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Introduction
     Gas tungsten arc welding (GTAW)
is a widely used welding process.
Since the arc is established between
the nonconsumable tungsten elec-
trode and workpiece, the arc is stable
and easy to control to produce quality
welds. Unfortunately, while it often
requires adding filler metals, it lacks a
desirable ability to melt filler metals
at high speeds.

     There are two commonly used ap-
proaches to adding filler metal in
GTAW: cold-wire GTAW and hot-wire
GTAW (Refs. 1–3). In cold-wire GTAW,
filler metal is directly fed into the
molten pool formed by the arc and
melted by absorbing the heat from the
molten pool. Hot-wire GTAW, as
shown in Fig. 1, is similar to cold-wire
GTAW, except that the wire is resis-
tively heated before it merges into the
molten pool. The final melting of the

wire is finished by absorbing the heat
from the molten pool. Hot-wire GTAW
reduces the heat needed from the
molten pool to melt the wire and thus
improves the ability to melt the wire
faster although the hot-wire GTAW
becomes more complicated due to the
need for an additional power supply to
resistively heat the wire (Refs. 4–8).
     Since the wire melting is finished
by absorbing the heat from the molten
pool during hot-wire GTAW, the wire
deposition rate depends on the size of
the molten pool, which in turn is ap-
proximately proportional to the arc
energy. The deposition rate is thus
proportional to the arc energy similar-
ly as the cold-wire GTAW as shown in
Fig. 2. This type of coupling is undesir-
able because it weakens the ability to
control the heat input and deposition
rate freely (Ref. 1).
     Such undesirable coupling between
the heat input and deposition rate also
exists in conventional gas metal arc
welding (GMAW), another type of
widely used arc welding process. In
fact, GMAW is normally used in direct
current electrode positive polarity, and
while the wire is primarily melted by
the anode heat, a greater part of the
arc heat (cathode heat) is directly ap-
plied to the workpiece. Hence, the
greater deposition rate, the greater
heat input. Since all conventional arc
welding processes distribute the anode
and cathode of the arc on their respec-
tive electrode and the workpiece, it is
difficult to separate the heat input and
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deposition rate in traditional arc weld-
ing processes (Refs. 9, 10).
     Double electrode gas metal arc
welding (DE-GMAW) is a modified
welding method with respect to tradi-
tional GMAW and it separately con-
trols the heat input and deposition by
adding a second electrode to bypass of
the current, which otherwise would
flow to the workpiece (Refs. 11–15).
However, the base process is still
GMAW. To increase the deposition
rate and decouple the heat input and
deposition rate, the arcing wire GTAW
has been recently proposed as a modi-
fication to GTAW (Refs. 16, 17).
     As shown in Fig. 3, a side arc is es-
tablished between the tungsten and
welding wire inside the GTA. The wire
is melted without the need for heat
from the molten pool and imposed ad-
ditional heat in the workpiece. The
deposition rate is increased, and the
ability to provide a desirable deposi-
tion rate and base metal melting heat

without cou-
pling is es-
tablished for
GTAW,
while the
base process
is still the
stable
GTAW. The
current
flowing
through the
tungsten is
the sum of
the two cur-
rents; the
GTAW cur-
rent controls

the heat input and penetration of the
workpiece, and the GMAW current de-
termines the melting rate of the wire.
     Although the arcing-wire GTAW sig-
nificantly improves the deposition rate
and decouples the heat input and depo-
sition rate, the base process is still the
stable GTAW. A small portion of the arc
heat (cathode heat) is still wasted on the
tungsten, and it adversely heats the
tungsten electrode. The easy electron
emission from the tungsten electrode
minimizes this waste and adverse ef-
fect. Furthermore, this waste and ad-
verse effect increases as the side arc cur-
rent or the deposition rate increases
(Refs. 16, 17). A further modification
that can eliminate such waste and ad-
verse effect is desired.

The Cross-Arc Process
     The further modification this paper
proposes is cross arc welding. As shown

in Fig. 4, a gas tungsten arc (GTA) is es-
tablished between the tungsten and
workpiece as the main arc to heat the
workpiece; the inter-wire arc is estab-
lished between the two wires fed into
the GTA to melt the two wires by its an-
ode and cathode simultaneously. The
inter-wire current for the inter-wire arc
is provided by an AC power supply. The
AC current waveform controls the melt-
ing speeds for any of the two wires. The
inter-wire arc is under the GTA, and the
GTA crosses each other with the inter-
wire arc.
     It can be seen from Fig. 4 that the
heat from the GTA directly heats the
workpiece and both spots (anode and
cathode) of the inter-wire arc across
the two wires melt the wires simulta-
neously. Since the arc column voltage
is insignificant in comparison with the
anode and cathode voltage, the effi-
ciency of the cross arc in heating the
filler metal approaches 100% while it
is only 33% in conventional GMAW
since the voltage drop of the cathode
on the workpiece is approximately
twice of the anode on the wire (Ref.
18). The deposition rate is tripled
from that in conventional GMAW
(Refs. 19–21). Moreover, the penetra-
tion and heat input on the workpiece
can be controlled separately by the
GTA and inter-wire arc; thus, a theo-
retically ideal modification is 
proposed.

Experimental System and
Conditions

     While using two wires provides a

Fig. 1 — Hot-wire gas tungsten arc welding (Ref. 1).

Fig. 3 — Arcing-wire GTAW system (Ref. 17).

Fig. 2 — Deposition rates for GTAW with cold- and hot-
steel welding wire (Ref. 1).
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way to melt the wire faster without
imposing additional heat on the work-
piece or tungsten, the operation of the
proposed cross-arc welding relies on
the balance between the melting of the
two wires and sustaining of the cross
arc between the two wires. Sustaining
the cross arc depends on the melting
balance. This study tries to verify the
feasibility of the proposed idea, first
without the coupling from the melting
balance. The wires are first replaced by
two nonconsumable electrodes.
     An experimental system shown in
Fig. 5 is established to experimentally
demonstrate the feasibility of cross-
arc welding. Specifically, the two wires
are replaced by two carbon electrodes
in this work to verify the feasibility to
establish an arc between the wires.
     In this system, a GTA is estab-
lished using a DC-CC (direct current-
constant current) power supply and
an inter-wire arc is established using
an AC-CC (alternating current-con-
stant current) power supply. The in-
ter-wire arc frequency is 100 Hz. A
high-speed camera (without optical
filter) is used to record the arc at
3000 frames/s. High-speed camera
and arc signals were synchronized to
observe the behaviors of the cross-arc
process. The recorded current and
voltage waveforms (at the sampling
rate 150 kHz per channel) and images
were used to judge the stability of the
cross arc and determine the stability.
The details for the experimental sys-
tem are given in Table 1.
     There are four parameters having a
significant impact on the stability of
the cross arc. The parameters that de-
termine the stability of the cross are
apparently include the inter-wire dis-
tance (between the carbon electrodes –
DW), wires elevation (from the work-
piece to the carbon electrodes – DH),
GTA current (IG), and inter-wire arc
current (IW). They are considered the
major parameters affecting the stabili-
ty of the cross arc in this study and are
used to form the parameter vectors
{DW, DH, IG, IW}. Each of them is as-
signed two or three values forming
possible values for the parameter vec-
tor {(2 mm, 5 mm), (5 mm, 8 mm), (50
A, 100 A, 150 A), (50 A, 100 A, 150 A)}.
     Additional parameters affecting sta-
bility include distance from the tung-
sten to the wire/carbon electrode, angle,
and distance of the carbon electrode

ends to the tungsten axis. They are, re-
spectively, fixed at 5 mm, 10 deg, and 0
in this feasibility study; also, they are
not subject to optimization.
     The experimental results are listed
in the table together with the corre-
sponding parameters. Stable implies
that the desirable state (stable arc) can
be successfully established and main-
tained, while extinguished means the
arc system is not maintained, and dou-
ble arc refers to the undesirable double
arc as aforementioned. Figure 6 uses
images to compare the desirable state

the double arc.
     Figure 6A shows the normal or de-
sirable state where the GTA and inter-
wire arc cross each other. This is an
ideal process as proposed because the
heat input directly imposed on the
workpiece is determined by GTA while
the deposition rate is decided by the
inter-wire arc. The ideal crossing of
the two arcs makes the deposition rate
and workpiece heat input/penetrated
separately controllable.
     Figure 6B shows an abnormal state
where GTA is established between the

Fig. 4 — The proposed cross-arc welding process.

Fig. 5 — The cross-arc welding experimental system.

Table 1 — Cross-Arc Welding Experimental System Components

Equipment and Accessories Model, Material, or Size

GTA power supply Miller Dynasty 700
Inter-wire arc power supply Time WSM-400

GTAW torch Abicor and Binzel SR-26
Diameter of carbon electrode Φ8 mm

High-speed camera IDT motion Y
Shielding gas of GTAW Pure argon
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tungsten and workpiece as desired, but
the inter-wire arc is not established be-
tween the two carbon electrodes. It is
seen that each carbon electrode pairs an
arc with the workpiece. This is the dou-
ble arc phenomenon. It is apparent that
the double arc introduces two additional
arcs to heat the workpiece. While the re-
sultant double arc system may possess

certain characteristics and deserve fur-
ther exploration, it is not the cross-arc
process proposed and is not discussed
further in this paper.
     Table 2 gives the parameters used
to conduct the experiments. The re-
sultant state — stable, extinguished,
or double arc — is also listed and can
be determined by the arc voltages, as

will be discussed when presenting ex-
perimental results.
     The experiments listed are divided
into two groups in Table 2. In group 1,
from experiments 1 to 7, the inter-
wire and carbon electrode elevation
are 2 and 5 mm, respectively, while the
currents vary. DW is relatively small. In
group 2, experiments 8 and 9, DW and
DH are equal and both 5 mm. From ex-
periments 10 to 12 in group 2, the DH

increased 3 mm accordingly to prevent
the double arc, in which the inter-wire
current flows through the workpiece
from one wire to another.
     One may immediately realize it
was the increased inter-wire distance
that caused the undesirable double
arc state since an increased elevation
of the carbon electrode above the
workpiece has made the establish-
ment of an arc from the carbon elec-
trode to the workpiece more difficult.
It should be pointed out that not all
the parameter vectors are included in
Table 2. Only those that are illustra-
tive and representative will be dis-
cussed and analyzed.
     For example, no parameter vectors
are listed for the circumstance when
the inter-wire distance DW is greater
than the elevation DH. Those parame-
ters vectors produce, or are expected
to produce, unsuccessful experimental
results. They are considered to have
little chance to succeed and are elimi-
nated from being listed in the table.

Experimental Results
     Each experiment will be presented
with welding voltage waveforms — CH2
for the GTA voltage waveform, and CH4
for the inter-wire arc voltage waveform.
The waveforms will be used to analyze
the stability of cross-arc welding. There
will also be a high-speed video consist-
ing of 6 consecutive images for one cy-
cle (a period of the AC inter-wire cur-
rent waveform, which is 10 ms, was giv-
en earlier). The time interval between
consecutive images is 5/3 ms, and it will
be same for all the high-speed videos
presented in this paper.

Group 1: Impact of IG
(GTA Current) and IW
(Inter-Wire Arc Current)

     In group 1, experiments 1 to 7, the

Fig. 6 — A — Stable arc; B — double arc.

Fig. 7 — Voltage waveforms in experiment 1.

Table 2 — Cross-Arc Experimental Parameters

Group Experiment DW（mm） DH（mm） IG（A） IW（A） State

1 1 2 5 50 50 Stable
2 2 5 100 50 Stable
3 2 5 150 50 Stable
4 2 5 50 100 Stable
5 2 5 100 100 Stable
6 2 5 50 150 Extinguishe
7 2 5 100 150 Double Arc

2 8 5 5 50 50 Double Arc
9 5 5 100 100 Double Arc

10 5 8 50 50 Double Arc
11 5 8 100 100 Double Arc

A B
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distance of the inter-wire and carbon
electrodes elevation are 2 and 5 mm,
respectively. IG is changed for each IW

to examine how IG and IW influence the
cross-arc stability.

Experiments -1–3 {2, 5, (50, 100, 150),
50}

     In experiments 1–3, the inter-wire
current IW is kept at 50 A and GTA cur-
rent (IG) is at the following three lev-
els: 50, 100, and 150 A.
     For experiment 1 with GTA current
(IG) at 50 A, the voltage waveforms are
given in Fig. 7. The desirable stability
of the inter-wire arc can be seen in its
voltage waveform. In particular, the
amplitude of the inter-wire voltage is
approximately 20 V (CH4). This would
suggest that there may be only one
pair of arc spots (the cathode and an-
ode). The undesirable double-arc phe-
nomenon, which always accompanies
with two pairs of arc spots, is ruled

out. Further, the voltage is much lower
than the open-circuit voltage. The two
wires, actually the two replacing car-
bon electrodes, must be conducting
through the arc such that the arc ex-
tinguishing condition can be ruled out.
As such, the desired cross-wire arc has
been established.
     As can be further verified from the
high-speed video in Fig. 8, there are no
arcs between the carbon electrode and
workpiece. The GTA voltage, which is
approximately 20 V (CH2), suggests
that there is only one pair of the arc
spot between the tungsten and work-
piece. Hence, the GTA and inter-wire
arc are considered to cross each other.
The feasibility of the proposed cross
arc process is experimentally
demonstrated.
     Because of the relatively small am-
perage of the GTA and inter-wire arc
currents, the arc plasma for both arcs
is not always seen clearly in the high-
speed video. However, it can still be

observed that the GTA is not always
straight. It may deviate either left or
right from its straight trajectory.
Analysis of the synchronized image,
and cross arc voltage and current,
showed that the GTA is straight when
the cross arc is switching its polarity
and the GTA deviates to the carbon
electrode whichever is cathode.
     In experiment 2, all the parameters
are the same as in experiment 1 except
for the GTA current, which has been
increased from 50 to 100 A. The re-
sultant voltage waveforms are given in
Fig. 9. Again, from the voltage of the
inter-wire arc, there are no double
arcs. Since all the currents are nonze-
ro, the arcs must have been estab-
lished. The high-speed video is given
in Fig. 10.
     In experiment 3, the GTA current is
further increased to 150 A. The volt-
age waveforms are given in Fig. 11.
The inter-wire arc is stable, and the
high-speed video is given in Fig. 12.

Experiments 4 and 5 {2, 5, (50, 100),
100}

     To examine the effect of the inter-
wire current, IW increased from 50 A in
experiments 1–3 to 100 A in experi-
ments 4 and 5 with the following two
levels of GTA current: 50 and 100 A.
Their voltage waveforms and high-
speed videos are given in Figs. 13–16.
Again, stable inter-wire arcs are 
produced.

Experiments 6 and 7 {2, 5, (50, 100),
150}

     When the inter-wire current (IG)
further increased to 150 A in experi-
ments 6 and 7, the stable inter-wire
arcs are no longer produced. While the
arc is extinguished in experiment #6
for IG at 50 A, the double arc occurs in
experiment 7 with IG at 100 A. The
double arc phenomenon occurring in
experiment 7 with IG at 100 A can be
clearly seen from the voltage wave-
forms and high-speed video shown in
Figs. 17 and 18.

Group 2: Impact of DW
(Inter-Wire Distance) and
DH (Wires Elevation)

     To examine how DH and DW impact
stability of the cross arc, the inter-wire

Fig. 10 — High-speed video of experiment 2.
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Fig. 8 — High-speed video of experiment 1.

Fig. 9 — Voltage waveforms in experiment 2.
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distance (DW) is first increased to 5
mm to confirm whether the chance
the double arc would be increased. The
wire elevation (DH) is increased the
same to 8 mm to confirm that an in-
crease in DW may be compensated by a
same increase in DH in the second
group of experiments.

Experiments 8 and 9 {5, 5, 50, 50} and
{5, 5, 100, 100}

     To examine the effect of the inter-
wire distance (DW), it increased from
2 to 5 mm in experiments 8 and 9
without changing DH. The GTA cur-
rent (IG) and inter-wire arc current
(IW) are both 50 A in experiment 8
and 100 A in experiment 9 to com-
pare with experiments 1 and 5, in
which the stable cross arc has both
been established, respectively.
     The voltage waveforms and high-
speed videos are shown in Figs. 19–22.
As can be seen from the figures, the
double arc has occurred in both experi-
ments where DW increased to 5 mm.

Experiments 10 and 11 {5, 8, 50, 50}
and {5, 8, 100, 100}

     Since the double arc has been
caused by increasing DW by 3 mm, the
wire elevation (DH) also increased 3
mm, from 5 to 8 mm, to see whether
the effect due to the DW increase can be
compensated in experiments 10 and
11. Voltage waveforms (Figs. 23 and
25) and high-speed videos (Figs. 24
and 26) show that the double arc still
occurs. The effect caused by inter-wire
distance increase is not eliminated by
the same increase in the wire elevation.

Analysis and Discussion

     In cross-arc welding, a GTA and in-
ter-wire arc are crossed. This is a
unique arcing condition that does not
exist in conventional arc welding
processes. The GTA as the main arc
exists between the tungsten and
workpiece. The inter-wire arc is estab-
lished between the two wires fed into
the GTA and simultaneously heats its
two terminals (anode and cathode)
effectively.
     While this mechanism facilities the
heat input, and mass can be controlled
separately, the arcing condition and

phenomena are much more complex.
Its feasibility must be experimentally
demonstrated and verified. Then, the
effects from different parameters on
its arcing conditions and stability need
to be understood.

Experimental Verification of
Feasibility

     Experiments 1–5 successfully
demonstrated the feasibility of the
proposed cross arcing mechanism.

From the voltage waveforms recorded,
the AC voltages between the two car-
bon electrodes in these experiments
are all in the range of 20–25 V.
     Experiments have been carried out
to measure the voltage between the
carbon electrodes. In such experi-
ments, the GTA current and inter-wire
current are not switched to zero dur-
ing the arcing process. The voltage be-
tween the carbon electrodes is meas-
ured. The arcing process is also record-
ed using high-speed video to make

Fig. 11 — Voltage waveforms in experiment 3.

Fig. 12 — High-speed video of experiment 3.

Fig. 13 — Voltage waveforms in experiment 4.
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sure there is no double arc. The volt-
age record shows that the GTA voltage
is approximately 20–25 V. Since there
are no double arcs, the voltage record-
ed is the voltage of a single arc estab-

lished between two carbon electrodes,
which contain an anode and cathode
pair. Since the distance between the
two carbon electrodes is set to be ap-
proximately 2 mm, the column of the

inter-wire arc is insignificant, and the
sum of the anode and cathode voltage
drops for the inter-wire arc should be
slightly lower and in the range of ap-
proximately 18–23 V.
     As such, if the double arc occurs,
the inter-wire arc voltage must be at
least increased by 18 V. Hence, there
is a significant jump in the inter-wire
arc voltage from the desired cross arc
to the undesirable double arc. As a re-
sult, the inter-wire arc voltage can be
used as a reliable criterion to judge if
the arc is in the desirable cross-arc
state (< 25 V as the upper limit), un-
desirable double arc state (> 38 V = 20
V + 18 V as the lower limit) or in the
extinguishing state (= open circuit
voltage, which is 75 V for the power
source used). From this criterion, and
from the voltage records in experi-
ments 1–5, the desirable cross arc
state has always been maintained.
The proposed cross arcing mechanism
is experimentally verified.
     The successful establishment of
the desirable cross arc can also be ver-
ified from the high-speed video. In an
ideal video with the desirable cross-
arc state, the two arcs should be clear-
ly seen. However, the GTA established
between a tungsten tip (relatively
thin) and the workpiece is more con-
centrated and should be, in general,
brighter than the inter-wire arc estab-
lished between two large carbon elec-
trodes if the currents are the same.
The relatively concentrated shield gas
from the GTA torch and the already
distributive gas (from the GTA torch)
between the two carbon electrodes
further increases the difference in
their brightness. However, such
analyses only apply for the GTA above
the carbon electrodes. For the GTA
below the carbon electrodes, it will
spread on the workpiece.
     In addition, the shield gas has be-
come further distributed. Hence, while
the GTA should be brighter above the
carbon electrodes, it will be dimmer
below the electrodes.
     Depending on the contrast among
the different segments/components of
the cross arc and video recording pa-
rameters, some arc components may
not necessarily be clearly seen in all
the videos. In particular, the opening
between the carbon electrodes nar-
rows the GTA such that the GTA is
typically much brighter than the inter-

Fig. 14 — High-speed video of experiment 4.

Fig. 15 — Voltage waveforms in experiment 5.

Fig. 16 — High-speed video of experiment 5.

Fig. 17 — Voltage waveforms in experiment 7.
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wire arc. The inter-wire arc is over-
lapped spatially with the GTA in the
opening. Hence, the inter-wire arc is
typically not clearly identifiable from
the video. The absence of the inter-
wire arc in the video does not mean
that the inter-wire is absent. As such,
the videos from experiments 1–5 can
be understood.
     In the video of experiment 1, the
low part of the GTA is not clearly seen.
However, the GTA must have been es-
tablished because there are no other
loops for the electrons from the tung-
sten to return through any of the elec-
trodes except through the workpiece.
Also, the inter-wire arc is not seen in
the high-speed video. In such case, the
video would not serve as a direct evi-
dence for the existence of the inter-
wire arc, and the voltage waveform
must be used as proof.
     The inter-wire arc is typically ab-
sent in the high-speed video during
the stable cross-arc state. Hence, it is
always the case that the inter-wire arc
is much weaker in the high-speed
video. However, if the undesirable
double arc occurs, its two segments
between each electrode and the work-
piece will be off the neighborhood of
the bright GTA and become visible in
the high-speed video. The result will
provide a direct indication for the un-
desirable double-arc state.
     While the lower part of the GTA is
absent in the high-speed video (Fig. 8),
in experiment 1 where the GTA cur-
rent is 50 A, it becomes clearly visible
(Fig. 10) in experiment 2 where the
GTA current increased from 50 to 100
A. In experiment 3, the GTA current
has been further increased to 150 A,
and the entire GTA is clearly seen in
the high-speed video — Fig. 12.
     The voltage waveforms and high-
speed videos in Figs. 7–16 clearly veri-
fied the success in establishing a desir-
able cross arc state, that is to say, the
two arcs are established and crossed
each without an undesirable double-
arc phenomenon. The feasibility of the
proposed cross-arc mechanism is ex-
perimentally verified.

Understanding GTA Swing

     Careful observation of the high-
speed videos in experiments 1–5
shows that GTA swings periodically
with the polarity change among the

carbon electrodes. The GTA deviates to
the cathode electrode. The cathode
switches from one carbon electrode to
another; the GTA switches accordingly.
     However, there is a small delay in the
deviation after the polarity switch. This
is perfectly understandable because the
current polarity can be changed almost
instantaneously, while the ionization of
the gas and temperature rise in the gas
to establish the arc in a new region re-
quires time, although it is short. As can
be seen in the videos, the GTA swing is
apparent and can be easily identified
from the videos.
     The inter-wire current flowing
from one carbon electrode to another
generates a magnetic field in the GTA
column. Figure 27 shows the direc-
tions of this magnetic field, i.e., in-
ward and outward the paper above and
below the carbon electrodes, respec-
tively. In accordance with the left-
hand rule (Ref. 22), the electrons from
the tungsten electrode in such a mag-
netic field will be subject to an electro-
magnetic force, i.e., the Lorentz force,
in the direction as shown in Fig. 27.
That is, the force is toward the cathode
of the electrodes. Hence, the GTA
must deviate periodically as the polari-
ty of the inter-wire current changes.

This swing may provide a mechanism
to scan the GTA on the workpiece.
     As can be seen from the high-speed
videos in the experiments using rela-
tively large GTA current such that the
lower part of the GTA is visible in the
images, i.e., Fig. 12 for experiment 3
and Fig. 16 for experiment 5, the GTA
does scan on the workpiece according
to the polarity change. Therefore, the
workpiece can be heated to better ac-
cept the metal deposit to form a rela-
tively wide and shallow penetration.
This is advantageous for applications
where the deposition rate is concerned
as the proposed process targets.

Effect from the Currents

     While the cross-arc mechanism is
feasible, successful establishment of
the desirable cross arc depends on a
number of parameters, including the
currents for the GTA and inter-wire
arc.
     The GTA current (IG) is an impor-
tant parameter determining the stabil-
ity of the cross arc because the inter-
wire arc cannot be established without
a GTA environment that can ionize the
gas between the carbon electrodes.
The stability of the GTA also affects
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Fig. 18 — High-speed video of experiment 7.

Fig. 19 — Voltage waveforms in experiment 8.
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the stability of the conditions to estab-
lish the inter-wire arc. Furthermore,
the stability of the GTA may also be af-
fected by the inter-wire arc, thus the
inter-wire current. Hence, it appears
that the two currents both affect the

stability of the cross arc system inter-
actively.
     In experiments 1–3, the GTA cur-
rent (IG) increases from 50 to 150 A
while the inter-wire current is fixed at
50 A, which is not greater than the

GTA current. In these experiments,
the desirable cross-arc state has been
successfully established and main-
tained. However, observation and
comparison on the high-speed videos
from the three experiments (Figs. 8,
10, and 12) clearly indicate that as the
GTA current increases, the diameter of
GTA increases, which leads to a better
conductivity of the inter-wire opening
and benefits the establishment and
maintaining of the inter-wire arc.
     Further, the swing is reduced as the
GTA current increases. This is due to
the improvement of the GTA stiffness,
which increases with increasing the GTA
current. A reduced swing in the GTA
helps improve the ionization of the gas
between the opening and stability of
the inter-wire arc. Hence, an increase in
the GTA current can improve conditions
for the desirable cross arc.
     The major effect of the inter-wire
arc current (IW) can be understood
from its effect on the GTA swing. As
has been analyzed using Fig. 27, the
GTA is deviated by the electromagnet-
ic force (Lorentz force) generated by
the inter-wire arc current. Since the
electromagnetic force increases, the
swing increases as the inter-wire cur-
rent increases when other parameters
and conditions are unchanged. When
the GTA is significantly deviated on an
electrode, the electrons should flow
into the electrode and then re-emit. In
such a case, maintaining the GTA
would require two pairs of arc spots,
and the GTA may extinguish. As a re-
sult, as the polarity changes, the inter-
wire arc would also extinguish. How-
ever, before such an extreme case oc-
curs, increasing the inter-wire arc (arc
current) may help ionize the gas to im-
prove the GTA stability. Further, the
swing of the GTA also depends on its
stiffness, which improves with a high-
er GTA current. Hence, the effect of
the inter-wire current on the GTA is
coupled with the GTA current. The ef-
fect of the inter-wire arc current is rel-
atively complex.
     In experiment 4, the inter-wire cur-
rent increased from 50 A in experi-
ment 1 to 100 A, while the other pa-
rameters and conditions are un-
changed. The arc is still stable. That is
to say, the GTA is not extinguished by
the increased inter-wire current. One
can regard that the extreme conditions
in which the GTA requires two pairs of
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Fig. 20 — High-speed video of experiment 8.

Fig. 21 — Voltage waveforms in experiment 9.

Fig. 22 — High-speed video of experiment 9.

Fig. 23 — Voltage waveforms in experiment 10.
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arc spots has not occurred.
     In experiment 4, the inter-wire
current remains at 100 A. The condi-
tions should be better to prevent the
GTA from being extinguished because
it becomes stiffer such that the devia-
tion is reduced. Hence, the desirable
cross arc state is also maintained in
experiment 5.
     However, when the inter-wire cur-
rent increases to 150 A in experiment
6 while the GTA current still remains
at 50 A, the arc extinguished. The au-
thors believe that the much increased
inter-wire current should have caused
the occurrence of the aforementioned
extreme conditions so that the need
for two pairs of arc spots to maintain
the GTA become necessary.
     When the GTA current increases
from 50 A in experiment 6 to 100 A in
experiment 7, the double arc phenom-
enon occurs rather than arc extin-
guishing. The increased stiffness of

the GTA can prevent the extreme devi-
ation of the GTA. However, in such
case, the inter-wire current is relative-
ly large and the inter-wire arc diameter
increases. The inter-wire column re-
duces its distance with the workpiece
and may help to establish the condi-
tions for double arc.

Effect from the Inter-Wire
Arc Distance

     It is apparent that a small inter-
wire distance reduces the arc length of
the inter-wire and improves the inter-
wire arc stability as well as the cross-
arc system.
     In experiments 8 and 9, the inter-
wire distance (DW) increased from 2
mm in experiments 1 and 5, where the
desirable cross-arc state has been suc-
cessfully established and maintained,
to 5 mm while other parameters and
conditions are nominally unchanged.

     As can be seen from Table 2, as well
as in Figs. 19–21, this increase in the
inter-wire distance has caused the de-
sirable cross arc to become an undesir-
able double arc, because the arc length
of the inter-wire arc has been in-
creased. An increased arc length will
tend to increase the maximum of the
arc column so that the inter-wire be-
comes closer to the workpiece. Fur-
thermore, the crossed GTA will also
tend to bend the inter-wire arc. The
length of the arc to be bent increases,
the deviation of its arc column also in-
creases. As a result, an increased inter-
wire distance tends to deviate the in-
ter-wire arc toward the workpiece. The
double arc would be easier to occur.
     The increased inter-wire arc length
due to an increase in the increased in-
ter-wire distance also increases the
length of the arc column to be affected
by the GTA. As a result, the inter-wire
arc would become less stable. As can
be seen in Fig. 19 for the voltage wave-
forms in experiment 8, the inter-wire
arc voltage fluctuates significantly.
This voltage sometime becomes close
to the open-circuit voltage (75 V). A
greater inter-wire distance does not
benefit the stability of the cross-arc
system, especially when the inter-wire
arc current is small, since a small cur-
rent itself typically reduces the arc sta-
bility in conventional arc processes.

Effect from the Electrode
Elevation

     One may expect that a greater elec-
trode elevation should help prevent
the occurrence of the double arc. How-
ever, the significance of its effective-
ness needs to be experimentally veri-
fied. Unfortunately, despite the in-
crease of the elevation from 5 mm in
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Fig. 24 — High-speed video of experiment 10.

Fig. 25 — Voltage waveforms in experiment 11.

Fig. 26 — High-speed video of experiment 11.

Fig. 27 — The Lorentz force in a cross
arc.
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experiments 8 and 9 to 8 mm in exper-
iments 10 and 11, the double arc still
occurs as can be seen from Table 2 as
well as Figs. 23–26. Although the ele-
vation has been increased the same as
the inter-wire distance, its effect is
still not fully eliminated.
     However, this may not necessarily
mean that an increased elevation does
not reduce the chance for a double arc.
While further studies are needed to
gain definite conclusions, the authors
would not further increase the eleva-
tion because it would cause the length
of the GTA further increases to reduce
the stability of the GTA. Hence, the in-
ter-wire distance should be 2 mm as in
experiments 1–5. The effort trying to
increase the elevation to overcome the
effect from increased inter-wire dis-
tance should be discouraged.

Conclusion

     • The proposed cross-arc process
can control heat input and mass sepa-
rately as well as improve wire melting
efficiency, and it can be established
and maintained stably using two car-
bon electrodes to replace the wires.
     • The GTA current, inter-wire arc
current, and inter-wire distance are all
important parameters determining
the success to establish and maintain a
stable cross arc.
     • Increasing the GTA current im-
proves the stability of the cross arc be-
cause of the improved conductivity in
the inter-wire opening provides a nec-
essary condition to establish the inter-
wire arc.
     • The inter-wire arc current affects
the stability of the cross arc in relatively
complex ways. In particular, increasing
the inter-wire arc current helps ionize
the shield gas to better maintain the
conditions to sustain the cross arc.
However, it also increases the deviation
of the GTA, possibly causing an extreme
enough deviation to extinguish the
GTA, which serves as a necessary condi-
tion to maintain a stable cross arc.
     • The length and maximum column
diameter of the inter-wire arc increas-

es with the inter-wire distance. An in-
creased distance degrades the condi-
tions to establish and maintain the in-
ter-wire arc and increases the chance
for a double arc.
     Since this first preliminary study
uses two nonconsumable carbon elec-
trodes in place of two filler metal
wires, future work will use wires to es-
tablish the cross-arc process. To this
end, the associate metal transfer
process will be studied first and con-
trolled to maintain a stable condition
for cross-arc welding.
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