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Abstract A three-dimensional (3-d) computational fluid dy-
namics (CFD) based model in which a ray-tracing algorithm
was combined with the volume of fluid (VOF) method was
used to simulate a pulsed Nd: YAG laser /tungsten inert gas
(TIG) hybrid welding process. The calculated weld cross sec-
tions in pure laser welding and hybrid welding process were
validated by the experimental results, respectively. Then, the
variations of keyhole shape and laser energy coupling behav-
iour in the laser-arc hybrid welding process were calculated at
three different laser-arc distances. It was found that the laser-
arc distance would affected the shape of keyhole generated in
the laser-arc hybrid welding process, thus influencing the laser
energy coupling efficiency. In the initial stage of each laser
pulse, small laser-arc distances favoured the generation of
keyholes and multiple reflections of laser beam within key-
hole. However, as the laser irradiation time increased, the small-
er the laser-arc distance, the more liquid metal were found
around the keyholes, which was more favourable to the expan-
sion of keyhole in radial direction. As a result, the aspect ratio of
keyhole, the reflection time of laser beams in keyhole, and the
laser energy absorbed by keyhole wall decreased. Given that
the interaction between laser and arc was neglected, the maxi-
mum keyhole depth increasedwith reducing laser-arc distances,

while the total laser energy coupling efficiency decreased as the
laser-arc distance was reduced.
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1 Introduction

The combination of arc and laser welding offered advantages
such as greater joint fit-up tolerance, improved gap bridging
ability, higher melting efficiency, enhanced productivity, and
larger weldable material thickness. In addition, reduced suscep-
tibility to pores and cracks and additional flexibility in control
over seam geometry were also found [1–11]. The investigation
about laser energy coupling and heat transfer efficiency has
drawn many researchers’ attention. Hu et al. [12] studied the
synergetic effects of hybrid laser/arc welding and found that a
much higher local current density and focused power input in
the area of laser impact which can cause higher melting effi-
ciency. The results of Kozakov et al. [13]showed that about 8%
of the power is absorbed for the laser with 100W set value and
about 16% for the laser with 367 W when the laser passes the
arc axis for an arc current of 120 A. Furthermore, Fuerschbach
et al. [14, 15] used thermometer to measure the heat transfer
efficiency of YAG laser spot welding of stainless steel and an
empirical relationship between coupling coefficient and laser
power was proposed. Their results showed that beam intensity
had an obvious effect on the energy transfer efficiency during,
while there were no correlations with energy transfer efficiency
was found for the fusion zone depth-to-width ratio or the travel
speed. In addition, Jouvard [16] compared the mean absorption
during a pulse with a measurement using a differential micro-
calorimeter and found that the absorption increases strongly

* Lin-Jie Zhang
zhanglinjie@mail.xjtu.edu.cn

1 State Key Laboratory of Mechanical Behavior for Materials, Xi’an
Jiaotong University, Xi’an 710049, China

2 Department of Mechanical Engineering, KAIST, Daehak-ro 291,
Yuseong-gu, Daejeon 305-701, Republic of Korea

3 School of Energy and Power Engineering, Xi’an Jiaotong University,
Xi’an 710049, China

Int J Adv Manuf Technol (2017) 91:1129–1143
DOI 10.1007/s00170-016-9812-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-016-9812-9&domain=pdf


during the formation of the keyhole and tends towards a limit
value. And the simulation results of Hu et al. [17] showed that
the energy absorption efficiency rose from 42 to 59% during the
keyhole forming, which was approximately linear with the
depth of the keyhole. Kaplan [18] compared the laser absorp-
tion at the keyhole wall between smooth and wavy surface and
the results showed that the increasing roughness could enhance
the surface-integrated absorptance. Furthermore, the absorptiv-
ity trends across a wavy surface of liquid metal for five major
metals, namely, Ti, Fe, Mg, Al, and Cu, and for these four high-
power laser wavelengths, 10.6, 1070, 808, and 532 nm, are
further generalised in Ref. [18]. It has also been reported that
a pulsing laser beam reduces energy coupling by approximately
25% compared with continuous laser beam [19]. Zhang [20]
took an investigation of the influence of the metal vapour from
the wire end on the plasma and further on the absorption of the
laser irradiation and the energy input to workpiece. Greses [21]
calculated the heat loss during laser welding of low carbon steel
by analysing the temperature and electron density of laser-
induced plasma.

The distance between laser and arc (dLA) is one of the crucial
factors influencing laser-arc hybrid welding processes, and its
influence on the laser-arc hybrid welding process has been
studied by many researchers. Investigations by Matsuda et al.
showed that the welding results of laser-arc hybrid welding
strongly depend on dLA [22]. They found that the maximum
value of penetration was achieved at the smallest possible dis-
tance between the laser beam axis and electrode tip. They be-
lieved that this phenomenon was mainly caused by the fact that
the laser beam, when set at small distances from the tip of the
welding electrode, struck the deepest part of the melt pool sur-
face, which was commonly depressed by the arc forces.
Katayama et al. investigated the effect of dLA on weld depth
and found that it exerted a significant effect on not only the
weld penetration but also the weld geometry [23]. Liu et al.
found that in tungsten inert gas (TIG)-laser hybrid welding
processes, the welding penetration depth increased first and
then decreased with increasing dLA [24]. This suggested that
the horizontal distance L between the deepest point of de-
pressed molten pool surface and the TIG electrode increased
with the increasing of arc current. Besides, the greatest penetra-
tion depth could be formed when the laser acted at the deepest
point of the arc crater. Andersen et al. reported that if the cou-
pling between laser beam and arc was too close, the arc would
disturb the stability of keyhole, which then decreased the pen-
etration [25]. In addition, if the distance was increased to such
an extent that each process had its own molten pools, the pen-
etration also decreased owing to the decrease in synergistic
action. Uchiumi et al. showed that in YAG laser-pulsed metal
inert gas (MIG) hybrid welding at a dLA of 0 mm, the laser
beam irradiated flying droplets [26] and thus, the droplets
blocked laser beam irradiation, which resulted in shallower
weld penetration. Moradi et al. reported that a short laser-arc

distance destabilised the laser-arc hybrid welding process for
the drop interacts directly with the keyhole, causing additional
flow disturbances [27]. Song et al. investigated the overlap
weldability of magnesium alloy AZ31B sheets by a laser-arc
hybrid welding process. They found that dLA was a key factor
affecting penetration depth and bead shape [28]. Kim et al.
studied the relationship between weldability and dLA in the
lap welding of zinc-coated steel. They found that fewer spatters
were created as dLA increased [29]. Abe et al. [30] analysed the
behaviour of the laser and arc plasma by means of high-speed
photographs and found that the laser-induced plasma was ca-
pable of stabilising the arc plasma [30]. The strength of this
stabilising effect depended on the distance between the laser
beams and the arc while it disappeared at greater displacements.
Ribic et al. showed that time-averaged plasma electron temper-
atures, electron and ion densities, electrical conductivity, and
arc stability decreased with increasing dLA during laser-arc hy-
brid welding [31]. They suggested that there was possibly an
optimal heat source separation distance for a given arc current
where hybrid weld penetration depth was the greatest.

CFD-based simulation has been proved to be a robust tool
to quantitatively reveal the molten behaviour during welding
process [32–44]. To improve understanding of laser-arc hy-
brid welding process, much research effort has also been de-
voted to numerical simulation thereof. Cho et al. simulated the
hybrid plasma generated by an Nd:YAG laser and a gas tung-
sten arc (GTA) [45] and revealed that the plasma was concen-
trated in the vicinity of the laser-irradiation position and that
the local temperature of the plasma was increased. Piekarska
developed a three-dimensional (3-d) transient laser-arc hybrid
welding model and studied the thermal phenomena in laser-
arc hybrid welding [46]. Bendaoud et al. established a 3-d
quasi-steady state hybrid laser/MIG welding model using
equivalent heat source approach to analyse heat transfer ef-
fects in the hybrid welding of a duplex steel with a Y-shaped
chamfer [47]. They reported that when laser-arc distances in-
creased, the width of the upper part of the fusion zone in-
creased. Cho et al. numerically studied the mixing of alloy
elements in a CO2 laser–GMA hybrid welding process and
found that a relatively low content of alloying elements was
observed in the low molten region. This was because the flow
with its large alloying element content was pushed out by the
excessive flow at the rear part of the keyhole [48]. Zhou et al.
developed amathematical model to investigate themixing and
diffusion processes in laser–MIG hybrid welding by tracing
the distribution of sulphur concentrations in the fusion zone
[49]. It is noted that any numerical study of the effects of laser-
arc distance on laser-arc hybrid welding processes is limited.
Ribic et al. used a 3-d heat transfer and fluid flow model to
study the heat transfer and fluid flow in a GTA/laser hybrid
welding process and found that dLA significantly affected the
cooling rates [50]. They suggested that hybrid weld pool pen-
etration depth was maximised at an optimal distance between

1130 Int J Adv Manuf Technol (2017) 91:1129–1143



the arc electrode and laser beam. Meanwhile, they pointed
out that the cooling rate increased significantly when the
heat sources were separated beyond a critical distance.
However, it remains a limitation in their work that the
keyhole geometry was calculated based on an energy bal-
ance on keyhole walls.

In this work, to obtain more details of the role of dLA in
laser-arc hybrid welding processes, pulsed Nd: YAG laser/
TIG hybrid welding processes were simulated by using a com-
putational fluid dynamics (CFD)-based model. In this model,
a ray-tracing algorithm was combined with the volume of
fluid (VOF) method to simulate the dynamic evolution of
keyholes and their influence on laser energy coupling behav-
iour. Simulations of arc leading hybrid welding process were
carried out for three different values of dLA (i.e., 0 mm,
1.5 mm, and 2.5 mm). The influences of dLA on laser energy
transfer in a laser-arc hybrid welding process were discussed
based on the simulation results.

2 Mathematical model

2.1 Assumptions

Those assumptions used in the simulation are listed below:

1). The molten metal was assumed to be a laminar incom-
pressible Newtonian fluid;

2). Interaction between the laser induced plasma and the arc
plasma was neglected;

3). The evaporation induced recoil pressure was governed
by the Clausius–Clapeyron equation;

4). Inside a blind keyhole, the vapour velocity along the
keyhole depth was assumed to increase linearly from
zero velocity at the bottom of the blind keyhole to its
calculated velocity at the entrance of the blind keyhole;

5). The temperature dependency of the absorption factor of
metal for laser irradiation was neglected;

6). The buoyancy force was simulated by the Boussinesq
approximation.

2.2 Governing equations and heat source models

2.2.1 Governing equations

The governing equations describing the melt flow and heat
transfer in the molten pool were as follows:

Mass conservation equation was expressed as

∇⋅v ¼ 0 ð1Þ

where v was the velocity vector.

The Navier–Stokes equation was represented as:

∂v
∂t

þ v⋅∇v ¼ −
1

ρ
∇P þ ν∇2v−KvþG ð2Þ

K ¼ C
F2
S

1−FSð Þ3 þ B
ð3Þ

where ρ was the fluid density, ν was the dynamic viscosity, P
was the pressure, K was the drag coefficient in mushy zone, C
was a constant reflecting the mushy zone morphology, FS was
the solid fraction, B was the positive zero taken to avoid divi-
sion by zero, and G was the body acceleration due to gravity.

The energy conservation equation was:

∂h
∂t

þ v⋅∇h ¼ 1

ρ
∇⋅ k∇Tð Þ ð4Þ

where k was the thermal conductivity, Twas the temperature,
and h was the enthalpy.

The VOF equation was as follows:

∂F
∂t

þ ∇⋅ vFð Þ ¼ 0 ð5Þ

where, F was the volume fraction of fluid.

2.2.2 Arc heat source model

The arc heat source was simulated as a surface heat flux with
Gaussian distribution [6]:

Table. 1 Material properties used in simulation

Physical property Value

Density of liquid metal ρ (kgm−3) 6800

Density of solid metal ρ (kgm−3) 7170

Thermal conductivity of liquid kL (Wm−1 K−1) 29

Thermal conductivity of solid kS (Wm−1 K−1) 27

Viscosity μ (kgm−1 s−1) 0.007

Surface tension γ (Nm−1) 1.87

Surface tension gradient dγ/dT (Nm−1 K−1) −4.7 × 10−4

Specific heat of solid CS (Jkg
−1 K−1) 730

Specific heat of liquid CL (Jkg
−1 K−1) 760

Latent heat of fusion hSL (Jkg
−1) 2.99 × 105

Latent heat of vaporisation hV (Jkg
−1) 6.52 × 106

Coefficient of thermal expansion β 1.96 × 10−5

Liquidus temperature TL (K) 1727

Solidus temperature TS (K) 1672

Boiling temperature TV (K) 2900

Convection heat transfer coefficient h (Wm2 K−1) 10

Emissivity ε 0.4
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ηAqA rð Þ ¼ ηA
UI

2π⋅rA2
exp −

r2

2rA2

� �
ð6Þ

where ηA was the effective coefficient of arc heat source; U
and I were the voltage and current of the arc, respectively; rA
was the radius of the region heated by arc; and r was the
distance between the centre of the region heated by arc and
any point of the workpiece surface. The arc pressure acted on
the molten pool surface also was described by a Gaussian
function [7]:

PA rð Þ ¼ μ0I
2

4π⋅rA2
exp −

r2

2rA2

� �
ð7Þ

where μ0 was the free space magnetic permeability.

The plasma drag force was acted on the surface due to
impingement effect of arc plasma jet flow and it led to outward
flow from the centre. To simulate the plasma drag force, the
following analytical solution of the wall shear stress produced
by the normal impingement of the jet on the flat surface was
employed [9]:

τ

ρpu
2
0

Re1=20

H
D

� �2

¼ g2
r
H

� �
ð8Þ

where τ was the shear stress; ρp was the density of plasma; u0
was the initial velocity of plasma; Re0 was the Reynolds num-
ber; H was the length of arc; D was diameter of the nozzle; r
was the radius from the centre; and g2 was a universal
function.

Fig. 2 The mesh used in the
study

Fig. 1 The coordinate system
and boundary types used in the
study
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2.2.3 Laser beam heat source model

Laser energy distribution on focal plane was simulated by a
Gaussian function:

I rð Þ ¼ 2PL

r f 02π
exp −

2r2

r f 02

� �
ð9Þ

where, PL was the laser power and rf0 was the focal spot
radius, as expressed by the following equation:

r f 0 ¼ 2λFM2

π
ð10Þ

where λ was the wavelength of laser irradiation; f was the
focal length; andM2 was the laser beam quality index. In this
paper, the beam parameter product (BPP) was about 31 mm·
mrad. The wavelength of laser irradiation (λ) was 1.06 μm.
The focal length (F) was 70 mm.

The FlOW3D software was employed in present study, in
which finite volume method was used to simulate the process
of melt flow. The hexahedral element was adopted. The theory
of the VOFmethod could be found elsewhere [51], so was not
repeated here. A detailed introduction to the laser beam pro-
file, the sub-model of multiple reflections within keyhole, the
sub-model of recoil pressure, the sub-model of Fresnel ab-
sorption, the calculation method of the vapour velocity, the
calculation method of the shear stress, and the method of
calculation the impact of vapour jet on the opposite keyhole
wall could be found in the previously published papers of Na’s
group [48, 52–54].

2.3 Material properties and boundary conditions

The test material used in this study was SUS304 stainless steel
plate with a thickness of 4 mm. The physical properties of the
material considered and the coefficients used in the simulation
are listed in Tab. 1.

Figure 1 shows the coordinate system and boundary
types used in the numerical study. The analytical domain
was set to 34 mm in length, 26 mm in width, and 4.5 mm in
height including the void regions at the upper side allowed
for free surface tracking. In all, 1,554,769 cells were used in
the computation, and the size of the smallest cell was
0.0625 mm × 0.0625 mm × 0.0625 mm, as shown in Fig. 2.

Both the top and bottom boundaries of the computational
domain were set as pressure outlet boundaries (i.e., indicat-
ed by “P” in Fig. 1), while the other four side boundaries of
the computational domain were set as continuative bound-
aries (i.e., marked by “C” in Fig. 1). The energy on both top
and bottom free surfaces was balanced between the arc heat
flux, the laser heat flux, heat dissipation by convection and
radiation, and the heat loss due to surface evaporation. On
the vapour/liquid interface, the recoil pressure was calcu-
lated and applied to the vapour/liquid interface through a
user-defined subroutine, while static pressure, dynamic
pressure, surface tension, and ambient atmospheric pres-
sure were automatically treated by FLOW3D itself.

Table. 2 The detailed parameters
in various welding processes Welding

procedure
Average
power
(W)

Pulse
width
(ms)

Travel
speed
(mm/
min)

Frequency
(Hz)

Defocusing
distance
(mm)

Arc
current
(A)

Arc
voltage
(V)

dLA
(mm)

Pure laser
welding

350 5.5 500 20 0 – – –

Defocused
laser

welding

350 5.5 500 20 0 80 12 0

Hybrid
laser-arc
welding

350 5.5 500 20 0 80 12 0

Fig. 3 Definition of the distance between the laser and the arc in hybrid
welding
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Details of the computational procedure can be found in the
previously published papers of Na’s group [48, 52–54].

2.4 Process parameters

2.4.1 Parameters in experimental validation

Commercial SUS304 stainless steel rolled plates were taken as
test material. The nominal chemical composition in weight
percent was 19Cr, 9Ni, and balance Fe. The dimension of
specimens was 150 × 100 × 4 mm.

The JHM-1GXY-400X pulsed Nd: YAG laser was used as
the laser welding equipment. The laser beam was passed
through a focusing lens with the diameter and focal length
being 30 and 70 mm, separately, onto the surface of work-
pieces in a focal spot with a diameter of 0.3 mm. The hybrid
laser-arc welding system consisted of a JHM-1GXY-400X
pulsed Nd:YAG laser in combination with a Panasonic
TX400 DC gas tungsten arc welding equipment. The angle
between laser beam axis and TIG welding torch was set to be
at 40. The detailed parameters in various welding processes
are shown in Table 2. All samples were welded by performing
the “bead on-plate” processing method to eliminate the com-
plications from the gap variations.

2.4.2 Parameters in numerical study

Based on the established model, the laser energy coupling
behaviours in three hybrid welding processes and in pure laser
welding process were compared. Hereinafter, the laser-arc hy-
brid welding processes at the laser-arc distances of 0, 1.5, and
2.5 mm, separately, referred to these three simulations.
Figure 3 shows the definition of the distance between laser
and arc in hybrid welding.

2.5 Validation procedure

The principle mechanisms of the synergistic interaction be-
tween the laser and arc in hybrid welding are commonly at-
tributed to surface heating interaction (i.e., preheating of work
piece), stabilisation of the arc root, and constriction of the arc
plasma column [1, 9, 12].

In present study, the pulsed laser with the average power
and pulse width being 350 W and 5.5 ms, respectively, and
the pulse frequency of 20 Hz was adopted. In other words,
the duration of laser irradiation only accounted for about
11% of a whole pulse period and the arc was the only heat
source during the remaining about 89%. Therefore, the ef-
fect of laser on the stabilisation of the arc root and constric-
tion of the arc plasma column was greatly weakened and
was neglected in all the work of this study in order to sim-
plify the simulation process. But the thermal energy accu-
mulation effect resulting from the overlap of the two heat
sources (i.e., laser and arc) was considered in this study in a
natural way.

With regard to the absorption and defocusing effects of
arc plasma on the laser beam passing through the TIG arc,
a comparison experiment between defocused laser beam
welding and conventional pure laser beam welding was
carried out previously [10]. During the defocused laser
welding process, to insure that laser beam would pass
through the TIG arc before it reached the work piece
surface and the TIG arc did not heat the work piece,
TIG arc was ignited on a laterally placed SUS304 block
instead of the work piece, as shown in Fig. 4(a).

Before the establishedmodel was used to analyse both laser
welding and hybrid welding processes, comparisons between
simulated and experimental results were conducted for pure
pulsed laser welding and hybrid welding process [10]. The

Fig. 4 Schematic of the
experimental welding schemes
[10]

Fig. 5 Comparison of the
morphology of cross-section
betweendeforcused laser welding
and traditional laser welding (a)
deforcused laser welding (b) laser
welding and (c) comparison of
outline of weld crosssection
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schematics of laser welding and hybrid laser-arc welding are
shown in Fig. 4(b, c).

3 Validation results

3.1 Interactions between sources

Figure 5 compared the weld cross section generated by
traditional laser welding and defocus laser welding [10].
It can be found from Fig. 5 that difference of weld depth
between defocused laser welding and laser welding was
slight, which indicated that the arc plasma only had slight
effect on the laser beam.

3.2 Reliability of the employed model

Figure 6 shows the experimental result of the weld cross sec-
tion and simulation result at the end of a laser pulse period for
laser welding [10]. As can be seen, the simulated results, es-
pecially the computed weld depth, matched the experimental
results well. Figure 7 shows the experimental result of the
weld cross section and simulation result at the end of a laser

pulse period for hybrid laser-arc welding with zero inter-heat
source distance. It can be observed that the computed weld
depth matched the experimental results well whereas the com-
puted weld width, especially on the lower part, was a little
wider than the experimental one. But it was in an acceptable
extent when considered the good matching of the whole pro-
file. Based on the above considerations, the model was devel-
oped and used in all the simulation in this work.

4 Results and discussions

4.1 Results

Figure 8a shows the variation of laser energy coupling effi-
ciencies with time in laser welding process and hybrid
welding processes with various laser-arc distance. The en-
larged view of the results before 0.9 ms in Fig. 8a was given
in Fig. 8b.

As demonstrated in Fig. 8a, b, a common feature of the
laser energy coupling behaviour of four welding processes
was that laser energy coupling efficiency violently fluctuated
and grew rapidly in the initial phase of a laser pulse, then

Fig. 7 Comparison of weld cross
section of hybrid laser-arc
welding between a test result and
b simulation result at the end of a
laser pulse period [10]

Fig. 6 Comparison of weld cross
section of laser welding between
a test result and b simulation
result at the end of a laser pulse
period [10]

Int J Adv Manuf Technol (2017) 91:1129–1143 1135



reduced after reaching a peak value, and finally tended to be
stable. Four welding processes in decreasing order of the peak
value of laser energy coupling efficiencies during a laser pulse
period were laser welding, hybrid welding with a dLA of
2.5 mm, hybrid welding with a dLA of 1.5 mm, and hybrid
welding with a dLA of 0 mm.

It can be seen from Fig. 8b that the laser energy coupling
efficiency was constant (i.e., about 0.39) in the initial stage of
a laser pulse during various welding processes. And then, in
the hybrid welding processes with dLA values of 0 and
1.5 mm, the laser energy coupling efficiencies increased rap-
idly from about 0.02 ms onwards. It can also be found from
Fig. 8b that within the initial 0.09 ms of the welding process,
the laser energy coupling efficiencies in the hybrid welding
processes at laser-arc distances of 0 and 1.5 mm were obvi-
ously higher than that in the other two welding processes. It
can be found that the laser energy coupling efficiency in the
hybrid welding process at a laser-arc distance of 0 and 1.5 mm
reached about 60 and 65%, respectively. Then, the laser ener-
gy coupling efficiencies were found to decrease quickly in
these two processes during the period spanning 0.1–0.15 ms
and gradually tended to be stable after 1 ms. Afterwards, the
laser energy coupling efficiencies in these two processes fluc-
tuated around 55 and 60%, respectively, until the end of laser
pulses, as illustrated in Fig. 8a.

In addition, it can be found in Fig. 8b that in the hybrid
welding process with a dLA value of 2.5 mm, the laser energy
coupling efficiency was found to rise slowly from about
0.04 ms onwards, which costed about twice the time that in
the hybrid welding processes where laser beams were radiated
onto the surface of the molten pool (i.e., with dLA values of 0
or 1.5 mm). It can be observed in Fig. 8a that the laser energy
coupling efficiency in the hybrid welding process at a laser-arc
distance of 2.5 mm kept increasing during the period of 0.04–
0.7 ms and instantaneously reached its peak of 78% at about
0.7 ms. This peak value was higher than those in the welding
processes with dLAvalues of 0 or 1.5 mm. The duration of the

growth of laser energy coupling efficiency and peak coupling
efficiency were about 10 times and about 1.2 times, of those in
the hybrid welding process where dLAwas 0 mm, respectively.
During the period from 0.7 to 2.5 ms, the laser energy cou-
pling efficiency in this process (i.e., dLA value of 2.5 mm )
continued to decrease and gradually tended to be stable after
2.5 ms. Afterwards, the laser energy coupling efficiency of
this process fluctuated in the vicinity of 60% until the end of
the laser pulses.

In the case of pure laser welding, the laser energy coupling
efficiency continued to grow during the period from 0.14 to
0.72 ms and then reached its peak of approximately 85% at
about 0.72 ms, as shown in Fig. 8a. Afterwards, the laser
energy coupling efficiency in the pure laser welding process
decreased from 0.72 to 3.2 ms and then tended to be stable
after 3.2 ms and fluctuated in the vicinity of 60% until the end
of the laser pulses.

Figure 9 shows the total laser energy coupling efficiencies
during a laser pulse period in four welding processes. As can
be seen, the total laser energy coupling efficiency was the

Fig. 8 Comparison of laser energy coupling efficiencies in laser welding and hybrid welding process (a) 0 ms to 5.5 ms (left) and (b) 0 ms to 0.9 ms

Fig. 9 Total laser energy coupling efficiencies during a laser pulse period
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highest in pure laser welding process where about 61.1% of
laser energy was absorbed by workpieces. In addition, the
hybrid welding process where dLA was 2.5 mm showed the
second highest laser energy coupling efficiency, that was,
60.9% of laser energy was absorbed by the workpieces. The
lowest laser energy coupling efficiency was found in the hy-
brid welding process at a laser-arc distance of 0 mm where
merely 54.5% of the laser pulse energy was shown to be
absorbed by the workpieces. This value was about 6.5% lower
than that in the hybrid welding process where dLA was
2.5 mm. The similar results were reported by Zhang W et al.
in CO2 laser-pulsed GMAW hybrid welding process based on
spectral diagnosis technique. They found that the laser energy
absorption decreased from 94.16% for laser welding to
85.84% for hybrid welding [20].

4.2 Discussion

4.2.1 Occurrence of laser beam multiple reflection

In this study, the temperature dependency of the absorption
factor of metal for laser irradiation was neglected. Therefore,
the laser energy coupling efficiency was constant (i.e., about
0.39) in the initial stage of a laser pulse during various welding

processes, which implied that laser beam was reflected only
one time, as shown in Fig. 8b. After that, laser energy coupling
efficiency climbed sharply in various welding processes,
which undoubtedly indicated the formation of keyhole in mol-
ten pool and the occurrence of laser beam multiple reflection
within the keyhole. According to Fig. 8, laser beam multiple
reflection occurred at about 0.02 ms in the hybrid welding
processes with dLA values of 0 and 1.5 mm. In the hybrid
welding process with a dLA value of 2.5 mm, laser beam
multiple reflection occurred at about 0.04 ms, which costed
about twice the time that in the hybrid welding processes
where laser beams were radiated onto the surface of the
molten pool (i.e., with dLAvalues of 0 or 1.5 mm). The laser
irradiation time needed for the occurrence of multiple re-
flections of laser beams was about seven times of that in
hybrid welding processes with dLA values of 0 or 1.5 mm.
This phenomenon could be understood as that initial tem-
perature of the material irradiated by laser beam was differ-
ent in various welding processes.

4.2.2 Evolution history of keyhole depth and its influence

The difference in laser energy coupling behaviour in these
four welding processes could be related to that of the evolution

Fig. 10 Temperature fields and the morphologies of keyholes and molten pools on longitudinal sections during a laser pulse period in the laser welding
process

Fig. 11 Temperature fields and themorphologies of keyholes andmolten pools on longitudinal sections during a laser pulse period in the hybrid welding
process at a laser-arc distance of 2.5 mm
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of keyhole depth in the welding processes under different
conditions. Figure 10 depicts the variations of temperature
fields and the morphologies of keyholes and molten pools
on longitudinal sections during a laser pulse period in the pure
laser welding process, while the simulated results on longitu-
dinal sections during a laser pulse period in hybrid welding
processes at laser-arc distances of 2.5, 1.5, and 0 mm are
shown in Figs 11, 12, and 13, respectively. The dynamic var-
iations in keyhole depth in these four welding processes dur-
ing a laser pulse period are illustrated in Fig. 14.

To begin with, the morphologies of keyholes during the
initial phases of laser pulse in the four welding processes were
compared. According to Figs 10, 11, 12, 13, and 14, during
the initial phases of the welding processes at laser-arc dis-
tances of 0 and 1.5 mm, keyholes were formed at a faster
speed than those in the other two processes, that is, hybrid
welding with a dLA value of 2.5 mm and pure pulsed laser
welding. Meanwhile, it was found that the keyhole depth in-
creased at the fastest speed in the hybrid welding process at a
laser-arc distance of 0 mm, followed by that in the hybrid
welding process with a dLA value of 1.5 mm, as shown in
Fig. 14b. At a dLA value of 2.5 mm, laser beam was emitted
so as to irradiate outside the molten pool. In the pure laser
welding process, laser beam irradiated the surface of metal
which had not been pre-heated. Therefore, the growth rates
of keyhole depth in hybrid welding with a dLA value of
2.5 mm and pure pulsed laser welding would significantly
decrease. The larger the keyhole depth, the more conducive
it was to the occurrence of multiple reflections of the laser
beam in keyholes and the transfer of laser energy into the

workpieces. Therefore, during the initial phases (0.02 to
0.09 ms) in the welding processes, where the laser beam di-
rectly irradiated the surface of the molten pool (i.e., dLAvalues
of 0 and 1.5 mm, respectively), the energy coupling efficien-
cies were shown to be high, while those in the hybrid welding
process with a dLA value of 2.5 mm and pure laser welding
process were found to be low (see Fig. 8b).

4.2.3 Evolution history of keyhole diameter and its influence

Figure 15 shows the simulated results of velocity vectors
along the x-direction and the calculated results concerning
the diameters of keyholes in the four welding processes at
0.1 ms. Based on Fig 15c, d, in the hybrid welding processes
at laser-arc distances of 1.5 and 0 mm separately, laser beams
directly irradiated the surface of the liquid metal and therefore
the deep keyholes were generated at 0.1 ms. In addition, it can
also be found from Fig. 15d that, in the hybrid welding pro-
cess with a dLA value of 0 mm, the liquid metal in the front of
keyholes flowed along the positive direction of the x-axis un-
der the effect of the recoil pressure acted on keyhole wall at
0.1 ms, while the liquid metal in the back of keyholes flowed
in the opposite direction. As a result, the diameter of the key-
holes was significantly increased. According to Fig. 15c, in
the hybrid welding process with a dLA value of 1.5 mm, little
liquid metal was found in the back of the keyholes at 0.1 ms.
Nevertheless, as the liquid metal in the front of keyholes
flowed along the positive direction of the x-axis under the
effect of the recoil pressure, the diameter of keyholes in
this process was also increased. In these two processes,

Fig. 13 Temperature fields and themorphologies of keyholes andmolten pools on longitudinal sections during a laser pulse period in the hybrid welding
process at a laser-arc distance of 0 mm

Fig. 12 Temperature fields and themorphologies of keyholes andmolten pools on longitudinal sections during a laser pulse period in the hybrid welding
process at a laser-arc distance of 1.5 mm
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the significant growth in the radius of the keyholes led to
a decreasing depth–width ratio. According to Kaplan’s
computational results, the number of reflections would

greatly decreased with the decreasing of depth–width ratio
[55], and the same results have been obtained in previous
study [36]. As a consequence, the laser energy coupling

Fig. 15 Cloud pictures of
calculated velocity vectors in the
x-direction at 0.1 ms in four
different welding processes

Fig. 14 Fig. 14 Dynamic variation of the keyhole depth with time during a laser pulse period (a) 0 ms to 5.5 ms and (b) 0 ms to 0.7 ms
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efficiencies in these two welding processes rapidly de-
creased from about 0.09 ms.

Figure 16 shows the simulated results of velocity vec-
tors in the x-direction and the calculated results regarding
the morphologies of keyholes in four different welding
processes at 0.9 ms. The laser-arc distance affected not
only the keyhole depth but also the shape of the front
and back walls of the keyholes. As seen in Fig. 16, in
the welding process at a dLA value of 0 mm, the front
wall of the keyholes was inclined forward, while the back
wall sloped in the opposite direction. Consequently, the
diameter of keyhole orifice was increased significantly. In
the welding process at a laser-arc distance of 1.5 mm, the
back wall of the keyholes was approximately vertical,
while the front wall was inclined forward so that same
increase could also be found in the diameter of keyhole
orifice. In contrast, the diameters of keyhole orifice at
0.9 ms in the hybrid welding process at a dLA value of
2.5 mm and the pure laser welding process were smaller,
as shown in Fig 16a, b. As a result, the laser energy
coupling efficiencies in these two processes were higher
at 0.9 ms, as shown in Fig. 8.

As shown in Fig. 8, during the period from 0.9 to 3.2 ms,
both the laser energy coupling efficiencies in the hybrid

welding process at a laser-arc distance of 2.5 mm and pure
laser welding process were found to continuously decrease.
Figure 17a, b shows the morphologies of keyholes at different
moments in the hybrid welding processes at dLA values of 2.5
and 0 mm, separately. As can be seen, when laser beam was
irradiated upon outside the molten pool (i.e., dLAwas 2.5 mm),
the diameter of keyholes at 3.2 ms was greater than that at
0.9 ms. With increasing keyhole diameter, the reflection
times of laser beams in a keyhole of unit depth would
decrease, which went against the absorption of laser en-
ergy by keyhole wall. However, when laser beam was
radiated onto the surface of the molten pool (i.e., dLA
was 0 mm), a slight difference was found between the
diameters of keyholes at 3.2 and 0.9 ms. In addition, as
the laser pulses continued, the volume of liquid metal
around the keyholes continuously increased in the hybrid
welding process at a dLA value of 2.5 mm and in the pure
laser welding process. This was bound to enhance the
instability of keyholes (as shown in Fig. 18) and gave rise
to the reducing of laser energy coupling efficiency.
Therefore, during the period from 0.9 to 3.2 ms, the laser
energy coupling efficiencies in these two processes con-
tinued to decrease. After about 3.2 ms, the laser energy
coupling efficiencies gradually tended to be stable.

Fig. 16 Cloud pictures of
calculated velocity vectors in the
x-direction at 0.9 ms in four
different welding processes
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5 Conclusions

1. The occurrence of multiple reflections of laser beam in
keyhole was the key point of the increasing of laser ener-
gy coupling efficiency. Once forming the multiple reflec-
tions, the laser energy coupling efficiency would grow
rapidly in the initial phase of laser pulse, then reduce after
reaching a peak value, and finally tend to be stable.

2. In the hybrid welding process where laser beam was ra-
diated onto the surface of the molten pool, the laser irra-
diation time needed for the occurrence of multiple reflec-
tions of laser beams was about 0.02 ms (dLA = 0 and
dLA = 1.5), which was half of that in the hybrid welding
process with a dLA of 2.5 mm and one seventh of that in
the pure laser welding process.

3. The larger the laser-arc distance, the longer the growth
phase of laser energy coupling efficiency lasted and there-
fore the larger the peak coupling efficiency. The duration
of the growth of laser energy coupling efficiency and peak
coupling efficiency in the hybrid welding process at a
laser-arc distance of 2.5 mm were about 10 times, and
about 1.2 times, of those in the hybrid welding process
where dLAwas 0 mm, respectively.

4. The four welding processes, in decreasing order of total
laser energy coupling efficiencies during a laser pulse
period, were pure laser welding, and then hybrid welding
process where laser beam was irradiated upon the surface
of the solidified weldmetal in the back of the molten pool,
upon the rear part of the molten pool surface, and upon the
centre of the molten pool surface.

Fig. 18 Examples of keyhole
instability

Fig. 17 Morphologies of keyholes at different times
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5. In the hybrid welding process, the smaller the laser-arc
distance, the faster the growth rate of keyhole depth dur-
ing a laser pulse period, the larger the maximum keyhole
depth formed by each laser pulse. However, the smaller
the laser-arc distance, the farther the keyhole wall moved
backward along the radial direction of the keyholes under
the effect of recoil pressure, the larger the keyhole diam-
eter. And the significantly increasing keyhole diameter
impaired the ability to produce multiple reflections of
the laser beams in the keyholes. Finally, the total laser
energy coupling efficiencies during a laser pulse period
reduced with the decrease in the laser-arc distance.
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