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Abstract: A three-dimensional multiphysical transient model was developed to investigate keyhole
formation, weld pool dynamics, and mass transfer in laser welding of dissimilar materials.
The coupling of heat transfer, fluid flow, keyhole free surface evolution, and solute diffusion between
dissimilar metals was simulated. The adaptive heat source model was used to trace the change of
keyhole shape, and the Rayleigh scattering of the laser beam was considered. The keyhole wall was
calculated using the fluid volume equation, primarily considering the recoil pressure induced by
metal evaporation, surface tension, and hydrostatic pressure. Fluid flow, diffusion, and keyhole
formation were considered simultaneously in mass transport processes. Welding experiments of
304L stainless steel and industrial pure titanium TA2 were performed to verify the simulation results.
It is shown that spatters are shaped during the welding process. The thickness of the intermetallic
reaction layer between the two metals and the diffusion of elements in the weld are calculated,
which are important criteria for welding quality. The simulation results correspond well with the
experimental results.
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1. Introduction

Dissimilar metal welding often confronts the problems of brittle intermetallic compounds,
residuals stresses, and crack formations, which lead to lower joint performance. Thethickness of
an intermetallic reaction layer is an important factor affecting the formation of intermetallic compounds,
besides the differences in the physical and chemical properties of the materials. As long as the thickness
of the intermetallic reaction layer is maintained in the proper range, the welded workpiece will have
good mechanical properties. If the thickness is too large, it is possible for new intermetallic compounds
to be formed, which makes the welded joint brittle and hard and reduces plasticity and ductility.
Therefore, precise control of the heat source is highly important in the welding process. Compared
with the traditional welding method, laser welding has several advantages such as precise energy
control, high density due to minimal laser beam diameter, and narrow heat affected zones. The rapid
melting and solidification of metal can reduce the formation of intermetallic compounds in laser
welding of dissimilar materials, which improves the mechanical properties of the welded joint. Laser
welding is an important joining method for dissimilar metals.

The behaviors of keyhole and weld pool have an important influence on welding quality in deep
penetration laser welding, which has been widely confirmed through theoretical and experimental
research. Early studies primarily focused on the analysis of temperature and heat flow fields in
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similar metal welding processes. Rai et al. [1,2] proposed a numerical model for keyhole mode laser
welding to calculate the temperature and velocity fields, weld geometry, and solidification for different
materials. Their results suggested that convection was the primary mechanism for heat transfer;
however, the upper surface of the workpiece was assumed to be flat, and the shape of the keyhole was
not the actual vapor-liquid interface, as this model did not consider the effect of the recoil pressure
induced by metal evaporation. In recent years, research on keyhole formation, molten pool dynamics,
and welding defects such as the formation of porosity and spatter has become a heavily researched
topic. Na et al. [3,4] and Pang et al. [5–7] obtained the shape of a real-time keyhole, the model of which
used a ray tracing method to simulate multiple laser reflections along the keyhole wall. Their study
suggested that the formation of the keyhole was a result of the interaction of the recoil pressure caused
by metal vaporization, the surface tension, and hydrostatic pressure. In addition, the formation of
pores was due to the collapse of the keyhole. Recently, Hua et al. [8,9] performed a simulation study
on the mechanism of spatter formation at full penetration condition. Their results suggested that the
shear force generated by the high-speed plasma movement was the main cause of spatter formation,
which was in full agreement with the experimental results of Chen et al. [10].

Although laser welding processes of the dissimilar metals and same metals are somewhat
similar, laser welding of dissimilar materials has its own individual features, such as the formation of
intermetallic compounds. Hu et al. [11] developed a 3D heat and mass transfer model of steel-nickel
laser welding to analyze the influence of convection on the temperature field and mass transfer,
and their results suggested that strong convection had an important impact on heat and mass transfer.
Moreover, concentration gradients and sufficient time also contributed to homogeneous welds. For the
study of convection in dissimilar laser welding, Yu et al. [12] have obtained the same conclusions
as Hu et al. [11], and they noted that a thickness of intermetallic reaction layer could be decreased
if the heat input was reduced to a reasonable range. Esfahani et al. [13] have conducted a dynamic
analysis of the flow field based on a turbulence model in the weld pool. Their research also confirmed
that the mixing of dissimilar metal materials was the result of convection in the molten pool, and the
increase of convective intensity was caused due to the increase of heat. Tomashchuk et al. [14]
proposed a simulation model for electron beam dissimilar welding via interlayers based on COMSOL
soft, and the influence of the change of welding parameters on the thickness of the diffusion layer
was studied.

In summary, several researchers have conducted further theoretical studies of the coupling
behaviors of keyhole and molten pool in similar metal laser welding [1–10]; according to simulation
methods. However, the numerical analysis of laser welding of dissimilar metal is mainly focused on
the study of temperature and heat flow field [10–16]. Although several researchers have investigated
the influence of the thickness of the intermetallic reaction layer between two metals on the mechanical
properties of the workpiece, studies that have examined the behavior of the keyhole in laser welding
of dissimilar materials were rarely reported. Additionally, numerical simulations regarding the laser
welding of dissimilar materials have yet to be developed to simultaneously consider the coupling of
keyhole formation, heat transfer, and mass transfer. The keyhole formation is an important feature of
laser welding, and its dynamic behavior has an important influence on the welding quality.

In this study, a 3D multiphysics transient model considering both keyhole behavior and mass
transfer is proposed and is verified by welding experiments. The simulation considers major physical
factors such as evaporation, recoil pressure, surface tension, and Rayleigh scattering of the laser beam.
Convection, diffusion and keyhole formation are considered simultaneously in the mass transport
process between the two metals. The spatter formation mechanism, keyhole and molten pool dynamics,
and influence of process parameters on the thickness of the intermetallic reaction layer are analyzed.

2. Experimental Procedure

To validate the result of numerical model, 304L stainless steel and pure titanium TA2 with
dimensions of 60 mm × 40 mm × 0.8 mm were used in laser overlap welding experiments, and the
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chemical compositions of the materials are shown in Table 1. In this experiment, 304L stainless steel
is placed on top, as shown in Figure 1, since titanium can very easily absorb oxygen and hydrogen
in air at high temperature, which makes the weld joint brittle; and crack easily. Moreover, there is
little difference in melting point between pure titanium and stainless steel, which does not affect
the formation of the molten pool. A fiber laser (IPG YLS-2000, IPG Photonics Corporation, Oxford,
MA, USA, maximum power: 2 KW, wavelength: 1.07 µm) is used, and continuous laser welding is
performed using a KUKA (KUKA Roboter GmbH, Augsburg, Germany) robot movement. During the
laser welding process, the side shielding gas is argon, and velocity of gas flow is 15 L/min. To analyze
the influence of different parameters on the welding quality, the range of laser power is 500 W–520 W,
and the range of welding speed is 3.2 m/min–3.6 m/min. Laser welding experimental and simulation
parameters are shown in Table 2.

Table 1. Chemical compositions of 304L and TA2 (wt. %).

304L

C Si Mn P S Ni Cr Fe
≤0.03 ≤1.00 ≤2.00 ≤0.035 ≤0.03 8.00~11.0018.00~20.00balance

TA2

Fe C N H O Si Ti
≤0.30 ≤0.10 ≤0.05 ≤0.015 ≤0.25 ≤0.015 balance

Table 2. Welding experiment and simulation parameters.

Power (W) Welding Speed (m/min) Beam Defocus (mm) Gas Flux Rate (L/min)

500 3.2 0 15
500 3.6 0 15
520 3.6 0 15

The 304L stainless steel and TA2 were cleaned with acetone and dried before welding to avoid the
effect of oil and water on the welding joint. Spatter formation and melted pool behavior were observed
using a high-speed camera during the welding process. After welding, metallographic specimens
were made. Optical microscope (OM), scanning electron microscope (SEM), and energy dispersive
spectrometer (EDS) were used to verify the validity of the model.

Metals 2018, 8, x FOR PEER REVIEW    3 of 16 

 

2. Experimental Procedure 

To validate  the  result of numerical model,  304L  stainless  steel  and pure  titanium TA2 with 

dimensions of 60 mm × 40 mm × 0.8 mm were used in laser overlap welding experiments, and the 

chemical compositions of the materials are shown in Table 1. In this experiment, 304L stainless steel 

is placed on top, as shown in Figure 1, since titanium can very easily absorb oxygen and hydrogen in 

air at high temperature, which makes the weld joint brittle; and crack easily. Moreover, there is little 

difference  in melting point  between pure  titanium  and  stainless  steel, which does not  affect  the 

formation of the molten pool. A fiber laser (IPG YLS‐2000, IPG Photonics Corporation, Oxford, MA, 

USA, maximum  power:  2 KW, wavelength:  1.07  μm)  is  used,  and  continuous  laser welding  is 

performed using a KUKA (KUKA Roboter GmbH, Augsburg, Germany) robot movement. During 

the laser welding process, the side shielding gas is argon, and velocity of gas flow is 15 L/min. To 

analyze the influence of different parameters on the welding quality, the range of laser power is   

500 W–520 W, and the range of welding speed is 3.2 m/min–3.6 m/min. Laser welding experimental 

and simulation parameters are shown in Table 2. 

Table 1. Chemical compositions of 304L and TA2 (wt. %). 

304L 

C  Si  Mn  P  S  Ni  Cr  Fe 

≤0.03  ≤1.00  ≤2.00  ≤0.035  ≤0.03  8.00~11.00  18.00~20.00  balance 

TA2 

Fe  C  N  H  O  Si  Ti 

≤0.30  ≤0.10  ≤0.05  ≤0.015  ≤0.25  ≤0.015  balance 

Table 2.Welding experiment and simulation parameters. 

Power (W)  Welding Speed (m/min)  Beam Defocus (mm)  Gas Flux Rate (L/min) 

500  3.2  0  15 

500  3.6  0  15 

520  3.6  0  15 

The 304L stainless steel and TA2 were cleaned with acetone and dried before welding to avoid 

the effect of oil and water on the welding  joint. Spatter formation and melted pool behavior were 

observed using  a high‐speed  camera during  the welding process. After welding, metallographic 

specimens were made. Optical microscope (OM), scanning electron microscope (SEM), and energy 

dispersive spectrometer (EDS) were used to verify the validity of the model. 

 

Figure 1. Schematic diagram of laser overlap welding. 

3. Model Description 

The calculated zone of the 3D laser welding model is shown in Figure 1, including the plasma 

and workpiece zone. Taking into account the physical symmetry in the welding and the calculation 

speed of computer, half of the welding zone is selected as the calculation domain. Laser welding is a 

Figure 1. Schematic diagram of laser overlap welding.

3. Model Description

The calculated zone of the 3D laser welding model is shown in Figure 1, including the plasma
and workpiece zone. Taking into account the physical symmetry in the welding and the calculation
speed of computer, half of the welding zone is selected as the calculation domain. Laser welding is
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a complex process of heat and mass transfer, and in order to simplify the calculation, the model is
assumed to be as follows:

(1) The effect of side shielding gas on the behavior of keyhole and molten pool is ignored.
(2) The calculated fluid is Newtonian and incompressible and is in local thermal equilibrium;

furthermore, this fluid satisfies the basic equations of fluid motion.
(3) The temperature-dependent thermo-physical parameters are calculated, derived from the JMatPro

software (Release Version 7.0.0, Sente Software Ltd., Guildford, UK).
(4) In the simulation, only iron and titanium components are considered, and other alloy elements

are ignored.

3.1. Laser Heat Source Model

In fiber laser welding, the fundamental mode Gaussian beam is the main output mode, in which
the spot is circular, and the distribution of light intensity theoretically satisfies the Gauss function,
as shown in Equation (1).

q(r) =
3qmax

πr2
e f f

exp

(
− 3r2

r2
e f f

)
(1)

where qmax is the maximum heat flux density of the laser beam, r is the heat source radius, re f f is the
waist radius, and q(r) is the heat flux density at radius r.

In the process of laser transmission, the beam has a certain degree of divergence, and the
power tends to decrease with an increase in weld depth. In addition, the metal vapor plasma in
the keyhole hinders laser energy transmission. At present, the beam quality factor M2 proposed by
Siegman et al. [17] is generally used to evaluate the quality of the laser beam, as shown in Equation (2).

r(z) = re f f

√
1 + (

z− z0

zR
) (2)

where z0 is the longitudinal coordinate of the waist, zR is the Rayleigh constant, and z is the longitudinal
coordinate of the heat source.

In laser continuous welding, the radius r in Equation (1) can be expressed as

r =
√
(x− v0t)2 + y2 (3)

where v0 is the welding speed, and t is the welding time.
During laser welding, the amount of defocus is set to zero, and the cells in the interface and inside of

the keyhole are heated by the beam, while the value of heat flux density is calculated using Equation (1).
As mentioned above, the shape of the heat source changes with the shape of keyhole. When the depth
of the keyhole increases, the effective radius of the heat source increases. However, the peak energy
decreases. It is worth noting that Equation (1) shows the surface heat flux density, not the volume density.
It is necessary to transform Equation (1) into the body heat flux according to Zhou et al. [18].

3.2. Governing Equation

With the above assumptions, numerical analysis of laser welding of dissimilar metal is carried
out by solving equations such as mass, momentum, energy and species transport, as expressed in
Equations (4)–(6).

The mass conservation equation is described as

∂

∂t
(ρ) +∇ · (ρV) + SMA = 0 (4)

where ρ is density, V is velocity vector, and SMA is mass source.
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The momentum conservation equation is described as

∂

∂t
(V) + V · ∇V = −1

ρ
∇P + µ∇2V + SMT + g (5)

where p is pressure, g is gravity constant, µ is dynamic viscosity, and SMT is momentum source.
The energy conservation equation is described as

∂h
∂t

+ V · ∇h = k∇2T + SE (6)

where h is enthalpy, k is coefficient of thermal conductivity, T is temperature, and SE is energy source.
The mass fraction of each species can be predicted, through the solution of a convection and

diffusion equation for the species, as expressed in Equation (7).

∂

∂t
(ρYi) +∇ · (ρVYi) = −∇

→
Ji (7)

where Yi is the mass fraction of species i, and Ji is the diffusion flux of species i. In this study, it is
assumed that the molten pool fluid is laminar, implying that Ji can be expressed as

→
Ji = −ρDim∇Yi − DTi

∇T
T

(8)

where Dim is the mass diffusion coefficient for species i in the mixture, and DTi is the thermal diffusion
coefficient. According to the above assumptions, the diffusion between titanium and iron is studied,
and other alloy elements are not considered.

The mass source term SMA in Equation (4) mainly considers the gas-liquid mass transfer due to
the evaporation or solidification of the material. The momentum source SMT in Equation (5) mainly
includes the recoil pressure due to the violent evaporation of liquid metal, the momentum loss caused
by the solidification of liquid metal, and the Boussinesq buoyancy due to the change of the density
of the melted metal. The energy source SE in Equation (6) primarily includes the laser heat source,
and the energy loss caused by the radiation and evaporation of the liquid metal on the keyhole wall.

In deep penetration laser welding, the formation of the keyhole is an important feature different
from laser conductive welding. On the keyhole free surface, the recoil pressure is the driving force of
the keyhole formation. However, surface tension prevents keyhole formation. A general expression
for calculating the recoil pressureis as follows [18]:

Pr = AB0/
√

Tw exp(−U/Tw) (9)

where Pr is the recoil pressure, A is the adjustment coefficient, which is generally 0.55, B0 is the
evaporation constant, Tw is the temperature of the keyhole surface, and U is a constant related to
the material.

It is assumed that the recoil pressure Pr always vertically acts on the keyhole wall, which is
decomposed into axial components during calculation, and the components Px along the x-axis is
defined as follows:

Px =
nx√

n2
x + n2

y + n2
z

· Pr (10)

where nx, ny, and nz are, respectively, the volume fraction gradient components in each axial direction.
Using the same calculation method, the other two axial recoil pressures Py and Pz can also be calculated.
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During the welding process, the recoil pressure and heat source act on the keyhole surface,
meaning that the calculation of the keyhole shape is very important. The keyhole surface is calculated
by solving the volume fraction Equation (11) [19], as shown.

∂F
∂t

+ V · ∇F = 0 (11)

where F is the volume fraction of cells.
During keyhole formation, mass transfer due to evaporation and recondensation is studied,

as shown in [20].
Slv = −mlv (12)

Svl = mlv (13)

where Slv and Svl are the mass source in Equation (4); mlv is cell mass, and a negative value
means recondensation.

In simulation, the momentum sink due to solidification is calculated using enthalpy-porosity
technique; the latent heat is described using properly changing the specific heat, and the value of
momentum sink Smush is approximated as follows [21]:

Smush =
(1− fl)

2

f 3
l + ϕ

Amush ·V (14)

where fl is the liquid volume fraction of cells, ϕ is a tiny number to prevent the denominator from
being zero, and Amush is a porous medium constant.

Mass transport between dissimilar metals is calculated by solving the mass transport Equation (7);
therefore, the mixed phase is composed of iron and titanium in the simulation model. In the mixture,
density ρ, coefficient of thermal conductivity k, specific heat cp, and dynamic viscosity µ are averaged
and defined as follows:

ρ = αρ1 + (1− α)ρ2 (15)

k = αk1 + (1− α)k2 (16)

cp = αcp1 + (1− α)cp2 (17)

µ = αµ1 + (1− α)µ2 (18)

where α is the mass fraction of the species, subscript 1 represents the first species, and subscript 2
represents the second species.

3.3. Boundary Conditions

As mentioned above, the laser heat source acts on the keyhole surface to heat the workpiece.
Meanwhile, energy loss such as gas convection, radiation and evaporation are considered, and the
energy balance equation is expressed as

k
∂T
∂n

= q− hc(T − T∞)− σε(T4 − T4
∞)−WHlv (19)

where n is the vector normal to the liquid-gas interface, hc is the convection heat transfer coefficient,
T∞ is the ambient temperature, σ is the Boltzmann constant, ε is the emissivity of radiation, W is the
speed of evaporation, and Hlv is the latent heat of evaporation.

For other boundaries such as the rear, left, right and bottom of the workpiece, only energy loss
due to convection and radiation is considered, and expressed as follows:

k
∂T
∂n

= hc(T − T∞)− σε(T4 − T4
∞) (20)
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For momentum boundary, the surface tension Ps is defined as

Ps = κγ (21)

where κ is the surface curvature, and γ is the temperature-dependent surface tension coefficient.

3.4. Numerical Method

The developed 3D model is solved using a commercial software package named Fluent,
and single-machine parallel computing is used in order to improve the calculating speed.
The computed domain with dimensions of 6 mm × 2.8 mm × 2.4 mm is meshed, and the regular
hexagon grid is adopted to facilitate the conversion of surface data and volume data in the simulation
with a cell size of 0.08 mm. In this model, the mixed phase in species transport model is composed of
iron and titanium. Moreover, the phase in multiphase flow model Volume of Fluid (VOF) is composed
of plasma and the mixed phase established in the previous step.

The governing equation is discretized using a finite volume method; user-defined functions(UDFs)
such as initializing of the calculation domain, source terms, boundary conditions, and material property
definitions are written using C code, and pressure implicit with splitting of operators(PISO) algorithm
is used to solve discrete equations. In the PISO algorithm, the pressure correction equation is solved
twice; therefore, compared with other algorithms, the PISO algorithm has good convergence and
high efficiency.

4. Results and Discussion

To improvewelding quality, the formation of excessive intermetallic compounds must be
suppressed. Meanwhile, the burning loss of alloying elements in the welding process should be
prevented in laser overlap welding. Therefore, precise control of the heat source has a significant
impact on joint performance, and the selection of welding parameters is crucial in dissimilar metal
welding. In the simulation and experiment, the following welding process parameters, as shown in
Table 2, are used to analyze the effects of different parameters on mass transfer between the two metals.

The physical property values used in the calculation are shown in Table 3. Other important
parameters used in the simulation are listed in Table 4.

Table 3. Physical properties of 304L and TA2 [1,22].

Physical Properties 304L TA2

Density (kg/m3) 7000 4110
Specific heat (J/(kg·K)) 712 594

Heat conductivity (W/(m·K)) 29 40
Dynamic viscosity (N·s/m2) 0.007 0.005

Boiling point (K) 3100 3315
Surface tension (N/m) 1.4 1.65

Surface tension temperature coefficient (N (m·K)) −4.9 × 10−4 −2.6 × 10−4

Coefficient of thermal expansion (/K) 1.96 × 10−5 1.1 × 10−5

Melting latent (J/kg) 2.47 × 105 3.89 × 105

Evaporation latent (J/kg) 6.34 × 106 8.88 × 106
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Table 4. Data used in the simulation.

Nomenclature Value

Laser beam radius at focus (mm) 0.2
Planck constant (J·s) 5.67 × 10−8

Stefan-Boltzmann constant (W/(m2·K4)) 1.38 × 10−23

Ambient temperature (K) 300
Density of plasma (kg/m3) 0.06

Specific heat of plasma (J/(kg·K)) 610
Heat conductivity of plasma (W/(m·K)) 3.72

Convective heat transfer coefficient (W/(m2·K)) 60
Radiation Emissivity 0.4

Gas constant (J/(kg·mol)) 8.3 × 103

4.1. Keyhole Formation and Weld Pool Dynamics

Figure 2 shows the calculated temperature distribution, keyhole formation and velocity fields in the
laser welding of dissimilar materials. At the very beginning of laser welding, when the welding time is less
than 3.05 ms, the top surface of 304L stainless steel is heated and metal is melted. When the temperature of
the melted metal is higher than the boiling point of the material, violent vaporization occurs. Meanwhile,
the metal vapor plasma is formed under the action of the laser. As shown in Figure 2, the keyhole is
formed under the action of the recoil pressure due to evaporation, surface tension, and hydrostatic pressure.
The recoil pressure causes the keyhole to deepen downwards, while the surface tension prevents the
keyhole from moving downwards. As shown in Figure 2c,d, the dynamic and energy balance are achieved
on the keyhole wall, and the maximum depth of the keyhole is obtained. These phenomena are consistent
with previous research results in similar metal welding, such as Na et al. [3,4], Pang et al. [5–7], Zhao et
al. [20] and Tan et al. [21]. Moreover, it can also be seen from Figure 2c,d, as a result of the recoil pressure,
that the keyhole also appears in the lower region. Therefore, the lower metal may be squeezed into
the upper region. Thus, it is possible that elements are mixed, and intermetallic compounds are formed.
However, the mixing of elements and the formation of intermetallic compounds have a significant influence
on welding quality [11]. Therefore, keyhole behavior directly affects joint performance in dissimilar metal
welding. Moreover, laser heat is transmitted through the keyhole wall to melt the welded metal such that
the keyhole shape also affects heat transfer.
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It can be seen in Figure 2b that spatter is formed in the welding process, which may damage the
laser equipment due to spatter into the light path and may also affect the welding quality. In essence,
laser welding is the process of rapid heating and rapid cooling of the material, so that the weld pool
width is relatively small. Due to the role of recoil pressure, the molten pool near the keyhole wall
has an upward trend, as shown in Figure 2b. According to the previous study by Hua et al. [8,9],
when the stagnation pressure of the melted metal is higher than the surface pressure, spatter may
appear. The shear force and recoil pressure are the driving force of spatter formation, which has been
experimentally confirmed (Figure 3).

Metals 2018, 8, x FOR PEER REVIEW    9 of 16 

 

   
(a)  (b) 

   
(c)  (d) 

Figure 2. Longitudinal section views of the calculated temperature and velocity fields in laser welding 

(laser power 500 W, welding velocity 3.6 m/min): (a) t = 3.05 ms; (b) t = 7.20 ms; (c) t = 18.20 ms; (d) t 

= 28.35 ms. 

It can be seen in Figure 2b that spatter is formed in the welding process, which may damage the 

laser equipment due to spatter into the light path and may also affect the welding quality. In essence, 

laser welding is the process of rapid heating and rapid cooling of the material, so that the weld pool 

width is relatively small. Due to the role of recoil pressure, the molten pool near the keyhole wall has 

an upward trend, as shown in Figure 2b. According to the previous study by Hua et al. [8,9], when 

the stagnation pressure of the melted metal is higher than the surface pressure, spatter may appear. 

The  shear  force  and  recoil  pressure  are  the  driving  force  of  spatter  formation, which  has  been 

experimentally confirmed (Figure 3). 

 

Figure 3. High‐speed photographs of spatter formation during laser welding. 

The velocity vector  indicates  the  flow state of melted metal  in  the welding pool, which  is an 

important factor affecting heat and mass transfer. On the surface of 304L stainless steel, the melted 

metal flows outwards from the keyhole center due to the Marangoni force, as shown in Figure 4a. 

Meanwhile, the melted metal in the front of the keyhole flows along the keyhole to the rear of the 

weld pool, which is resolidified to form the weld bead. In the depth direction of the weld bead (z‐

axis), as shown in Figure 2 and Figure 4b, the molten pool flow is analyzed from three regions, such 

as the keyhole wall, near the keyhole, and near the solid phase. The keyhole wall surface is affected 

by the shear force due to the high‐speed movement of the metal vapor plasma, the recoil pressure, 

and the surface tension, thereby increasing its complexity. Similar to surface tension, the shear force 

is the tangential force at the gas‐liquid interface, the size of which is determined by the velocity of 

Figure 3. High-speed photographs of spatter formation during laser welding.

The velocity vector indicates the flow state of melted metal in the welding pool, which is an important
factor affecting heat and mass transfer. On the surface of 304L stainless steel, the melted metal flows
outwards from the keyhole center due to the Marangoni force, as shown in Figure 4a. Meanwhile,
the melted metal in the front of the keyhole flows along the keyhole to the rear of the weld pool, which is
resolidified to form the weld bead. In the depth direction of the weld bead (z-axis), as shown in Figures 2
and 4b, the molten pool flow is analyzed from three regions, such as the keyhole wall, near the keyhole,
and near the solid phase. The keyhole wall surface is affected by the shear force due to the high-speed
movement of the metal vapor plasma, the recoil pressure, and the surface tension, thereby increasing its
complexity. Similar to surface tension, the shear force is the tangential force at the gas-liquid interface,
the size of which is determined by the velocity of metal vapor plasma inside the keyhole [8,9]. The direction
of the recoil pressure is the normal direction of the gas-liquid interface, the size of which is a function of
the gas-liquid interface temperature, as shown in Equation (9). The melted metal near the keyhole flows
downwards from the top, and the melted metal near the solid phase flows upwards from the welding
pool bottom. The simulation results are consistent with previous theoretical calculations by Na et al. [3,4],
Pang et al. [5–7] and Zhao et al. [20] and agree with experimental results by Katayama et al. [23]. Moreover,
it can be clearly seen from Figures 2 and 5 that the molten pool flow affects the heat transfer and also has
an important influence on the mixing of the elements in the weld zone and the formation of the metal
reaction layer in dissimilar metal welding, which is a key factor affecting joint performance.
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4.2. Mass Transfer

Fluid flow and diffusion are two basic methods of mass transport, which have been considered
by solving Equation (7). Furthermore, keyhole formation is also an important factor affecting melted
metal transport, as shown in Figures 5–7, and it cannot be ignored. In this study, the effects of fluid
flow, diffusion and keyhole formation on the formation of intermetallic reactive layers are considered
simultaneously, and the concentration distribution of elementsis studied in the weld. Using the process
parameters in Table 2, simulation and welding experiments are performed to analyze the effects of flow,
diffusion and keyhole formation on the formation of intermetallic reaction layers and the concentration
distribution of elements. Meanwhile, the change of parameters is also considered, such as laser power
and welding velocity.

Figure 5a,b shows the effects of different welding speeds on mass transport in dissimilar metal
welding with a laser power of 500 W. Compared with Figure 5b, it can be seen from Figure 5a that
the keyhole depth and the thickness of the intermetallic reaction layer increase slightly at x = 3.6 mm,
and the concentration of Ti in the weld beam is also higher. This is due to the increase in laser line
energy caused by a decrease in welding speed. Therefore, the mass transport of dissimilar metals
increases, resulting in an increase in the thickness of the intermetallic reaction layer. As stated by
Hu et al. [11] and Yu et al. [12], if the thickness of the intermetallic reaction layer is excessively
large, intermetallic compounds may be produced to attenuate joint performance [24–28]. In addition,
excessive Ti in the weld beam is also not conducive to welding quality.

The influence mechanism of laser power change on mass transport is similar to that of welding
velocity change, as shown in Figure 5b,c. When the laser power increases, the welding line energy
increases, and therefore the keyhole depth, the thickness of the reaction layer between the metals and
the concentration of Ti in the weld zone will increase slightly, which is the same as the effect of welding
speed decrease on mass transport. The effective variation range of power and welding velocity is very
small, which means that laser welding is an important approach for dissimilar metal welding because
of its precise control of energy.
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In addition to fluid flow and diffusion, keyhole formation has an important influence on the mass
transport in dissimilar metal welding. In the welding process, the diameter of the laser beam is very
small, and the action time with the metal is extremely short, meaning that the amount of melted metal
is very small. When the recoil pressure acts on the keyhole surface in the lower region, the melted metal
in the lower region will be pressed into the upper region, as shown in regions A and B in Figure 5b,
and regions C and D in Figure 6a. Moreover, with an increase in keyhole depth in the lower region,
the concentration of Ti increases in the upper weld zone, as shown in Figure 5a,c. Furthermore, during
the actual welding process, when the welding conditions change suddenly, or the welding process is
unstable, the melted metal from the lower region in the upper region may be re-solidified, and form
weld defects, which have been confirmed in welding experiments by Yu et al. [11] and Yang et al. [24].

4.3. Validation of Simulation Results

Figure 7 shows SEM image of the welding joint of 304L stainless steel and pure titanium TA2,
with a laser power of 500 W and the welding speed of 3.6 m/min. The concentration distribution of
elements in different positions of welded joints was obtained through EDS to verify the validity of the
calculation results.Metals 2018, 8, x FOR PEER REVIEW    12 of 16 
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Figure 7. Scanning electron microscope (SEM) image of the welding joint of 304L stainless steel
and TA2.

The experimental element distributions measured through EDS are shown in Figures 8–10 and
Table 5. As can be seen from Figures 8 and 9 and Table 5, the titanium (Ti) concentration in the weld
zone is about 11.23 at. % (region C), while increasing rapidly to 40.71 at. % (region D) at the interface
regions between 304L stainless steel and pure titanium TA2, and finally reaches 100 at. % (region E)
in the lower metal region (pure titanium). This is because the melted Ti enters the molten pool zone
through the convection and diffusion occurring in the welding process. As shown in Figures 8 and 9
and Table 5, the Fe concentration in region E is 0 at. %, while the Ti concentration in region C is
11.23 at. %. This indicates that the convection and diffusion of the molten pool has an important
influence on mass transport. Moreover, as can be seen from Figure 5, the simulated Ti concentration in
the weld zone is found to be 11.75 at. %, which is consistent with the experimental results. Furthermore,
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the thickness of the intermetallic reaction layer has an important effect on the properties of the joint in
dissimilar metal welding. As shown in Table 5 and Figure 9, in the interface regions between 304L
stainless steel and pure titanium TA2, the Ti (40.71 at. %), and Fe (37.73 at. %) concentrations are very
large and very close, possibly due to the fact that intermetallic compounds will be generated [11,24,28].
At x = 3.6 mm in Figure 5b, when the Ti concentration is between 50 at. % and 42 at. %, the thickness
of the intermetallic reaction layer is about 30 µm, which is consistent with the experimental results.
The difference from the experimental data may arise from the influence of alloy elements such as Cr
and Ni on mass transfer in 304L stainless steel ignored in the simulation. The simulation results have
important theoretical significance.
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Table 5. Experimental atomic fraction of Fe and Ti for various location in Figure 7 (at. %).

Element A B C D E

Fe 44.45 45.39 62.50 37.73 0
Ti 33.22 41.82 11.23 40.71 100

When the laser keyhole is formed in the lower region, the melted metal in the lower region is
squeezed into the upper region due to recoil pressure, as shown in regions A and B in Figure 7. It can
be clearly seen from Table 5 and Figure 10 that the concentration values of Ti in regions A and B are
very high, and the concentration of titanium are 33.22 at. % and 41.82 at. %, respectively, which verifies
the accuracy of the calculated results in Figure 6. The keyhole formation has an important effect on
mass transfer in laser welding of dissimilar materials. The calculated results are in good agreement
with the experimental results.

5. Conclusions

A 3D multiphysics transient model of laser welding of dissimilar materials is proposed, and the
dynamic behaviors of the keyhole and molten pool are analyzed. Moreover, mass transport between
dissimilar metals is calculated, which is consistent with the experimental results. The primary points
of this study are as follows.

(1) Recoil pressure is the driving force for keyhole formation. The laser beam heats the workpiece
through the keyhole wall, and the flow of the molten pool has an important effect on
energy transmission.

(2) Fluid flow and diffusion are two important mechanisms of mass transport. As the laser line
energy increases, the thickness of the intermetallic reaction layer and the diffusion of elements
in the weld will increase. Accurate control of laser energy is the key to reduce the formation of
intermetallic compounds.
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(3) In the premise of ensuring connection strength and avoiding the burning of alloying elements,
the depth of the keyhole in the lower region should be controlled accurately, and the melted metal
in the lower region should also be prevented from entering the upper region in large quantities.
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Symbol

Symbols Meaning Symbols Meaning
qmax Maximum heat flux density of the laser beam Px Recoil pressure components along the x-axis
r Radius nx Volume fraction gradient along the x-axis
re f f Waist radius F Volume fraction of cells
q(r) Heat flux density at radius r Slv Mass source
M2 Beam quality factor Svl Mass source
z0 Longitudinal coordinate of the waist mlv Cell mass
zR Rayleigh constant fl Liquid volume fraction of cells
v0 Welding speed ϕ A tiny number
t Welding time Amush Porous medium constant
ρ Density cp Specific heat
V Velocity vector α Mass fraction of the species
SMA Mass source n Vector normal
p Pressure hc Convection heat transfer coefficient
g Gravity constant T∞ Ambient temperature
µ Dynamic viscosity σ Boltzmann constant
SMT Momentum source ε Emissivity of radiation
h Enthalpy W Speed of evaporation
k Coefficient of thermal conductivity Hlv Latent heat of evaporation
T Temperature Ps Surface tension
SE Energy source κ Surface curvature
Yi Mass fraction of species i γ Temperature-dependent surface tension coefficient
Ji Diffusion flux of species i A Adjustment coefficient
Dim Mass diffusion coefficient for species i B0 Evaporation constant
DTi Thermal diffusion coefficient Tw Temperature of the keyhole surface
Pr Recoil pressure U Constant related to the material
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