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Abstract

The simulation of solidification microstructures of cast alloys is crucial to the integrated
“process–microstructure–property” numerical simulation. In order to verify the accuracy of
the solidification microstructure simulation results, the solidification microstructures of
WE54 alloy under both metal mold casting (MMC) and sand mold casting (SMC) condi-
tions were simulated using the CAFE (Cellular Automaton–Finite Element) method, and
the simulation results were validated experimentally. First, the effects of microstructure
simulation parameters on the results were investigated, including nucleation density (n),
nucleation undercooling (∆T), and dendrite tip growth kinetics parameters (a2, a3). The
results showed that, with the maximum surface nucleation undercooling (∆Ts,max) kept
constant, increasing the maximum volume nucleation undercooling (∆Tv,max) significantly
increases the proportion of columnar grains in the ingot structure. Moreover, when nucle-
ation parameters remain constant, increasing a2 and a3 leads to expansion of the columnar
grain zone. Secondly, numerical simulations of the solidification microstructure of WE54
alloy under different solidification conditions were carried out. The results indicated that
as the cooling rate increases, the grain structure of the ingot becomes significantly refined,
and the proportion of columnar grains decreases notably. Based on these findings, the
simulation parameters suitable for simulating the solidification process and microstructure
of MMC and SMC WE54 alloy were determined. Simulations of the temperature field and
solidification microstructure were performed and compared with experimental results.

Keywords: solidification microstructure; numerical simulation; grain nucleation; dendrite
growth; CAFE method

1. Introduction
WE54 alloy has broad application prospects in industries such as aerospace and trans-

portation due to its excellent properties, including high strength and heat resistance [1,2].
To date, numerical simulations of fluid flow and temperature fields have become standard
practice in the casting processes of magnesium alloys [3]. However, the application of
simulation methods to microstructure prediction remains relatively limited. Since the
mechanical properties of cast alloys are closely related to their microstructures [4,5], consid-
erable efforts have been devoted to simulating the solidification microstructure of castings
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to enable an integrated ‘process–microstructure–performance’ numerical simulation frame-
work for cast alloys. Nevertheless, research and practical applications of microstructure
simulation remain limited due to the difficulty in determining simulation parameters
and the lack of necessary experimental validation. This limitation has become the main
bottleneck in achieving fully integrated ‘process–microstructure–performance’ simulations.

Several effective methods have been proposed for microstructure simulation, including
the phase-field method, the Monte Carlo method and the cellular automaton (CA) method.
Among these methods, the phase-field approach aligns well with classical solidification
theory and offers strong capabilities for describing dendrite tip morphology evolution,
interface curvature, and solute redistribution. However, its computational cost increases
sharply with simulation size. So it is typically used only at the microscopic scale, with
domains on the order of several tens of micrometers, making it difficult to meet the require-
ments of three-dimensional and multiphase simulations [6,7]. The Monte Carlo method,
on the other hand, determines grain growth probability based on the principle of energy
minimization. It lacks consideration of the physical mechanisms of nucleation and growth.
Although it is computationally efficient, it struggles to accurately capture real interface
kinetics and diffusion processes [6]. The CA method is built on nucleation theory and
crystal growth kinetics, incorporating dendrite tip growth dynamics into the mathematical
model. The predicted microstructure does not depend on the mesh structure, and the
method features high computational efficiency and suitability for large simulation domains.
It can be used to model nucleation and grain growth at the microscopic scale as well as
solidification microstructure evolution at the mesoscopic scale [8,9]. Additionally, the CA
method can be easily coupled with the finite element method (FEM), facilitating the cou-
pling of solute and temperature field calculations during the solidification microstructure
simulation process [10,11].

Since it was proposed by Gandin and Rappaz in 1994 [12], the CAFE (Cellular
Automaton–Finite Element) method has become one of the most promising approaches
for solidification microstructure simulation, showing strong potential for engineering ap-
plications. To date, researchers have conducted extensive studies using the CAFE method
to simulate the solidification microstructures of steels, aluminum alloys [13], Ni-based su-
peralloys [14,15], and titanium alloys [7,16]. These works have confirmed the effectiveness
of CAFE in accurately reproducing alloy solidification microstructures. Although studies
on microstructure prediction for magnesium alloys have been carried out for AZ series
alloys [17], simulation and prediction for Mg–RE alloys remain challenging. This is due to
the complex solute diffusion behavior of rare-earth elements and the limited availability
of reliable data on interfacial energy and dendrite growth kinetics [18]. Extensive studies
have demonstrated that the accurate determination of simulation parameters is crucial for
obtaining reliable and precise simulation results [19–22]. Unfortunately, the parameters
involved in solidification microstructure simulation, such as grain nucleation undercooling
and dendrite tip growth velocity, are difficult to determine directly through experiments.
Additionally, literature reports on the correlation between simulation parameters and simu-
lation results remain relatively scarce. Consequently, researchers often spend considerable
time identifying appropriate simulation parameters through “trial-and-error” practices.

In the present study, the solidification microstructure of cast WE54 alloy was simu-
lated using different parameter sets to clarify the influence of microstructure simulation
parameters on the simulation results. Then the solidification microstructures of the WE54
alloy under different solidification conditions were simulated to verify the accuracy of
the model. Based on these results, parameters suitable for simulating the solidification
microstructure of the WE54 alloy under metal mold casting (MMC) and sand mold casting
(SMC) conditions were determined. The solidification process and microstructure of both
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MMC and SMC WE54 alloys were then simulated and compared with experimental data.
The results indicate that, with appropriately determined parameters, the CAFE method can
accurately reproduce the solidification process and microstructure of the WE54 alloy.

2. Materials and Experiments
The investigated WE54 alloy ingots with identical shapes and dimensions were pre-

pared using both MMC and SMC casting processes. The shape and dimensions of the ingots
are shown in Figure 1. The raw materials used for alloy smelting included high-purity
magnesium ingots (Mg ≥ 99.95%), pure yttrium (Y > 99%), pure gadolinium (Gd > 99%),
pure neodymium (Nd > 99%), and a Mg-30 wt.% Zr master alloy. First, a low-carbon
steel crucible was cleaned and placed into an electric resistance furnace. After preheating
the crucible to 500 ◦C, magnesium ingots were added. Once the pure magnesium was
completely melted, the temperature was raised to 780 ◦C, and preheated pure Y, Gd, and
Nd were added in batches, followed by the Mg-30 wt.% Zr master alloy. After all alloying
elements had melted, the melt was stirred for 5 min to ensure compositional uniformity.
During alloy melting, RJ6 flux (containing 55 wt.% KCl, 15 wt.% BaCl2, 2 wt.% NaCl and
28 wt.% CaCl2) was applied to the melt surface throughout the entire process to prevent
oxidation. The temperature was then increased to 760 ◦C for refining with RJ6 flux, which
lasted for 5–10 min. During refining, the melt was stirred while the RJ6 flux was evenly
added into the molten metal, ensuring that the melt surface remained fully covered. After
refining, the melt was held at 760 ◦C for 30 min in the crucible before it was poured into a
preheated metal mold (300 ◦C) and a resin sand mold to produce the ingots.

Figure 1. Shape and dimensions of the WE54 alloy ingot.

After pouring, the temperature of the ingot was monitored and recorded using a
thermocouple placed at the center of the ingot, with a data acquisition interval of 0.05 s.
The chemical composition of the prepared WE54 alloy ingots was determined using the
Agilent-5110 inductively coupled plasma atomic emission spectrometer (ICP-AES, Agilent,
Santa Clara, CA, USA) and is listed in Table 1. Samples for microstructure observation
were cut from the bottom of the ingot as shown in Figure 1. The samples were ground
and polished, then etched with a 5 vol.% nitric acid–alcohol solution to reveal the grain
boundaries. The microstructures were examined using the ZEISS AXIOvert. A1 optical
metallographic microscope (Jena, Germany).
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Table 1. Chemical composition of the WE54 alloy (wt.%).

Y Gd Nd Zr Mg

4.55 2.13 2.25 0.45 Bal.

3. Numerical Simulation Methods
3.1. Numerical Calculation of Solidification Temperature Field

Accurate calculation of the temperature field during solidification is the foundation
for simulating the solidification microstructure. Therefore, before conducting the mi-
crostructure simulation, the numerical calculation of the temperature field during ingot
solidification was first performed. Three-dimensional models of the ingot and mold were
imported into ProCAST 17.5 software for mesh generation. A tetrahedral type of mesh
consisting of 930,538 elements was generated. And the initial and boundary conditions
were defined to calculate the temperature field during solidification. The alloy material
used in the simulation was WE54, with a composition consistent with that listed in Table 1.
The liquidus and solidus temperatures of the alloy were 631 ◦C and 524 ◦C, respectively. In
the metal mold casting process, the mold material was AISI 1008 low-carbon steel, while
in the sand mold casting process, silica sand was used. The thermophysical properties
of the mold materials were taken from the ProCAST material database. The interfacial
heat transfer coefficients (HTC) between the casting and mold surfaces were determined
separately for each simulation case and are described in the corresponding sections below.
The simulations were performed on a 64-core 2.9 GHz workstation equipped with 256 GB
of RAM.

3.2. Numerical Simulation of Solidification Microstructure
3.2.1. Continuous Nucleation Model

To simulate the nucleation process during alloy solidification, it is necessary to estab-
lish the relationship between the nucleation rate and the undercooling degree. In the CAFE
model, the relationship between nucleation density (n) and undercooling degree (∆T) can
be expressed as:

dn
d(∆T)

=
nmax√
2π∆Tσ

exp

[
−1

2

(
∆T − ∆Tmax

∆Tσ

)2
]

(1)

According to Equation (1), the nucleation density first increases and then decreases as
undercooling increases, as shown by the dn/d(∆T)–∆T curve shown in Figure 2. Consider-
ing the differences between nucleation on the casting surface and inside the casting, the
dn/d(∆T)–∆T curves should be determined separately for surface nucleation and interior
volume nucleation. To define these curves, the main parameters required are ∆Tmax, ∆Tσ

and nmax (i.e., the area enclosed by the dn/d(∆T)–∆T curve). Compared with surface
nucleation, volume nucleation inside the ingot typically requires a higher undercooling,
so the maximum volume nucleation undercooling ∆Tv,max is higher than the maximum
surface nucleation undercooling ∆Ts,max. The values of ns,max and nv,max are generally
determined from the grain size of the alloy—the smaller the grain size, the larger ns,max

and nv,max.
In addition, when the grain size is fixed, a certain relationship exists between ns,max

and nv,max, as shown in Equation (2) [19,23], which helps to determine the ns,max and nv,max

more reasonably.

nv,max =

√
π

6
(ns,max)

3/2 (2)
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Figure 2. Relationship between nucleation density and undercooling degree for surface nucleation
and volume nucleation of the continuous nucleation model.

3.2.2. Grain Growth Model

The grain growth process is another key factor influencing the solidification mi-
crostructure of alloys. In the CAFE model, the relationship between the dendrite tip
growth velocity and undercooling is commonly described by the KGT (Kurz–Giovanola–
Trivedi) model. Calculation results based on the KGT model have shown that the
relationship between dendrite tip growth velocity and undercooling can be approx-
imated by a polynomial function [24]. The KGT model is fitted using the following
polynomial expression (Equation (3)) when applying the CAFE method to simulate the
alloy solidification microstructure.

v = a2∆T2+a3∆T3 (3)

In this equation, v represents dendrite tip growth velocity (m/s), ∆T is undercooling
degree (K), a2 (m/(s·K2)) and a3 (m/(s·K3)) are the dendrite tip growth kinetic parameters.

4. Influences of Simulation Parameters
4.1. Influences of Nucleation Parameters

As mentioned above, the parameters related to the nucleation process mainly in-
clude the nucleation density and nucleation undercooling. A higher nucleation density
obviously leads to finer grain structures. However, the morphology and size of alloy
grains are also influenced by the nucleation undercooling and the grain growth rate. This
section focuses on investigating the effect of nucleation undercooling on the simulated
solidification microstructure. A total of six simulation cases were conducted under dif-
ferent conditions to analyze this influence. All simulation cases were carried out with the
following fixed parameters: ns,max = 5 × 108/m2, nv,max = 8 × 1012/m3, a2 = 0 m/(s·K2),
a3 = 6 × 10−6 m/(s·K3). Meanwhile, the nucleation undercooling parameters were listed
in Table 2.

Figure 3 shows the simulated solidification microstructures for cases 01–06. With
the surface nucleation parameters kept constant, as the ∆Tv,max increases from 5 K to 8 K,
the ingot structure gradually transitioned from a fully equiaxed grain structure to a fully
columnar grain structure. It is evident that nucleation undercooling strongly affects the
grain morphology and the distribution of grain zones within the ingot. When the ∆Ts,max

is kept constant, a higher ∆Tv,max means that a greater undercooling is required for the
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nucleation of equiaxed grains within the ingot. Consequently, equiaxed grain nucleation
and growth become more difficult to occur, and grains nucleated at the surface continue
to grow inward, forming columnar grains. Conversely, as the ∆Tv,max decreases, the
undercooling required for equiaxed nucleation decreases, making it easier for equiaxed
grains to nucleate and grow. As a result, the columnar grain zone became narrower, while
the equiaxed grain zone progressively expanded.

Table 2. Nucleation undercooling parameters used for the microstructure simulation cases 01–06.

Case No. ∆Ts,max (K) ∆Ts,σ (K) ∆Tv,max (K) ∆Tv,σ (K)

01 1 0.1 5 0.5
02 1 0.1 6 0.5
03 1 0.1 6.5 0.5
04 1 0.1 7 0.5
05 1 0.1 7.5 0.5
06 1 0.1 8 0.5

(a) (b) (c) (d) (e) (f) 

Figure 3. Simulation results of the microstructure of sand cast steel ingot with different
∆Tv,max: (a) Case 01, ∆Tv,max = 5 K; (b) Case 02, ∆Tv,max = 6 K; (c) Case 03, ∆Tv,max = 6.5 K; (d) Case 04,
∆Tv,max = 7 K; (e) Case 05, ∆Tv,max = 7.5 K; (f) Case 06, ∆Tv,max = 8 K.

Figure 4 shows the simulated solidification microstructures within a selected region of
5 mm × 5 mm × 20 mm near the ingot surface, as indicated by the white dashed lines in
Figure 3a,c. Figure 4a presents the simulation result for Case 01, in which the solidification
structure consisted entirely of equiaxed grains, while Figure 4b shows the result for Case 03,
where both equiaxed and columnar grains coexisted. As seen in Figure 4a, a fine-grained
zone approximately 2–3 mm thick was present near the ingot surface. As the solid–liquid in-
terface advanced, the grain size within the ingot became coarser, and the grain morphology
became irregular. This indicates that, in this region, partial preferential growth of columnar
grains and volume nucleation and growth of equiaxed grains occur simultaneously. The
competition between these two processes resulted in a relatively disordered grain morphol-
ogy. Toward the center of the ingot, the solidification structure transitioned into a fully
equiaxed grain zone with more uniform and regular grain morphology. In Figure 4b, at the
beginning of solidification, a large number of fine and uniformly distributed grains formed
on the ingot surface. As solidification proceeded, some favorably oriented grains began
to grow along the temperature gradient, forming the columnar grains and developing the
columnar grain zone, which is approximately 15 mm thick. Eventually, the central region
of the ingot solidified into an equiaxed grain zone, resulting in a solidification structure
composed of three distinct regions: a fine-grained surface zone, a columnar grain zone, and
a central equiaxed grain zone. These simulation results are consistent with solidification
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theory and experimental observations, demonstrating that, with appropriate selection
of simulation parameters, the CAFE method can accurately reproduce the solidification
microstructure of the ingot.

 
(a) (b) 

Figure 4. Simulation results of the surface layer microstructure (the arrows point to the center of the
ingot): (a) case 01; (b) case 03.

4.2. Influences of Dendrite Tip Growth Kinetic Parameters

To analyze the effect of dendrite tip growth kinetic parameters on the simulation
results, this section varied the values of a2 and a3, while keeping all other parameters
constant. Simulation cases 07–10 were carried out with the following fixed parameters:
ns,max = 5 × 108/m2, nv,max = 8 × 1012/m3, ∆Ts,max = 1.0 K, ∆Ts,σ = 0.1 K, ∆Tv,max = 6.5 K,
∆Tv,σ = 0.5 K. The dendrite tip growth kinetic parameters used for each simulation case are
listed in Table 3.

Table 3. Dendrite tip growth kinetic parameters used for simulation cases 07–10.

Case No. a2 (m/(s·K2)) a3 (m/(s·K3))

07 0 3 × 10−6

08 0 6 × 10−6

09 0 1.2 × 10−5

10 0 2.4 × 10−5

Figure 5 shows the simulation results for cases 07–10. It can be seen that the dendrite
growth kinetic parameters also had a strong influence on the simulated solidification
microstructure. As the value of a3 increased, the proportion of columnar grains in
the ingot increased significantly. Since the undercooling required for grain growth is
generally lower than that required for nucleation, the grains nucleated at the ingot
surface began to grow immediately after nucleation. When the values of a2 and a3

were relatively large, the grain growth rate became faster. Consequently, the surface
grains grew rapidly along the temperature gradient before new grains could nucleate
inside the ingot, forming columnar grains and expanding the columnar grain zone. It
should be noted that although the dendrite growth kinetic parameters a2 and a3 can
be calculated based on the alloy composition and phase diagram, their values may
vary under certain conditions. For instance, in alloys subjected to grain refinement or
modification treatments, elements that inhibit grain growth are often added to improve
the solidification structure. In such cases, the parameters a2 and a3 should be adjusted
according to experimental results to ensure consistency between the simulation and
actual solidification microstructures.
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(a) (b) (c) (d) 

Figure 5. Simulation results of the microstructure of WE54 alloy with different dendrite tip growth
kinetic parameters: (a) Case 07, a3 = 3 × 10−6 m/(s·K3); (b) Case 08, a3 = 6 × 10−6 m/(s·K3);
(c) Case 09, a3 = 1.2 × 10−5 m/(s·K3); (d) Case 10, a3 = 2.4 × 10−5 m/(s·K3).

4.3. Influences of Solidification Conditions

The cooling rate is a key factor influencing the solidification microstructure of cast
alloys. To achieve accurate simulation of alloy solidification microstructures, it is essential to
correctly reproduce the effects of different cooling rates. To verify the capability of the CAFE
method in reasonably simulating the solidification microstructure of alloys under various
cooling rates, this section adjusted the ingot cooling rate by modifying the heat transfer
coefficient (HTC) parameters. Based on these adjustments, the solidification microstructures
of ingots under different cooling rates were simulated and analyzed. The simulation
cases 11–14 were carried out with the following fixed parameters: ns,max = 5 × 108/m2,
nv,max = 8 × 1012/m3, ∆Ts,max = 1.0 K, ∆Ts,σ = 0.1 K, ∆Tv,max = 6.5 K, ∆Tv,σ = 0.5 K, a2 = 0,
a3 = 6 × 10−6. The parameters related to cooling rate used in the simulation cases for this
section are listed in Table 4.

Table 4. Parameters related to cooling rate used for simulation cases 11–14.

Case No. Mold Material HTC (W/(m2·K)) Cooling Rate (◦C/s)

11 AISI 1008 300 0.5
12 AISI 1008 500 1
13 AISI 1008 750 2
14 AISI 1008 1000 3

As shown in Figure 6, the simulated results of Cases 11–14 indicate that with increasing
cooling rate, the grain structure of the ingot became significantly refined, which was
consistent with the experimental observations. At the same time, the proportion and
extent of the columnar grain zone within the ingot also changed markedly, as the cooling
rate increased, the fraction of columnar grains decreased notably. However, it should
be noted that variations in cooling rate can alter the parameters governing nucleation
and grain growth processes [10], while these effects were not considered in the present
simulations. To obtain more accurate simulation results, it is necessary to establish the
relationships between cooling rate and key parameters such as nucleation undercooling,
grain growth kinetics, and nucleation density. However, at the current stage, several
fundamental limitations prevent a reliable formulation of such relations for most alloys.
Although the qualitative influence of cooling rate on nucleation undercooling has been
well understood, the quantitative relationships among these parameters have not yet
been precisely determined [23,25]. Consequently, in current numerical simulations, these
parameters are generally obtained indirectly through trial-and-error adjustments. A proper
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combination of these parameters may lead to accurate simulation of the solidification
microstructure of alloys under actual casting conditions.

(a) (b) (c) (d) 

Figure 6. Simulation results of the microstructure of WE54 alloy under different cooling rates: (a) Case
11, 0.5 ◦C/s; (b) Case 12, 1 ◦C/s; (c) Case 13, 2 ◦C/s; (d) Case 14, 3 ◦C/s.

5. Experimental Verification
5.1. Calculation of Solidification Temperature Field

As discussed earlier, the simulated solidification microstructure of the ingot is strongly
influenced by the cooling rate during solidification. Therefore, an accurate calculation
of the temperature field during the solidification process is essential to ensure reliable
simulation results. In this section, the solidification process of the WE54 alloy ingot was
numerically simulated, and the results were validated using experimental data to ensure
the accuracy of the calculated temperature field. The parameters used for calculating the
solidification temperature field are listed in Table 5. The heat-transfer coefficients (HTCs)
were determined using an inverse calculation method [26,27] based on the experimentally
measured cooling curves shown in Figure 7. After 20 iterations of inverse calculations,
the HTCs for the MMC and SMC processes were determined to be 500 W·m−2·K−1 and
250 W·m−2·K−1, respectively. Figure 7 presents a comparison between the simulated and
experimental cooling curves for the ingots produced by MMC and SMC. The simulated
curves show good agreement with the experimental results, with the average deviation
being within 10 ◦C. Although the deviation increased during the later stage of solidification
(below 600 ◦C), it should be noted that grain nucleation and growth primarily occur during
the earlier stage (between 600 ◦C and 650 ◦C). In this temperature range, the simulation
and experimental curves exhibited a high level of consistency, providing the necessary
temperature-field accuracy for determining nucleation density and dendrite growth rate in
the solidification microstructure simulation.

Table 5. Parameters used for solidification temperature field calculation of MMC and SMC
WE54 alloy.

Casting Process Cast Alloy Mold Material 1 HTC (W/(m2·K)) Pouring Temperature
(◦C)

MMC WE54 AISI 1008 500 760
SMC WE54 Silica sand 250 760

1 The thermophysical parameters of the mold materials were selected from the material database of the ProCAST
17.5 software.

Figure 8 shows the simulated temperature field at the final stage of solidification and
the cooling curves at different positions within the ingot. The calculated temperature field
indicates that the ingot exhibits distinct directional solidification behavior. The overall
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solidification sequence progresses from the bottom to the top. The calculated cooling
curves reveal that, within the temperature range between the liquidus (631 ◦C) and solidus
(524 ◦C), the average cooling rate of the metal mold cast alloy was approximately 1 K/s,
while that of the sand mold cast alloy was about 0.3 K/s. The temperature field data
obtained from these simulations serve as the basis for subsequent numerical simulations of
the solidification microstructure.

(a) (b) 

Figure 7. Simulation and experimental results of cooling curves for MMC and SMC WE54 alloy
ingots: (a) MMC; (b) SMC.

  
(a) (b) 

Figure 8. Simulation results of temperature field and cooling curves of MMC and SMC WE54 alloy
ingots: (a) MMC; (b) SMC.

5.2. Solidification Microstructure Simulation

As indicated in Section 4, the nucleation undercooling, dendrite tip growth kinetics
parameters, and solidification conditions all have a direct influence on the simulated
solidification microstructure. Although both the nucleation undercooling and the dendrite
tip growth kinetics parameters are closely related to the cooling rate of the alloy [18], their
quantitative relationships are still difficult to establish. To achieve accurate simulation
of alloy solidification microstructures, the widely adopted practice is to determine the
nucleation undercooling and dendrite tip growth kinetics parameters through experimental
calibration combined with trial simulations.

For the determination of nucleation undercooling, the commonly used approach is to
extract it from the cooling curve of the alloy and its first derivative [18,28]. Figure 9 shows
the cooling curves and their first derivative curves for the WE54 alloys produced by MMC
and SMC. As shown in Figure 9a, during MMC, grain nucleation began at 645.4 ◦C and
reached its maximum nucleation rate at 639.2 ◦C. Accordingly, the maximum nucleation
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undercooling can be determined to be approximately 6 ◦C. For the SMC alloy, the maximum
nucleation undercooling was about 5 ◦C, slightly lower than that of the MMC alloy, as shown
in Figure 9b. This is consistent with the commonly reported conclusion that the ∆Tv,max of
cast alloys increases with increasing cooling rate [18]. Compared with Fe–C alloys, whose
∆Tv,max is approximately 10 K at a cooling rate of 0.3 K/s [23], the ∆Tv,max values determined
for the WE54 alloys are reasonable, considering that the melting point of WE54 alloy is much
lower than that of Fe–C alloys. In this section, ∆Tv,max was set to 6 K for the MMC alloy and
5 K for the SMC alloy. Since the nucleation undercooling required for surface nucleation is
much lower than that for volumetric nucleation, ∆Ts,max was set to 1 K for both MMC and
SMC alloys. Meanwhile, ∆Tv,σ and ∆Ts,σ were set to 0.5 K and 0.1 K, respectively.

 
(a) (b) 

Figure 9. Cooling curves and corresponding first derivative curves for WE54 alloy casting ingots:
(a) MMC; (b) SMC.

The dendrite tip growth kinetics parameters were calculated based on the alloy phase
diagram and composition using the ProCAST 17.5 software, yielding values of a2 = 0 and
a3 = 1 × 10−7. As the alloy composition of both MMC and SMC samples is identical, the
same growth kinetics parameters were used for both processes. On this basis, the nucleation
densities for the MMC and SMC alloys were determined through trial simulations and
comparison with the experimental results. In summary, the parameters used for the
solidification microstructure simulation of MMC and SMC WE54 alloys are listed in Table 6.

Table 6. Parameters used for solidification microstructure simulation of MMC and SMC WE54 alloy.

Casting Process ns,max
(m−2)

nv,max
(m−3)

∆Ts,max
(K)

∆Ts,σ
(K)

∆Tv,max
(K)

∆Tv,σ
(K)

a2
(m/(s·K2))

a3
(m/(s·K2))

MMC 2 × 109 6.5 × 1013 1 0.1 6 0.5 0 1 × 10−7

SMC 1.5 × 109 4 × 1013 1 0.1 5 0.5 0 1 × 10−7

To achieve a more accurate simulation of the alloy’s grain size, a calculation zone with
dimensions of 2 mm × 2 mm × 6 mm within the ingot (including the ingot surface, as shown
in Figure 10) was selected for detailed solidification structure simulation, using the parameters
listed in Table 6. The simulation results are presented in Figure 10, showing that both the
MMC and SMC WE54 alloys exhibited a fully equiaxed grain structure. However, the grain
size of the metal-mold-cast alloy was significantly smaller than that of the sand-mold-cast
alloy, consistent with the higher cooling rate in the metal mold casting process.

Figure 11 presents a detailed comparison between the simulated solidification mi-
crostructure and that observed experimentally. As shown in the figure, both the metal mold
cast and sand mold cast WE54 alloys exhibited equiaxed grains along with a small amount
of secondary phase distributed discontinuously along the grain boundaries. Due to the dif-
ference in cooling rates between the two casting processes, the grain size of the WE54 alloy
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varied significantly. Using the line-intercept method, the average grain size of the MMC
WE54 alloy was determined to be approximately 92 µm, while that of the SMC WE54 alloy
was about 150 µm. The simulated grain size and morphology agree well with the experi-
mental observations, with average grain sizes of 86 µm and 143 µm, respectively, indicating
that the simulation results accurately reflect the differences in grain size of WE54 alloy
under different casting conditions. Since extensive studies have demonstrated that the me-
chanical properties of WE54 alloy are directly related to its grain size, and this relationship
can be described by the Hall–Petch equation [29]. Once the solidification microstructure
and grain size of the WE54 alloy are accurately simulated, its mechanical properties can
be conveniently predicted. This enables integrated “process–microstructure–property”
numerical simulation and prediction for the WE54 alloy.

 
(a) 

(b) 

Figure 10. Simulation results of a 2 mm × 2 mm × 6 mm zone within the ingot: (a) MMC WE54 alloy;
(b) SMC WE54 alloy.

(a) (b) 

(c) (d) 

Figure 11. Solidification microstructure of WE54 alloy: (a) MMC, experimental observation; (b) MMC,
simulation results; (c) SMC, experimental observation; (d) SMC, simulation results.
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6. Conclusions
(1) The effects of nucleation undercooling and dendrite tip growth kinetic parameters

on the CAFE simulation results of the solidification microstructure were investigated.
When the surface nucleation undercooling is kept constant, increasing the volume
nucleation undercooling significantly increases the proportion of columnar grains in
the ingot. Under constant nucleation parameters, increasing the dendrite tip growth
rate also expands the columnar grain region.

(2) The influence of cooling rate on simulation results was investigated. As the cooling
rate increases, the solidified microstructure becomes markedly refined, indicating
that the CAFE model can reasonably capture the effects of cooling conditions and
other process parameters on the solidification structure of cast alloys. The CAFE
method effectively simulates the solidification microstructure of alloys under different
cooling conditions.

(3) Based on experimentally measured cooling curves, inverse heat-transfer analysis was
performed to determine the interfacial heat-transfer coefficients for MMC and SMC
processes, which were found to be 500 W·m−2·K−1 and 250 W·m−2·K−1, respectively.
Using these values, numerical simulations were carried out to obtain the correspond-
ing cooling curves, which showed a high degree of agreement with the experimental
results, with a maximum deviation of less than 10 ◦C. The calculated temperature
fields indicate that the average cooling rates of the MMC and SMC WE54 alloys are
approximately 1 ◦C/s and 0.3 ◦C/s, respectively.

(4) By analyzing the alloy cooling curves and their first-derivative curves, the nucleation
undercooling of WE54 alloy was determined. Under MMC and SMC conditions, the
maximum nucleation undercooling is approximately 6 ◦C and 5 ◦C, respectively. The
dendrite tip growth kinetic parameters were determined using software calculations.
Based on these parameters, the simulated solidification microstructures of MMC and
SMC WE54 alloys consist entirely of equiaxed grains, consistent with experimental
observations. The numerically predicted grain sizes for MMC and SMC WE54 alloys
are 86 µm and 143 µm, respectively, whereas the experimentally measured grain sizes
are 92 µm and 150 µm. These results demonstrate that the numerical simulation can
accurately predict the grain size and thereby provide a reliable basis for predicting
the alloy’s mechanical properties.
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