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Abstract

A transient three-dimension model was developed to study the thermal behavior and solidification
characteristics during laser linear welding of 304ss and Ni considering the free surface
deformation of the melt pool. The evolution of temperature and velocity field, the weld pool
configuration and the solidification microstructure were  investigated numerically and
experimentally. A moving mesh method based on the Arbitrary Lagrangian Eulerian (ALE) was
adopted to capture the free surface. Dimensional analysis -was carried out to study the different
heat transfer mechanisms. The solidification parameters, including the cooling rate (GR) and the
morphological parameters (G/R), can be calculated through the transient thermal analysis to
predict the solidification structure. The molten pool configuration on both sides changed from
circular to elliptical as a result of the change of the dominant heat transfer mechanism. Sharp
changes of the curvatures of the weld pool boundary were also observed and explained by the
Prandtl number. Because the G/R was bigger at the bottom and the GR was larger at the top
surface of the molten pool, the microstructure morphology changed from equiaxed dendrites to
cellular dendrites to planar, and grain size increased from the top area to the bottom in 304ss side.
The similar phenomenon was also observed in Ni side.

Key words: Laser welding; Dissimilar metals; ALE; Thermal behavior; Solidification
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1.Introduction

Welding of dissimilar alloys in products provides great flexibility for the designers and
engineers, which may satisfy both the mechanical and economic requirements of fabricated
products [1-3]. For example, the joining of relative expensive anti-corrosion nickel and less
expensive 304 stainless steel is widely used in the petrochemicals, the high pressure containers
and the aerospace. However, defects such as the asymmetric weld pattern, the formation of
intermetallic brittle phase and the improperly mixed weld metals are still serious challenges in
dissimilar welding. These problems are generally caused by the differences in mechanical,
thermal-physical and metallurgical properties of the alloys, such as the thermal conductivity, the
specific heat of both solid and liquid, the temperature coefficient of surface tension and the
coefficient of thermal expansion [4-8]. Fundamental study of thermal behavior and solidification
characteristics in this investigation could be used to predict the microstructure and possible defects,
and hence, improve the weld quality.



Thermal behavior in the weld pool had been the subject for many researches in the past decades.
Progress had been made on the heat transfer and fluid flow in different fusion welding processes
including gas tungsten arc (GTA) welding [9-15], gas metal arc (GMA) welding [16-18] and laser
welding [19-20] for similar alloys. However, there were not so many researches focused on
thermal behavior for welding of dissimilar alloys[21-22], especially on laser dissimilar
welding[23]. A.Bahrami et al [21] studied the fluid flow in the weld pool for the  GTA spot
welding of 1018 steel and nickel 200. It was demonstrated that the effect of temperature gradient
is more significant in determining the Marangoni shear stress. Wei and Chung [22] studied the
effect of Marangoni convection in the molten pool during the high'energy beam welding and
introduced a dimensionless number that determines the importance of surface tension effects in
dissimilar welding. They found that convection was driven by Marangoni forces with different
directions and magnitudes on a flat free surface. Hu et al [23] established a mathematical model to
simulate the driving forces of molten metal flow in the laser spot welding of stainless steel and
nickel. It was observed that the temperature coefficient of surface tension of stainless steel has
greater impact on the molten pool configuration than that of nickel. The great importance of
Marangoni convection in the welding process was illustrated by all the studies above.

Although some achievements on thermal behavior had been made for laser dissimilar welding,
the three-dimensional deformation of the melt pool surface was ignored in numerical models
mentioned above, which may change the boundary conditions and then affects the heat transfer
and fluid-flow in'the molten pool. Besides, the solidification parameters, which had great effect on
final microstructure and properties, had been ignored for simulation in laser dissimilar welding.
Wang et al [24] numerically and experimentally investigated the relationship between thermal
behavior and solidification microstructure in GTAW of AA1060, and the influence of variable
polarity on microstructure was studied through the analysis of the solidification parameters. In
addition, the welding parameters, especially the welding speed, may greatly affect the thermal
behavior and solidification characteristics [25,26]. However, previous research was focused on the
laser spot welding of dissimilar metals [23], and the thermal behavior and solidification
characteristics have not been studied sufficiently during the laser linear welding of dissimilar
alloys. Although the study of laser spot welding provided a fundamental insight into the heat

transfer mechanism, the linear welding is more widely used in industrial fabrication and the



numerical models for these two welding processes were quite different.

In this study, a transient three-dimensional model, including the heat transfer, the fluid flow, the
solidification and the free surface of the melt pool was developed to study the laser dissimilar
welding process. The free surface was captured by a moving mesh method based on the Arbitrary
Lagrangian Eulerian (ALE) [27,28], which had been introduced by Gan et al [29] in a 3D model to
capture the liquid/gas interface of the molten pool during the direct laser deposition. Considering
the time dependent boundary caused by the three dimensional deformation, the transient
temperature distribution and the velocity field were obtained more accurately. The influence of
Marangoni convection was studied from 2D and 3D views by introducing the streamlines to
characterize the convection. Dimensionless analysis method was. also adopted to understand the
relative importance of various boundary layers and the dominant heat transfer mechanisms at
different times. The solidification parameters GR and. G/R were calculated through thermal
analysis to predict the solidified microstructure: The effect of welding speed on the solidification
microstructure was also studied through the solidification parameters mentioned above. The
calculated weld pool configuration and the predicted microstructure were then compared with the

experimentally observed results to-verify the model, respectively.

2. Experiment procedure

The industrial pure nickel N6 and 304 stainless steel were used in laser heat conduction welding
experiments: Experiments were conducted on a Nd: YAG continuous laser processing system with
a five-axis CNC working system. In this study, the laser spot radius on the top surface of the
welding specimens was 0.57mm, and the laser power used in experiment was 800W. Pure argon
with the flow rate of 15L / min was used as the shielding gas. The welding speed adopted in the
experiment varies from 10mm/s to 30mm/s, with an interval of 5mm/s. The dimension of the

samples used for welding was 80mm x 40mm x 2mm and the chemical composition was shown in

Table.1.
Table.1 Chemical composition of 304ss and Ni (atomic fraction (%))
Material C P S Cr Ti Ni Fe
N6 0.081 - 0.015 - 0.056 99.7~99.8 0.062

304ss <0.08 <0.045 <0.03 18~20 - 8~10.5 Bal




Before the experiment, the surfaces of the welding samples were cleaned by acetone to avoid
the oil and other impurities. Metallographic samples were prepared by sectioning the welded
pieces across the welding seam using electric discharge cutting machine. The samples were
ground and polished using standard mechanical polishing procedures and then etched in a
HCL:HNO; solution with a volume ratio of 3:1. The treated specimens were then characterized by

light microscope (OM) and scanning electron microscopy(SEM) .
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Fig.1 Model geometry and mesh grids for numerical simulation

3. Mathematical modeling

3.1 Major assumptions

A three-dimensional numerical model is developed to investigate the heat transfer and fluid
flow in laser butt welding of dissimilar metals of 304ss and Ni couple. The mathematical model
was formulated under following assumptions:

1. The flow of the liquid metal is assumed to be Newtonian, laminar and incompressible. The
Boussinesq approximate is used to account for the density change due to the temperature
variations.

2. The laser heat flux at the top surface of the workspace is assumed to be a Gaussian distribution.
3. The mushy zone, where the temperature is between the solidus and liquids, is assumed as a
porous medium.

4. Thermal contact resistant between the two work pieces is not considered.

5. Relevant physical and thermal properties of the molten pool metal are assumed to be

temperature related, and vary linearly with temperature.



3.2 Governing equations

Based on above assumptions, the equations of conservation of mass, momentum-transport and
thermal energy are simulated as Eq.(1), Eq. (2) and Eq.(5).
The equation of conservation of mass is:

op  olpu) _,
ot OX.

(D

The momentum-transport equation is:

o0 (pu) O(puu;) o6 , ou, 0, ou, op
1 — 1 1 _ _T F
61: + an 5 j(ﬂaxj)+5i(ﬂ5i) axi+pgﬂT(T ref)+ d (2)

where © and £ represent the density and viscosity of the fluid, respectively. The properties

£, and Tref are the temperature volumetric expansion factor and the reference temperature,

respectively. U, is the velocity vector, and p is the pressure. Fd represents the frictional

dissipation of momentum in the mushy zone according to the Carman-Kozeny equation for flow

through porous media [33-34].

Fd is defined as follow:

2
F, J{;J K.u
fo+e,

3
In this simulation, f| is the liquid fraction, Km is a numerically large number and g _ is a

small number to avoid the division f| by zero. The liquid fraction is given as:

0, 0<T <T;

f, = T_TS, T, <T<T, (4)
T, T,
1, T>T,

where T, and Ts are the liquids and solidus temperatures, respectively. The thermal energy
equation is:

0 (pegT) , Oupe,T) _ 0 0T, 3(pAH) 8 (puAH)

(K—)
ot OX ox,  OX ot OX

i i (5)

where Cp is the specific heat, and K is the thermal conductivity, H is the latent enthalpy content



of the fusion, which is given as,

AH =Lf
! (6)
where L denotes the latent heat of fusion.
Material properties and processing parameters used for calculation are presented in Table.2 and
Table.3, respectively.
Table.2 Material properties of 304ss and nickel [30,31]
Property 304ss Ni
Liquidus temperature ( K) 1727 1735 able
Solidus temperature ( K) 1672 1730 3
Heat of fusion (kJ/kg) 272 290 Para
Specific heat of solid (J /kg-K) 711.28 515 mete
Specific heat of liquid( J /kg-K) 836.8 595 rs
Thermal conductivity of solid(W /m-K) 19.2 60.7 appl
Effective thermal conductivity of liquid(W /m-K) 50 150 ied
Density of solid metal (kg/m?) 7450 8900 in
Density of liquid metal (kg/m?) 6910 8880 calc
Dynamic viscosity (kg/m-s) 6.70x10° 3.68x10° ulati
Surface tension (N./m) 1.872 1.778 on
Temperature coefficient of surface tension (N/m-K)  -4.30x10* -3.40x10" [32]
Parameter Value
Power distribution factor 2
Laser absorption efficiency 0.5
Ambient temperature 300 K
Convective heat transfer coefficient 100(W /m?-K)
at top surface
Emissivity 0.2
Stefan-Boltzmann constant 5.67x10%(W /m?.K*)
3.3 Boundary conditions
The laser heat flux at liquid/gas interface is described as:
2Q 2r?
Uener = 2e exp(__g)_hc(T _TO)_Ubg(T4_T04)
7, I )

where Q, is the absorbed laser power which depends on nominal laser power and absorption

efficiency of the material. The properties r and I, are the distance from the grid node to the



center of the laser beam and the effective radius of the laser beam, respectively. The third term in

the right hand of Eq.7 is the heat convection loss and h, is the heat transfer coefficient. The
fourth term in the right hand of Eq.7 is the radiation loss, where o is the Stefan-Boltzman

constant, ¢ is the emissivity, and T, is the ambient temperature.

Boundary Conditions of the momentum equation at the liquid/gas interface is described as:

. do
F . .=onkxk-V.T— 8
L/G S dT ( )

The two terms on the right hand in the Eq. (8) represent the capillary force:and the thermocapillary
force, respectively. o is the surface tension, n’is the normal of surface; and « is the curvature
of surface.

To capture the free surface of the weld pool, a moving mesh method based on the ALE is used
in this investigation. The mathematical principle of this method will be covered in the following

discussion. The velocity of liquid/gas interface can be described as:

*

Vi =Uye N 9)
where U, isthe velocity at the liquid/gas interface.

In this study, the model geometry and mesh grids for numerical simulation was shown in Figure
1. Quadratic polynomials were used for the discretization for the whole domain and SIMPLE
solver was used to solve all the equations. Finer unstructured tetrahedral mesh with a maximum
mesh size-of 80 um and coarser tetrahedral mesh with a maximum mesh size of 400 um were
applied in the fluid domain and solid domain, respectively. The mesh grids consist of 13884 nodes
and 79191domian units, and a maximum time step of 0.1 ms was employed. This model was
computed using a Dell T5500 computing station (12 x 2.5 GHz—24 GB), and each simulation took

approximately 60h to complete.

4.Results and discussion

4.1 Heat transfer and fluid flow

Fig.2(a)-(d) show the computed temperature and fluid flow distribution at different times. In the
figures, temperature field is indicated by the contour and two isotherms represent liquidus

temperature of 304ss and nickel, respectively. At the initial stage of the welding process, the



temperature raises quickly and the maximum temperature exceeds the melting points of the base

metals. The solid-liquid phase change occurs and leads to the development of the melt pool.
During the welding of dissimilar metals, the heat transfer phenomena is mainly influenced by

the thermal conduction and the convection caused by fluid flow. The relative importance of the

two mechanisms can be measured by the dimensionless number of Peclet number:

PeT _ heatconvection — pULR:u — uI-R

= (10)
heatconduction ,U,OO! a

where u is the characteristic liquid velocity in the melt pool, L, is the characteristic length taken

R

as the melt pool radius, and & is the thermal diffusivity of material.
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Fig.2 Computed temperature and fluid flow field with the welding speed of 20mm/s. (a) 10ms.
(b)20ms. (c)40ms. (d)60ms

The velocity field at the top surface of the weld pool at various times during the laser welding
process is also shown in Fig.2. The velocity distribution is characterized by arrows. As illustrated
in Fig.2(a)-Fig.2(d), the velocity and the computed Peclet number are small at the initial stage, the
weld pool on both sides are approximately circular for the dominant heat transfer mechanism is
conduction. As the processing proceeds, a strong outward Marangoni convection is induced and
the weld pool configuration reaches steady state due to the Marangoni convection. The melt pool

flows fully and the maximum velocity of the molten pool reaches 0.42m/s at the time of 20ms, as

shown in Fig.2(b). Under the condition, the Pe; is calculate to be 46 for 304ss (13 for nickel),



thus the dominant heat transfer mechanism changes from heat conduction to convection. As seen
in Fig.2(c) and Fig.2(d), the maximum velocity is more than 0.6m/s, and the weld pool
configuration keeps stable under the heat transfer mechanism of convection. When the molten
pool reaches steady state, it is not symmetric and the fluid metal is driven from the center towards
the fusion boundary for the negative coefficient of surface tension. As illustrated above, the
molten pool configuration on both sides change from circular to elliptical, but because of the
difference in thermal physical parameters, the shape of the molten pool on both sides is still quite
different. The area of the melt pool in 304ss side is bigger due to lower thermal conductivity and
melting temperature. After 60 ms, the melt pool reaches a steady condition. From this time on, the
dimensions and morphology of the melt pool change little and its shape will remain almost
constant as well.

In addition, it should be noted that the maximum velocity appears at 304ss side after the weld
pool is stable as a result of much higher surface tension. The surface tension and temperature
coefficient of surface tension are listed in Table.2. Though the surface tension decreases faster for
304ss due to the larger temperature coefficient of surface tension, the surface tension for 304ss is
still higher than that for Ni in‘the range of the temperature of the weld pool. Therefore, higher

velocity is induced by stronger driving force.

Fig.3 Weld pool profile and the velocity distribution on four representative planes.
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Fig.4 The velocity field and streamlines at three yz cross sections. (a) planel. (b)plane2. (c)plane3.
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Fig.5 The velocity field and streamlines at xz-plane

The velocity fields at three different planes parallel to the yz-plane and the symmetry plane of
xz-plane are investigated to provide more details about the fluid flow in the melt pool, as shown in
Fig.3. The initial location of the laser beam is x=-2.5mm and the welding speed is 20mm/s in this
simulation. Plane 1 is located at x=-2mm, plane2 is located at x=-1.7mm, plane3 is located at
x=-1.5, and the center of the laser heat source is exactly at the location of x=-2mm at the time of
25ms. The velocity is shown via a«color map. As can be seen from Fig 3, the velocity distribution
is swirling due to intense Marangoni-convection, and the vital influence of the convection on fluid
flow is verified here.

The velocity fields in three planes parallel to the yz-plane, shown in Fig.3, are presented in
Fig.4, and streamlines are also introduced to analyze the flow field evolution. For plane 1
(x=-2mm), shown in Fig.4(a), there are obviously two separate vortical motions on both sides. For
plane 2, shown in Fig.4(b), the vortices become weaker and the fluid partly flows toward the Ni
side. The fluid motion at plane 3, shown in Fig.4(c), is generally weaker on both sides. The weld
pool is much wider and deeper in Fig.4(a) than that in Fig.4(b) and Fig.4(c) because the plane 1 is
exactly under the center of the laser beam at the time of 25ms. For symmetric plane, the interface
of 304ss and Ni, shows in Fig.5, there are also two separate vortical motions and the fluid partly
flows towards the welding direction. Fig.4 and Fig.5 provide visual 2D views and further
understanding of complicated 3D heat transfer and fluid flow in the weld pool.

Under the assumption of incompressible fluids, the magnitude of the velocity can be

characterized by the density of the streamlines. The streamline is the curve tangent to the velocity



vector at each point in the flow field, and it gives the velocity direction of different fluid particles
at this moment. The velocity is fast where streamlines are dense; on the contrary, the velocity is
slow. As illustrated in Fig.4(a) and Fig.4(d), streamlines near the circular vortex are denser and
higher velocity is introduced here due to the intense Marangoni convection. Though no obvious
vortical motions are observed in Fig.4(b) and Fig.4(c), it can also be shown that there is-higher
velocity where streamlines are dense. The streamlines reveal the influence of the Marangoni

convection on fluid flow in melt pool from another view.
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Fig.6 Thermal history of two representative points in the molten pool

According to the general welding mechanic theories, the welding residual stress and
deformation are both greatly influenced by the welding temperature history and temperature
gradient during the fusion and solidification process. Fig.6 shows the evolution of two
representative points, whose geometry coordinates in the model are (-2.5,0.3,0) and (-2.5, -0.3,0)
in millimeter, respectively. The difference of temperature evolution between the two points is
significant as seen from Fig.6. In the heating stage, the maximum temperature in 304ss side is
higher than that in the nickel side; In the cooling stage, the cooling rate in 304ss side is much
higher within a few milliseconds after the laser sweeps. This phenomenon can be explained by the
lower thermal conductivity of 304ss and the rapid solidification of the molten pool after the heat

source swept. The heat transfer mechanism is heat conduction in the cooling stage and the higher



thermal conductivity of nickel makes the temperature gradient decrease, thus the cooling rate is
smaller at Ni side.

Besides, it can also be seen that the difference of temperature evolution between the two
representative points during the heating phase is significantly smaller compared with the cooling
phase. This can be attributed to the fluid flow in the weld pool. During the heating stage, the heat
transfer is dominated by convection and the influence of thermal physical parameters-on the heat
transfer is reduced, so that the temperature difference on both sides is smaller. For the temperature
history of one point, the temperature change rate in the heating phase is much greater, which can
also be explained by the heat transfer mechanism of convection caused by intense Marangoni

convection in the heating phase.

4.2\Weld pool configuration
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Fig.7 Comparison of the experimental and numerical weld pool profile. (a) Calculated weld pool



profile. (b) Experimental weld pool profile

During laser linear welding process, surface tension directly acts on the upper surface,
buoyancy acts on the entire molten pool. At the same time, a great change in material properties is
induced by the solid-liquid phase transition. Therefore, a three-dimensional deformation occurs on
the molten pool surface under the combined effect of the factors mentioned above. It will change
the heat transfer conditions in the molten pool, and then affect the temperature distribution and
velocity field in the melt pool. Therefore, it is necessary to study the free surface deformation
during laser linear welding. However, consideration of the free surface deformation will greatly
increase the difficulty of the simulation, hence, the surface is assumed to be flat in most studies of
heat transfer and fluid flow in the molten pool [21-24].

To capture the free surface deformation caused by multi-physics factors, a suitable numerical
simulation method should be sincerely considered. The Lagrangian formulation, where the mesh
moves with the material, can solve problems in solid mechanics accurately. The Eulerian
formulation, where the mesh is fixed in space, is commonly used to solve problems in fluid
mechanics [28]. However, the Lagrangian method cannot handle large deformation of the fluid
and the Euler method sacrifices accuracy when used for solid. Consequently, for problems
involving fluid and structure, such as the gas/liquid interface of the weld pool, neither the
Lagrangian nor the Eulerian formulation can be used for the entire domain. Therefore, the
moving-mesh method based on the ALE is adopted in this investigation, which allows the mesh to
move in arbitrary manner and permits the mesh to transit from being Eulerian for modeling the
fluid flow to a nearly Lagrangian that follows the deformation of the structure.

The ALE method is numerically economical and resolves the material boundaries and free

surface accurately. The governing equations based on the ALE formulation are derived as follow

[28]:

_aé/t)f _3p £ g 9PIW, (11)
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where u is the velocity of the material and v is the velocity of the reference coordinate. Their

difference, u — v, is denoted w. The Jacobian, J, is the relative differential volume between the
reference and the spatial coordinates. o is the stress tensor, and b, is the physical component.

Eqg. (11) is the ALE equation for general variable f written in its general form. The first term on the
right-hand side of eq. (11) is the source term for f, and the second term, the transport of f. Eq. (12)
to eq. (14) are the conservation form of the ALE equations. When w is zero, J is 1 and the
Lagrangian equations are recovered from equation (12). If the reference coordinates are the
current spatial coordinates, w is v, J is again 1, and the Eulerian equations are recovered.
Numerical model is validated by comparing the simulated and experimentally observed cross
section of the weld pool. Deformation of free surface was considered and a moving mesh method
based on ALE method was used in numerical model to capture the free surface. The calculated
free surface shown in Fig.7(a) is reasonably consistent with the experimentally observed result
shown in Fig.7(b).

Sharp changes of curvatures of the weld pool boundary are also observed from Fig.7 since the
intense competition between the heat transfer mechanism of convection and conduction. The
phenomenon can be explained by the relative thickness of momentum and thermal boundary

layers, which can be represented by the dimensionless number of Prandtl number:

s )

According to the material properties listed in Table.2, the computed Pr is 0.25 for 304ss and
0.0028 for Ni. Therefore, the role of heat transfer boundary layer is significantly important in Ni
side and intense competition of heat thermal boundary layers and momentum boundary layers
would occur in 304ss side. Thus, the fusion boundary in Ni side is approximately circular and two
inflexions of the fusion boundary in 304ss side could be observed as a result of the competition.
Besides, the Marangoni convection mainly acts at the upper part of the melt pool, and the bottom

boundary is concave, dominated by heat conduction in Ni side since the Pr is far lower than 1.
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Fig.8 Weld dimensions under different welding speed. (a) weld width. (b) weld depth
Fig.8 shows the weld dimensions under different welding speed. With an increase of weld speed
from 10 to 30 mm/s, both the weld width and weld penetration decrease. As shown in Fig.8, both
the experimental and simulated weld width and depth are in reasonable agreement with relatively
small errors. The calculated weld width may be larger or smaller compared with the experimental
results, and the calculated weld depth is a little larger than the experimental depth. It was
mentioned before that the simulation was investigated under the assumption of Newtonian laminar
flow, and the relative importance of laminar flow and turbulent flow can be evaluated by the

Reynolds number. Reynolds number is described as the ratio of inertial force and viscous force,



and it is calculated as:

Re:’Du_LR
7

(16)
where p is the density of liquid metal. The calculated Reynolds number in the molten pool is on
the order of 1000, thus the turbulent flow may have influence on the results. Therefore, one of the
reasons that the calculated weld penetration is larger as illustrated in Fig.8(b) may be the
ignorance of turbulent flow. Besides, according to the study of Hong et al [26] fora GTAweld ina
304ss, a fluid flow based on laminar flow can over-predict the pool depth. Both the effective
viscosity and the effective thermal conductivity increase when ‘turbulence is considered.
Consequently, the convention motion slows down and the influence of heat conduction increases,
thus the melt pool penetration decreases compared with the calculated result under the assumption

of laminar flow.

4.3 Solidification characteristics
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Fig.9 The effects of the G and R on the morphology and scale of the solidified microstructure [25].

The solidified microstructure is greatly affected by the solidification parameters of temperature
gradient G. solidification rate R and their combinations GR and G/R. The units of GR and G/R are
K/s and K-s/mm?, respectively. As shown in Fig.9, the solid-liquid interface stability factor
G/R, is related to the solidification morphology, while the cooling rate GR influences the scale of
the solidification microstructure. As G/R increases, the interface morphology changes from

equiaxed-dendritic to cellular-dendritic to cellular grains. On the other hand, dendrites of finer size



occur under higher cooling rate.

Fig.10(a) shows the microstructure of representative points of Al, B1 and C1 on Ni side, and
Fig.10(b) shows the microstructure of representative points of A2, B2 and C2 on 304ss side. The
locations of six representative points are illustrated in Fig.7(b). Besides, Solidification parameters
of the six representative points are also calculated as shown in Fig.10. It can be obviously
observed in 304ss side that the fine equiaxed dendrites, the coarse cellular dendrites and the planar
appear at the top, the middle and the bottom area of the weld pool, respectively. On the Ni side, no
planar crystal is observed but the trend of changes from equiaxed dendrites to fine cellular to
coarse cellular dendrites are also observed at three representative points of Al, B1 and C1. As
shown above, the experimentally observed results agree well with the tendency predicted from

simulation.
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Fig.10 Microstructure for different locations in the weld pool. (a) Solidification microstructure in
Ni side. (b) Solidification microstructure in 304ss side
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Fig.11 Calculated solidification parameters at the weld centerline under different heat input per
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The effects of welding speed on solidified microstructure are also studied in this work. Fig.11(a)

shows the temperature gradient G and solidification rate R at the weld centerline for different heat
input per unit length obtained by varying the weld speed from 10 to 30 mm/s and keeping the laser
power a constant for 800W. The heat input per unit length of weld, E, is defined as the ratio of the
heat input and the weld speed:

_Q
E= (17)

where Q is the laser power, and V is the welding speed. With speed increasing from 10 to 30 mm/s,
the ratio decreases from 80 to 26.7 J/mm , and both the temperature gradient and cooling rate
increase.

As shown in Fig.11(b), the cooling rate(GR) decreases while the morphology parameter(G/R)
increases at the weld centerline with the increase of E, which indicates that the finer equiaxed
grains are more likely to be observed under higher speed in the fusion zone. As illustrated above,
the solidification microstructure of the melt pool would be greatly affected by the welding speed
and the change of cooling rate in this study is so significant that its effect on dimensions is
unnegligible. Fig.12 summarizes the experimental observations of the solidification microstructure
under different welding speed in Ni side. At the heat input of 800W, the solidification
microstructure changes from coarse cellular to fine cellular when the welding speed increases

from 15 to 25 mm/s.



This phenomenon can also be explained by the heat conduction theory of welding and joining.

T-T,)°
According to equation GR=—27zKV% [26], which qualitatively tells the effect of

welding parameters, cooling rates increase with decreasing Q/V and fine crystal structure results
from higher cooling rate.

The simulations presented here include the thermal behavior in the melt pool, the free surface
deformation and solidification characteristics predicted by the calculated solidification parameters
with different welding parameters. The transient three-dimensional numerical model could be used
to investigate the microstructure evolution of dissimilar metals under different welding parameters
for various welding processes, such as laser welding, arc welding, electron beam welding and so
on. In future study, the process parameters and mechanical properties, including hardness and
tensile strength, can also be qualitatively linked through the computed solidification parameters to
optimize process parameters and improve welding quality. Besides, the temperature field obtained
by considering the flow of the molten pool can also be used as a temperature load on the finite
element unit in the mechanical model to simulate the residual stress and deformation distribution

of the dissimilar metal weldment.

Conclusion

A transient three-dimensional numerical model with heat transfer and fluid flow was developed
for laser linear welding of 304ss and nickel. The heat transfer, the fluid flow, the free surface
deformation and the melting-solidification with different welding speed were investigated both
numerically and experimentally. The primary results of this study can be summarized as follows:
(1) At initial stage of the melt pool evolution, the Peclet number is small and the heat transfer is
dominated by conduction, resulting in an approximately hemispherical melt pool on each side. As
weld pool expands, Peclet number exceeds 46 due to the strong outward Marangoni convection,
thus the dominant mechanism changes from conduction to convection, and the molten pool
geometry evolves from circular to elliptical. The area of the melt pool in 304ss side is bigger than
Ni side for the lower thermal conductivity and melting temperature. Resulting from stronger
driving force, the maximum velocity in the molten pool generally appears at 304ss side when the
weld pool reaches steady state.

(2) For the temperature evolution in the weld pool, the maximum temperature and cooling rate in
304ss side are significantly higher than those in nickel side due to the lower thermal conductivity.
The temperature difference between the two points is smaller during the heating phase than the
cooling phase, which is attributed to the Marangoni convection at heating stage.

(3) The free surface of the melt pool is captured by a moving mesh method based on the Arbitrary
Lagrangian Eulerian (ALE). The simulated surface deformation is in good agreement with the



experimental result. Sharp changes of the curvatures of the melt pool boundary are observed and
explained by the Prandtl number. Since the calculated Pr is 0.25 for 304ss and 0.0028 for Ni, the
fusion boundary in Ni side is approximately circular, while two inflexions of the fusion boundary
in 304ss side could be obviously observed as the result of the competition of the heat conduction
and the convection. Under the assumption of laminar flow, the calculated weld depth is generally
over-predicted compared with experimental results, but the differences between the experimental
results and the simulations are relatively small and acceptable.

(4) Since the G/R is bigger at the bottom and the GR is larger at the top surface, the microstructure
morphology changes from equiaxed dendrites to cellular dendrites to planar , and grain size
increases from the top to the bottom area of the weld pool in 304ss side. Similar tendency is also
observed in Ni side. The heat input per unit length, Q/V, can also affect the solidification behavior
and lower Q/V generally leads to finer scale of solidified microstructure.
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