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Abstract: This study investigates the eutectic equilibrium phases in a multicomponent sys-
tem through 3-D multi-phase-field simulations. Emphasizing the directional solidification
process, the work examines the growth dynamics of intermetallic phase Alj3Fey4, a lamellar
structure (FCC-A1), and a quaternary phase beta-AIMnSi from the liquid that is solidified
at a specific temperature. The eutectic transformation, described by the four phase reaction
L — AljsFeq + FCC-A1 + beta-AIMnSi, is analyzed to develop a microstructure selection
map. This map correlates stable growth modes with initial system composition and lamellar
spacing. The results provide detailed insights into the segregation behaviour of alloying
elements and their influence on transformation kinetics, enhancing the understanding of
eutectic microstructure evolution in complex alloy systems.
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1. Introduction

Aluminum alloys are extensively utilized in automotive, aerospace, and transporta-
tion industries due to their superior mechanical properties and sustainability potential.
The increasing global emphasis on environmental sustainability and the rising demand for
aluminum alloys can be effectively addressed by incorporating recycled aluminum alloys.
This approach not only reduces production costs but also decreases energy consumption.

Among commonly used aluminum alloys, the 3000 series is notable for its lightweight
nature, high mechanical strength, and excellent formability [1]. Key alloying elements
such as Fe, Mn, and Si play critical roles in enhancing these properties: Fe prevents mold
sticking during die casting [2], Si improves liquid phase fluidity [3,4], and Mn stabilizes
intermetallic phases [5,6], thereby improving mechanical properties. However, choosing
the right composition of these elements is crucial, as exceeding their weight fractions can
lead to the formation of brittle intermetallic compounds [7], adversely affecting mechanical
performance. Therefore, effective control of phase formation is essential to optimize the
mechanical properties of aluminum alloys during design and manufacturing [8-11].

To explore the large compositional space of multicomponent alloys, computational
methods are employed to predict phase behavior under solidification and equilibrium con-
ditions. Thermodynamic models are valuable tools for designing aluminum alloys [12,13].
The CALPHAD approach is widely used for material design and process optimization
of aluminum alloys [1,14]. The strength of the CALPHAD method lies in its ability to
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use self-consistent parameters to predict thermodynamic behavior in multicomponent
systems [8,15].

Phase field modeling is another computational approach that simulates complex
systems, such as solidification [16], segregation [17-19], and grain growth [20], using
thermodynamically grounded partial differential equations [21]. Accurately predicting
changes in precipitate morphology, size, volume fraction, and spatial distribution during
heat treatment is critical for understanding precipitate hardening effects. Meso-scale
simulations, such as those for Al,Cu precipitates, provide insights into these processes [22].
The phase field method, particularly with diffuse interface approaches, simplifies modeling
by eliminating the need for explicit interface tracking [21].

Understanding and designing aluminum alloys through thermodynamic models is
enhanced by numerical simulations. These models allow for the analysis of various factors
influencing microstructural evolution [22-27]. However, evidence of distinct quaternary
phases in aluminum alloys is limited. For instance, the a-AIMnSi phase extends signifi-
cantly into the quaternary system, approaching the ternary Al-Fe-Si system, yet no stable
quaternary phase exists in the aluminum-rich corner of the Al-Fe-Mn-Si system [28]. Com-
bining computational thermodynamics with multi-phase-field models enables a detailed
analysis of phase distributions in multicomponent systems. According to Warmuzek [29],
rod-shaped FCC-A1 morphology can form through eutectic transformation involving two
key reactions: However, experimental data on quaternary phases in multicomponent
aluminum alloys remains scarce.

Furthermore, Alj3Fe, is an important intermetallic phase in the Al-Fe-Mn-Si system
because of its influence on the microstructure and properties of Al-based alloys. This phase
is the only equilibrium phase forming in the Al-rich corner of the Al-Fe-Si system and it
forms during solidification as part of eutectic reaction. This phase is especially common
in recycled aluminum alloys, where iron tends to accumulate due to its low solubility in
aluminum. As reported in Quan Li et al. [7], the Al 3Fe4 intermetallic phase negatively
impacts the mechanical properties of recycled aluminum alloys with high iron content by
acting as a stress concentrator, reducing ductility and corrosion resistance [30]. Therefore,
understanding the formation, morphology, and interactions of this phase with other in-
termetallics is essential for designing alloys that mitigate its detrimental effects [31]. Such
research contributes to improving the structural performance, recyclability, and mechanical
and corrosion-resistant properties of aluminum alloys [32].

The objective of this study is twofold: first, to develop a microstructural selection map
of eutectic solid phases formed via key reactions leading to the emergence of the quaternary
phase beta-AlMnSi; and second, to employ the phase field method to characterize the
quaternary phase both qualitatively and quantitatively. This study focuses on the lamellar
structure of FCC-A1, intermetallic precipitation, microstructural evolution, and the spatial
distribution of beta-AIMnSi as the quaternary phase. These investigations, conducted
through multi-phase-field simulations, aim to provide a comprehensive understanding of
the mechanisms governing microstructure formation in complex eutectic systems.

2. Literature Review of Thermodynamic Modeling of Aluminum Systems

The equilibrium phase diagram of the quaternary Al-Fe-Mn-Si system is constructed
by evaluating the equilibrium phase diagrams of two related ternary systems: the Al-Fe-Si
system (Figure la) and the Al-Mn-Si system (Figure 1b) [33]. The liquidus projection of
the Al-Fe-Si system (Figure 1a) identifies stable compounds, including -1, J-14, -5,
and -1 [34]. Similarly, the Al-Mn-Si ternary system (Figure 1b) highlights the role of
manganese (Mn) in suppressing the B-1¢ phase, particularly in the presence of iron, thereby
improving the mechanical properties of cast components [28].
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Figure 1. (a) Liquidus projection of the Al-Fe-Si ternary system and (b) Al-Mn-Si ternary system [28].

In the Al-Fe-Mn-Si system, two significant phases, a-AIMnSi and S-AIMnSi, have been
identified. Zakharov et al. [35] reported a stable FCC-structured phase, (Al;,(Mn, Fe),Si3),
alongside previously identified compounds (AlgFeMnSi, ) [36] and (Aly; gFeMn; ¢Sij 6) [37].
Although a-AIMnSi was initially observed in the ternary Al-Mn-Si system, it extends into
the quaternary system as B-AlMnSi (Please note that B-AIMnSi is named as beta-AIMnSi by
Thermo-Calc). However, no distinct or stable quaternary phases have been independently
confirmed [28,38].

The COST-507 database [33] includes models for a-AIMnSi and S-AIMnSi, incorpo-
rating Fe solubility changes within the Mn sub-lattice [28]. Proposed chemical composi-
tions, such as (Al;4(Fe, Mn),Si; (Al, Si),) for a-AIMnSi and (Al;55i; (Al, Si), (Fe, Mn),) for
B-AlMnSi, provide improved phase descriptions but fail to fully capture order-disorder
transitions or solubility variations [39].

Table 1 summarizes key equilibrium phases in the quaternary system, listing opti-
mized parameters of the B-AIMnSi phase and corresponding experimental and calculated
data [28].

Table 1. Optimized Parameters for the f-AIMnSi Phase in the Quaternary System.

Phases Fixed Composition [in wt.-%] Experimental Values  Calculated Values
Aly3Fey, B-AlMnSi W = 0.04, wg; = 0.02 737 °C, wg, = 0.03 747 °C, wr, = 0.032
AlgMn, B-AlMnSi, Si wre = 0.02, wg; = 0.01 697 °C, wp, = 0.03 728 °C, wpy,, = 0.039
a-AlMnSi, B-AIMnSi wre = 0.01, wg; = 0.04 687 °C, wpyn, = 0.035 716 °C, wpy,, = 0.0035

Thermodynamic validation indicates that B-AIMnSi serves as an extended quaternary
phase derived from the ternary Al-Mn-Si system, maintaining equilibrium with two clas-
sical eutectic phases: FCC-A1 and Alj3Fes. This study simulates the four-phase reaction
L — Alj3Feq + FCC-A1 + beta-AIMnSi to further explore phase transformations.

3. Materials and Methods
Multi-Phase-Field Model Coupled to CALPHAD Database

The phase field approach [40] is a well-established numerical simulation technique
used to model the microstructural evolution of materials during phase transformations.
This method employs “diffuse interface models” to resolve interactions between phases.
Each thermodynamic phase or grain is represented as a field variable, denoted by



Metals 2025, 15, 135

4 0f 20

¢i(x,y,z,t), which undergoes a dynamic transition from 0 to 1 across a diffuse, continu-
ous interface separating two phases. Importantly, the total magnitude of all phase-field
variables within any phase region is constrained to 1 [21].

N
2 (x,y,x,t)=1, 1)

The number of phases present in each discrete volume is denoted by N. The phase variable
represents the temporal evolution of the microstructure. The criterion for minimizing the
total free energy density of the system is defined as follows:

F= [ £av = [ i+ forn)dV 2)

The description of all terms in the multi-phase-field model requires the integration
of various physical phenomena, including interfacial energy (f,;) and chemical energy
(fehem), over the entire volume of the system. The free energy densities associated with
interfacial and chemical contributions are expressed as follows:

fint = Z Z

a=1B>a

_;72
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N
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The interfacial free energy terms, f;,;, are formulated based on the numerical interface
width, 77, which is chosen according to the characteristic length scale of the problem, and the
interfacial energy, between the a phase and p phase. The chemical free energy terms, f,
include contributions such as the bulk free energy, f, of the « phase and its dependence
on the concentration, ¢y, represented as f,(cy ). Furthermore, the chemical potential (y) or
potential diffusivity is introduced as a Lagrange multiplier to ensure that the mass balance
between the phases remains unchanged.

Finally, the equation governing the evolution of the phase is derived based on the
principle of free energy minimization,

. 1 X SF  OF
=—— Mg | = — — | - (5)
Y a:%ﬁ ’ [54’“ ‘S‘Pﬁ]

Within in the MPF framework, this equation is expanded into,

H M * * 7-[2
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The definitions of the parameters used in these equations are as follows: The number
of phase fields is denoted by N; for example, (N = 2) for dual interfaces and (N = 3) for triple
junctions. The term I, represents the generalized curvature. The mobility of the interface



Metals 2025, 15, 135

50f 20

between the « and  phases is denoted by M,g. The length scale of the numerical interface
width, , is related to the simulation resolution. The interface stiffness between the « and j
phases is described by ¢*, while the driving force between the phase pair ap is represented
by Agup. The parameter for local undercooling due to solute distribution is denoted by
AT,p. The equilibrium slope, m,g, is calculated by linearizing the phase diagram surface
at the equilibrium state. The local composition in phase « is represented by c,, and the
equilibrium composition is denoted by ¢;. The interface driving force, Ag,g, is derived
from a quasi-equilibrium condition, where the local undercooling AT, g corresponds to the
deviation in solute composition from the equilibrium composition. AS, is defined as the
difference in entropy between the « and 8 phases.

In multicomponent systems, an essential requirement is the formulation of diffusion
equations for each solute element. The complexity arises due to the interdependence of
these diffusion equations, which are interconnected through cross terms. In this framework,
the total composition, c; is treated such that the interface contains the phase compositions,
ci, of all constituting phases «. This capability facilitates simulations at the micrometer
scale. Furthermore, thermodynamic information is obtained from the COST-507 database
using the CALPHAD method, implemented in Thermo-Calc software version 2021b. This
approach enables the calculation of phase diagrams by deriving the formula for single-
phase Gibbs energy, considering pressure, temperature, and composition as variables in the
equations [41]. The phase field model extends the CALPHAD approach and is employed
to investigate the thermodynamic and kinetic properties of materials [42—44]. This method
allows for the examination of capillarity effects, phase and grain boundaries, and diffusion
phenomena, particularly under non-equilibrium conditions [41].

The multi-phase-field (MPF) model incorporates a diffusion equation to represent the
evolution of solute composition across phases.

. N L .
i v( S DIV + (T f;,») , (10)
a=1 a,p=1

The summation constraint is defined as:
thci = (11)
4

While, the phase compositions are obtained by imposing the condition of equilibrium
partition coefficient,
cp = kigCa (12)

In Equations (10)—(12), c represents the total composition of solute element i, whereas
ci, and c;g represent the phase compositions of the solute element 7 in phase « and j3, respec-

tively. The equilibrium partition coefficient is given by k! p and the diffusion coefficient

sz is derived from the kinetic database. The term ]:x p represents the anti-trapping current,
which is designed to minimize systematic errors caused by the diffuse interface and vari-
ations in solute diffusivity between the solid and liquid phases, denoted as af. The full
description of anti-trapping term for multicomponent alloy system can be found in [21,41].

Thermodynamic minimization is essential for determining phase concentrations based
on the mixture concentration and individual phase fractions derived from the phase fields.
However, performing quasi-equilibrium computations at every time step can impose sig-
nificant computational demands. To enhance efficiency, intermittent quasi-equilibrium
calculations are carried out, depending on the characteristics of the phase transformation.
Between these calculations, the established quasi-equilibrium serves as the basis for con-
structing a local linear approximation of the equilibrium boundaries between phases. This
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approach allows for the determination of key thermodynamic parameters, including the
driving force, phase balance, substance distribution among phases, and the composition of
each phase [45,46].

The system temperature is updated using the frozen temperature method, which
accounts for a constant thermal gradient and cooling rate [47]. The complete set of equations
describing the interconnected phase field model, as discussed above, has been implemented
in the “OpenPhase” software package [48].

4. Simulation Set Up and Material Input Data

The model employed in this study is the multicomponent multi-phase-field (MPF)
model developed by Steinbach and co-workers [21,46], implemented using the OpenPhase
software version 4.7. For the simulation, a 3D box with dimensions of 60 x 60 x 120 grid
cells and a grid resolution of 1 x 1077 m was considered. At the start, the simulation box
is assumed to be entirely filled with liquid phase at a temperature above the liquidus.
Due to the limited size of the simulation domain, the calculations are restricted to the
scale of multiple dendrite growth within a single grain. As the solidification progresses,
multiple seeds of primary phase (FCC-A1) and precipitates (Al;3Fes and beta-AIMnSi) are
allowed to nucleate in the simulation domain. While precipitates are permitted to nucleate
throughout the domain, the primary phase is restricted to grow only from the bottom
surface, replicating the epitaxial growth typically observed in directional solidification. It is
worth noting that each surviving seed is assigned a unique order parameter, although the
phase fields of the same phase are allowed to merge or collapse due to competitive growth.
Table 2 presents the optimized physical and numerical parameters used in the simulation. It
also provides details on the global cooling rate, thermal gradient along the Z-axis, and initial
temperature. For the simulation, a 3D box with size of 60 x 60 x 120 grid cells and a grid
resolution equal to 1 x 10~7 m was considered.

Nucleation was modeled based on AL Greer’s approach [49,50], which relates the
formation of nuclei to the local driving force exceeding the nucleation barrier. Depending on
the nucleation density set for the nucleating phase, the model initially plants the nucleation
seeds of the phase in the matrix phase. However, the seeds are allowed to grow only
when the local driving force (AGjyc,) calculated from Equation (8) exceeds the curvature
undercooling. This relationship is expressed by the following formula:

2
AGlocul > U;nax ’ (13)

where, 07,4y is the interface energy and r is the radius of the seed.

Table 2. Optimized numerical and physical parameters employed for 3D phase field simulations.

Parameter Description Symbol Value

Box size (x-direction) Ly 60

Box size (y-direction) Ly 60

Box size (z-direction) L, 120

Grid spacing Ax 1x1077 m
Numerical time increment At 1x10°¢s
Diffuse interface width n 45x107" m
Initial temperature Ty 927 K
Cooling rate ‘% —100K/s
Thermal gradient along z-axis G; 10,000 K/m
Interface mobility: Liquid to FCC-A1 Moy 0.750 x 10~ m*/J-s
Interface mobility: Liquid to Alj3Fey My 1.03 x 1071 m*/J-s
Interface mobility: Liquid to beta-AIMnSi Mo 1x 1079 m4/J-s
Interface mobility: FCC-A1 to Aly3Fey Mip 1.03 x 10710 m*/J-s
Interface mobility: FCC-A1 to beta-AIMnSi My3 1.03 x 10710 m*/J-s

Interface mobility: Alj3Fey to beta-AIMnSi Mos 3.03 x 107 m*/J-s
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4.1. Effective Mobility

Determining accurate values for interface mobility is essential for the material input
data. In this study, the effective interface mobility between different phase pairs is calculated
using the equation provided in [21], defined as:

1w =y (1 + y%ASml (D] (cl - c’)) , (14)

The effective mobﬂity, yef / between two phases is calculated based on the chemical
diffusion coefficients (D;] ), the entropy difference ( AS) between the phases, the composition
of each element at two different temperatures within each phase (cé - c{ ), and the slope
( m;) between two equilibrium phases in the liquid. These values are derived from the
results of phase-field simulations.

4.2. Material Input Data

The nominal composition of the quaternary Al-Fe-Mn-Si system, as presented in
Table 3, is derived from the experimental reference [51]. Figure 2 indicates phase for-
mation in the Al-Fe-Mn-S5i system under equilibrium (lever rule) and non-equilibrium
(Scheil-Gulliver) conditions was calculated using Thermo-Calc version 2021b, employing
the thermodynamic database (tdb-file) provided by Hallstedt and co-workers [52].

Table 3. Chemical composition of multi component alloys Al-Fe-Mn-Si utilized in phase-field simulation.

Elements Al Mn Fe Si
Composition (Weight %) Bal 2.7 1.223 0.04
Composition (Mol %) Bal 1.353 0.603 0.039
1.0 945
/ — Liqui —
— IL\II(:l?:II;iM 943 5 Eq'ulll'brlum
=IFCC-A1 - t’g"’g + A1 3Fed
s = Liqul e
= 0.8 — beta-AlMnSi 4 — Liquid + Al13Fe4 + FCC-A1
s 939 — Liquid + Al113Fed + beta-AIMnSi +FCC-A1
Q
8
5 0.6 937
s <
P < 935
2 2
£ 0.4 g 933
s :
% ki 931
g 0.2 929
< 927
\
0.0 925
500 1000 1500 2000 X 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
/ N
A Temperature [K ] N\ Mole Fraction of Solid

(@) (b)

Figure 2. Calculation of stable phase fractions: (a) under equilibrium conditions as a function of
temperature based on the element percentages in Table 3, and (b) using Scheil-Gulliver solidification
based on the element contents in Table 3.

4.2.1. Formation of Intermetallic Phases at Equilibrium Condition in Multicomponent
Al-Fe-Mn-Si System

This multicomponent system comprises Al, Si, Fe, and Mn. The formation of phase
compounds is influenced by the temperature and concentration of these elements. In this
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system, stable equilibrium phases at specific compositions and temperature conditions can
be identified using the phase diagram.

Figure 3 presents three isopleth phase diagrams illustrating the variation in the per-
centages of Fe, Mn, and Si with respect to temperature. In Figure 3a, the cross point on
the diagram at approximately 1.223 wt.% Fe indicates the formation of phases during
solidification, which includes: (i) the appearance of the intermetallic Alj3Fe,4 phase at high
temperature as the first solid phase, (ii) the nucleation of FCC-A1, and (iii) the formation
of beta-AIMnSi. Figure 3b,c depict the stability of equilibrium phases with respect to
temperature for varying Mn and Si contents on the isopleth phase diagrams.

In this work, the Mn content was set at 2.7 wt.%, while the Si content was maintained
at less than 1 wt.%. It is worth noting that, in this multicomponent alloy, the chemical
composition adjustments of the elements play a critical role in determining the eutectic
transformation. The eutectic transition in multicomponent alloys is characterized by the
production of the initial solid phase during solidification, which dictates whether the
phase transformation is hypo or hyper eutectic. The nucleation of Alj3Fey as the initial
intermetallic phase in this system confirms the hyper-eutectic transition. Additionally,
the formation of beta-AIMnSi as a quaternary phase verifies the presence of two distinct
reactions in this system.

950
930 Al13Fe4
— Al13Fe4 945 |— Liquid
945 — Liquid — FCC-A1 4
— FCC-A1 = — beta-AlMnsi .
o — beta-AIMnSi ¥ 940 Liquid+Al13Fe4,
¥ 940 [ 0
@ Liquid+Al13Fed 5
£~
2 © 935
& 935 o
] o
£ £ o030
g 930 Liquid+Al13Fe4+FCC-A1 it
S Liquid+Al13Fe4+FCC-A1
925 — 925
Liquid+AL13Fe4+FCC-A1+beta-AlMnSi Liquid+Al13Fe4+FCC-A1+beta-AIMnSi
920 920
00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0 0.0 05 1.0 15 2.0 25 3.0 35 4.0 45 5.0

Mass percent Fe

Mass percent Mn

(a) Fe isopleth (b) Mn isopleth
950
945 e
g Liquid+Al13Fe4
X940 — Al13Fe4 a
e — Liquid
2 — FCC-A1
£ 935 — beta-AIMnSi
:
¢ 930
= Liquid+Al13Fe4+FCC-A1
925
920 Liquid+Al13Fe4+FCC-A1+beta-AIMnSi
" 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
/\\ Mass percent Si
/=N

(c) Si isopleth

Figure 3. The isopleth phase diagrams (a—c) show the nucleation and growth of FCC-A1, Al 3Fey,
and B-AlMnSi from the undercooled liquid. The X-axis represents the chemical composition of (a) Fe,
(b) Mn, and (c) Si with respect to temperature.
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4.2.2. Initial Si Composition Adjustment

After performing phase diagram calculations for the quaternary system using Thermo-
Calc, the model was transformed into a triangular representation. In this model, Si and
Mn were positioned along the sides in regions with high Al concentrations, as shown in
Figure 4. The equilibrium stability of the liquid, FCC-A1, Al;3Fey4, and beta-AIMnSi phases
in this system is observed when the Si concentration is 0.04 wt.% and the Mn content is
2.5 wt.%. Consequently, these values were chosen for this study.

Phase diagram calculations for the quaternary system were performed using Thermo-
Calc, and the model was subsequently transformed into a triangular representation. In this
model, Si and Mn were positioned along the sides in regions with high Al concentra-
tions, as illustrated in Figure 4. The equilibrium stability of the liquid, FCC-A1, Al;3Fey,
and beta-AIMnSi phases in this system is evident when the Si concentration is 0.04 wt.%
and the Mn content is 2.5 wt.%. These values were, therefore, chosen for this study.

— beta-AIMnSi o0, Liquid+FCC-A1
— Liquid 0.09 /\ floe
FCC-A1 /X ) Liquid+FCC-A1+Al13Fe4
/ \
— Al3Fe4 0.08 \ /
ol \ Liquid+Al13Fe4+FCC-A1+beta-AIMNSi
/ \ /

&> W \ ,
0.06,/ \ / } /
/ /

Al13Fe4+beta-AIMnSi+FCC-A1

e 4
\ / Liquid+Al13Fe4+beta-AIMnSi
\ /

/ '/// Liquid +Al13Fe4
-

Mass percent Mn

Figure 4. FCC-A1, Alj3Fe4 and beta-AIMnSi with liquid in alloy Al-Fe-Mn-Si system while Mn and
Si elements are on the triangle sides in the rich corner aluminum.

5. Results

This section presents detailed insights from phase-field simulations on the evolution
of the primary phase and the simultaneous formation of multiple precipitates as eutectic
phases [53]. In the current 3D phase field simulation, eutectic solidification is investigated
through two distinct reactions. The first reaction,L. — (Al;;Fey) + (FCC-A1) results in
the nucleation and growth of the Alj3Fe, precipitate phase and the rod-shaped FCC-A1
phase. The second reaction involves the nucleation of the quaternary phase (beta-AIMnSi)
from the residual liquid within the simulation box. These simulations demonstrate the
capability of the 3D multi-phase-field approach to analyze the nucleation and spatial
distribution of equilibrium solid phases and microstructures in the quaternary Al-Fe-Mn-Si
system. The initial condition of the simulation assumes the system is completely filled
with liquid phase, with the nominal composition provided in Table 3. The system’s initial
temperature is set to 927 K, where only the liquid phase is stable. Solidification in the
multicomponent system begins with the emergence of the intermetallic phase Alj3Fey
within the undercooled liquid melt.

Figure 5 illustrates the nucleation and growth of the Al;3Fe4 phase at three different
time steps: (a) tp = 0.0195 s, (b) t; = 0.031 s, and (c) t, = 0.052 s. The Alj3Fe4 phase is
recognized as a high-temperature precipitate in aluminum systems [54]. In this multi-
phase-field simulation, the amount of this precipitate is less than 4%. The nucleation and
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2pum

growth of the Al 3Fes phase are observed throughout the simulation box, appearing in a
spherical shape.

These observations suggest that the diffusivity of Fe and Mn atoms plays a critical
role in the formation of this intermetallic phase at high temperatures, whereas Si atoms
cannot diffuse into this phase. However, it is inevitable to account for the presence of
Si as an impurity in the Alj3Fey phase [55]. Furthermore, during the formation of the
intermetallic Alj3Fey phase in the liquid, supersaturation of Fe and Mn elements occurs.
Notably, this phase strongly rejects Si, indicating that Si is not thermodynamically favorable

in its structure.

Figure 5. (a) Nucleation of Alj3Fey at fy = 0.0195 s, (b) growth of this precipitate at t; = 0.031 s,
(c) completion of the precipitate at t; = 0.052 s.

As shown in Table 2, the nucleation of the FCC-A1 phase is permitted at the bottom of
the simulation box along the Z direction. The largest domain within the simulation box
is occupied by the FCC-A1 eutectic phase, which forms in a rod-like or lamellar structure.
Figure 6 illustrates the evolution of the FCC-A1 eutectic phase at three distinct time steps:
(a) nucleation of FCC-A1 at tg = 0.0255 s, (b) growth at ¢; = 0.031 s, and (c) the phase
nearing the completion of solidification at t; = 0.052 s. This phase is recognized as the
primary phase in the casting of aluminum systems.

The simulation reveals restricted diffusion of silicon atoms within the liquid during the
formation of the FCC-A1 phase. Experimental studies indicate that the growth of lamellae
transitions from an unstable state to a metastable state and eventually stabilizes as the
spacing between lamellae increases [53]. However, the simulation results show that the
growth of the lamellar remains unstable. This instability can be attributed to the limitations
in the size of the simulation box.

Furthermore, during the formation of the FCC-A1 phase, silicon saturation occurs in
the liquid, while this primary phase rejects Fe and Mn atoms. These observations highlight
the phase’s unique interaction with the surrounding liquid environment and its role in
solidification dynamics.

The formation of the third quaternary phase, beta-AIMnS;, is a result of the second
eutectic reaction. Thermodynamic calculations indicate that, in the selected alloy system,
the amount of this quaternary phase is less than 1%. This phase exhibits distinct charac-
teristics compared to the intermetallic and primary phases. Notably, there is a significant
diffusion of Mn atoms and a marked depletion of Fe in this phase. Additionally, Si atoms
can dissolve in this quaternary phase, albeit to a limited extent. Figure 7 illustrates the
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O beta-AIMnSi

nucleation of beta-AIMnSi within the undercooled liquid at the interface between FCC-A1l
and Al;3Fey at three different time steps: (a) tg = 0.039 s, (b) t; = 0.04 s, and (c) t, = 0.052s.
This quaternary phase can be distinguished from the intermetallic and primary phases
based on two key features. First, the supersaturation of Mn and Si elements occurs at the
interface between FCC-A1l and Alj3Fes during the nucleation and growth of beta-AlMnSi.
Second, the Fe element is actively rejected by this phase during its formation. These be-
haviors highlight the unique thermodynamic and kinetic properties of beta-AIMnSi in the
Al-Fe-Mn-Si system.

/

=

O Fcc-A1

2pm

»

Figure 6. (a) Nucleation of FCC-Al at fy = 0.0255 s, (b) growth of this phase at t; = 0.031 s,
and (c) completion of the solid phase at t, = 0.052 s.

(a)

(b) (c)
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Figure 7. (a) Nucleation of beta-AIMnSi at tp = 0.039 s, (b)t; = 0.04 s growth of this phase at,
and (c) completion of the phase at t; = 0.052s.

Figure 8 illustrates the sequential nucleation and growth of the Alj3Fey , FCC-Al,
and beta-AlMnSi phases, emphasizing their spatial distribution and interactions as ob-
served in the simulation.
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Figure 8. Microstructure evolution of the multicomponent Al-Fe-Mn-Si system during directional
solidification via eutectic reactions at four different time steps: (a) ty = 0.0255 s, (b) f; = 0.032's,
(c) t = 0.039 s and (d) t3 = 0.052 s, showing the phase fractions of Alj3Fe, (dark blue), FCC-Al
(light blue), and beta-AIMnSi (orange) in the multi-phase-field simulation.

5.1. Elemental Distribution of Alloying Elements

Macro-segregation and micro-segregation are critical factors to consider during the
directional solidification of multicomponent aluminum alloys. The distribution of each
element significantly influences material properties, impacting the homogeneity and com-
position of secondary phase precipitates. Both macro-segregation and micro-segregation
patterns can be observed in alloying elements during the solidification process.

The multi-phase-field (MPF) model offers a substantial advantage in its ability to
accurately replicate the spatial arrangement of components in 3D [41,56]. Understanding
segregation is particularly crucial in the multicomponent Al-Fe-Mn-Si system, where it
plays a key role in determining microstructural and compositional outcomes.

This section analyzes the simulation results to determine the elemental distribution of
alloying elements across various phases. Figure 9 illustrates the solute segregation of alloying
elements at the end of solidification (t = 0.04 s), along with the corresponding morphology.

As shown in Figure 9, alloying elements such as Fe and Mn, which act as stabilizers
for the Alj3Fe4 intermetallic phase, exhibit higher enrichment in this phase compared to
the primary FCC-A1 phase. The segregation of Mn in the beta-AIMnSi quaternary phase
results in an enriched concentration profile. Consequently, Fe atoms are concentrated
in Alj3Feq while being depleted in the FCC-A1 and beta-AIMnSi phases. Silicon shows
slight segregation in the FCC-A1 and Al 3Fe4 phases but is notably depleted in the Aly3Fey
intermetallic precipitate [56].
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Figure 9. Concentration distribution of all solute components in the multicomponent Al-Fe-Mn-Si
system (a) Fe, (b) Mn, (c) Si at ¢t = 0.04 s. (d) the morphology with phase information is shown on
the right.

5.2. Distribution of Alloying Elements in Each Phase Pair
5.2.1. Alj3Fe4 and Liquid

Figure 10 presents a section of the simulation box, illustrating the total mole fraction
of (a) Fe, (b) Mn, and (c) Si, corresponding to the volume fractions of the liquid phase and
the Alj3Fey intermetallic phase, as shown in Figure 10. Additionally, Figure 11d,f depict
the spatial distribution of Fe, Mn, and Si concentrations within the liquid phase and the
intermetallic compound Aly3Fey.
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Figure 10. (a) Line scan of the volume fraction of Alj3Fe, along the white line. (b) Depicts the volume

fractions of Alj3Feys and the liquid phase.

The phase denoted as Alj3Fe4 originates from the binary Al-Fe system and persists
in the ternary Al-Fe-Mn system. In this compound, some Mn atoms can substitute for Fe
atoms, although Mn solubility is limited. Si atoms in the Alj3Fe4 precipitate cannot exceed
2.5 wt % solubility [54]. A line scan of the simulation results reveals Mn segregation within
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the Alj3Fey precipitate, confirming experimental observations [54]. Additionally, while
Fe segregation is observed, it is not complete, aligning with experimental findings that
describe the phase composition as Alj3Feys [54]. The Si element is notably depleted in this
precipitate, further corroborating experimental data.
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Figure 11. Line scan of solute elements in the Al-Fe-Mn-Si system at a specific time step along the Al;3Fey
and liquid phases (shown by the white line). (a—c) Show the mole fractions of Fe, Mn, and Si, respectively.
(d,e) highlights the phases presence, where Fe and Mn segregated, while Si is depleted.

5.2.2. FCC-Al and Liquid

Following the procedure described in Section 5.2.1, a line scan is generated, as shown
in Figure 12, to illustrate the concentration profiles of (a) Fe, (b) Mn, and (c) Si corresponding
to the volume fraction of the liquid phase and FCC-A1, as depicted in Figure 13.

The line scan in Figure 13d reveals that there is no diffusivity of iron (Fe) or manganese
(Mn) atoms into the primary FCC-A1 phase, indicating depletion of Fe and Mn in this
phase. Conversely, Figure 13e demonstrates the solubility of silicon (Si), which increases to
a limited extent in the FCC-A1 phase.
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Figure 12. (a) Line scan of the volume fraction of liquid along the white line. (b) Shows the volume
fractions of FCC-A1 and the liquid phase.
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Figure 13. Line scan of solute elements in the Al-Fe-Mn-Si system at a specific time step along the
FCC-A1 and liquid phases (shown by the white line). (a—c) Show the mole fractions of Fe, Mn, and Si,
respectively. (d,e) highlights the phases presence, where Fe and Mn depleted, while Si is segregated.
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#5. Volume fraction beta-AIMnSi

5.2.3. Beta-AIMnSi and Liquid

As previously noted, the alloy system is quaternary. According to the Gibbs phase rule,
three solid phases should form at the end of the eutectic reactions. Based on thermodynamic
modeling, the quaternary Al-Mn-Fe-Si system does not exhibit a distinct new phase. Instead,
it comprises a mixture of two ternary systems: Al-Mn-Si and Al-Fe-Si, which can result in
the extension of the beta-AIMnSi phase [28]. At the conclusion of this simulation, the liquid
phase, along with FCC-A1 and Alj3Fey, transforms into beta-AIMnSi through the second
eutectic reaction.

In Figure 14, a line scan (white arrow) is used to analyze the presence of the quaternary
beta-AIMnSi phase, following the same procedure as in the previous section.

The elemental distribution in the quaternary beta-AIMnSi phase during its formation
and growth under directional solidification is analyzed in Figures 14 and 15. These line
scans reveal that no Fe atoms are present in beta-AIMnSi, as all Fe atoms are replaced by
Mn, leading to a significant depletion of Fe in this phase. Furthermore, Fe atoms were not
observed in FCC-A1. Conversely, the total mole fraction of Mn increased in beta-AIMnSi
and Aly3Fey, although not to the same extent as in the quaternary phase. Figure 15 shows
the line scan of the beta-AIMnSi phase, where Fe exhibits low solubility, with mole fractions
dropping to less than 0.01%. Mn shows significant segregation during the formation of
the beta-AlMnSi phase, reaching a maximum of 0.22 mole % (equivalent to 36.48 wt.%).
The mole fraction of Si also increases, indicating preferential incorporation or enrichment
of Si in this phase. The depletion of Fe in the beta-AIMnSi phase suggests that most Fe
atoms are replaced by Mn, resulting in the highest Fe depletion and Mn enrichment. This
substitution and enrichment behavior distinguishes the beta-AIMnSi phase from being
classified as an intermetallic phase. Furthermore, as highlighted in the literature section,
the beta-AIMnSi phase is considered an extended phase, where Fe exhibits limited solubility
while Mn effectively replaces Fe atoms. Several researchers have also reported varying
observations on the solubility of Fe in this phase, further supporting the findings presented
in this study.
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Figure 14. (a) Line scan of the volume fraction of beta-AIMnSi (shown by white line). (b) Shows the
volume fractions of beta-AIMnSi phase.
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Figure 15. Line scan of solute elements in the Al-Fe-Mn-Si system at a specific time step along the
beta-AIMnSi phase (indicated by the white line). (a—c) Show the mole fractions of Fe, Mn, and Si,
respectively. (d) Highlights the phase presence, where Fe is depleted, while Si and Mn are segregated.

6. Summary & Conclusions

To summarize, the eutectic solidification morphology of the multicomponent Al-Fe-
Mn-Si system under directional solidification conditions is investigated using a multi-phase-
field model coupled with a CALPHAD thermodynamic database. The 3D microstructure
selection map reveals the formation of three distinct solid phases. First, the intermetal-
lic Alj3Fey4 phase nucleates in the liquid. This is followed by the growth of the lamellar
or rod-shaped primary eutectic FCC-A1 phase. Finally, when the liquid becomes super-
saturated at the interface between FCC-Al and Alj3Fey4, the nucleation and growth of
the quaternary beta-AIMnSi phase is observed. Additionally, by incorporating a kinetic
database, the effects of multicomponent diffusion on eutectic solidification are thoroughly
analyzed. Based on the results obtained from 3D phase-field simulations of the Al-Fe-Mn-Si
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directional solidification process, along with the evolution of eutectic morphology and
multicomponent segregation, the following conclusions are drawn.

¢ The simulation results indicate that, for the selected alloy system, solidification begins
with the nucleation and growth of the spherical eutectic phase Al;3Fe4 throughout the
liquid. As solidification progresses and the system temperature decreases, the primary
eutectic FCC-A1 phase forms along the growth direction. Subsequently, supersatu-
ration of the remaining liquid leads to the nucleation of the quaternary beta-AlMnSi
phase. The volume fractions of these phases, as obtained from the simulation results,
closely align with the thermodynamic calculations performed using the open database
for the Al-Fe-Mn-Si system.

*  Elemental distribution analysis reveals significant variations in the segregation be-
havior of alloying elements in the Al-Fe-Mn-Si system. The elements Fe and Mn
are primarily associated with the formation of the Alj3Fe,4 phase, while silicon (5i) is
predominantly found in the primary eutectic FCC-A1 phase. The diffusivity of Mn
and Si, acting as stabilizers in the quaternary beta-AIMnSi phase, exhibits an upward
trend in concentration.

*  The analysis of line scans at the eutectic phases reveals the distinct segregation behav-
ior of Fe in the beta-AIMnSi phase. Initially, Fe exhibits a higher level of segregation
into the liquid phase, which subsequently decreases as the liquid transforms into the
quaternary beta-AlIMnSi phase. A noticeable depletion of Fe is observed in this phase.

e Further research is required to quantify the influence of interface anisotropies across
various phases. Additionally, the simulations in this study were designed with ref-
erence to both experimental data and thermodynamic modeling results. However,
the obtained simulation results require direct validation through experimental studies
conducted on the same alloy composition.
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