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A B S T R A C T

The three-dimensional morphology and formation process of Fe-contained intermetallic compounds (IMCs), 
known to impair the mechanical properties of aluminum (Al) alloys, have long remained an unsolved mystery. 
This lack of fundamental understanding hindered the development of strategies for their morphological control. 
In this work, the formation process of Fe-contained IMCs in Al alloys was revealed for the first time through a 
rigorously physics-based approach, combining first-principles/phase field modeling and focused ion beam- 
scanning electron microscopy (FIB-SEM) tomography. The unique contributions of this research lie in three 
aspects: First, we performed first-principles calculations to determine the interfacial energies of π-AlFeMgSi, 
α-AlFeMnSi, and β-AlFeSi phases along multiple crystallographic orientations, and provided a quantitative 
description for their anisotropic interfacial energies, representing the first report of such fundamental data. 
Subsequently, the anisotropic interfacial energies were parametrized into phase field models to examine the 
morphology evolution of Fe-contained IMCs. Two distinct growth modes, free growth in melt and concurrent 
growth with Al phases, were proposed innovatively, both of which are proved by experiments. Moreover, instead 
of the widely used X-ray imaging methods, which struggle to differentiate Fe-contained IMCs from other IMCs 
because of comparable X-ray absorption, FIB-SEM tomography was applied to specifically characterize the three- 
dimensional morphology of Chinese-script α-AlFeMnSi phases. A novel interpretation for the formation mech
anism of this intricate morphology was proposed, which is further elucidated by phase field modeling. This study 
offered unprecedented insights into the morphology and formation process of Fe-contained IMCs, exploring a 
way for the rational design of morphology control strategies.

1. Introduction

Aluminum (Al) alloys are extensively utilized in manufacturing 
transportation equipment due to their excellent specific strength, su
perior corrosion resistance, and good formability [1,2]. Typically, alloy 
elements, such as Si and Mg, are deliberately added to Al alloys to 
improve the strength through solution and precipitation hardening. 
However, various impurity elements may be introduced into Al alloys 
during casting processes, particularly Fe. Due to its low solid solubility 
in Al (~0.05 wt. % [3]), excess Fe tends to react with Al, Si, Mg, and 
other elements to form brittle, multicomponent intermetallic com
pounds (IMCs). These Fe-contained IMCs, characterized by high 

hardness, typically exhibit coarse plate-like, needle-shaped, or blocky 
morphologies. Acting as stress concentration sites, they significantly 
deteriorate the mechanical properties of Al alloys, especially ductility 
[4–6].

It is difficult and uneconomical to remove the Fe form Al melts [7,8]. 
Consequently, numerous strategies have been explored to modify the 
type and morphology of Fe-contained IMCs, including the addition of 
alloying elements (e.g., Mn, Ce, Nd, Sc, Cr) [9–16], the optimization of 
solidification cooling rate [14,17,18] and heat treatment process [19,
20], and the application of external fields [21,22]. Among these, the 
most widely reported control method is Mn additions. This promotes the 
formation of the α-AlFeMnSi phase, which exhibits a more favorable 
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morphology [23–25]. However, several studies [26–28] have demon
strated that the α-AlFeMnSi phase exhibits higher elastic modulus and 
microhardness than both β-AlFeSi phase and Al matrix. This makes it 
more susceptible to stress concentration and facilitates crack initiation. 
Moreover, excessive Mn additions increase the overall volume fraction 
of IMCs, further damaging alloy ductility. Consequently, effective con
trol of the morphology of Fe-contained IMCs in Al alloys remains an 
ongoing challenge.

To effectively modify the morphology of Fe-contained IMCs, funda
mental understanding of their three-dimensional (3D) morphology and 
formation process in Al melts is essential. Terzi et al. [29] employed in 
situ high-energy synchrotron X-ray microtomography to monitor the 
nucleation and growth of β-Al5FeSi plates during solidification of Al-Si 
casting alloys. Gao et al. [30] used fractographic observations to eluci
date the 3D morphologies and growth mechanisms of the α-AlFeMnSi 
phase in Al alloys. Björnstedt et al. [31] combined X-radiographic im
aging with deep-etching techniques to in situ study the morphology and 
growth kinetics of primary α-Al(Fe, Mn, Cr)Si phases during solidifica
tion. Jiao et al. [32] and Wang et al. [33] applied high-resolution syn
chrotron X-ray tomography to characterize the morphology, clustering 
behavior, and spatial distribution of α-AlFeMnSi phases in Al alloys, 
respectively.

Despite numerous publications on this topic providing valuable in
sights and directions, many unresolved questions remain regarding the 
formation of Fe-contained IMCs in Al alloys. Specifically, factors like 
solid-liquid interfacial energies clearly influence morphological evolu
tion during solidification, the precise contributions of these parameters 
in the formation of Fe-contained IMCs require further clarification. 
Moreover, techniques like computed tomography and X-ray in situ 
observation often face challenges in distinguishing Fe-contained IMCs 
from other IMCs such as AlMn or AlMnSi phases due to their similar X- 
ray absorption characteristics. Focused ion beam (FIB) and scanning 
electron microscopy (SEM) tomography (FIB-SEM tomography) enables 
high-resolution 3D microstructural characterization. Furthermore, 
signal absorption is not a limiting factor as compared to X-ray based 
techniques [34]. FIB-SEM tomography has become an important tool in 
many research areas ranging from characterizing ceramics, metals and 
alloys [35–37].

Meanwhile, computational modeling and simulation are becoming 
an indispensable research method for the fields of materials science and 
engineering. Phase field simulation is a calculation method for simu
lating the evolution of microstructure [38], which has become a 
powerful tool for understanding the morphology and formation process 
of phases [39]. Ning et al. [40] employed a multiphase field model to 
study the effects of casting temperature and Fe content on the formation 
of β-Al9Fe2Si2 phases. However, they did not systematically describe the 
morphological characteristics of the Fe-contained IMCs, particularly 
lacking detailed discussion on the anisotropic interfacial energy used in 
the model. For crystals, the atomic arrangement varies with crystallo
graphic orientation and defect distribution, which also determines the 
anisotropy of interfacial energy [41]. Accordingly, the interfacial energy 
should be expressed as a function of crystal orientation. Previous studies 
[42,43] have demonstrated that anisotropic interfacial energy signifi
cantly influences the evolution of morphologies. Therefore, it is essential 
to theoretically quantify the anisotropic interfacial energy of crystals 
and incorporate it into phase field models for more accurate simulations.

Experimentally, it is not feasible to determine solid-liquid interfacial 
energies for all materials, with only a few exceptions such as transparent 
organic materials or simple binary alloys [44–46]. Modelling a 
solid-liquid interface to calculate the interfacial energy is therefore a 
reasonable alternative. Numerous studies have reported the use of mo
lecular dynamics (MD) simulations to calculate the interfacial energies 
of systems such as Ni [47], Mg [48], and Al [49]. While MD is well-suited 
for such calculations, the accuracy of the results heavily depends on 
suitable interatomic potentials. Unfortunately, for complex ternary and 
quaternary Fe-contained IMCs systems, appropriate potential functions 

are currently lacking. First-principles calculations based on Density 
Functional Theory (DFT) offer a reliable and efficient approach for 
predicting the stability, electronic structure, and mechanical properties 
of various intermetallic phases and alloy systems [50]. Unlike MD, DFT 
does not require empirical interatomic potentials, making it a promising 
solution to this limitation. Auger et al. [51] successfully employed DFT 
to calculate the solid-liquid interfacial energies of Fe/Zn, Fe/Pb, and 
Fe/Bi systems, demonstrating the effectiveness of this approach.

In this paper, a rigorously physics-based simulation framework 
integrating first-principles calculations with phase field models was 
established to investigate the 3D morphology and formation processes of 
Fe-contained IMCs in Al melts. Focusing on three predominant Fe- 
contained IMCs in Al-Mg-Si alloys: π-AlFeMgSi, α-AlFeMnSi and 
β-AlFeSi phases, we quantitatively determined their solid (Fe-contained 
IMCs)-liquid (Al melt) interfacial energies through first-principles cal
culations. The derived anisotropic interfacial energies were incorpo
rated into phase field models to simulate the morphology and formation 
process. FIB-SEM tomography and multiphase field modeling were 
combined to elucidated the formation mechanism of the Chinese-script 
α-AlFeMnSi phase. The insights gained from this work are expected to 
provide a theoretical basis for the morphological control and modifi
cation of Fe-contained IMCs in Al alloys.

2. Methods

2.1. Calculation of solid-liquid interfacial energy

The computational framework for calculating solid-liquid interfacial 
energy was illustrated in Fig. 1, integrating DFT, ab initio molecular 
dynamics (AIMD), and MD simulations.

DFT and AIMD calculations were performed using the Vienna Atomic 
Simulation Package (VASP v5.4.4) [52,53] with the 
projector-augmented wave (PAW) pseudopotentials and the 
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation 
(GGA) exchange-correlation functional. For systems containing mag
netic elements (Fe and Mn), spin-polarized calculations were conducted 
with ferromagnetic ordering. The Monkhorst-Pack scheme [54] was 
systematically applied for Brillouin zone sampling, with k-point meshes 
adapted to supercell dimensions. Structural relaxations were performed 
until residual forces on all atoms fell below 0.05 eV/Å. The liquid Al 
amorphous model at 800 K was generated through MD simulations using 
the LAMMPS package [55], employing the embedded-atom method 
(EAM) potential developed by Mendelev et al. [56,57] for interatomic 
interactions.

The computational procedure comprised the following sequential 
stages. First, to systematically evaluate the anisotropic interfacial energy 
between Fe-contained IMCs and Al melts, solid configurations of Fe- 
contained IMCs with crystallographically distinct surface were estab
lished. Subsequent DFT structure optimization was performed using a 
plane-wave cutoff energy of 350 eV, with the converged total energy 
recorded as Esolid.

Second, the liquid Al structure was established using a supercell 
filled with Al atoms in periodic boundary conditions. This simplification 
to pure Al was necessary due to computational constraints: in the actual 
multicomponent melt (Al-0.8Mg-0.7Si-0.3Fe-0.4Mn), solute atoms (Mg, 
Si, Fe, Mn) are present in much lower concentrations than Al. To 
properly include these solute atoms while maintaining realistic con
centrations would require a supercell containing hundreds of atoms, 
which is computationally expensive for the extensive DFT calculations 
required in this study. The liquid Al models (2.42 g/cm³ density [58]) 
were dimensionally matched with expanded Fe-contained IMCs super
cells. This geometric coherence ensures atomically continuous interfa
cial registry while maintaining < 1.0 % lattice mismatch. The MD 
simulations utilized a 1 fs time step within the NVT ensemble, main
taining the system at 800 K for 3 ps to achieve equilibrium liquid con
figurations. The final 1 ps Al configuration from MD simulations 
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underwent structure optimization calculation using a 2 × 2 × 2 k-point 
mesh and 350 eV cutoff energy, yielding the relaxed liquid Al structure 
and liquid phase energy Eliquid.

Third, the solid-liquid interface structure was constructed by inte
grating the relaxed solid and liquid structures into a periodic supercell 
containing two symmetric solid-liquid interfaces. To preserve the crys
tallographic integrity of the Fe-contained IMCs while enabling interfa
cial relaxation, the innermost atomic layers of the solid structure 
remained fixed during simulations, with the four outermost layers 
permitted full atomic freedom. AIMD simulations were conducted under 
the NVT ensemble using the Nosé-Hoover thermostat to maintain system 
temperature at 800 K. Electronic structure calculations employed a 400 
eV plane-wave cutoff energy with Γ-point sampling of the Brillouin zone, 
achieving energy convergence criteria of 10− 5 eV. The final 1 ps tra
jectory was subjected to structure optimization to obtain the relaxed 
interface configuration and the relaxed interface configuration’s total 
energy Einterface.

Finally, the solid-liquid interfacial energy was calculated using: 

γS− L =
1

2A
(
Einterface − Esolid − Eliquid

)
(1) 

where Einterface, Esolid, and Eliquid represent the converged total energies 
of the interface, solid, and liquid structures, respectively. The interfacial 
area A was determined from the supercell dimensions.

2.2. Phase field models

In phase field models, the phase-state evolution is characterized by a 
continuous order parameter ϕ, where ϕ = 0 represents fully melted state, 
ϕ = 1 represents fully solidified state, and 0 < ϕ < 1 represents the 
interfacial region between them. The governing equations for phase 
evolution and solute transport are formulated as [59,60]: 

∂ϕ
∂t

= M(n)

[

∇
(
ε2(n)∇ϕ

)
+
∑

u=x,y,z

(

|∇ϕ|2ε(n) ∂(ε(n))
∂(∂uϕ)

)

− wgʹ(ϕ) − hʹ(ϕ)

(

fS − fL −
∑m

p=1

(
cpS − cpL

)
μ̃p

)] (2) 

∂cp

∂t
= ∇⋅(1 − h(ϕ))

∑m

q=1
Dpq∇cqL +∇⋅

[
ε0
̅̅̅̅̅̅̅
2w

√
(
cpL − cpS

)
]

∂ϕ
∂t

∇ϕ
|∇ϕ|

(3) 

where Dpq is the solute diffusivities, h(ϕ) is a monotonous interpolation 
function and g(ϕ) is the double-well potential, which can be found in Eq. 
(4)(5). 

h(ϕ) = ϕ3( 10 − 15ϕ+ϕ2) (4) 

g(ϕ) = ϕ2(1 − ϕ)2 (5) 

Here, cpS and cpL are the solute concentration of element p in solid and 
liquid respectively, which are restricted by the equal chemical potential 
condition in Eq. (6), where ̃μp is the chemical potential, f S and f L are the 
free energy density of solid and liquid phase. The specific forms of f S and 
f L and their corresponding parameters are given in the Appendix A. For 
the Fe-contained IMCs systems, their Gibbs free energies were adopted 
from the work of Du et al. [61–63], in which these IMCs are treated as 
stoichiometric compounds within the CALculation of PHAse Diagrams 
(CALPHAD) framework. This treatment assumes fixed compositions for 
these phases. Consequently, it should be noted that, under this 
constraint, our model does not account for solute diffusion within the 
Fe-contained IMCs or across their interfaces. 

∂fS

∂cpS
=

∂fL

∂cpL
= μ̃p (6) 

The crystal anisotropy was introduced by taking the gradient energy 
coefficient ε(n) = ε0A(n) and the phase field mobility M(n) = M0A(n)2, 
where A(n) is the anisotropy functional that will be introduced in Sec
tion 3.1.4, and n is the unit normal vector of interface. The isotropic 
gradient energy coefficient ε0 and isotropic phase field mobility M0 is 

Fig. 1. Schematical illustration of the solid-liquid interfacial energy calculation scheme, which comprises three essential components: (a) construction of the atomic 
model of the Fe-contained IMCs crystal with specific crystallographic orientations, with subsequent DFT calculation of its total energy; (b) generation of the 
amorphous Al structure via MD, with subsequent DFT calculation of its total energy; (c) assembly of the relaxed solid and liquid structures into a composite interface 
structure, followed by AIMD simulation and DFT calculation for the total energy of the solid-liquid system. This integrated approach enables the determination of 
solid-liquid interfacial energies for specific crystallographic planes of Fe-contained IMCs.
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defined by the following equations [64]: 

ε0 =

̅̅̅̅̅̅̅̅̅̅
6λγ0

2.2

√

(7) 

M0 =
γ0

̅̅̅̅̅̅̅
2w

√

ε2
0

1
∑m

p=1

ξp
Dp

(8) 

ξp=
RT
VM

(
ce

pL − ce
pS

)2
∫ 1

0

h(ϕ)(1− h(ϕ))
[
(1− h(ϕ))ce

pL

(
1− ce

pL

)
+h(ϕ)ce

pS

(
1− ce

pS

)]
ϕ(1− ϕ)

dϕ

(9) 

where R is the ideal gas constant, T is the temperature, λ is half the 
thickness of the interface, VM is the molar volume of the phase, ce

pS and 
ce

pL are equilibrium solute concentration in solid and liquid respectively, 
γ0 is the isotropic interfacial energy and w is the height of the parabolic 
potential. 

w =
6.6γ0

λ
(10) 

In the multiphase field framework, each bulk phase is uniquely 
identified by its corresponding phase field variable ϕi, where ϕi = 1 
within the i th phase domain and ϕi = 0 in all other spatial regions. The 
interfacial transition between adjacent phases is implicitly described 
through the continuous spatial variation of ϕi and ϕj, satisfying the 
conserved phase constraint: 

∑n

i=1
ϕi =1 (11) 

The present work adopted the Kim-Kim-Suzuki-Miodownik (KKSM) 
multiphase field model developed by Kim et al. [65]. The governing 
equations are formulated as: 

∂ϕi

∂t
= −

2
k
∑n

j∕=i
sijMij(n)

(
δF
δϕi

−
δF
δϕj

)

(12) 

δF
δϕi

=
∑n

j∕=i

[
ε2

ij(n)
2

∇2ϕj +wijϕj

]

+ f i(c) −
∑m

p=1

(
cipμ̃p

)
(13) 

where n is the total number of coexisting phases in the system, k is the 
number of coexisting phases at a given spatial coordinate, and sij is a 
variable correlated with the number of interfaces in a given domain.

2.3. Experimental procedures

High-purity Al (99.99 %), Al-10Mg, Al-50Si, Al-10Fe and Al-10Mn 
master alloy were melted in a clay-graphite crucible. The melt was 
heated to 750 ◦C and maintained for 2–3 h for homogenization. Then, 
the melt was poured into a metal mold at the temperature of 700 ◦C, 
solidifying at a cooling rate of 3.8 ◦C/s. The alloy compositions of the 
solidified alloys were analyzed by an optical emission spectrometer 
(Optima 3000XLICP) and the average values are listed in Table 1.

3D reconstructions of Fe-contained IMCs were performed using a 
FIB-SEM dual-beam system (Helios 5 CX), integrating a gallium-based 
ion beam column, field emission SEM column, and energy-dispersive 
spectrometer (EDS). Prior to milling, a protective Pt layer was depos
ited via electron beam-induced deposition over the region of interest 

(ROI) to prevent ion-induced damage. To optimize imaging conditions 
for the in-lens secondary electron detector, rectangular trenches were 
milled: one preceding the ROI and two flanking its lateral sides. 
Sequential sectioning was conducted at 100 nm increments using the ion 
beam, with each newly exposed surface imaged by SEM following each 
milling step. The resulting image stack was automatically compiled into 
a TIFF format series. Then, this dataset was reconstructed into a 15 × 15 
× 10 μm³ volume at 100 nm inter-slice resolution, enabling subsequent 
3D visualization.

3. Results and discussion

3.1. Solid-liquid interfacial energy of Fe-contained IMCs

3.1.1. Crystallographic modeling of Fe-contained IMCs
The accurate modeling of crystal structures for Fe-contained IMCs 

serves as a critical prerequisite for reliable first-principles computational 
investigations. With the difference of alloy compositions and the pres
ence of crystal defects, Fe-contained IMCs exhibit various crystal 
structures and stoichiometric ratios. Although their symmetry and 
crystal structure remain subjects of ongoing debate, these aspects fall 
beyond the scope of the current study. This work specifically addresses 
three well-defined π-AlFeMgSi, α-AlFeMnSi, and β-AlFeSi phases with 
fixed stoichiometric ratios. Their atomic configurations have been 
rigorously modeled based on advanced structural characterizations and 
computational modeling in prior studies [66,71–73], as illustrated in 
Fig. 2.

For the π-AlFeMgSi phase, the hexagonal structure (space group 
P62m, composition Al9FeMg3Si5) proposed by Xi et al. [66] was adop
ted. This configuration (Fig. 2(a)) was rigorously validated through 
advanced electron microscopy experiments and DFT calculations, con
firming its thermodynamic stability and lattice parameter consistency.

The α-AlFeMnSi phase was recognized to originate from the AlMnSi 
system through substantial substitution of Mn by Fe atoms, resulting in 
variable Fe/Mn atomic ratios within the phase [67–69]. Dinsdale et al. 
[70] demonstrated that Fe and Mn exhibit a strong tendency to occupy 
identical crystallographic sites, driven by a negative mixing enthalpy 
relative to pure intermetallic constituents. Based on this framework, 
Zhang et al. [71,72] systematically investigated crystal structures of 
α-AlFeMnSi with varying Mn/Fe atomic ratios using DFT calculations. 
Their work identified the thermodynamically most stable configuration 
(space group Pm3, composition Al92Fe5Mn20Si21), showing in Fig. 2(b).

Table 1 
Chemical composition of the studied alloy (wt. %).

Alloy Mg Si Fe Mn Al

Al-Mg-Si-Fe-Mn 0.933 0.778 0.332 0.419 Bal. Fig. 2. Crystal structure of (a) π-AlFeMgSi, (b) α-AlFeMnSi, and (c) β-AlFeSi.
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For the β-AlFeSi phase, Fang et al. [73] systematically investigated 
atomic configurations through first-principles calculations, based on 
experimentally derived models of homogeneous Si/Al atomic distribu
tions [74–76]. By computationally substituting Al atoms with Si at 
distinct crystallographic sites, they identified the thermodynamically 
stable monoclinic structure (space group C2/c, composition Al36Fe8Si8), 
as shown in Fig. 2(c).

Prior to interfacial modeling, systematic crystallographic operations 
were performed. Targeted crystallographic planes of the Fe-contained 
IMCs were cleaved along specific orientations using the surface 
builder module in VESTA. To ensure lattice compatibility with molten Al 
systems, the original hexagonal unit cell (π-AlFeMgSi phase) and 
monoclinic unit cell (β-AlFeSi phase) were transformed into orthogonal 
supercells via basis vector redefinition, maintaining angular deviations 
below 1◦ Subsequent supercell expansions yielded periodic configura
tions containing 90–120 atoms.

3.1.2. Liquid structure
The investigation of liquid Al structure was performed using equi

librium configurations extracted from the stable regime of MD simula
tions. To validate the atomic arrangement realism in the simulated 
liquid phase, the pair correlation function, a fundamental metric 
describing the probability density of finding atom pairs separated by 
distance r, was calculated from MD trajectory data. The pair correlation 
function is mathematically defined for an N-atom system as: 

ρ0g(r) =
1
N

〈
∑

i

∑

j
δ
(
r −
⃒
⃒ri − rj

⃒
⃒
)
〉

(14) 

where ρ0 denotes the average number density, and the Dirac delta 
function δ

(
r − |ri − rj|

)
counts atomic pairs separated by distance r.

As shown in Fig. 3, the simulated pair correlation function exhibits 
good agreement with experimental X-ray diffraction data [77,78]. This 
quantitative match confirms the fidelity of the MD derived liquid con
figurations for subsequent interfacial modeling.

3.1.3. Solid-liquid interface structure
The analysis of solid-liquid interface structures was conducted using 

equilibrium configurations derived from AIMD simulations. Fig. 4 pre
sents the time-averaged atomic positions and projected atomic-density 
profiles along the interface normal direction for π-AlFeMgSi(0001)/Al, 
α-AlFeMnSi(001)/Al, and β-AlFeSi(001)/Al systems. The projected 
atomic-density profile ρ(z) calculated as: 

ρ(z) = 〈Nz〉

LxLyΔz
(15) 

where 〈Nz〉 is the time average of the number of particles between z and 
z+Δz. Lx and Ly are lateral sizes of the simulation box.

The projected atomic-density profiles reveal distinct structural sig
natures across the solid-liquid interface. Sharp density maxima on the 
solid-phase side arise from the fixed lattice positions of crystalline 
atoms, while the liquid region exhibits characteristic density fluctua
tions that maintain symmetry due to the periodic boundary conditions. 
Interfacial analysis shows pronounced atomic layering in the liquid 
phase extending over 3–4 atomic layers near the interface, with spatial 
decay following an exponential relationship. This layering consistent 
with atomistic simulations of solid-liquid interfaces, demonstrates a 
progressive structural transition from a statistically averaged ordered 
configuration near the solid surface to a fully disordered liquid structure 
in the bulk region.

3.1.4. The function of anisotropic interfacial energy
The anisotropy of solid-liquid interfacial energies was quantified 

through spherical harmonic expansions, incorporating crystallographic 
symmetry constraints. For the hexagonal π-AlFeMgSi phase, the 
anisotropy function follows Sun et al.’s formulation [79] utilizing linear 
combinations of spherical harmonics y20, y60, and y66 (Eq. (16)). The 
anisotropy of Cubic α-AlFeMnSi adopts Fehlner et al.’s model [80] based 
on cubic harmonic functions (Eq. (17)). For monoclinic β-AlFeSi, we 
developed a novel function through linear interpolation of y20 and y22 
harmonics (Eq. (18)). Here θ and φ denote the polar and azimuthal 
angles in spherical coordinates, respectively. 

γπ− AlFeMgSi(θ,φ) = γ0
(
1+ ε20y20 + ε60y60 + ε66y66

)
(16) 

γα− AlFeMnSi(θ,φ) = γ0(1+α1K1 +α2K2) (17) 

γβ− AlFeSi(θ,φ) = γ0
(
1+ ε20y20 + ε22y22

)
(18) 

y20 =

̅̅̅̅̅̅̅̅
5

16π

√
(
3cos2θ − 1

)
(19) 

y22 =

̅̅̅̅̅̅̅̅
15
32π

√
(
sin2θsin(2φ)

)
(20) 

y60 =

̅̅̅̅̅̅
13

√

32
̅̅̅
π

√
(
231cos6θ − 315cos4θ+ 105cos2θ − 5

)
(21) 

y66 =

̅̅̅̅̅̅̅̅̅̅̅
6006

√

64
̅̅̅
π

√ sin6θcos(6φ) (22) 

K1 = sin4θ
(
cos4φ+ sin4φ

)
+ cos4θ −

3
5

(23) 

K2 = 3
(
sin4θ

(
cos4φ+ sin4φ

)
+ cos4θ

)
+ 66sin4θcos2θsin2φcos2φ −

17
7
(24) 

The first-principles calculated interfacial energies and corresponding 
crystallographic orientations, shown in Table 2, were parametrized 
within these functions to determine associated anisotropy parameters. 
The values of the isotropic interfacial energies and associated anisotropy 
parameters were given in Table 3.

The Wulff theorem [81] not only states that the equilibrium shape of 
a macroscopic crystal with a given volume is determined by the surface 
energy or interfacial energy as a function of crystallographic orientation, 
but also provides a method for constructing this equilibrium geometry. 
According to the theorem, the normal vector of each crystal facet can be 
drawn from the center of symmetry, with its length proportional to the 

Fig. 3. Pair correlation function g(r) for liquid Al obtained from MD simula
tions, and the experimental X-ray diffraction data. The atomic configuration of 
the simulated amorphous Al structure is shown in the inset.
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interfacial energy of the corresponding crystal plane. The resulting 
equilibrium morphology, known as the Wulff shape, reflects the 
anisotropy of interfacial energy and represents the crystal shape in the 
absence of volume strain energy and homogeneous nucleation. Based on 
this, the equilibrium shapes of three Fe-contained IMCs were obtained, 
as shown in Fig. 5.

3.2. Phase field simulation for the Fe-contained IMCs

3.2.1. Phase field simulation for the free growth of Fe-contained IMCs
The solidification pathway of Al-0.8Mg-0.7Si-0.3Fe-0.4Mn alloy was 

calculated using Thermo-Calc® with the Scheil-Gulliver model, with 
results presented in Fig. 6. The calculated Fe-contained IMCs in this alloy 
include Al15(Fe, Mn)4Si2 (α-AlFeMnSi), Al8Fe2Si and Al9Fe2Si2 
(β-AlFeSi), and Al18Fe2Mg7Si10 (π-AlFeMgSi), which are consistent with 
the targeted phases investigated in this study. The formation tempera
tures of these Fe-contained IMCs obtained from Scheil-Gulliver simula
tions were utilized as initial temperatures for the phase field modeling. 
Thermodynamic data (e.g., equilibrium concentrations) and kinetic 
parameters (e.g., diffusion coefficients) were obtained from Thermo- 
Calc®. The simulation domain measured 125 × 125 × 125 grid points 
with a uniform grid spacing of Δx = 0.6 μm.

In general, the final morphology of a crystal is governed by both 
intrinsic crystallographic characteristics (e.g., anisotropic interfacial 
energy) and extrinsic factors from the surrounding environment (e.g., 
the presence of α-Al dendrites). The intrinsic factors tend to drive the 
phase toward equilibrium crystal shapes that minimize the total 

Fig. 4. Diagrams of average atomic position of interface at 800 K and projected atomic-density profile of (a) π-AlFeMgSi(0001)/Al; (b) α-AlFeMnSi(001)/Al; (c) 
β-AlFeSi(001)/Al.

Table 2 
Interfacial energies for different crystalline orientations of Fe-contained IMCs.

Phase Crystal plane Interfacial energy (J/m2)

π-AlFeMgSi (0001) 0.359
(1121) 0.602
(1011) 0.667
(1010) 0.543

α-AlFeMnSi (001) 0.450
(110) 0.386
(111) 0.817

β-AlFeSi (001) 3.955
(110) 1.984
(111) 2.998

Table 3 
Isotropic interfacial energies and associated anisotropy parameters of Fe- 
contained IMCs.

Phase γ0 (J/m2) Anisotropy parameters

π-AlFeMgSi 0.642 ε20 ε60 ε66

0.159 − 0.531 0.399
α-AlFeMnSi 0.516 α1 α2 ​

− 0.835 0.361 ​
β-AlFeSi 3.455 ε20 ε22 ​

0.229 − 0.915 ​
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interfacial free energy. However, external influences often disrupt this 
equilibrium, resulting in deviations in size and morphology. To inves
tigate the intrinsic crystallographic morphology of Fe-contained IMCs in 
isolation, all external environmental influences were deliberately 
excluded, allowing the phases to grow freely in a homogeneous liquid 
matrix. Accordingly, the simulation was initiated by introducing a single 
solid seed with a radius of R0 = 3.0 μm at the center of the computational 
domain.

Fig. 7 presents the simulated 3D morphology of Fe-contained IMCs 
and their corresponding cross-sectional views. Fig. 7(a1) shows the re
sults of the π-AlFeMgSi phase, which exhibits a faceted, convex hexag
onal prism-like morphology. The preferred growth directions lie along 
the 〈1011〉, 〈1010〉, and 〈1011〉 crystallographic families. Scheil model 
predictions (Fig. 6) indicate that the π-AlFeMgSi phase only nucleates at 
a very late stage of solidification, when the remaining liquid fraction 
falls below 5 %. Consequently, during actual solidification processes of 
Al-0.8Mg-0.7Si-0.3Fe-0.4Mn alloys, π-AlFeMgSi phases inevitably 
become constrained by surrounding α-Al dendrites or other intermetallic 
phases, which disrupts the equilibrium morphology. Moreover, no 
experimental work has documented a clear, characteristic shape for 
π-AlFeMgSi phases [82–84], so there are currently no suitable data in the 
literature and our experiments to validate the simulated equilibrium 
morphology for π-AlFeMgSi phase.

Fig. 7(b1) shows the simulated morphology of the α-AlFeMnSi phase, 
which exhibits a perfect rhombic dodecahedral shape. The crystal grows 
preferentially along the 〈100〉 and 〈111〉 directions, with {110} facets 

forming under faceted growth kinetics. This simulation agrees well with 
numerous experimental observations [30,33,71,72,85–87].

The β-AlFeSi phase is widely recognized to possess a characteristic 
needle, plate-like morphology [29,85,87]. As shown in Fig. 7(c1), the 
simulated β-AlFeSi exhibits a convex, lens-shaped geometry, with 
preferred growth directions along [110], [110], [001] and [001] et al., 
in agreement with the experimental observations.

3.2.2. Multiphase field simulation for the concurrent growth of α-Al and Fe- 
contained IMCs

Thermodynamic analysis (Fig. 6) reveals that the Fe-contained IMCs 
nucleate after extensive growth of α-Al dendrites. As the primary α-Al 
dendrites solidify, they partition solute elements like Fe into the inter
dendritic liquid, enabling the local supersaturation necessary for IMCs 
formation. Research [88] also shows that Fe-contained IMCs preferen
tially nucleate on or near primary α-Al dendrites. Under such hetero
geneous nucleation conditions, the Fe-contained IMCs and the α-Al 
phase grow concurrently from the liquid. Due to the presence of the 
pre-existing α-Al solid and the difference in anisotropic growth rates 
(Fe-contained IMCs and Al phases), the growth of the Fe-contained IMCs 
along certain directions will be strongly confined, preventing the 
development of their thermodynamically equilibrium morphology. This 
growth behavior is defined here as ‘concurrent growth’.

To elucidate this concurrent growth behavior, we implemented 
multiphase field models in which the primary α-Al dendrites were rep
resented as a planar substrate and Fe-contained IMCs were nucleated on 
its surface, as shown in Fig. 8(a1)-(a3). For the π-AlFeMgSi phase (Fig. 8
(b1)-(b3)), simulations along the [1010] and [0001] directions shown 
that lateral growth against the Al phase is severely restricted. The 
growth is thus confined to the direction normal to the substrate, pro
ducing elongated, rod‑like morphology.

The α-AlFeMnSi phase (Fig. 8(c1)-(c3)) also exhibits a distinct 
growth pattern. Along its preferred growth directions 〈001〉 and 〈111〉, 
the α-AlFeMnSi phase grows faster than the Al phases, while slower- 
growing orientations become overgrown by Al phases, forming hollow 
quadrilateral pyramid structures. Continued concurrent growth along 
the [001] direction (perpendicular to the substrate) transforms the 
α-AlFeMnSi phase into skeletal tetragonal prism structures.

Such skeletal morphologies have been observed in experimental 
studies [30,31,33], where the skeletal morphologies were interpreted as 
transitional forms preceding rhombic dodecahedron development. 
However, this work reveals that they actually represent distinct growth 
modes, as illustrated in Fig. 9(b). When freely growing in the liquid 
phase, α-AlFeMnSi develops a perfect dodecahedral morphology driven 
by anisotropic interfacial energy. However, during concurrent growth 
with Al phases, lateral expansion becomes constrained, forcing growth 
perpendicular to the solid-liquid interface. This results in a rod shaped 
skeletal tetragonal morphology. Specifically, our proposed growth 
sequence involves: (1) nucleation on the α-Al dendrites, (2) formation of 

Fig. 5. Wulff structures of (a) π-AlFeMgSi; (b) α-AlFeMnSi; (c) β-AlFeSi.

Fig. 6. The solidification sequence of Al-0.8Mg-0.7Si-0.3Fe-0.4Mn alloy in 
Scheil model.
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hollow quadrilateral pyramids through concurrent growth with Al 
phases, and (3) vertical layer-by-layer growth yielding rod-shaped 
skeletal tetragonal pyramids morphology.

In contrast, the β-AlFeSi phase (Fig. 8(d1)-(d3)) rapidly extends 
along its preferred orientations with minimal substrate influence. As a 
result, β‑AlFeSi consistently display a platelet‑like morphology.

Overall, the phase field models accurately capture the thermody
namics and kinetics of Fe‑contained IMCs during free growth in liquid 
and concurrent growth with Al phases. This new insight contributes to 
understand the diverse morphological manifestations of Fe-contained 
IMCs in Al alloys, attributing them to different local solidification en
vironments rather than a single, time-dependent evolutionary path.

3.3. 3D characterization of the Fe-contained IMCs

Beyond the two aforementioned distinct morphologies of 
α-AlFeMnSi phases, the well-known Chinese-script morphology also 
represents another significant form. To elucidate the 3D morphology of 
the complex Chinese-script α-AlFeMnSi phase, FIB-SEM tomography 
was employed for characterization.

A Chinese-script structured phase was initially selected for analysis. 
Its composition was determined via EDS, confirming identification as 
α-AlFeMnSi phase (Fig. 10(a1)-(a6)). Prior to milling, a Pt protective 
layer was deposited over the phase surface. Rectangular trenches were 
then milled around the ROI using a focused Ga ion beam, exposing the 
target area (Fig. 10(b1)). As shown in Fig. 10(b2)(b3), sequential ma
terial removal and electron beam imaging were subsequently performed 

iteratively.
The reconstructed 3D morphology of the Chinese-script α-AlFeMnSi 

phase was shown in Fig. 10(c1), where the Al matrix has been omitted 
for visual clarity. The α-AlFeMnSi phase consists of several distorted 
plate-like structures connected by nodes between the plates (Fig. 10(c2) 
(c3)). Some studies [32,33] proposed that primary compressed 
α-AlFeMnSi phases gradually develop into dendritic forms that inter
connect to form Chinese-script morphologies. However, in the 3D 
reconstruction of the Chinese-script α-AlFeMnSi phase, we did not 
observe any rhombic dodecahedral cores at the center of the structures. 
Consequently, we proposed that the Chinese-script α-AlFeMnSi phase do 
not evolve spontaneously from primary rhombic dodecahedral phases, 
but rather forms through distinct mechanisms.

3.4. The formation mechanism for Chinese-script α-AlFeMnSi phase

Controversy persists regarding the formation mechanism of the 
Chinese-script α-AlFeMnSi phase, with some studies [32,33] proposing 
that the Chinese-script α-AlFeMnSi phase is formed from the compacted 
primary α-AlFeMnSi phase. However, recent evidence [89,90] have 
suggested that the Chinese-script morphology develops from the con
current growth of the Fe-contained phase with the Al phases.

In this study, 3D multiphase field models were employed to replicate 
the formation process of Chinese-script α-AlFeMnSi phase and elucidate 
its underlying mechanisms. With α-Al dendrites modeled as a planar 
substrate, α-AlFeMnSi phases nucleate on the dendrite surface and, 
together with the Al phases, grow perpendicular to the solid-liquid 

Fig. 7. Simulation results of 3D morphology for (a1) π-AlFeMgSi phase, (b1) α-AlFeMnSi phase, and (c1) β-AlFeSi phase and corresponding cross-sectional views: 
(a2) (b2) (c2) XY-plane projections; (a3) (b3) (c3) ZY-plane projections; (a4) (b4) (c4) ZX-plane projections.
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interface along the [100], [010], and [001] crystallographic directions 
(Fig. 11(a)). For clarity in visualizing the morphological evolution of the 
α-AlFeMnSi phases, the Al phase is not displayed in the subsequent 
simulation results (Fig. 11(b1-b6)). However, it should be noted that the 
Al phases continue to grow concurrently throughout the simulated 
process. At 10,000-time steps (Fig. 11(b3)) and 15,000-time steps 
(Fig. 11(b4)), adjacent rod-like α-AlFeMnSi phases coalesce laterally 
(red dashed circle). Subsequent evolution shows interconnection be
tween [001]-oriented and [100]-oriented α-AlFeMnSi phases at 20,000 
steps. By 25,000 steps, these connected α-AlFeMnSi phases integrate 
into a unified netlike structure. In addition, Al phases (blue regions) 
progressively encroach upon the α-AlFeMnSi during growth (Fig. 11(c)), 
imposing geometric confinement that restricts further growth. This 
growth pattern ultimately yields the characteristic convoluted 
morphology of Chinese-script α-AlFeMnSi phases.

Furthermore, 2D slices of the multiphase field simulations and FIB- 
SEM tomography results were presented in Fig. 11(d)(e). The 3D mor
phologies of Chinese-script α-AlFeMnSi phases obtained from simula
tions and experiments consistently exhibit curled lamellar structures, 

while the corresponding 2D cross-sections display complex Chinese- 
script patterns. In the current multiphase field model, α-AlFeMnSi 
nuclei were deliberately assigned perpendicular growth directions for 
computational simplicity. However, during actual solidification pro
cesses, the spatial arrangement of α-Al dendrites creates more complex 
environments. When α-AlFeMnSi phases nucleate on these irregular 
dendritic surfaces or in the liquid, their growth orientations become 
considerably more varied. This results in the formation of inter
connected plate-like structures with significantly greater morphological 
irregularity compared to the simulations. Qualitatively speaking, the 
multiphase field model and formation mechanism proposed in this study 
successfully replicate and explain the fundamental formation process of 
Chinese-script α-AlFeMnSi phases. This work establishes a scientific 
foundation for more comprehensive quantitative investigations in future 
research.

4. Conclusions

In the present work, multi-scale first-principles/phase field modeling 

Fig. 8. (a1)-(a3) Schematical illustration of spatial position and growth direction of Fe-contained IMCs. The size of the computational domain (black dashed box) is 
60×60×60 μm3. The simulation results for the concurrent growth of Al phases (blue) and Fe-contained IMCs (yellow): (b1)-(b3) π-AlFeMgSi phase; (c1)-(c3) 
α-AlFeMnSi phase; (d1)-(d3) β-AlFeSi phase.
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combined with FIB-SEM tomography were conducted to investigate the 
3D morphology and formation process of Fe-contained IMCs in Al alloys. 
The main conclusions are summarized as follows: 

(1) Employing first-principles calculations, this study pioneered the 
determination of solid-liquid interfacial energies for π-AlFeMgSi, 
α-AlFeMnSi, and β-AlFeSi phases across key crystallographic 
orientations, including (0001), (1121), (1011), and (1010) for 
π-AlFeMgSi/Al system and (001), (110), and (111) for 
α-AlFeMnSi/Al and β-AlFeSi/Al systems. These efforts yielded 
quantitative models capturing the orientation-dependent inter
facial energy behavior of Fe-contained IMCs, formulated as 
follows: 

γπ− AlFeMgSi(θ,φ) = 0.642
(
1+0.159y20 − 0.531y60 +0.399y66

)

γα− AlFeMnSi(θ,φ) = 0.516(1 − 0.835K1 +0.361K2)

γβ− AlFeSi(θ,φ) = 3.455
(
1+0.229y20 − 0.915y22

)

(2) Phase field models incorporating the derived anisotropic inter
facial energies were developed to simulate the morphology evo
lution of the Fe-contained IMCs. By varying the nucleation sites, 
both free growth in liquid and concurrent growth with Al phases 
of the Fe-contained IMCs were modeled, revealing their prefer
ential growth directions and resulting morphologies under 
different growth conditions. In particular, the α-AlFeMnSi phase 
exhibits two unique morphologies: the rhombic dodecahedron 
structure under free growth conditions and the rod-shaped skel
etal tetragonal pyramid under concurrent growth conditions. 
These findings provide new insights that challenge previous as
sumptions regarding the formation process of α-AlFeMnSi phase 
and are proved by experimental evidence.

(3) FIB-SEM tomography was applied to specifically characterize the 
Chinese-script α-AlFeMnSi phase. Compositional analysis via EDS 
confirmed the identity of the selected phase, and 3D reconstruc
tion uncovered an interconnected network of distorted, plate-like 
structures. The formation mechanism of its intricate morphology 
was further revealed via multiphase field simulations, demon
strating that the Chinese-script morphology originates from the 

Fig. 9. Phase field simulation results and schematic illustration of the growth patterns of the α-AlFeMnSi phase: (a) morphological evolution captured at different 
time steps; (b) schematic diagram elucidating the two growth modes: mode I, where the phase nucleates on α-Al dendrites and develops via concurrent growth with 
Al phases; mode II, where it nucleates freely within the melt and grows independently.
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nucleation, concurrent growth, and interconnection of multiple 
α-AlFeMnSi phases in inter dendritic regions, ultimately forming 
the characteristic convoluted structure.

(4) A rigorously physics-based predictive framework was established 
for the morphology evolution of Fe-contained IMCs. This meth
odology begins with first-principles calculations of interfacial 
energies based on the crystal structures. The obtained anisotropic 
interfacial energies are then incorporated into phase field models 
to simulate the morphology and formation process. Combined 
with high-throughput computational screening, this approach 
enables accurate prediction of the 3D morphology and formation 
process of Fe-contained IMCs modified by specific alloying ele
ments, thereby identifying morphologically favorable Fe- 

contained IMCs and screening effective modifying elements. 
This study explores a way to transition from empirical trial-and- 
error methods to a rapid and design-oriented tool for developing 
morphology control strategies, supporting current efforts to 
mitigate the detrimental effect of Fe in Al alloys.
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Appendix A

In the phase field models, the total free energy F of the system is formulated as Eq. A.1. 

F =

∫

V

(
ε2

2
⃒
⃒∇ϕ2⃒⃒+ g(ϕ)+ h(ϕ)fS + [1 − h(ϕ)]fL

)

dV (A.1) 

f δ(c1δ, c2δ, c3δ...) = Gδ/VM δ = L, S (A.2) 

The chemical free energy density f δ is described using a CALPHAD-based approach. For the FCC_Al and Liquid phases, the molar Gibbs free energy 
Gδ is constituted by the weighted sum of the free energies of the pure elements, the ideal mixing contribution, and the excess free energy, as described 
by the Redlich-Kister polynomial (Eq. A.3). 

Gδ =
∑m

i=1
ci

0Gδ
i +RT

∑m

i=1
cilnci +

∑m− 1

i=1

∑m

j=i+1
cicjLδ

i,j (A.3) 

where δ represents solid or liquid, R is the gas constant, T is the temperature, Li,j
δ is interaction parameter, ci and 0Gi

δ represent the mole fraction and the 
Gibbs free energy of the pure element i, respectively.

For the Fe-contained IMCs (such as π-AlFeMgSi (Eq. A.4), α-AlFeMnSi (Eq. A.5), and β-AlFeSi (Eq. A.6)), their Gibbs free energies were adopted 
from the literature [61–63], where these IMCs are treated as stoichiometric compounds within the CALPHAD framework. 

GAl9FeMg3Si5 = (18/37)0GFcc Al
Al + (2/37)0GBcc A2

Fe + (7/37)0GHcp A3
Mg

+(10/37)0GDiamond A4
Si − 12959 + 1.54T

(A.4) 

Fig. 11. The results for the formation process of Chinese-script α-AlFeMnSi phase: (a) α-AlFeMnSi nuclei (yellow) and Al phases (blue) at 1dt; (b1)-(b6) morphology 
evolution of α-AlFeMnSi phase; (c) α-AlFeMnSi phase (yellow) and Al phases (blue) at 25,000 dt; (d) 2D slice of the 3D multiphase field simulation results and (e) 2D 
slice of the 3D FIB-SEM tomography results, where black represents the Al phase and yellow represents the α-AlFeMnSi phase.
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GAl8FeMnSi2 = (16/23)0GFcc Al
Al + (2/23)0GBcc A2

Fe + (2/23)0GcBcc A12
Mn

+(3/23)0GDiamond A4
Si − 17236 − 1.09865T

(A.5) 

GAl9Fe2Si2 = (9/13)0GFcc Al
Al + (2/13)0GBcc A2

Fe + (2/13)0GDiamond A4
Si

− 19538.7 + 2.51768T
(A.6) 

The thermodynamic parameters (Table A.1) for these phases were obtained from the Scientific Group Thermodata Europe (SGTE) database.

Table A.1 
Thermodynamic model parameters and expressions of the Al-Mg-Si-Fe-Mn system.

Gibbs free energy 0Gi
δ

Liquid phase

0GL
Al = {

298.15K ≤ T < 933.473K :11005.045 − 11.84185T + 7.934⋅10− 20T7 + 0GFcc Al
Al

933.473K ≤ T < 2900 K : − 795.991 + 177.4302T − 31.7482Tln(T)

0GL
Mg = {

298.15K ≤ T < 923 K : 8202.243 − 8.83693T − 8.0176⋅10− 20T7 + 0GHcp A3
Mg

923K ≤ T < 3000 K : − 5439.869 + 195.324057T − 34.3088Tln(T)

0GL
Si = {

298.15K ≤ T < 1687K :50696.36 − 30.099439T + 2.09307⋅10− 20T7 + 0GDiamond A4
Si

1687K ≤ T < 3600 K :40370.523 + 137.722298T − 27.196Tln(T)

0GL
Fe = {

298.15K ≤ T < 1811 K :12040.17 − 6.55843T − 3.67516⋅10− 20T7 + 0GBcc A2
Fe

1811K ≤ T < 6000 K : − 10838.83 + 291.302T − 46Tln(T)

0GL
Mn = {

298.15K ≤ T < 1519 K : 17859.91 − 12.6208T − 441.929⋅10− 23T7 + 0GcBcc A12
Mn

1519K ≤ T < 2000 K : − 9993.9 + 299.036T − 48Tln(T)
Solid phase

0GFcc Al
Al = {

298.15K ≤ T < 700K : − 7976.15 + 137.093038T − 24.3671976Tln(T)

− 0.001884662T2 − 0.877664⋅10− 6T3 + 74092T− 1

700K ≤ T < 933.473K : − 11276.24 + 223.048446T − 38.5844296Tln(T)

+0.018531982T2 − 5.764227⋅10− 6T3 + 74092T− 1

933.473K ≤ T < 2900 K : − 11278.361 + 188.684136T − 31.748192Tln(T)

− 1.230622⋅1028T− 9

0GBcc A2
Fe = {

298.15K ≤ T < 1811K :1225.7 + 124.134T − 23.5143Tln(T)

− 4.39752⋅10− 3T2 − 5.8927⋅10− 8T3 + 77359T− 1

1811K ≤ T < 6000 K : − 25383.581 + 299.31255T − 46Tln(T)

+2.29603⋅1031T− 9

0GDiamond A4
Si = {

298.15K ≤ T < 1687K : − 8162.609 + 137.236859T − 22.8317533Tln(T)

− 1.912904⋅10− 3T2 − 3.552⋅10− 9T3 + 176667T− 1

1687K ≤ T < 3600 K : − 9457.642 + 167.281367T − 27.196Tln(T)

− 4.20369⋅1031T− 9

0GHcp A3
Mg = {

298.15K ≤ T < 923K : − 8367.34 + 143.675547T − 26.1849782Tln(T)

+0.4858⋅10− 3T2 − 1.393669⋅10− 6T3 + 78950T− 1

923K ≤ T < 3000 K : − 14130.185 + 204.716215T − 34.3088Tln(T)

+1038.192⋅1025T− 9

0GcBcc A12
Mn = {

298.15K ≤ T < 1519K : − 8115.28 + 130.059T − 23.4582Tln(T)

− 7.34768⋅10− 3T2 + 69827T− 1

1519K ≤ T < 2000 K : − 28733.41 + 312.2648T − 48Tln(T)

+1656.847⋅1027T− 9

Interaction parameter Li,j
δ

Liquid phase
LL

Al,Si = − 11340.1 − 1.23394T+ ( − 3530.9 + 1.35993T)(xAl − xSi)

LL
Al,Mg = − 9374.468+ 2.3082T+ (470.2715 − 0.12679T)

(
xAl − xMg

)

LL
Al,Fe = − 88090+ 19.8T+ ( − 3800 + 3T)(xAl − xFe)

LL
Mg,Si = − 66985.2876+ 16.6774T+ ( − 30504.9231 + 17.0716T)

(
xMg − xSi

)

LL
Fe,Mg = 61343+ 1.5T − 2700

(
xFe − xMg

)

LL
Fe,Si = − 164434.6+ 41.9773T − 21.523T(xFe − xSi)

Solid phase (FCC_Al)
LFcc Al

Al,Si = − 3143.78 − 0.39T
LFcc Al

Al,Mg = 2803.66+ 0.52T+ ( − 280.75 + 0.54T)
(
xAl − xMg

)

LFcc Al
Al,Fe = − 104700+ 30.65T+ (30000 − 7T)(xAl − xFe)+ (32200 − 17T)(xAl − xFe)

2

LFcc Al
Fe,Si = − 115254.05 − 2.19T + ( − 84776.91 + 44.33T)(xFe − xSi)

+20007.03(xFe − xSi)
2

LFcc Al
Mg,Si = − 7148.79+ 0.89T

LFcc Al
Fe,Mg = 6938.398
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