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Abstract The effects of three important welding parameters
including laser power, welding current and welding speed on
the weld pool characteristics, shape and dimensions in hybrid
laser-TIG welding of AA6082 aluminum alloy are studied by
numerical, experimental, and statistical approaches. For this
aim, first, a 3D numerical model is used to simulate heat
transfer and fluid flow in the weld pool and then resultant weld
shape for various welding conditions. Besides, a set of exper-
iments are performed to validate and calibrate the model.
Finally, analysis of variance (ANOVA) method is applied to
investigate more precisely how welding parameters affect
weld dimensions. The simulation results showwith increasing
the laser power and welding current and decreasing the
welding speed, the Marangoni and buoyancy forces increase.
With increasing the laser power, the weld depth increases
more significantly than the weld width. The weld half width
increases with increasing the welding current, whereas the
weld pool depth is relatively unchanged. Furthermore, with
increasing the welding speed, both weld pool depth and half

width decrease with similar slope. Generally, the presented
model showed a good capability to predict the weld geometry
and characteristics under various applied welding conditions
which can reduce number of needed experiments.
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1 Introduction

Hybrid laser-arc welding process is a modern welding process
which combines a laser beam and an electric arc to incorporate
the advantages of both laser and arc welding processes and
overcome their individual problems [1–5]. Hybrid laser-arc
welding has attracted particular attention in many areas of
industry including automotive, pipeline, aerospace, and ship-
building industry during recent years [1, 2, 6]. Several advan-
tages have been reported for laser-arc hybrid welding process
including better arc stability, more stable laser-generated key-
hole, better gap bridging ability compared to laser welding
which can reduce joint fitting difficulty and machining costs,
and ability for welding with higher speed compared to both
lone arc and laser welding [1, 3, 5, 7–9]. In addition, hybrid
welding can improve the weld quality with reduced amount of
pores and reduced susceptibility to cracking compared to lone
laser welding process [3, 7, 10].

The advantages of hybrid laser-arc welding process are
because of the interaction and synergy effect between laser
and arc sources. Several experimental studies have firmly in-
vestigated this synergy effect. They proved that laser-
generated metal vapors leaving the keyhole are the main rea-
son of the laser-arc synergy effect. Since the electric arc travels
along the path with highest electrical conductivity and metal
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vapors have higher electrical conductivity than shielding gas,
the arc tends to bend and root toward the keyhole mouth [3,
11, 12]. In addition, the arc contracts as its effective radius
decreases because of increasing the electrical conductivity of
plasma caused by the presence of metal vapors [1, 3, 11]. Both
these phenomena result in increasing the arc stability and ef-
ficiency, peak arc power density, and then melting efficiency
[3, 11].

It is worth mentioning that hybrid laser-arc welding in-
volves many process parameters that should be well adjusted
to obtain stable process and desired weld size and quality [1,
13, 14]. The most important process parameters of hybrid
welding are laser power, welding current, welding speed, arc
length, shielding gas, order of laser and arc sources, and rela-
tive distance between laser and arc [1, 2, 14]. As a result,
studying the effects of these process parameters on resultant
weld characteristic seems to be a critical task. Y. B. Chen et al.
[11] studied experimentally the effects of welding current,
welding speed, and relative distance between laser and arc
on the weld pool dimensions in CO2 laser-TIG hybrid welding
of AISI 321 stainless steel plates. Ming Gao et al. [15] studied
experimentally the effects of gas shielding parameters includ-
ing gas composition and velocity on the weld penetration
depth dimensions in CO2 laser-TIG hybrid welding of 316-L
stainless steel plates. Giovanni Tani et al. [16] investigated
experimentally the effects of gas shielding type and flow rate
on the weld depth and width in CO2 laser–MIG welding of
AISI 304 stainless steel plates. L. M. Liu et al. [17] carried out
several experiments to study the effects of the laser-TIG order,
and relative distance between laser and TIG sources on the
weld penetration in Nd:YAG laser-TIG welding on plates of
magnesium alloy AZ31B. G. X. Xu et al. [18] studied the
effects of laser power and welding speed in laser beam and
laser-pulsed GMAW hybrid welding processes for mild steel
plates using an adaptive volumetric heat source models. B.
Ribic et al. [3] studied experimentally and numerically the
effects of welding current, laser power, and relative distance
between laser and arc on the weld pool depth and width in
Nd:YAG laser/GTAW hybrid welding of A131 structural
steel. M. M. Atabaki [19] surveyed the influence of several
welding parameters on the weld pool shape for hybrid laser
arc welding of aluminum alloys in the thick T-joint configu-
ration using a numerical finite element model.

With respect to large number of process parameters in hy-
brid laser-arc welding, numerical modeling can be advanta-
geously used to predict weld characteristics, especially the
weld pool geometry which significantly affects the weld
strength [20, 21], for wide ranges of welding parameters and
their combinations. As a result, numerical modeling can result
in a remarked reduction of needed experiments for welding
optimization, which causes time and money saving.
Moreover, numerical modeling can aid for better understand-
ing of how the welding parameters affect the heat transfer and

fluid flow in the weld pool. Therefore, mathematical and nu-
merical modeling approaches were used as the effective tools
to predict heat transfer and fluid flow, and consequently the
weld pool shape and size in recent years [3, 4, 6, 13, 18,
21–24]. However, most studies on hybrid laser-arc welding
process are focused on just experimental investigations and a
few numerical studies are presented on this process. On other
hand, the majority of numerical studies on hybrid welding are
concerned with steel alloys and study on hybrid welding of
aluminum alloys has received less attention in literatures. It is
worth noting that physical properties of aluminum alloys are
quite different from those of steel alloys, and therefore, the
effects of welding parameters on the weld pool characteristics
and shape will be different, and thus, need to be more studied.

Consequently, the main aim of this study is to study the
effect of some important welding parameters such as laser
power, welding current, and welding speed on the weld pool
characteristics and geometry in Nd:YAG laser-TIG hybrid
welding of AA6082 aluminum alloy by using an appropriate
numerical model. For this purpose, a comprehensive 3D heat
transfer and fluid flow model employing a new two-part vol-
umetric laser heat source model and an appropriate 3D elec-
tromagnetic model instead of assuming axisymmetric condi-
tion like majority of previous studies, is used here. It is worth
noting that complete details of this 3D numerical model are
presented in our previous work [25], and this work is more
focused on developing the model for various welding condi-
tions and then investigating how welding parameters affect
heat transfer and fluid flow in the weld pool and weld shape.
Besides, several experiments are performed for validation of
the presented model and adjusting the heat source parameters
for those various welding conditions. Thereafter, several weld
pool characteristics including temperature distribution and rel-
ative importance of molten pool driving forces, weld dimen-
sions, and weld shape are extracted from the numerical model
for those various welding conditions. Finally, an analysis of
variance (ANOVA) is carried out to study more accurately
how the welding parameters affect the weld pool depth and
half width, and also to analyze welding parameter interactions.

2 Mathematical model

To simulate heat transfer and fluid flow and consequently, to
predict weld pool characteristics and shape, a comprehensive
3D numerical model is used for various welding conditions.
Since this numerical model is described in detail in our previ-
ous work [25], we explain the model briefly in this section.
Figure 1 illustrates the calculation domain and its boundary
surfaces in a 3D Cartesian coordinate system. Due to the sym-
metry of the weld about the weld center line, only half of the
workpiece is used as the calculation domain. The calculation
domain dimensions are 40, 15, and 3 mm along x, y, and z
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directions, respectively. The problem is treated as a steady-
state problem by using a coordinate system moving with the
welding heat sources [26, 27]. In laser and hybrid welding,
keyhole formation has two effects on the weld pool. First, the
keyhole dynamic affects the fluid flow, and second, the key-
hole changes extremely the heat transfer pattern because the
laser heat is entered below the surface by the keyhole [1, 3, 4,
6, 13, 18, 28–30]. Since in hybrid laser-arc welding the key-
hole has usually a good stability [1–3, 25, 31, 32] and the
keyhole size is so smaller than the weld pool size [3, 18], the
first effect has less influence on the weld pool shape than the
second one, and as a result, the keyhole dynamic is ignored in
some previous studies to simplify modeling and reduce com-
putational time [4, 6, 13, 18, 19, 29, 30, 33, 34]. However,
even if the keyhole dynamic is not physically simulated in this
study, the main effect of the keyhole, i.e., entering the laser
heat into the workpiece via the keyhole has been taken into
account by using a new and adaptive two-part volumetric heat
source model for the laser source which is calibrated with
some experiments.

2.1 Heat transfer and fluid flow in the weld pool

The heat transfer and fluid flow in the weld pool are modeled
by solving the conservation equations of mass, momentum,
and energy. As well, four equations taken fromMaxwell equa-
tions are simultaneously solved to attain the distribution of
current density and magnetic field and then to calculate the
electromagnetic force in the workpiece.

The momentum equation solved for calculation of liquid
metal flow can be expressed as follows:

∇: ρ u! u!� � ¼ −∇pþ ∇: μ∇ u!� �þ ∇: μ V
!

w u!
� �

þ S
!

u ð1Þ

where ρ is the density, u! is the fluid velocity vector, p is the

pressure, μ is the effective viscosity, Vw
�!

is the welding speed

vector which is only nonzero along the x direction, and S
!

u is
the vector of source term for momentum equation which is

given as follows: S
!

u ¼ −C 1− f lð Þ2
f 3l þB

� �
u!þ ρ g!β T−Tre f

� �
þ F
!

Lorentz, where g! is the gravitational acceleration vector,
β is the thermal expansion coefficient, T is the temperature,

Tref is the reference temperature, C is a constant related to the
mushy zone morphology (set to 1.6×104 in this study [23,
35–37]), B is a very small constant introduced to avoid divi-

sion by zero, fl is the liquid fraction, and F
!

Lorentz is the vector
of Lorentz electromagnetic force. In this equation, the first
term on the right indicates the frictional forces in the mushy
zone based on the Carman-Kozeny equation for flow through
a porous media [23, 35, 36], the second and third terms are
buoyancy and electromagnetic forces in the weld pool,
respectively.

The following mass equation is solved in conjunction with
momentum equation to calculate the pressure field.

∇: ρ u!� � ¼ 0 ð2Þ

The energy equation solved to obtain temperature field in
the workpiece is expressed as follows:

∇: ρ u!h
� � ¼ ∇:

k

Cp
∇h

� �
−∇: ρ V

!
wh

� �
−∇: ρ V

!
wΔH

� �
−∇: ρ u!ΔH

� �þ Sh

ð3Þ

It is worth mentioning that due to the melting phenomena
during welding process, the total enthalpy,H, is defined as the
sum of sensible heat, h, and latent heat content, ΔH, i.e., H=
h+ΔH [3, 35, 37]. The latent heat can be expressed asΔH=fl
Lf. For simplicity, the liquid fraction, fl, is assumed to vary
linearly with temperature in the mushy zone as presented in
previous studies [20, 21, 25, 35, 38, 39]. Sh is the source term

of energy equation which is defined as Sh ¼ J
!			 			2=σþ qlaser,

where J
!

is the current density vector, σ is the electrical con-
ductivity, and qlaser is the volumetric heat input from the laser
source.

Due to the presence of electrical arc in welding, an electro-
magnetic or Lorentz force is created because of the interaction
between the current and the self-induced magnetic field. To
calculate the current density vector, current continuity equa-
tion, Eq. (4), which is given by Gauss law, is solved.

∇2φ ¼ 0 ð4Þ

where φ is the electrical potential. From the calculated elec-
trical potential field, the current density vector is deduced

from Ohm’s law as J
!¼ −σ∇φ.

In order to calculate the self-induced magnetic field, poten-
tial vector equations need to be solved which can be expressed
as follows:

∇2 A
!þ μm J

!¼ 0 ð5Þ

where A
!

is the potential vector and μm is the magnetic per-
meability (4π×10−7N.A−2). Knowing the potential vector in
the computational domain, the self-inducedmagnetic field can

Fig. 1 Calculation domain and boundary surfaces used in the numerical
model
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be obtained as B
!¼ ∇A

!
. Eventually, the Lorentz force can be

calculated as F
!

Lorentz ¼ J
!� B

!
.

Besides, a turbulence model based on Prandtl’s mixing
length hypothesis described in previous studies [3, 23, 25,
37] is applied to calculate effective viscosity and thermal con-
ductivity in the weld pool.

2.2 Heat source model

Defining the distribution of welding heat source is an impor-
tant step in simulation of the welding process. Due to the
completely different nature of the arc and laser heat sources,
two different heat source models are used. A surface heat
source model is used for TIG source and a volumetric heat
source model is used for laser source.

Since heat input from the arc is mainly focused on the top
surface [3, 21, 25], it was assumed that heat input and current
flux from arc source obey the Gaussian distribution as fol-
lows:

qarc ¼
ηarc f arcV I

πR2
arc

exp −
f arc r

2

R2
arc

� �

Jarc ¼ f arc I

πR2
arc

exp −
f arc r

2

R2
arc

� �
8>>><
>>>:

ð6Þ

where qarc is the arc heat input, Jarc is the welding current flux,
ηarc is the arc efficiency, farc is the arc distribution parameter, V
is the arc voltage, I is the welding current, Rarc is the effective
arc radius, and r is the radial distance to the arc root which is

given as r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−x0ð Þ2 þ y2

q
. x0 is the x-position of the arc

root.
In hybrid welding, a cavity containing ionized vapors, key-

hole, is created because of the high laser intensity and, as a
result, the laser energy can be transferred below the workpiece
surface [3, 11, 40, 41]. Corresponding to the reversed-bugle
shape of the keyhole predicted in some previous literatures
[40–43], a combined heat source model is applied for laser
heat in this study. As schematically shown in Fig. 2, this heat
source model consists of a conical volumetric source in the
upper part (0<z<zi) and a cylindrical volumetric source in the
lower part (zi<z<zkeyhole) which is expressed as

qlaser ¼
χupper ηlaser f

2
laser P

π 1−e−3ð Þ zið Þ r2i þ ri:re þ r2e
� � exp −

f laserr
2

R2
laser

� �
; f or 0 < z < zi

1−χupper

� �
ηlaser P

πr2i zkeyhole−zi
� � ; f or zi < z < zkeyhole

8>>><
>>>:

ð7Þ

where qlaser is the volumetric laser heat input, χupper is the
upper laser energy contribution, ηlaser is the laser efficiency,
flaser is the laser distribution parameter, P is the laser power, zi
is the z-coordinate of cone end, zkeyhole is the keyhole depth,
and re and ri are the radii of cone ends. Rlaser is the effective

laser radius at upper part which is given as

Rlaser ¼ ri þ ri−reð Þ
zi

: z−zið Þ, r is the radial distance to the laser

focal point which is given as r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−x0ð Þ2 þ y2

q
, and x0 is x-

position of the laser focal point.

2.3 Boundary conditions

The boundary conditions used in the present model are
discussed in detail as follows:

Top surface
At the top surface, Marangoni surface tension arisen

from temperature gradient of surface tension coefficient
is applied for momentum equation which is given as

τ st
�! ¼ f l

dγ
dT

∂T
∂ s!, where s! and dγ

dT are the local tangent

vectors to the top free surface and the temperature coef-
ficient of surface tension, respectively. For energy equa-
tion, arc heat input minus convective and radiation heat
loss, i.e., q=qarc−hf (T−Ta)−σBoltz.ε(T 4−Ta

4), is applied,
where hf is the heat transfer coefficient, σBoltz. is the
Stefan-Boltzman constant, ε is the surface emissivity,
and Ta is the ambient temperature. For the potential equa-
tion, welding current flux is applied at the top surface.
Symmetry surface

Symmetric boundary condition, i.e., zero flux across
the surface, is applied for all dependent variables.

Fig. 2 Schematic presentation of volumetric model of the laser heat
source used in the modeling
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Bottom surface
At the bottom surface, because only partial weld pene-

tration is considered here, and thus the weld pool does not
extend to the bottom, all velocities are zero. Furthermore,
the heat loss by convection and radiation is used for energy
equation. For the potential equation, electrical potential
gradient is set to zero at the bottom surface.
Other surfaces

At other surfaces far away from the heat sources, the
temperature is set to ambient temperature and the veloc-
ities are zero. For the potential equation, electrical poten-
tial is set to zero at all of these surfaces.

In addition, for potential vector equations, zero gradients
are used for all boundaries.

2.4 Modeling approach

The governing equations are solved by using the FLUENT
software which is based on finite volume method (FVM).
Particular abilities of FLUENT to add C++ programming codes
by user-defined function (UDF) and to add extra scalar equa-
tions by user-defined scalar (UDS) are used, in order to enhance
the FLUENTcode for solving added equations for electromag-
netic model, computing the current density, magnetic field, and
electromagnetic force and also handling source terms and
boundary conditions. To improve computation efficiency, a
nonuniform grid system with finer grids near the heat source
location is employed. Furthermore, the material properties used
to complete the mathematical modeling are listed in Table 1.

3 Experimental procedure

In order to calibrate and validate the numerical model, some
experiments are carried out. AA6082 aluminum alloy plates

with the thickness of 3mm are used in this work. Hybrid linear
bead-on-plate welds were made on the plates, using a
Nd:YAG laser with maximum power of 2000 W, accompa-
nied by a TIG welder with maximum welding current of
350 A. laser-leading configuration as shown in Fig. 3 is used

Fig. 4 Temperature contours and velocity field in the weld pool (a) at the
top surface, (b) in the longitudinal section, and (c) at the weld cross
section for P=2000 W, I=100 A, and Vw=2000 mm/min

Fig. 3 Experimental setup of hybrid laser-TIG welding process

Table 1 Material properties used in mathematical model

Property Symbol Unit Value

Density ρ kg/m3 2700

Viscosity μ kg/m/s 0.001

Thermal conductivity k W/m/K
220 ; T ≤923
150 ; T > 923

�

Specific heat Cp J/kg/K
900 ; T ≤923
1200 ; T > 923

�

Latent heat of fusion Lf J/kg 395000

Thermal expansion β /K 2.3×10−5

Liquidus temperature Tl K 923

Solidus temperature Ts K 858

Electrical conductivity σ A/V/m 3.12×107
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here. The arc-to-laser distance and arc length are set to 0
and 2 mm, respectively. These values are chosen based on
some preliminary welding tests. The arc voltage is about
15 V for a 100-A arc and 16 V for a 150-A arc. Spot
diameter of the laser beam on the workpiece surface is
about 0.5 mm. Argon is used as the shielding gas. The
inclination angle of the TIG torch and laser beam are 5°
and 30°, respectively, so that both the laser spot and arc
root are located at the same point.

Two levels are used for every welding parameter including
the laser power, welding current, and welding speed. The laser
power levels are 1000 and 2000 W, the welding current levels
are 100 and 150 A, and the welding speed levels are 2000 and
3000 mm/min.

Before welding, each sample was mechanically polished
and then degreased with acetone, to remove oxides and other
residues. After welding, in order to compare the numerical
predictions and experiments, the shape and dimensions of

Fig. 5 Comparison between simulated and experimental weld cross section in hybrid welding for various welding conditions
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the weld bead were measured by optic microscopic observa-
tions. Therefore, all samples were sectioned from the middle
of the weld line and then mounted, polished, and etched to
attain the cross-sectional shape of the weld bead.

4 Results and discussion

4.1 Adjusting heat source parameters

The adjustment of heat source parameters plays an important
role in numerical modeling of the welding process, i.e., the
physical and phenomenological parameters used in Eq. (6) for
the arc source and in Eq. (7) for the laser source.

Arc heat source parameters are ηarc, farc, and Rarc. farc is
assumed to be 2 based on some previous studies [26, 27, 44].
Because of high arc stability in hybrid welding process, ηarc is
assumed to be 80 %. Therefore, the only parameter needed to
be adjusted in arc heat source model is the effective arc radius
(Rarc).

Laser heat source parameters are ηlaser, flaser, χupper, Ri, Re,
Zi, and Zkeyhole. Due to highly focused laser beam and high
laser energy absorption because of multiple reflections in the
keyhole [3, 45], flaser and ηlaser are set to 3 and 85 %, respec-
tively. According to calculated keyhole shapes reported in the
previous literatures [40, 46], the z-coordinate of cone end and
radius of cone ends were assumed as Ri=Rlaser, Re=2Rlaser,
and Zi=0.25Zkeyhole. As well, the upper laser energy factor is
set to 0.5. Therefore, the only parameter needed to be adjusted
in laser heat source model is the keyhole depth (Zkeyhole).

In addition, since the interaction between the arc and laser
in hybrid welding causes the arc to bend toward the keyhole
[3, 47], the laser focal point and the arc root are considered to
be positioned at the same location, i.e., we set x0=15 mm in
both laser and arc heat source equations.

Based on the above explanations, the heat source model for
hybrid welding process has only two adjustable parameters,

i.e., Rarc and Zkeyhole, which are defined by comparing the
simulated and experimental weld pool shapes to obtain a good
match. It is worth noting that Rarc is defined as a function of
welding current and Zkeyhole is defined as a function of laser
power. Accordingly, Rarc is defined to be 1.5 mm for 100-A
arc and 2 mm for 150-A arc, and Zkeyhole is defined to be 0.4
for 1000-W laser and 1.8 mm for 2000-W laser. For the range
between these welding parameters, Rarc and Zkeyhole are de-
fined by linear interpolation approach.

It is important to mention that the arc effective radius
values calculated here in hybrid laser-TIG welding process
are lower than those in lone TIG welding process reported in
previous studies [48, 49]. This outcome shows the fact that the
arc in hybrid laser-TIG welding is constricted because of the
laser-arc interaction which is in agreement with previous lit-
eratures [1–3, 31, 50].

4.2 Simulated temperature and velocity fields

Figure 4 presents temperature and velocity distributions at the
top surface (a), longitudinal (b), and cross section (c) of the

Fig. 6 Variations of the temperature along x direction in different levels
of laser power for I=100 A and Vw=2000 mm/min

Fig. 7 Variations of the temperature along x direction in different levels
of welding current for P=2000 W and Vw=2000 mm/min

Fig. 8 Variations of the temperature along x direction in different levels
of welding speed for P=2000 W and I=100 A
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weld pool for the laser power of 2000W, the welding current of
100 A, and the welding speed of 2000 mm/min. As shown in
Fig. 4a, the molten liquid at the top surface of the weld pool
flows outward to the solid-liquid interface. As well, it can be
observed from Fig. 4c that there is a clockwise vortex of molten
material near the top surface. Both of these phenomena approve
the presence of a strong Marangoni force in the weld pool.

4.3 Comparing numerical and experimental weld shape

To validate the proposed model and calibrate the heat source
model, several comparisons between the experimental weld
pool shapes and simulated ones are done. Figure 5 shows the
comparisons between the experimental and numerical cross sec-
tion of the weld pool for various welding conditions. Average
difference percentages between simulated and experimental

weld pool depth and half width are 5.9 and 9.6 %, respectively.
It is worth mentioning that one of the main sources of these
errors may be the assumption of ignoring the keyhole dynamic.
However, these low values of average difference percentages, as
well as proper match between the simulated and experimental
overall weld pool shape for almost all cases, indicate that there
is a good agreement between simulation and experiment. This
fact proves that presented numerical model can be used as a
capable tool to predict the weld pool shape and dimensions
under various applied welding conditions.

4.4 Effects of welding parameters on temperature
distribution

Figure 6 shows variation of the temperature along x-axis for
different laser powers. As seen, the temperature is increased

Fig. 10 Weld pool cross-sectional geometry as function of the welding
current for a welding speed of 2000 mm/min and laser power of 2000 W

Fig. 9 Weld pool cross-sectional geometry as function of the laser power
for a welding speed of 2000 mm/min and welding current of 100 A

Table 2 Weld pool characteristics and dimensionless numbers as function of welding parameters

P=1000 W P=2000 W

I=100 A I=150 A I=100 A I=150 A

Vw=2000
mm/min

Vw=3000
mm/min

Vw=2000
mm/min

Vw=3000
mm/min

Vw=2000
mm/min

Vw=3000
mm/min

Vw=2000
mm/min

Vw=3000
mm/min

Tmax(K) 2585 2336 2924 2592 3492 2970 3790 3414

V
!			 			

max
m=sð Þ

0.551 0.642 0.544 0.635 0.612 0.723 0.595 0.656

Pe 12.8 13.9 19.7 20.6 23.8 23 29.3 27.5

Gr 55.8 38 251.5 150.2 394.4 172.2 892.2 479.1

Rm 8.6×105 8.6×105 1.9×106 1.9×106 8.6×105 8.6×105 1.9×106 1.9×106

Ma 7.5×105 5.9×105 1.4×106 1.0×106 1.9×106 1.2×106 2.7×106 2.0×106
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and widened by increasing the laser power. The reason is that
with increasing the laser power, more heat is entered to the
keyhole which causes an increase in temperature. In addition,
with increasing the laser power, the weld pool length increases
which make the temperature distribution wider. In Fig. 7, the
distribution of temperature along x-axis for different welding
current values is shown. As clearly observed, the temperature
is slightly increased with an increase in welding current; fur-
thermore, the distribution of temperature becomes wider in
higher values of welding current. This fact is because of in-
creasing the weld pool length with the welding current which
causes a wider distribution of temperature along the x-axis.
Figure 8 shows variation of the temperature along x-axis for
different welding speeds. As seen, with increasing the welding
speed, the temperature becomes lower and its distribution be-
comes a bit wider which means that the temperature gradient
is decreased. In other words, with increasing the welding
speed, although net heat input per unit length decreases, the
weld pool is elongated which is due to high thermal conduc-
tivity of aluminum alloy and consequently the thermal gradi-
ent is decreased. This feature is also reported by R. Ray et al.
for keyhole mode laser welding of AA5754 aluminum alloy
[35]. Figures 6, 7, and 8 represent that changing of tempera-
ture is more sensitive to laser power than welding current and

welding speed. In addition, as seen in Figs. 6, 7, and 8, the
temperature in keyhole region is high, even higher than the
boiling temperature of material for some welding conditions.
In fact, the keyhole is filled with high temperature ionized
metal vapors named metallic plasma [1–3, 31]. Since the plas-
ma phase in the keyhole is not considered in presented model,
high focused laser energy can cause an intense increase in the
temperature even higher than the boiling temperature of ma-
terial in the keyhole region of the workpiece.

4.5 Effects of welding parameters on the weld pool
characteristics

Table 2 indicates the effects of welding parameters including
laser power, welding current, and welding speed on calculated
maximum temperature and liquid velocity experienced in the
weld pool. Besides, to investigate the effects of the welding
parameters on the heat transfer and fluid flow driving forces in

Fig. 13 Effect of the welding current on the overall mean of the weld
pool depth and half width

Fig. 12 Effect of the laser power on the overall mean of the weld pool
depth and half width

Table 3 Welding parameters with design levels used for statistical
investigation

Parameter Notation Unit Level 1 Level 2 Level 3

Laser power P (W) 1000 1500 2000

welding current I (A) 100 125 150

Welding speed VW (mm/min) 2000 2500 3000

Fig. 11 Weld pool cross-sectional geometry as function of the welding
speed for a laser power of 2000 W and welding current of 100 A
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the weld pool, several dimensionless numbers, such as the
Peclet number (Pe), the Grashof number (Gr), the magnetic
Reynolds number (Rm), and the surface tension Reynolds
number (Ma) are also listed in Table 2. Formulas for calcula-
tion of these dimensionless numbers are presented in previous
literatures [3, 23, 25, 51]. From Table 2, it is observed that the
maximum temperature increases with increase in the laser
power and welding current and decrease in welding speed,
due to higher heat input from welding sources. It is also seen
that the maximum liquid velocity increases by increasing the
laser power and welding speed, and decreases by increasing
the welding current which is probably due to stronger inward
electromagnetic force against outward Marangoni force.

As seen, the calculated Peclet numbers for all cases are
much greater than 1 and it means that the fluid flow in the
weld pool has a significant effect on the weld pool shape. In
addition, regarding the values of Gr, Rm, and Ma, it may be
declared that the fluid flow is mainly driven by the Marangoni
and electromagnetic forces rather than the buoyancy force.

Furthermore, with increasing the laser power and welding
current and also decreasing the welding speed, the
Marangoni and buoyancy forces increase due to higher tem-
peratures experienced in the weld pool. The electromagnetic
force increases only by increasing the welding current, as
expected.

4.6 Effects of welding parameters on the weld pool shape

Figure 9 shows the effect of laser power on the cross-sectional
weld pool shape. As seen, the laser power has an intense effect
on the weld pool shape as with increasing the laser power both
the weld depth and half width increase severely. Figure 10
presents the effect of welding current on the cross-sectional
weld pool shape. As shown, with increasing the welding cur-
rent, half width of the weld pool increases significantly,
whereas the weld depth increases a little so that is relatively
unchanged. Figure 11 shows effect of the welding speed on
the cross-sectional weld pool shape. As seen, the weld pool
depth and half width increase with decreasing the welding
speed. From Figs. 9, 10, and 11, it is found that the effect of
laser power on the cross-sectional weld pool shape is more
significant compared to other welding parameters, i.e.,
welding current and welding speed.

4.7 Statistical investigation

After developing numerical model and verifying this model
by experiments, a statistical investigation is carried out to
study more precisely how the welding parameters affect the
weld pool dimensions, including the weld pool depth and half
width, and also to analyze welding parameter interactions. For
this aim, three levels are considered for every three welding
parameters including laser power, welding current, and
welding speed as listed in Table 3. A full factorial design of

Fig. 15 Effect of the laser power in different welding speeds on the mean of the a weld pool depth and b half width

Fig. 14 Effect of the welding speed on the overall mean of the weld pool
depth and half width
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these welding parameters, i.e., 27 sets of welding conditions is
considered.

Firstly, the validated numerical model is used to predict the
weld pool shape and dimensions under all welding conditions.
Thereafter, the weld pool depth and half width are taken from
the model and then are analyzed by approach of ANOVA.
Finally, regression analyses are performed to extract proper
equations for weld pool dimensions as a function of welding
parameters and their interactions.

4.7.1 Effect of welding parameters on weld pool dimensions

Figure 12 shows the effect of laser power on the overall mean
of the weld pool depth and half width. As seen, with increas-
ing the laser power from 1000 to 2000 W, the mean of weld
pool depth increases from 0.6 to 1.9 mm and the mean of weld
pool half width increases from 1.3 to 1.8 mm. In fact, both
weld depth and half width increase by increasing the laser
power. However, variation slope for weld depth is noticeably

steeper than that for the weld half width, which can confirm
the fact that heat input from laser source is more transferred to
workpiece depth via the keyhole.

Figure 13 shows the effect of the welding current on the
overall mean of the weld pool depth and half width. As seen,
with increasing the welding current from 100 to 150 A, the
mean of weld pool depth increases from 1.2 to 1.3 mm and the
mean of weld pool half width increases from 1.4 to 1.9 mm. In
fact, both weld depth and half width increase with increasing
the welding current. However, variation slope for weld half
width is remarkably steeper than that for the weld depth which
can prove the fact that heat input from arc source is more
concentrated on the weld surface than penetrating into the
depth.

Figure 14 shows the effect of the welding speed on the
overall mean of the weld pool depth and half width. As seen,
with increasing the welding speed from 2000 to 3000 mm/
min, the mean of weld pool depth decreases from 1.4 to
1.25mm and the mean of weld pool half width decreases from

Fig. 17 Effect of the welding speed in different welding currents on the mean of the a weld pool depth and b half width

Fig. 16 Effect of the welding speed in different laser powers on the mean of the a weld pool depth and b half width
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1.8 to 1.6 mm. In fact, both weld depth and half width de-
crease by increasing the welding speed. In addition, variation
slopes for weld depth and half width are approximately the
same which is due to simultaneous reduction of both laser and
arc net heat input per unit length with increasing the welding
speed.

Figures 15 and 16 represent the interaction effects between
the laser power and welding speed on the weld pool depth and
half width. As seen, plot lines of the weld pool depth
(Figs. 15a and 16a) are almost parallel while plot lines of the
weld half width (Figs. 15b and 16b) are piecewise linear and
not parallel. Based on this qualitative observation, it can be
stated that there is a higher interaction effect between laser
power and welding speed on the weld pool half width than
the weld pool depth.

Figures 17 and 18 show the interaction effects between the
welding current andwelding speed on the weld pool depth and
half width. The trends illustrated in Figs. 17a and 18a indicate

an interaction effects between the two welding parameters on
the weld pool depth as the lines are not parallel. From
Figs. 17b and 18b, similar trend is seen for the weld pool half
width, but in this case, a lower interaction effect is expected.

Figures 19 and 20 indicate the interaction effects between
the laser power and welding current on the weld pool depth
and half width. As seen, the slopes of plot lines are relatively
equal in both graphs of weld pool depth and half width. This
fact implies that the interaction effects between welding cur-
rent and welding speed is not so significant.

4.7.2 Analysis of variance and regression

In this section, for a deeper understanding of the results pre-
sented in the previous section, an analysis of variance based
on the factorial design in Table 3 is conducted. Process re-
sponses are the weld pool depth and half width. The results
of analysis of variance for the weld pool depth are reported in

Fig. 19 Effect of the welding current in different laser powers on the mean of the a weld pool depth and b half width

Fig. 18 Effect of the welding current in different welding speeds on the mean of the a weld pool depth and b half width
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Table 4, where only the significant sources of variations are
reported. As seen, laser power (P) is the most effective param-
eter. Among quadratic terms, quadratic effect of the laser pow-
er (P×P) and also quadratic effect of the welding speed (VW×
VW) are significant. Likewise, interaction effects between the
laser power and welding speed (P×VW) and also between the
welding current and welding speed (I×VW) are to be consid-
ered significant. However, I×VW interaction effect is more
important than P×VW one due to its higher F value. Finally,
according to this analysis, the final regression equation of the
weld pool depth in terms of welding parameter values yields
Eq. (8).

Weld pool depth ¼ −1:35317 þ 1:86771 e−3 P
þ 0:35333e−3 I − 1:64444e−7 P � P

− 1:49667e−8 P � VW

− 7:43333e−7 I � VW

þ 9:48889e−9 VW � VW

ð8Þ

The results of analysis of variance for the weld pool half
width are reported in Table 5. As observed, laser power (P)
and welding current (I) are the most effective parameters.
Among quadratic terms, only quadratic effect of the laser
power (P×P) is significant. Similarly to the weld pool
depth, among the interaction effects, the P×VW and I×VW

interaction effects are to be considered significant.
However, P×VW interaction effect is more important than
I×VW one. Eventually, the final regression equation of the
weld pool half width in terms of welding parameter values
is presented in Eq. (9).

Weld pool half width ¼ −1:48222 þ 1:87556e−3 P
þ 1:17556e−2 I þ 8:97222e−5 VW

− 3:84444e−7 P � P − 8:16667e−8 P
� VW − 7:33333e−7 I � VW

ð9Þ

Table 5 Analysis of variance and regression of the weld pool half
width

Source of
variation

Sum of
squares

Degree of
freedom

Mean
squares

F value P value

Regression 2.95477 6 0.49246 1076.09 0.000000

P 1.40561 1 1.40561 3071.43 0.000000

I 1.19094 1 1.19094 2602.36 0.000000

VW 0.27876 1 0.27876 609.12 0.000000

P×P 0.05542 1 0.05542 121.11 0.000000

P×VW 0.02001 1 0.02001 43.72 0.000002

I×VW 0.00403 1 0.00403 8.81 0.007591

Error 0.00915 20 0.00046

Total 2.96392 26

R-sq=99.69 %, R-sq (pred)=99.34 %

Table 4 Analysis of variance and regression of the weld pool depth

Source of
variation

Sum of
squares

Degree of
freedom

Mean
squares

F value P value

Regression 8.29645 6 1.38274 9951.2 0.000000

P 8.13389 1 8.13389 58,537.5 0.000000

I 0.03920 1 0.03920 282.1 0.000000

P×P 0.01014 1 0.01014 73.0 0.000000

VW×VW 0.10352 1 0.10352 745.0 0.000000

P×VW 0.00307 1 0.00307 22.1 0.000136

I×VW 0.00663 1 0.00663 47.7 0.000001

Error 0.00278 20 0.00014

Total 8.29923 26

R-sq=99.97 %, R-sq (pred)=99.94 %

Fig. 20 Effect of the laser power in different welding currents on the mean of the a weld pool depth and b half width
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5 Conclusion

The major aim of this work is to investigate how welding
parameters including the laser power, welding current, and
welding speed affect the weld pool characteristics, shape,
and dimensions in hybrid laser-GTAwelding of AA6082 alu-
minum alloy plates. This work can be divided into three parts.
In the first part, a three-dimensional numerical model for heat
transfer and fluid flow is used for a various ranges of welding
conditions. To simplify the model and reduce computational
time, the keyhole dynamic is ignored and instead, a new
equivalent tow-part volumetric heat source model is intro-
duced for laser source. In the second part, several experiments
are performed to validate the numerical model and adjusting
the heat source parameters. In the third part, an ANOVA is
done on the obtained numerical results to study more precisely
the effect of welding parameters and their quadratic and inter-
action effects on the weld pool depth and half width. The final
regression equations in terms of the values of effective param-
eters are also presented for both weld pool depth and half
width. The major conclusions taken from these investigations
can be summarized as follows:

1. The results show that with increasing the welding speed,
the temperature becomes lower and its distribution be-
comes a bit wider which is because the weld pool is elon-
gated due to high thermal conductivity of aluminum alloy.

2. By increasing the laser power and welding current, and
decreasing the welding speed, both the Marangoni and
buoyancy forces in the weld pool increase.

3. With increasing the laser power, increase in the weld pool
depth is more than the half width. By increasing the
welding current, the weld pool half width increases
whereas the weld pool depth is relatively unchanged
which is because the heat input from arc source is more
concentrated on the weld surface. As well, by decreasing
the welding speed, both the weld pool depth and half
width increase with a similar slope.

4. Based on the statistical analysis of interaction effects, I×
VW interaction effect is more significant for the weld pool
depth, while P×VW interaction effect is more significant
for the weld pool half width.

5. As a total conclusion, the presented numerical model
showed a good capability to predict the weld pool
shape and characteristics under various welding condi-
tions when the welding parameters are not chosen out
of the applied ranges, so that can reduce the number of
needed experiments which causes time and money
saving.
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