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A B S T R A C T   

In the quest for the transport mechanism in the molten pool during hybrid laser-MIG welding of aluminum alloy, 
an improved three-dimensional numerical model is developed. A modified model for laser heat source is utilized 
to investigate the energy absorption mechanism in keyhole. Some driving forces are considered to simulate the 
fluid flow, such as electromagnetic force, surface tension and buoyancy. The effects of arc pressure and droplet 
impact are taken into account to track the free surface. Several dimensionless numbers are utilized to analyze the 
relative importance of driving forces. The temperature field, liquid velocity field and magnesium and zinc dis
tribution are numerically and experimentally studied. Results shows that the laser beam create a great 
impression on the heat transfer, fluid flow, solute distribution and weld bead geometry. In MIG welding, there is 
an insufficient mixing zone at the front of the pool, while the solute distribution in hybrid laser-MIG welding is 
observed more uniform. Magnesium and zinc are found concentrated in lower and upper part of the molten pool, 
respectively. The mathematical model is well validated by the experimental observations, and the calculated 
element distribution agrees well with the experimental measurements. Furthermore, the improved model pro
vides an effective method for parametric optimization to improve the properties of hybrid laser-MIG welding 
joints.   

1. Introduction 

The hybrid laser-MIG (metal inert gas) welding, which combined the 
laser beam welding and gas metal arc welding, was widely used in 
manufacturing industry [1,2]. The hybrid welding enhanced the ad
vantages of individual process, and resulted in stronger robustness for 
industrial application with characteristics of high speed, deep penetra
tion, less deformation and ability to bridge larger gap [3]. The hybrid 
laser-MIG welding is a complex physical process, including keyhole, 
additional metal, thermal behavior, fluid flow, mass transfer, solute 
redistribution, vapor and spatter etc [4–6]. To understand underlying 
mechanism and obtain expected mechanical properties, the choice of 
appropriate welding parameters were essential [7]. It was well known 
that temperature and composition had determining effect on final 
microstructure and weldment performance [8–10]. Therefore, investi
gation of heat and mass transfer mechanism was very helpful to optimize 
processing parameters and achieve desired weld seam quality. 

In recent years, several numerical simulations for laser-arc welding 

were developed. Zhou et al. [11] studied the transport phenomena for 
hybrid laser-MIG keyhole welding through a developed 
two-dimensional computation model. In the model, to handle solid 
phase, liquid phase and mushy zone, the continuum formulation was 
used during the processes of melting and solidification. They considered 
the influence of energy transportation, fluid flow, and interaction be
tween weld pool and droplets in their calculation. A computational 
model to investigate the dynamic development process of the weld pool 
for stationary hybrid laser-MIG welding was established by Gao et al. 
[12]. They calculated the shape of weld pool and transient velocity 
distribution of liquid metal, and the calculated weld bead geometry 
agreed well with experimental measured geometry. Piekarska et al. [6] 
developed a model to calculate the temperature and liquid velocity field 
of the melt pool. In their model, different heat source modules for laser 
and arc, buoyancy and liquid flow were considered, and the results were 
verified by experiments. Bendaoud et al. [13] simulated UR2507Cu 
duplex steel with high thickness and Y-shaped chamfer geometry. In 
their model, a numerical exploratory method was used to determine the 
parameters for heat source in order to minimize the difference between 
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the experimental and numerical results. A finite element model was 
developed by Meng et al. [14] in order to understand the thermal 
behavior of large spot laser-MIG welding. In their calculation, the laser, 
the MIG torch and the droplet were treated as Gaussian plane, modified 
double ellipse, and uniform body heat source, separately. The temper
ature distribution, especially the brazing interface, and weld bead ge
ometry were all numerically studied. 

Although some progress was made on fluid flow and heat transfer of 
the melt pool, few researchers tried to address mass transfer for hybrid 
laser-MIG welding. Won-Ik Cho et al. [15]established a numerical model 
to simulate the alloying element distribution in CO2 laser-GMA hybrid 
welding. They found that the alloying element distributions might be 
affected by fluid flow. Despite the mass transfer in molten pool greatly 
affected the mechanical properties of the weld [5,10,16–18], the exist
ing work on mass transfer and alloying element distribution was far from 
enough. The heat transfer and solute distribution in molten pool for 
hybrid laser-MIG welding was not fully understood. It was extremely 
essential to develop and improve the related numerical model to explore 
the heat and mass transfer mechanism systematically. 

In this work, a 3D numerical model was established to analyze the 
thermal behavior and solute distribution in hybrid laser-MIG welding of 
aluminum alloy. A combined heat source for laser was adopted in this 
work, and the MIG torch was utilized as a surface heat source with 
distribution of Gaussian. The couple effect of laser beam and MIG torch 
was considered in the model. The driving forces, including electro
magnetic force, surface tension and buoyancy, were taken into consid
eration. In addition, the droplet impact and arc pressure were taken into 

account to track the free surface. The redistribution of magnesium and 
zinc element in the molten pool was analyzed and compared. A detailed 
insight into the thermal behavior, fluid flow and solute distribution was 
provided in the work. Furthermore, the simulated geometry of weld pool 
and composition profile were compared with those from experimental 
results. 

2. Experimental procedure 

The A7N01 aluminum alloy and ER5356 of 1.2 mm in diameter were 
selected as base metal and welding wire respectively, and the compo
sition of materials were presented in Table 1. A Nd:YAG laser combined 
with a MIG torch were utilized to implement hybrid laser-MIG welding. 
A 1 kW Nd:YAG laser manufacturing system with 1070 nm wavelength 
was used as laser power source, and a pulsed MIG weld machine, with 
the maximum current of 350 A, was used as the source of arc power. The 
preparation of metallographic specimen was in the order of electric 
discharge cutting, mechanical milling and grinding, and then standard 
mechanical polishing. The dimension of samples was 
60 mm � 10  mm � 6 mm. To investigate the element distribution, the 
weld seam was observed by scanning electron microscopy (JSM-5800), 
equipped with energy dispersive spectrometer (LinkISIS S-530). 

3. Mathematical model 

In the work, a 3D model was developed to analyze the heat transfer 
and solute distribution in hybrid laser-MIG welding. Fig. 1 shows the 

Nomenclature 

t Time 
xi Distance along i directions 
uj Liquid velocity along j direction 
P Pressure 
V Scanning speed 
fl Liquid fraction 
Cp Specific heat 
ΔH Latent heat content 
F Volume force 
FLx Electromagnetic force along x direction 
FLy Electromagnetic force along y direction 
FLz Electromagnetic force along z direction 
h Sensible heat enthalpy 
k Thermal conductivity 
C Concentration 
Cl Concentration in liquid phase 
Cs Concentration in solid phase 
Cref Reference Concentration 
D Diffusion coefficient of element 
Qlaser Body heat source of laser 
Qarc Body heat source of arc 
Qd Sensible heat from droplets 
qlaser Surface heat source of laser 
r Radius 
H Thickness of workpiece 
L Characteristic length 

g Acceleration due to gravity 
I Welding current 
hc Heat transfer coefficient 
tbx Tangential unit vector parallel to the x-z plane 
tby Tangential unit vector parallel to the y-z plane 
nb Outward normal vector 
f Frequency of droplet transfer 
ρw Density of welding wire 
Cw Specific heat capacity of welding wire 
dw Wire diameter 
Uw Wire feed speed 
T Temperature 
Tw Droplet temperature 
Tl Liquidus temperature 
Tref Reference temperature 
Ta Ambient temperature 

Greek symbols 
ρ Density 
μ Viscosity 
μm magnetic permeability 
β Coefficient of volume expansion 
γ Surface tension 
dγ
dT Temperature coefficient of surface tension 
σ Stefan-boltzmann constant 
σj Radius of the arc pressure 
ε Surface emissivity  

Table 1 
Material compositions of A7N01 aluminum and ER5356 welding wire [8].  

Materials Mg Zn Fe Mn Si Cr Ti Cu Al 

A7N01 1.0–2.0 4.0–5.0 0.35 0.2–0.7 <0.30 <0.30 <0.20 <0.20 Bal. 
ER5356 4.5–5.5 <0.1 <0.4 0.05–0.2 <0.25 0.05–0.2 0.06–0.2 <0.10 Bal.  
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sketch map for the laser-MIG welding, and some assumptions were made 
in the mathematical model [17,19,20].  

1. The fluid flow in the molten pool was assumed to be incompressible, 
Newtonian and laminar. 

2. The thermophysical properties were taken not to depend on tem
perature, and different for liquid and solid phase.  

3. The coefficient for energy absorption was supposed to be invariant.  
4. For solid phase, there was no diffusion transport.  
5. In the model of solidification for multicomponent alloy, a pseudo- 

binary equivalent was supposed.  
6. The loss of heat and composition due to vaporization was neglected, 

and the laser heat absorbed by the droplet was ignored.  
7. The mushy region was supposed to be isotropic.  
8. The composition of welding wire was assumed as 95% aluminum and 

5% magnesium, while the composition of base metal was assumed as 
95.5% aluminum and 4.5% zinc, any other elements were neglected. 

3.1. Governing equations 

According to the assumptions, the conservation equations of mass, 
momentum, energy and concentration are as follows. 
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The porous media term in the right-hand side of Equation (2) was 
represented on the basis of Carman-Kozeny equation [21–23]. F is the 
volume force, including electromagnetic force and buoyancy caused by 
concentration and temperature variations. The electromagnetic force 
can be expressed as [24,25]: 
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The expression of buoyancy is as follows: 

Fb¼ ρgβ
�
T � Tref

�
þ ρgβ

�
C � Cref

�
(8) 

The last two terms in Eq. (4) represent the solute partitioning at the 
liquid-solid interface [20]. The formulation of nominal concentration 
[26], density, thermal conductivity, heat capacity, and mass diffusion 
coefficient for mushy zone can be summarized as follows [20,27]. 

C¼ fsCs þ flCl (9)  

ρ¼ fsρs þ flρl (10)  

k ¼
�

gs

ks
þ

gl

kl

�� 1

(11)  

c¼ fscs þ flcl (12)  

D¼ flDl (13)  

3.2. Boundary conditions 

The boundary condition for energy can be given as 

� krT⋅nb ¼ qlaser þ qarcþQdðx; yÞ � σε
�
T4 � T4

a

�
� hcðT � TaÞ (14) 

The detailed description of heat source model of laser and arc, and 
free surface evolution of the molten pool can be found in the literature 
[28]. 

The heat distribution of droplet was approximated as a Gaussian: 

Qd ðx; yÞ¼
Cw ρw

π
4d

2
w Uw ðTw � TlÞ

2π r2
f f

exp
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2r2
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The boundary condition for momentum can be expressed as 

Fig. 1. Sketch map for hybrid laser–MIG welding.  

Table 2 
Material properties of substrate and welding wire [29–31].  

Property (Unit) Substrate 
(A7N01) 

Welding wire 
(ER5356) 

Solidus temperature(K) 858 813 
Liquidus temperature(K) 923 908 
Density of liquid metal (kg/m3) 2700 2380 
Enthalpy of solidus temperature (J/kg) 7:6� 105  7:4� 105  

Enthalpy of liquidus temperature (J/kg) 1:1� 106  1:03� 106  

Specific heat of liquid (J=ðkg⋅ KÞ)  1200 1135 
Specific heat of solid (J=ðkg⋅ KÞ)  881 913 
Thermal conductivity of liquid (W=ðm⋅ 

KÞ)  
80 83 

Thermal conductivity of solid (W=ðm⋅ KÞ)  101 108 

Effective mass diffusivity ðm2=sÞ 7*10� 7 7*10� 7 

Temperature coefficient of surface 
tension (N=ðm⋅KÞ)  

� 1.55 � 10–4  � 1.7 � 10–4  

Viscosity of liquid (kg=ðm⋅ sÞ)  1:0� 10� 3  1:0� 10� 3   
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w ⋅ nb ¼ 0 (18) 

The Marangoni convection caused by temperature and concentration 
variation is represented at right-hand side in Eqs. (16) and (17). 

3.3. Numerical approach 

The heat transfer and solute distribution in hybrid laser-MIG welding 
was calculated and analyzed. The dimension of computational domain 
was 45 � 10 � 6 mm3 and 525 � 120 � 90 grid points was adopted in the 
simulation. The closer to the heat source, the finer grid spacing. Half of 
work piece was adopted for simplification. In order to ensure the ac
curacy, The time step of 1 ms was adopted in the simulation The basic 

framework, the procedure of solution, and other information about the 
model have been described in details in a recent paper [28] and will not 
repeated here. Table 2 showed the thermophysical properties of A7N01 
substrate and ER5356 welding wire. Processing parameters was shown 
in Table 3. 

4. Results and discussion 

4.1. Fluid flow and heat transfer 

For hybrid laser-MIG welding, the distributions of liquid velocity and 
temperature were calculated and analyzed, respectively. Fig. 2 showed 
the fluid flow and temperature contour plot at different times. In the 
beginning, due to the heating of laser beam and MIG torch, the tem
perature for the heated zone increased rapidly, and the workpiece 
started to melt, then the molten pool formed. With the welding pro
cessing, the molten pool dimension gradually increased, as shown in 
Fig. 2. Because the MIG torch was in front of laser beam in the welding 
direction, the base metal melted due to MIG torch heat, then the laser 
was irradiated on the liquid metal directly, because of which the ab
sorption for laser energy increased greatly. As a result, penetration 
enhanced significantly due to the Fresnel absorption and multiple re
flections inside the keyhole. At 1.5s, the molten pool reached a steady 
state, and the highest temperature and liquid velocity in molten pool 
was 3088 K and 1.26 m/s, respectively. 

From Fig. 2, because of negative temperature coefficient of surface 
tension, the liquid metal flowed out from the center to the periphery. 
Since the temperature inside the keyhole was higher than outside, the 
surface tension was smaller, and the liquid metal flowed toward that 
region. Due to the electromagnetic force, the liquid inside the pool 
tended to flow downward, and the penetration increased. Due to com
bined effect of electromagnetic force, surface tension, and buoyancy 
force, a counter-clockwise vortex formed in the melt pool. 

The distribution of temperature and liquid velocity for YZ cross- 
section (X ¼ 20 mm) at the different times was shown in Fig. 3. With 

Table 3 
Processing parameters.  

Parameter (Unit) Value 

Voltage(V) 21.3 
Welding current(A) 150 
Effective laser radius (mm) 0.15 
Laser power (W) 1000 
Wire diameter (mm) 1.2 
Scanning speed (mm/s) 12 
Droplet temperature(K) 1923 
Wire feeding rate (m/min) 9.3 
Ambient temperature(K) 298 
Radius of droplet impact (mm) 1.0 
Distance between MIG torch and laser (mm) 2 
Frequency of droplet transition (Hz) 317 
Stefan-Boltzmann constant (W=ðm2⋅ K4Þ)  5.67 � 10–8  

Surface emissivity 0.47  

Fig. 2. Distribution of temperature and fluid velocity at different times. (a) 0.25s; (b) 0.75s; (c) 1.25s; (d) 1.50s.  

X. Chen et al.                                                                                                                                                                                                                                    
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droplets entering the molten pool continuously, the height kept 
increasing until the molten pool reached a steady state. Due to the 
Fresnel absorption and multiple reflections, the maximum temperature 
and penetration occurred around the laser beam. 

The importance of heat convection and conduction was denoted by 
the Peclet number [27]. 

Pe¼
UmaxρCpL

k
(19) 

The relative significance of different driving forces can be measured 
by following dimensionless numbers. The relative significance of Mar
angoni force to buoyancy was express as 

Res=b¼
Ma
Gr
¼
j∂γ=∂Tj
gβL2ρ (20) 

The relative importance of surface tension to electromagnetic force 
was calculated as 

Res=m¼
Ma
Rem
¼

4π2LΔTj∂γ=∂Tj
μmI2 (21) 

The variation of the relative dimensionless numbers was shown in 
Fig. 4. At the beginning, the Peclet number was about 50, then the 

dimension of molten pool continuously increased, and the convection 
was more and more stronger. Therefore, the Peclet number continuously 
increased until the molten pool reached a steady state. Similarly, the 
Res/m number increased at the initial stage until it stabilized, while, the 
Res/b number decreased due to the gradually increased dimension of the 
molten pool. From Fig. 4, the Peclet was on the order of 102, and the 
convection dominated the heat transfer in the melt pool. Electromag
netic force and surface tension were on the same order, which mainly 
affected the liquid flow. The influence of buoyancy was very small. 
Under the combined effect of surface tension, electromagnetic force and 
buoyancy force, the fluid flow in the molten pool was quite strong. 

4.2. Solute distribution 

For aluminum alloy, the magnesium and zinc element could improve 
strength and corrosion resistance. Alloying elements were added to the 
liquid aluminum, and the property of the weld bead was improved due 
to the solution strengthening [32,33]. For hybrid laser-MIG welding of 
A7N01 aluminum alloy, the original magnesium element was present in 
the welding wire, and the original zinc element was present in the 
substrate. When the welding wire melted, the magnesium element was 
transferred to the liquid pool. Meanwhile, the base metal melted, the 

Fig. 3. Distribution of temperature and fluid velocity of YZ cross-section at different times. (a) 0.75s; (b) 1.0s; (c) 1.25s; (d) 1.50s.  

Fig. 4. Dimensionless number at different times. (a) Peclet number; (b) Reynolds number.  

X. Chen et al.                                                                                                                                                                                                                                    
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zinc element was carried to the molten pool. Then the magnesium and 
zinc element were redistributed in the liquid pool. In the simulation, the 
mass transfer process of droplets entering the molten pool was consid
ered. In addition, the alloy element in the plate flow to the liquid pool 
and alloy element redistribution were also calculated. The magnesium 
concentration for different times was shown in Fig. 5. 

In the initial stage, the molten pool formed, the additional welding 
wire melted continuously and transited to the liquid pool, then the 
concentration of magnesium element gradually increased. After the 
initial stage, Marangoni convection was strong, and the composition 
distribution in the molten pool quickly became more and more homo
geneous. Due to the surface tension and convection, magnesium flowed 

Fig. 5. Concentration of magnesium distribution at different times. (a) 0.25s; (b) 0.75s; (c) 1.25s; (d) 1.50s.  

Fig. 6. Magnesium distribution of YZ cross-section at different times. (a) 0.75s; (b) 1.0s; (c) 1.25s; (d) 1.50s.  

X. Chen et al.                                                                                                                                                                                                                                    



International Journal of Thermal Sciences 149 (2020) 106182

7

from the pool center to the periphery and gathered in the rear of the 
pool. Most of the magnesium was present in the upper part of the liquid 
pool, and less magnesium was present in the lower part of the liquid pool 
due to the counter-clockwise vortex. The elemental magnesium was 
indicated by weight fraction. From the concentration profiles, the 
maximum magnesium concentration was 3.15% when the molten pool 

reached a steady state. 
The magnesium concentration distribution of YZ cross-section 

(X ¼ 20 mm) at different times was shown in Fig. 6. It was obvious 
that the magnesium concentration in the upper part of liquid pool was 
higher than that in the lower part of molten pool when the liquid pool 
reached a steady state. Convection and mass diffusion were the two mass 

Fig. 7. Concentration of zinc distribution at different times. (a) 0.25s; (b) 0.75s; (c) 1.25s; (d) 1.50s.  

Fig. 8. Concentration distribution of zinc at different times. (a) 0.75s; (b) 1.0s; (c) 1.25s; (d) 1.50s.  
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transfer mechanisms in the melt pool. The importance of convection and 
diffusion can be denoted by the dimensionless number Pec, Pec ¼

uL
D . 

Through calculation, the Pec was in the order of 105 or 106, and the mass 
transport in the liquid pool was governed by convection, to a lesser 
degree due to mass diffusion. 

Fig. 7 showed the concentration of zinc distribution at different 
times. Compared with magnesium in the welding wire, zinc was present 
in the base metal, and its diffusion was different from that of the mag
nesium. At the initial stage, the workpiece melted, and only few droplets 
entered molten pool. The zinc concentration in the pool was close to the 

initial zinc concentration in the substrate. With welding processing, 
more and more weld wire melted and fell into the liquid pool, and the 
zinc element was diluted. 

Fig. 8 showed the zinc concentration distribution of YZ cross-section 
(X ¼ 20 mm) at different times. With time going on, the concentration of 
zinc in the molten pool was continuously reduced. The zinc distribution 
at steady state was shown in Fig. 8(d). The concentration of zinc in the 
lower part of liquid pool was higher than that in the upper part of liquid 
pool, which was different from the distribution of magnesium. 

Fig. 9. Temperature and fluid velocity contour for MIG welding at different times. (a) 0.75s; (b) 1.50s.  

Fig. 10. Magnesium concentration distribution of MIG welding at different times. (a) 0.75s; (b) 1.50s.  

Fig. 11. Distribution of zinc concentration in MIG welding at different times. (a) 0.75s; (b) 1.50s.  
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4.3. Comparison with MIG welding 

Although the mass transfer was caused by droplet transition from 
welding wire to base metal, laser beam had a great effect on the behavior 

of mass transfer. In order to profoundly understand how laser beam 
affected the mass transfer, the relative results of MIG welding were 
analyzed and compared. Fig. 9 showed the distribution of temperature 
and liquid velocity for MIG welding at different times. It was shown that 
the maximum temperature and fluid velocity were 1366 K and 0.81 m/s 
separately. When the molten pool reached a steady state, the Peclet 
number was 70, convection was weaker than that in hybrid welding. In 
hybrid welding, the molten pool was more homogenous due to the 
strong flow. In MIG welding, the maximum penetration was 1.7 mm, 
while the maximum penetration was 2.4 mm in hybrid welding. 

For mass transfer, the distribution of magnesium concentration in 
MIG welding at different times was shown in Fig. 10. The distribution of 
magnesium was inhomogeneous, and there was an insufficient mixing 
zone at the front pool. Under the surface tension, electromagnetic force 
and buoyancy force, there was two vortexes in the molten pool. The 
vortexes made the magnesium distribution divided into two zones, and 
the magnesium concentration in the rear of the pool was obviously 
higher than that in front of the pool. From the concentration profiles, the 
maximum magnesium concentration was 3.6%. 

Fig. 11 showed the distribution of zinc concentration in MIG welding 
at different times, which was different from the magnesium distribution. 
The distribution of zinc was inhomogeneous in the liquid pool, and the 
zinc concentration in the front of the liquid pool was obviously higher 
than that in the rear of the molten pool. 

When the molten pool reached a steady state, the comparison be
tween hybrid and arc welding was shown in Fig. 12. The XZ section was 
selected to compare and analyze the temperature, fluid velocity distri
bution, magnesium and zinc concentration distribution. From Fig. 12(a) 
and (b), in comparison to MIG welding, the fluid flow was much stronger 
in hybrid welding, and the length and penetration of the molten pool in 
hybrid welding were larger than that in MIG welding. It was shown that 
laser beam made the fluid stronger, and greatly changed the liquid flow 
in the molten pool. From Fig. 12(c) and (d), the concentration of mag
nesium was redistributed under the strong flow for hybrid laser-MIG 
welding, and the magnesium distribution was quite different. In MIG 
welding, the fluid was not intense enough, and the magnesium element 
was insufficiently mixed at the front of the pool. It was obvious that laser 
beam had a great effect on the magnesium distribution. For Fig. 12(e) 
and (f), the effect of laser beam on zinc distribution was similar. 

In order to quantify the difference between the hybrid welding and 
MIG welding, a scanning track was selected as shown in Fig. 12(a). The 
variation of temperature, fluid velocity, magnesium concentration and 
zinc concentration along the scanning track was shown in Fig. 13. 

From Fig. 13(a), for hybrid welding, the maximum temperature was 
1281 K, and the maximum temperature occurred around the laser beam. 
For MIG welding, the maximum temperature was 1032 K, and the 
maximum temperature occurred around the MIG torch. From Fig. 13(b), 
for hybrid welding, the maximum fluid velocity was 0.43 m/s, the liquid 
flow was intense in the melt pool. The maximum fluid velocity was 
caused by Marangoni convection, and occurred at the periphery of the 
molten pool. For MIG welding, the maximum fluid velocity was 0.14 m/ 
s, and the maximum fluid velocity occurred around the MIG torch. From 
Fig. 13(c), for hybrid welding, the maximum magnesium concentration 
was 2.8%, the magnesium content changed gradually, and there was no 
big fluctuation. For MIG welding, the maximum magnesium concen
tration was 3.2%. Due to insufficient mixing zone at the front of the pool, 
there was relatively large fluctuation and there was a ladder-like mu
tation at the front of the pool, where the concentration was 1.9%. From 
Fig. 13(d), for hybrid welding, the distribution of zinc concentration in 
the melt pool was homogeneous, and the concentration was 1%. For MIG 
welding, the maximum zinc concentration in the liquid pool was 2.3%, 
and the minimum magnesium concentration was 1.6%. Due to the non- 
uniformity of the fluid flow, there were oscillation and ladder-like mu
tation at front of the melt pool. In conclusion, the liquid metal of molten 
pool was quite strong, and the solute was thoroughly mixed in hybrid 
laser-MIG welding. However, for MIG welding, there was a distinct 

Fig. 12. Comparison between hybrid and MIG welding. (a) Distribution of 
temperature and fluid velocity in hybrid welding. (b) Distribution of tempera
ture and fluid velocity in MIG welding. (c) Distribution of magnesium con
centration in hybrid welding. (d) Distribution of magnesium concentration in 
MIG welding. (e) Distribution of zinc concentration in hybrid welding. (f) 
Distribution of zinc concentration in MIG welding. 
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insufficient mixing zone at the front of the pool. 

4.4. Experimental verification 

Experiments for hybrid welding were performed to verify the 

simulated results. When the molten pool reached a steady state, the YZ 
sections for simulated and experimental contour was shown in Fig. 14. It 
was shown that the simulated molten pool geometry was in good 
agreement with the experimental geometry. It was obvious that the 
concentration of magnesium in upper part of the pool was much higher, 

Fig. 13. Comparison between hybrid and MIG welding. (a) Temperature distribution. (b) Fluid velocity distribution. (c) Magnesium concentration. (d) Zinc 
concentration. 

Fig. 14. Simulated and experimental results of YZ cross-section. (a) experiment (b) the temperature and fluid velocity distribution (c) the distribution of magnesium 
concentration (d) the distribution of zinc concentration. 
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while the distribution of zinc concentration was different. To further 
verify the simulation, two scanning tracks were selected to compare the 
contents of magnesium and zinc, as shown in Fig. 14(a). 

Fig. 15 showed the comparison between experimental and calculated 
results for YZ cross-section. From Fig. 15, it was observed that the 
calculated concentration was a little lower than the experimental re
sults, and the discrepancy was potentially due to some assumptions in 
calculation. Elements in alloys, except for magnesium, zinc and 
aluminum, were neglected. In addition, the temperature effect on ab
sorption coefficient and thermo-physical properties was ignored. Even 
so, the calculated and experimental results were in close agreement, 
which showed the rationality of the mathematical model proposed in 
this work. 

The proposed numerical model was contributed to profoundly un
derstand the transport phenomena in the melt pool and provided the 
theoretical basis for the processing experiment. The research had a great 
significance to effectively control and optimize the welding process. It 
was promising that the model will be further developed to include so
lidification behavior and segregation of solute element during hybrid 
laser-MIG welding process. The relevance between thermal behavior 
and mechanical properties was the challenges for further investigation. 

5. Conclusions 

The objective of the study was to understand profoundly the thermal 
behavior and mass transport during hybrid laser-MIG welding of 
aluminum alloy. The temperature and fluid velocity distribution, and 
solute transport of magnesium and zinc were present. The computed and 
experimental results agreed well with each other to validate the 

mathematical model. Some conclusions were as follows:  

1. For hybrid laser-MIG welding, the maximum temperature and liquid 
velocity was 3088 K and 1.26 m/s, respectively. When the molten 
pool reached a steady state, the Peclet number was more than 102, 
and convection dominated the heat transfer. For hybrid welding, the 
convection was strong, and it made the molten pool tend to be 
homogenous.  

2. For solute distribution in hybrid welding, the convection also played 
a dominant role. The maximum magnesium concentration was 
3.15%, and the concentration in upper part of the pool was higher 
than that in lower part. Though evolution of the zinc concentration 
was different, and the zinc concentration in upper part of the pool 
was lower than that in lower part.  

3. For MIG welding, the maximum magnesium concentration was 
3.6%, and there was an obvious insufficient mixing zone at the front 
of the pool. The solute distribution in the hybrid welding was more 
uniform than that in MIG welding.  

4. The quality of weld joint depended on the fluid flow, heat transfer, 
and mass transport in the molten pool, and the developed model can 
be utilized for optimization and control during hybrid laser-MIG 
welding process. 
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