
Introduction

In the first part of this investigation
(Ref. 1), it was shown that the laser af-
fected the metal transfer process as an ad-
ditional detaching force that tended to
change a short-circuiting transfer to drop
globular transfer (even drop spray), re-
duce the diameter of the droplet detached
in drop globular transfer, or reduce the di-
ameter of the droplet such that the metal
transfer changes from drop globular to
drop spray. 

Metal transfer, which is referred to as
the periodical metal melting and droplet
forming, growing, detaching, and traveling
process, is a key issue in gas metal arc
welding (GMAW). As previously men-
tioned (Ref. 1), the American Welding So-
ciety classifies the metal transfer into three
major types/modes: short circuiting, glob-
ular, and spray (Ref. 2). Metal transfer
modes are affected by several operational
factors, such as welding current, composi-
tion of shielding gas, wire extension, the
ambient pressure, active elements in the
electrode, polarity, and welding material
(Refs. 3–6). Of all of these, welding cur-
rent is the most important factor to deter-

mine the metal transfer mode. When a
continuous waveform current is used and
the current is small, the droplet may not
be detached until it contacts the weld pool.
This transfer mode is referred to as short-
circuiting transfer. If the welding current
increases or the arc length increases, the
droplet will gradually grow until the grav-
itational force balances the surface ten-
sion, and then the droplet will detach. This
transfer mode is globular transfer. When
the current further increases, the electro-
magnetic force may become a sufficiently
large enough detaching force to detach the
droplets whose diameter is similar (drop
spray) to or much smaller (streaming
spray) than that of the electrode wire. The
metal transfer modes were widely studied
in the literature (Refs. 6–8). Metal transfer
control was also a focus in the research
community (Refs. 9–12). The Interna-

tional Institute of Welding (IIW) further
classifies globular transfer into drop glob-
ular and spelled globular (Refs. 8, 13). The
IIW classification for metal transfer is
shown in Table 1. 

In Part 1, welding current was prelimi-
narily discussed as a major factor affecting
the metal transfer. Laser recoil pressure
force was found to be responsible for
achieving free-flight transfer modes with
welding currents below the transition cur-
rent. However, there are other major fac-
tors that affect the metal transfer in
laser-enhanced GMAW. This part of the
paper is thus devoted to understanding
how the laser intensity and arc voltage af-
fect the metal transfer in laser-enhanced
GMAW.

Effects of Laser Intensity

The major parameter of the laser in the
laser-enhanced GMAW is the recoil pres-
sure that is determined by the laser inten-
sity and the cross section of the droplet
that intercepts the laser. To study the ef-
fect of the laser intensity, three levels of
laser power were used: 645, 754, and 862
watts (W). The laser beam used in this
study is 1 × 14 mm. The corresponding in-
tensity is thus 46, 54, and 62 W/mm2. Be-
cause the laser is applied along the wire
axis direction, if the diameter of the
droplet is smaller than 1 mm, the inter-
ception area aforementioned increases
quadratically with the droplet diameter;
however, for the majority of the experi-
ments studied in this investigation, the
droplet detached has a diameter greater
than 1 mm, and the interception area in-
creases linearly with the diameter of the
droplet.

Figures 1 and 2 show the metal transfer
at different laser intensity levels for 300
in./min, 30 V, 0–62 W/mm2. (Figure 1 is the
Fig. 6 in Part I, and is represented here to
make analysis clear.) When the laser inten-
sity was zero (Fig. 1A), the metal transfer
was short circuiting. (For shorting-circuiting
transfer, the diameter of the droplet such as
that given in Fig. 3 is measured right before
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ABSTRACT

Experiments were previously done to demonstrate that applying a relatively low-power
laser to the liquid droplet could produce free flight transfers with welding currents below
the transition one. In this paper, the effects of the laser intensity and arc voltage on metal
transfer process in laser-enhanced GMAW were discussed and analyzed. The enhance-
ment of the laser was found to increase as the laser intensity increased. The larger laser
intensity tended to help reduce the size of the droplet detached. The arc voltage affected
the metal transfer process through changing the current and changing the gap and pos-
sible time interval of the droplet development. A larger arc voltage helped reduce the
size of the droplet detached through an increased electromagnetic force. It also tended
to provide a longer time to grow the droplet. In both cases, the chance for short-circuit-
ing or repelled drop globular was reduced.
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the droplet touches the weld pool.) When it
increased to 46 W/mm2, the transfer was a
mix of short circuiting and drop globular at
approximately  50–50%, but the droplet was
typically detached right before the droplet
touched the weld pool. Hence, in Fig. 3, its
droplet diameter is the same as that without
the laser. (One should note that the diame-
ter of the droplet detached under a short-
circuiting condition differs from that under
a drop globular transfer. Hence, the same
droplet diameter observed in Fig. 3 for with-
out a laser, reasonably equals a laser inten-
sity of 46 W/mm2.) When the laser intensity
increased to 54 W/mm2, the metal transfer
became drop globular (Fig. 2); when the
laser intensity further increased to 62
W/mm2, the diameter of the detached
droplet further reduced — Fig. 1B. As can
be seen in Fig. 4B in Part 1, the current ap-
proximately remained unchanged. The in-
crease in the laser intensity thus did not
increase the electromagnetic force. Figure
3 clearly shows the tendency that the droplet
diameter reduces as the laser intensity in-
creases. The increased laser intensity de-
creased the need for a larger diameter for a
larger interception area and large mass.

Metal transfer images in additional ex-
periments at the different laser intensity
levels for 250/350/400 in./min, 30 V, 0–62
W/mm2 are shown in Figs. 4–6. To form a
complete set of data to examine the effect
of laser intensity at the 30 V setting, those
previously presented images for laser in-
tensity at zero (without laser) and 62
W/mm2 in Part 1 are presented again. The
complete set of data is illustrated in Fig. 7
to show tendency how the laser intensity
affects the droplet diameter. However,
there are details that deserve attention
and are discussed below.

Let’s first examine the experiment se-
ries associated with 250 in./min (250
in./min, 30 V, 0–62 W/mm2), as shown in
Fig. 4. It is seen that the transfer with 46
W/mm2 (Fig. 4B) is a mix of short circuit-
ing and drop globular but the droplet di-
ameter is almost the same as the one
without a laser (Fig. 4A), as can be seen
from Fig. 7. In these two cases, the laser
recoil pressure (if any) is not large enough
to compensate for the lack of gravitational
force for a complete free flight transfer
and a relatively large gravitational force is
still needed to detach the droplet. In this
mixed mode, short circuiting transfer
dominated, but the drop globular transfer
also occurred.

In this series of experiments, an inter-
esting phenomenon can be observed from
Fig. 4A and B that the laser-enhanced
short-circuiting transfer (Fig. 4B) still pro-
duced spatter but at a much reduced
amount from conventional GMAW (Fig.
4A). Careful observation shows that the
short-circuiting time was reduced approx-
imately 20% by the laser at the intensity of
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Table 1 — Classification of Metal Transfer in GMAW (Refs. 8, 14)

Metal Transfer Mode Sketch Examples

Globular
drop

Low-current GMAW

CO2 shielded GMAWRepelled

Spray
projected

Intermediate-current
GMAW

Free 
Flight
Transfer

Bridging
Transfer

Streaming
Medium-current
GMAW

Rotating High-current GMAW

Short circuiting Short-circuiting GMAW

Explosive SMA (covered electrode)

Bridging without Welding with filler metal

Fig. 1 — Typical metal transfer in comparative experiments with and without laser under 300 in./min,
30 V, 0 W/mm2 and 300 in./min, 30 V, 62 W/mm2.

A

B
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46 W/mm2. This may possibly be the cause
that reduced the spatter.

Examine the experiment series associ-
ated with 350 in./min (350 in./min, 30 V, 0-
62 W/mm2), as shown in Fig. 5. With a
laser intensity of 46 W/mm2 (Fig. 5B), the
drop globular dominated and short-
circuiting transfer seldom occurred. For 54
W/mm2 (Fig. 5C), the transfer is a stable
drop globular process, but the droplet di-
ameter is larger than that with 62 W/mm2

(Fig. 5D).
For the experiment series associated

with 400 in./min (400 in./min, 30 V, 0–62
W/mm2), as shown in Fig. 6, the metal
transfer mode is different from the two
aforementioned. As shown in Fig. 6B–D,
the metal transfer mode is the drop spray
transfer. Increasing the laser intensity will
decrease the diameter of the droplet,
though this change is not obvious.

As summarized in Fig. 7, for all the wire
feed speeds, the diameter of droplet in each
laser-enhanced GMAW experiment is
smaller than its respective counterpart in
conventional GMAW experiment. If the di-
ameter for an increased laser intensity is
the same with or very close to one for a
lower laser intensity (or without laser), they
both must be either short circuiting or very
close to short circuiting (i.e., the droplet is
detached right before it touches the weld
pool). Of course, all these phenomena can
be well explained based on force analysis as
has been done in the Part 1.

Effects of Arc Length

The voltage setting on the metal trans-
fer affects the metal transfer through its
effect on the arc length, i.e., increasing/de-
creasing the voltage increases/decreases

the arc length. The change in the arc
length affects the metal transfer through
1) an increased arc length that reduces the
wire extension such that the welding cur-
rent increases when using a constant volt-
age power supply as in this study, and 
2) an increased arc length provides a
longer gap to allow a longer time for a new
droplet to develop after a droplet detach-
ment. (This gap, the distance from the bot-
tom of the new droplet to the weld pool
surface right after a droplet is detached, is
referred to as the development gap here-
after in this study.) In laser-enhanced
GMAW, an increased laser intensity does
not increase the welding current, as shown
in Fig. 4 in Part 1. (Instead, it reduces the
current slightly.) However, when the volt-
age increased by 6 V, the welding current
increased by 10 to 15 A (Fig. 4 in Part 1).
Because the electromagnetic force as a de-
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Fig. 2 — Typical metal transfer in comparative experiments with and with-
out laser under 300 in./min, 30 V, 46 W/mm2 and 300 in./min, 30 V, 54
W/mm2.

A

B

B

C

D

Fig. 4 — Typical metal transfer in comparative experiments with and with-
out laser under 250 in./min, 30 V, 0 W/mm2; 250 in./min, 30 V, 46 W/mm2;
250 in./min, 30 V, 54 W/mm2; and 250 in./min, 30 V, 62 W/mm2.  

A

Fig. 3 — Droplet diameter with 30 V and 300 in./min under different laser power
levels. The droplet diameter is the mean of the diameter of the droplet that is de-
tached or touches the weld pool.
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taching force increases faster than a quad-
ratic speed as the current increases, the in-
crease in the detaching force would be
significant. Let’s take the experiment se-

ries with 350 in./min wire feed speed (Figs.
5 and 8) as an example to illustrate how
the voltage setting affects the metal trans-
fer. When the voltage was 26 V, as shown

in Fig. 8A, even if the laser power was 62
W/mm2, the metal transfer was still short
circuiting. This is because the develop-
ment gap was short such that there was not
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AB

B

C

C

D

A

Fig. 5 — Typical metal transfer in comparative experiments with and without laser
under 350 in./min, 30 V, 0 W/mm2; 350 in./min, 30 V, 46 W/mm2; 350 in./min, 30 V,
54 W/mm2; and 350 in./min, 30 V, 62 W/mm2.

Fig. 8 — Typical metal transfer in comparative experiments with a laser under 350
in./min, 26 V, 62 W/mm2; 350 in./min, 28 V, 62 W/mm2; and 350 in./min, 32 V, 62
W/mm2.

Fig. 6 — Typical metal transfer in comparative experiments with and without laser
under 400 in./min, 30 V, 0 W/mm2; 400 in./min, 30 V, 46 W/mm2, 400 in./min, 30 V,
54 W/mm2; and 400 in./min, 30 V, 62 W/mm2.

Fig. 7 — Droplet diameter with 30 V under different wire feed speed and
laser power levels. The droplet diameter is the mean of the diameter of the
droplet that is detached or touches the weld pool.
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enough time to grow the droplet. As a re-
sult, its small gravitational force together
with the detaching electromagnetic force
and laser recoil pressure force was not still
sufficient to balance out the surface ten-
sion before the droplet touched the weld
pool. When the voltage increased to 28 V
(Fig. 8B), the development gap increased
for the droplet to grow longer. In addition,
the electromagnetic force increased. How-
ever, those increases were still not suffi-
cient, and the metal transfer was still short
circuiting. When the voltage increased to
30 V (Fig. 5D), the metal transfer changed
to drop globular. When it further in-
creased to 32 V, the droplet diameter is
further reduced to a level comparable with
that of the wire (Fig. 8C) due to the in-
creased current/electromagnetic detaching
force.

Figure 9 plots how the droplet size
changed with the voltage setting for the
experiment series analyzed above. The ob-
served droplet size increase from 26 to 28
V was due to the increased development
gap that provided a longer time for the
droplet to grow. The increased electro-
magnetic force should have tended to help
detach the droplet. However, since the
droplet was not detached (still short-
circuiting transfer), the electromagnetic
force played no role in determining the
droplet size. Hence, it was the increased
development gap that contributed to in-
creasing the droplet size before short cir-
cuiting. The droplet size decreases when
increasing from 28 to 30 V and from 30 to
32 V were due to the respective increase
in the current/electromagnetic force. The
increased development gap played no role
in this decrease. The laser may only help
reduce the droplet size further or help the
transfer to change from short circuiting to
drop globular or drop spray.

Similar analysis can be done to under-

stand how the
voltage affects
the metal trans-
fer process for
other wire feed
speeds such as
for 400 in./min
— Fig. 10. De-
spite the change
in the current
that directly af-
fects the electro-
magnetic force,
the voltage set-
ting still affects the metal transfer through
its associated current change and develop-
ment gap change.

In summary, a higher voltage setting in-
creases the current and development gap.
The increased development gap may help
change the metal transfer from short cir-
cuiting to drop globular or even drop spray,
but it plays neither role in affecting the size
of the droplet detached under free-flight
transfers nor a role in changing the transfer
from drop globular to drop spray. The in-
creased current affects the metal transfer by
increasing the electromagnetic detaching
force.

Conclusions

• Laser intensity and arc voltage are
major factors affecting the metal transfer
in laser-enhanced GMAW.

• The enhancement of the laser in-
creases as the laser intensity increases and
the droplet size could be effectively con-
trolled by changing the laser intensity in an
appropriate range.

• An increased arc voltage increases the
current and can affect the metal transfer
through an increased electromagnetic force.

• An increased arc voltage also in-
creases the arc gap and possible time in-

terval for the droplet to develop to reduce
the chances for short-circuiting transfer or
repelled drop globular transfer.

• Droplets can be detached at a
given/desired diameter in a reasonable
range by applying an appropriate laser in-
tensity under a given current (arc variable)
in a reasonable range, and the needed
laser intensity is determined by the desired
droplet diameter and the welding current
used (arc variable).
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