
Introduction
     Gas metal arc welding (GMAW) is
currently one of the most widely used
welding methods due to its productivi-
ty (Refs. 1, 2) and convenience for au-
tomatic and semiautomatic welding
applications. The transfer of the melt-
ed wire (electrode) onto the base metal
forms a process referred to as metal
transfer. Metal transfer plays an es-
sential role in determining the process
stability, welding productivity, and so
on, plus it has been an active field of
research and application in the weld-
ing community (Refs. 3–6). The metal
transfer depends significantly on the
welding current levels. To obtain a free

droplet transfer process, a certain level
of welding current should be used.
However, higher welding current will
apply higher heat input into the work-
piece, which may be unnecessary or
undesirable in certain applications.
Hence, research has been conducted to
explore welding methods to reduce
welding current and achieve stable free
metal transfer at the same time.
     Pulsed gas metal arc welding
(GMAW-P) has been proved as an ef-
fective method to achieve the desirable
free transfer/spray transfer at a need-
ed heat input determined by the aver-
age current, but the peak current must
be higher than the transition current,
which may blow the liquid metal away

from the weld pool and cause melt-
through (in complete joint penetration
applications) (Refs. 7, 8). Cold metal
transfer (CMT), developed at and
patented by Fronius, Inc., is a process
that utilizes a fast mechanical move-
ment to draw the welding wire back
such that the liquid metal can be sepa-
rated from the wire to transfer the
metal at a current much lower than
the transition current. As a result,
both the total heat input and current
levels can be much reduced (Refs. 9,
10). However, the complicated device
for the mechanical movement intro-
duces disadvantages affecting its wider
acceptance.
     The patented surface tension trans-
fer (STT) (Refs. 11–13) process is an-
other effective method to reduce spat-
ter to a minimum with low heat input
and arc pressure, but its effective
range for the average current is re-
stricted by the mandatory need for the
particular current waveform/range
needed to reduce spatter and may not
always be most desirable for certain
applications.
     Zhang et al. proposed a patented
method (Refs. 14, 15) to use a peak
current much lower than the transi-
tion current to produce the desired
spray transfer by taking advantage of
the momentum of a downward (away
from the gun) droplet.
     Recently, laser-enhanced GMAW,
which utilizes a low-power laser to
provide an additional detaching force
to transfer droplet, was developed to
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achieve free metal transfer with low
welding current (Refs. 16–20). The
droplet size and trajectory were well
controlled by the laser power intensi-
ty. Pulsing current was also combined
with this method to reduce the heat
input, and the patented droplet oscil-
lating method was also introduced to
this process to further control the be-
havior of the metal transfer (Ref. 21).
     Double electrode GMAW (DE-
GMAW) and double bypass GMAW
(DB-GMAW) are arc welding processes
that adopted one or two bypass guns
to reduce the total heat input to the
workpieces (Refs. 4, 5, 22). The current
through the main gun was decoupled
to two or three parts with only one of
them to be passed through the base
metal. Pulsing current can be used to
further reduce heat input.
     Development for various low-heat-
input arc welding methods suitable for
various applications has been a major
continuous effort in the welding re-
search community. To contribute to
this effort, the consumable and non-
consumable electrodes indirect arc
welding (CNC-IAW) was developed to
provide an alternative way to reduce
heat input in the arc welding process
(Refs. 23–26). In the CNC-IAW
process, the welding current through
the conventional GMAW gun will di-
rectly pass to another tungsten torch,
considered as a nonconsumable gas
tungsten arc (GTA) electrode, back to
the power supply. Instead, the current
will no longer pass through the base

material as in conventional arc weld-
ing. The main heat input to the work-
piece would be only from the molten
droplets. Unfortunately, while this
process provides unique and distin-
guished properties, it lacks under-
standing at fundamental levels.
     This paper denotes to enhance un-
derstanding the CNC-IAW process
from its metal transfer, which funda-
mentally affects any arc welding
process with a consumable electrode.

Experimental Setup and
Conditions
     In the CNC-IAW process, compared
to the conventional GMAW process,
the welding current through the weld-
ing wire will not pass into the base ma-
terial back to the power supply. In-
stead, a secondary tungsten torch is
adopted as the negative terminal that
is directly connected to the negative
terminal of the power supply. In this
case, no welding current would pass
through the base material, and the
heat input into the workpiece is main-
ly from the molten droplet whose heat
should be relatively small. The total
heat input to the workpiece in CNC-
IAW will be reduced.
     Figure 1 shows the schematic con-
figuration of the proposed system for
CNC-IAW. The tungsten nonconsum-
able electrode and welding wire are
connected to the power supply’s nega-
tive and positive terminals, respective-
ly. The indirect arc generated between

the two electrodes produces continu-
ously transferred molten droplets. The
base metal is independent of the indi-
rect arc and not connected to the weld-
ing power supply. The welding current
flows from the positive terminal to the
welding wire and then to the indirect
arc ignited between the two dissimilar
electrodes.
     Through the tungsten electrode, the
welding current flows back into the neg-
ative terminal of the welding power
source. The heat input can be controlled
by adjusting the distance between the
welding torches and base metal, which
is none of polarities of the arc. With the
synchronous forward movement of the
two torches or movement of the work-
piece, the deposited metal solidifies into
a weld joining the two members of the
workpiece being joined. The metal
transfer is imaged using a high-speed
camera and backlighting, as can be seen
in Fig. 1.
     Figure 2 shows the main important
parameters needed to set up the experi-
mental system to conduct the CNC-IAW
process as expected. In this study, the
GMAW gun and tungsten torch stayed
stationary while the workpiece moved
at a constant speed. The high-speed
camera was placed at a distance about
1.0 m from the welding torches. The
contact tube-to-workpiece distance d1,
which plays an important role in deter-
mining process stability, was set at 20
mm. Both torches were set about 30 deg
with the perpendicular line such that
the angle between the two torches was
about 60 deg. The wire extension length
was hard to set exactly as it would vary
depending on the current level in rela-
tion to the wire feed speed.
     However, the approximate value of
d2 from the cross point, where the wire
and tungsten extension intersect as
shown in Fig. 2, to the contact tube
was about 15 mm. The horizontal dis-
tance between the welding wire and
tungsten electrode d3 defined in Fig. 2
was the most important parameter to
determine arc stability. From the ex-
perimental results, 1–2 mm was found
to be the acceptable value for this dis-
tance, which ensured arc stability.
     The welding power source used in
this study was a Fronius MW2200,
and it was operated in constant cur-
rent (CC) mode. Pure argon was used
as the shielding gas for the welding
wire as well as for the tungsten elec-
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Fig. 1 — Schematic diagram of the experimental configuration.
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trode. The flow rate was about 15
L/min for both torches. The filler met-
al was 1.0-mm-diameter CuSi3 weld-
ing wire, and the base metal was 3.0-
mm-thick 30CrMnSi steel. The high-
speed camera recorded the welding
process for the later analysis at 1000
f/s. When observing the metal trans-
fer, the droplet could not be clearly ob-
served for the influence of the arc
light. A continuous xenon lamp could
produce the high-intensity white light
created by the ionized xenon gas arc.
Its intensity is bright enough that the
light could penetrate the indirect arc.
     However, it could not penetrate the
droplet. When recording the metal
transfer, the xenon lamp was used as
the backlighting source to shine on the
droplet. The camera could clearly
record the projector of the droplet in
the arc. When recording the arc behav-
ior, the xenon lamp was not used to fil-
ter the disturbance of the arc. The real-
time welding voltages and currents
were acquired by the data acquisition
system shown in Fig. 1. The wire feed
speeds and welding current setting
values used in the experiments are
listed in Table 1.

Results and Discussions

Effect of VoltageAmpere
Characteristic

     The power supply’s voltage-ampere
characteristic has a significant effect
on the stability of the welding process
and metal transfer, and should be dis-
cussed first. Hence, the constant volt-
age (CV) and constant current (CC)
modes were compared in the prelimi-
nary study for selection of further
study. By comparing the welding cur-
rent and arc voltage waveforms during
welding with the two voltage-ampere
characteristics, the power supply’s ef-
fect on this process could be obtained.
     In particular, when the CV mode
was adopted, as shown in Fig. 3A, B,
the standard deviations (square roots
of the variances) for the welding volt-
age and current were about 2.2 V and
37.5 A, respectively, for the lower wire
feed speed (4.0 m/min). Increasing the
wire feed to a higher level (9.0 m/min)
resulted in similar results. This result
could be explained by the CV mode arc
length self-regulation mechanism. In

CV mode, the welding current can au-
tomatically change with the variation
of the arc length. When the arc length
increases, the welding current would
decrease, and vice versa.
     Furthermore, the arc will distinguish
for the large decreasing welding current
as shown in Fig. 3A. When the CC mode
was used, as shown in Fig. 3C, D, the
standard deviation for the welding volt-
age was around 0.6 V for lower wire feed
speed (5.0 m/min). The fluctuation in
the welding current was not significant.
When the wire feed speed was increased
(also increasing the current level accord-
ingly), similar results were obtained.
Hence, to reduce fluctuations in the
welding voltage and current during the
welding process that directly affect arc
stability, the CC mode was chosen to
conduct CNC-IAW.

Effect of Wire Feed Speed on
Metal Transfer

     Metal transfer plays an essential
role in determing the process stability
and weld bead formation. The wire
feed speed and welding current were
identified as two main parameters to
affect metal transfer. To explore these
two parameters’ influences, one pa-
rameter was set as constant and an-
other to be changed. To this end, the
welding current was first set as con-
stant at 110 A. Experiments were con-
ducted with different wire feed speeds
at the same welding current to investi-
gate their effect on metal transfer
characteristics.
     Figure 4 shows the typical metal
transfer processes under different wire
feed speeds for the same welding cur-
rent of 110 A. Each image series in Fig.
4 shows a complete transfer cycle with
different interval times between im-
ages. As shown in Fig. 4, different met-
al transfer phenomena were observed
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Fig. 2 — System installation parameters.

Table 1 — Welding Parameters in CNC-IAW Experiments 

WFS (m/min)

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10

Welding Current (A)

90 √ √ √ √
110 √ √ √ √
130 √ √ √ √ √
150 √ √ √ √ √ √
170 √ √ √ √ √
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with different wire feed speeds.
     When the wire feed speed was at 5.0
m/min, as shown in Fig. 4A, the droplet
was usually detached at the position
when the wire was above the cross
point of the welding wire and tungsten.
The metal transfer frequency was about
8 Hz. When the wire feed speed in-
creased to 6.0 m/min, as shown in Fig.
4C, the droplet would be detached be-
low the cross, but the metal transfer
rate was still about 8 Hz. However,
when the wire feed speed was set at 5.5
m/min, as shown in Fig. 4B, the detach-
ing position was just at the cross posi-
tion. The metal transfer frequency in-
creased to about 16 Hz. The droplet was
easy to detach the tip of the wire com-
pared with the metal transfer in Fig.
4A, C. The main heat input to the work-
piece in this process was mainly from
the heat in the droplet. This is the main
difference between this process and the
traditional one. The metal transfer fre-
quency changes as the wire extension
length changes such that the wire tip
changes its position in the arc zone. It
appears that the cross point provides a
condition to favor detachment. The sta-
bility of the metal transfer was im-
proved. When the metal transfer fre-
quency increases, the droplet size will
also be reduced. It will benefit the
process stability.
     To understand the peak phenome-
non observed on the metal transfer fre-
quency, forces acting on the droplet
need to be analyzed. It is well known
that in conventional GMAW, the major
forces acting on the droplet include the
gravitational force, electromagnetic
force (Lorentz force), aerodynamic drag
force, surface tension, and momentum

force (Refs. 27–29).
To be simple, the dy-
namic-force balance theory (DFBM)
(Ref. 30) is used in this paper to conduct
preliminary analysis on the forces in the
CNC-IAW process.
     The force due to the gravity can be
expressed as

where md is the mass of the droplet, rd
is the droplet radius,  is the droplet
density, and g is the acceleration of the
gravity.
     The surface tension is given as

where rw is the electrode radius while
 is the surface tension coefficient.
     The aerodynamic drag force can be
expressed as

where Cd is the aerodynamic drag coef-
ficient, Ad is the area of the drop seen
from above, and p and vp are the den-
sity and fluid velocity of the plasma.

The momentum force can be ex-
pressed as

where ve is the wire feed speed and md
is the change of the droplet mass.
The electromagnetic force, Fem, is 
given by

where 0 is the magnetic permittivity,
I is the welding current, and  is the
half-angle subtended by the arc root at
the center of the droplet. The increase
of Fem accelerates and the detachment
is completed rapidly. In the conven-
tional GMAW process, the droplet is
not detached when the retaining force
F is still sufficient to balance the de-
taching force Ft

     In Ref. 19, all these forces were ap-
proximately calculated and estimated.
The results show that the aerodynamic
drag force and momentum force were
relatively small compared to other
forces. In this case, they would be neg-
lected in the later analysis. The main
detaching forces, gravitational and
electromagnetic, are shown in Fig. 5.
The surface tension force is the main
retaining force. The aerodynamic drag
force and momentum force are not in-
cluded in Fig. 5 as aforementioned.
     For the constant current in the
CNC-IAW process shown in Fig. 4,
when the wire feed speed is low or
high, the arc shape would be elongat-
ed. In these cases, the main part of
electromagnetic force as one of de-
taching force, Fem,H, is not large
enough to balance out the main part
of the retaining surface tension. The
droplet would grow to a larger size to
achieve a larger gravitational force to
detach from the solid wire. The metal
transfer frequency would be lower
than the one with the droplet right de-
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Fig. 3 — Effect of welding power voltageampere characteristic
with different wire feed speeds. A — 4.0 m/min, 18 V, CV mode; 
B — 9.0 m/min, 18 V, CV mode; C — 5.0 m/min, 90 A, CC mode; 
D — 8.5 m/min, 150 A, CC mode.
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taching from the crossing point of the
welding wire and tungsten shown in
Fig. 4B.
     The stability of the metal transfer
with different wire feed speeds could
also be illustrated by the welding cur-
rent and arc voltage waveform as shown
in Fig. 6. The welding current and volt-
age significantly reflect stability of the
metal transfer and arc behavior. The
fluctuations in the current and voltage
contain important information about
the stability of the metal transfer. In the
CNC-IAW process with CC mode, the

wire feed speed affects the welding volt-
age to a certain degree.
     When the wire feed speed was 5.0
m/min, the average voltage was about
25 V, and a relatively large fluctuation
in the voltage waveform could be ob-
served. The reason was obvious. As the
larger size droplet was needed to in-
crease the gravitational detaching
force, and there was an elongated arc,
there would be a great opening for the
droplet to grow and detach. The root
of the indirect arc did not enwrap the
whole droplet, which would lead to the
larger fluctuation of the arc voltage.
     When the wire feed speed was in-
creased to 5.5 m/min, the opening be-
tween the wire tip and tungsten tip
decreased. So, the average welding
voltage decreased to about 20 V, and
the fluctuation in the voltage wave-

form also decreased. As the droplet
was detached just beside the tungsten
tip, the arc was not so long that it en-
wrapped the whole droplet although
the arc shape was asymmetric. There
was no need for a larger gravitational
detaching force, and in this case, the
droplet was detached at a relatively
small size. It would, in turn, reduce the
opening and time interval of the volt-
age variation. The metal transfer was
relatively stable.
     When the wire feed speed increased
to about 6.0 m/min, the average voltage
increased again. As the arc was elongat-
ed again, the arc could not enwrap the
whole droplet. As aforementioned, the
droplet would grow to a larger size to
obtain a larger detaching force.
     As such, for a fixed welding current
level, there was an optimal wire feed
speed range to minimize the length of
the indirect arc and achieve a stable
metal transfer process. By selecting
the optimized one, the droplet could
be detached at a small size that may
benefit the stability of the metal trans-
fer and arc as well as the formation of
the weld bead.

Effect of Welding Current on
Metal Transfer

     After selecting the optimized wire
feed speed for each welding current
level, the welding current effect on
metal transfer could be conducted. As
shown in Fig. 7, it was found that the
welding current had a significant influ-
ence on the metal transfer modes, fre-
quency, and droplet size.
     When the wire feed speed and weld-
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Fig. 4 — Effect of wire feed speed on metal transfer. A — 5.0 m/min; B — 5.5 m/min; 
C — 6.0 m/min.

Fig. 5 — The main forces acting on the
droplet.

Fig. 6 — Welding current and arc voltage
waveforms of different wire feed speeds.
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ing current were low, as shown in Fig.
7A, the diameter of the droplet was
much larger than that of the welding
wire diameter. The corresponding
transfer could be considered the globu-
lar metal transfer. The transfer fre-
quency was low, which was usually 5–6
Hz. For these experimental conditions,
the electromagnetic force, one of the
main detaching forces, was small be-
cause of low welding current, the
droplet would grow to a larger size to
gain a large enough gravitational force
to balance out the surface tension. As
it needed some time interval to achieve
a larger-sized droplet, the metal trans-
fer frequency was relatively low.
     Increasing the wire feed speed and
welding current to a higher level
(5.5–10.0 m/min and 110–170 A), as
shown in Fig. 7B–E, the droplet size
was reduced. The diameter of the
droplet size was almost the same as
that of the welding wire, and the metal
transfer could be considered as spray
mode. As the welding current was

higher than previous ones, and it
reached a certain level, the electro-
magnetic force was large enough to
provide a detaching force combined
with the effect of the gravitational
force. A larger droplet size to obtain a
large gravitational force was not need-
ed any more. As the time to form a
droplet was reduced, the metal trans-
fer frequency also increased.
     The metal transfer frequency and
droplet size are shown in Figs. 8 and 9.
In this case, a conclusion could be
reached that when increasing wire feed
speed and the corresponding welding
current, the metal transfer mode
would be changed from the globular
metal transfer to the projected spray
transfer, and then to the stream spray
one. The metal transfer frequency also
increased with the droplet diameter
decrease.
     When the wire feed speed and cor-
responding welding current increased,
the droplet trajectory also changed
gradually. As shown in Fig. 7A, B, the

trajectory of the detached droplet was
not along with the axis of the welding
wire. When the wire feed speed and
corresponding current increased, as
shown in Fig. 7C–E, the droplet was
transferred to the weld pool almost
along with the feed direction of the
welding wire. In fact, as shown in Fig.
5, the gravitational force can be de-
composed to two parts: one along the
axis of welding wire Fg,H, which would
detach the droplet, and another verti-
cal to the wire filling direction Fg,V,
which would cause the oscillation of
the droplet. The electromagnetic force
could also be decomposed into two
parts similarly as the gravitational
force, Fem,H and Fem,V, which tend to
cause the droplet to detach and oscil-
late, respectively. As the direction of
aerodynamic drag force and momen-
tum force along with the welding wire
feeding direction, the main forces to
affect the droplet trajectory would be
gravitational force vertical component
Fg,V and electromagnetic force vertical
component Fem,V.
     When the wire feed speed and corre-
sponding welding current were low, a
larger-sized droplet was obtained. The
gravitational force’s vertical component
Fg,V was larger than the electromagnetic
force’s vertical component Fem,V. In this
case, the droplet detaching direction
would not be along the wire feed direc-
tion, and that tends toward the gravita-
tional force direction. When increasing
the welding current, the electromagnet-
ic force’s vertical component Fem,V
would also increase, and it could balance
out the gravitational force vertical com-
ponent Fg,V. The droplet would be de-
tached at the direction of the wire axle.

Arc Behavior

     When the droplet formed, de-
tached, and transferred into the weld
pool, the arc would be changed corre-
spondingly. Analysis of the arc behav-
ior would benefit the understanding of
the metal transfer phenomenon in the
CNC-IAW process.
     As discussed previously, the arc
shape has a significant effect on the
magnitude of the electromagnetic force.
The arc shape changes with the welding
current and would influence the droplet
detachment position. With the lower
wire feed speed, the droplet is detached
above the tungsten electrode tip. When
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Fig. 7 — The effect of different welding currents on metal transfer. A — 90 A, 4.5 m/min; 
B — 110 A, 5.5 m/min; C — 130 A, 7.0 m/min; D — 150 A, 8.0 m/min; E — 170 A, 10 m/min.
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increasing the wire feed speed to a high-
er level, the droplet is detached under
the tungsten electrode tip. When using
the medium and optimized wire feed
speed, the droplet is detached in the
vicinity of the tungsten electrode tip, as
illustrated in Fig. 10. When the detach-
ment occurs above the tungsten tip, as
shown in Fig. 10A, the arc shape is char-
acterized as a Y shape, and the arc size is
large and its brightness is not intensive
enough. The distance between the two
electrodes is large, and the arc looks to
be elongated. As analyzed in the previ-
ous section, the electromagnetic force
was not large in this situation.
     When the droplet was detached un-
der the tungsten tip as shown in Fig.
10C, the arc shape was characterized
as a pencil shape. The elongated arc
may be the reason for the reduced arc
brightness. When the detachment oc-
curred in the vicinity of the tungsten
tip as shown in Fig. 10B, the arc shape
was considered a heart shape. The dis-
tance between the welding wire tip
and tungsten tip was approximately
minimized. This position is considered
to be optimal.
     The arc shape gradually changed in
the metal transfer process, as shown
in Fig. 11. The periodic change of the
arc shape was just correlated with dif-
ferent stages of droplet detachment.
During the initial period (0–9 ms),
the droplet began to form at the tip
of the welding wire, and the arc evi-
dently did not change. When the
droplet grew (9–21 ms), since the arc
always searched for the shortest
channel for the minimal energy con-
sumption, the position of the arc root
on the droplet changed gradually.
When the droplet grew to a certain
size (21–30 ms), the arc was squeezed
between the consumable and noncon-

sumable electrode. The elongated arc
could be observed. In the last stage
after the droplet detached (30–33
ms), the elongated arc went back to
its original shape.
     The arc had an intrinsic self-regula-
tion mechanism when the arc length
was short (Ref. 31). The arc intrinsic
regulation was closely related to the
instantaneous wire melting rate,
which would fluctuate depending on
the different heating positions of the
arc (Ref. 32). In the CNC-IAW process,
the instantaneous wire feed speed
could fluctuate within a small range
because of the characteristics of the
wire feeder. It could lead to arc length
fluctuations.
     When the instantaneous wire feed
speed was lower than the setting one,
the arc length would increase, as
shown in Fig. 12A. The indirect arc
could not enwrap the whole pending
droplet before detaching, and the in-
stantaneous melting rate of welding
wire decreased a little. In this case,
more solid wire would appear in the
arc zone to maintain a stable arc
length. If the instantaneous wire feed
was higher than the setting one, as
shown in Fig. 12C, the melting speed
would increase and then the length of
the solid wire would reduce. The arc
would go back to the previous balanc-
ing position, as shown in Fig. 12B.
     As mentioned previously, the dis-

tance between the consumable and
nonconsumable electrodes was only 1–2
mm. The arc length in CNC-IAW was
much shorter than that in conventional
GMAW. In this case, the arc intrinsic
self-regulation ability would be obvious
and important to maintaining a certain
arc length. It could benefit the stability
of the metal transfer process, and thus
of the welding process.

Conclusions

     • An indirect arc welding process
with consumable and nonconsumable
electrodes was proposed, and parame-
ters that determine a stable process
were identified;
     • For a given welding current, there
was an optimal wire feed speed that
could maintain a stable metal transfer
process for higher metal transfer
frequency and smaller droplet size;
     • The welding current mainly deter-
mines the metal transfer mode,
droplet size, and metal transfer fre-
quency;
     • The forces acting on the droplet in
the proposed CNC-IAW were analyzed
to explain and understand the metal
transfer phenomena observed;
     • The arc shape had a significant ef-
fect on the droplet transfer, and it was
related to the wire feed speed and
welding current.
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Fig. 8 — Metal transfer frequency in CNCIAW.

Fig. 10 — Arc shape in CNCIAW. A — Y shape; B — heart shape; C — pencil shape.

Fig. 9 — Droplet size in CNCIAW.
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Fig. 11 — Periodic change in the indirect arc shape (150 A, 8.0 m/min).

Fig. 12 — The schematic of an arc intrinsic selfregulation mechanism. A — Lower in
stantaneous welding wire; B — normal instantaneous welding wire; C — higher instan
taneous welding wire.
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