weld bead fusion, pene-
tration, and volume occur in autogenous
GTAW of 5083 aluminum alloy as the elec-
trode positive polarity (cleaning) portion
of the cycle in square wave AC welding in-
creases. This is contrary to conventional
expectations and occurs primarily because
the field emission characteristics of cold
cathode materials increase the energy
input to the cathode.

2) Oxidized surface layers enhance fu-
sion volume and penetration. This occurs
primarily due to a physical constriction of
the sputtered surface area on electrode
positive polarity (thus increasing energy
density in the weld zone). There may also
be a secondary effect in the energy re-
quired to extract electrons from the cath-
ode surface via dielectric breakdown of a
thicker oxide during electrode positive
parts of the AC cycle, which would in-
crease energy input to the cathode (weld
pool).

3) Frequency variations of the AC cycle
between 20 and 240 Hz apparently do not
affect the fusion geometry dimensions, at

least for balanced polarity (50% electrode
positive) waveforms.
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Fig. 9 — Schematic of electron and ion effects in electrode negative
and electrode positive GTAW fusion.

Fig. 10 — Schematic of weld metal fusion behavior as a function of
electrode positive percentage during AC welding of aluminum.
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