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a  b  s  t  r  a  c  t

Laser  spot  welding  of  stainless  steel–nickel  dissimilar  couple  has  been  studied  experimentally  and  numer-
ically.  A three-dimensional  heat  and  mass  transfer  model  is  used  to simulate  the  welding  process,  based
on the  solution  of  the  equations  of  mass,  momentum,  energy  conservation  and  solute  transport  in weld
pool.  The  calculated  fusion  zone  geometry  and  element  distributions  are  in  good  agreement  with  the
corresponding  experimental  results.  The  role  of  fluid  flow  on  temperature  field  and  its  evolution  is  ana-
lyzed  by  comparing  two  cases  with  and  without  considering  convection.  Temperature  fields  far away
from  the  weld  pool  are  quite  similar,  but exhibit  large  difference  close  to  the  heat  source.  During  the
2.20.Wt

eywords:
aser dissimilar welding
eat transfer

early stage  after  formation  of  weld  pool,  the  distribution  of  element  Fe  in weld  pool  is non-uniform,  due
to  insufficient  time  for mixing.  The  speed  for mass  transport  is  the  highest  during  the  initial  stage  of  weld
pool formation  and  it decreases  with  time.  Both  heat  and  mass  transport  are  significantly  influenced  by
convection  during  laser  spot  welding  of  stainless  steel  and  nickel.

© 2012 Elsevier B.V. All rights reserved.

ass transfer

luid flow

. Introduction

Pulsed laser spot welding is widely used for welds of small
omponents such as microwave enclosures, batteries, and other
ackages which require high electrical and electronic reliability in
erospace, telecommunications, and medical industries. In recent
ecades, with raw-material costs on the rise, selecting a single
etal for a particular product may  be costly. Use of different metals

nd alloys in a product provides the designers and engineers with
reat flexibility, which often results in both technical and economic
dvantages over conventional manufacturing methods by using a
ingle material. For example, a high strength stainless steel could
e combined with an anti-corrosion metal such as nickel to with-
tand the mechanical load and chemical corrosion in high pressure
ontainers.

However, because of the difference in physical and chemi-
al properties of two metals, such as thermal conductivity, heat
apacity, thermal expansion coefficient, and melting temperature,
any problems, such as partial penetration due to insufficient

eat dissipation, brittle intermetallic compound or low melting
oint eutectics formation due to inappropriate solute dilution
r heat treatment in joining dissimilar metals, may  make the

oint susceptible to cracks and failures [1–5]. Choice of appro-
riate heat treatment temperature and composition of metal
aterials is an efficient way to solve these problems and obtain

∗ Corresponding author. Tel.: +86 10 82544251; fax: +86 10 82544251.
E-mail address: xlhe@imech.ac.cn (X. He).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2012.02.143
desired microstructure and mechanical properties, which requires
appropriate laser welding parameters. However, many trial exper-
iments for these parameters appear to be time-consuming, and
numerical simulation on heat and mass transfer is helpful in pre-
diction of temperature and composition for different processing
parameters.

In recent decades, computational models of heat transfer and
fluid flow have been utilized to understand the evolution of tem-
perature and velocity fields for similar metal welding applications.
He et al. [6] studied the evolution of temperature and veloc-
ity fields during laser spot welding of stainless steel under the
assumption of flat free surface. Marangoni–Benard convection due
to temperature gradient on the surface of the molten pool and
Rayleigh–Benard convection due to variation of density inside
the molten pool were numerically studied and compared [7,8],
under the presence or absence of surface active element such
as sulfur [9–11] and oxygen [12–14].  Heat and mass losses due
to vaporization of elements in conduction mode laser welding
of alloys were investigated using various models [15–18].  Non-
equilibrium solidification nature and solute partitioning at the
solid–liquid interface in laser processing were also accounted for
[19,20]. Most of these models basically followed fixed grid method
with enthalpy-porosity formulation to deal with solid–liquid phase
change problems [21–24].

Despite of the many studies on similar materials welding, only

few studies addressed the modeling of dissimilar metal weld-
ing, but the interest is on the rise. Zhao and co-workers [25]
used a three-dimensional FEM model to predict the tempera-
ture field under various laser powers and scanning velocities. The

dx.doi.org/10.1016/j.apsusc.2012.02.143
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:xlhe@imech.ac.cn
dx.doi.org/10.1016/j.apsusc.2012.02.143
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Nomenclature

a power distribution factor
c specific heat
C species concentration
D species mass diffusion coefficient
f mass fraction
g volume fraction or acceleration due to gravity
hc convective heat transfer coefficient
K thermal conductivity
K0 permeability coefficient
kp partition coefficient
L latent heat of fusion
p pressure
q heat flux
Q laser power
r radius of laser beam
S source term
T temperature
t time
ui ith component of velocity

Greek letters
˛  thermal diffusivity

 ̌ volumetric expansion coefficient
� laser absorption efficiency
�H latent enthalpy
ε emissivity
�b Stefan–Boltzmann constant
� density
� dynamic viscosity

Subscripts
a ambient
c constant
C concentration
l liquid phase
ref reference
s solid phase
sur surface

s
t
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fl

i
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Table 1
Chemical composition of 304 stainless steel (atomic fraction(%)).

Si Cr Mn  Ni Fe

0.83 18.43 1.32 8.45 Bal.
T temperature

imulations were then used to optimize the process parameters
o control the heat input at the interface of the two  metals in
rder to suppress the formation of brittle intermetallic compounds
uring laser overlap welding of Ti6Al4V and 42CrMo. Their sim-
lation ignored the influence of Marangoni convection and mass
ransport. Chung and Wei  [26] used a two-dimensional model to
redict the shapes of fusion zones in continuous welding of two

mmiscible metals based on a VOF approach along with the SIMPLE
lgorithm. Phanikumar et al. [27,28] extended it to a three dimen-
ional transient model to solve heat transfer, fluid flow, and species
onservation during laser welding of copper–nickel dissimilar cou-
le under the assumption of laminar fluid flow. Chakraborty and
hakraborty [29,30] carried out an unsteady Reynolds Averaged
avier Stokes simulation to demonstrate the turbulent effects by
omparing results under the consideration of laminar and turbulent
ow.

In this work, a three-dimensional heat and mass transfer model
s developed to study laser spot welding of stainless steel and nickel.

emperature field and concentration profile at different times are
nalyzed. The calculated weld pool dimensions and element distri-
utions are compared with the corresponding experimental results
o validate the model. This work demonstrates the application of
Fig. 1. Schematic representation of laser spot welding of 304 stainless steel–nickel
dissimilar couple.

numerical transport phenomena can significantly add to the quan-
titative knowledge base in dissimilar fusion welding.

2. Experiments

304 stainless steel and nickel were used in the experiments.
The chemical composition of 304 stainless steel is given in Table 1.
The surface was  cleaned with acetone before welding. Experiments
were conducted on a 1 kW Nd:YAG laser materials processing sys-
tem with five-axis CNC working station. 150 mm focal lens was used
to focus the laser beam. The defocus distance was 9.5 mm,  and the
corresponding beam radius was 1.0 mm  at the top surface of the
specimen. Laser power of 650 W was  used and the interaction time
was  500 ms.  Fig. 1 shows the schematic diagram of laser spot butt
welding of 304 stainless steel and nickel sheets with the dimension
of 20 mm × 10 mm × 2 mm.

Metallographic samples were prepared by electric discharge
cutting, mechanical milling and grinding, followed by polishing
using standard mechanical polishing procedures and etching in
HCl:HNO3 solution with volume ratio of 3:1. The samples were
characterized by JSM-5800 scanning electron microscopy (SEM)
equipped with LinkISIS S-530 energy dispersive spectrometer
(EDS).

3. Mathematical modeling

3.1. Major assumptions

In this work, a transient three-dimensional model is developed
to simulate the heat and mass transfer during laser spot welding of
stainless steel–nickel dissimilar couple. The following assumptions
are made in order to simplify the calculations:

1. The molten metal is supposed to be Newtonian and incompress-
ible, and the Boussinesq’s approximation is used to account for
the density change due to the temperature and concentration
variations. The fluid flow is laminar.

2. The welding takes place in conduction mode, and the free surface

of the pool is flat. Thermal contact resistance between the two
work pieces is not considered.

3. The incident flux of the laser beam at the top surface of the
workspace is Gaussian.
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. Relevant physical and thermal properties of the weld pool metal,
such as thermal conductivity, specific heat, and viscosity, are
assumed to be temperature independent, and taken to be differ-
ent for solid and liquid phase, but vary linearly with composition.

. Binary phase diagram of the major elements is applied to study
alloy solidification.

.2. Governing equations

With the above assumptions, the following equations of conti-
uity, momentum, energy and solute transport in the work piece
re expressed in Eqs. (1–4).

Conservation of mass,

∂�

∂t
+ ∂(�ui)

∂xi
= 0 (1)

onservation of momentum,

∂(�ui)
∂t

+ ∂(�uiuj)
∂xi

= ∂

∂xi

(
�

∂uj

∂xi

)
+ Sui

(2)

onservation of thermal energy,

∂(�cT)
∂t

+ ∂(ui�cT)
∂xi

= ∂

∂xi

(
K

∂T

∂xi

)
+ ST (3)

There are mainly five elements considered, namely Fe, Ni, Cr, Si,
nd Mn.  However, as a first approximation, element Fe is thought
o be representative and other elements could be calculated from
ts concentration. The solute transport equation for Fe is

∂(�C)
∂t

+ ∂(�uiC)
∂xi

= ∂

∂xi

(
�D

∂C

∂xi

)
+ SC (4)

here the source terms are given by

ui
= − ∂p

∂xi
+ ∂

∂xj

(
�

∂uj

∂xi

)
− K0

(1 − fl)
2

fl
3 + B

ui + �giˇT(T − Tref)

+ �giˇC(C − Cref) (5)

T = −∂(��H)
∂t

− ∂(�ui�H)
∂xi

(6)

C = ∂

∂xi

(
�D

∂(Cl − C)
∂xi

)
− ∂

∂xi
(�fs(Cl − Cs)ui) (7)

he third term at the right-hand side in Eq. (5) represents the
rictional dissipation of momentum in the mushy zone accord-
ng to Carman–Kozeny equation for flow through porous media
22,23,31]. B is a very small positive number introduced to avoid
ivision by zero. The last two terms account for buoyancy effects
aused by temperature and concentration variations, respectively.

In Eq. (6),  �H  is the latent enthalpy content of the computational
ell under consideration given by the following expression,

H = Lfl (8)

here the liquid mass fraction fl is defined as,

l =
1 if T > Tl

T − Ts

Tl − Ts
if Ts ≤ T ≤ Tl

0 if T < Ts

. (9)

A small pseudo temperature interval between solidus and liq-

idus near the melting point of pure Ni is introduced in order to
void divergence of calculation. Eq. (7) accounts for solute parti-
ion [31] and is calculated when solidification starts or liquid mass
raction decreases.
ce 258 (2012) 5914– 5922

The nominal concentration in Eq. (4) is given by level rule,

C = fsCs + flCl (10)

at the solid–liquid interface,

Cs = kpCl (11)

The heat capacity, density, thermal conductivity and mass dif-
fusion coefficient for the liquid and solid mixture are defined as
follows,

c = fscs + flcl (12)

� = fs�s + fl�l (13)

k =
(

gs

ks
+ gl

kl

)−1
(14)

D = flDl (15)

3.3. Boundary conditions

At the top surface of the materials, the input heat is assumed to
be distributed in a radically symmetric Gaussian manner,

qlaser = aQ�

	rb
2

exp

(
−a(x2 + y2)

rb
2

)
(16)

The heat loss by convection heat transfer and radiation is given by,

qloss = hc(T − Ta) + �bε(T4 − Ta
4) (17)

In the calculation, the vaporization of alloying elements is
ignored, since the temperature of weld pool is below the boiling
point of materials. At the top surface, the boundary condition for
energy equation is given by,

K
dT

dz
= qlaser − qloss (18)

Natural convection is applied to other surfaces of the specimen.
The Marangoni-driven flow at the free surface is described by,

�
du

dz
= fl

∂�sur

∂T

∂T

∂x
+ fl

∂�sur

∂C

∂C

∂x
(19)

�
dv
dz

= fl
∂�sur

∂T

∂T

∂y
+ fl

∂�sur

∂C

∂C

∂y
(20)

The two  terms at the right-hand side in Eqs. (19) and (20) represent
the Marangoni convection due to variations of temperature and
composition, respectively.

The whole rectangular computational domain is divided into
small rectangular control volumes. The governing equations are
discretized using the control volume method on a staggered grid.
Scalar quantities, such as pressure, temperature, species concen-
tration, are stored at the center of the computational cell. Velocity
components are stored at the corresponding cell face centers. The
general framework of the numerical solution rests on the SIMPLEC
algorithm [32]. A non-uniform grid of 159 × 160 × 50 meshes is
used, with finer grids near the heat source. The minimum grid space
is 20 �m.  The mesh grids for numerical simulation at the top surface
are shown in Fig. 2. And the data used for calculations are presented
in Tables 2 and 3.

4. Results and discussion

4.1. Heat transport: influence of fluid flow on temperature fields
Conventional computational welding mechanics concentrates
on thermal stress and strain field, structure distortion and defor-
mation, and the evolution of microstructure, using Fourier heat
conduction model to predict the evolution of temperature field for
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Table 2
Material properties used in the simulation [6,30,34].

Property/parameter Value

304SS Ni

Density of liquid metal(kg m−3) 7200 8880
Dynamic viscosity(kg m−1 s−1) 6.70 × 10−3 3.68 × 10−3

Solidus temperature(K) 1672 1730
Liquidus temperature(K) 1727 1735
Specific heat of solid(J kg−1 K−1) 711.28 515
Specific heat of liquid(J kg−1 K−1) 836.8 595
Thermal conductivity of

solid(W m−1 K−1)
19.2 60.7

Effective thermal conductivity of
liquid(W m−1 K−1)

50 150

Surface tension(N m−1) 1.872 1.778
Temperature coefficient of surface

tension(N m−1 K−1)
−4.30 × 10−4 −3.4 × 10−4

Coefficient of thermal expansion(K−1) 1.96 × 10−5 4.50 × 10−5

F
5

Fig. 2. Mesh grids for numerical simulation at the top surface.

he sake of simplicity [25,33]. However, during welding of dissim-
lar metals, fluid flow in the weld pool may  have effect on heat
ransfer, and influence the temperature fields and species distribu-
ion. The relative importance of heat transfer by thermal convection
nd conduction is described by Peclet number,
eT = Re × Pr = �uLR

�
× �

�˛
(21)

ig. 3. Temperature fields at different times during heating period for two cases. (a) Cas
00  ms  and (f) Case 2, 500 ms.  (For interpretation of the references to color in this figure l
Latent heat(J kg−1) 2.72 × 105 2.9 × 105

Effective mass diffusivity(m2 s−1) 7 × 10−7 7 × 10−7

which is on the order of 102, thus it is expected that convection
plays a vital role in heat transport.

Simulations of following two  cases are performed and the
results are compared to investigate the importance of fluid flow
on temperature evolution.

Case 1. The effect of fluid flow is ignored. The momentum, species
transport equations are not solved.

Case 2. Marangoni force, buoyancy force and thermal conduction
are all considered. The influence of Marangoni convection on the
weld pool configuration, temperature field is analyzed.
Fig. 3(a–f) shows the comparison of the two  cases on computed
temperature and velocity fields at various times during the heating
period. The contour values in figures represent the temperature in

e 1, 100 ms;  (b) Case 2, 100 ms;  (c) Case 1, 300 ms; (d) Case 2, 300 ms; (e) Case 1,
egend, the reader is referred to the web  version of the article).
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heating period results in a comparable heat flux, leading to small
temperature difference between the two  locations during cooling
period.
Fig. 4. Temperature fields at different times during cooling period for two

elvin. The yellow and red parts represent the liquid region. It can
e seen that temperature fields far away from the weld pool are
imilar at various times for the two cases, showing some reason-
bleness of ignoring fluid flow and mass transport in traditional
elding mechanics. However, it is quite different for the region

lose to the heat source. For Case 1, the fusion zone is deeper and
arrower, and has a hemispheric shape, resulting from energy being
adially transported from the center of the laser beam by heat
onduction alone. The peak temperatures are always at the 304
tainless steel side, since its thermal conductivity is much less than
ickel. For Case 2, when fluid flow and mass transport are taken

nto consideration, the peak temperatures shift towards the cen-
er of the laser beam due to the maximum heat input flux. With the
egative temperature coefficients of surface tension, the fluid flows

rom the center of the laser beam, where surface tension becomes
maller, towards the periphery of the weld pool, enhancing energy
ransport from the hot parts to the cool parts. As a result, the peak
emperature for Case 2 is much lower than that for Case 1 (2423 K vs.
058 K), and the temperature gradients in the weld pool are smaller
uring the heating period. Fig. 4(a–d) shows the comparisons of the
wo cases on computed temperature and velocity fields during the
ooling cycle. The weld pool for Case 2 stays in liquid state for only
0 ms  after the laser is switched off, while the time for Case 1 is
uch longer (about 140 ms).
The temperature gradients are of vital importance in thermal

tress generation, and the temperature itself influences the stress-
train relationship. Depending on the ratio of the local temperature
nd the melting temperature, the constitutive model assigned may
ary from being rate independent plasticity (less than 0.5), rate

ependent plasticity (0.5–0.8), to linear viscous (above 0.8) [33].
hus the evolution of both temperature and temperature gradients
hould be investigated. Fig. 5 shows the temperature evolution of

able 3
ata used for calculations [35].

Parameter Value

Power distribution factor 2
Laser absorption efficiency 0.5
Convective heat transfer coefficient at

top surface (W m−2 K−1)
100

Ambient temperature (K) 298
Emissivity 0.2
Stefan–Boltzmann constant

(W m−2 K−4)
5.67 × 10−8
. (a) Case 1, 5 ms;  (b) Case 2, 5 ms;  (c) Case 1, 30 ms  and (d) Case 2, 30 ms.

two  locations 0.5 mm  away from the heat source. As shown in fig-
ure, when temperatures exceed the solidus, the cooling rate is much
higher for Case 2. This could be attributed to the fluid flow, which
serves as another mechanism to transport heat from the hot parts
to the cool parts besides heat conduction, making the hot parts get
cooled down more quickly.

The evolution of temperature difference between the two  loca-
tions for two  cases is also different. During heating period, the
temperature difference between the two locations for Case 2 is
much less than that for Case 1, because of fluid flow serving to
enhance heat transport from hot parts to cool parts. After the
laser is switched off, weld pool solidifies and fluid flow weakens
and disappears quickly. The primary mechanism of heat trans-
port is thermal conduction, and the temperature at the nickel side
decreases more quickly than that at the stainless steel side, since
nickel has a higher thermal conductivity. As a result, for Case 2,
the temperature difference between the two  locations increases,
compared with that during heating period, the case is a little
different for Case 1. Even though the thermal conductivity of stain-
less steel is lower, the high temperature gradient caused during
Fig. 5. Weld thermal cycles at different locations.
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Fig. 6. Concentration profile of Fe at the top surface for different times of (a) 10 ms;  (b) 30 ms;  (c) 60 ms  and (d) 500 ms.

Fig. 7. Concentration profile of Fe along the cross section for different times of (a) 10 ms;  (b) 30 ms; (c) 60 ms;  (d) 90 ms;  (e) 120 ms and (f) 500 ms.
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Fig. 8. Concentration evolution of Fe at different locations.

.2. Transport of mass

Mass transport is based on two mechanisms, namely fluid flow
nd mass diffusion. The dimensionless number to describe the rel-
tive importance of these two mechanisms is given by,

eC = uLR

D
(22)

hich is on the order of 103 or 104, so the mass distribution in
elding of dissimilar couple is greatly influenced by fluid flow, and,

o a much lesser extent, by mass diffusion.
When the weld pool begins to form, the fluid flow transports

he element, such as Fe and Cr, from stainless steel side to the
ickel side, and these elements are mixed with nickel. Similarly,
ickel element is transported from nickel side to the stainless
teel side. The concentration profile of Fe at the top surface and
he cross section for different times is shown in Figs. 6 and 7,
espectively. For the top surface, the distribution of element Fe
n weld pool is non-uniform during the first 60 ms,  due to insuf-
cient time for mixing. After 60 ms,  metals of both sides continue
elting and the dimension of weld pool continues enlarging, with

 nearly uniform concentration distribution at the top surface.
owever, for the cross section, the Fe element is not uniformly
istributed at 60 ms,  especially near the solid/liquid interface. The
ime for uniformly distribution of Fe element for the cross sec-
ion is longer, approximately 90 ms.  Therefore, the mass transfer
s more quickly at top surface than cross section. The convec-
ion on the top surface is strong, due to the Marangoni stresses,
aused by both temperature gradient and concentration gradi-
nt. A non-uniform element distribution would result in large
arangoni stress, which in turn would accelerate fluid flow to

ransport mass.
Fig. 8 shows the concentration evolution of Fe for the two loca-

ions 0.5 mm  away from the heat source. As shown in figure, after
he formation of melt pool, the elements mix  quickly. As a result,
he concentration of Fe decreases at the stainless steel side while
ncreases at the nickel side during the initial stage of melting, with

 high speed. As the concentration difference of the two locations
ecreases, the mass transport becomes more slowly. Therefore,
oth the concentration difference of the two locations and the
peed for mass transport decrease with time until the element dis-
ribution becomes uniform during laser spot welding of stainless

teel and nickel.

For laser welding, a uniform solute distribution is desired, since
he non-uniform distribution of alloying elements may  seriously
ffect mechanical performance of the weldment. The uniformity of
Fig. 9. Experimental and calculated weld pool cross sections (a) simulated for Case
1;  (b) simulated for Case 2 and (c) from experiments.

mixing and the resultant concentration distribution are primarily
determined by convection in the weld pool. The numerical model is
helpful in predicting the composition profile to seek optimum laser
welding parameters necessary for an appropriate microstructure
and target mechanical properties.

4.3. Comparison between calculated and experimental results

The experimentally determined weld pool cross section is com-
pared with the corresponding computed result in Fig. 9. It is
observed that the calculated weld pool geometry and dimensions
for Case 2 agree better with the experimental results, while the
fusion zone for Case 1 is much deeper and narrower. The dimen-
sion of the fusion zone at the nickel side is smaller than the radius
of laser beam (1.00 mm),  because of the high conductivity of solid
nickel. On the contrary, the fusion zone (1.4 mm)  at the stainless
steel side is much larger, and its dimension exceeds the radius of
laser beam.

Fig. 10 shows the comparison of calculated and experimental
element distributions. The scan track is shown in Fig. 9(c). The
atomic fractions of element Fe for points A, B, C and D are compared

in Table 4. The calculated results are in good agreements with the
experimental results, showing the validity of the numerical model
presented in this paper. Elements are almost uniformly distributed
in the weld pool by Marangoni convection and mass diffusion, and
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Fig. 10. Experimental (a) and calculated (b) element distribution.

Table 4
Experimental and calculated atomic fraction of Fe element for various locations (%).
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[

[

[

[

[

[
laser welding of aluminum alloy 5182, Metall. Mater. Trans. B32 (2001)
Experimental 52.3 52.8 53.5 51.8
Calculated 52.4 53.2 53.7 53.6

olute partition during solidification is not obvious according to
e–Ni binary phase diagram.

It is worth noting that Marangoni stress due to concentra-
ion gradient always tends to make the elements uniformly
istributed, since the potential energy of it is the lowest under
his equilibrium condition. However, it does not necessarily mean
hat element distribution should be uniform during any laser
rocessing. Other factors, such as insufficient time for mix-

ng because of short pulse duration or fast scanning speed, or
olute redistribution during rapid solidification, which cannot be
gnored when non-equilibrium partition coefficient (kp) is far
way from unity, would result in non-uniform distribution. Other
omplex issues such as porosity, keyhole formation and sur-
ace tension variation because of active elements in the alloys,
lso play important parts in heat and mass transport in laser
elding of dissimilar metals, and provide challenges for future

tudy.

. Conclusions
The heat and mass transfer during laser spot welding of stainless
teel–nickel dissimilar couple has been studied using a 3D transient
umerical model. The calculated fusion zone geometry and element

[

ce 258 (2012) 5914– 5922 5921

distribution agree well with the experimental results. Some of the
important findings from the investigation are as follows:

(1) Simulation results of two  cases are presented to illustrate the
importance of fluid flow on heat transport during laser welding
of dissimilar couple. The temperature fields far away from the
weld pool are not influenced by the presence of fluid flow. How-
ever, for the location close to the heat source, when fluid flow is
taken into consideration, both peak temperature and tempera-
ture gradient decrease during heating period. The cooling rate
increases, and the weld pool solidifies more quickly.

(2) The distribution of element Fe in weld pool is uniform after
90 ms,  because of sufficient time for mixing. Mass transport is
more quickly at the top surface than cross section due to the
strong convection. The speed of mass transport is the highest
during the initial stage of weld pool formation and it decreases
with time during laser spot welding of stainless steel and nickel.
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