®

American Welding Society™

SUPPLEMENT TO THE WELDING JOURNAL, JULY 2022
Sponsored by the American Welding Society

WELDING

RESEARCH

Narrow Groove Laser-Arc Hybrid Welding of Thick-
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The use of an oscillated laser beam to suppress the incomplete fusion
phenomenon and improve the process stability of NGHW was proposed
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Abstract

In this study, a sine-oscillating laser was used
to obtain narrow groove laser-arc hybrid welding
(NGHW) of high-strength low-alloy (HSLA)
steel. Then the effects of laser beam oscillation
amplitude and space constraint on arc behavior,
droplet transfer, weld geometry, and incomplete
fusion of the weld beads were analyzed. Due to the
minimum arc voltage principle and inherent arc
self-regulation, when the laser did not oscillate, it
was observed that the arc cathode spot was typically
attached to one sidewall. As a result, the molten
pool did not spread through the entire width of the
gap, resulting in incomplete fusion. When the laser
beam oscillated in a sinusoidal path, the energy
density on both sides of the amplitude was higher
than the centerline, and the aspect ratio of the
weld decreased. The speed of the beam along the
centerline was found to be much higher than the
speed on both sides of the amplitude. The molten
pool oscillated in the width direction under the
action of the oscillating beam, forming a concave
surface, which promoted melting of the sidewalls
of the groove and suppressed incomplete fusion
defects in the sidewalls. The technical feasibility
of NGHW assisted by laser beam oscillation was
verified using a 60-mm-thick weld, which was
characterized by a smooth layer transition and the
absence of visible defects.
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Introduction

Thick sections of high-strength low-alloy (HSLA) steel are
widely used in ship manufacturing and bridge construction
(Ref.1). Narrow groove welding is one of the preferred tech-
niques to reduce the groove cross-section area, improve
welding efficiency, and reduce the heat input of thick welded
sections. Currently, typical welding methods for narrow
groove welding include gas metal arc welding (GMAW), gas
tungsten arc welding, and submerged arc welding, particu-
larly for the fabrication of sections with a thickness greater
than 50 mm (Refs. 2-6). However, these methods suffer
from unavoidable disadvantages such as large deformation,
awide heat-affected zone, high residual stress, and incom-
plete fusion.

The laser-arc hybrid welding (HLAW) technique has the
best potential for welding thick and high-strength steel struc-
tures (Ref. 7). Carbon steel with a thickness ranging from 15
to 32 mm can be penetrated in one pass with a high-powered
laser (Refs. 8-10). However, simply increasing the energy
input using a high-powered laser does not appear to be an
ideal technique for obtaining high-quality welds of thick
structures.

In recent years, narrow groove laser welding (NGLW) has
been significantly developed due to enhanced laser quality
and the use of long focal-length converging focal systems
(Refs.12-15). Ensuring sufficient penetration in the groove
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Fig. 1 — Schematic of the experimental NGHW setup.

sidewall is one of the main challenges for applying NGLW. In a
related study, Tsukamoto et al. (Ref. 16) joined a 60-mm-thick
SA516 low-carbon steel using multipass NGLW with a10-kw
fiber laser. Although the plate was welded in 10 passes,
incomplete fusion was observed because the heat input was
still low. Wang (Ref.17) investigated NGLW of a 35-mm-thick
Q345 mild steel and observed a smallamount of incomplete
fusion on the sidewalls. Studies have also demonstrated that
groove preparation and beam-wire position are critical for
thick sections (Refs. 18,19).

Currently, beam oscillation, hot wire filling, and beam
defocusing are the three main methods used to suppress
incomplete fusion. For example, Yosuke et al. laser narrow
groove welded a 50-mm-thick carbon steel by oscillating
the laser beam at a high frequency (Refs. 16-18). By using
a sensor during the process to recognize the groove shape,
the heatinput area was appropriately controlled and incom-
plete fusion was effectively prevented. Yosuke et al. (Ref. 20)
butt joint welded 100-mm-thick SUS304 steel platesin an
ultra-narrow groove using a laser with filler wire and more
than 42 passes in the conduction mode, producing nearly
defect-free welds. However, the incomplete fusion extent
was not completely suppressed, and because small beams
require high accuracy, the engineering applications of NGLW
were restricted.

Narrow groove laser-arc hybrid welding (NGHW) is a
recently developed technique that has the potential to sup-
press defects by combining the advantages of both laser
and arc welding (Refs. 21-25). Laser-induced plasma, arc
plasma, droplet transfer, and space constraints have been
studied in detail in recent years. For example, Zhang et al.
(Ref. 26) joined a 40-mm-thick mild steel using NGHW, and
a defect-free joint was obtained using nine passes with a
narrow groove 6 mmin width. Gong et al. (Ref. 27) quantified
the effects of welding parameters on NGHW process stability
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Fig. 2 — Dimensions of the narrow gap groove (mm).

using an approximate entropy method, thereby demon-
strating the space constraint stabilization phenomenon
caused by the narrow groove. In another study, Meng et al.
(Ref.28) explored the formation and suppression mechanism
of incomplete fusion in NGHW with respect to the force and
melt flow of the molten pool. These reported studies not
only presented the tremendous potential of NGHW for the
fabrication of thick plates but also revealed that the defects,
such as incomplete fusion and porosity, can be easily iden-
tified in joints.

In this study, the authors proposed the use of an oscillated
laser beam to suppress the incomplete fusion phenomenon



Fig. 3 — Dimensions of the weld cross-section sizes.

A P=3 kW, D=0 mm B P=3 kW, D=2mm C P=3kW,D=4 mm

Fig. 4 — Weld cross sections for the different oscillating laser beams (V; = 0 m/min).

Table 1 — Chemical Compositions of HSLA Steel and Filler Wire (wt-%)

© Si Mn P S Ni Cr Mo Vv Cu Fe
Steel 0.14 0.22 0.99 0.005 0.006 1.38 1.04 0.39 0.04 0.05 Bal.

Wire 0.08 141 0.96 0.005 0.003 2.00 1.5 0.63 = = Bal.

andimprove the process stability of NGHW. Asine-oscillating  posed by the welding pores and unfused sidewalls. The results
laser beam was used to improve the energy distribution of  obtained in this study may be significant for the development
the molten pool and control the width of the weld. In addi-  of NGHW technology and its applications.

tion, the molten pool was stirred to mitigate the challenges
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Fig. 5 — Weld appearance and cross sections under an oscillating laser beam (V, = 10 m/min).
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Fig. 6 — Comparison of the weld cross-section size.

Materials and Methods

HSLA steel plates, 20 and 60 mm thick, were used as the
base material in this study in addition to low-carbon and
high-toughness steel filler wire with a diameter of 1 mm. The
chemical compositions of the base metal and filler wire are
presented in Table 1. Amixed active shielding gas containing
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95% argon and 5% carbon dioxide, was supplied at a flow
rate of 30 L/min using an arc nozzle.

A continuous wave high-power fiber laser with a wave-
length of 1070 nm and a beam parameter product of 13.8
mm-mrad was used in this work, where the power level of the
laser used was 10 kW. A schematic of the experimental setup
is shown in Fig. 1. The laser beam was transmitted through
an optical fiber with a core diameter of 200 tm and was
subsequently focused by a lens with a 300-mm focal length.
A BIMO 1D scanner manufactured by HighYAG was used as
the laser welding head. The laser light was oscillated in a
defined wave by using a drive motor to control the angle of
the scanner mirror inside the head. The laser beam could be
oscillated in a defined wave by using a drive motor to control
the angle of the scanner mirror inside the head. A 200-Hz
oscillation frequency was taken in this study. The focal lengths
of the collimation and converging lenses were 150 and 300
mm, respectively. AGMAW power source (TransPuls Synergic
5000, Fronius) was used as the second source, and a ded-
icated tooling was designed to simultaneously fix the laser
head and GMAW gun on the manipulator. As a result, the two
heat sources were coupled according to the set parameters
during the welding process.

The laser was vertically irradiated on the specimen plate,
where the angle between the filler wire and laser central axis
was 30 deg, the distance between the laser beam central axis
and the GMA electrode tip on the specimen surface was 2
mm, and the length of the filler wire from the GMAW nozzle
to the workpiece was 17 mm. In this experiment, the focal
point was set as right on the surface of the specimen; thus,
the defocused distance was zero. The hybrid head was fixed



on the axis of a KUKA KR 60 robot to ensure optimal mobility
for orbital welding.

The welding processes were recorded using a high-speed
imaging system, which was synchronized with a data acquisi-
tion system. A high-speed camera (V611, Photron) was used
to obtain the arc shape and droplet transferimages. To sup-
pressthe arc light and obtain a shadowgraph of the droplets,
an optical bandpass filter (808 + 10 nm) and two polarizers
were mounted in front of the camera lens. Adiode laser with
40 W of power and a wavelength of 808 nm was used as the
light source and placed on the same side of the high-speed
camera. The sampling frequency was 5000 frames/s. The
welding current, welding voltage, and short current frequency
were measured with a Hannover welding quality analyzer at
an acquisition rate of 5000 Hz.

Figure 2 shows the sample dimensions and size, where
the thickness of the sample was 20 mm, the length was 100
mm, and the width was 40 mm. Additionally, the depth of
the groove was 10 mm with a width of 4 mm. Table 2 pres-
ents the variations in welding parameters, such as the wire
current, wire feed position, wire feed speed, and laser irra-
diation angle. After welding, the transverse cross section of
the weld, 40 mm from the weld start, was etched with a 2%
nital solution (2 mL of nitric acid mixed in100 mL of ethanol)
for 10 s. Then the cross section was observed by an optical
metallographic microscope. Subsequently, the weld width
(H), fusion zone area (A), and melting height of the narrow
groove laser-arc hybrid weld were defined, as shown in Fig. 3.
Based on the best process parameters for the 20-mm-thick
sample, welding was carried out on a 60-mm-thick plate to
verify the feasibility of NGHW for suppressing incomplete
fusion.

Results

Weld Shape Formation under an Oscillated
Laser Beam

NGLW

The weld cross sections of the narrow groove laser welds
under laser beams with different oscillating amplitudes are
shown in Fig. 4 as well as Tables 3 and 4. Characteristic nail
head shape penetration and pores appeared without an
oscillated laser beam (D = O mm). As D increased from O
to 4 mm, the heights of the welds decreased gradually and
the widths of the welds gradually increased, thus exceeding
the gap width (D = O mm). The aspect ratio of the welds
decreased from 1.56 to 0.46. Furthermore, the weld cross
section shown in Fig. 4C presented typical characteristics
for thermal conduction welding.

NGHW

The weld appearance and cross sections of GMAW without
laser power are presented in Fig. 5A, where the characteristic
formations of defects associated with narrow groove welding
were observed. The weld appearance and cross sections of

Table 2 — Processing Parameters

Parameter for

Parameter Variation Range 60-mm-Thick
Sample
Laser power, P * *
(kW) 8 8
Welding speed, % 0.75% 0.5%
(m/min)
Wire feed speed,
v, 10* 10*
(m/min)
Laser oscillation
amplitude, D 0—4 3—4
(mm)
Groove width, G 4* 4—6

(mm)

*Indicates that the parameter was constant.

NGHW without an oscillating laser beam (D = 0 mm) are
presented in Fig. 5B, where characteristic nail head shape
penetration was observed. Compared to GMAW, the welds
obtained by NGHW without an oscillating laser beam (D =0
mm) showed more forming defects. The weld shape forma-
tions as a function of the amplitude of the oscillating laser
beam areillustrated in Figs. 5C and D, showing that the welds
were well formed without any of the previously mentioned
defects. The transition between the weld joint and the side-
wall of the groove was also noted to be smooth. However, as
the oscillation amplitude was equal to the groove width, as
shown in Fig. 5E, the welding track deviated from the center-
line of the groove. As aresult, the laser was partially blocked
by the edge of the groove, and defects such as undercut and
incomplete fusion were observed. These challenges could
be overcome by upgrading the laser transmission system or
incorporating joint trackers. The influence of the oscillating
laser beam amplitude on the weld cross-section size is illus-
trated in Fig. 6, which shows that as D increased from O to 3
mm, the H value decreased linearly and W increased. However,
the laser was partially blocked by the groove edge; thus, a
portion of the laser power could not reach the groove bottom.

Welding Stability under an Oscillating Laser
Beam

Generally, the standard deviation of the welding current
and welding voltage can be used to characterize the stability
of the welding process. The dynamic welding current and
voltage curves corresponding to Fig. 5 are presented in Fig.
7,where for all parameters, the typical short circuit transfer
curves were observed. The magnitude of change in current
and voltage between each metal transition decreased due
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Table 3 — Weld Cross Section for the Different Oscillated Laser Beams (Vf = 0 m/min)

A P=3kw,LA=0mm

B P=3kw,LA=2mm

C P=3kW,LA=4mm

Table 4 — Weld Appearance and Cross Section under Oscillated Laser Beam (VJc =10 m/min)

P =0 kw,
A LA=0mm

to the addition of the oscillating laser beam (D = 2, 3 mm),
which resulted in better stability of the welding process.
Comparisons of the mean values and standard deviations
of the welding current and voltage are illustrated in Fig. 8
(corresponding to Fig. 7), where the mean voltage and stan-
dard deviations were 18.4and 5.3V to 5.8V, respectively. For
narrow groove GMAW (NG-GMAW), the mean current and
its standard deviations were 181.6 and 18.9 A, respectively.
For NGHW, the mean current ranged from 184.8 to 186.2
A, with standard deviations of 26.4 to 28.8 A. Comparing
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P =3 kWw,
C LA=2mm

D P=3kw,

P =3 kWw,
LA=3 mm E

LA=4mm

NG-GMAW and NGHW, the laser power increased the weld-
ing current; however, there was no significant difference in
welding voltage and its standard deviation. For NGHW with
different D values, the mean values of the welding current
and voltage did not show any significant changes; however,
the standard deviation decreased as the D value increased
from O to 3 mm. Thus, we inferred that when the oscillation
amplitude D was in the range of O to 3 mm, welding stability
improved due to the oscillating laser beam.
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Arc Behavior under an Oscillating
Laser Beam

The arc behaviors of NG-GMAW without laser power are
illustrated in Fig. 9, where the droplet transfer frequency
was about 13 ms with an arc burning duration of about 9
ms. Typical high-speed images of arc behavior for various D
values over time are presented in Figs. 9 and 10, which show
that the use of alaser did not alter the droplet transfer mode
and frequency; however, the arc burning duration tended to
increase. The surface of the pool was noted as convex under
the conditions used for NG-GMAW (Fig. 9) and NGHW without
the oscillating laser beam (Fig. 10). Furthermore, the width
of the weld pool was smaller than the groove gap. For the
oscillating laser beam, the surface of the pool was noted to
be concave, and the width of the weld pool was equal to the
groove gap.

NGHW of 60-mm-Thick HSLA
Steel Sections

In this section, we present an example application of NGHW
with an oscillating laser beam for practical engineering. NGHW
of a 60-mm-thick plate was carried out using the process
parameters presented in Table 2. Figure 12A shows the groove
geometry and sizes used during this process. For the back-
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Fig. 7 — Dynamic welding current and voltage curves
corresponding to Fig. 4: A — NG-GMAW; B — NGHW,
P=3kW,D=0mm; C— NGHW, P=3 kW, D=2 mm;

D — NGHW, P=3 kW, D=3 mm; E — NGHW, P = 3 kW,

D=4 mm.
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Fig. 8 — Comparison of the mean values and
standard deviations of the welding current and
voltage.

ing weld, an autogenous laser welding process was adopted
using the following parameters: v=1m/min, P= 4 kW, and
O mm positive defocusing. The NGHW processes were used
to feed the welds, according to the parameters presented
in Table 2. In addition, D was equal to the groove gap width
at the welding position minus 1 mm. Of note, to avoid the
influence of the groove sidewall on the oscillating laser beam,
2-mm positive defocusing was used during welding of the
60-mm-thick plate. According to the actual experimental
results, this finetuning did not affect the welding process,
possibly because the actual size of the laser spot did not
change significantly during the process of adjusting defo-
cusing from O to 2 mm.

After the welding process was complete, x-ray flaw detec-
tion and metallographic dissection were performed on the
test piece. Figure 12B shows the cross-section profiles of
the welded joints created with multilayer and single-pass
NGHW. An acceptable weld was produced with 20 passes, and
the weld did not show any visible defects and had a smooth
transition between the passes. X-ray inspection results of
the weld are shown in Fig.12C, which also showed no defects
in the weld. Thus, an optimal weld bead without incomplete
fusion and porosity could be produced with NGHW by using
laser beam oscillation.

Discussion

Laser Energy Distribution under an
Oscillating Laser Beam

A schematic diagram of NGHW is illustrated in Fig. 13,
showing that the laser beam oscillated along the centerline
of the gap. The sinusoidal path of the laser, its trajectory, and
the velocity equation were expressed by Equations 1and 2:
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{ X =, xt o)
Y = Asin(2nF = t)
Vy = Uy

vy, = 2nFA * cos(2m = F * t) )
vy = fou? + [27FA + cos@an « F v t + i/ @

Figure 14 shows the path and speed curves of the oscil-
lating laser beam (D =3 mm, v, =12.5 mm/s, and F = 300
Hz). When the laser was at both ends of the oscillating path,
only the X-direction speed (v, = 12.5 mm/s) was observed,
which was also the minimum. When the laser was located
at the center of the oscillating path, the X-direction speed
(v) was 12.5 mm/s, whereas the Y-direction speed (vy) was
2825 mm/s, which was 228 times v,.

The average power density g,can be defined as the ratio of
the laser power Pto the area of the laser spot on the surface
A, as given by Equation 3:

gp = 5 = 4P/(nd?) [Wm-2]. ©)

The interaction time defines the duration, during which a
particular pointis exposed to the laser beam while the beam
moves in asinusoidal path, asindicated in Fig.15. Considering
a point along the weld centerline, the interaction time t, for
acircular beam with a diameter d traveling at a linear speed
v, can be obtained by Equation 2, while a particular point
exposed to the laser multiple times N, can be obtained by
Equation 5, depending on the distance from the weld cen-
terline. The total interaction time tis given by Equation 6:

T = d/Vyy [s] 4
Np= 0 ®)

T=1%N, = F-d?/(v,"vyy) [S].  ®

The energy at a specific point £_ is proportional to the
product of the power density g,, interaction time t,and area
of the laser spot on the surface A, as given by Equation 7.



Fig. 9 — High-speed images of NG-GMAW.

Fig. 10 — High-speed images of NG-GMAW (D = 0 mm).

Fig. 11 — High-speed images of NGHW (D = 3 mm).
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Fig. 12 — Cross section of the weld bead produced by NGHW using a 60-mm-thick plate: A — Groove geometry

and sizes; B — cross section; C — x-ray inspection image.

EspzqP*T*Aszp*rzp*‘[i*Ni

= P-F-d?/(n - vey)l] - @

The laser energy distribution maps with and without the
oscillating laser beam are shown in Fig.16. We observed that
the laser energy was distributed along the centerline without
the oscillating laser beam. When the laser beam oscillated
(D=3 mm) the laser energy was distributed within a width of
3.4 mm, with the welding line acting as the axis of symmetry,
depending on laser beam oscillation. As shown in Fig.17, the
peak energy input decreased geometrically; however, the
interaction width increased significantly. Thus, the addition
of the oscillating laser beam was beneficial for improving
weld quality, which was mainly due to the change in energy
input distribution. The width of the laser energy distribu-
tion increased, resulting in a wide and shallow weld instead
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of finger penetration. This was beneficial for the escape of
gas during the solidification process, which reduced weld
porosity. However, the high-energy density on both sides was
conducive to ensuring the sufficient melting of the groove
sidewall, which suppressed the formation of incomplete
fusion defects due to the rapid heat dissipation of the groove
sidewall.

Effect of the Oscillating Laser Beam
on the Moving Mechanism of the
Arc Attachment Point

NG-GMAW

Figure 18 shows the dynamic arc shape and arc attachment
point (AAP) in NG-GMAW for V,=10 m/min. The arc was ini-
tially ignited between the wire tip and the molten pool and
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Fig. 13 — Schematic diagram of NGHW.
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Fig. 14 — Path and speed curves of the oscillating laser
beam (D=3 mm, v, =12.5 mm/s, and F= 300 Hz).

then climbed up the right sidewall. The arc burned between
the wire tip and the right sidewall at t = t, + 0.5 ms. As the
wire was continuously fed, the distance from the wire tip to
the bottom of the gap was reduced by a similar distance from
the wire tip to the right sidewall. At this stage, a new AAP
was generated (t = t, + 0.5 ms), and the arc simultaneously
burned among the wire tip, the right sidewall, and the bottom
of the gap. Att =t_ + 11 ms, the arc simultaneously burned
among the wire tip, the sidewalls, and the bottom of the gap,
resulting in the formation of three AAPs.

Based on the minimum arc voltage principle (Ref. 29), the
burning arc will automatically identify an appropriate cur-
rent path to ensure the minimum value of the electric field
intensity in the arc column when welding parameters and
other conditions are kept constant. Because the electrical
field intensity of the arc exhibits a percentage ratio of the

Fig. 15 — Interactions of the laser beam with the
workpiece.

conductive path, the welding arc typically follows the shortest
conductive path. Thus, the horizontal distance from the wire
tip to the sidewall was shorter than the vertical distance of
the wire tip to the molten pool on the bottom of the narrow
groove, and AAP climbed up the closest sidewall, reducing
the conductive path and maintaining a minimum arc voltage.
The horizontal distance from the wire tip to the sidewall was
similar to the vertical distance from the wire tip to the molten
pool, and a new AAP was generated on the closest sidewall.
After further feeding the wire, the horizontal distance from
the wire tip to the sidewall became longer than the vertical
distance from the wire tip to the bottom of the gap. As aresult,
the AAPs on the closest sidewall disappeared, reducing the
conductive path and maintaining a minimum arc voltage.
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Fig. 16 — Laser energy distribution maps of the oscillating laser beam: A — D=0 mm; B— D =3 mm.
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NGHW

Figure 19 shows the AAP in NGHW for the oscillating laser
beam (D =4 mm). For the same GMAW parameters (Fig.10),
the arcinitially ignited between the wire tip and molten pool
(t, + 0.2 ms). Subsequently, the arc simultaneously burned
between the wire tip and both sidewalls until the droplet
touched the weld pool during NGHW (D = 3 mm). The dis-
tance from the wire tip to the molten pool was similar to the
distance from the wire tip to both of the sidewalls.

Theionized state of the laser-induced metal vapor plume
during welding using laser radiation with a wavelength of 1 um
was very weak (Refs. 30-32). Calculations of the ionization
degree of iron and argon based on the Saha equation (Ref.
33) for the laser-induced metal vapor plume showed that
it was weakly ionized, and the laser-induced metal vapor
plume above the keyhole predominantly consisted of iron
atoms. When the ionization voltage of iron atoms was 7.9V,
which was about half of the ionization voltage of the argon
atoms (15.8 V) used as a shielding gas, the iron atoms were
more easily ionized than argon. As aresult, the laser-induced
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Fig. 20 — Simplified arc shape and forces acting on
the droplet in NG-GMAW.

metal vapor plume became the main source of electrons for
the arc column. Consequently, itinduced and stabilized the
arc during NGHW by providing a stable cathode spot at the
bottom of the gap. Thus, the authors of this research inferred
thatthe laser-induced metal vapor plume above the keyhole
was a concentrated source of electrons for the GMAW arc.

Metal Transfer and Suppression
Mechanism of Incomplete Fusion

Metal Transfer Mechanism

The conventional static force balance theory (Refs. 34-36)
was used to explain the metal transfer behavior in the

Fig. 21 — Simplified arc shape and forces acting on
the droplet in NGHW (D = 3 mm).

NG-GMAW process. Figure 20 shows that the forces acting
onthedropletincluded gravity Fg, surface tension F anode
spot pressure F, plasma jet force F, and electromagnetic
force F_.The effect of F_on the droplet transfer appeared to
be complex due to the variations in AAP. When a small root
area of the arc formed at the bottom of the droplet, the F,
acting on the droplet pointed upward, preventing droplet
detachment from the wire tip. As aresult, F, gradually became
an accelerating force, which promoted droplet detachment
as the root area of the arc increased due to changes in the
force direction. Based on the static force balance theory, it
could be ascertained that the preventing force F, combined
with F, F and F_was equal to the accelerating force F.
combined with Fgand F_, as expressed by Equation 8:
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Fig. 22 — Typical images of the molten pool surface during different processes: A — NG-GMAW, V, = 10 m/min;
B — NGHW, V. =10 m/min, D =3 mm; C — NGHW, V. =10 m/min, D = 0 mm.
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Fig. 23 — Typical effects of laser beam oscillation on the concave degree of the molten pool surface.

F"q+Fa=Fo+E7+Fey- ®

As shown in Figs. 9 and 10, the root area of the arc mainly
acted on the lower half of the droplet, following the upward
direction of Fewand F_,, asillustrated in Fig. 21, thus prevent-
ing droplet detachment from the wire tip. Hence, the droplet
detached as it contacted the molten pool, and the droplet
transfer mode presented short current transfer.

As shown in Fig. 19, a symmetrically distributed arc was
observed. Compared to the sideways arcin NG-GMAW, the
distribution of F_acting on the droplet changed. A schematic
diagram of the process is presented in Fig. 21. The horizontal
projections F__and F__,of F_accelerated the onset of necking
due to theirinverse actions. The two vertical projections of Fos
and F, ,enhanced the combination of electromagnetic forces
in the axial direction and accelerated droplet detachment.
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The two arc conductive paths generated between the wire
tip and sidewalls further increased the combination of force
projections on the axial direction; thus, both the gravity and
size of the droplet became smaller. This promoted droplet
detachment from the wire tip with spray transfer mode.

Analysis of the Suppression Mechanism of
Incomplete Fusion

Without a laser beam, and when the arc was the only heat
source, the cathode spot moved randomly with oxides float-
ing on the molten pool surface. When the groove width was
narrow, the arc often climbed the sidewall due to its close
proximity, as shown in Fig. 22A. At this time, energy input at
the root of the groove decreased. Furthermore, as described
in the metal transfer mechanism section, an asymmetrical
arc usually caused the droplet to deflect to the other side.
This further hindered the thermal melting of the groove root.



The combination of the above two aspects explained why
incomplete fusion defects often appeared in NG-GMAW.

For NGHW (D = 3 mm), the energy distribution of the trans-
versely oscillating laser resulted in a saddle shape (Fig. 17),
which directly heated both sides of the groove bottom, as
shown in Fig. 16B. The base metal melted by the laser cre-
ated a leading molten pool in front of the arc. Due to CO,
in the shielding gas, oxides were generated on the surface
of the leading molten pool, which acted as cathodic spots
that attracted subsequent arcs. As shown in Fig. 23, under
the stirring action of the oscillating laser beam, the oxides
on the leading molten pool were pushed to a position near
the root of the groove on both sides. The subsequent arcs
once again heated both groove roots under oxide attraction.
Under the superposition of the two heating processes, the
root of the groove was fully melted, which largely inhibited
the generation of incomplete fusion. Moreover, the wide and
shallow molten pool, which was caused by the increased width
of laser energy distribution, filled the entire groove bottom.
Thus, a concave surface eventually formed under the action
of surface tension, as shown in Fig. 22B.

Ifthe laser beam was always maintained at the center of the
weld bead, following NGHW with D = O, the arc would still be
attracted by the oxides and follow the leading molten pool.
As with the laser beam, the arc remained in the center of the
weld. In this case, the arc was stabilized by the presence of
the leading molten pool, which was similar to the oscillating
laser beam. However, the energy input concentrated in the
center of the weld bead created a deep, narrow weld pool. As
aresult, the surface of the molten pool was convex (Fig. 22C),
the root of the sidewall could not be sufficiently melted, and
the risk of incomplete fusion formation increased.

Conclusions

In this study, NGHW with an oscillating laser beam was
conducted on HSLA steel plates. The effects of oscillation
amplitude of the laser beam, as well as space constraints
on the behavior, welding stability, droplet transfer, weld
geometry, and incomplete fusion of the weld beads, were sub-
sequently explored. The following conclusions were drawn:

1) The arc was significantly contracted by the sidewalls
during narrow groove welding. Based on the minimum arc
voltage principle and inherent arc self regulation, the stabil-
ity of the arc shape during NG-GMAW and NGHW, without
the oscillating laser beam, was poor. The arc attachment
points reciprocated at the bottom of the narrow groove
and sidewalls, resulting in insufficient energy to melt the
root of the gap. The molten pool could not cover the entire
width of the gap, resulting in the appearance of incomplete
fusion defects. The laser-induced metal vapor plume above
the keyhole acted as a concentrated source of electrons for
the GMAW arc, thus prompting the melting of the wire and
welding stability.

2) Under the experimental conditions, the laser beam
oscillated in a sinusoidal path and the energy density range
of the beam was dependent on the oscillation amplitude. The
energy density on both sides of the amplitude was higher
than the centerline. As the oscillation amplitude increased,
the differenceinlaser energy density in the amplitude direc-

tion decreased. Furthermore, the aspect ratio of the weld
declined, resulting in a wide and shallow weld.

3) The transversely oscillating laser will directly heat both
sides of the groove bottom by changing its energy distribu-
tion. The base metal melted by the laser creates a leading
molten poolin front of the arc. Oxides generated on the sur-
face of the leading molten pool will act as cathodic spots to
attract the subsequent arc. Under the stirring action of the
oscillating laser beam, the oxides on the leading molten pool
will be pushed to the position near the root of the groove on
both sides. The subsequentarc once again heats both groove
roots under the attraction of oxides. Under the superposi-
tion of the two heating processes, the root of the groove
will be fully melted, which largely inhibits the generation of
incomplete fusion.

4) In this work, an oscillation amplitude slightly smaller
than the groove width was adopted to avoid the laser beam
being disturbed. With the oscillating laser beam, the beam
speed on the centerline was much higher than the speed on
both sides of the amplitude. The molten pool oscillated in
the width direction under the action of the oscillating beam,
forming a concave surface, which promoted melting of the
sidewalls of the groove and suppressed incomplete fusion
defects of the sidewalls.

5) By controlling the oscillating amplitude of the laser
beam, it was possible to effectively suppress incomplete
fusion defectsin the thick plates during NGHW. The technical
feasibility of NGHW with laser beam oscillation was verified
by 60-mm-thick welds, which exhibited a smooth layer tran-
sition and absence of any visible defects.
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