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The microstructure formed during solidification has a significant impact on the mechanical properties of materials. In
this study, a two-dimensional (2D) cellular automaton (CA)-finite difference (FD)-CALPHAD model was developed to sim-
ulate the formation of microstructure and solute segregation in the solidification processes of ternary alloys. In the model,
dendritic growth is simulated using the CA technique, while solute diffusion is solved by the FD method, and the CAL-
PHAD method is employed to calculate thermodynamic phase equilibrium during solidification. The CA-FD-CALPHAD
coupled model is capable of reproducing the evolution of continuous nucleation and growth of grains as well as the evo-
lution of the microstructure and solute distribution during solidification of ternary alloys. In this study, Al-Zn-Mg ternary
alloy is taken as an example to simulate the growth of equiaxed and columnar grains and the columnar-to-equiaxed transi-
tion (CET) under different solidification conditions. The simulation results are compared with experimental data from the
literature, showing a good agreement. Besides, the study also investigates the evolution of temperature and multicomponent
solute fields during solidification and the effects of alloy composition and cooling rate on the microstructure morphology.
The results reveal that the initial alloy composition and cooling rate significantly affect dendritic morphology and solute
segregation. Higher initial alloy concentrations promote the growth of side branches in equiaxed grains, leading to more
pronounced solute segregation between dendrites. As the cooling rate increases, the average grain size of the equiaxed
grains decreases accordingly. Additionally, a higher cooling rate accelerates the columnar-to-equiaxed transition, leading

to a finer grain structure.

Keywords: ternary alloys, solidification, dendrite, columnar-to-equiaxed transition, cellular automaton
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1. Introduction

Aluminum alloys are increasingly critical in industries
such as aerospace, automotive, and construction due to their
favorable mechanical properties, corrosion resistance, and
low density. During manufacturing processes, including
casting, welding, and additive manufacturing, the solidifica-
tion stage is unavoidable. The microstructure formed dur-
ing these processes directly influences the final properties
of the alloy.l'l A comprehensive understanding and precise
control of microstructure evolution are essential for produc-
ing high-performance materials. Specifically, various so-
lidification conditions impact the characteristics of the fi-
nal microstructure,!”! including growth morphologies such as
equiaxed or columnar dendrites, as well as micro-segregation.
During the formation of microstructure, the solutes of differ-
ent elements are redistributed, leading to micro-segregation.
Furthermore, the columnar-to-equiaxed transition (CET) oc-
curs when equiaxed grains ahead of the columnar growth front
obstruct further columnar grain growth. Both the columnar-to-

equiaxed grain ratiol®! and the severity of segregation*! play
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a significant role in determining material properties.

Over the past few decades, the solidification behavior of
aluminum alloys under various solidification conditions has
garnered significant attention from scientists and engineers.
Numerous studies have been conducted to investigate the
mechanisms of microstructure evolution using experimental
approaches. Numerous studies have been conducted to investi-
gate the mechanisms of microstructure evolution using exper-
imental approaches. Optical microscopy (OM) and scanning
electron microscopy (SEM) serve as crucial tools for the ob-
servation and in-depth analysis of solidification.’] Advances
in x-ray imaging technologies have greatly improved our un-
derstanding of microstructural evolution during dendritic so-
lidification. The heterogeneous nucleation process,®! growth
of both equiaxed and columnar grains,!”l and CET dynamics

sI78] have been investigated using x-ray tech-

in metallic alloy
niques. Despite these advancements, experimental methods
face limitations related to resolution, melting points, and alloy
size, making them labor-intensive and time-consuming. Con-
sequently, capturing the complete microstructural evolution in

real-time remains a significant challenge for experimental ap-
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proaches.

The rapid advancement in computational technology has
enabled the application of various numerical methods, such
as the phase-field (PF) and cellular automaton (CA) models,
to investigate the solidification process of alloys. The phase-
field method overcomes the challenges of tracking the liquid-
solid interface by establishing phase-field equations.'”! Addi-
tionally, this method allows for the integration of tempera-
ture fields, solute fields, flow fields, and other external fac-
tors, facilitating a realistic simulation of complex dendritic
morphologies and their evolution. Recently, Zhang et al.!'’]
simulated the growth of single and multiple Mg—Gd dendrites
under convection and systematically investigated the effects
of factors such as orientation angle, flow intensity, and un-
dercooling on dendrite morphology. Zhu et al.!''! conducted
simulations to investigate the competitive growth and evolu-
tion of columnar grains during directional solidification. They
quantitatively analyzed the influence of parameters, including
pulling velocity and anisotropy strength, on the morphologi-
cal evolution of dendritic growth. Mao et al.l'?! modelled the
growth and movement of dendrites during non-equilibrium so-
lidification of Ni-Nb alloys. The transformation process from
equiaxed to columnar crystals was reproduced, and the mi-
crostructure and segregation within the PDAS and local re-
gions were quantitatively investigated. However, due to the
complexity of phase-field equations and the limitations in data
processing capacity of computers, phase-field simulations re-
main restricted to small domains.[!3]

Compared to the PF method, CA models are particu-
larly appealing due to their simple algorithm structure!!*! and
the ability to simulate complex phenomena with acceptable
computation resources.!!'>! Microstructure simulation models
based on the CA technique can replicate most experimen-
tally observed dendritic features with reasonable computa-
tional efficiency. For example, Zhang et al.!'®! simulated the
two-dimensional solidification of an Al-3 wt% Cu alloy, en-
compassing the growth and movement of single and multiple
equiaxed crystals in a flow and subsequent grain growth dur-
ing the CET. Furthermore, a three-dimensional large-scale CA
model was proposed by Zhang er al.l'’! to simulate isother-
mal and directional solidification in Fe—C alloys, including
the CET. The directional solidification structures under differ-
ent cooling rates were obtained through simulation. While the
aforementioned studies primarily focus on binary alloys, real-
world alloys often involve multiple components, posing sig-
nificant challenges for simulation. In addressing the problem,
Tan et al.l'® established an improved CA model to simulate
the growth of multiple equiaxed grains in ternary Al-Si-Mg
alloys and explored the effects of cooling rate on secondary
dendrite arm spacing (SDAS) and grain size. Gu er al.l') ex-
tended the model to calculate the solidification process of a

five-component alloy, simulating the directional solidification
of an Al-Si-Mg-Fe—Mn alloy.

Among the various solidification processes, the study of
molten pool solidification is particular significance due to its
direct impact on advanced manufacturing techniques such as
additive manufacturing and welding. The molten pool is a
highly dynamic region where solidification occurs under com-
plex thermal conditions. Rapid variations in the tempera-
ture field during solidification cause uneven solute distribu-
tion, leading to solute segregation. The element segrega-
tion phenomenon can result in compositional heterogeneity
and localized microstructural differences, thereby directly af-
fecting the performance and reliability of the AM-fabricated
components.?%2!] Therefore, molten pool solidification is es-
sential for advancing fundamental knowledge of solidifica-
tion mechanisms, optimizing process parameters, and driving
the development of high-performance materials and cutting-
edge manufacturing technologies.'?>23! Efforts have also been
made to predict solidification behavior in molten pools. The
coupled CA-FE model was employed by Sheng et al.’*! to
simulate the microstructural evolution of solidification in dif-
ferent regions and to quantitatively compare the average grain
size. Similarly, Xiong et al.”>> applied the CA method to
simulate the grain structure in the molten zone of Ti6Al4V.
The simulated grain morphology and average grain size were
in good agreement with experimental results. An et al.!*]
focused on the solidification process of Inconel 625 form-
ers, simulating and analyzing the temperature field evolution.
Their work reproduced the grain growth process and final mor-
phology in both the X—Y and Y—Z cross-sections of the molten
pool.

Although progress has been made in simulating solidifi-
cation in multicomponent alloys, the scope remains relatively
limited. Many studies assume fixed numbers and positions for
nuclei, focusing either on equiaxed growth or directional so-
lidification of columnar grains while neglecting the continuous
nucleation process. Furthermore, most simulations of molten
pools emphasize microstructural morphology evolution, with
insufficient attention to solute distribution. So far, few studies
have comprehensively considered continuous grain nucleation
and growth, the occurrence of CET, and solute distribution
during the solidification of ternary alloys. In the present work,
a CA-FD-CALPHAD coupled model is proposed to simulate
the nucleation and growth of dendritic grains in the ternary
Al-Zn-Mg alloy system. This model effectively captures the
morphological changes and concentration variations of den-
drites.

2. Model description

In this work, the solidification process of ternary Al-
Zn-Mg alloys is simulated using the cellular automaton (CA)
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method. The computational domain is divided into a uni-
form quadrilateral grid, with the smallest computational unit
referred to as a cell. Each cell is characterized by several vari-
ables (such as temperature, concentration, and solid fraction)
and states (solid or liquid). The cellular automaton evolves
in discrete time steps, continuously calculating the values of
the cell variables and updating their states according to pre-
defined capture rules. The quantitative information on multi-
phase equilibria in Al-Zn-Mg alloy systems is obtained us-
ing PanEngine, a multi-component phase equilibrium compu-
tation engine based on the CALPHAD method.!?”-?8! To en-
hance computational performance, a data tabulation coupling

approach between PanEngine and CA is employed.*!

2.1. Temperature field
The governing equation for calculating the temperature
distribution, excluding latent heat of solidification, is given by

oT
PG5 =V (AVT). (1)

With latent heat of solidification, the governing equation for
calculating the temperature distribution is given by
oT dfs
C,— =V-(AVT L— 2
p p at ( )+p a P ) ( )
where T is temperature, t is time, p is density, C, is specific
heat, A is thermal conductivity, f; is solid fraction, and L is the
latent heat of solidification.

2.2. Nucleation and growth of dendrites

The continuous model is employed to describe the inho-
mogeneous nucleation phenomenon in the melt, where nucle-
ation occurs continuously throughout the solidification pro-
cess, rather than instantaneously at a single point in time. In
this study, both nucleation and grain growth are driven by the
undercooling at the solid/liquid interface. The increase in nu-
cleation density (dn) is induced by an increase in undercooling
(d(AT)), following a Gaussian distribution

dn e I(AT—ATmaX>2 )
d(AT) ~ Varar, P72\ Az, ’

where ATh,x is the mean nucleation undercooling, ATy is the
standard deviation, and npy, is the maximum density of nu-
clei. These three nucleation parameters are influenced by the
alloy composition and process variables.

Thus, the nucleation density n(AT) is given by

AT dn

n(AT) = /o d(AT)

d(AT). 4)

In a discrete time step At, the temperature decreases by 07T,
and undercooling accordingly increases by 8(AT). The nu-
cleation density in one time step can be calculated using the

following formula:

/~AT+8(AT) dn

on = ——d (AT)=n(AT + 8 (AT)) —n(AT). (5)

JAT d(AT)

Given that the computational domain is two-dimensional, the
number of newly formed grains can be calculated as N =
on-S, where S is the area of the computational domain, and
ON is the new grain number.

At the beginning of the simulation, the computational do-
main is filled with molten liquid with a uniform initial alloy
composition, and each cell has the same initial undercooling.
The initial nucleation number can be calculated according to
the Gaussian distribution given by Eq. (3). A corresponding
number of cells are randomly selected as nuclei, with their
phase changing from liquid to solid. Nuclei are randomly as-
signed a crystallographic orientation.

The cells selected as nuclei are activated and begin to
grow when the temperature falls below the liquidus temper-
ature, reaching the undercooling threshold for nucleation. In
the present simulation, the growth velocity of a dendrite tip at a
certain undercooling is calculated based on the sharp interface
model of the Gibbs—Thomson equation. The total undercool-
ing at the solid/liquid interface serves as the driving force for
dendrite growth, as given by

AT =T —T*—T - omc, (6)

where AT represents the total undercooling in the solid/liquid
interface, 7°1 is the equilibrium liquidus temperature of the
alloy, T* is the local temperature at the S/L interface, T is the
average Gibbs—Thomson coefficient, and wmc is the curvature
at the S/L interface which accounts for the effects of surface

energy anisotropy. This can be calculated as follows: !

~V-¢(n)

= (3e—1) - (denx + dyny + d;nz)

—48¢- (ni - Oy + n§ -dyny + n? -d:n;)
+12¢- Q- (dny + dyny + d;n)

+12¢- (ny- 0 Q+ny- 0+ n;-3;0),

wmc =

(N

where £ is the Cahn—Hoffman vector, € is the degree of
anisotropy of the surface energy. n = Vf/|Vfi| = nvi +
nyj + n;k is the normal unit vector at the S/L interface, n, =

ocfs/|Vfsl, ny = dyfs/|Vfsl, and n, = 9. fs/ |V f| represent
the component of n, Q is defined as Q = nfg + n;‘, + n‘;, where

VAL =\ @)+ () + (0:A)°.

Based on the anisotropy function of the interface energy,

the growth velocity can be expressed as

1
1438 —48 (n +nt+n?)

V=p0

AT, ®)

where [I represents the average interface kinetic coefficient
and 0 is the degree of the kinetic anisotropy of the alloy. The
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increment of the fraction at the interface cell in a certain time
step At can be calculated as

1%
Af =G A, 9)

where G is the geometrical factor relevant to the state of the
S/L neighboring cells, Ax is the size of the cell.

2.3. Solute redistribution

As solidification proceeds, solutes are expelled from the
solid phase into the liquid phase at the solid/liquid (S/L) in-
terface, creating a solute gradient and driving solute transport.
Under the assumption that melt convection is not considered,
solute transport is solely driven by diffusion. According to
Fick’s law, the governing equation for solute diffusion is given
by

a(;([X) =V(D(F)VCX)/p(f)), (10)

where ¢ is time, X is solute (Zn or Mg), f; is solid fraction.
C(X) and D(f;) are the average solute concentration in the
grid and the diffusion coefficient, calculated by the following
equation respectively:

CX)=C(X)fs+C(X)(1-f5), (11
Dx (fs) = k! (X) Ds x fs + Dix (1 = fs), (12)

where C;(X) and C(X) represent solid-phase and liquid-phase
concentration respectively. kp! = Ci?/C{" is the solute par-
tition coefficient. Cs? and C|" are the equilibrium concen-
tration in solid and liquid phases, respectively. In Eq. (10),
C(X)/p(fs) is used to convert the average concentration of the
lattice into an equivalent concentration, ensuring solute equi-
librium at the solid/liquid interface. The values of T, (from
Eq. (6)) and G5, C[? (used to calculate &y in Eq. (12)) are
obtained from PanEngine calculation.

Figure 1 presents the flowchart of the current calculation
procedure. For a given alloy system, key parameters such as
solute partition coefficients and liquidus slopes are obtained
through a combination of interpolation and lookup processes
within existing Pandat databases. The equilibrium liquidus
temperature, determined through CALPHAD calculations, is
utilized to compute the undercooling, which plays a critical
role in governing dendritic nucleation and growth. After nu-
cleation and growth, solute redistribution during solidification
is simulated using the FD method, with the solute partition co-
efficient also provided by CALPHAD. Following the update
of the status, temperature, and concentration of each cell, the
iterative process continues until the solidification process is
complete.

To assess the relationship between various solidification
parameters and the resulting solidification structure, the aver-

age grain size D, the local segregation index c}ndex, and the

global segregation index SI; are proposed. D is used to char-
acterize the microstructure. The average grain size is a critical
parameter in materials science, directly influencing an alloy’s
mechanical properties. Grain size control is an important part
of the design and processing of materials since it can result in
major increases in toughness, ductility, and strength through
solidification processes.*!] The local segregation index cinde
is introduced to reflect the variation in solute concentration at a
microscopic scale, highlighting areas with significant compo-
sitional differences in each cell. The global segregation index
SI; provides an overall measurement of segregation across the
entire computational domain. The indices are defined as

C}ndex

— fmixi 904 100, (13)

C0,i
1 / / /
Vdomain Vdomain

where i represents different alloy composition.

C;ndcx

SI, = dv, (14)

Intialize cell data

Initial nucleation (Eq. (3)) ‘

N|
A

Calculate local temeprature 7* (Egs. (1), (2))|

Calculate thermodynamic phase equilibrium
information by CALPHAD

1}

Calculate total undercooling A7, interface
curvature wme and growth velocity ¥ (Egs. (6), (7), (8))

1

‘Calculatc solid-phase fraction increment A /' (Eq. (9))‘

1

‘ Calculate solute diffusion of Zn, Mg (Eq. (10)) ‘

)

| Update cell status |

End of
solidfication

No

‘Continous nucleation (Eq. (5))‘

Fig. 1. Flowchart of the solidification simulation procedure by the CA—-FD—
CALPHAD model.

3. Results and discussion
3.1. Model validation
3.1.1. Mesh-independence verification

To verify the accuracy and stability of the simulation re-
sults under different grid resolutions, a mesh independence test
is essential. For validation, the number of nuclei formed over
a specific time period, the growth velocity and the solute con-
centration at the tip were used as a benchmark. The tempera-
ture field was assumed to be uniform.

Al-Zn-Mg aluminum alloys have significant applications
across various industries. Therefore, we take Al-Zn-Mg al-
loys as a typical object of ternary alloys in this paper. The
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relevant physical parameters used in the simulation for Al—
Zn-Mg alloys are listed in Table 1.

When performing the mesh-independence test of the nu-
cleation process, the initial undercooling was set to 20 K and
the cooling rate was 10 K/s. Nucleation-related parameters
were kept constant where AT = 5.0 K, AT; = 2.0 K, and
Nmax = 5.0 x 10'* m™3. In the space-step independence test,
the physical size of the computational domain remained un-
changed. The minimum grid size was set between 0.5 pm
and 2.5 pum and the grid number was adjusted according to
the grid size. In the time-step independence test, the selection
of the time step must satisfy Ar < Ax?/(4.5 X Dy max) to en-
sure the computational stability. The minimum grid size, nu-
cleation frequency, and other model parameters remained un-
changed. The number of nuclei formed in a specific physical
period was observed with varying time steps. To conduct the
mesh-independence test for growth velocity and solute con-

centration at the tip, a single dendrite was nucleated and grew
at the center of the computation domain under conditions of
ATy =10K and CR =2 KJ/s.

Figure 2 illustrates the variation in the number of nuclei,
growth velocity and solute concentration at the tip across dif-
ferent space and time steps. It is evident that when the space
steps vary between 0.5 pm and 2.5 pm, and time steps vary
within the range of 0.5 us and 4.0 ps, the total number of
grain nuclei remains unchanged. The tip velocity and concen-
tration generally remain stable, with slight variations within
a small range. This indicates that the simulation results of
the present model are convergent at different grid resolutions,
which ensures the stability, and reliability of the simulation.
Furthermore, these results serve as a guideline for selecting
appropriate space and time step sizes to maintain a balance

between computational accuracy, stability, and efficiency.

Table 1. Physical parameters used in the simulation for Al-Zn-Mg alloys.

Symbol Definition Value References
Tm.Al melting temperature of the pure Al 933.6 K [32]
r average Gibbs—Thomson coefficient 24x1077 mK [33]
€ degree of surface energy anisotropy 0.03 estimated
[ degree of kinetic anisotropy 0.40 estimated
n average interface kinetic coefficient 3.0x107 m/(s-K) estimated
P density 2920 kg/m> [34]
(&Y heat capacity 1100 J/(kg-K) [35]
A thermal conductivity 125 W/(m-K) [34]
350 > 10 . 9o X
= E
o (a) g ol (© e t=0.025 s T g, z
< 300f = . . . N e t=0.050 s = e e e . 120 &
s} . t=0.01s o 8 —-t=0.100 s N S 6)
S 250¢ . 1—002s . O 6t 118
a .t = 2 El == t=0.025s =
s 200t t=0.05s S N ————1t=0.050 s 11.6 :
o 5 4r ———-t=0.100 s QB
5 o5l | = =
2 150t g g 14 3
é % 4r l::>.<§: = [ s ——A——* =
2 100} O £ ——— " * {12 =
~ Q, 3r § or O
. . . . . = A A A A = . . A A 1. g
0795 To 15 20 25 B2 1.0 1.5 2.0 25 8 05 1.0 15 20 25 os
Space step Az (1076 m) Space step Az (106 m) Space step Az (1076 m)
= < 24 X
(b) = 8f(d EN | (f g
2, Ak 4 “ v'E 7 ( .)_.74.7—4- E/ 1o ( ? A - A 12.2 \/L
- | r = =
2 100 f . t= 5 o N L . €
: Tizgme | 2 g | S 20
g - t=0.016 s & - t=0.10s & ., o
S - t=0.1 L —= = t=0.05s 1.8 =
3 = 5r t=015s 3 6 ———o—1t=0.10 s )
‘_",k/“ = 3
5 50} ;: g ———a—1=0.15s 1.6 =
< 9 4r B 4+ .2
£ S ] A — A 14 =
2 g 37 E £
0 , . , . B 4 . ) ) ) g 21 ‘ ‘ ‘ " {12 g
0 1 2 3 4 & 05 1.0 1.5 2.0 3 05 1.0 15 20 3

Time step Az (1076 s)

Time step Az (1076 s)

Time step Az (1076 s)

Fig. 2. Verification of mesh independency: (a) number of nuclei at various space steps with fixed time interval, (b) number of nuclei at different time
intervals with fixed space steps, (c) tip velocities at various space steps with fixed time interval, (d) tip velocities at different time intervals with fixed
space steps, (e) tip concentrations at various space steps with fixed time interval, (f) tip concentrations at different time intervals with fixed space steps.

3.1.2. Comparisons with experimental results

To validate the accuracy of the proposed model, the simu-
lated solidification microstructure of the Al-Zn—Mg alloy was
compared with experimentally observed metallographic im-

ages of alloys.
Figure 3 illustrates the comparison between the simula-
tion results and experimental observations of aluminum alloy

microstructures reported by Zhu er al.’®! The white part in
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Fig. 3 indicates the solid phase, while the black part is the lig-
uid phase. In the simulation, the temperature field was set to be
uniform and initial grain nuclei were randomly placed into the
computational domain. The grains started to grow up driven
by the initial undercooling of 10 K. During the solidification
process, grains continuously nucleate and grow up based on
the prevailing temperature conditions. We simulated the grain
morphology under two cooling rates of 1 K/s and 10 K/s.

As shown in Fig. 3, the number and size of grains in-
creases progressively throughout the solidification process. At
a low cooling rate, the solid phase exhibits a globular mor-
phology. When at a higher cooling rate, a dendritic morphol-

ogy emerges. This dendritic structure is characterized by vari-
ations in size and shape, as well as the development of side
branches. The morphological characteristics predicted by the
simulation agree well with the experimental observations ob-
tained by Zhu et al.’% and similar dendritic morphologies
were also observed by Marsh et al.’’! and Spinelli ez al.[®%]
It is demonstrated that the proposed model effectively cap-
tures the continuous nucleation and grain growth processes in
the ternary alloy system. Furthermore, it accurately describes

the evolution of grain morphology under varying solidification

conditions.

Fig. 3. Simulated and experimental!) results of solidification microstructure of the Al-Zn—-Mg alloy under different processes: (al) CR =
0.3 K/s, fs =0.02; (a2) CR = 0.3 K/s, fs = 0.21; (a3) CR = 0.3 K/s, f; = 0.52; (b) experimental results at CR = 0.3 K/s; (c1) CR = 10.0 K/s,

fs =0.25; (c2) CR = 10.0 K/s, fy = 0.43; (c3) CR=10.0 K/s, f; =
solid fraction.

3.2. Evolution of solidification microstructure

To investigate the microstructure formation and concen-
tration distribution under different conditions, we firstly simu-
lated two solidification processes with typical microstructural
features. In the case of traditional solidification of an Al-
7 wt% Zn-2.6 wt% Mg alloy, the computational domain was
divided into 600 x 150 cells with a cell size of 5 pm. In the
case of the solidification in a melt pool, the calculation area
was set to be 560 x 210 cells with a cell size of 6 um.

The initial number of nucleation was determined accord-
ing to the initial undercooling using Eq. (3). The nucleation
parameters used are listed in Table 2.1 Nuclei were ran-
domly distributed in regions undercoolings and were assigned
random crystallographic orientations.

Table 2. The nucleation parameters used in the calculation.

Nimax (m~2) ATax (K) ATs (K)
Figure 4 3.0x10"3 5.0 2.0
Figure 5 9.0x10"3 5.0 1.5

Two cases were examined with different thermal bound-

0.51; (d) experimental results at CR = 10.0 K/s. Panels (a)—(d) shown in

ary conditions and initial temperature distributions. In the first
case, the left and right boundaries were treated as mold walls,
while in the other case, the bottom boundary was considered a
mold wall additionally. Near the mold walls, the molten metal
experienced more rapid cooling, starting with an initial un-
dercooling of 20 K. The temperature distribution evolved fol-
lowing the governing equations and the entire computational
domain cooled down at a constant cooling rate of CR = 10 K/s.

Figures 4 and 5 present the simulation results, showing
the microstructure development and Zn and Mg concentration
fields. The dendritic solidification process was observed to oc-
cur in three distinct zones and stages: (a) chill zone: nucleation
and growth of equiaxed dendrites at the wall, (b) columnar
zone: growth of columnar dendrites, and (c) equiaxed zone:
nucleation and growth of equiaxed dendrites at the center.

At the beginning of the simulation, the area near the mold
wall is more susceptible to nucleation due to the lower tem-
perature and greater undercooling in this region. The under-
cooling is continuously updated based on Eq. (6), leading to

a corresponding increase in the number of nuclei at each time
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step. During this stage, nuclei form near the wall and grow
freely as equiaxed crystals.

As solidification proceeds, equiaxed dendrites dominate
the highly undercooled areas near the walls, changing from the
liquid phase to the solid phase. In contrast, the central region
of the computational domain remains at a relatively high tem-
perature, with insufficient undercooling to initiate nucleation.
Consequently, dendrites in the interior grow directionally as
columnar crystals along the temperature gradient.

In the later stages of solidification, the undercooling
ahead of the solid-liquid (S/L) interface widens as the colum-
nar grains extend further into the melt. Eventually, the under-
cooling at the columnar front surpasses the threshold required
for nucleation, resulting in instability at the S/L interface. This
leads to the nucleation and growth of equiaxed dendrites in the
central region, blocking the further advancement of the colum-
nar dendrites. This phenomenon, known as the columnar-to-
equiaxed transition, marks a critical stage in the solidification

Oinaex NN

B Mg (wt%)
-1 2 5 8 11 14

3PS )

process. The solidification is complete when all cells transi-
tion from the liquid phase to the solid phase.

(/= :
-1 2 5 8 11 14 2 8

14 20 26 32

Fig. 4. Simulated evolution of microstructure and concentration of Zn dur-
ing traditional solidification of an Al-7 wt% Zn-2.6 wt% Mg alloy with
ATy =20 K, CR =10.0 K/s: (al) and (cl) fg = 0.11; (a2) and (c2) fs = 0.31;
(a3) and (c3) fs = 0.49; (a4) and (c4) f; = 0.89; (b) simulated microstructure
of 9SMn28 steel.[*?] Panels (al)-(a4) show in crystallographic orientation in-
dex; panels (c1)—(c4) show in the concentration fields of Zn.

Y

o2l y
97 ??fﬂm
- i
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Fig. 5. Simulated evolution of microstructure and concentration of Mg and Zn in a melt pool of an Al-7 wt% Zn-2.6 wt% Mg alloy with ATy = 20 K,
CR=10.0K/s: (al), (bl), and (c1) fs = 0.20; (a2), (b2), and (c2) f; = 0.44; (a3), (b3), and (c3) f; = 0.88; (d) experimental micrograph.[‘m Panels (al)—
(a3) show in crystallographic orientation index; panels (b1)—(b3) show in the concentration fields of Zn; panels (c1)—(c3) show in the concentration fields

of Zn.
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Fig. 6. Simulated solute segregation index versus the solid fraction for
the case of Fig. 4.

Additionally, solute segregation can be observed in
Figs. 4(c1)-4(c4) and 5(c1)-5(c3). During dendritic growth,
solute enrichment occurs near the dendrite tips due to solute
rejection at the S/L interface. At the final of solidification, the
inter-dendritic regions display markedly higher solute concen-

trations, highlighting the presence of micro-segregation.

To further investigate the variation in solute segregation
during solidification, figure 6 illustrates the relationship be-
tween the segregation index SI; and the solid fraction within
the selected region for Zn and Mg. The results in Fig. 6 reveal
that the segregation indexes for both solutes increase steadily
throughout the early and mid-stages of solidification. Both
elements exhibit the same trend of variation, which indicates
that solute segregation becomes more pronounced as grains
nucleate and grow, leading to local enrichment of element Zn
and Mg in the liquid phase. Zn consistently exhibits a higher
segregation index than Mg throughout the solidification pro-
cess. This difference suggests that Zn has a greater tendency
for segregation, likely due to its specific partitioning behavior
and diffusion characteristics in the Al-Zn-Mg alloy system.
The S1; reaches a peak near a solid fraction of 0.8, after which
it decreases slightly as solidification approaches completion.
This behavior can be attributed to the dynamic interaction be-
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tween solute rejection and diffusion. During early solidifica-
tion, the expulsion of solute atoms from the solid phase into
the surrounding liquid results in the accumulation of solutes
near the solid-liquid interface. This enrichment raises the so-
lute concentration in the liquid phase, contributing to an in-
crease in the segregation index. As solidification progresses
and the formation of new grains ceases, solute diffusion in
This enhanced diffu-
sion gradually homogenizes the solute distribution, bringing

the liquid becomes more prominent.

it closer to equilibrium. Consequently, the degree of segrega-
tion decreases, leading to a slight reduction in the segregation
index SI; during the final stages of the solidification process.

3.3. Effects of initial concentrations

Figure 7 presents the dendritic morphologies and Zn con-
centration distributions for various initial Zn compositions un-
der a uniform temperature field. The computational domain is
divided into a 300 x 300 grid with a cell size of 3 um. To
isolate the effect of initial Zn composition on the final mi-
crostructure, all other parameters remain constant across the
simulations. The initial undercooling is set to 15 K, and the
cooling rate is fixed at 5 K/s.

It is observed that increasing the initial Zn composi-
tion results in more developed dendritic side branches and
greater solute segregation between dendrites. At lower ini-

tial Zn concentrations (seen in Figs. 7(a)-7(c)), simpler den-
dritic structures form, characterized by defined primary and
secondary arms. These dendrites exhibit larger average grain
sizes with stronger primary arms. As the Mg content increases
in the alloy’s initial composition, secondary dendrite arms be-
come more pronounced. With higher initial Zn concentrations
(Figs. 7(c)-7(e)), the primary dendrite arms become thinner
and more elongated, while secondary and even tertiary arms
grow more extensively, creating increasingly complex den-
dritic structures. Elevated solute levels exacerbate instabil-
ity at the solid/liquid interface, further promoting the growth
of dendrite arms. Meanwhile, SIz, increases steadily from
0.28 to 0.53 as the initial alloy composition increases, indi-
cating that solute segregation for Zn intensifies significantly
with higher initial Zn content. SIyjg not only increases with
the initial Mg concentration but is also influenced by the ini-
tial Zn content, suggesting a synergistic interaction between
the segregation behaviors of Zn and Mg. Consequently, so-
lute enrichment in inter-dendritic regions becomes more pro-
nounced, leading to significant compositional heterogeneity.
These trends are closely related to the partitioning behavior of
Zn at the solid-liquid interface that higher Zn concentrations
result in a steeper solute concentration gradient in the liquid
phase, thereby amplifying the degree of segregation.

) STz 028 [(b) FIY Ps,:034 TOF
SIMg: 0.40 " SIM
- g

DAY
1

S

SI,,: 0.53 Zn (wWt%)

16
13
10

Fig. 7. Simulated dendritic morphologies and concentration fields of element Zn with different initial alloy compositions: (a) Al-5.0 wt% Zn—
0.1 wt% Mg; (b) Al-5.0 wt% Zn-1.9 wt% Mg; (c) Al-5.0 wt% Zn-2.6 wt% Mg; (d) Al-2.6 wt% Zn-2.6 wt% Mg; (e) Al-6.7 wt% Zn—

2.6 wt% Mg; (f) Al-10.0 wt% Zn-2.6 wt% Mg.

Figure 8 depicts the final solidification microstructure and
Zn concentration distribution in a melt pool. The calculation
parameters consistent with those used in Fig. 5. This compar-
ison allows for a deeper understanding of how varying initial
compositions and thermal conditions influence the evolution
of dendritic structures and solute segregation in the alloy. The
influence of alloying elements on dendritic morphology and

the segregation index in Fig. 8 follows a pattern similar to that

in Fig. 7, confirming that solute concentration strongly influ-
ences dendritic growth. Besides, figure 8 also demonstrates
that the initial alloy composition has minimal effect on the for-
mation of the CET which appears more dependent on thermal
conditions than on solute levels.

It is possible that the observed phenomenon arises from
As den-

drites grow, the solid phase has a lower solubility for solute

the solute rejection process during solidification.
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atoms, causing these atoms to be expelled into the adjacent
liquid phase. This creates a concentration gradient near the
solid/liquid (S/L) interface, forming a solute-enriched bound-
ary layer. Solute atoms then diffuse into the bulk liquid from
the interface, driven by the concentration gradient.

When the initial solute concentration in the alloy is
higher, the solid phase rejects a greater number of solute atoms

(a2) /

; -4
& e
: Z \(\vv[
~\/‘.:
4 T

during dendritic growth. Consequently, the solute concentra-
tion in the liquid near the S/L boundary rises significantly.
This leads to a steeper concentration gradient at the interface
and accelerates the saturation of the liquid’s capacity to absorb
and redistribute solute atoms. As a result, solute segregation is
exacerbated, intensifying heterogeneity in the inter-dendritic
regions.

FEORLEORTE P 51,0034
P Zn*
)> \ ’ /f<\s1Mg045

N7

e
?/: l-..') ff(lf

. G

' 7} P SIZ“ 0.45
7 Sl 0.41

- Zn (wt%) 1

-1 2 5 8 11

Fig. 8. Simulated microstructure and concentration fields of element Zn with different initial alloy compositions: (a) Al-5.0 wt% Zn—
2.6 wt% Mg; (b) Al-7.0 wt% Zn—-2.6 wt% Mg; (c) Al-10.0 wt% Zn-2.6 wt% Mg.

3.4. Effects of cooling rates

The cooling rate is widely recognized a key factor in de-
termining the final microstructure. To further investigate the
relationship between cooling rate and the evolution of mi-
crostructure as well as solute distribution during solidification,
the microstructure of an Al-7wt.% Zn-2.6wt.% Mg alloy so-
lidified under an initial undercooling of ATy = 20 K at varying
cooling rates was observed and analyzed.

When the initial temperature within the computational re-
gion is uniform, figure 9 presents simulated microstructure
morphologies and concentration fields during solidification at
cooling rates of CR = 0.3 K/s and CR = 66 K/s. The re-
sults demonstrate that higher cooling rates lead to the devel-
opment of finer microstructures and more pronounced solute
segregation. The concentration distribution of Zn shown in
Figs. 9(a) and 9(d) highlights the impact of the cooling rate
on solute distribution. At higher cooling rates, Zn segrega-
tion becomes more pronounced due to the accumulation of
solute in the inter-dendritic regions. This occurs because the
restricted diffusion of Zn under rapid cooling conditions in-
creases solute concentration in these areas. Additionally, as
shown in Figs. 9(b) and 9(e), the microstructure reveals that
higher cooling rates result in finer and more uniform grains.
In contrast, lower cooling rates produce larger and more irreg-
ular grains, whereas higher cooling rates yield equiaxed grains

with a more uniform distribution. The simulation results show
strong agreement with the microstructural morphologies ob-
served in experimental studies!*#! as shown in Figs. 9(c) and
9(f).

Figure 10 illustrates the simulated microstructure and Zn
composition fields under cooling rates of 5 K/s, 10 K/s, 20 K/s,
and 40 K/s respectively in a melt pool. The results indicate that
higher cooling rates promote the columnar-to-equiaxed transi-
tion (CET) and improve solute diffusion.

Figures 10(a) and 10(d) show that as the cooling rate in-
creases, the area of the columnar zone decreases, while the
The growth di-
rection of columnar grains is determined by the combination

area of the central equiaxed zone expands.

of crystallographic orientation and temperature gradient. At a
low cooling rate of 5 K/s, the solidification process is slow, al-
lowing for extensive dendrite growth with well-developed pri-
mary and secondary dendrite arms. Due to the relatively stable
temperature gradients, columnar grains with favorable orien-
tation are favored by the slow cooling rate, growing strongly
with side branches all the way to the center with the direction
of the maximum temperature gradient. In the central zone,
where the temperature is high and the cooling rate is slow, nu-
cleation does not occur due to insufficient undercooling. As
the cooling rate increases from 10 K/s to 40 K/s, the den-
drites become finer. The microstructure shows a combina-
tion of columnar and equiaxed grains as the increased cool-
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ing rate promotes nucleation in the central zone while main-  crease the nucleation rate while shortening the available time
taining partial directional solidification. fine-grained structure  for grain formation. The distinction between the columnar and
results from the higher cooling rates, which significantly in-  equiaxed zones becomes less clear at higher cooling rates.

Fig. 9. Simulated and experimental**! dendritic morphologies and concentration fields of an Al-7 wt% Zn-2.6 wt% Mg alloy at different
cooling rates: (a) and (b) simulated results at 0.3 K/s; (c) experimental results at 0.3 K/s; (d) and (e) simulated results at 66 K/s; (f) experimental
results at 66 K/s. Panels (a) and (d) show in the concentration fields of Zn; panels (b) and (e) show in crystallographic orientation index.

that higher cooling rates accelerate the increase in the solid
phase fraction and significantly shorten the solidification time.
In contrast, lower cooling rates slow down the growth of the
solid phase fraction, leading to an extended solidification pro-
cess.
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Fig. 10. Simulated morphologies and concentration field of Zn of an Al- g ) ) ) ) ) 0 “
7 wt% Zn-2.6 wt% Mg alloy with various cooling rates: (a) 5 K/s; (b) 10 K/s; é 0 0 20 40 60 80 100

(c) 20 K/s, and (d) 40 K/s. Panels (al)—(a4) show in crystallographic orienta-
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tion index; panels (b1)—(b4) show in the concentration fields of Zn.

Fig. 12. The effect of cooling rate on average grain size and segregation

intensity of Al-7 wt% Zn-2.6 wt% Mg alloy.

1.0 . . . . .
Figure 12 depicts the relationship between cooling rates,
o 087 average grain size, and the segregation index. Combined with
g the results of Fig. 10, high cooling rate promotes structural

= 061 S . .
g refinement and minimizes solute segregation. Specifically, a
'*_z 0.4} higher cooling rate accelerates the decrease in domain temper-
;82 0.2 —s— CR=5K/s ature and provides greater undercooling, significantly increas-
“l —— CR=10 K/s . . . i ]
CR—=20 K/s ing .the nucleation rate. This leads t.o the s1mu1.taneou§ for
of —— CR=40 K/s mation of a larger number of fine grains, promoting equiaxed
0 1 5 3 1 5 ¢ grain formation and reducing grain size. Moreover, higher

Time t (s)

cooling rates shorten the solidification time, limiting the grain
growth and solute diffusion in the liquid phase. The cool-
ing rate significantly influences the dynamic behavior of the

Figure 11 presents the evolution of the solid phase frac-  diffusion process. The rapid solidification induced by higher
tion over time for different cooling rates. The data indicate  cooling rates reduces solute partitioning at the solid—liquid in-

Fig. 11. Simulated solid fraction versus solidification time under differ-
ent cooling rates.
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terface and limits the formation of concentration gradients in
the melt. Additionally, grain refinement decreases dendrite
arm spacing with a finer dendritic network, which confines the
spatial distribution of solutes within narrower regions and con-
tributes to a greater hindrance to solute diffusion.

4. Conclusion

The CA-FD-CALPHAD coupled model is developed to
simulate the solidification microstructures of ternary alloys
under various solidification conditions. The evolutions of den-
drite microstructure morphologies and solute (Zn and Mg)
concentration fields are reproduced and investigated by us-
ing this model. The proposed model can accurately repro-
duce the nucleation and growth of dendrites, and solute redis-
tribution during solidification of Al-Zn-Mg alloys, involving
equiaxed and columnar grain growth as well as the columnar-
to-equiaxed transition (CET). The simulated morphologies of
solidification microstructure agree well with the experimen-
tal observations. The microstructure evolution under vari-
ous initial alloy concentration and cooling rates are studied.
The average grain size and segregation index serve as two
quantitative indicators for microstructure characteristics. It is
found that variations in initial alloy concentration affect both
grain morphology and solute segregation. Higher initial al-
loy concentrations enhance the development of dendritic side
branches and more pronounced solute segregation. Besides,
increasing the cooling rate significantly influences alloy so-
lidification by refining the microstructure. A higher cooling
rate facilitates an earlier transition from columnar to equiaxed
growth (CET), while simultaneously decreasing the average
Additionally, higher cooling rates improve so-
lute uniformity by minimizing segregation in inter-dendritic

grain size.

regions.
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