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a b s t r a c t 

Laser linear welding combined with advanced auto-control technology is a promising joint method of dis- 

similar metals. In this study, an improved three-dimensional model was developed to investigate the ther- 

mal behavior, fluid flow and concentration dilution during laser linear dissimilar welding of 304 stain- 

less steel and nickel. The fluid flow and solidification behavior were presented in a 3D view to deeply 

study the thermal behavior and convection characteristics inside the melt pool. The relationship between 

dynamic characteristics and concentration dilution was studied numerically and experimentally, and the 

effects of welding speed, temperature coefficient of surface tension (TCST) and dynamic viscosity on mass 

transfer were also investigated. Larger cooling rate (GR) and smaller morphology parameter (G/R) were 

found at top area of the weld pool (WP). Elements from SS (Cr and Fe) were mainly mixed at front side, 

but Ni was mainly diluted at middle part. Resulting from the Marangoni convection, all the elements 

were mainly mixed at top area and then transported to the bottom. The redistribution of the species 

was also observed at each side, resulting in a relatively uniform distribution at each side. Nevertheless, 

the effects of welding speed, TCST and dynamic viscosity on solute dilution were simulated and proved 

non-negligible. Differences of solidification and dilution phenomenon were also observed between liner 

welding and spot welding. It was demonstrated the obtained results in this work provided a vital per- 

spective in comprehending the heat and mass transfer phenomenon inside the melt pool during welding 

and additive manufacturing process. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The interest of welding of dissimilar metals has been increas-

ng in both the scientific research and industrial manufacturing for

he advantages on design flexibility, cost control and so on [1–

] . For example, the joint of 304 stainless steel and nickel, which

s widely used in aerospace, high pressure containers and petro-

hemical industry, has been investigated by former research stud-

es [ 6 , 7 ]. However, defects such as the formation of intermetallic

rittle phase and improperly mixed alloy elements caused by the

ifferences in thermal physical and mechanical properties, are still

erious challenges in fusion welding of dissimilar metals, which

re all mainly determined by the heat and mass transportation in-

ide the WP [8–10] . Consequently, numerical method along with

xperimental observation is necessary to be carried out to com-
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rehend the heat transfer, fluid flow and concentration dilution

uring dissimilar welding process to optimize welding parameters,

nd hence, improve welding quality. 

Heat transfer and fluid flow are still the subject for many stud-

es in welding and additive manufacturing area, and fundamental

rogress has also been made during the past decades [11–14] . He

t al [15] studied the driving mechanism and solidification behav-

or during laser spot welding of 304SS, and they concluded that the

uid flow inside the melt pool is mainly driven by surface tension.

he temperature gradient and solidification rate for laser welding

re much larger than that for GTA welding of 304SS. A finite el-

ment model was introduced by Traidia et al. [16] to character-

ze the coupling mechanism between arc and dynamic flow during

TA welding of 304SS, and it was demonstrated that Marangoni

onvection plays an vital role on dynamic behavior inside the melt

ool. Bahrami et al. [17] established a numerical model to investi-

ate the fluid flow for GTA welding of dissimilar metals, and they

ound that the surface shear stress, which is the main driving force

or the Marangoni convection, is mainly affected by the tempera-

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120233
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Fig. 1. Schematic diagram for the laser welding system. 
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ture gradient once the melt pool reaches steady condition. Li et al.

[18] proposed a fluid flow model to study the solidification param-

eter (e.g. temperature gradient G and solidification growth rate R)

distribution under different heat input for laser dissimilar welding,

and it was observed that the cooling rate (GR) is more prone to be-

ing affected by welding heat input compared with morphology pa-

rameter(G/R). The peer-reviewed heat transfer and fluid flow stud-

ies provide a fundamental comprehension to understand the ther-

mal behavior and flow characteristics, however, the fluid flow char-

acteristics and its correlation with dilution inside the melt pool is

still not analyzed in detail. The 3D distribution of solidification pa-

rameter at the solidification interface and its effect on solidification

phenomenon is also urge to be studied for a deep understanding

of the solidification process. 

Coupling the mass transportation with fluid flow inside the

melt pool is one of the great challenges for dissimilar welding

models [ 19 , 20 ]. However, alloy element transfer is necessary to be

accurately and deeply investigated for the reason that it is closely

related to the solidified microstructure and mechanical properties

[ 21 , 22 ]. Multicomponent mass transfer in direct laser deposition

was investigated by Gan et al. [23] based on an improved 3D nu-

merical model, and it was found that multicomponent diffusion

has a non-negligible effect at initial stage. A finite element model

was introduced by Bahrami et al. [24] to predict the mass transport

in autogenous GTA welding of dissimilar metals, and the velocity

field was considered as the decisive factor for the distribution of

the alloy elements. For laser spot welding of dissimilar metals, Hu

et al. [9] developed a heat and mass transfer model to simulate

the element distribution in laser spot welding, and the speed for

mass transport was found the highest at initial stage and decreased

with time. Though basic progress has been made in the area of

mass transfer, previous work was most focused on explaining the

transfer mechanism, especially the effect of diffusion and convec-

tion on dilution, and the correlation between dynamic behavior

and concentration dilution inside the melt pool has not been stud-

ied sufficiently. Besides, different from the time dependent model

for spot welding, the continuous melting-solidification process and

fast moving speed of heat source results in absolutely nonsym-

metric WP and much shorter mixing time in laser linear welding,

and require the governing equations solved at the moving coordi-

nate considering a constant scanning speed, which makes the de-
elopment of numerical model for linear laser welding of dissim-

lar metals quite different from that for spot welding and has not

een investigated by former studies. In addition, laser linear weld-

ng is much more widely used in industrial fabrication [25–27] ,

nd the effects of scanning speed, TCST and dynamic viscosity on

olute transfer during laser linear dissimilar welding process have

ot been paid enough attention, which are proved non-negligible

actors for mass transfer in this paper. 

In this study, an improved three-dimensional model was devel-

ped to study the temperature distribution, solidification charac-

eristics, fluid flow and concentration dilution during laser linear

elding of SS and Ni. The thermal behavior, including the solid-

fication phenomenon, was firstly analyzed for its basic effect on

eat and mass transfer, and then a 3D view study was presented

o deeply understand the solidification parameter distribution and

olidification phenomenon. The fluid flow characteristics were then

nvestigated in detail for its dominant role in mass transfer [ 9 , 10 ].

ext, the correlation between dynamics behavior and concentra-

ion dilution was studied using simulation and dimensional anal-

sis methods. Besides, the effects of welding speed, TCST and dy-

amic viscosity on solute dilution were simulated and compared,

nd the non-negligible influence of these factors on mass transfer

as demonstrated and discussed. Finally, the heat and mass trans-

er process of laser linear welding was detailedly compared with

hat of laser spot welding. 

. Experimental procedure 

As shown in Fig. 1 , nickel and 304 stainless steel sheets with

ize of 60 mm × 40 mm × 2 mm were welded on a self-developed

aser manufacturing system including Nd: YAG continuous fiber

aser, five-axis CNC working system and clamping platform. The

ariation of the position of laser beam center with welding time

s also illustrated in Fig. 1 . The surface impurities, such as the

il, were removed by acetone before the welding experiments. The

ompositions of SS and Ni could be found in [6] , and not listed

ere. The welding parameters used in the experiment were shown

n Table 1 . Then, metallographic samples were obtained through

lectrical discharge wire cutting machine. After rough grinding,

ne grinding, followed by polishing, the samples were etched by

CL: HNO solution with a volume ratio of 3:1. To validate the nu-
3 
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Table 1 

Welding parameters used in experiments. 

Laser spot Shielding gas Laser power Welding speed 

0.57mm Pure argon(15 L/min) 800W 20 mm/s 
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Table 3 

Parameters used in calculation [9] . 

Parameter Value 

Power distribution factor 2 

Laser absorption efficiency 0.26 

Ambient temperature 300 K 

Convective heat transfer coefficient at top surface 100(W/m 

2 K) 

Emissivity 0.2 

Stefan-Boltzmann constant 5 . 67 × 10 −8 ( W / m 

2 K 4 ) 
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ρ  
erical predictions of the solidified microstructure and mixed con-

entration, the treated specimens were then observed and mea-

ured on ZEISS EV18 scanning electron microscopy (SEM) equipped

ith Oxford INCA energy dispersive spectrometer (EDS). 

. Numerical implement 

In this work, an improved three-dimensional numerical model

as developed to study the thermal behavior, fluid flow and mass

ransfer phenomenon during laser linear welding of 304SS and Ni.

he thermal physical properties and parameters used in the simu-

ation are listed in Tables 2 and 3 , respectively. To simplify the sim-

lation, the model is formulated under some basic assumptions: 

• Fluid flow inside the melt pool is Newtonian, laminar and in-

compressible; Boussinesq approximation is involved to study

the buoyance driven flow inside the melt pool due to the den-

sity differences related to temperature variation. 
• The laser heat source irritated on the surfaces of the substrates

is assumed to be Gaussian distribution, and the effective ab-

sorption coefficient is considered as the function of wavelength

and the substrate resistivity [18] . 
• The mushy zone, where the temperature is between the solidus

and liquidus, is assumed to be a porous medium with isotropic

permeability [ 28 , 29 ]. 
• Thermal resistance between SS and Ni is not taken into account.
• The relevant thermal physical properties of the substrate, such

as thermal conductivity and dynamic viscosity, are temperature

independent. 
• The top surface of the melt pool is assumed to be flat, and the

vaporization of alloy elements is negligible. 

.1. Flow model 

The heat transfer and fluid flow in linear welding process is as-

umed in a steady state with a moving coordinate attached to the

aser beam. Based on the assumptions mentioned above, the equa-

ions of conservation of mass and momentum are described as: 

∂ρ

∂t 
+ ∇ · ( ρu ) = 0 (1) 

∂u 

∂t 
+ ρ( u · ∇ ) u = ∇ ·

[ 
−pI + μ

(∇u + ( ∇u ) 
T 
)

− 2 

3 

u ( ∇ · u ) I 
] 

+ F d + F b (2) 
Table 2 

Thermal physical properties used for the simulatio

Property 

Liquidus temperature (K) 

Solidus temperature (K) 

Heat of fusion (kJ/kg) 

Specific heat of solid (J/kg •K) 

Specific heat of liquid (J/kg •K) 

Thermal conductivity of solid (W/m 

•K) 

Thermal conductivity of liquid (W/m 

•K) 

Density of solid metal (kg/m 

3 ) 

Density of liquid metal (kg/m 

3 ) 

Dynamic viscosity (kg/m 

•s) 

Surface tension (N/m) 

Temperature coefficient of surface tension (N/m

Liquid volume thermal expansion (K −1 ) 

Liquid volume concentration expansion 

Effective mass diffusivity (m 

2 /s) 
Where ρand u denote the density of liquid metal and velocity

ector inside the melt pool, respectively. p is pressure of the fluid

nd μ represents the viscosity of the liquid mixture. 

Source term F d is used to describe the fluid flow in the mushy

one based on Carmen-Kozeny technique [ 25 , 26 ]. Its mathematical

escription is given as: 

 d = −K 0 
( 1 − f l ) 

2 (
f 3 
l 

+ M 

)u (3) 

In Eq. (3) , K o is a parameter associated with the mushy zone

orphology, and M is a small positive number used to avoid the

ivision by zero, which are taken as 10 7 and 10 −4 in this work, re-

pectively. f l is the liquid fraction, which could be expressed as: 

f l = { 0 , 0 < T < T s 

T − T s 

T l − T s 
, T s < T < T l 

1 , T > T l (4) 

here T s and T s are the alloy solidus and liquidus temperature, re-

pectively. 

Another source term in Eq. (2) is F b , and it consists of the

ody force generated by the temperature and concentration related

ravity-driven buoyance force, viz., 

 b = −ρ
[
βT 

(
T − T re f 

)
+ βc 

(
C − C re f 

)]
g (5) 

In this equation, βT and βc denote the temperature volumet-

ic expansion coefficient [7] and composition volumetric expan-

ion coefficient [17] , respectively. T ref is the reference temperature

300 K) and T is the local temperature inside the melt pool. In ad-

ition, the properties C and C ref represent the local and reference

oncentration, respectively. The vector g is the gravitational accel-

ration acting on the negative z direction. 

.2. Temperature field 

The equation of energy is given as: 

C p 
∂T 

∂t 
+ ρC p u · ∇T = ∇ · ( K∇T ) − ρ

∂ ( �H ) 

∂t 
− ρu ∇ ( �H ) (6)
n [ 6 , 17 ]. 

304SS Ni 

1727 1735 

1672 1730 

272 290 

711.28 515 

836.8 595 

19.2 60.7 

50 150 

7450 8900 

6910 8880 

6 . 70 × 10 −3 3 . 68 × 10 −3 

1.872 1.778 

 

•K) −4 . 30 × 10 −4 −3 . 40 × 10 −4 

1.96 × 10 −5 4.50 × 10 −5 

0.078 0.078 

7 × 10 −7 7 × 10 −7 
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Fig. 2. Transitions of material density and specific heat in liquid phase. 
Where C p is the specific heat, K is the thermal conductivity, and

�H is the latent enthalpy change caused by the phase change in

the computational cell, which is described as: 

�H = L f l (7)

where L denotes the latent heat of fusion. It should be noted that

the latent heat, which is also known as the enthalpy of fusion,

has nonnegligible effect on the heat and mass transfer process and

thus considered in the equation of energy. 

In this study, to illustrate the heat and mass transfer phe-

nomenon, all the governing equations are solved based on the

Cartesian coordinate attached to the moving laser heat source. Ac-

tually, the velocity field obtained from the Navi-Stokes equations in

the manuscript is the fluid velocity relative to the moving coordi-

nate, which moves at a constant speed same as the welding speed.

The welding speed u w 

is 20 mm/s and along with the positive x-

axis direction. The fluid velocity under fixed Cartesian coordinate

is described as: 

ū = u − u w 

(8)

Where u w 

= u w 

i , and i is the unit vector along the x direction.

As a result, the next relations could be obtained. 

∇ ̄u = ∇u (9)

( ̄u + u w 

) · ∇ ̄u = u · ∇u (10)

∇ 

2 ū = ∇ 

2 u (11)

Consequently, Eqs. (1) , (2) and (6) could be written as follows:

∂ρ

∂t 
+ ∇ · ( ρū ) = 0 (12)

ρ
∂ ̄u 

∂t 
+ ρ( ̄u · ∇ ) ̄u = ∇ ·

[ 
−pI + μ

(∇ ̄u + ( ∇ ̄u ) 
T 
)

− 2 

3 

ū ( ∇ · ū ) I 
] 

+ F d + F b − ρu w 

· ∇ ̄u (13)

ρC p 
∂T 

∂t 
+ ρC p ̄u · ∇T = ∇ · ( K∇T ) − ρ

∂ ( �H ) 

∂t 
− ρū ∇ ( �H ) 

− ρC p u w 

· ∇T − ρu w 

∇ ( �H ) (14)

3.3. Concentration field 

To model the mass transfer inside the melt pool during dissim-

ilar welding, the effects of convection and diffusion are considered.

The transport equation for certain species C i could be described as:

∂ C i 
∂t 

+ ( u w 

+ ū ) · ∇ C i = ∇ · ( D i ∇ C i ) + S (15)

In Eq. (15) , C i and D i represent the local concentration and dif-

fusion coefficient of certain alloy element inside the melt pool. The

source term S is assumed to be 0 in this study because there are

no material addition and chemical reaction during the laser dis-

similar welding process. 

3.4. Boundary conditions 

The heat boundary at top surface is given as: 

−K 

∂T 

∂z 
= 

2 Q e 

π r b 
2 

exp 

(
−2 r 2 

r 2 
b 

)
− h c 

(
T − T re f 

)
− σb ε 

(
T 4 − T 4 re f 

)
(16)

In Eq. (16) , the first term at right hand is the energy input

caused by laser heat source, and Q e is the absorbed laser power as-

sociated with laser heat input and absorption efficiency of the sub-

strates. The properties r and r represent the distance to the laser
b 
enter and the effective laser radius, respectively. Besides, the sec-

nd term and third term are the heat loss caused by heat convec-

ion and radiation, respectively. h c represents the heat transfer co-

fficient of convection. σ b denotes the Stefan-Boltzmann constant,

nd ɛ is the emissivity. The heat boundary condition for other sides

f the substrates only consists of the second and third term of

q. (15) because there is no heat input on these sides. 

The gas/liquid interface is assumed to be flat, and the effect

f free surface deformation on heat and momentum boundaries

s neglected. Consequently, the boundary condition of momentum

quation at top surface could be expressed as: 

∂u 

∂z 
= f l 

dγ

dT 

∂T 

∂x 
+ f l 

dγ

dC 

∂C 

∂x 
(17)

∂v 
∂z 

= f l 
dγ

dT 

∂T 

∂y 
+ f l 

dγ

dC 

∂C 

∂y 
(18)

In Eqs. (17) and (18) , the two terms at right hand represent the

urface shear stress caused by temperature and concentration vari-

tions, respectively, which act as the momentum boundary on the

op surface. γ denotes the surface tension of liquid metal. It should

e noted that the concentration derivative term is only comparable

ith the temperature derivative term at initial stage, and concen-

ration effect is negligible at steady condition [17] . 

There is no mass addition for all the boundaries of the sub-

trate, consequently, the species dilution boundary condition could

e described as: 

−D c i ∇ C i + C i u c i 

)
· n = 0 (19)

In Eq. (19) , the first and second term in the parentheses denote

he diffusive and convective species fluxes, respectively. D c i and u c i 
ere denote the coefficient of diffusivity and velocity of the mass

ux, respectively. Additionally, the initial value of concentration is

et as uniform distribution at each material and smoothed at the

nterface of two substrates. 

.5. Material properties 

The material properties of the solution are assumed tempera-

ure independent, and the used material properties for the model

re listed in Table 2 . To smooth the differences of thermal physical

roperties between SS and Ni, a Heaviside function with smooth

ethod is used in the transition. For example, the transitions of

ensity and specific heat in liquid phase are illustrated in Fig. 2 ,

here the transition is smoothed near the interface of SS and Ni. 

The thermal physical properties, such as heat capacity and ther-

al conductivity, are defined as the function of mass fraction and

iquid volume fraction in the mushy zone, where the domain con-

ists of liquid and solid mixture. The properties of mixture are de-

ned as: 
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Fig. 3. Temperature and velocity field distribution at the top surface of WP and the comparison of the computed and experimentally observed WP cross section. (A) 

temperature field; (B) velocity field; (C)fusion lines at the cross-section of x = 2 mm at different times; (D) com parison of the simulated weld pool profile with experimental 

result [6] . 
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 p = f s C ps + f l C pl (20) 

= f s ρs + f l ρl (21) 

 = ( g s / K s + g l / K l ) 
−1 (22) 

 = f l D l (23) 

here f l and g l are the mass fraction and volume fraction of the liq-

id phase, respectively. The subscripts s represents the solid phase,

nd l denotes the liquid phase in this study. 

Quadratic polynomials were used for the discretization for the

hole domain and all the equations were solved using PARDISO

olver. The mesh grids consist of 200,114 domain units, and a max-

mum time step of 0.1 ms was employed. To exclude the mesh-

ensitivity, mesh convergency test has been carried out firstly by

arying the maximum mesh size. 

. Results and discussion 

.1. Thermal behavior 

.1.1. Heat transfer 

The temperature and velocity distribution at the top surface of

he WP when the WP reaches steady condition are depicted in

ig. 3 A and B, respectively. Resulting from the difference of thermal

hysical properties between SS and Ni, a nonsymmetrical melt area

s observed, and it is larger at SS side at top surface. Besides, the

elted width at top surface is also larger at SS side (see Fig. 3 A),

owever, the melted depth at cross section is larger at Ni side (see

ig. 3 C).The peak temperature is around 2900 K, and the tempera-

ure isotherms are obviously denser at the front area, which means

hat the temperature gradient is much higher here. A centrally out-

ard fluid flow mainly driven by surface tension is also found, and

he velocity increases from the center to the periphery as a re-
ult of negative surface tension temperature coefficient [21] . Under

he effect of intense Marangoni convection, the maximum velocity

eaches 1.27 m/s, and this convection plays an important role in

he heat transfer and concentration dilution during laser welding

f miscible dissimilar metals. To obtain the final simulated weld

ool profile, liquidus isotherms at the cross-section of x = 2 mm

t different times (from the time weld pool reaches x = 2 mm to

he time it absolutely leaves x = 2 mm) represented by different

olors are plotted together in Fig. 3 C. The final melted area in-

ludes all the materials in the substrate that have experienced the

elting-solidification process, thus the final fusion line could be

btained by superposition of the fusion lines at different times. To

alidate the numerical model, which is next used to study the so-

idification characteristics and mass transfer, the final fusion line

btained from the superposition of fusion lines at different times

s plotted in Fig. 3 D and compared with the experimental result

n weld width, weld depth and solid/liquid boundary (fusion line),

nd the simulated profile shows good correspondence with the ex-

erimental result. 

.1.2. Solidification characteristics 

According to the mechanism of welding metallurgy [ 30 , 31 ], the

nal solidified microstructure of the melt pool is closely related

o the transient thermal behavior and could be predicted by the

olidification parameters including temperature gradient G, solid-

fication rate R, and their combined parameters G/R and GR. The

orphology parameter G/R is related to the microstructure mor-

hology, while the cooling rate GR determines the size of the

rains. The larger the cooling rate GR, the finer the microstructure,

nd the transition from cellular dendrites to columnar dendrites

o equiaxed dendrites is prone to occurring with the decrease of

/R. Actually, the crystals grow across the whole WP and solidi-

cation phenomenon is related to the averaged/homogenized so-

idification parameters, not the dynamic values. Thanks to the as-

umptions that solidification could be assumed steady when the

P reached steady stage and the values of solidification parame-
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ters for one point at the cross section could be represented by the

values for one point at the solid/liquid interface at steady stage,

which have been investigated in former studies [ 3 , 23 , 32 ], the so-

lidification parameters obtained from the transient thermal analy-

sis could be used to study the solidification phenomenon at steady

condition. For example, the value of GR for one point at the inter-

face is equal to that for another point at the solidification interface

at another welding time that have the same y coordinate and z co-

ordinate. To deeply study the solidification phenomenon, the dis-

tribution of G/R and GR at the solid/liquid interface are plotted in

Fig. 4 with color contour from x-axis view, y-axis view, z-axis view

and 3D view, respectively, and the distribution of G and R are not

discussed for the aim of simplicity. Compared with the computed

2D solidification parameters in former study [ 3 , 23 , 32 ], this 3D dis-

tribution presented in this study provides an intuitive observation

of the solidification parameter distribution at different locations.

In addition, the variation of solidification characteristics along the

welding direction (x-axis) and the solidification interface (see the

color map in Fig. 4 ), where the solidification occurs, are also de-

picted in Fig. 4 . Moreover, as a result of the numerical oscillation

near the mushy zone, the 2D plots of GR and G/R are prone to

showing noisy results around the mushy zone in simulation study

[32] , which could be avoided in the 3D study. 

As shown in Fig. 4 A, the cooling rate GR decreases along both

the depth direction (negative z-axis) and the welding direction (x-

axis). The maximum and minimum GR are observed at the top area

and bottom of the WP, respectively, which is 5.02 × 10 4 K/s and

1.28 × 10 3 K/s. Besides, the GR at SS side is found much larger

than that at Ni side. According to above analysis of cooling rate,

a finer solidified structure is expected to be observed at the top

part and located at SS side. As illustrated in Fig. 4 B, there is an

obvious increase of G/R along the depth direction and the welding

direction. The peak value is 70 K 

•s/mm 

2 and 3.83 × 10 7 K 

•s/mm 

2 ,

which are found near the bottom and top part, respectively. How-

ever, there is no obvious difference of G/R between SS side and

Ni side, which means that the morphology of the solidified WP

at two sides maybe similar. In conclusion, the change of morphol-

ogy from planar, cellular dendrites, columnar dendrites to equiaxed

dendrites is prone to occurring along the z-axis direction at SS

side. 

To validate the numerical predication of the solidified mi-

crostructure, SEM has been carried out. The WP for dissimilar

welding is the mixture of different materials, and symbol Ni and

symbol SS in the subfigures of Fig. 5 represent the solidified liquid

mixture at nickel side and 304SS side, respectively. As depicted in

Fig. 5 , the transition from planar to coarser cellular to equiaxed

dendrites is observed with the increase of cooling rate GR and the

decrease of morphology parameter G/R at SS side. Besides, result-

ing from higher cooling rate, the scale of the microstructure at SS

side is finer than that at Ni side. 

4.2. Fluid flow 

To investigate the flow characteristics inside the WP, which is

closely correlated to the concentration dilution, the velocity field

on cross sections along x-axis, y-axis and z-axis are numerically

studied, respectively. As presented from Figs. 6 to 8 , the magni-

tude is shown by color contour and its direction is depicted by

white arrows. The initial location of heat source is x = 0.8 mm and

the welding speed is 20 mm/s in this simulation, thus the position

of the center of laser beam is exactly at x = 1.7 mm at this mo-

ment with the welding time of 45 ms. Larger velocity is found near

the gas/liquid surface, which indicates that the Marangoni convec-

tion is more intense here. Additionally, the fluid flow field on three

yz-cross sections, shown in Fig. 6 A, are depicted from Fig. 6 B to

D. At plane 1, as shown in Fig. 6 B, liquid metal flow is generally
rom SS side to Ni side, which contributes to the alloy element

ixing in the WP, such as the Cr and Fe at SS substrate. How-

ver, as shown in Fig. 3 C and D, part of the flow is generated from

i side to SS side and this trend becomes weaker from plane2 to

lane3. This phenomenon could be explained by the difference of

hysical properties between SS and Ni. At initial stage (plane1),

he dynamic viscosity at SS side is much larger than that at Ni

ide, and fluid is prone to flowing towards Ni side, where it is less

estricted. With the WP evolution, this difference of viscosity be-

omes smaller due to the dilution inside the WP, but the surface

ension, which is the mainly driving force of the fluid flow, is still

arger at SS side, resulting in the flow towards SS side. It should

e noted that both the convection and dilution happen in three

imension and should be studied in different directions to under-

tand the heat and mass transfer process accurately. 

Velocity distribution on three xz-sections, shown in Fig. 7 A, are

resented from Fig. 7 B to D, respectively. To illustrate the fluid flow

learly, the positions of plane 4 and plane 5 are moved along pos-

tive z axis direction in Fig. 7 A. As shown in Fig. 7 , compared with

lane 4 and plane 6, the convection at plane5 (the interface of SS

nd Ni) is obviously weaker. This phenomenon indicates that the

ixing along x direction is mainly generated at the position away

rom the interface of SS and Ni ( y = 0), because convection is the

ain transfer mechanism [ 9 , 10 ] and the vortex is more intense at

lane 4 and plane 6. At Ni side, plane 4, the fluid flow is generally

rom front part to the rear side; on the contrast, it is from back

o the front at plane 6, SS side. It should be noted that the con-

entration dilution inside the WP, which is closely related to the

onvection flow inside the melt pool, is also a 3D phenomenon

nd presents special characteristics in different directions, result-

ng from the complex variations of liquid metal flow. 

The temperature and velocity field in 3D view is plotted in

ig. 8 A, and all the fluid flow on cross sections shown from Fig.6

o Fig.8 are partially of the 3D Marangoni convection shown in

ig. 8 A. As illustrated, two xy cross sections are selected to study

he flow characteristics in z direction. The convection is obviously

ore intense at upper part of the WP. Fluid flow from periphery

o center is observed both at plane 7 ( z = 0.8 mm) and plane 8

 z = 0.9 mm), but the flow at plane 8 is stronger, which indicates

hat element is mainly mixed near the top surface and then trans-

orted towards bottom by the 3D vortex flow. The inside flow is

ound stronger at both center and periphery than any other areas,

hich is part of the 3D Marangoni flow (see Fig. 8 A). Besides, part

f the inside flow at xy plane is along the positive x direction and

his branch flow is much stronger. This x direction branch flow is

f great importance for the dilution phenomenon near the bottom

f the melt pool because the Marangoni convection is more intense

t upper side. 

.3. Mass transportation 

.3.1. Correlation between flow characteristics and concentration 

ilution 

Alloy elements transfer during dissimilar welding, such as Cr

nd Ni, is dominated by diffusion and convection mechanism. The

on-dimensional number, Peclet number for mass transfer, can be

sed to describe the relative importance of these two different

ass transfer mechanisms [ 9 , 23 ], and its expression is: 

 e c = 

U L R 
α

(16)

Where U and L R are the characteristic velocity and length, re-

pectively. The L R in this study is taken as the radius of the WP,

hich is about 0.6 mm. Based on the physical properties listed in

able 2 and calculated parameters, the Pe c in this paper is com-

uted on the order of 10 0 0, which means that the main transfer
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Fig. 4. Three-dimensional distribution of solidification parameters on the solidification interface. 
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Fig. 5. Experimental validation of the simulation prediction based on the calculated 

solidification parameters. 
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mechanism is convection and the effect of diffusion could be ig-

nored. 

The evolution of Cr element distribution at top surface of the

WP, which is characterized by weight fraction, is depicted in Fig. 9 .

The weight fraction is shown by color map and the velocity field

is plotted by white arrows. Though the Cr distribution is becom-

ing relatively uniform with the WP evolution, there is still a zone

near the fusion line where the velocity is obviously smaller and

the mixing is much weaker, which is the so-called unmixed zone

(UMZ) [31] . The dynamic viscosity is enormous in UMZ and fluid

flow is restricted in this area, hence, it is difficult for Cr element

to be transported here and its weight fraction experiences a great

change. As shown in Fig. 9 , it takes about 40 ms for the WP

to reach steady condition. The nonuniform area near the bound-

ary decreases with time but it still could be observed through

the whole welding process. In addition, as shown from Fig. 6 B to

Fig. 6 D, the velocity is larger at SS side than that at Ni side and
Fig. 6. Fluid flow inside the WP on yz-plane. (A) WP configuration and coordinate of
he max velocity is also observed at SS side [6], resulting in more

niform dilution at SS side, which is also illustrated in the analysis

f Cr evolution from Fig. 9 A to D 

To study the mass transport characteristics inside the WP, di-

ution phenomenon on different sections is analyzed in detail. It

hould be noted that the positions of the cross sections from

lane1 to Plane 8 shown in this part are same as that in the

art 4.2. Fe concentration on three yz sections, shown in Fig. 10 A,

re presented from Fig. 10 B to D. At plane 1, Fe is mainly trans-

orted and mixed in the WP by part of the 3D fluid flow from SS

ide towards Ni side, and mainly performed at upper part due to

arangoni effect [6] . At the middle part of the WP, plane 2, por-

ion of the flow changes from Ni side to SS side, and makes Fe

ore uniformly distributed at Ni side. Meanwhile, it could be pre-

icted that Ni will be transported from nickel side to SS side for

his branch flow. However, from plane 2 to plane 3, Fe is not obvi-

usly transported between SS and Ni substrate, but its concentra-

ion at single side becomes more uniform resulting from the two

ingle vortex flow at each side, which is part of the 3D Marangoni

onvection inside the WP (see Fig. 3 B and C). In detail, elements in

S substrate, such as Cr and Fe, are mainly mixed at the front part

f the WP, but Ni is mostly transported at middle part. The redis-

ribution of alloy elements, which makes the elements uniformly

ixed at each side, is observed more significant at back. 

Three xz sections are also selected to study the mass trans-

ortation phenomenon, and their coordinates along with Fe distri-

ution are illustrated from Fig. 11 A to D, respectively. In Fig. 11 B,

he partially backward flow observed at central area is benefit for

he Fe element dilution at Ni side, but the partially frontward flow

t SS side, shown in Fig. 11 D, makes it difficult for Fe mixing and

ay lead to a nonuniform distribution in the solidified structure.

owever, this branch flow at SS side obviously contributes the di-

ution for Ni, which is mainly transported at middle part of the WP.

onsequently, alloy elements from SS side (Fe and Cr) are mainly

ransported to Ni side at front part of the WP and then to the back,
 three representative yz-planes;(B) x = 2 mm;(C) x = 1.7 mm; (C) x = 1.3 mm. 



Z. Li, G. Yu and X. He et al. / International Journal of Heat and Mass Transfer 161 (2020) 120233 9 

Fig. 7. Fluid flow inside the WP on xz-plane. (A) WP configuration and coordinate of three representative xz-planes;(B) y = 0.25 mm;(C) y = 0; (C) y = −0.3 mm. 
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ut Ni from nickel substrate is mainly mixed at middle part of the

P and then transported to front part and rear side. Besides, the

ortex convection, observed from Fig. 11 B to D, is benefit for the

ilution along z direction. 

As illustrated in Fig. 12 , Fe element distribution at xy plane is

nalyzed on plane 7 ( z = 0.8 mm) and plane 8 ( z = 0.9 mm). A

onuniform distribution of Fe is obviously observed, and its weight

raction is higher at SS side than that at Ni side. Compared with

he Cr distribution at z = 1 mm, shown in Fig. 9 , it could be con-

luded that mass field is more uniform at upper side of the WP

s a result of more intense convection at this area (see Fig.8 ). El-

ments from the periphery are transported to the center by the

entrally towards flow and thus concentrated in the central area,

nd then transported to the front part by this branch flow along

-axis direction. In addition, as shown at plane 7, liquid metal flow

ear the periphery of Ni side is stronger than that at SS side, thus

he dilution near the bottom area is predicted to be more uniform

t Ni side. Finally, mixing is carried out through the intense vortex

ow near the welding center line. Transported by the 3D convec-

ion flow, elements are then diluted in different directions. 

The composition profile of Ni, Fe and Cr is presented in

ig. 13 for the case calculated by the mass transfer model and the

ase measured by the EDS experiment, respectively. The EDS mea-

urement was carried out at the cross section along a scanning line

elow the top surface (see Fig. 3 D). As depicted in Fig. 13 , the sim-

lated alloy element distribution agree well with the measured re-

ult. 

.3.2. Effect of welding speed on concentration dilution 

To investigate the effect of welding speed on mass transfer, nu-

erical studies of velocity field and alloy elements distribution un-

er different welding speed with the laser power of 800 W are

arried out. As illustrated in Fig. 14 , the WP dimension and convec-

ion flow become smaller and weaker with the increase of welding

peed. The enhanced fluid flow in case1 contributes to the dilu-
ion at each side and the mixing in the WP. Based on former study

32] , both the Pe c and solidification time increase as a result of

arger WP dimensions induced by lower welding speed. Therefore,

s shown in Fig. 14 , a more uniform distribution is induced by

ower welding speed as a result of more intense flow and longer

ixing time. In addition, the difference of alloy element distribu-

ion is not so obvious in the change from case 1 to case 2 as that

rom case 2 to case 3. This phenomenon could be explained that

he difference of WP dimension between case1 and case 2 is also

uch smaller than that from case 2 to case3, resulting in smaller

ifference in fluid flow and solidification time. Consequently, there

ay be a range of welding speed, and both the fluid flow and mass

ransfer change a little within this range (case1 and case 2 are in-

lude) but change a lot beyond this range (case 3 is included). One

ossible method to control the mass transfer process is to use a

igher welding speed but restrict it in a reasonable range. 

As mentioned above, mass transfer phenomenon is closely cor-

elated with the joint quality. For example, the formation of un-

ixed zone (UMZ) and its effect on mechanical properties of the

oint are still the challenging problems in dissimilar welding, and

his UMZ is usually formed near the fusion boundaries due to the

onuniform mass transfer. The intermetallic brittle phase is prone

o occurring in this area, which could seriously lower the welding

uality [31] . A more uniformly mixed WP induced by more intense

uid flow and larger WP dimension could also restrict the possible

ormation of UMZ and improve its mechanical properties [32] . Con-

equently, the speed of laser linear welding should be restricted

ithin a reasonable range to avoid the generation of UMZ though

igher efficiency is one of the main advantages of laser welding. 

.3.3. Correlation between dynamic properties and concentration 

ilution 

Based on former studies [ 21 , 30 ], surface tension is the function

f temperature and concentration of surface-active elements (e.g.

xygen and sulfur) and the temperature coefficient of surface ten-
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Fig. 8. Temperature distribution and fluid flow on xy-plane. (A) 3D temperature and velocity field; (B) WP configuration and position of selected xy-plane;(C) z = 0.8 mm;(D) 

z = 0.9 mm. 

Table 4 

Case study of different surface tension tem- 

perature coefficient of SS and Ni. 

Case1 Case2 Case3 Case4 

SS − + + −
Ni + − + −
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sion (TCST) will change its sign from positive to negative in certain

situation, which has a great effect on Marangoni convection. For

example, the sign transition of TCST from negative to positive will

occur at a certain time when the sulfur content is relatively higher

in the WP [21] . Because the mass transfer is dominated by convec-

tion, the sign transition mentioned above is thus expected to have

nonnegligible effect on mass transfer. Therefore, four study cases

listed in Table 4 including negative TCST and positive TSCT are

performed to investigate the effect of TCST on mass transfer. For

these 4 cases, with the absolute value of TCST (listed in Table 2 )

unchanged, the positive sign represents that the sign of TCST for

304SS or Ni is positive, and the negative sign denotes that the sign

of TCST for 304SS or Ni is negative. For the situation of case 4, both

the TCST of 304SS and Ni are negative, which is consistent with the

situation discussed in above sections. For simplification, the details

of fluid flow and mass transfer for case 4 are not listed in Fig. 15 .

The velocity field and Ni element distribution for case 1, case 2
nd case 3 are illustrated from Fig. 15 A to C respectively. Compared

ith other situations, the WP depth increases a lot when the TCST

f SS changes from negative to positive (see case 2 and case 3). In

onclusion, the TCST of SS has much more important influence on

he fluid flow and mass transfer process compared with the TCST

f Ni. From Fig. 15 A to C, it is observed that Ni is more uniformly

ixed in case 1 and case 2 than that in case 3 and case 4. Be-

ides, the Ni distribution is relatively uniform in case1 and case 2

hen the TCST changes its sign between two sides. Consequently,

t could be concluded that the TCST has a significant effect on the

ass transportation of dissimilar couple, and the concentration is

ore uniformly diluted when the transition from negative to pos-

tive or from positive to negative occurs between two substrates. 

In addition, sulfur in the substrate [ 21 , 34 ]and oxygen in the en-

ironment atmosphere [ 33 , 34 ] are all proved to be related to the

ign transition of TCST. Therefore, element concentration control

ould be realized to a certain level through the adjustments of di-

ution rate of the WP and the protective gas flow rate by optimiz-

ng welding parameters, which will be discussed in future studies. 

As mentioned above, the formation of UMZ has largely affected

he joint properties and makes it susceptible to defects such as

racks and failures, and the study of UMZ is still a serious chal-

enging problem in dissimilar welding and additive manufacturing.

he viscosity of UMZ changes so many times and fluid flow is re-

tricted in this area, but the density, effective heat conductivity
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Fig. 9. Cr element distribution at different welding times;(A) 10 ms; (B) 20 ms; (C) 30 ms; (D) 40 ms. 

Fig. 10. Fe distribution at three representative yz planes(20 mm/s); (A) weld pool geometry and coordinates of yz planes;(B) x = 2.0 mm;(C) x = 1.7 mm;(D) x = 1.3 mm. 
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nd specific heat of UMZ are on the same order compared with

he properties of the mixture inside the melt pool [ 31 , 32 ]. There-

ore, the increase of dynamic viscosity is expected to have more

bvious effect on the fluid flow and mass transfer in this area. To

undamentally comprehend its effect, velocity field and Ni element

istribution under different dynamic viscosity are analyzed. As il-

ustrated in Fig. 16 , two situations where the viscosity of SS and Ni

re 10 times and 100 times of the normal viscosity, respectively,
re simulated and compared with the normal situation. The heat

ransfer Peclet number, Pe T , which is defined as the ratio of the

ffect of heat convection and heat conduction [6] , decreases with

he increase of dynamic viscosity, which is on the order of 10 for

0x and 1 for 100x situation, respectively. As a result, the effect of

eat conduction becomes more and more important in the change

rom normal viscosity to 10x and 100x situation, and the WP di-

ensions increase with a nearly circular configuration at each side.
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Fig. 11. Fe distribution at three representative xz planes(20 mm/s); (A) weld pool geometry and coordinates of xz planes;(B) y = 0.25 mm;(C) y = 0;(D) y = −0.3 mm. 

Fig. 12. Fe distribution at two representative xy planes(20 mm/s); (A) weld pool geometry and coordinates of xy planes;(B) z = 0.8 mm;(C) z = 0.9 mm. 
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Compared to Fig. 9 , the WP length decreases, and fluid flow be-

comes weaker when dynamic viscosity increases. The Pe c is cal-

culated to be on the order of 10 2 and 10 for the 10x and 100x

situation, respectively. As a result, the convection becomes weaker

and alloy elements (Ni, for example) are much more nonuniformly

mixed. Additionally, the solidification time will be shortened with

the increase of viscosity, because the length of the WP becomes

smaller, but the welding speed is kept constant. The shorter solidi-

fication time is also not benefit for the uniform dilution inside the

WP. 
The effects of TCST and dynamic viscosity on fluid flow and

ass transfer are discussed here and validated to be nonnegligible

n the WP study of welding process. The transition of TCST from

egative to positive mentioned above is commonly found in weld-

ng and additive manufacturing and imposes great effects on heat

nd mass transfer. Besides, the fundamental study of the fluid flow

nd mass transfer in the situations of 10x and 100x normal dy-

amic viscosity reveals that fluid flow is seriously restricted and

pecies are much more nonuniformly diluted in the UMZ, which

lso provides a basic understanding for the formation of UMZ. 
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Table 5 

Comparison of heat and mass transfer between laser linear welding and laser spot welding. 

Process Peak temperature(K) Peak velocity(m/s) P e T P e C Mixing time (ms) 

Linear 2920 1.27 116.2 1430 78 

Spot 3000 1.51 137.3 1700 205 

Fig. 13. Comparison of the calculated element distribution and EDS result. 
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Table 6 

Comparison of solidification parameters at the welding center 

line between laser linear welding and laser spot welding. 

Process Linear Spot 

Temperature gradient G (K/mm) 1749 2571 

Solidification rate R (mm/s) 20.0 61.2 

Cooling rate GR (K/ms) 35.0 157.4 

Morphology parameter G/R (K •s/mm 

2 ) 87.5 42.0 
.3.4. Comparison with the laser spot welding 

Heat and mass transfer are sensitive to welding speed [32] ,

hich is also a vital processing parameter for linear welding. Actu-

lly, when the welding speed approaches infinitely small, the sit-

ation for linear welding is similar to that for spot welding. For

urther understanding of the effect of welding speed, some com-

arisons between these two welding methods are carried out. It

hould be noted that the comparisons here are mainly aimed at

omprehending the differences caused by these two welding meth-

ds. For this purpose, the processing parameters for spot welding

re set as similar as those for linear welding as possible. In detail,

or spot welding, the laser power is 800 W and the laser beam

adius is 0.57 mm, which are all same as the parameters used for

inear welding in above simulation. Besides, the welding speed and

uration time for linear welding and spot welding are 20 mm/s

nd 200 ms, respectively, which results in similar WP dimensions

see Fig. 17 ) and makes the comparison reasonable. As shown in

able 5 , the peak temperature is 30 0 0 K for spot welding and

920 K for linear welding. The heat transfer Peclet number is 117.5

or linear welding and 137.3 for spot welding, indicating that heat

ransfer processes for them are similar and both are dominated by
Fig. 14. Alloy element (Cr, Fe and Ni) distribution on t
eat convection [6] , but convective heat transfer for spot welding

s a little stronger. 

Based on former discussion, the comparison regarding mass

ransfer is then carried out. As illustrated in Table 5 , Pe C is on

he order of 10 3 and it is a little larger for spot welding, indi-

ating that mass transfer processes for them are both dominated

y convection [9] . However, resulting from the high speed move-

ent of laser source, the melting/solidification process for linear

elding is quick, as a result, the mixing time for laser linear weld-

ng is nearly 3 times smaller than that for spot welding, resulting

n a non-uniform dilution due to the non-sufficient mixing time.

or a more illustrative comparison, the Cr distribution at top sur-

ace for linear welding and spot welding are plotted and compared

ogether in Fig. 17 , and Cr distribution is obviously more uniform

or spot welding. Besides, the melt pool dimensions obtained from

hese two welding methods are similar, which is also the basic

or the comparison presented here. In conclusion, the difference

f dilution between these two methods is mainly caused by mix-

ng time, which is observed longer for spot welding. A more uni-

orm dilution is thus expected for a longer mixing time. Besides,

he non-uniform mixing contributes to the formation of defects in

issimilar welding, such as the liquid cracking [31] . Strategies that

ay obtain larger WP dimension and longer mixing time, such as

igher power input and lower welding speed [32] , could be used

o obtain more uniform dilution and high-quality joining. 

Finally, the solidification behavior is characterized through the

omparison of solidification parameters. As illustrated in Table 6 ,

hough their WP dimensions are similar, both the temperature gra-

ient and solidification rate at the welding center line are larger

or spot welding. In detail, the temperature gradient for spot weld-

ng is nearly 1.5 times larger, and the solidification rate for spot
he cross section under different welding speed. 
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Fig. 15. Velocity field and Ni element distribution under different surface tension temperature coefficients. 
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welding is almost 3 times larger, indicating that the effect of so-

lidification rate on final microstructure is more obvious. As a re-

sult, cooling rate for spot welding is almost 4.5 folds larger and

morphology parameter for spot welding is 2.1 folds smaller. Con-

sequently, based on the discussion and conclusion at thermal be-

havior part, the dendrite grains and smaller microstructure scale

maybe more prone to occurring in spot welding [ 3 , 6 ]. 

It should be noted that the conclusions in this part indicate as-

pects of the differences of heat and mass transfer between laser

linear welding and laser spot welding, and the results should be

used carefully because the comparisons carried out here strongly
epend on welding parameters. However, the difference of solidi-

cation phenomenon is obvious and it still could be qualitatively

oncluded that cooling rate GR is larger and morphology param-

ter G/R is smaller for spot welding, The WP existing time for

pot welding is much longer, resulting in a longer mixing time

nd more uniform dilution. Nevertheless, the obtained conclusions

rovide a fundamental understanding of heat and mass transfer

haracteristics by comparing some key parameters for these two

elding processes, such as the Pe T and Pe C , which are also benefit

or understanding the quality assessment depending on different

elding methods. 
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Fig. 16. Velocity field and Ni element distribution under different dynamic viscosity conditions. 

Fig. 17. Cr distribution at top surface from different welding methods. (A) linear welding; (B) spot welding. 

5

 

t  

a  

S

 

 

 

 

 

 

 

 

 

 

 

. Conclusion 

In this work, an improved fluid model was developed to inves-

igate the thermal behavior, solidification characteristics, fluid flow

nd concentration dilution during laser linear dissimilar welding of

S and Ni. Some basic conclusions could be listed as follows. 

(1) The transition from planar to coarser cellular to equiaxed

dendrites is observed with the increase of cooling rate

GR and the decrease of morphology parameter G/R at SS
side. The transition from coarser cellular to fine cellular to

equiaxed dendrites is also found at Ni side. The scale of the

solidified microstructure at SS side is finer than that at Ni

side from experimental observation. 

(2) The convection at Ni side is more intense due to the lower

dynamic viscosity, and results in a larger vortex. The direc-

tion of fluid flow is generally from SS side to Ni side at front

of the melt pool but changes from Ni side to SS side at back.

The fluid flow is more intense away from the interface of

304SS and Ni, and its magnitude is larger at upper area. 
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(3) Pe c is calculated to be on the order of 10 2 for laser lin-

ear welding, and convection is thus the main mass transfer

mechanism. Elements in SS, such as Cr and Fe, are mainly

mixed at front of the melt pool and then transported to the

back, but Ni is mainly mixed at middle part and transported

to front part and rear side. Besides, resulting from the in-

tense fluid flow at upper part, element is mainly mixed at

the top area and then transported towards bottom by the 3D

vortex flow. There is an obvious redistribution at rear side

of the WP, which makes the transported elements, such as

Fe and Ni, more uniformly distributed. The simulated ele-

ment distribution shows great correspondence with the EDS

results. 

(4) Resulting from more intense fluid flow and longer mixing

time, elements are more uniformly mixed under lower weld-

ing speed. Alloy elements are more uniformly mixed when

the surface tension temperature coefficient changes its sign

from positive to negative, or from negative to positive be-

tween 304SS and nickel. Due to intense fluid flow and longer

solidification time, decreased dynamic viscosity is benefit for

the concentration dilution inside the melt pool. 

(5) Pe T for laser spot welding and laser linear welding are both

on the order of 10 3 , indicating that the heat transfer pro-

cesses for these two methods are similar and both dom-

inated by convection. Larger cooling rate GR and smaller

morphology parameter G/R are observed in laser spot weld-

ing. The difference of dilution between these two methods

is mainly caused by mixing time, and the larger mixing time

for spot welding results in more uniform dilution. 
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