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Introduction
     Gas metal arc welding (GMAW) is
one of the most widely used processes
in the manufacturing industry. During
GMAW, an electrode wire is fed to the
contact tip that is typically connected
to the positive terminal of the power
source. The arc melts the wire and
melted metal forms a droplet at the tip
of the wire. After the droplet is

detached/transferred, a new droplet
starts to form and a new cycle starts.
The type of metal transfer plays a crit-
ical role in determining the quality and
productivity of GMAW.
     The American Welding Society clas-
sifies metal transfer into three major
types as follows: short circuiting, glob-
ular, and spray transfer (Ref. 1). The
parameter that plays the most impor-
tant role in determining the metal

transfer without short circuiting, i.e.,
globular or spray transfer, is the
current. To detach a droplet without
short circuiting, the detaching force,
primarily the electromagnetic force
that is due to and increases with the
welding current and gravitational force
proportional to the droplet mass,
must exceed the retaining force,
primarily the surface tension at the
solid wire-liquid droplet interface that
is approximately fixed for the given
wire diameter and material. If the cur-
rent is sufficient such that the detach-
ing electromagnetic force is close to or
exceeds the retaining surface tension,
the droplet will be detached without a
need for additional gravitational force.
     Researchers proposed methods to
achieve stable metal transfers (Refs.
2–21) at currents lower than the tran-
sition current (Ref. 1). At the Univer-
sity of Kentucky, the laser-enhanced
GMAW process was developed by pro-
jecting a 1-kW laser stripe of 14 × 1
mm onto the droplet (Refs. 22–25).
The droplets were detached at
currents lower than the transition cur-
rent (Ref. 1) with the assistance of the
recoil pressure from the laser.
However, the length of the laser stripe
was aligned with the wire and droplet.
While this alignment provided an easy
way to apply the auxiliary force from
the laser on the droplet, only a
fraction of this 1-kW laser was
effectively utilized. The rest was
wasted and adversely applied on the
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ABSTRACT
     Laser-enhanced gas metal arc welding (GMAW) is a novel process where a
laser is applied to provide an auxiliary force to help detach droplets at reduced
currents. In previous studies, a continuous laser was applied. Since this auxiliary
force is only needed each time the droplet needs to be detached and the detach-
ment time is relatively short in a transfer cycle, the laser energy is greatly wasted.
In addition, unnecessary application of the laser on the droplet produces
additional fumes. Hence, this study proposes to use a pulsed laser whose peak is
applied when the droplet is ready to detach. To implement this approach, the
laser aims at a predetermined desirable position, and the droplet’s position is
monitored in real time using a high-speed image processing system. When the
droplet moves to the position aimed by the laser, the closed-loop control system
commands the laser to pulse to the peak. The current is also pulsed to the peak in
synchronization with the laser to combine the increased electromagnetic force
with the increased laser recoil force to detach the droplet. Experimental results
verified the effectiveness of the proposed metal transfer control method that
monitors the droplet in real time as well as applies synchronized laser and
current pulses when the droplet moves to the desired position aimed by the laser.
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Two series of experiments have been conducted with the system operating
a realtime visual feedback to apply a laser spot of 50W peak power

in synchronization with a current pulse
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workpiece. Furthermore, to ensure the
laser’s presence when needed, it was
continuously applied. Its energy was
further wasted and adversely applied

onto the workpiece. More critically,
because of the presence of the contin-
uous force due to the laser, the detach-
ment occurred anytime when the sur-
face tension was balanced out by com-
bined detaching forces due to the
laser, droplet mass (gravitational
force), and electromagnetic force.
Thus, the detachment time and mass
were not controlled although smaller
droplets could be detached with rela-
tively small currents.
     This study applies a pulsed laser
spot onto the droplet at the right lo-
cation/time where/when the detach-
ing force from the laser is needed. As

a result, the laser-enhanced GMAW
process becomes a pulsed process and
changes from an uncontrolled to a
controlled process. The droplet mass
and detaching time are controlled.
The waste of the laser energy and the
effect of the unintentional
application of the laser on the work-
piece are also eliminated. To realize
this goal, the metal transfer process is
monitored in real time. When the
droplet enters the location aimed by
the laser, a laser pulse is applied. To
reduce the need for laser energy to a
level achievable using the existing
laser spot, the current is pulsed

Fig. 1 — Block diagram of the
proposed control algorithm.

Fig. 2 — Experimental system diagram.

Fig. 3 — Installation of the proposed system with d1 = 15 mm, d2 = 10 mm, and θ = 30
deg. A — View 1; B — view 2

Table 1 — Major  Parameters and Comparative Experiments

Experiment # Peak Current Peak Current Base Current Minimal Base Average Laser
(A) Period (MS) (A) Current Period Current Power

(ms) (A) (W)

0 160 6 28 30 50 N/A
1 150 6 28 30 48.3 N/A
2 150 6 28 30 48.3 50
3 145 8 28 30 52.6 N/A
4 145 8 28 30 52.6 50

A B
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simultaneously with the laser. To
make sure the pulses of the laser and
current are correctly synchronized,
monitoring of the metal transfer
process is done using a high-speed
imaging system and real-time image-
processing algorithm. The accurate
monitoring of the droplet using the
image method can eliminate the
effect of the variations in the wire
feed speed, melting speed, and
contact tube-to-work distance such
that the synchronization can be accu-
rately ensured.

Control Principle
     The principle is to monitor the po-
sition of the droplet in real time and
apply synchronized laser and current
pulses when it passes the laser aiming
line such that the laser recoil force is
combined with the increased electro-
magnetic force to detach the droplet.
     First, the droplet needs to be moni-
tored in real time. To monitor the

welding process here, many methods
have been developed. Traditional
methods for welding process monitor-
ing include arc sensing (Ref. 26), radi-
ography (Ref. 27), infrared sensors
(Ref. 28), ultrasonic sensors (Refs. 29,
30), and machine vision systems (Refs.
31–38). They are also often fast and
accurate enough to monitor major
variables in the welding process and
have been widely studied for monitor-
ing the weld joint, weld profile, weld
penetration, and weld pool surface.
     A successful operation of pulsed
laser-enhanced GMAW relies on real-
time accurate detection of the develop-
ing droplet. Machine vision should be
the most direct method to detect the
droplet accurately. Researchers have
used high-speed machine vision
systems to observe the droplet
through direct viewing and laser back-
lighting for off-line analysis. At the
University of Kentucky Welding
Research Lab, droplet tracking
algorithms using brightness-based

separation algorithms have been pro-
posed (Refs. 39, 40). However, most of
the works in this area have been based
on off-line analysis and feasibility
studies. Real-time
monitoring/measurement of the
development of droplets in GMAW re-
mains a challenge because of the high
speed of the metal transfer process. As
will be seen, the authors have made it
possible to real-time measure the de-
veloping droplet and use the measured
droplet to effect the proposed control
that determines when to apply the
laser and current pulses.
     Second, to accurately control the
metal transfer such as the droplet is
detached, this work uses a constant
current (CC) power source that
outputs the current per the control
command. Using machine vision-
based monitoring, peak current and
laser pulses are applied when the
droplet crosses the desired location to
detach the droplet. The droplet does
not detach if it is not at the desired lo-

Fig. 4 — Droplet growth period during the base current time. A — Serial images in selected regions of interest; B — fitted edges; C —
comparison of the fitted edges with the original images.

Table 2 — Parameters For Successful Detachment Experiments

Experiment # Peak Current Peak Current Base Current Minimal Base Average Laser Power
(A) Period (ms) (A) Current Period (ms) Current (A) (W)

5 150 6 28 30 48.3 50
6 145 6 28 30 47.5 50
7 140 6 28 30 46.7 50
8 135 6 28 30 45.8 50

A B C
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cation aimed by the laser and will only
be detached when it is at the desired
position. The metal transfer process is
accurately controlled.
     Third, the proposed control system
utilizes a computer system to perform
both image acquisition and controller
functions. The block diagram of the
control algorithm is given in Fig. 1.
Specifically, an arc start program (ini-
tialization) will first commence to es-
tablish a stable arc between the
electrode and base metal before the
control algorithm starts to function.
After this arc starting period, the con-
trol system will take over and give out
a voltage signal to the CC power source
to apply the base current Ib for a
period Tb0 during which it is impossi-
ble for the droplet to reach the desired

position. Then the camera starts to
capture an image and store it in the
preallocated buffers through the frame
grabber. The computer will process the
acquired image using the image
processing algorithm to determine the
position of the droplet in real time. If
the droplet is determined to have not
reached the desired position yet, a new
image will be acquired and processed.
Otherwise, control commands will be
sent to the laser controller and power
source to apply the laser and current
pulses for a given peak period Tp
before the laser and current are again
reduced to their base levels to begin a
new cycle.
     Fourth, in the control system, the
frame grabber supports two kinds of
working mechanisms — continuously

transmitting new frames from the
buffer (the normal mode) or working
in a wait-done mode. In the normal
mode, the frame grabber continuously
refreshes the pointer to grab each
frame to the upper level of the control
system regardless of the actual time
the image-processing algorithm may
take to finish the processing task. The
drawback is that if the speed of the
image processing is slower than that of
the image acquisition/grabbing, their
differences would accumulate such
that the control would inevitably fail.
On the other hand, in the wait-done
mode, if the image processing
algorithm takes too long to finish pro-
cessing a frame, the frame grabber will
wait until the processing is finished
before it neglects all other frames

Fig. 5 — Typical first pulsing cycle to
detach a droplet without a laser using
150 A of current for 6 ms. The interval
between consecutive images is 1 ms.
Droplet size: 1.42 mm2 (image l).

Fig. 6 — A typical second pulsing cycle
to detach a droplet without a laser
using 150 A of current for 6 ms. Droplet
size: 2.48 mm2 (image l).

Fig. 7 — A typical pulsing cycle to de
tach a droplet with a laser using 150A
current for 6 ms. Droplet size: 1.42 mm2

(image j).

Table 1 — Major  Parameters and Comparative Experiments

Experiment # Peak Current Peak Current Base Current Minimal Base Average Laser
(A) Period (MS) (A) Current Period Current Power

(ms) (A) (W)

0 160 6 28 30 50 N/A
1 150 6 28 30 48.3 N/A
2 150 6 28 30 48.3 50
3 145 8 28 30 52.6 N/A
4 145 8 28 30 52.6 50
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stored during the waiting time to give
the upper level to the newest frame ac-
quired. While the latter may cause dis-
continuities in processing results, the
control process itself would continue
as the welding process runs.
Fortunately, the authors have
developed an effective real-time
image-processing algorithm (see the
later description on the image-
processing algorithm) such that its
speed is adequate for the normal
mode. Hence, the normal mode is cho-
sen over the wait-done mode although
the latter may be considered in case
more complex algorithms are needed.
     When the camera begins to capture
images, the captured data/images will
be written into the buffers. After an
entire frame is written, the pointer
will jump to the current frame and the
image will be analyzed by the image-
processing algorithm. If the droplet
has not reached its desired position
aimed by the laser, the system will cap-
ture and analyze an image again. Oth-
erwise, the control system will send
signals to apply the peak current and
laser pulses. Their combined detaching
force will detach the droplet. If for any
reason the droplet has passed the posi-
tion aimed by the laser, or the image-
processing algorithm fails to give a

valid result, a higher peak current can
be applied to forcefully detach the
droplet without the laser.

Experimental System and
Conditions
     Figure 2 is the diagram for the
experimental system established to
implement the pulsed laser-enhanced
GMAW (pulsed LE-GMAW) and
conduct experiments.
     The conventional GMAW system
used includes a CC power source,
GMAW gun, wire feeder, and welding
positioner and motion system. Steel
pipes are fixed to a minipro welding
positioner that rotates the pipe.
     A small spot laser with a lower
power is used to replace the previously
used laser stripe of much greater
power to generate the auxiliary
detaching force to the droplet. It is a
fiber laser with maximum output
power of 50 W and its power can be
adjusted in real time by providing an
analog voltage signal. Its focused area
is a spot whose diameter is
approximately 1 mm. Because this
fiber laser has a wavelength between
960 and 980 nm in the infrared range,
it is invisible and equipped with a visi-

ble guide laser.
     The high-speed machine vision sys-
tem used to monitor the droplet in
real time consists of a micro lens that
allows aiming at a small object from a
long distance, a high-speed camera
(camera 1), and a frame grabber. The
long distance prevents the camera and
lens from being damaged by possible
spatter from GMAW. The high-speed
camera is a Gazelle gzl-cl-22c5m
equipped with a 200-mm f/4D micro
lens to capture the images reflecting
the droplet growth process from a rel-
atively large distance. The gzl-cl-
22c5m camera has a CMOS CMV2000
sensor with a diagonal of 1.7 cm. Its
fastest shutter speed is 5.5 μm. For
2048 × 1088 pixels resolution, the
highest frame rate is 280 frames per
second (fps). For this research where
the frame rate needs to be relatively
high, the resolution is set to 200 × 800
pixels to allow the camera to capture
images at 1200 fps. A frame grabber
compatible with this camera has been
selected.
     A second high-speed camera (cam-
era 2) was also used to record images
for off-line analysis. This high-speed
camera is capable of recording the
metal transfer at 33,000 fps. A band-
pass filter centered at 810±2 nm with

Fig. 8 — A typical pulsing cycle to de
tach a droplet with a laser using 150 A
of current for 6 ms after a successful de
tachment. Droplet size: 1.23 mm2

(image l).

Fig. 9 — A typical first pulsing cycle to
detach a droplet without a laser using
145 A of current for 8 ms. Droplet size:
1.43 mm2 (image l).

Fig. 10 — A typical second pulsing
cycle to detach a droplet without a
laser using 145 A of current for 8 ms.
Droplet size: 2.29 mm2 (image k).
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full width at half maximum 10±2 nm
was used to observe the process and
record the images. All images
presented in this paper were recorded
using this high-speed camera at 3000
fps with this filter.
     A data acquisition board, with two
16-bit analog input channels with a
sample rate of 250 KS/s, two 16-bit

output channels with an update rate of
833 KS/s, and eight digital input/out-
put channels with a maximum clock
rate of 1 MHz, is used to interface
with the welding power source to con-
trol its current waveform.
     The diameter of the steel wire
used, i.e., ER70S-6, is 0.8 mm. Pure
argon is used as the shielding gas and

the flow rate is 14 L/min. (Using
mixed gas would add gas composition
as an additional parameter to compli-
cate the study, but the method
presented in this study should apply
to argon-rich mixed gases.) The bead-
on-plate experiments are conducted
on 11.43-cm OD, 2.1-mm-thick pipes.
The travel speed (converted from the
rotation speed) is 6 mm/s. The peak
power of the laser is set to its
maximum output, 50 W. The contact
tube-to-work distance (CTWD) is
around 1.5 cm, but it varies as the
pipe surface is not perfectly symmet-
rical about the rotation axle and the
torch position is fixed. The desired
wire extension at which the laser
needs to be applied is 1 cm.
     Figure 3A, B shows the important
parameters for the proposed laser-en-
hanced GMAW system. Camera 1 is
placed along x-axle and sits 1.2 m away
from the torch. Camera 2 records the
process in front of the whole system
with the distance between camera 2
and the torch to be approximately 1.5
m. The view direction of camera 2 is
parallel with the y-axle.
     To develop the image-processing al-
gorithm, the pulsed laser-enhanced
GMAW experiments have been
conducted using 150-A peak current
and 28-A base current to acquire
images. Images were grabbed using
camera 1 that will be used in the real-
time control system. The wavelength
of the laser is invisible for this camera.
     Figure 4A shows a series of
captured frames by camera 1 during
the base current period. (In the
proposed control system, the droplet
is monitored in real time only during
the base current period in order to de-
termine when the peak current and
laser pulses should be applied.) These
frames are captured from an
uncontrolled GMAW process showing
a droplet growth period during the
base current period. An algorithm has
been developed (Ref. 41) to extract the
droplet contours, and the extracted
droplet contours are given in Fig. 4B.
As can be seen in Fig. 4C, the extracted
contours match well with their
original images. The droplets can be
extracted to provide feedback on the
droplet movement. Furthermore, the
image-processing algorithm has been
improved to extract the droplet posi-
tion in 1000 fps in order to provide
the needed real-time feedback on the

Fig. 11 — A typical pulsing cycle to de
tach a droplet with a laser using 145 A
of current for 8 ms. Droplet size: 1.45
mm2 (image j).

Fig. 13 — Typical two consecutive cycles in Experiment 6 with 145 A of peak current. A
— Cycle one (1.36 mm2 in image h); B — cycle two (1.39 mm2 in image h).

Fig. 12 — A typical pulsing cycle to de
tach a droplet with a laser using 145 A
of current for 8 ms after a successful
detachment. Droplet size: 1.43 mm2

(image j).

A B

A B
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position of the droplet in relation to
the prealigned laser (Ref. 41). The im-
proved algorithm for the 1000 fps pro-
cessing speed will be used in the con-
trol system in this study.

Experiments

Comparative Experiments

     Comparative experiments are con-
ducted with/without laser using
exactly the same welding parameters
in order to systematically verify the ef-
fectiveness of the proposed modifica-
tion to the laser-enhanced GMAW
using a pulsed laser spot to replace the
continuous laser stripe. Table 1 lists
the major parameters for the designed
comparative experiments.
     Previous experiments have been
done by increasing the peak current in
5-A increments. It was found that the
peak current must be at least 160 A or
higher in order to detach the droplet
without a laser. Hence, 160 A was used
as the minimal peak current needed to
detach the droplet for a 0.8-mm steel
wire. For convenience, 160 A is used as
the reference peak current hereafter.
Since the success in detachment also
depends on the peak current duration,
the peak current and its application
time will both be included in the
discussion and analysis in this paper.
For convenience, this experiment is
listed as Experiment 0 in Table 1.
     As can be seen, in all experiments,
the minimal base current period dur-
ing which the droplet is not monitored
is 30 ms although it can be easily
changed. After the minimal base cur-
rent period, the droplet is monitored
in real time using the vision system
and can be controlled in exactly the
same ways except for the application
of the laser. That is, after the base cur-
rent is applied for the specified mini-
mal base current time, i.e., 30 ms as
shown in Table 1, the vision system
starts to monitor the position of the
droplet. When the droplet reaches the
desired position, i.e., 10 mm below the
contact tip, as determined from the vi-
sion system, the peak current specified
in Table 1 is applied for the period
specified in the table with or without
the application of the laser. During the
application of the peak current (with
or without laser) and the following
minimal base current application

period, no images are processed in real
time to detect the droplet position.

Experiment 1 — 150A Peak Current
for 6 ms without a Laser

     In Experiment 1, the peak current
is 150 A, 10 A lower than the reference
peak current, and its duration is 6 ms
while the base current and its minimal
duration are 28 A and 30 ms,

respectively. The wire extension to
trigger the peak current pulse, i.e., for
the droplet to reach the desired posi-
tion, is 10 mm away from the contact
tip. The corresponding average weld-
ing current is 48.3 A if the droplet
reaches the desired position for
detachment right after the minimal
base current period such that the
actual base current period is the mini-
mum as given in Table 1, i.e., 30 ms.

Fig. 14 — Typical two consecutive cycles in Experiment 7 with 140 A of peak current. A
— Cycle one (1.43 mm2 in image h); B — cycle two (1.35 mm2 in image h).

Fig. 15 — Typical two consecutive cycles in Experiment 8 with 135 A of peak current. A
— Cycle one (1.31 mm2 in image h); B — cycle two (1.32 mm2 in image h).

A B

A B
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Otherwise, it will be lower if an extra
period of time takes place for the
droplet to reach the desired position
after the minimal base current period.
In this comparative experiment, a
laser is not applied.
     Figure 5 shows a droplet being de-
tached in Experiment 1. Frames a
through l are selected from the
recorded images with 1 ms interval
(also applies to the rest of the image
series in the paper unless otherwise
specified) to show that the droplet is
being pushed down by the metal wire
step by step. When the droplet reaches
the desired point at frame a, a peak
current of 150 A is applied. However,
at this time, the size of the droplet is
not sufficient for its corresponding
gravitational force to compensate for
the insufficiency of the
electromagnetic force in detaching the
droplet. As a result, after the peak cur-
rent is applied for the specified dura-
tion (from frames b to h), the droplet
is still not detached. The one droplet
per pulse mode needed to qualify for a
successful metal transfer control is not
achieved.
     Since the droplet volume requires
three-dimensional measurements,
which are not available, to calculate,
the authors propose to use its two-
dimensional area to measure its size.
To calculate the area from the image,
the droplet is approximated as an
ellipse such that the area can be calcu-
lated from the height and width meas-
ured from the image whose
coordinates have been calibrated to
real-world dimensions. Using this
method, the droplet size in image l in
Fig. 5 is measured at 1.42 mm2.
     Figure 6 shows the next cycle that
follows that in Fig. 5. After the previ-
ous peak current period and another
30-ms minimal base current period,
the droplet has grown much larger. In

addition, it has reached/exceeded the
desired position for detachment as can
be seen by comparing frames a
through c (they should still be in the
30-ms minimal base current period) in
Fig. 6 with frame a in Fig. 5. Unfortu-
nately, despite the much increased
droplet size, the peak current pulse
still failed to detach the droplet during
the peak current period (frames d
through i). By the end of the peak cur-
rent period (frame i), the droplet grew
much further. The gravitational force
became the dominant force exceeding
the retaining force provided by the
surface tension at the interface
between the solid wire and molten
droplet. As a result, the droplet was
detached from the wire in the
beginning of the following base
current period (frame l).
     Repeated experiments have been
conducted with exactly the same nom-
inal experimental parameters. The
recorded videos were analyzed
carefully. It is found that the multiple
pulses one drop phenomenon
observed in Figs. 5 and 6 occurs
continuously.

Experiment 2 — 150A Peak Current
for 6 ms with a Laser

     In Experiment 2, all the nominal
parameters remain the same as those
in Experiment 1, but the 50-W laser is
applied to the droplet when it reaches
the desired position. Again, this posi-
tion for applying the laser and current
pulses to detach the droplet is still 10
mm away from the contact tip.
     Although a laser has been applied
to the droplet, neither camera is able
to capture the laser because the 960-
nm wavelength of the laser is too high
for the sensors in the high-speed cam-
eras used. Hence, the aiming position
and power of the laser have been pre-

calibrated and pretested.
     Figure 7 shows the metal transfer
phenomenon in Experiment 2. At the
beginning of the cycle, the size of the
droplet is at an average level. When
the peak current is applied, the laser is
simultaneously applied to the
predefined aiming point. This time, al-
though the size of the droplet before
the pulse is applied is similar as that in
frame a in Fig. 5 (compare frame b in
Fig. 7 with frame a in Fig. 5), the
droplet is successfully detached, as can
be seen in frame j in Fig. 7.
     Figure 8 shows the metal transfer
in the next cycle that follows. Because
the previous droplet has been
detached, after the minimal base cur-
rent period, the size of this droplet
(1.23 mm2 in frame l) is similar to that
in Fig. 7 (1.42 mm2 in image j) and
considerably smaller than the size of
the droplet in Fig. 6 (2.48 mm2 in
image l). This time, when the peak cur-
rent and laser pulses are applied, the
droplet is again detached as can be
seen in Fig. 8 (frames k and l).
     Repeated experiments have been
conducted with exactly the same
nominal experimental parameters.
The recorded videos were analyzed
carefully. It is found that the desired
one drop per pulse in Figs. 7 and 8
continuously repeats. The application
of the laser made the difference to
change the metal transfer from the
undesirable multiple pulses one drop
of large droplets to the desired one
drop per pulse with small droplets.

Experiment 3 — 145A Peak Current
for 8 ms without a Laser

     In Experiment 3, the peak current
is reduced to 145 A, but the peak cur-
rent period is increased to 8 ms. The
base current and minimal base current
period are still 28 A and 30 ms

Table 2 — Parameters For Successful Detachment Experiments

Experiment # Peak Current Peak Current Base Current Minimal Base Average Laser Power
(A) Period (ms) (A) Current Period (ms) Current (A) (W)

5 150 6 28 30 48.3 50
6 145 6 28 30 47.5 50
7 140 6 28 30 46.7 50
8 135 6 28 30 45.8 50
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without changes. The minimal average
current is increased to 52.6 A due to
the increase in the peak current
period. Although the average welding
current is slightly increased, the elec-
tromagnetic force is lower in compari-
son to Experiments 1 and 2.
     Figure 9 shows a typical metal
transfer cycle in Experiment 3 when
the peak current has been reduced to
145 A. When the droplet reaches the
desired detaching point, a peak
current is applied without the laser.
The 145 A of peak current is lower
than the reference peak current for the
wire used in this study. It can be
observed that although the peak cur-
rent time has been extended 2 ms, the
surface tension still retains the droplet
firmly. The necking phenomenon that
is typically observed before the
detachment starts is not observed.
This indicates that when the peak cur-
rent is lower than the reference peak
current, simply extending the peak
current time by a small additional pe-
riod may still not detach the droplet
because the combined detaching force
may still not be sufficient to overcome
the surface tension. Hence, to detach
the droplet, increasing the peak
current period beyond 6 ms may not
be effective and necessary.
     Figure 10 shows the metal transfer
cycle following the one in Fig. 9 where
no droplet is detached. When the peak
current is applied, the droplet has
grown significantly greater than it was
before the peak current was applied in
Fig. 9. The gravitational force has
increased such that the combined de-
taching force exceeds the retaining
force. As can be seen, the droplet is de-
tached during this second peak period
(frames j–l). Hence, the undesirable
multiple pulses one-drop phenomenon
is observed again. Repeated
experiments under the same nominal
parameters confirm this finding.

Experiment 4 — 145A Peak Current
for 8 ms with a Laser

     In Experiment 4, the nominal values
for all the welding parameters remain
the same as those in Experiment 3
except for the application of the laser
onto the droplet. As can be seen in Fig.
11, when the peak current and laser
pulses are applied, the droplet is
successfully detached during the peak
current period. The droplet is

transferred with a smaller size
compared to the size of the droplet that
was transferred in Experiment 3.
     Figure 12 shows the metal transfer
cycle that follows the one in Fig. 11
where a droplet has been successfully
detached. It can be observed that
when the peak current is applied with
the laser, the droplet is detached in the
middle of the peak current period. A
careful observation shows that the
droplet is greater than that in Fig. 11
when the pulses are applied. An obser-
vation of Fig. 11 shows that the
droplet detached there has actually
formed approximately in Fig. 11h.
Hence, the metal melted later during
the peak current period accumulated
to the initial droplet in Fig. 12. The in-
creased initial mass of the droplet re-
duces the time to detach the droplet.
From this point of view, 8 ms may be
slightly greater than needed to detach
the droplet with the laser while the ef-
fect of the laser is also verified. In the
following peak current reduction
experiments, the peak current period
will be set at 6 ms, as can be seen in
Table 2.

Peak Current Reduction 
Experiments
     A series of Experiments, #5–8, have
been designed/performed using exactly
the same welding parameters except for
the peak current. They begin with Ex-
periment 5 (the same as #2) using 150-
A peak current, which has been
conducted earlier (Figs. 7 and 8) and
proven to be successful for metal trans-
fer control. When a peak current is con-
firmed to be able to achieve the desired
one drop per pulse, the amperage for
the peak current is reduced by 5 A to
see if the peak current may be further
reduced while still being able to detach
each droplet. Table 2 shows the param-
eters for the successful detachment ex-
periments. The parameters in each suc-
cessful detachment experiment in
Table 2 have been used to conduct
repeated experiments in order to accept
them as a success.
     The lowest peak current in Table 2
is 135 A. Experiments have been con-
ducted using 130-A peak current, but
the desired one drop per pulse was not
always achieved. Hence, 135 A is con-
sidered as the lowest peak current for
successful detachment.

     The experiment illustrated in Figs.
5 and 6 has shown that 150 A is not
sufficient to detach each droplet in 6
ms without a laser. In the previous sec-
tion, it was introduced that 160 A is
the lowest peak current possible for
successful detachment without a laser.
     Figures 13–15 give typical two con-
secutive cycles for successful
Experiments 6–8. (The results from
Experiment 5 can be seen in Figs. 7
and 8 and are not repeated here.) Each
of these figures has A and B with the
cycle in B to follow the one in A. As
can be seen, the droplet is detached in
each cycle during the peak current pe-
riod by the synchronized peak current
and laser pulses. The size of the
droplet when it reaches the detaching
position may vary. However, the
success in the detachment is not
affected. The detachment is ensured
by the combined detaching forces from
the electromagnetic force (due to the
current) and the recoil force (due to
the laser). The needed gravitational
force, if any, can be provided by the
mass from the droplet formed during
the present base and peak period with-
out dependence on the accumulation
from previous cycles.

Analysis and Discussion
     From the systematic and repeated
comparative Experiments, #1–4,
with/without a laser using exactly the
same welding parameters, one can eas-
ily conclude that while the desired one
drop per pulse mode is achieved with
each laser pulse, it is never produced
under the same welding parameters
without a laser. The success of the
real-time vision system in detecting
the droplet position and effectiveness
of a pulsed laser spot as a replacement
for continuous laser stripe are system-
atically verified. The proposed method
to modify the laser-enhanced GMAW
to eliminate the waste of the laser en-
ergy, reduce the effect of the uninten-
tional laser application on the
workpiece, and achieve accurate
controls on the droplet mass and
detaching time is verified. The result-
ant laser-enhanced GMAW process be-
comes controllable and more
repeatable.
     As can be seen from Experiments
5–8, pulsed laser-enhanced GMAW
successfully reduces the minimal peak
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current for the desired one drop per
pulse mode from 160 to 135 A. This
reduction is achieved using a 50-W
peak power laser spot. This reduction
is similar to that achieved in the previ-
ous effort by Huang (Refs. 22–25) for
the first laser-enhanced GMAW with
the same wire (material and diameter).
The laser used in his effort was a con-
tinuous 1-kW laser, but the effective
laser power was approximately 850 W
and the length of the laser stripe was
14 mm. For the droplet detached, the
length of the droplet along which the
laser stripe is intercepted may be con-
sidered approximately 1.0 mm. The ef-
fective power projected on the droplet
is approximately 60 W, similar to that
used in this research. The present
study verifies that the pulsed laser
with 6-ms pulse duration has approxi-
mately the same effect on the detach-
ment enhancement. Continuous appli-
cation of the laser is not necessary.
Furthermore, the continuous applica-
tion produces unintentional adverse
effects including overheating the
droplet, generating extra fume, and
wasting energy.
     Previous efforts by Huang (Refs.
22–25) have shown that the laser en-
hances the detachment by its recoil
force when the laser vaporizes part of
the droplet metal. The arc also vapor-
izes the droplet metal due to its
extremely high temperature at the
anode. This vaporization increases
with the anode power, which increases
linearly with the current. However, the
recoil force due to arc-caused evapora-
tion is against the detachment. One
may expect that the increase in the
evaporation due to the laser
application should be smaller than the
reduction in the arc caused by evapo-
ration due to the reduction in the cur-
rent. As can be seen, a 50-W laser
reduces the peak current by 25 A. For
the anode of a steel wire, its voltage is
12 V (Ref. 1). The reduction in the
anode power is 300 W. The net vapors,
thus, should be reduced.
     The recoil force of the laser
increases more than linearly with the
laser power intensity intercepted by
the droplet (Refs. 22–25). Hence,
increasing the peak laser power is ex-
pected to reduce the peak current
needed to detach the droplet. With a
much increased peak laser power, it is
expected that the droplet may be
detached at any (reasonable) size at

any (reasonable) arc variables (welding
current). From this point of view, this
research for pulsed laser-enhanced
GMAW using a pulsed laser spot
established the foundation to lead to
the ideal laser-enhanced GMAW.

Conclusions and Future
Work
     With the developed system that
uses a real-time visual feedback to
apply a laser spot of 50-W peak power
in synchronization with a current
pulse, two series of systematically de-
signed experiments have been
conducted repeatedly. Experimental
results and analysis suggest the
following:
     • The laser does not need to be con-
tinuously applied onto the droplet in
order to enhance the metal transfer
control.
     • For the experimental conditions
in this study, 6 ms appears to be an ad-
equate duration for the laser pulse.
     • The laser does not need to be ap-
plied onto the position other than the
droplet to enhance the metal transfer
control. The laser stripe should be re-
placed with a laser spot as long as the
laser spot can be projected to the
droplet when the droplet needs to be
detached.
     • The minimal peak current needed
to achieve the desired one drop per
pulse metal transfer mode can be
reduced from 160 to 135 A, i.e., 16%
reduction, for the 0.8-mm-diameter
steel wire of and the 50-W peak power
laser used.
     The reduction for the peak current
from 160 to 135 A corresponds to the
laser power, i.e., 50-W, used in this
study. Based on the positive definite
verification for the effectiveness of
pulsed laser and real-time image pro-
cessing-based control, future work
may use a higher peak power laser to
study how the peak current reduces as
the peak laser power increases.
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