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Introduction

     Gas metal arc welding (GMAW) is one of the most widely
used welding processes in industrial manufacturing, as well
as a basic process for wire arc additive manufacturing. How-
ever, conventional GMAW cannot accurately adjust the heat
input and mass input to the base metal as desired, according

to a specific application, due to the metal transfer mode gen-
erally coupled with the welding current. During the GMAW
process, metal transfer has the greatest influence on process
stability and welding quality. The desired drop spray trans-
fer requires the welding current to exceed the spray transi-
tion current (Refs. 1–3). Achieving drop spray transfer at
any reasonable low current used to be thought of as the ulti-
mate goal of metal transfer control. Furthermore, the mind-
set is that drop spray transfer is better when approximately
along the wire axial direction.
     Successful efforts on active control of the metal transfer
during past decades can be categorized two ways (Refs.
4–19): 1) modulating the welding current waveform, which
can precisely optimize and control the instantaneous arc
force and accumulated energy inside the droplet to improve
the metal transfer process, such as surface tension transfer,
pulsed GMAW, and the active droplet oscillation method;
and 2) introducing an external detaching force, such as cold
metal transfer, in a mechanical way; the bypass arc GMAW
and magnetic field-assisted GMAW in an electromagnetic
way; and ultrasonic-wave assisted GMAW and laser-
enhanced GMAW in a radiating way. Although a special
welding current waveform may contribute to reducing the
heat input and decreasing the spatter, it cannot decouple
the metal transfer from the welding current. Applying an ex-
ternal detaching force is the only possible solution to
achieve complete current-independent metal transfer.
     The pulsed laser-enhanced GMAW process has indeed re-
alized current-independent metal transfer under any rea-
sonable low current (Ref. 20). The latest study on this topic
adopted a pulsed laser that aimed the droplet to partially va-
porize it, thus generating a recoil force to detach the droplet.
However, since only a single laser was used, the droplet was
always detached with a deflection away from the wire axial
direction. Nonwire axial drop spray transfer is still not ideal
because of the general mindset that the metal transfer
should be ideally along the wire axial direction. In fact, slight
droplet deflection would not compromise bead formation
quality as long as the deflection angle is stable. Further-
more, it can be imagined whether the droplet deflection can
be freely adjusted in a certain range/space in real time. Nat-
urally, it will lead to a new milestone of metal transfer con-
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trol: The weld pool geometry and thus the weld bead forma-
tion could be actively controlled. In this sense, the ultimate
goal of metal transfer control evolves from current-
independent transfer to more advanced programmable
transfer.
     Multilaser-enhanced GMAW may be a practical imple-
mentation to obtain the expected programmable transfer
since the laser peak power and width can both be adjusted in
real time. Subsequently, the magnitude/direction of the re-
sultant laser recoil force exerting on the droplet changes and
the droplet would be driven to different directions. To this
end, this paper will experimentally verify the proposed
laser-driven programming metal transfer. Restricted by the

laser equipment, only double-sided, dual laser-driven metal
transfer was studied. The proposed programmable metal
transfer behavior will be verified and analyzed.

Principle of Laser-Driven Programmable
Metal Transfer

     Normally, the droplet pendant at the wire tip is affected by
the following forces: the droplet gravity Fg, surface tension F ,
electromagnetic force Fem, and plasma dragging force Fp as
shown in Fig. 1. The gravity, electromagnetic force, and plasma
flow force contributed to detaching the droplet from the wire
tip, while the surface tension hindered it. The two lasers were

Fig. 1 — Principle of programmable droplet transfer in GMAW. Fig. 2 — Sketch of the experimental system.

Fig. 4 — Typical metal transfer without laser.

Fig. 3 — Installation of laser heads.

Fig. 5 — Single-pulsed, laser-enhanced metal transfer.

Fig. 6 — Typical metal transfer with double-sided even laser
irradiation: A — Experiment 3, 25-Hz double-sided laser irradi-
ation; B — Experiment 4, 150-Hz double-sided laser irradiation.
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distributed to irradiate the droplet neck position symmetrical-
ly and produce two recoil forces, Fr1 and Fr2, which would play
the primary role in detaching the droplet instead of the elec-
tromagnetic force. One may notice that the direction of laser
recoil force is not exactly in the line of the laser beam, but ex-
perimentally verified in the normal of the very local irradiated
surface (Ref. 20). The wire axial component of the recoil forces
would elongate the droplet toward the weld pool, and the wire
radial component of the Fr1 and Fr2 would balance each other’s
amplitude, thus changing the direction of the droplet deflec-
tion. It is reasonable to infer the droplet would be detached ap-
proximately without deflection from the wire if the two sym-
metrically positioned laser beams were the same pulse param-
eters. There may be three possible ways to further control the
droplet trajectory, as follows:
     1) Laser peak power match: use different peak power but
the same pulse width and frequency, so the resultant radial
laser recoil force may swing to the right or left.
     2) Laser peak width match: use the same laser peak pow-
er and frequency but different pulse peak durations. In this
case, the droplet is expected to deflect to the short-duration
laser’s side.
     3) Laser pulse phase match: use the same peak power,
same frequency, and same peak width, but different pulse
rising moments. This method may also have the potential to
drive the droplet into controllable waving.
     By changing the laser pulse parameters of the two lasers,

the two recoil forces would change and the droplet trajectory
may change correspondingly. This is fundamental to obtain-
ing the one droplet per laser pulse (ODPP) transfer that can
be programmed offline or online. Finally, the GMAW
process would possess the ability to determine when and
where to detach each droplet.

Experiment Setup

     The experimental system is composed of the welding cell,
laser cell, high-speed camera, and data acquisition system,
as shown in Fig. 2. The welding power source works in con-
stant current mode. As shown in Fig. 3, to the left is an IPG-
YLS4000 laser with a maximum peak power of 4 kW, and to
the right is a QCW450-4500 pulsed laser with a maximum
peak power of 4.5 kW, while the maximum average power is
0.45 kW. Both lasers were focused to a point with a diameter
of about 0.2 mm, and the laser incident angle was about 45
deg. To evaluate the process, the welding current and volt-
age were measured during the experiments. The frequency
of the high-speed camera and data acquisition were all set to
3 kHz. The wire was ER70S-6 with a 0.8 mm diameter. The
welding current waveform, wire feed speed, laser pulse
waveform, high-speed camera system, and data acquisition
system were all controlled by the PC-based central con-
troller. The welding experiments were conducted as bead-
on-plate welding with 3 mm/s travel speed and 15 L/min

Table 1 — Test Parameters

No.           Current              Pulse              Peak Power of          Peak Power of       Pulse Width of          Pulse Width of          Phase Difference
                   (I/A)            Frequency          Laser 1 (P/kW)          Laser 2 (P/kW)             Laser 1                      Laser 2                       (t/ms)
                                                                                                                                     (t/ms)                       (t/ms)                              

  1                 80                    25                           0                               0                            0                               0                                 –

  2                80                    25                          1.5                              0                            4                               0                                 –

  3                80                    25                          1.5                             1.5                           4                               4                                 –

  4                80                   150                         1.5                             1.5                           2                               2                                 –

  5                80                    25                         0.8                             1.5                           4                               4                                 –

  6                80                    25                          1.0                             1.5                           4                               4                                 –

  7                 80                    25                          1.2                             1.5                           4                               4                                 –

  8                80                    25                          1.8                             1.5                           4                               4                                 –

  9                80                    25                         2.0                             1.5                           4                               4                                 –

 10                80                    25                          2.2                             1.5                            4                                4                                 –

  11                 80                    25                          1.5                             1.5                           5                               3                                 –

 12                80                    25                          1.5                             1.5                           6                               2                                 –

 13                80                    25                          1.5                             1.5                            7                                1                                 –

 14                80                    25                          1.5                             1.5                           4                               4                                 1

 15                80                    25                          1.5                             1.5                           4                               4                                 2

 16                80                    25                          1.5                             1.5                           4                               4                                 3
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pure argon shielding gas. The base metal was mild steel. The
distance from the contact tip to the workpiece was set at 15
mm, and arc length was controlled at approximately 8 mm.
The key parameters of the double-sided, laser-driven pro-
grammable metal transfer are listed as follows: 1) laser pulse
frequency, which mainly determines the metal transfer fre-
quency/detached droplet size; 2) laser peak power, which
mainly affects the magnitude of the laser recoil force; 3)
laser pulse width, which mainly affects the time of recoil
force exerting on the droplet; and 4) laser phase difference,
defined as the time offset between the double-sided laser
pulses. The welding parameters are shown in Table 1. The
two lasers will be referred to as the left one and the right
one for convenience.

Results and Discussion

Effect of Laser Irradiation

     To provide a clearer description of the double-sided,
laser-controlled programmable droplet transfer, the metal
transfer behavior of low welding current without laser (Ex-
periment 1) and with single-sided pulsed laser irradiation
(Experiment 2) were first analyzed for later comparison.
When the welding current was 80 A, the droplet was mainly
detached by its gravity. It can be seen from Fig. 4 that the
metal transfer is of the drop globular mode, and the droplet
diameter is times larger than that of the wire. The transfer
frequency is only about 4 Hz. Such a lower transfer frequen-
cy tends to result in discontinuous and irregular bead for-
mation, and makes the arc unstable. After a single-pulsed

laser irradiates the area of the solid-liquid interface of the
droplet, as shown in Fig. 5, the droplet is forced to be de-
tached from the welding wire by the laser recoil force while
the flying direction of the droplet deviates from the wire
axis. The laser pulse frequency was 25 Hz, and the pulse
peak power was 1.5 kW. The metal transfer frequency
equaled the laser pulse frequency. One droplet per pulse
(ODPP) transfer was obtained.
     In addition, the double-sided, pulsed laser-driven metal
transfer (the two lasers are with the same pulse parameters)
was also verified and analyzed (Experiments 3 and 4). Un-
like the single laser-driven metal transfer, two even laser re-
coil forces, marked as Fr1 and Fr2, were produced to drive the
droplet deformation and motion. Since the two lasers were
the same peak power/duration/frequency, emitted synchro-
nously and arrayed symmetrically, the droplet deflection
was thus avoided and the metal transfer frequency was sig-
nificantly increased up to 150 Hz under an 80-A current. As
shown in Fig. 6, the detached droplet diameter was only
0.85 mm, approximately equal to the wire diameter. The
droplet neck/wire tip was shaped to a “pencil tip” profile,
similar to what usually exists in high-current-induced drop
streaming transfer. If the droplet trajectory can be further
controlled, the merging point of droplets into the molten
pool and the morphology of the molten pool can be actively
controlled. The key to changing the droplet trajectory is to
modulate the laser recoil forces.

Laser Peak Power Matching

     Given the laser spot size, the laser peak power deter-
mines its power density, which determines the magnitude of

Fig. 7 — Typical metal transfer in Experiment 5 with left laser
peak power of 0.8 kW.

Fig. 8 — Typical metal transfer in Experiment 6 with left laser
peak power of 1.0 kW.

Fig. 9 — Typical metal transfer in Experiment 7 with left laser
peak power of 1.2 kW.

Fig. 10 — Typical metal transfer in Experiment 8 with left
laser peak power of 1.8 kW.
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the recoil force acting on the droplet. The laser pulse fre-
quency in Experiments 5–10 was fixed at 25 Hz. The laser
peak duration was fixed at 4 ms, just half of that used for
single laser-driven experiments. The peak power of the right
laser was fixed at 1.5 kW. The two laser pulse waveforms
were synchronized with no phase offset. It was verified that
the resulting laser recoil force was not strong enough to de-
tach the droplet in one pulse cycle when the left laser peak
power was as low as 0.5 kW. The minimum left laser peak
power enabling to produce ODPP transfer with double-sided
laser irradiation and only 4-ms laser peak duration was test-
ed to be 0.8 kW under the welding conditions in this re-
search. Thereby, Experiments 5–10 used left laser peak pow-
er of 0.8, 1.0, 1.2, 1.8, 2.0, and 2.2 kW, respectively. The re-
sults of Figs. 5 and 6 will be referred to for comparison.
     Since the laser recoil force increased with the laser power
density, the laser recoil force of the left laser Fr1 in Experi-

ments 5–10 was increased gradually from smaller than Fr2 to
bigger than that. The droplet deflection was expected to
change correspondingly. When the pulse peak power ranges
from 0.8 to 1.5 kW, as shown in Figs. 7–9, the droplet de-
flection gets slighter. With the increase in the left laser peak
power, the flight direction of the droplet deviated from the
wire axial direction but also gradually got closer to it. Since
the two lasers are symmetrically aligned, metal transfer with
desired deflections to the right side can be easily produced
by mirroring the laser pulse parameters of the two lasers.
     Experiments 8–10 further increased the peak power of
the left laser to verify if the droplet would still be pushed to
the right. When the left laser power was 1.8–2.2 kW, as
shown in Figs. 10–12, the droplet detached with deflection
to the right side, just as expected. When the lasers irradiated
the solid-liquid interface of the droplet, due to the intense
recoil force and its cutting/digging effect, the droplet ap-

Fig. 11 — Typical metal transfer in Experiment 9 with left laser
peak power of 2.0 kW.

Fig. 12 — Typical metal transfer in Experiment 10 with left
laser peak power of 2.2 kW.

Fig. 13 — Effect of different laser peak powers on droplet 
deflection; the right laser is set to a constant 1.5 kW.

Fig. 14 — Principle of matching different pulse widths.

Fig. 15 — Typical metal transfer in Experiment 11. Fig. 16 — Typical metal transfer in Experiment 12.
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peared as an obvious forced necking, and the neck speed of
the double side depended on the laser recoil force. Unbal-
anced necking speed results in droplet deflection. With the
increased laser peak power of the laser, the droplet was easi-
er to get detached from the welding wire tip. The droplet de-
flections and laser detaching time in Experiments 5–10 are
measured and shown in Fig. 13. The actual laser detaching
time on the droplet was reduced from 5 to 3.7 ms with a
laser peak power increase from 0.8 to 2.2 kW.

Pulse Laser Width Matching

     In fact, as can be seen from Fig. 6, when the pulse fre-
quency and pulse peak power are the same, the laser peak
power density of both sides are equal, and the radial recoil
forces on the droplet are balanced with each other in the
same pulse width of 4 ms. The resultant force is in the wire-
axial direction and detaches the droplet in the wire axial di-
rection. When the single-sided laser pulse width was 8 ms,
as shown in Fig. 5, the droplet detached with a deflection.
As shown in Fig. 14, matching the pulse width of the two
lasers may also enable active control of droplet deflection.
Experiments 11–13 were conducted to verify the effect of
pulse width match. The sum of the two lasers’ peak width
was fixed at 8 ms. As shown in Figs. 15–17, with the in-
crease of the left laser pulse width and the decrease of the
right laser pulse width, the digging/cutting time of each
laser changes, resulting in an increased droplet deflection
angle, as measured and shown in Fig. 18. Different deflec-
tion angles can be obtained with different laser peak width
matches, and the merging point of the droplet into the
molten pool can thus be controlled.

Laser Peak Phase Matching

     The effect of double-sided laser phase matching was veri-
fied by Experiments 14–16 in this section. The peak powers
of the two lasers were both fixed at 1.5 kW, and the peak
widths were the same at 4 ms. The laser phase difference t
(as shown in Fig. 19), which is the time sequence of the

Fig. 17 — Typical metal transfer in Experiment 13.

Fig. 18 — Effects of matching different pulse widths.

Fig. 19 — Illustration of double-sided laser phase match.

Fig. 20 — Typical metal transfer in Experiments 14–16: A — t
= 1 ms; B — t = 2 ms; C — t = 3 ms.

B

C

A
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pulsed lasers, determined the effecting time sequence of the
laser recoil force. Figure 20A–C shows the typical metal
transfer in Experiments 14–16. Figure 21 shows the frames
of actual final deflections at the merging into pool moment,
and the deflections are measured and shown in Fig. 22.
     It can be seen that the droplet deflection did not notice-
ably change with the increase of the laser phase difference.
Particularly, for only 1 ms slight t, the increment of droplet
deflection tended to be significant compared with that of 0
ms t. As shown in Fig. 6A, with the same 4 ms pulse width
and 0 ms t, the droplet detached along the wire axially. As
shown in Fig. 20A, the first frame was at the peak start mo-
ment of the left laser, and the second frame was at the peak
start moment of the right laser. There is a little brighter re-
flection at the right neck position of the droplet, as can be
seen in Frame 2 of Fig. 20A. At this moment, the droplet
was already driven to an initial deflection by the left laser.
However, the Fr2,the laser recoil force on the right side,
didn’t show a capability to effectively restrict the droplet de-
flection as may be expected. The reason lies in the directions
and distribution of the two laser recoil forces. As illustrated
in Fig. 23, Frame 2 of Fig. 20A was picked for analysis. Since
it has been verified in our previous study that the direction
of laser recoil force is of the normal of the irradiated local
surface despite the laser incident angle, the state of the two
laser recoil forces can be illustrated as Fig. 23 shows. In this
case, the Fr2 had more proportions of radial component, but
did not push against the droplet and restrict the deflection
because the two recoil forces were forming a twisting couple.

That is why only 1 ms t would lead to a significantly in-
creased droplet deflection.
     One may also notice from Fig. 20 that the detaching mo-
ment of different t changed. Longer t resulted in later de-
tach because it reduced the effective co-detaching time of
the two laser pulses. That is to say, the resultant detaching
ability of the two lasers was weakened with a longer phase
match, and using a phase match method will not facilitate
the desired programmable transfer.

Conclusion

     1) The double-sided laser irradiation method has shown
its significantly improved capability on enhancing metal
transfer. When the two lasers are symmetrically positioned
and irradiated for the droplet with exactly the same laser
pulse parameters and zero pulse phase difference, the
droplet deflection that would always be associated with the
single laser irradiation process can be avoided. Additionally,
the metal transfer frequency can be increased up to 150 Hz
measured with the welding wire and conditions in this 
paper.
     2) Laser peak power match and peak width match can
both lead to effective control of the droplet deflection in a
range determined by using only one laser irradiation. Since
the laser pulse parameters can be easily programmed online
or offline, the evolution of the GMAW process is approach-
ing the new milestone featured by programmable metal

Fig. 21 — Final droplet deflection in Experiments 14–16.

Fig. 22 — Measured droplet deflections in Experiments 3 and
14–16.

Fig. 23 — Illustration of the laser recoil force couple with 1 ms
t.
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transfer. Since the laser peak power has a much wider ad-
justing range, the peak power match strategy is supposed to
be optimal for programmable metal transfer control.
     3) Laser pulse phase match strategy is verified to not be
effective in regulating the droplet deflection. As long as
there is a phase difference between the double-sided laser
pulse, even as narrow as 1 ms, the droplet will be driven into
deflection, and the deflection doesn’t change significantly
with the increase of laser pulse phase difference.
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