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Introduction

     Gas tungsten arc welding (GTAW)
and gas metal arc welding (GMAW) are
the most popular gas-shielded arc
welding techniques used in many in-
dustrial fields. Traditional GTAW is a
high-quality process that features less
spatters and better weld bead surfaces
than GMAW. However, GTAW suffers
from slow speed and small amounts of
deposited metal. Different methods,
such as hot-wire GTAW (Ref. 1), acti-
vated-GTAW (Ref. 2), double-sided
GTAW (Ref. 3), and twin-tungsten
GTAW (Ref. 4), have been developed to
obtain better deposition rates. On the
other hand, GMAW is a process with

high rates of metal deposition, but in-
creased heat input into the base metal
(Ref. 5). As a consequence, the GTAW-
GMAW hybrid welding process has be-
come a new type of arc welding
process combining the high quality of
GTAW with the high efficiency of
GMAW.
     Kanemaru et al. (Refs. 6, 7) experi-
mentally and numerically studied the
balance of current between gas tung-
sten and gas metal arcs in GTAW-
GMAW hybrid welding. A suitable
range of currents was confirmed. Chen
et al. (Ref. 8) analyzed distributions of
heat flux and weld formation, and pro-
posed energy-force models to study in-
teracting forces between gas tungsten

and gas metal arcs in GTAW-GMAW
hybrid welding. Tao et al. (Ref. 9) fur-
ther studied the properties of hybrid
arc, transition modes of droplets, and
influence of different polarity con-
nected to the weld joint. The GTAW-
GMAW hybrid arc could be superim-
posed in parallel gas tungsten and gas
metal arcs. Similar to traditional arc
welding, welding current is still from a
consumable electrode or tungsten elec-
trode to base metal through which
heat input cannot be reduced effec-
tively. Y. M. Zhang proposed a double-
electrode-GMAW and arcing wire
GTAW (Refs. 10, 11) in which a third
consumable or nonconsumable elec-
trode was added, and thus a bypass arc
was introduced burning between it
and the original wire or tungsten elec-
trode. As a result, the total current
flowing through the wire and the base
metal could be separately controlled;
in other words, the wire deposition
rate and the heat input to the base
metal were separately controlled or
deeply decoupled.
     Wang et al. (Ref. 12) studied the
consumable-aided tungsten indirect
arc welding with direct current (DC).
An indirect arc was generated between
the consumable electrode of the
GMAW gun and tungsten electrode of
the GTAW torch, whereas it was ab-
sent between the tungsten or consum-
able electrode of welding torch and
base metal. Welding current flowed
from the consumable electrode to
tungsten electrode in the freeburning
indirect arc. Consumable-aided tung-
sten indirect arc welding not only rap-
idly melted the welding wire but also
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effectively restrained heat input into
the base metal. The consumable elec-
trode connected to the positive pole of
welding power is the arc anode. It was
found that the consumable electrode
acting as the cathode had a higher
melting rate than the anode (Refs. 13,
14). By comparison to tungsten-con-
sumable indirect arc welding (TCIAW)
with DC, AC TCIAW has a higher depo-
sition rate, as also verified by theoreti-
cal analysis (Ref. 14).
     In contrast to base metal as an arc
terminal in conventional arc welding,
arc terminals of tungsten and wire tip
in TCIAW are comparatively small in
size and allowed flexible variations.
The alternative polarity between tung-
sten and wire tips in AC TCIAW also
plays an important role in sustaining
the arc between the two tips. Arc be-
havior and droplet transfer have an
important effect on heat input, depo-
sition rates, and weld forming. Under-
standing the different parameters af-
fecting arc behavior and droplet trans-
fer of AC TCIAW is essentially required
for a practical use of the promising
welding technology.
     Defects such as porosity, weld
cracking, or entrainment of an oxide
layer into the weld pool occur if the ox-
ide layer remains on a weld pool sur-
face in arc welding. The oxide film on
the surface of the base material can be
removed through the cleaning action
of the cathode spot, when the elec-
trode is positive and the base material
acts as a cathode (Ref. 15). Whether

the motion is random or directed de-
pends on a self-induced and external
imposed magnetic field (Ref. 16). The
behavior or motion of the cathode
spot is thus directly linked to current
distribution in arc plasma and strongly
affects the detachment of the droplet
on the wire tip.
     In this paper, experiments were
conducted on the effects of magnitude
and frequency of welding current, rela-
tive location of the wire, and the tung-
sten tip on arc behavior and droplet
transfer. Understanding and control-
ling arc behavior, cathode spot, and
droplet transport are required for dif-
ferent kinds of arc welding processes.

Experiment Setup

     The measurement system is com-
posed of the following: welding power
source, wire feeder, high-speed cam-
era, current and voltage sensors, data
acquisition, and control systems, as
sketched in Fig. 1. The tungsten and
wire, respectively, were connected with
the two electrodes of the welding pow-
er supply. The arc was burning be-
tween the tungsten and wire with AC .
No current flowed to the base metal.
The AC power source and wire feeder
were both program-controlled. The ar-
gon shielding gas had a flow rate of 15
L/min. An IDT Motion Pro Y-4 high-
speed camera was used to capture the
arc and droplet dynamics. The ER70S-
6 wire had a diameter of 1.2 mm,
whereas the tungsten electrode had a

diameter of 5.0 mm. The current am-
plitudes of the AC square wave were
80, 100, 120, 140, and 160 A. The AC
frequencies varied in four levels: 25,
50, 100, 200, and 400 Hz. 
     The initial relative positions be-
tween the tungsten and wire tip before
arc ignition were categorized to four
configurations: wire at upper right,
right side, lower right, and below, as
shown in Fig. 2. The initial distance
between two tips was 3 mm in the hor-
izontal direction. With a given welding
current, the arc between the tungsten
and wire electrode was ignited by way
of short circuit.

Results and Discussion

     The recorded waveforms of current
and voltage showed good periodicity
and repeatability, which verified the
expected stability of indirect arc and
current waveform.

Cathode Spot Motion

     In Tests 1–5, the welding current
was fixed at 100 A. Current alternat-
ing frequency of the square wave in-
creased from 25, 50, 100, and 200 to
400 Hz. The time ratio of positive and
negative half-wave was 1:1 (tungsten-
positive/wire-negative stage is defined
as positive-half-wave). The remaining
test parameters are shown in Table 1.
     Figure 3 shows time-dependent
current and voltage with positive and

Fig. 1 — Experimental setup. Fig. 2 — Initial relative positions of tungsten and wire.
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negative half-waves during the indi-
rect arc burning process (see Test 3). It
can be seen that duration of positive
and negative half-wave is 5 ms in each
cycle, respectively, corresponding to a
square current frequency of 100 Hz.
The current was stable at about 100 A.
The voltage of positive half-wave was
maintained between 18 and 22 V,
whereas the voltage of negative half-
wave showed a gradual increase trend
from 21 to 29 V. A sudden decline oc-
curred near the end of each cycle be-
cause when the wire is cathode, the
cathode spot automatically searches
for the oxide film and climbs along the
wire. In view of the cathode spot
climbing, the voltage of the indirect
arc rose as the arc length increased.
The upward motion of the cathode
spot has been attributed to the pres-
sure difference across the cathode spot
(Ref. 16). Pressure difference across
the cathode spot, considering the
same order of magnitude as electro-
magnetic force, was found to be pro-
portional to the products of external
magnetic field and self-magnetic field.
Electric current was then scaled by a

self-magnetic field and external mag-
netic field, satisfied by Ampere’s law
and Lorentz’s force law. The resultant
force thus resulted in an upward mo-
tion of the cathode spot. 
     However, in this study, it is difficult
to exclusively specify the external
magnetic field due to the complex arc
dynamics, thereby, an alternative and
simpler interpretation by using scale
analysis was proposed. Fluid flow
equation in the arc beyond the droplet
was given by (Ref. 16)

where variables a,Vr', jn', and B' are
density, radial velocity, axial current
density, and azimuthal self-induced
magnetic field in arc, respectively.
     Equation 1 indicates that the pinch
effect takes place in the arc ahead of
the droplet, as a result of negative ve-
locity in the radial direction. Current
spreads after entering the cathode
spot, as illustrated in Fig. 4. Fluid
equation in the droplet yield

where d is density of the droplet, sub-
scripts s and r are, respectively, the di-
rection parallel to the droplet surface
and radial direction in the droplet.
     Since current is spread in the
droplet, Equation 2 indicates that liq-
uid velocity in the droplet increases for
positive current density in the radial
direction. Ampere’s law related to
Equation 2 is

Scaling Equations 2 and 3 gives

where I is the welding current.
     Equation 4, therefore, shows the
cathode spot moved upward as a result
of a spread of electric current in the
droplet. Spot velocity increased linear-
ly with magnetic field agreed with pre-

�aVr'
dVr'
dr'

= � jn'B�' (1)

�dVs
dVs
ds

= jrB� (2)

� �B�
�s

=μd jr (3)

Vs � B� � jr � I (4)

Fig. 3 — Recorded current and voltage waveforms in Test 3. Fig. 4 — Schematic of current distribution and electromagnetic
force at the spot.

Table 1 — Test Parameters for Different Current Frequencies

    Test No.                               Current                                                Current                                  Wire Feed                          Relative Location
                                           Amplitude (A)                                     Frequency (Hz)                               Speed                            Between Tungsten
                                                                                                                                                          (m/min)                                and Wire Tip

          1                                        100                                                       25                                           3.2                                     Right side
          2                                        100                                                       50                                           3.2                                     Right side
          3                                        100                                                      100                                           3.2                                     Right side
          4                                        100                                                      200                                          3.2                                     Right side
          5                                        100                                                      400                                          3.2                                     Right side
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vious measurements (Refs. 17–19)
and arc current (Ref. 19).

The Effects of Current
Frequency on Arc Behavior
and Droplet Dynamics

     Observation from photos in Fig. 5
shows that when polarity of the wire
changed from anode to cathode, cath-
ode spots moved upward along the
droplet surface and automatically
searched for oxide films. Figure 6 shows
the climbing behavior of cathode spots
at different frequencies of the AC
square wave (see Tests 1–5). Since the
AC frequency directly determined the
wire-negative duration that actually de-
termines the available time for cathode
spot climbing in each AC cycle, the fol-
lowing would discuss the influence of
AC frequency, rather than the wire-
negative time, on cathode spot climbing
for ease of understanding since the fre-
quency is generally the first-mind pa-
rameter for depicting an AC waveform.
     It can be seen that as current fre-

quency gradually increased, the cycle of
the square wave and wire-negative dura-
tion decreased, and the climbing height
of the cathode spot decreased. The max-
imum climbing height along the wire di-
rection, defined as the distance between
the wire tip and arc root position on the
wire, can be obtained by calibrating the
measured pixels to mm. Figure 7 shows
that the maximum climbing height of
the cathode spot was 8.1 mm at 25 Hz
AC waveform (20 ms wire-negative time
in each cycle, see Test 1) and decreased
to 1.7 mm at 400 Hz AC waveform
(1.25 ms wire-negative time in each cy-
cle, see Test 5). The maximum climb
height, therefore, increased as AC fre-
quency decreased because the cathode
spot had more time to search oxide
films when the AC frequency was lower.
     The trend of the maximum arc volt-
age during the wire-negative half-wave
is similar to that of the maximum
climbing height of the cathode spot, as
shown in Fig. 8, because the arc length
increased as the cathode spot climbed.
In this sense, being accompanied with

the cathode spot climbing, the arc
voltage was increased too but not
keeping relatively stable, which has al-
ready been demonstrated by Fig. 3.
Therefore, the arc voltage increasing
amplitude and thus the maximum arc
voltage during the wire-negative half
wave would be affected by the AC fre-
quency because the wire-negative du-
ration is directly determined by the AC
frequency. Lower current frequency
means more time for the cathode spot
to climb and arc length to increase. At
400 Hz current (1.25 ms wire-negative
time, see Test 5), the maximum arc
voltage during the wire-negative half
wave was 32 V, and the voltage in-
crease amplitude during climbing was
3.5 V. As the AC frequency was re-
duced to 25 Hz (20 ms wire-negative
time, see Test 1), the maximum arc
voltage increased to 40 V, and voltage
increase amplitude increased to 14 V.

The Effects of Current 
Magnitude on Arc Behavior
and Droplet Dynamics

     To study the effects of current mag-
nitude on arc behavior and oscillation of
droplets, test parameters denoted by
Tests 6–10 are shown in Table 2. The
current frequency was fixed at 100 Hz,
whereas the current magnitudes were
80, 100, 120, 140, and 160 A, respec-
tively. Figures 9–13 show the corre-
sponding shape and brightness of the
tungsten-consumable indirect arc at dif-
ferent welding currents. The tungsten-
consumable indirect arc was found to be
in a “V” shape. The brightness and size
of the indirect arc gradually increased as
welding current increased.
     Figures 9–13 show oscillations of
droplets under the action of arc repul-
sive force for different magnitudes of
current in a square-wave cycle in Tests
6–10. A common phenomenon was re-

Fig. 5 — A scenario of cathode spot climbing in search of oxide film.

Fig. 6 — Cathode spot climbing at different AC frequencies.

Table 2 — Test Parameters at Different Current Magnitudes

    Test No.                               Current                                                Current                                  Wire Feed                           Relative Position
                                           Magnitude (A)                                     Frequency (Hz)                               Speed                            Between Tungsten
                                                                                                                                                          (m/min)                                and Wire Tip

          6                                        80                                                       100                                           2.6                                     Right side
          7                                        100                                                      100                                           3.2                                     Right side
          8                                        120                                                      100                                           4.4                                     Right side
          9                                        140                                                      100                                           5.6                                     Right side
         10                                       160                                                      100                                           7.0                                      Right side
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vealed by examining five groups of
photos. The first four pictures in each
group were at the wire stage in cath-
ode polarity. The first picture at 1 ms
was the moment of wire changing po-
larity from anode to cathode, whereas
the second to fourth pictures (from 2
to 4 ms) were on the climbing stage of
the cathode spot. As the cathode spot
climbed, the spot force responsible for
the deviation of the droplet toward the
tungsten electrode decreased (see re-

duction of arc brightness), and result-
ed in swing toward the tungsten side.
The fifth picture at 5 ms was the mo-
ment the wire changed polarity from
cathode to anode. It can be seen that
arc configuration was changed from a
cylinder shape into a triangular profile
— Fig. 13. The sixth to ninth pictures
(from 6 to 9 ms) show a stable anode
spot maintained on the upper part of
the droplet. Under the action of the
anode spot force, the droplet swung

toward the wire side until polarity of
the wire was changed from anode to
cathode at 10 ms (the tenth picture). A
sudden change in polarity from anode
to cathode enhanced arc brightness
and changed arc configuration from a
triangle shape into a curved cylinder
shape, and increased deflection of the
droplet toward the wire side. The
droplet completed the oscillation
process in a square wave current cycle.
     In the case of a current magnitude
of 80 A and the wire as a cathode, the
droplet is biased toward the right side
of the wire under the action of the
cathode spot force. After polarity of
the wire was changed to the anode un-
der the action of the anode spot force,
the droplet could swing to just below
the end of the wire, indicating that the
anode spot force acting on the droplet
at the same welding current was less
than the cathode spot force. In the
case of a current magnitude of 100 A,
the droplet was always on the right
side of the wire end and could not
swing to just below the end of the
wire, regardless of polarity of the wire
during one cycle. When current mag-
nitude was higher than 100 A, and the
wire was on the stage of anode polari-
ty, the droplet could not swing to just
below the end of the wire. Deflection
of the droplet toward the right side of
the wire increased with the welding
current, indicating that the spot force
increased with the welding current.
     Figure 14 shows the period and di-
ameters of detached droplets for dif-

Fig. 8 — Effect of AC frequency on maximum arc voltage
and voltage increase amplitude.

Fig. 7 — Effect of AC frequency on maximum cathode spot
climbing height.

Fig. 9 — Oscillation of a droplet within a cycle at 80 A.

Fig. 10 — Oscillation of a droplet within a cycle at 100 A.
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ferent currents. It can be seen that an
increase in current reduced the period
between the droplet detaching and di-
ameter of the detached droplet.
     There are different types of detach-
ing or retarding forces responsible for
the dynamic behavior of the droplet in
the tungsten-consumable indirect arc.
Forces acting on the droplet include
gravitational force Fg, surface tension
F, electromagnetic force Fem, spot
force Fv, and aerodynamic drag force
Fd, as shown in Fig. 15.
     1. Gravitational force, Fg

     The force due to gravity can be ex-
pressed as

where Vd and g are, respectively,

droplet volume and gravitational accel-
eration. Gravitational force during
welding always promotes detachment
of droplets.
     2. Surface tension, F
     Surface tension is given by (Ref. 20)

where rw is the radius of the wire,  is
the surface tension coefficient, and ew

is the unit vector in the wire direction.
Surface tension is the force to keep the
droplet at the tip of the wire, impeding
detachment of the droplet.
     3. The spot force, Fv

     The indirect arc results in the polar
spot at the cathode or anode spots on
the droplet. Pressure caused by the im-
pact force of electron and ion flow, and

recoil force of metal vapor on the spot,
is called the spot force. Since spots oc-
cur on the left side of the droplet, the
impact force of electron and ion flows,
and recoil force of metal vapor, pushed
the droplet toward the right side (see
Fig. 13), and broke the droplet from
the wire. In view of the deviation from
the transition direction, spot force, Fv,
impedes droplet transfer.
     4. Electromagnetic force, Fem

     Electromagnetic force or Lorentz
force can be calculated from

Consider uniform current density j in
k direction on any cross section. Am-
pere’s law (B/r)/r  j gives az-
imuthal magnetic field induction B  
jr/2. Equation 7 therefore gives

where magnetic force at the surface
vanishes because of zero current den-
sity. Radius rmax is the maximum radius
of cylindrical arc. Equation 8 indicates
force due to pinch effect. Electromag-
netic force from Equation 7 can be
projected into any direction, for exam-
ple, radial and horizontal directions,
Frem and Fzem, by simply taking the in-
ner product with unit vectors of radial
and horizontal directions. Radial com-
ponent of electromagnetic force, Frem,
necks the droplet, promoting separa-
tion of the droplet from the wire. In
view of pinch force, electromagnetic
force from the small to large section
results in the component of magnetic
force, Fzem, toward the right direction
(see Fig. 15), leading to droplet break-
ing away from the wire.
     5. Aerodynamic drag force Fdrag

     Aerodynamic drag force can be ex-
pressed as (Ref. 20)

where the aerodynamic drag coeffi-
cient, Cdrag, related to Reynolds num-
ber, Re, is given by

The higher the droplet radius and plas-

Fem = jk�B�e�dVd = �er jB�drdAr��
= �er

1
4
μj2Ar (rmax

2 � r2 ) (8)

Fem = j�BdVd� (7)

F� =2�rw�ew (6)

Fg =�d gVd (5)

Fdrag =
1
2
�va

2�ard
2Cdrag

va
�va �

(9)

Cdrag =
24
Re

+ 6
1+Re

+0.4 (10)

Fig. 11 — Oscillation of a droplet within a cycle at 120 A.

Fig. 12 — Oscillation of a droplet within a cycle at 140 A.

Fig. 13 — Oscillation of a droplet within a cycle at 160 A.
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ma velocity, the higher the aerody-
namic force is. In view of the plasma
flow from the end of the wire to the
droplet, the aerodynamic drag force is
the force to promote droplet transfer.

The Effects of Relative 
Location between Tungsten
and the Wire Tip on Droplet
Transfer

     Whether with tungsten-consum-
able or twin-wire indirect arc (Ref. 13),
under the acting of spot force, the
droplet was repelled to both sides,
rather than the force of the conven-

tional arc welding, either in the wire
feeding direction or opposite to the
feeding direction. Tests 11–14 qualita-
tively analyzes the direction of spot
force acting on the droplet by control-
ling the wire feed speed to change the
relative position between the tungsten
and wire tip, with a fixed current mag-
nitude of 100 A and an AC frequency
of 100 Hz. The remaining test parame-
ters are shown in Table 3. It can be
seen that an increase in wire feed
speed resulted in the droplet from the
upper right, right side, lower right,
and below the tip of the tungsten 
electrode.
     Figure 16 shows the photos at the

moment of the droplet breaking away
from the wire for different relative po-
sitions between the tungsten and wire
tip via controlling the wire feed speed.
When the end of the wire was located
on the upper right of the tungsten tip,
the droplet was transferred to the up-
per right of the tungsten tip after
breaking away from the wire, as shown
in Fig. 16A. When the end of the wire
was located on the right side, lower
right, and below the tungsten tip, di-
rections of the droplet transport were
at the right side, lower right, and be-
low the tungsten tip, as shown in Fig.
16B–D, respectively. In summary, the
direction of droplet detachment after
breaking away from the wire was along
the line connecting the tungsten elec-
trode and wire tip.

Conclusions

     The following conclusions were
drawn:
     1. Arc configuration between the
tungsten electrode and wire on the
stage of cathode was in a curved cylin-
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Table 3 — The Effect of Wire Feed on Relative Position Between Tungsten and Wire Tip

    Test No.                               Current                                                Current                                  Wire Feed                           Relative Position
                                           Magnitude (A)                                     Frequency (Hz)                               Speed                            Between Tungsten
                                                                                                                                                          (m/min)                                and Wire Tip

          11                                        100                                                      100                                           3.0                                     Upper right
         12                                       100                                                      100                                           3.2                                     Right side
         13                                       100                                                      100                                           3.5                                     Lower right
         14                                       100                                                      100                                           3.6                                        Below

Fig. 14 — Periods and diameters between droplet detachments
at different currents.

Fig. 16 — The direction of droplet detachment at different relative positions between
the tungsten and wire tips: A — Upper right; B — right side; C — lower right; D — below.

Fig. 15 — Forces acting on a droplet in the tungsten-
consumable indirect arc.
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der shape. The cathode spot appeared
and climbed along the droplet surface.
The spot force responsible for deviation
of the droplet toward the tungsten elec-
trode decreased, resulting in the droplet
to swing toward the tungsten side.
     2. As polarity of the wire was
changed from cathode into anode, arc
configuration was suddenly changed
from the cylinder shape into a triangu-
lar profile. A stable spot was main-
tained on the upper part of the
droplet. The droplet began to swing
toward the wire side until polarity of
the wire was changed from the anode
to cathode.
     3. Motion of the cathode spot was
related to the spread of current into
the droplet.
     4. The forces on the cathode spot
were greater than those on the anode
spot.
     5. The maximum climbing height of
cathode spot, maximum arc voltage,
and voltage increase amplitude during
the wire-negative half-wave decreased
as the AC frequency increased because
increased AC frequency means less
wire-negative duration in each AC 
cycle.
     6. The transport direction of the
droplet after breaking away from the
wire was along the line connecting the
tips of tungsten electrode and wire.
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