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a b s t r a c t
A macroscopic heat transfer and ﬂuid ﬂow model is developed to calculate the temperature and velocity
ﬁelds in the laser welding pool of aluminum alloy 2024. The equations of temperature gradient and
solidiﬁcation rate are developed to consider the transient conditions during the laser welding process.
The dendrite growth and solute concentration along the fusion boundary are predicted via the phase-ﬁeld
model under the transient conditions. The comparison of the simulation results with the measurements
is carried out. Fusion proﬁles obtained by using a rotary-Gauss body heat source model are consistent
with measurements. The computed dendrite morphology and primary dendrite arm spacing give a good
agreement with experimental ﬁndings.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Laser beam welding has many advantages including high energy
density, high welding velocity, high ﬂexibility, high productive
efﬁciency, narrow welding width and deep penetration, compared with traditional arc welding. The performance of the laser
welds is affected directly by the solidiﬁcation process and resulting microstructures. It is of signiﬁcance to investigate and predict
the solidiﬁcation process during the laser welding process. It is
almost impossible to observe and investigate directly the solidiﬁcation process by traditional experimental methods because of the
complex characteristics of laser welding. Fortunately, the numerical techniques can reproduce this process with the development of
computational materials science.
Prediction of the formation of solidiﬁcation microstructures
during the laser welding process is an important and supporting
factor for technology optimization. Different kinds of numerical
methods have been applied to simulate the solidiﬁcation process
during welding, especially the cellular automaton and phase-ﬁeld
model. Pavlyk and Dilthey (2004) predicted the dendritic morphology during the directional solidiﬁcation of gas tungsten arc
welding pool using cellular automata and phase ﬁeld methods.
Wei et al. (2007) applied cellular automaton algorithms to simulate the dendrite growth and solute diffusion along the fusion
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boundary in the welding pool. Zhan et al. (2008) simulated dendritic
growth in tungsten inert gas welding molten pool of nickel-based
alloys by using the CA-FD (Cellular Automaton – Finite Difference)
model. Farzadi et al. (2008) predicted solidiﬁcation microstructures
at different locations along the fusion line during gas tungsten arc
welding of Al-3 wt% Cu alloys using a phase-ﬁeld model. Montiel
et al. (2012) used the phase-ﬁeld model to simulate microstructures in the solidiﬁcation process of AZ31 magnesium alloys under
the given welding conditions. Zheng et al. (2014) investigated the
dendrite growth along the fusion boundary in the gas tungsten arc
welding pool of 2A14 alloys using a quantitative phase-ﬁeld model.
The solidiﬁcation process of the arc welding molten pool is simulated and predicted in detail. The dynamic solidiﬁcation process of
the laser welding pool is more complicated than that of the conventional arc welding. It is of difﬁculty to simulate and predict
the solidiﬁcation microstructures in the laser welding pool. Few
works have paid attention to predicting dendritic growth and solute
distributions in the laser welding molten pool. Tan et al. (2011)
proposed a novel model coupled cellular automata and phase ﬁeld
methods to predict dendritic growth in the laser welding pool of
aluminum alloy AA2024 under steady-state conditions. Tian et al.
(2016) developed a three-dimensional CA-FE (Cellular AutomatonFinite Element) solidiﬁcation model to simulate the microstructural
evolution during laser deposition shaping of TC4 alloys neglecting
the effects of ﬂow ﬁeld.
The solidiﬁcation of the welding pool is nonlinear process. The
steady-state conditions used in the above studies cannot realistically describe actual solidiﬁcation process of the laser welding pool.
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The dendrite morphology and solute diffusion depend strongly on
transient history and melt ﬂow in the welding pool. A macroscopic heat transfer and ﬂuid ﬂow model is developed to predict
the welding temperature and velocity ﬁelds in the laser welding
pool of aluminum alloy 2024. The equations of temperature gradient and solidiﬁcation rate are developed to consider the transient
conditions of the laser welding pool. The transient conditions are
closer to actual solidiﬁcation process than the steady-state conditions in the laser welding pool. The dendrite growth and solute
concentration along the fusion boundary are predicted by using a
phase-ﬁeld model under the transient conditions. The comparison
of the computed results with the measurements is carried out to
show reproducibility of computed results.
2. Description of the model
2.1. Macroscopic heat transfer and ﬂuid ﬂow model
The heat transfer process is calculated by using a threedimensional model with the consideration of ﬂow ﬁeld. It is
assumed that the liquid in the welding pool is Newtonian, incompressible and laminar and the solid is not ﬂowing. The ﬂuctuation
on the top surface of welding pool is ignored. Marangoni effects
caused by the surface tension and buoyancy body forces are considered to calculate the ﬂow ﬁeld in the welding pool. In order to
calculate velocity and temperature ﬁelds in the welding pool, the
equations of energy, mass and momentum conservation are deﬁned
as (Patankar, 1980)
Mass conservation:

∂
+ ∇ (ui ) = 0
∂t

(1)

Momentum conservation:



∂ (ui )

+ ∇ ui uj = ∇ (∇ ui ) +
(u − v) + Sui
K i
∂t
Energy conservation:

∂ (h)
+ ∇ (ui h) = ∇
∂t



(2)

+ Sh

(3)

where  is density, ui and uj is the velocity along the i and j directions, k is the thermal conductivity, v is the welding velocity, cp
is the speciﬁc heat, h is the enthalpy,  is the viscosity, K is the
Karman–Kozeny turbulent coefﬁcient, Sui is the source term of the
momentum equation, Sh is the source term of the energy equation.
The source term of the momentum equation is affected by the
porous media and the buoyancy in the solid-liquid mixing region.
The source term of the momentum equation in x and y directions
is deﬁned as



Sui = −∇ p − C

(1 − f1 )

2



ui

3

f1 + B

(4)

where p is the pressure, f1 is the liquid fraction, B is a very small positive number introduced to avoid division by zero, C is an empirical
constant.
In the z direction, the effects of the buoyancy on the source term
are considered. The source term of the momentum equation is given
by



external heat source on the heat transfer are considered, the source
term of the energy equation is deﬁned as
Sh = −

∂ (H)
− ∇ (ui H) + q (x, y, z)
∂t



2
∂p
(1 − f1 )
Sui = −
ui + ˇg (T − Ts )
−C
3
∂z
f1 + B

(6)

where H is the latent heat, q (x, y, z) is the heat ﬂux density at the
point (x, y, z).
As shown in Fig. 1, the rotary-Gauss body heat source model
is applied to characterize the laser heat source (Wu et al., 2004).
The cross section in z direction is regarded as a circle. The heat ﬂux
density obeys the Gaussian distribution in the cross section, and it
reaches a maximum q (0, z)at the center of the circle. The heat ﬂux
density along the z direction q (0, z) is a constant. The heat source
model is deﬁned as (Wu et al., 2004)





k
∇h
cp

Fig. 1. Laser heat sorce model (Wu et al., 2004).

q (x, y, z) =

9Q
R02 H0



1 − e−3

 exp



−9

ln

 H0 
z

R02

x 2 + y2



(7)

where Q is the effective laser energy, R0 is the effective radius, H0
is the height of heat source.
Effects of convective heat transfer and radiation heat transfer on
the thermal transfer process are considered on the top surface. The
equation of convective heat transfer and radiation heat transfer is
deﬁned as



−kGradT = −q (x, y, z) + hc (T − T0 ) + kb ε T 4 − T04



(8)

where hc (T − T0 ) is the term of convective heat transfer, hc is
convective
heat

 transfer coefﬁcient, T0 is ambient temperature,
kb ε T 4 − T04 is the term of radiation heat transfer, ε is the heat
exchanger effectiveness, kb is the Boltzmanns constant. The equation of convective heat transfer and radiation heat transfer on the
side and bottom surfaces is given by



−kGradT = hc (T − T0 ) + kb ε T 4 − T04



(9)

The boundary condition of the velocity ﬁeld is given by

∂u1
∂ ∂T
=
,
∂z
∂T ∂x
∂u2
∂ ∂T
=
,
−
∂z
∂T ∂y

−
(5)

where ˇ is the thermal expansion coefﬁcient, g is the gravitational
acceleration, Ts is the solidus temperature. Effects of latent heat and

u3 = 0

(10)
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where u1 , u2 and u3 are the velocity components along the x, y and
z directions respectively,  is the surface tension, ∂ is the surface
∂T
tension gradient with respect to temperature, the velocity along
the z direction u3 is equal to zero since there is no outward ﬂow on
the top surface.
2.2. Phase-ﬁeld model
The phase-ﬁeld model developed by Echebarria et al. (2004) is
used to simulate dendrite growth in the laser welding pool. It is
assumed that the effects of ﬂow ﬁeld on solute diffusion are considered (Siquieri et al., 2009). The solute anti-trapping current is
applied to eliminate the interface stretching and to guarantee the
local chemical equilibrium at the solid-liquid interface (Echebarria
et al., 2004). The diffusion coefﬁcient is given by zero in the solid
region and constant in the liquid region. The value of the interface width is based on the thin-interface analysis (Echebarria et al.,
2004).
The phase-ﬁeld model with the ﬂow ﬁeld for directional solidiﬁcation in two dimensions is deﬁned as (Echebarria et al., 2004)

⎡

 

t

∂ ⎢
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∂t ⎣

  2
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W0 2 ∇

Z−

dt
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∇
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−

3

−



1
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∂ (1 − ) Vf
= − (1 − ) Vf • ∇ Vf − (1 − )
∂t

2 2

∇

(11)

⎟
⎟
⎠

(15)

The velocity ﬁeld is described by the modiﬁed NavierjStokes
equations (Siquieri et al., 2009)

⎞
dt 

where Vf is the velocity ﬁeld, q ( ) is deﬁned as
anti-trapping current jat reads (Karma, 2001)
→

⎤



Fig. 2. Computational conﬁguration for simulation.



p
+ ∇ ∇ (1 − ) Vf + M1d
0

(16)

where p is the pressure, 0 is the liquid density,  is the kinematic
2

where is deﬁned as the phase-ﬁeld variable and varies smoothly
from 1 in the solid to −1 in the liquid. Z is the axis parallel
to the dendrite growth direction. k is the equilibrium partition
coefﬁcient, 0 is the dimensionless
  relaxation time, W0 is the
dimensionless interface width. a n̂ = 1+εcos (4ϕ) is a symmetwith
ric anisotropy function

 the strength ε in two dimensions,
where ϕ = arctan ∂y /∂x
is the angle between the normal of
the interface and the direction of dendrite growth. R (t) is the solidiﬁcation rate (the pulling velocity of the fusion boundary), is a
coupling parameter and is related to W0 and 0 via d0 = a1 W0 /
and 0 = a2 W0 /DL , where a1 = 0.8839 and a2 = 0.6267, DL is the diffusion coefﬁcient in the liquid region. lT is the thermal length and
is given by
lT =

|m| (1 − k) cl0

(12)

G (t)

where m is the liquidus slope, cl0 is the solute concentration in
the liquid region of the solid-liquid interface, G (t) is the thermal
gradient and is related to solidiﬁcation time t.
The solute distribution is characterized by the dimensionless
concentration U. U is related to the equilibrium concentration in
the liquid region c∞ at a ﬁxed temperature. The dimensionless
concentration U is deﬁned as



U = 1/ (1 − k)



kc/c∞
−1
(1 − ) /2 + k (1 + ) /2

(13)

The solute ﬁeld equation is given by



1−k
1+k
−
2
2



1
∂U
∂
+ (1 − ) Vf ∇ U = ∇ (q ( ) DL ∇ U − jat ) + [1 + (1 − k) U]
2
∂t
∂t

(14)

)
Vf is the dissipative interfacial
viscosity, and M1d = −2h (1−
W2
force per unit volume, h is a constant (Beckermann et al., 1999).
The equation of mass conservation takes the following form:





∇ (1 − ) Vf = 0

(17)

Effects of the latent heat and the ﬂow ﬁeld on heat transfer are
neglected, and the coordinate of the initial position is given by Z0 .
The temperature ﬁeld is given by



T (Z, t) = T0 + G (t)

t

Z − Z0 −

 

R t

dt





(18)

0

where T0 = T (0, t) is a reference temperature.
2.3. Numerical procedures
A macroscopic heat transfer and ﬂuid ﬂow model is proposed to
calculate temperature and velocity ﬁelds in the laser welding pool.
The equations of temperature gradient and solidiﬁcation rate are
developed. The phase-ﬁeld model is applied to simulate dendritic
growth and solute diffusion during laser welding process of aluminium alloy 2024 under transient conditions. The control volume
method is used to discretize governing equations of the macroscopic heat transfer and ﬂuid ﬂow model (Patankar, 1980). The
phase-ﬁeld model is discretized using a ﬁnite difference approach
with zero-ﬂux boundary conditions in both U and . The modiﬁed Navier-Stokes equations are discretized using a staggered
grid approach and the SIMLPER (Semi-Implicit Method for Pressure Linked Equations Revised) method. Solidiﬁcation mode at the
fusion boundary of welding molten pool is approximately directional solidiﬁcation. It is assumed that the initial state of dendrite
growth is a planar. As is depicted in Fig. 2, the ﬂuid enters from
the right side, and then ﬂows out from the left side. On the right
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Table 1
Physical properties of Al-Cu alloys prepared for simulation (Sheikhi et al., 2015;
Mills, 2002).
Parameter

Value

Melting point of pure aluminum, Tm (K)
Liquidus temperature, TL (K)



933.3
905.2

Density of liquid metal, l kg m−3

2375

Density of solid metal, s kg m−3


Thermal conductivity, Ks Wm−1 K−1
 −1 −1 
Speciﬁc heat capacity of solid, Cp-s J kg K


Speciﬁc heat capacity of liquid, Cp-l J kg−1 K−1
 −1 
Latent heat of melting, L J kg
 −1 

2780

Coefﬁcient of thermal expansion, ˇ K

1.4 × 10−5

Equilibrium partition coefﬁcient, k
Alloy composition, C∞ (wt.%) 

0.14
4.5






Liquid diffusion coefﬁcient, DL m2 s−1

Gibbs–Thomson coefﬁcient,
Anisotropy, ε
Liquidus slope, m (K/wt%)



3.95 × 105

3.0 × 10−9
2.4 × 10−7
0.01
−2.6



Vfx = Vf , Vfy = 0, ∂P/∂y = 0





3.1. Transient conditions
A macroscopic heat transfer and ﬂuid ﬂow model is applied to
calculate heat transfer process and ﬂuid ﬂow in the laser welding
pool of aluminum alloy 2024. The shape of welding pool can be
obtained by numerical techniques or special experiments. Fig. 3
shows the computed three-dimensional temperature and velocity ﬁelds of the laser welding pool utilizing the welding power of
2500W and the welding speed of 2.5 m/min.
In order to simulate solidiﬁcation microstructures, the temperature gradient and the solidiﬁcation rate are needed. As shown in
Fig. 4, the shape of laser welding pool can be regarded as the connection of two half ellipsoids. The black active line represents the
shape of welding pool at t, and the red dotted line represents the
shape at t+dt. The forward half ellipsoid is melting, and the behind
half ellipsoid is solidifying. The average temperature gradient of
points at the fusion boundary is given by (Farzadi et al., 2008)
(19)

where TP is the temperature of heat source, TL is the liquidus temperature, d is the distance between TP and TL . The direction of
dendritic growth is along the direction of maximum thermal gradient and perpendicular to the fusion line. The solidiﬁcation rate of
each point along the fusion line in the welding pool is related to the
welding speed. The relation is deﬁned as (Kou, 2003)
R = V cos ˛

ms−1

0.1

x2
y2
+ 2 = 1 (0 ≤ x ≤ a, −b ≤ y ≤ b)
a2
b

(20)

where v is the welding velocity, ␣ is the acute angle between the
direction of welding speed and the normal of the fusion line. During the solidiﬁcation process of the fusion zone, the temperature
gradient and solidiﬁcation rate are variable. Transient conditions
are developed to investigate the solidiﬁcation process. The length

(21)

The distance d between the laser heat source and points along
fusion boundary of welding molten pool and the angle ␣ between
welding direction and the normal of the fusion line are calculated
by the Eq. (21). Eqs. (19) and (20) are rewritten as



TP − TL



(x0 + Vt)2 + b2 1 −

and

3. Results and discussion

TP − TL
d

2750
6.2 × 10−3
1.4 × 10−3
2.0 × 10−3

G (t) =

boundary conditions Vfx = Vf , ∂Vfy /∂y = 0, ∂P/∂y = 0 are used in
simulation. The materials used to simulate and weld are aluminum
alloy 2024 and can be assumed as a dilute binary Al-Cu alloy, of
which physical parameters are shown in Table 1 (Sheikhi et al.,
2015; Mills, 2002).

G=

Value

Temperature of heat source, Tp (K)
Length, a (m)
Width, b (m)
Distance, x0 (m) 


and width of the behind half ellipsoid are given by a and b, the
mathematical equation of the behind half ellipsoid is deﬁned as

1273

outﬂow ∂Vfx /∂x = 0, Vfy = 0, ∂P/∂y = 0 boundary conditions
are applied.
On the bottom side, no-ﬂux boundary condi
tions Vfx = 0, ∂Vfy /∂y = 0, ∂P/∂y = 0 are set. On the top side,



Parameter

Fluid velocity, Vf

481

(Km)

and left side, constant inﬂow

Table 2
Parameters prepared for simulation.

164
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R (t) =

(x0 +Vt)2
a2

Vb(x0 + Vt)





a4 + (x0 + Vt)2 b2 − a2





(22)

(23)

where x0 is the initial distance between the point at the fusion line
and Y-axis (see Fig. 4). As shown in Fig. 4, the point A at the fusion
boundary is chosen to simulate solidiﬁcation microstructures in the
laser welding pool. The distance between point A and Y-axis is given
by x0 = 2 mm. Parameters including the length a, the width b, the
maximum temperature Tp and the velocity Vf can be obtained by
the computed three-dimensionless temperature and velocity ﬁelds
or special experiments. Due to small computational domain and
time, change of magnitude and direction of velocity ﬁelds along
the fusion boundary is neglected. It is assumed that the velocity
direction is perpendicular to the dendrite growth direction. These
parameters prepared for simulation are shown in Table 2.
3.2. Dendrite morphology
According to Eqs. (22) and (23), transient temperature gradient
and solidiﬁcation rate are obtained. The solidiﬁcation process of
points along the fusion line in the laser welding pool is regarded as
the directional solidiﬁcation. As is illustrated in Fig. 5, evolution of
dendritic morphology in the laser welding pool is divided into three
periods, including the initial instability period, the competitive
growth period and the short stable period. The solute concentration in the liquid region of the diffusion interface keeps increasing
with the push of the solid-liquid interface. With the increase of
the solute concentration, the transformation of solidiﬁcation mode
occurs from the planar solidiﬁcation to the growth of crystals and
columnar grains, namely the initial instability occurs. Due to the fast
solidiﬁcation rate in the laser welding pool, it only takes 0.0117 s
to enter into the initial instability (Fig. 5a), and Fig. 5d enlarges the
image enclosed by the red wireframe in Fig. 5a. Then, many crystals occur at the solid-liquid interface (Fig. 5b). These crystals burst
into the competitive growth period. Only a small number of surviving crystals become primary dendrites by devouring other crystals
(Fig. 5c). As shown in Fig. 5c, dendritic morphology maintains short
stable structure.
Dendrite arm spacing is an important solidiﬁcation character.
Some experiments have been carried out to investigate effects of
composition on dendrite arm spacing. Sivarupan et al. (2011) found
that secondary dendrite arm spacing decreased with an increase in
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Fig. 3. Computed temperature and velocity ﬁelds in the laser welding pool.

Fig. 4. Shape of the welding pool.
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Fig. 5. The evolution of dendritic morphology and concentration ﬁeld under transient conditions (a–c). Growth time (a) 0.0117 s, (b) 0.0195 s, (c) 0.0545 s. (d) Enlarge ﬁgure
of the red wire frame in (a). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

cooling rate and also with the increase in alloy composition of Al-SiCu-Mg-(Fe/Mn) alloys by experiments. Afterwards, Sivarupan et al.
(2015) investigated secondary dendrite arm spacing of Al-Si-CuMg-Fe alloys with varying content of Si, Cu, and Fe contents. Osório
et al. (2011) found that Cu content of Al-Cu-Si alloys can reﬁne the
dendritic array. Dendrite arm spacing is affected by not only composition but also thermal parameters. Quaresma et al. (2000) found
that dendrite arm spacing can be affected by thermal gradient and
tip growth rate during unsteady-state solidiﬁcation. Hunt (1979)
developed the following equation for primary interdendritic arm
spacing in 3D:

ds = 2.83(kT0 D )

1/4 −1/4

R

G−1/2

(24)

where ds is the primary dendrite arm spacing. R is the solidiﬁcation
rate, G is the temperature gradient. Primary dendrite arm spacing is
affected strongly by the solidiﬁcation rate and temperature gradient. The transient solidiﬁcation rate and temperature gradient used
to predict dendrite arm spacing are closer to actual solidiﬁcation
process than the steady-state conditions. The primary dendrite arm
spacing obtained by simulation results in the laser welding pool
of Al-Cu alloys is about 10.8 m. Secondary sidebranches are not
found in simulation results since the primary dendrite arm spacing
is too small to provide enough space for the growth of secondary
sidebranches.

3.3. Solute concentration
Fig. 6 shows solute concentration proﬁles. As shown in Fig. 6a,
two different positions are chosen to extract concentration curves.
Position 1 is parallel to the isotherm and in the mushy zone. Position 2 is normal to the isotherm and in the interdendrite region
of two primary dendrites. Charts of the solute concentration along
position 1 and position 2 are depicted in Fig. 6b and c, respectively.
As shown in Fig. 6b, the solute concentration between two primary
dendrites is far larger than the equilibrium concentration in the
liquid region, which is deﬁned as solute segregation. Fig. 6c shows
the solute concentration along position 2. The solute concentration between two primary dendrites ﬁrstly decreases along x. Then
the solute concentration bitterly increases near the dendrite tips.
Eventually the solute concentration decreases steeply and reaches
the equilibrium concentration in the liquid region. The solute concentration of point 13 is much larger than that in the interdendrite
region of two primary dendrites.

3.4. Experiment results
Fig. 7 shows the comparison of fusion proﬁles between experimental and simulation results. As shown in Fig. 7, the top of the
predicted fusion proﬁle is a little narrower than that obtained by
the experimental welds. The bottom of the predicted fusion proﬁle
is in good agreement with experimental ﬁndings. It is satisfactory
to use a rotary-Gauss body heat source model to characterize the
welding pool during laser beam welding.
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Fig. 6. Picture of solute concentration proﬁles.

Fig. 7. The comparison of fusion proﬁles between experimental and simulation results.

Fig. 8a illustrates the microstructures image close to the top
surface of the molten pool taken from the laser weld obtained
with laser power of 2500 W and welding velocity of 2.5 m/min.
The black and the yellow lines respectively represent the fusion
boundary and the primary dendrite. Dendrite morphology obtained
from the experiment is in good agreement with that taken from

the phase-ﬁeld model. The primary dendrite arm spacing obtained
by simulation results is about 10.8 m, which agrees well with
5.46 m obtained by experimental ﬁndings. It is of difﬁculty to
obtain an absolute quantitative agreement of the simulation results
with experimental results. This study demonstrates that the phaseﬁeld model has been used successfully to predict the evolution of
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