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Abstract: The columnar-to-equiaxed transition (CET) is commonly observed in laser welds. It is able
to prevent the growth of large columnar grains and consequently improve the mechanical properties
of welded joints. In this paper, the CET behaviors at different locations in the laser weld of an Al–Mg
alloy are observed experimentally and studied systematically. In order to describe the dynamic CET
behaviors, an integrated phase-field (PF) model coupled with transient thermal conditions and a
Gaussian heterogeneous nucleation model is developed. Investigations on columnar growth under
steady conditions are performed first. In particular, the effects of thermal conditions, i.e., solidification
rate and temperature gradient, on the constitutionally undercooled degree and region ahead of the
solidification front are quantitatively studied. In a laser weld, it is found that the CET behaviors
vary significantly along the thickness direction. Our PF simulation results indicate that the CET
depends strongly on the locally transient thermal conditions in the fusion zone. The transient thermal
conditions affect CET behaviors by dynamically adjusting the constitutionally undercooled degree
and region during the solidification process. The predicted CET behaviors under transient conditions
exhibit reasonably good agreements with corresponding experimental results.

Keywords: columnar-to-equiaxed transition; laser welding; transient thermal condition; phase-field model

1. Introduction

Laser welding has been employed extensively in many fields of the manufacturing
industry due to the advantages of high power intensity, high penetration, narrow heat-
effected zone, and high productivity. The quality of weldments is primarily dependent on
the solidification behavior and resulting microstructures [1]. A significant phenomenon that
can be observed in an extensive range of solidification processes, especially laser welding,
is the columnar-to-equiaxed transition (CET) [2]. The CET could be characterized by a
morphological transition of the solidifying phase microstructure from columnar domains
to equiaxed dendritic grains [3]. Generally, large columnar grains cause anisotropic me-
chanical properties of the weld and lead to the propagation of solidification cracks [4].
Meanwhile, the plastic deformation of the columnar grains is extremely difficult due to this
structure anisotropy [5]. Consequently, it is of significance to understand CET behaviors in
order to prevent columnar grain growth in laser welding.

The CET has been studied for many years, and several theoretical models [6–10] have
been developed. The first theoretical model for predicting the CET was proposed by Hunt
in 1984 [6]. It is assumed that CET occurs when the advance of the columnar front is blocked
by equiaxed grains nucleated in the constitutionally undercooled region ahead of columnar
dendrites. Hunt’s model indicates that the CET is primarily determined by the growth
velocity of the solidification front, applied temperature gradient in the melt, the nucleation
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undercooling, and the number density of equiaxed grains. Several further efforts have been
made to extend and improve this model by many researchers [7–10]. Particularly, Gäumann,
Trivedi, and Kurz (GTK) modified Hunt’s model by including the non-equilibrium effects,
thus extending its application to rapid solidification [7]. Both Hunt’s model and the GTK
model have obtained almost the same qualitative behavior, but significant quantitative
differences [7]. The thermal gradient is constant during the progressive CET as proved by
some numerical simulations performed and it can be concluded that the stationary state is
ensured during the CET occurrence [11]. A simple conclusion is that the transition occurs
more easily when an alloy has a high solute concentration, high nucleation density, low
thermal gradient G, and high solidification rate R. Furthermore, based on Hunt’s model,
Schempp et al. [4] developed an analytical approach to model the transition from columnar-
to-equiaxed grain growth for gas tungsten arc welding of the aluminum alloys. This model
allows the qualitative prediction of critical G and R values at which the CET happens.

With significant advances in computational power and numerical simulation tech-
niques, direct simulation of the CET is attainable. The phase-field (PF) model has recently
emerged as a powerful computational tool to describe the microstructural pattern formation
during solidification. Unique to the PF model is the diffusion interface concept. The inter-
face in the PF model is merely an inhomogeneous localization of the state variable called
“phase field”, instead of a specific entity to be described separately [12]. This avoids explicit
tracking of phase boundaries. Therefore, the PF model is readily able to handle complex
topological changes of dendritic growth. So far, the PF model has been successfully applied
to the solidification process for pure material [13], binary [14,15], multi-component [16,17],
and multiphase [18,19] alloy systems. In particular, Beckermann et al. [20] performed a
parametric study to investigate the applied temperature gradient, solidification rate, the
preset seed spacing, nucleation undercooling, and the anisotropy strength on the CET
using the PF model. This work offered us better insight into the CET during directional
solidification. However, only a few studies have been reported in the literature where the
phase-field model is used to simulate the dendritic growth and the CET in the welding
pool. Farzadi et al. [21] investigated the solidification microstructure at different locations
along the fusion line during gas tungsten arc welding of Al-3 wt.% Cu alloy using the PF
model. A macroscopic heat transfer and fluid flow model was developed to assess the
solidification parameters, i.e., G and R. Zheng et al. [22] investigated the microstructure
evolution near the fusion line during solidification of gas tungsten arc welding (GTAW)
pool for aluminum alloy 2A14. The time-dependent equations for temperature gradient
G(t) and solidification rate R(t) are employed considering the transient thermal conditions
in the welding pool. Wang et al. [23] extended the above model to simulate columnar
dendrite growth in the laser welding pool of aluminum alloy 2024 under transient thermal
conditions. By incorporating the misorientation angle into the PF equations, Yu et al. [24]
studied the effect of misorientation angle between the preferred crystalline orientation
and the temperature gradient direction on solidification morphologies during GTAW of
Al-4 wt.% Cu. These studies demonstrated the outstanding capacity of the PF model for
simulating microstructure evolution in the welding pool. However, most of the previous
studies are limited to the simulation of the columnar growing stage near the fusion bound-
ary, not involving the CET. Since the CET has significant influences on the mechanical
performance of laser welds, it is of importance to understand CET behaviors in the fusion
zone during the laser welding process.

The objective of this study is to investigate the effects of transient thermal conditions
on CET behaviors in laser welding using the PF model. Particularly, we focus on CET
behaviors at different locations in the fusion zone of the laser weld. The rest of the paper
is summarized as follows: The laser welding experiments are conducted in Section 2.
The numerical models, including heat transfer model, determination of transient thermal
conditions, PF model, and nucleation model, are demonstrated in Section 3. Results and
discussions consisting of experimental results and PF simulations are described in Section 4
and finally, conclusions are given in Section 5.
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2. Experimental Method

Deep penetration laser welding experiments of 4 mm thick Al–Mg alloy (see Table 1)
were performed using a continuous wave fiber laser (IPG YLR-4000, IPG Photonics, Auburn,
MA, USA) with a maximum power of 4000 W. The wavelength was 1.07 µm and the
beam parameter product (BPP) was 6.3 mm•mrad. The spot diameter was focused into
approximately 0.3 mm by laser optics with a focal distance of 250 mm. The welding head,
equipped with coaxial air blowing protection device, was attached to a welding robot
(ABB IRC5 M2004, Asea Brown Boveri, Zurich, Switzerland). Before welding, the base
metal plates were machined to 200 mm × 100 mm × 4 mm and cleaned carefully by
acetone to remove possible oil stains and oxide films. During laser welding, a high-speed
CMOS camera (Phantom v611, Vision Research, Wayne, NJ, USA) was used to monitor
the evolution of the welding pool with a photographing speed of 2000 frames per second
(fps). After welding, the welds were cut, ground, polished, and etched by Keller’s reagentf
(2.5 mL HNO3 + 1.5 mL HCl + 1.0 mL HF + 95 mL H2O, Sinopharm, Shanghai, China).
Then the weld dimensions were measured by a stereoscopic microscope and microstructure
was observed using a metallographic microscope. In this study, a laser welding experiment
with laser power 3500 W, welding speed 20 mm/s, and defocusing distance −2 mm was
carried out to investigate the microstructure evolution.

Table 1. Composition of Al–Mg alloy used in this study (wt. %).

Element Cu Mn Mg Zn Cr Si Fe Al

Weight 0.2 0.1 1.3 0.25 0.1 0.4 0.7 Bal.

3. Numerical Modeling

The relationship between the macroscale heat transfer model and the micro-scale
phase-field model is shown in Figure 1. The macro-scale model is used to obtain the
temperature and dimensions (such as length a and width b) of the molten pool. Then, the
transient temperature gradient and solidification rate are calculated, which are input into
the micro-scale phase-field model for simulating the microstructure evolution.
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3.1. Transient Thermal Conditions

In order to obtain the transient thermal conditions during laser welding, a three-
dimensional transient heat transfer model is used to predict the thermal field. The gov-
erning equations and boundary conditions are available in References [25–27]. A moving
hybrid heat source consisting of a double ellipsoid heat source and a linear attenuation
peak Gaussian heat source was employed in this study, and its formulas can be found in
our previous papers [26,28].

During the laser welding process, the temperature gradient and solidification rate
at the solidification front vary as the welding pool moves forward with time proceeding,
which is called the transient conditions by Wei et al. [22,29,30]. It is assumed that the
shape of the welding pool remains unchanged under steady-state welding conditions. It is
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significantly supported by the appearance of the same state during the progressive CET
occurrence in the static steel ingot as it was proved by the numerical simulation of heat
transfer [11]. In reality, the heat flow is three-dimensional. However, we neglect the heat
flux in the z-direction for simplicity. It should be noted that this will affect the model’s
prediction accuracy, but the solidification mode variation can be revealed to a certain extent.
This assumption is widely used when discussing the solidification mode variation in fusion
welding [3,23]. The shape of all the cross-sections of the welding pool perpendicular to the
z-axis, i.e., thickness direction, can be assumed as a connection of two ellipsoids as shown
in Figure 2. The red solid line represents the shape of the welding pool in cross Section 1 at
time t, and the red dotted line represents the shape at time t + dt. The average temperature
gradient of each point at the fusion boundary on a given cross-section is given as [21]:

G =
TO − TL

r
(1)

where TO is the temperature at the center of the welding pool (center of the back half of the
ellipsoid), TL is the liquidus temperature. r is the distance between the location of the center
and the corresponding point at the fusion boundary. The steady-state solidification rate at
all locations along the fusion boundary is related to welding speed, which is defined as [3]:

R = V cos α (2)

where V is welding speed, and α is the angle between the welding direction and the normal
of the fusion boundary. The back half ellipsoid is considered to investigate the solidification
process. At the given cross-section of the the length and width of the behind half ellipsoid
are given by a and b. According to the ellipsoid equation and the point’s coordinate,
the transient temperature gradient (Equation (1)) and solidification rate (Equation (2))
can be rewritten as:

G(t) =
TO − TL√

(Vt)2 + b2
(

1− (Vt)2/a2
) (3)

R(t) =
bV2t√

a4 + (Vt)2(b2 − a2)
(4)

where TO is the local temperature at the origin of coordinates O. In this study, parameters
such as the temperature TO, length a, and width b are determined by the three-dimensional
heat transfer computation, which is validated by the experiments. It should be noted
that TO, a, and b are variable for different cross-sections, indicating different solidification
conditions at these cross-sections.

Metals 2022, 12, x FOR PEER REVIEW 5 of 22 
 

 

 
Figure 2. Schematic of the macroscopic welding pool (upper), and determination of the temperature 
gradient and solidification rate along the fusion boundary of welding pool on cross Section 1 (be-
low). 

3.2. Phase-Field Model 
In this study, we employed a quantitative field-phase model developed originally by 

Ohno and Matsuura [12] for the isothermal solidification of a dilute binary alloy and fur-
ther modified it for directional solidification [31]. In this model, the phase-field variable, 
φ, is defined as +1 for solids and −1 for liquids. According to the mixture rule, the local 

concentration, c , is defined as ( ) ( )1 1 2s lc c cφ φ= + + −   , where sc  and lc  are the so-
lute concentrations in solid and liquid phases, respectively. In a dilute alloy, sc  and lc  
satisfy the relation s lc kc= , where k is the partition coefficient, according to the condition 
of equal chemical potential proposed by Kim, Kim, and Suzuki (the KKS model). Further, 
the dimensionless supersaturation, u , is defined as: 

( )1

e
l l

e
l

c c
u

k c
−

=
−

 (5)

where e
lc  and e

sc  are the equilibrium concentrations of the liquid and solid at 0T , re-
spectively. During directional solidification, the temperature, T, is assumed to follow the 
frozen temperature approximation after neglecting the effect of latent heat and convection 
[31,32]: 

( )0 pT T G y V t= + −  (6)

where G  is the temperature gradient along the y-axis, pV  is the solidification rate, and 

0T  is the reference temperature. In particular, considering transient conditions of weld-
ing pool, the temperature can be expressed as: 

( ) ( ) ( )( )0 0
, ' '

t
T t y T G t y R t dt= + −   (7)

By taking the interface anisotropy into account, the time evolution of φ is given by: 

( ) ( )( ) ( ) ( ) ( )
( )

( ) ( )
( ) ( )( )

22 22 2
0 0 0

22 ' '
0

1 1 '

ˆ '

s
s t s x s

x

s
y s dw

y

a n
a n k u W a n W a n

a n
W a n f g u u

τ φ φ φ
φ

φ λ φ
φ

 ∂ − − ∂ = ∇⋅ ∇ + ∂ ∇   ∂ ∂  
 ∂
 + ∂ ∇ − − +

∂ ∂  


  




 (8)

where 2
0 2 0 la W Dτ λ=  is the relaxation time. 0W  is the interface thickness parameter. 

1 0 0aW dλ =  is a dimensionless parameter associated with the thermodynamic driving 

Figure 2. Schematic of the macroscopic welding pool (upper), and determination of the temperature
gradient and solidification rate along the fusion boundary of welding pool on cross Section 1 (below).



Metals 2022, 12, 571 5 of 20

3.2. Phase-Field Model

In this study, we employed a quantitative field-phase model developed originally
by Ohno and Matsuura [12] for the isothermal solidification of a dilute binary alloy and
further modified it for directional solidification [31]. In this model, the phase-field variable,
φ, is defined as +1 for solids and −1 for liquids. According to the mixture rule, the local
concentration, c, is defined as c = [(1 + φ)cs + (1− φ)cl ]/2, where cs and cl are the solute
concentrations in solid and liquid phases, respectively. In a dilute alloy, cs and cl satisfy
the relation cs = kcl , where k is the partition coefficient, according to the condition of
equal chemical potential proposed by Kim, Kim, and Suzuki (the KKS model). Further, the
dimensionless supersaturation, u, is defined as:

u =
cl − ce

l
(1− k)ce

l
(5)

where ce
l and ce

s are the equilibrium concentrations of the liquid and solid at T0, respectively.
During directional solidification, the temperature, T, is assumed to follow the frozen
temperature approximation after neglecting the effect of latent heat and convection [31,32]:

T = T0 + G
(
y−Vpt

)
(6)

where G is the temperature gradient along the y-axis, Vp is the solidification rate, and T0 is
the reference temperature. In particular, considering transient conditions of welding pool,
the temperature can be expressed as:

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

y−
∫ t

0
R
(
t′
)
dt′
)

(7)

By taking the interface anisotropy into account, the time evolution of φ is given by:

τ0as(
→
n )

2
(1− (1− k)u′)∂tφ = W0

2∇ ·
[

as(
→
n )

2
∇φ

]
+ W0

2∂x

[
|∇φ|2as(

→
n ) ∂as(

→
n )

∂(∂xφ)

]
+W0

2∂y

[
|∇φ|2as(

→
n ) ∂as(

→
n )

∂(∂yφ)

]
− f ′dw − λĝ′ (φ)(u + u′)

(8)

where τ0 = a2λW2
0 /Dl is the relaxation time. W0 is the interface thickness parameter. λ = a1W0/d0

is a dimensionless parameter associated with the thermodynamic driving force. The numerical
constants a1 and a2 are given by a1 = 0.8839 and a2 = 0.6267, respectively. d0 is the chemical
capillary length defined as d0 = kΓ/[|m|(1− k)c0] with the Gibbs–Thomson coefficient Γ, liquid
slope m, and initial alloy concentration c0. f ′dw = −φ+φ3 and ĝ′ (φ) = (1−φ)2 are interpolating

functions associated with the double-well potential and the free energy of the bulk, respectively. as(
→
n)

represents the crystalline anisotropy and is a function of growth orientation. as(
→
n) is expressed as:

as(
→
n ) = (1− 3ε4)

1 +
4ε4

1− 3ε4

(∂x̃φ)2 +
(

∂ỹφ
)2

∣∣∣∇̃φ
∣∣∣4

 (9)

where ε4 is the anisotropy parameter and the coordinates (x̃, ỹ) are the material coordinates
aligned to 〈100〉. The following relation is used for the coordinate transformation between
(x̃, ỹ) and (x, y):{

∂φ
∂x̃
∂φ
∂ỹ

}
=

(
∂x
∂x̃

∂y
∂x̃

∂x
∂ỹ

∂y
∂ỹ

){
∂φ
∂x
∂φ
∂y

}
=

(
cos θi sin θi
− sin θi cos θi

){ ∂φ
∂x
∂φ
∂y

}
(10)
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Here, θi is the angle between [100] and the x-coordinate for the ith grain. u′ is the
nondimensional undercooling corresponding to the frozen temperature approximation
and is given by:

u′ =
y−

∫ t
0 R(t′)dt′

lT(t)
(11)

where lT(t) is the thermal length and is given by lT(t) = |m|(1− k)c0/(kG(t)). The time
evolution of u is described by:

1
2 [1 + k− (1− k)φ]∂tu = ∇

{ 1
2 [kDs + Dl + (kDs − Dl)φ]∇u

+ 1
2
√

2

(
1− kDs

Dl

)
W0[1 + (1− k)u]∂tφ

∇φ
|∇φ|

}
+ 1

2 [1 + (1− k)u]∂tφ +∇·
→
J

(12)

where Dl and Ds are the solutal diffusivity in liquid and solid, respectively. Note that
the anomalously large solute trapping effect caused by the interface thickness is canceled

by introducing a phenomenological “antitrapping current”.
→
J is a fluctuating current of

the Gaussian random number with the variance of 2Dl F0
u q(φ)(1 + (1− k)u)/

(
∆t∆xd

)
for

generating higher-order branching of dendrites, where F0
u is the constant noise magnitude

depending on interface thickness, ∆t is the time increment, ∆x is the lattice size, and d = 2
is the dimension.

When it comes to polycrystalline solidification, two main approaches, i.e., the
multiphase-field method [33,34] and the Kobayashi, Warren, and Carter-type [35,36] model,
have been proposed. However, the computational efficiency is lower than that for single-
phase-field simulations [31]. Our study is focused on CET behavior. This is unaffected by the
dynamics of the physical triple junction between the two grains and the liquid, which is deep
inside the mushy zone. Therefore, we employed a simple method that is able to simulate
the growth of multiple dendrites growing in various directions using the single-phase-field
method [31]. In this method, an additional parameter for describing crystal orientation, θi,
is introduced. The parameter θi takes a finite value only when φ ≥ −0.0001, and the value
changes in keeping with the evolution of φ.

3.3. Nucleation Model

For the CET, several different mechanisms, such as dendrite fragmentation, grain de-
tachment, and heterogeneous nucleation have been proposed to explain the formation of
equiaxed grains ahead of the columnar front [3,37–40]. However, the predominant mecha-
nism is still unclear due to the lack of conclusive evidence. Since several studies [3,41,42]
have shown that the addition of foreign inoculants can promote CET, it is believed that het-
erogeneous nucleation is an important contributing factor for the formation of equiaxed grain.
Therefore, we consider heterogeneous nucleation as the sole mechanism of equiaxed grain
formation. In particular, the Gaussian nucleation distribution model proposed by Thevoz
et al. [43] is employed in this study. Because of the solute built-up ahead of the solid–liquid
interface, a solutally undercooled region forms ahead of the growth front. In the present
model, the constitutional undercooling is defined as ∆T = Tl(C)− Tlocal , where Tl(C) is the
equilibrium liquidus temperature corresponding to local solute concentration C in the melt,
and Tlocal is the local temperature. The nucleation of equiaxed grains is determined by the
constitutional undercooling stochastically. As for the Gaussian nucleation distribution model,
it is supposed that, at each undercooling ∆T, a certain density of nucleation sites (n(∆T))
become active regardless of the time. Therefore, the nucleation density increase, dn, can relate
to the increased effective undercooling, d(∆T), through a continuous Gaussian distribution.
The density of nuclei for a given ∆T is thus given by:

n(∆T) =
∫ ∆T

0

dn
d(∆T′)

d
(
∆T′

)
(13)
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with
dn

d(∆T)
=

nmax√
2π(∆Tσ)

exp

[
−1

2

(
∆T − ∆TN

∆Tσ

)2
]

(14)

where nmax is the maximum density of nuclei given by the integral of the distribution, ∆TN
is the mean nucleation undercooling corresponding to the maximum of the distribution,
and ∆Tσ is the standard deviation of the distribution. The above nucleation parameters
control the CET during solidification. However, it is difficult to determine the exact value of
these parameters. A detailed investigation on how these parameters affect the CET has been
performed in references [20,44]. In the present study, we set nmax = 1012 m−3, ∆Tn = 6.0 K,
and ∆Tσ = 0.5 K, which are typically used for aluminum alloys during welding [4,40,45].
The detailed nucleation procedure is as follows. Firstly, at every time step, for every
mesh in the undercooled liquid region, the nucleation probability P is calculated with
P = n(∆T)* ∆x3, where n(∆T) is the density of nuclei for a given ∆T (i.e., local constitutional
undercooling) and dx is the mesh size. Then the calculated value of P for each mesh in the
undercooled region is compared with a random number r between 0 and 1. A nucleation
event is then triggered whenever r < P. When this happens, a circular grain with a diameter
equal to 5∆x and random orientation ranging from 0 to 2π is seeded with its center located
on the corresponding mesh.

3.4. Implementation

As for the macroscopic heat transfer calculation, the computational domain was set as
20 mm in length, 12 mm in width, and 4 mm in height. In total, 960,000 uniform cells were
used with cell dimensions of 0.1 mm × 0.1 mm × 0.1 mm. The governing and boundary
equations are solved using the successive over-relaxation (SOR) iterative scheme. The
composition of the base metal, which can be assumed as Al-1.3 wt.% Mg binary alloy, is
presented in Table 1, and the data used for the calculation are listed in Table 2. It should be
noted that the equilibrium partition coefficient was adopted in this work since the growth
rate is only ~10 mm/s, much lower than the speed of diffusion at the solid–liquid interface
(several m/s) [46,47].

Table 2. Physical parameters of the Al–Mg alloy prepared for the heat transfer calculation and PF
simulations [23,48,49].

Physical Parameter Unit Value

Melting point of pure aluminum K 933.3
Liquidus temperature K 926.7

Density of solid Kg m−3 2650
Density of liquid Kg m−3 2380

Thermal conductivity W m−1 K−1 180
Specific heat capacity of solid J kg−1 K−1 1000
Specific heat capacity of liquid J kg−1 K−1 1200

Latent heat of melting J kg−1 3.95 × 105

Equilibrium partition coefficient - 0.32
Alloy composition wt. % 1.3

Liquid diffusion coefficient m2 s−1 9.13 × 10−9

Solid diffusion coefficient m2 s−1 2.05 × 10−12

Gibbs–Thomson coefficient K m 1.3 × 10−7

Anisotropy - 0.02
Liquidus slope K/wt. % −5.07

The PF simulations were performed on a 1600 × 4200 foursquare grid. The normal
finite-differential method was used to solve the governing equations. The time differentia-
tions were discretized by the first-order forward difference method. The bottom boundary
was initialized as solid-phase with φ = +1 and C = kC0. The top boundary kept unchange-
able with φ = −1 and C = C0. The left and right boundary conditions were set to the cyclic
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conditions for all variables. In order to reduce the simulation cost, the moving-frame algo-
rithm was used [32]. At the beginning of the simulation, the temperature was calculated
through Equation (7). After a few steps, we switched to the moving-framework scheme
and guaranteed the distance from the tip location to the top boundary to be 600∆x. The
grid size ∆x is taken as 0.8 W, which has been tested to meet the convergence requirement.
The coupling parameter λ is set as 11.9, leading to ∆x= 0.1 µm. In order to consider the
epitaxial solidification in the fusion zone, it is assumed that the initial state of grain is planar
and its orientation is perpendicular to the fusion boundary. The effect of crystallographic
orientation of the columnar dendrites upon CET has been investigated by Dong et al. [44].
Their simulation results indicated that this effect was not significant. Besides, we assume
that the normal of the solidification front is always parallel to the temperature gradient.

The macroscopic heat transfer calculation was implemented on a workstation with an
Intel Xeon (R) CPU E5-2697 v3 @ 2.60 GHz (Intel, Clara, CA, USA). In total, six CPU cores
were used to accelerate the computation. As for PF simulations, parallel computations
using graphic process units (GPU) with the computer unified device architecture (CUDA)
programing language were employed. The advanced GPU shared memory was used to deal
with the cache memory. We ran each simulation on one individual NVIDIA Tesla K80 GPU.
The calculations were executed on the GPU nodes of the Tianhe-2 supercomputer (Tianhe-2,
Guangzhou, China) at the National Supercomputer Center in Guangzhou (NSCC-GZ).

4. Results and Discussion
4.1. Microstructural Observations

In order to investigate the CET phenomenon in laser weld, a laser welding experiment
with laser power 3500 W, welding speed 20 mm/s, and defocusing distance −2 mm
was performed on 4 mm thick Al–Mg plates. Microstructures at three different locations
(upper, middle, and bottom) in the weld, each corresponding to a different set of transient
thermal conditions, were observed as shown in Figure 3a–d, displaying the corresponding
optical microstructure of Regions I, II, and III in Figure 3a, respectively. It is well known
that the solidification microstructure for a given alloy is primarily dominated by the
temperature gradient G and the solidification rate R. Particularly, the ratio G/R determines
the mode of solidification while the product GR governs the grain size [3]. During the
welding process, G/R decreases from the fusion line to the centerline, indicating that the
solidification mode may change accordingly. Figure 3a shows the optical microstructure of
Region I. It can be seen that the solidification mode changes typically from planar to cellular,
columnar, and equiaxed grains across the fusion zone from the left to right. The grains are
shown to grow epitaxially from the fusion line and grow along the preferential-growth
direction of base metal grains. Afterward, the solidification turns into the cellular mode
with a very short distance away from the fusion line. Farther away from the fusion line,
solidification transforms into the columnar mode, with only a part of grains surviving after
the competitive growth. No obvious secondary dendrites are observed in this region. This
is attributed to the small primary dendritic arm spacing due to the high solidification rate
and temperature gradient. As solidification goes on, the CET occurs, and the equiaxed
grains nucleate and grow, blocking off the columnar grains. Figure 3b,c show a similar
microstructural variation trend as in Figure 3a. However, it is interesting that the size of
columnar regions is significantly varied at different locations in the laser weld. This is
mainly attributed to the distinguishing local thermal conditions, which will be discussed in
detail in the following sections.
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4.2. Columnar Growth under Steady Conditions
4.2.1. Validation of Phase-Field Model

The PF model and its numerical implementation were validated by comparing with PF
simulated results from Echebarria et al. [50]. In this validation, the steady-state cell shapes
with narrow cell spacing were compared. The impure succinonitrile (SCN) alloy system was
chosen and the parameters used in PF simulations are shown in Reference [50]. The initial
conditions and boundary conditions are also given in detail in Reference [50]. Figure 4
compares our simulated results with results from Echebarria et al. [50] for the steady-
state cell shape. The length is renormalized by the wavelength (λwave). As shown, our
simulated results are in good agreement with previous ones. Moreover, several quantities
associated with steady-state cell shapes, such as the tip radius ρ/d0, the tip undercooling
Ω = 1 − ztip/lT (where z = 0 corresponds to the position of the steady-state interface), and
the solute concentration in the solid in the center of the cell are compared in detail as
shown in Figure 5. It should be mentioned that the formation of the tip radius is connected
with the validity/satisfaction of the marginal stability criterion when the columnar cells or
dendrites are formed under a steady state [38]. As for the latter, both the values directly
obtained from the simulations (the value of the field u in the center of the cell) and those
expected from the Gibbs–Thomson condition (cs/c0

l = k[k + (1− k)(Ω− d0(1− 15ε4)/ρ)],
where the values of Ω and ρ are obtained from numerical PF simulations) are compared.
Again, we can see our simulated results agree well with results from Echebarria et al. [50].
On the other hand, it can be seen that well convergence can be obtained for W0/d0 lower
than about 50. Therefore, the coupling parameter λ = 11.9 (corresponding to W0/d0 = 13.46)
used in the following simulations is small enough to provide results that are reasonably
independent of the interface width.
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4.2.2. Columnar Growth under Steady State

Before discussing the transient thermal conditions and the CET, it is of value to examine
the predictions for steady columnar growth, which can provide preliminary knowledge for
investigating the CET under transient thermal conditions. In this section, we focus on the
columnar growth with temperature gradient ranging from 100 K/mm to 500 K/mm and
solidification rate ranging from 2 mm/s to 6 mm/s. The reason why these solidification
conditions were considered is attributed to the analysis of thermal conditions during laser
welding which will be discussed later. During the solidification process, the change in
solute concentration can influence the undercooling distribution ahead of the solidification
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front, and thus affects the nucleation and growth of equiaxed grains. The solute distribution
and constitutional undercooling distribution corresponding to the solidification conditions
G = 300 K/mm and Vp = 3 mm/s are plotted in Figure 6a,b, respectively. Far ahead of the
dendrite, the undercooling decreases linearly because of the imposed temperature field
and the uniform solute concentration C∞. At the top domain boundary, the undercooling
has nearly vanished. The undercooling also approaches zero at the solid–liquid interface
because it is in equilibrium (the curvature undercooling is not taken into consideration
when calculating the undercooling). The largest undercoolings are present just in front of
the diffusion boundary layer along the dendrite growth direction. In these regions of large
undercooling, the nucleation will first occur according to the nucleation model.
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As for CET in a given alloy system, the nucleation events depend directly on two
aspects, i.e., the constitutionally undercooled degree, and the constitutionally undercooled
region [3,4,6]. In general, the constitutionally undercooled degree determines the occur-
rence probability of a nucleation event for a specified location in the liquid. The nucleation
event would occur with a great probability only when the constitutional undercooling
reaches a threshold value which is controlled by the mean nucleation undercooling ∆TN
and the standard deviation of the distribution ∆Tσ. On the other hand, the constitutionally
undercooled region reflects the activated sites for nucleation ahead of the solidification
front. A larger undercooled region would provide more occasion for nucleation. In this
study, the maximum constitutional undercooling in the liquid ahead of the solidification
front was recorded to evaluate the undercooling degree during the solidification process.
Figure 7a illustrates the variation of maximum undercooling at fixed solidification rate
R = 3 mm/s as the temperature gradient ranges from 100 K/mm to 500 K/mm. It can
be seen that the steady value of maximum undercooling decreases from approximately
4.4 K to 3.8 K as the temperature gradient changes from 100 K/mm to 500 K/mm. The
difference is slight (about 0.6 K), which means that the temperature gradient has slight
influences on the maximum undercooling in the liquid. Figure 7b compares the maximum
undercooling in the liquid as the solidification rate varies from 2 mm/s to 6 mm/s. The
steady-state maximum undercooling increases significantly from approximately 3.5 K to
7.0 K as the solidification rate changes. By comparing Figure 7a,b, it is clear that the
maximum undercooling in the liquid is primarily dependent on the solidification rate
rather than the temperature gradient within the parameter scope of the present study.
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Moreover, the constitutionally undercooled region for different solidification conditions is
investigated as shown in Figure 7. The size of the undercooled region is characterized by
the distance d measured from the solidification front to the isoline where the undercooling
vanishes (see Figure 6b). Figure 8a shows that the undercooling region decreases obviously
from about 55 µm to 10 µm with the temperature gradient increasing from 100 K/mm to
500 K/mm (Vp = 3 mm/s). By contrast, the undercooling region ascends from approx-
imately 14 µm to 22 µm as the solidification rate increases from 2 mm/s to 6 mm/s
(G = 300 K/mm) (Figure 8b). From Figure 8, it can be concluded that the temperature
gradient has a greater influence on the size of the undercooled region compared with the
solidification rate within the parameter range involved in this study.
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4.3. CET under Transient Thermal Conditions in Laser Welding
4.3.1. Determination of Transient Thermal Conditions

In order to determine the transient thermal conditions, we conducted a simple transient
heat transfer simulation, by which the stable-status laser welding pool was obtained. The
simulation results were validated by comparing them with corresponding experiments.
In the laser welding experiment, the laser power was 3500 W, the welding speed was
20 mm/s, and the defocused distance was −2 mm. Figure 9a shows the steady temperature
contour from our numerical simulation. Figure 9b compares the fusion profiles between
the experimental and simulated results. Note that the fusion profile from the simulation is
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extracted from the isotherm at the liquidus temperature, i.e., 926.7 K. The marked dimensions
indicate a good agreement between the experimental and simulated results. The maximum
error is around 4.8% at the middle of the weld, which may result from the neglect of fluid
flow during laser welding. In fact, it is difficult to make the simulated and experimental
results match well in the numerical simulation due to the complex physical phenomena
involved in the laser welding process. Figure 9c displays the high-speed camera images of
the laser welding pool with time proceeding. The red dashed line illustrates the profiles of
the welding pool, which indicates that a stable-status welding pool is obtained. Furthermore,
we compared the profile of the laser welding pool (at time t0) from experiments with the
calculated results, as shown in Figure 9d. It can be seen that the simulated profile (isotherm
926.7 K) also agrees reasonably well with the experimental results.

Metals 2022, 12, x FOR PEER REVIEW 14 of 22 
 

 

The simulation results were validated by comparing them with corresponding experi-
ments. In the laser welding experiment, the laser power was 3500 W, the welding speed 
was 20 mm/s, and the defocused distance was −2 mm. Figure 9a shows the steady temper-
ature contour from our numerical simulation. Figure 9b compares the fusion profiles be-
tween the experimental and simulated results. Note that the fusion profile from the sim-
ulation is extracted from the isotherm at the liquidus temperature, i.e., 926.7 K. The 
marked dimensions indicate a good agreement between the experimental and simulated 
results. The maximum error is around 4.8% at the middle of the weld, which may result 
from the neglect of fluid flow during laser welding. In fact, it is difficult to make the sim-
ulated and experimental results match well in the numerical simulation due to the com-
plex physical phenomena involved in the laser welding process. Figure 9c displays the 
high-speed camera images of the laser welding pool with time proceeding. The red 
dashed line illustrates the profiles of the welding pool, which indicates that a stable-status 
welding pool is obtained. Furthermore, we compared the profile of the laser welding pool 
(at time t0) from experiments with the calculated results, as shown in Figure 9d. It can be 
seen that the simulated profile (isotherm 926.7 K) also agrees reasonably well with the 
experimental results.  

 
Figure 9. (a) Temperature contour from heat transfer calculation; (b) comparison of fusion profiles 
between the experimental and simulated results; (c) evolution of laser welding pool with time pro-
ceeding captured by the high-speed camera; (d) comparison between the experimental results with 
the simulated results (here the simulated fusion profile (isotherm 926.7 K) was converted into the 
same scale as the high-speed camera image). 

Figure 10a displays the three-dimensional shape of the simulated laser welding pool. 
As can be seen, both the length and width of the welding pool decrease along the thickness 
direction from the top to the bottom surface. Particularly, three cross-sections, i.e., planes 
1, 2, and 3, are extracted from the top, middle, and bottom of the welding pool, respec-
tively. Figure 10b–d show the temperature contour of planes 1, 2, and 3, respectively. The 
black solid line indicates the fusion profile of the steady welding pool, from which the 
length a, width b, and central temperature TO can be determined in Equations (3) and (4). 

Figure 9. (a) Temperature contour from heat transfer calculation; (b) comparison of fusion profiles
between the experimental and simulated results; (c) evolution of laser welding pool with time
proceeding captured by the high-speed camera; (d) comparison between the experimental results
with the simulated results (here the simulated fusion profile (isotherm 926.7 K) was converted into
the same scale as the high-speed camera image).

Figure 10a displays the three-dimensional shape of the simulated laser welding pool.
As can be seen, both the length and width of the welding pool decrease along the thickness
direction from the top to the bottom surface. Particularly, three cross-sections, i.e., planes 1,
2, and 3, are extracted from the top, middle, and bottom of the welding pool, respectively.
Figure 10b–d show the temperature contour of planes 1, 2, and 3, respectively. The black
solid line indicates the fusion profile of the steady welding pool, from which the length a,
width b, and central temperature TO can be determined in Equations (3) and (4). Figure 11
illustrates the variation of temperature gradient G and solidification rate R as time proceeds.
We can see that the temperature gradient decreases with time proceeding for all planes. The
temperature gradient ranges from about 475 K/mm to 100 K/mm, and the temperature
gradient of the top plane is the largest. As for the solidification rate, it can be seen that
they increase rapidly from zero to more than 10 mm/s over time for all planes. Particularly,
the solidification rate of the bottom plane rises most rapidly compared to that of the
middle and upper planes. The difference in temperature gradient and solidification rate



Metals 2022, 12, 571 14 of 20

will lead to distinguishing transient solidification conditions and varying microstructures
as we can expect.
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4.3.2. Effect of Transient Thermal Conditions on CET

Generally, the solidification process in the laser welding pool is much more compli-
cated than under steady conditions, because both the temperature gradient G and the
solidification rate R are time-varying instead of constant. Therefore, a detailed investiga-
tion of the dynamic solidification process under transient thermal conditions is essential
to better understand microstructure formation in laser weld. As an example, we focus
on the dynamic solidification process in the middle region of laser weld, i.e., Region II
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in Figure 3a. The time evolution of the concentration field and relevant constitutional
undercooling distribution under transient thermal conditions are displayed in Figure 12.
At first, the solid–liquid interface maintains in a planar structure, with the solute rejected
by solid enriched in front of the solid–liquid interface (Figure 12a). At this moment, only a
small constitutionally undercooled degree and region exist ahead of the solidification front
(Figure 12d). As solidification progresses, the planar interface becomes unstable and gen-
erates the columnar array after competitive growth (Figure 12b). Note that side branches
are not observed due to the small primary arm spacing, which is consistent with our
experimental results. Besides, the constitutionally undercooled degree and region increase
simultaneously compared with those of prior time (Figure 12e). This can be explained
by the increase in solidification rate and decrease in temperature gradient as discussed in
the columnar growth under steady conditions in Section 4.2.2. When the constitutionally
undercooled degree increases over the threshold undercooling (close to the mean nucle-
ation undercooling ∆TN), the nucleation events would occur ahead of the columnar front
and block the growth of columnar grains as shown in Figure 12c,f. Overall, we can see
that the constitutionally undercooled degree and region are dynamically adjusted along
with the varying thermal conditions, and consequently lead to the continuous change
in solidification mode.
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Furthermore, the CET behaviors at different locations in laser weld are investigated
under transient thermal conditions using the PF model. Figure 13 illustrates the predicted
microstructure at different locations of the laser weld. Particularly, the length of the
columnar region was characterized and compared quantitatively with that of experimental
results as shown in Figure 14. Clearly, the simulated result is in reasonably good accordance
with experimental results. It is difficult to make the simulated results fully compatible
with the experimental results for the following three reasons: (1) the PF simulations are in
two-dimensional systems, while the experiments are actually in the full three-dimensional
system; (2) the flow field may have significant influences on the microstructure evolution,
but it is not considered in the present PF simulations; (3) some of the critical parameters,
such as nmax and ∆Tn, are uncertain, leading to the imprecision of simulations. On the
other hand, it must be noted that the reported length of the columnar region carries a fair
amount of uncertainty in both the PF simulations and the experiments. This is mainly
because the length of columnar length was measured visually and the CET appeared as
a gradual transition, making it hard to define the limits of each region. Even so, it is
noticeable that the length of the columnar region presents a significant downward trend
from the upper region (Figure 13a) to the bottom region (Figure 13c) in the laser weld,
which can be explained by the change in transient thermal conditions. In Section 4.2.2,
we have demonstrated that the solidification rate R and temperature gradient G play
a dominating role in the constitutionally undercooled degree and region ahead of the
solidification front. Therefore, a consideration of the solidification rate and temperature
gradient variation at different locations is critical here. As for the bottom region, because
the solidification rate increases faster than other regions, the constitutionally undercooled
degree and the size of the undercooled region increase faster than other regions. This
leads to the earlier occurrence of CET and hence the shorter length of the columnar region.
By contrast, the upper region has a longer columnar region due to the slower increasing
solidification rate and larger temperature gradient. To better understand this phenomenon,
the maximum constitutional undercooling ahead of the solidification front was recorded
during the solidification process under transient thermal conditions, which is shown in
Figure 15. It can be seen that the maximum undercooling increases relatively quicker at the
bottom region, which agrees well with the above analysis.

Although the CET behaviors at different locations of laser weld are preliminarily inves-
tigated, there are several advances that need to be made before the predicted microstructure
can be fully compatible with the experiments. Firstly, the simulations need to be extended
to three dimensions. In a realistic 3D system, the tip operating state is significantly different
from that in the reduced 2D system according to References [51,52]. This will further affect
the solute diffusion field and thus the constitutional undercooling distribution ahead of the
solidification front. Due to the recent development of computer technology, large-scale 3D
PF simulations are now available using multi-GPU acceleration [53–55]. We are preparing a
future 3D work on a more complex CET during laser welding using multi-GPU accelerated
large-scale PF simulations. Secondly, the transient thermal conditions employed in this
study are in 2D and several assumptions have been made in order to obtain the simplified
formulas, i.e., Equations (3) and (4). Therefore, more realistic 3D temperature profiles are
required in future work.
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5. Conclusions

The CET behaviors at different locations of fusion zone in laser weld of Al–Mg alloy
were observed experimentally and investigated systematically using the quantitative PF
model. In order to describe the dynamic CET behaviors, the transient thermal conditions,
and Gaussian heterogeneous nucleation model were integrated into the PF model. It is
shown that CET depends strongly on the locally transient thermal conditions during the
laser welding process. The following key points should be emphasized:

(1) Different CET behaviors are observed experimentally at different locations in laser
weld. The size of the columnar region decreases significantly from the upper region
to the bottom region.

(2) Investigation on columnar growth under steady conditions indicates that the con-
stitutionally undercooled degree and region are quantitatively determined by the
applied thermal conditions. It is found that the undercooled degree ahead of the
solidification front is primarily dependent on the solidification rate, while the size of
the undercooled region is mainly affected by the applied temperature gradient within
the parameter range involved in this study.

(3) The heat transfer during the laser welding process is calculated and validated by
corresponding experiments. It is shown that the transient thermal conditions vary
greatly at different locations in the fusion zone. In particular, the solidification rate
increases more rapidly from the upper to the bottom region.

(4) The predicted length of the columnar region is in reasonably good accordance with
experimental results. According to PF simulations, the transient thermal conditions
influence CET behaviors through dynamically adjusting the constitutionally under-
cooled degree and region ahead of the solidification front. Particularly, the smaller
columnar region at the bottom of laser weld can be explained by the lower temper-
ature gradient and the more rapidly increasing solidification rate, which leads to a
larger constitutionally undercooled degree and region, and thus higher CET tendency.
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