
Introduction

Gas metal arc welding (GMAW) is cur-
rently one of the most widely used weld-
ing methods due to its productivity (as a
result of using an automatically fed con-
sumable electrode) (Refs. 1, 2) and its con-
venience for mechanized/robotic
applications. The transfer of the melted
wire (electrode) onto the base metal is a
process referred to as metal transfer. A
good understanding of this metal transfer
process and its mechanism plays a funda-
mental role in effectively using/improving
this welding process for production of bet-
ter welds at higher productivity and has
thus been an active area of research and
development in the welding community
(Refs. 3–7).

A key issue is that of how the metal
transfer largely depends on the welding
current,  which also determines other crit-
ical parameters including heat input and
arc pressure. An application may require a
preferred metal transfer mode that needs
to be produced using a particular welding
current while this current may result in a
heat input and arc pressure that is not
suitable for this application.

For example, many applications prefer
the metal transfer to take place in the
spray mode, but it requires a current
higher than the transition current (Ref. 8)
to produce in conventional GMAW. In this
mode, the arc pressure is (Ref. 9)

( 1 )
where the arc current density

( 2 )
and μ0 is the permeability, Ra is the arc
current radius, R is the equilibrium radius
of the droplet, ∈0 is the amplitude of the
perturbation, ω is angular frequency, t is
the time, k is a wave number, z represents
the axial coordinate of a cylindrical coor-
dinate system, α is the ratio of arc to the
liquid current density, I is the current, and
β is the ratio of arc to the liquid radius
(Ref. 9). It can be seen that the arc pres-
sure is proportional to the square of the
welding current. Increasing the welding
current thus increases the arc pressure. An
extremely high arc pressure is often not ac-
ceptable for many applications. 

Pulsing current has been an effective
method to achieve the spray transfer at a
needed heat input determined by the
mean current. However, the peak current
in the pulse still must be higher than the
transition current (Ref. 8). The high arc
pressure issue aforementioned still re-
mains, and an extremely high arc pressure
often blows the liquid metal away from the
weld pool and possibly causes melt
through (in complete joint penetration ap-
plications). Further, the high peak current
itself also increases undesirable fumes
(Ref. 10). 

The patented surface tension transfer
(STT) method (Refs. 11–13), which ad-
justs the current waveform reactively
based on the particular stage during the
short-circuiting transfer process, is an ef-
fective method to reduce spatter to a min-
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ABSTRACT

Laser-enhanced gas metal arc welding (GMAW) is a recent modification of con-
ventional GMAW that applies a relatively low-power laser to the droplet. A systematic
series of experiments were designed and conducted to test this modification. A high-
speed camera recorded the metal transfer process during each experiment. The be-
haviors of the laser-enhanced metal transfer process observed from high-speed images
were analyzed using the established physics of metal transfer. The characteristics and
uniqueness were identified. In all experiments, the laser was found to affect the metal
transfer process as an additional detaching force that tended to change a short-
circuiting transfer to drop globular or drop spray, reduce the diameter of the droplet
detached in drop globular transfer, or decrease the diameter of the droplet such that
the transfer changed from drop globular to drop spray. In addition, this force also pro-
vided an effective method to minimize the wandering of the droplet of a relatively large
diameter and thus to control the location where it merged into the weld pool. As a re-
sult, the uncontrolled drop globular transfer in conventional GMAW as characterized
by large droplets and poor weld formation was changed to a controlled drop globular
process with improved droplet directionality and weld formation. The large current
range associated with drop globular transfer, which required pulsing to change to spray
transfer for practical applications, could now be used without pulsing. Desired heat
input and current/arc pressure waveforms may thus be delivered by GMAW through
laser enhancement.
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imum with low heat input and arc pres-
sure, but its effective range is restricted by
the mandatory need for the particular cur-
rent waveform/range and may not be suit-
able for other applications that require
other transfer modes and/or different cur-
rent waveforms and amperage ranges (typ-
ically for higher heat inputs). Zhang, et al.
proposed a patented method (Refs. 14, 15)
to use a peak current much lower than the
transition current to produce the desired
spray transfer by taking advantage of the
momentum of a downward (away from the
welding gun) droplet. Methods based on
mechanically assisted droplet transfer
have also been proposed/developed to
produce the spray transfer below the tran-
sition current (Refs. 16, 17), but the weld-
ing gun size and weight are greatly
increased.

The American Welding Society classi-
fies metal transfer into three major
types/modes: short-circuiting, globular,
and spray (Ref. 8). The International In-
stitute of Welding (IIW) further classifies
globular transfer into drop globular and
spelled globular (Refs. 18, 19). The metal
transfer process is governed by the forces
exerted on the droplet. In dynamic-force
balance theory (DFBM) (Refs. 19, 20),
five major forces were used to analyze the
metal transfer process. Surface tension is
the main retaining force to support the
droplet, while the gravitational force, elec-
tromagnetic force, aerodynamic drag

force, and momentum force typically tend
to detach the droplet. In the short-circuit-
ing transfer mode, the detaching force,
mainly the gravitational force, is not large
enough to balance out the retaining force;
the droplet would touch the weld pool. In
this case, the merging of the droplet into
the weld pool is critical in determining the
production of possible spatter and the for-
mation of the weld. For the globular trans-
fer mode, as the repelled globular typically
generates severe spatter, only the drop
globular transfer may be adopted in appli-
cations. In the drop globular transfer, as
the droplet cannot be detached at a rea-
sonable small diameter, large and oscillat-
ing droplets may be expected in
conventional GMAW that cause not only
potential arc instability/fluctuation, but
also uncontrolled droplet travel directions
that directly result in the merging of the
droplet with the weld pool at undesired lo-
cations to produce poor weld formations.
The drop spray transfer mode is usually
characterized by uniform droplet diame-
ter, regular detachment, directional
droplet transfer, and it is thus widely used
in the industry. 

The metal transfer in GMAW has been
traditionally regarded as a two-stage
process: first, a droplet forms at the end of
the solid wire under the arc heating effect;
second, the droplet detaches from the end
of the welding wire and travels in the arc
zone. The merging of the droplet into the

weld pool after the travel in the arc-zone is
also a stage in the transfer process but has
not been much studied. As has been seen
above, the merging is critical as it deter-
mines the process stability (short-circuit-
ing transfer) or the capability to produce
good weld formations (drop globular or
spray transfer). To emphasize this, the au-
thors add merging as the third stage for
the convenience of analysis in this paper.

Existing methods aforementioned
(Refs. 10–17) are “neat” using smart ap-
proaches to resolve different issues and
difficulties, but being “neat” also restricts
their applications in wider ranges. Toward
the development of a more general
method, the laser-enhanced GMAW as
shown in Fig. 1 has been proposed/devel-
oped at the University of Kentucky (Ref.
21). It adds a relatively low-power laser to
conventional GMAW, and the objective is
to provide an auxiliary force to help detach
the droplet at a desired diameter with any
desired current that best suits the applica-
tion, including future adaptive control ap-
plications where the current needs to be
adjusted freely as determined by the con-
trol algorithm. It is apparent that laser-en-
hanced GMAW is fundamentally different
from laser hybrid GMAW (Refs. 22, 23)
where a laser beam of substantially high
power aims at the base metal rather than
the droplet. In a previous paper (Ref. 21)
that first documented   laser-enhanced
GMAW, the laser recoil pressure force was
demonstrated to be the additional force to
help detach the droplet. The present
paper analyzes its metal transfer mecha-
nism in order to understand its uniqueness
as a desirable process.

Experimental System and 
Conditions

Experimental System Setup

The principle of the proposed laser-
enhanced GMAW is shown in Fig. 1. A
laser beam aims at the droplet. The inten-
tion is to detach the droplet using the laser
recoil pressure as an auxiliary detaching
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Fig. 1 — Principle of laser-enhanced GMAW (Ref.
21).

Fig. 2 — System installation parameters. A — Installation parameters; B — installation parameters for
the system.

Fig. 3 — Experimental system. A — Olympus high-speed camera; B — GMAW setup and laser combi-
nation (the shield board is not shown in the picture).
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A

B
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force to compensate for the lack of the
electromagnetic force or gravitational
force associated with a relatively small am-
perage that is needed for a particular ap-
plication, rather than provide additional
heat to speed the melting of the wire. The
associated additional heat from the laser
should be negligible in comparison with
that of the arc used.

Figure 2 shows the specified parame-
ters to realize the laser-enhanced GMAW
system used in this paper. To conduct the
laser-enhanced GMA process in an ex-
pected way, parameters need to be set ap-
propriately. As shown in Fig. 2, three
parameters should be determined: contact
tube-to-workpiece distance d1, angle be-
tween laser beam to GMAW welding gun
θ, and the distance from the point where
the laser intersects the wire axis d2. Stan-
dards to set these parameters are found in
Ref. 21. Experimental results suggest that
d1 be set around 20 mm, θ be around 60
deg for easy installation at the expense of
reducing system compactness, and d2 be
set at a range from 3 to 7 mm.

A high-speed camera was used to cap-
ture the video of the welding process for
off-line analysis. Figure 3A shows the
high-speed camera used that is capable of
recording the metal transfer at 33,000
frames per second. A band-pass filter cen-
tered at 810 ±2 nm with full width at half
maximum 10 ±2 nm was used to observe
the process and record the images. All im-
ages presented in this study were recorded
using the high-speed camera shown in Fig.

3A with this band-pass filter. 
The University of Kentucky Welding

Research Laboratory possesses a Nuvonyx
Diode laser ISL-1000L (Fig. 3B) whose
focal beam dimension is 1 × 14 mm and
wavelength is 808 nm. When this laser is
used, less than 1⁄14 of the laser beam can be
applied onto the droplet to generate the
recoil force to detach the droplet as the di-
ameter of the wire is 0.8 mm, and the di-
ameter of droplet may be just slightly
greater. For this research, the efficiency of
the laser was not a primary concern, and
the use of a laser of larger power and
larger focal zone should not affect the ef-
fectiveness of the experimental results.

Figure 3B shows the arrangement of
the laser in relation with the welding gun.
In this experimental setup, the laser beam
is aligned with the wire. In order to pro-
tect the end of the laser from possible con-
tamination from fumes, a shielding board
(not shown in Fig. 3B) is added between
the laser and welding gun, and the laser is
projected through a hole on the shielding
board to the wire.

Experimental Conditions

A CV (constant voltage) continuous
waveform power supply was used to con-
duct experiments. Pure argon was used
and the flow rate was 12 L/min (25.4 ft3/h).
The workpiece was mild steel, and experi-
ments were done as bead-on-plate at a
travel speed of 6.6 mm/s (15.6 in./min).
The wire used was ER70S-6 of 0.8 mm

(0.03 in.) diameter. The distance from the
contact tube to the workpiece was 20 mm
as aforementioned.

The welding voltage was set at four lev-
els: 26, 28, 30, and 32 V. For each voltage,
four different wire feed speeds, 250, 300,
350, and 400 in./min, were used to produce
different welding current levels, resulting
in 16 sets of experimental conditions. In all
experiments, welding currents were not
more than 135 A, which will generate
short-circuiting or repelled globular trans-
fer or non-wire-axis drop globular in con-
ventional GMAW. The laser beam was
continuously applied along the wire (solid
and droplet) at four different levels of
laser intensities for each of the 16 experi-
mental conditions: 0, 46 W/mm2, 54
W/mm2, and 62 W/mm2. There were thus a
total of 64 experiments conducted. For
convenience, the parameters will be pre-
sented as a set (wire feed speed, voltage,
laser intensity). Figure 4 shows the mean
current measured in all experiments. It
can be seen that all the currents were
lower than the transition current, which is
approximately 150 A (Ref. 8) for the wire
material and diameter. The current in-
creases significantly as the voltage setting
increases because of the reduced wire ex-
tension. However, the effect of the laser
on the current is insignificant, no more
than 5 A.

Metal Transfer

The diameter of the detached droplet
is obtained from the series of high-speed
images in this study. All images presented
have the same dimension scale except for
those presented individually. The time in-
terval of consecutive images in the same
series is constant. Figure 5 illustrates the
scene in a typical metal transfer image.

Observations

Figure 6A shows a typical metal trans-
fer cycle for the experiment conducted
using wire feed speed, voltage, and laser
intensity equal to 300 in./min, 30 V, and 0.
This is a short-circuiting transfer in which
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Fig. 4 — Welding current under different wire feed speeds and different laser powers. A — Wire feed speed at
250 in./min; B — wire feed speed at 300 in./min; C — wire feed speed at 350in./min; D — wire feed speed at
400  in./min.

B

C D

A

Fig. 5 — Metal transfer image.
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the second and third stages of the metal
transfer are combined. From Fig. 4, the
current in this experiment was approxi-
mately 110 A. In the cycle shown in Fig.
6A, the combined detaching force from
the electromagnetic and gravitational
force was not sufficient enough to balance
out the retaining force, i.e., the surface
tension that is determined by the surface
tension coefficient and diameter of the
wire, before the droplet touched the weld
pool. The transfer was short circuiting and
spatter was produced. Examination of
recorded images during this experiment
showed that the short circuiting transfer
dominated, although the globular transfer
also occurred occasionally. 

Figure 6B is a typical metal transfer
cycle from the comparative experiment
with the laser at an intensity of 62 W/mm2.
As can be seen, the large droplet did not
touch the base metal before detaching,
and there was no spatter produced. This is
a free flight transfer type, and it is drop
globular according to IIW classification
(Refs. 18, 19). Examination of all images
showed that all the metal transfer oc-
curred as drop globular. It is apparent the
laser made the difference in changing the
metal transfer.

Per Ref. 21, the recoil pressure is the
major force the laser applies to the
droplet. Application of a laser beam to a
droplet at an appropriate direction as in
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Fig. 6 — Typical metal transfer in comparative experiments with and without laser (300 in./min, 30 V, 62
W/mm2). A — Without laser; B — with laser.

Fig. 8 — Typical metal transfer in comparative experiments with and without laser for 250 in./min, 30 V,
0 W/mm2, and 250 in./min, 30 V, 62 W/mm2. A — Without laser; B — with laser at 62 W/mm2.

A

B

Fig. 7 — Current waveforms for 300 in./min, 30 V,
0 W/mm2, and 300 in./min, 30 V, and 62 W/mm2.
A — No laser; B — with laser at 62 W/mm2.

A

B

A

B
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this study ensures the recoil pressure to be
a detaching force. The added detaching
force from the laser recoil pressure re-
duces the need from other sources for the
detaching force. When the electromag-
netic force is given, the added detaching
force from the laser recoil pressure re-
duces the needed gravitational force to
balance out the surface tension. As a re-
sult, the diameter of the droplet needed
for detachment is reduced. If the needed
diameter is reduced sufficiently such that
the droplet can grow to this diameter be-
fore it touches the weld pool, the short-
circuiting transfer changes to a free flight
transfer type as observed in Fig. 6B. 

For these two comparative experi-
ments, the laser does not change the mean
welding current significantly as can be
seen from Fig. 4B. However, as the droplet
does not touch the weld pool, the fluctua-
tion of the welding current is reduced as
can be seen in Fig. 7. Further, because the
droplet is detached before touching the
weld pool, the average transfer time is re-
duced from 183.3 ms without the laser to
178.3 ms with the laser. The average di-
ameter of droplet decreases from 2.23 mm
without laser to 1.89 mm with the laser.
The laser thus reduced the needed diame-
ter (weight) of the droplet for detachment
and changed the metal transfer type. 

Figures 8–10 are typical metal images
from three additional groups of compara-
tive experiments using different wire feed
speeds at 30 V. Because of the changes in
the wire feed speed, the mean current
varies from experiment to experiment
(Fig. 4A, C, D).

First, the typical metal transfer as
shown in Figs. 8A and 9A for 250 and 350
in./min without the laser was all  short-
circuiting transfer and a significant
amount of spatter was produced. When
the laser was applied, as can be seen from
Figs. 8B and 9B, the metal transfer,
changed to drop globular transfer and
spatter was not found. As the mean weld-
ing current did not increase (Fig. 4A and
C), it was the authors’ opinion that it was
the laser recoil pressure that effectively
changed the type of the metal transfer. In
addition, the changes in the metal transfer
resulted in less fluctuating welding current
as shown in Figs. 11 and 12, and the metal
transfer process was thus more stable.

Second, when the wire feed speed in-
creased to 400 in./min such that the cur-
rent increased, the short-circuiting
transfer no longer dominated. Figure 10A
shows a consecutive transfer process
where a short-circuiting transfer followed
a drop globular transfer. This was typical
in the experiment with 400 in./min without
the laser, and different from other experi-
ments in the series at the same voltage but
lower wire feed speeds where the short-
circuiting transfer dominated. The in-

creased mean current was the major rea-
son for the frequent occurrence of the
drop globular transfer, but the welding
current fluctuated into relatively low lev-
els (Fig. 13A) also produced short-circuit-
ing transfers from time to time. When the
laser was introduced, short-circuiting
transfers no longer occurred and transfers
became totally free flight, as shown in Fig.
10B. The droplet diameter became similar
to that of the electrode wire and transfer
was close to drop spray. As can be seen in
Figs. 4D and 13, the mean current and cur-
rent levels did not increase by the laser. It
was the laser recoil pressure that effec-
tively changed the metal transfer mode
from a mix of short-circuiting and drop
globular to the drop spray and reduced the
fluctuation in the welding current.

Analysis

As has been observed above, the appli-
cation of the laser changed the metal
transfer. If the metal transfer in conven-
tional GMAW is short circuiting, the ap-
plication of the laser at the intensity used
could change it to the drop globular trans-
fer. (The authors believe that it may fur-
ther change to the spray transfer as long
as the intensity of the laser is sufficient.)
When a mix of short-circuiting and globu-
lar transfers dominates, it may change to

the drop spray even with the laser inten-
sity used. When the drop globular could
be obtained, the laser reduced the diame-
ter of the droplet detached. In all cases,
the diameter of the detached droplets was
decreased as further shown in Fig. 14. The
laser recoil pressure was identified as the
major cause of these observed changes.

To analyze further, let’s recall that in
conventional GMAW, the major sources of
the detaching force are the gravitational,
electromagnetic, aerodynamic drag, and
momentum forces, while the major retain-
ing force is the surface tension at the in-
terface of the solid wire and liquid droplet
(Refs. 19, 20). When the diameter of the
wire and material are given, this surface
tension can be considered constant be-
cause the temperature at the interface
aforementioned is the melting point and
changes with neither the welding current
nor the application of the laser. When the
welding current is lower than the transi-
tion current such that the current exits
from the droplet around its bottom, the
electromagnetic force as a detaching force
is relatively small. The aerodynamic drag
force and momentum force are typically
relatively small and often negligible in
analysis such that there is a need for a
large gravitational force to balance out the
surface tension for detachment. In this
case, as shown in Fig. 6 and Figs. 8–10, the
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Fig. 9 — Typical metal transfer in comparative experiments with and without laser for 350 in./min, 30 V,
0 W/mm2, and 350 in./min, 30 V, 62 W/mm2. A — Without laser; B — with laser at 62 W/mm2.
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diameter of the droplet is larger than that
of the wire.

More specifically, when the wire feed
speed is low, such as 250 to 300 in./min,
the droplet needs to grow to acquire a suf-
ficient mass to produce a sufficient gravi-
tational force to balance out the surface
tension. However, before this large mass
is obtained, the droplet touches the weld
pool because of the relatively slow growth
(due to the relatively small current and arc
heat). The metal transfer is dominated by
the short-circuiting transfer. When the
wire feed speed/welding current increases,
for example to 350 in./min, such that the
welding current and electromagnetic force
increases, the mass needed to balance out
the surface reduces. However, if this re-
duced mass needed is still not achieved be-

fore the droplet touches the weld pool, the
transfer will still be short circuiting. In
laser-enhanced GMAW, the laser recoil
pressure is added to the detaching force,
and the needed mass is reduced. If the
needed mass is produced before the
droplet touches the weld pool, the metal
transfer would change from short circuit-
ing to drop globular or effectively reduce
the diameter of the droplet detached. As
shown in Fig. 14, all the diameters of
droplet in laser-enhanced GMAW are
smaller than their respective counterparts
in conventional GMAW. As long as there
is a large enough laser recoil pressure
(laser intensity), the drop globular and,
the authors believe, drop spray would be
obtained. To verify the latter, a larger in-
tensity laser is needed.

Further, when the wire feed speed in-
creases, such as to 400 in./min, the transfer
will be dominated by a mix of globular and
short-circuiting transfer in conventional
GMAW. For the laser intensity applied,
the short-circuiting transfer in conven-
tional GMAW will change to drop globu-
lar in laser-enhanced GMAW. The drop
globular in conventional GMAW could re-
main or change to the drop spray. In both
cases, the diameter of droplet detached re-
duces in laser-enhanced GMAW, and the
drop spray occurs when the diameter re-
duces to a level close to that of the wire.

Controlled Drop Globular Transfer

In the laser-enhanced GMAW experi-
ments conducted in this study, drop glob-
ular was a major metal transfer mode. The
authors found the drop globular transfer
with an enhancement from a laser behaves
differently from those without a laser en-
hancement in conventional GMAW.

Figure 15 shows two images in a cycle of
drop globular transfer in conventional
GMAW at 400 in./min, 30 V, and 0 W/mm2.
Figure 15A is the image of the droplet
shortly before its detachment. It is found
that the center of the sphere of the droplet
is not exactly along the axis of the wire. In
fact, as long as the droplet is not detached,
the center of the sphere oscillates, as shown
in Fig. 10A. The trajectory of the detached
droplet is thus not fixed. It is not fixed along
the axis of the wire and may change from
cycle to cycle. As a result, the transverse lo-
cation where the detached droplet merges
with the weld pool is not fixed and may
change from cycle to cycle. The images in
Fig. 15A and B demonstrate this uncontrol-
lability of the droplet merging location as-
sociated with a droplet globular transfer in
conventional GMAW. This type of drop
globular is referred to as uncontrolled drop
globular transfer in this study.

Figure 16 are counterpart images, of
those in Fig. 15, under (400 in./min, 30V, 62
W/mm2). They show the droplet shortly be-
fore its detachment and merging into the
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Fig. 10 — Typical metal transfer in comparative experiments with and without laser for 400 in./min, 30 V, 0 W/mm2, and 400 in./min, 30 V, 62 W/mm2. A —
Without laser; B — with laser at 62 W/mm2.

Fig. 11 — Current waveforms for 250 in./min, 30 V, 0 W/mm2, and 250 in./min, 30 V, 62 W/mm2. A —
No laser; B — with laser at 62 W/mm2.

Fig. 12 — Current waveforms for 350 in./min, 30 V,  0 W/mm2, and 350 in./min, 30 V, 62 W/mm2. A —
No laser; B — with laser at 62 W/mm2.

A

A B

B
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weld pool in drop globular transfer with a
laser enhancement. It is apparent that this
laser-enhanced drop globular transfer dif-
fers from its counterpart in conventional
GMAW. The center of the droplet sphere is
approximately along the axis of the wire.
There is indeed a slight deviation of this
center from the axis, but observation and
analysis of images in different cycles show:
1) its magnitude and direction are both con-
sistent in different cycles; and 2) this slight
consistent deviation is away from the direc-
tion of laser application. It is apparent that
this deviation is caused by the laser recoil
pressure. Because the droplet is approxi-
mately along the axis and the slight devia-
tion is consistent in magnitude and
direction, the transverse location of the
merging is also consistent, slightly away
from the axis of the wire. As can be seen, the
application of the laser brings certain con-
trols to the drop globular transfer, and the

resultant drop globular becomes a con-
trolled drop globular.

Drop globular is seldom used in indus-
try (Ref. 8), and its unfixed droplet trajec-
tory in a natural/uncontrolled form may be
the major reason. However, there is a lack
of effective solutions in literature. In laser-
enhanced GMAW, the trajectory of the
droplet is controlled by the laser recoil
pressure, and the merging of the droplet
in drop globular transfer becomes con-
trollable. It is the laser that made the drop
globular become controllable in this study.
Laser enhanced drop globular transfer is
a controlled drop globular transfer, but it
is possible that a controlled drop globular
may also be achieved using other means.

Compared to the uncontrolled drop
globular process, a controlled drop globu-
lar process produces welds more consis-
tently because of the controlled/consistent
droplet trajectory and transverse merging

location. As can be seen in Fig. 17A, a typ-
ical weld produced by uncontrolled drop
globular lacks control on the transverse di-
rection. Spatter is also found because
some droplets may merge into the weld
pool at its edges (Ref. 8). Rough weld sur-
faces are also found because of the unfixed
positions where large droplets merge into
the weld pool. In laser-enhanced GMAW,
all issues, weld direction inconsistency,
spatter, and rough weld surfaces, are re-
solved by the controlled/consistent droplet
trajectory, controlled/consistent/appropri-
ate merging location, and reduced droplet
size, as shown in Fig. 17B. Quality welds
may thus be produced by the laser-en-
hanced GMAW at a controlled drop glob-
ular transfer, and drop globular thus may
become a valid process for applications
where the current requires desired wave-
forms or need to be below the transition
current.
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Fig. 13 — Current waveforms for 400 in./min, 30 V, 0 W/mm2, and 400 in./min, 30 V, 62 W/mm2. A — No
laser; B — with laser at 62 W/mm2.

Fig. 17 — Typical surface appearance in comparative experiments with and without laser at 400 in./min, 30 V, and 62 W/mm2. A — Without laser; B — with
laser at 62 W/mm2.

Fig. 15 — Images of uncontrolled drop globular process. A — Before detach-
ment; B — merging into the weld pool.

Fig. 14 — Droplet sizes at 30 V and different wire
feed speeds.

Fig. 16 — Images of controlled drop globular process. A — Before detach-
ment; B — merging into the weld pool.
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Conclusions

• An experimental system has been es-
tablished, and a series of 64 sets of exper-
iments have been designed and conducted
to symmetrically study the laser-enhanced
GMAW.

• The laser aiming at the droplet in
laser-enhanced GMAW applies an auxil-
iary detaching force on the droplet with-
out a significant change in the current.

• Free flight transfers could be suc-
cessfully produced at continuous currents
from 90  to 135 A with a 0.8-mm-diameter
steel wire without spatter.

• Laser-enhanced metal transfer
process is also governed by the established
physics of metal transfer except for there is
a need to include the additional detaching
force generated by the laser.

•  If the metal transfer is short-circuit-
ing transfer in conventional GMAW, laser-
enhanced GMAW may change it to drop
globular transfer. If conventional and
laser-enhanced GMAW both produce
drop globular, the latter reduces the di-
ameter of the droplet. If the metal transfer
is short-circuiting or drop globular trans-
fer in conventional GMAW, laser-
enhanced GMAW may become the drop
spray. The established physics of metal
transfer can explain all these changes by
counting the additional detach force in-
troduced by the laser.

• Controlled drop globular transfer in
laser-enhanced GMAW offers desirable
metal transfer characteristics that benefit
the formation of quality welds.

• Controlled drop globular transfer ex-
tends the capability of the productive
GMAW process into the range of constant
current that conventionally produces un-
desirable drop transfer, which is not most
suitable for practical use.

• Laser enhancement provides an ef-
fective method to achieve a controlled
drop globular transfer and to enable
GMAW to use a constant current in an in-

creased range to meet the requirements
for different applications.
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