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MODELING OF EUTECTIC FORMATION IN Al-Si ALLOY USING A PHASE-FIELD METHOD

We have utilized a phase-field model to investigate the evolution of eutectic silicon in Al-Si alloy. The interfacial fluctuations 
are included into a phase-field model of two-phase solidification, as stochastic noise terms and their dominant role in eutectic silicon 
formation is discussed. We have observed that silicon spherical particles nucleate on the foundation of primary aluminum phase 
and their nucleation continues on concentric rings, through the Al matrix. The nucleation of silicon particles is attributed to the 
inclusion of fluctuations into the phase-field equations. The simulation results have shown needle-like, fish-bone like and flakes of 
silicon phase by adjusting the noise coefficients to larger values. Moreover, the role of primary Al phase on nucleation of silicon 
particles in Al-Si alloy is elaborated. We have found that the addition of fluctuations plays the role of modifiers in our simulations 
and is essential for phase-field modeling of eutectic growth in Al-Si system. The simulated finger-like Al phases and spherical Si 
particles are very similar to those of experimental eutectic growth in modified Al-Si alloy.
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1. Introduction

The eutectic Al-Si alloy is one of the most widely used 
aluminum-based alloys and has attracted commercial attention, 
specially in automotive and aerospace industries. Many experi-
mental studies are performed to investigate the nature of eutectic 
silicon growth, in Al-Si alloy during solidification and refining 
processes. The precipitation of silicon in Al-Si alloy has also 
been studied experimentally by many researches, including so-
lidification refining from Al-Si melt [1], eutectic nucleation [2], 
irregular eutectic Al-Si [3] and hypo-eutectic Al-Si alloys [4]. 
The formation and chemical modification of the Al-Si eutectic 
is reviewed in Ref. [5], in which the mechanisms and crystal-
lography of the Al-Si eutectic reaction are presented.

It has been established that the Al-Si eutectic can exhibit 
either an unmodified or a modified morphology. Silicon in un-
modified Al-Si eutectics has the flake-like microstructure [6]. 
However, in the microstructure of a chemically modified alloy, 
the silicon particles appear as isolated spherical crystals. The 
eutectic in modified alloys tends to grow from the surface of 
a casting towards the center, while that in unmodified alloys tends 
to grow randomly within the melt [7]. For the commercial Al-Si 
alloys, microstructural modifications have been made by adding 
modifiers, such as strontium or sodium, to the melt. Modifier 
additions, affects the nucleation of silicon in Al-Si alloys and 
plays a dominant role in the modification of the Al-Si eutectic [6]. 
Recent experiments by Bian et al. [8] give a more compelling 

evidence that the morphology of the Al-Si eutectic is decided 
during its nucleation in the liquid. Makhlouf and Guthy [5] have 
also stated that modifier additions alter the solid-liquid interface 
energies during solidification, and thus affect the Al-Si eutectic 
nucleation kinetics.

Typical eutectic structures of binary alloys form by the 
simultaneous growth of two phases from the liquid and exhibit 
a variety of microstructures. The two morphologies that are 
most frequently observed in eutectic composites are lamellae 
of the two phases, and rods (fibrous morphology) of one phase 
surrounded by a matrix of the other phase [9]. Lamellar eutectic 
patterns in bulk-sample solidification have been studied both in 
experiments and simulations [10,11]. One of the most significant 
theoretical studies in eutectic growth is the work of Jackson and 
Hunt [12]. They have found that, for a given interface velocity, 
stable growth occurs at minimum interface undercooling. Rod-
like eutectics tend to form when the volume fractions of the two 
phases are strongly different. Akamatsu and Plapp have reviewed 
the various phenomena that influence the dynamics of two-phase 
pattern formation and morphological transformations of lamellar 
and rod eutectics [13]. They have stated that the eutectic patterns 
can be dramatically influenced by crystallography. The influence 
of interphase boundary anisotropy on lamellar eutectic growth 
is established recently [14].

In general, there is a contribution to the free-energy of 
solid-liquid interface emerging from the fluctuations in the 
interface region, which brings about the natural nucleation phe-
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nomena [16,15]. The proper treatment of nucleation process in 
the phase-field model, requires the introduction of stochastical 
noise terms into the governing equations [17]. The noise terms 
allow heterogeneous nucleation leading a system from metastable 
state to stable state. A phase-field model of the grain nucleation 
during solidification, in which the fluctuations are incorporated 
into the phase-field equation by additional source terms is given 
in Ref. [18].

The phase-field method is used intensively in modeling of 
microstructure evolution in phase transformation of pure materi-
als, alloys and other material systems. It is a genuine represen-
tation of the original free-boundary problem in sharp-interface 
limit as the interface thickness tends to zero. In the past decade, 
many applications of this method have been reported [19]. Phase-
field method is a suitable tool to model the formation of complex 
solidification interfaces and prediction of microstructure in 
many material systems like coherent solid-state phase transi-
tions [20,21], multiphase growth [22,23], competitive growth 
of dendrites [24 25] and dendritic solidification in binary alloys 
[26,27]. A review on the application of the phase-field method 
in phase transitions is given in Ref. [28].

One of the first applications of the phase-field approach 
in alloys solidification has been introduced by Wheeler and 
colleagues [29]. The phase-field model has been successfully 
applied to study the coherent precipitation of ordered interme-
tallics from a disordered fcc solid solution in Ni-base alloys 
[30], in which the formulation of the free energy is based on 
the concentration wave representation of the ordered state. In 
a different way, Folch and Plapp have developed a phase-field 
model for eutectic and peritectic solidification, in which a smooth 
free energy functional is used to connect any two phases [11]. 
The work of Folch and Plapp has been further extended to 
include anisotropic elasticity and mis-orientations in eutectic 
growth [17,31], in which the free energy of the system consists 
of a chemical free energy and an elastic free energy.

In this paper, we investigate the nucleation and growth of 
eutectic silicon in Al-Si alloy by phase-field simulations. First, 
we have included interfacial fluctuations, as stochastic noises, 
in the Folch-Plapp (FP) phase-field model to simulate eutectic 
formation in Al-Si alloy. We have shown that these fluctuations 
play the role of modifier additions in the Al-Si system. We have 
performed phase-field simulations for two values of β-Si compo-
sition, to elaborate its effect on the size of silicon particles and 
the eutectic spacing. The magnitudes of fluctuations in eutectic 
growth, and their effects on silicon morphology are also studied. 
Moreover, we have studied the role of primary α-Al in nucleation 
of silicon particles in Al-Si alloy. We have observed finger-like 
α-Al phases, which provided a nucleation site for β-Si particles, 
in our simulations. The formation of these α-Al fingers and 
spherical silicon particles have been reported in experiments of 
eutectic reaction in modified Al-Si alloy. The good agreement, 
which is obtained between our simulation results and experimen-
tal observations, elaborates the role of fluctuations in modeling 
of eutectic growth. The presented phase-field model can be used 
to predict the microstructure of eutectic silicon in Al-Si alloy, 

which are costly and difficult to perform experimentally. We 
have represented the related phase-field equations in the first 
part of this paper. The numerical parameters are discussed later 
and the simulations results are illustrated.

2. Phase-field model

In the concept of the phase-field method, a diffuse inter-
face with a limited thickness is assumed between two different 
phases. The interfacial conditions are avoided by introducing 
a set of smooth variables, the so-called phase-field variables, 
which characterize time and spacial evolutions of bulk phases 
in the underlying system. The phase-field variables represent 
bulk phases and interfaces in the material system, and usually 
take the value of 1 in the corresponding phase and zero outside 
of it. By using the differential equations of the phase-field vari-
ables, which are consistent with the material thermodynamics 
in phase transformations, tracking of the interfaces and applying 
the moving boundary conditions, which are often very complex, 
can be avoided [19].

In a binary eutectic alloy, two distinct solid phases, α and β, 
coexist with the liquid phase at the eutectic temperature TE. If 
both solid phases have isotropic and non-faceted solid-liquid in-
terfaces, the theoretical description of their growth includes bulk 
diffusion in the liquid phase, mass conservation at the moving 
interfaces, which is known as Stefan condition, local equilibrium 
at interfaces, which is given by Gibbs-Thomson equation, and 
local equilibrium at trijunction points. The corresponding free-
boundary problem can be found in Ref. [32].

To construct the evolution equations for phase-field vari-
ables, we interpret the phase-field variables as order parameters. 
Their time evolution is considered to be a relaxation towards the 
minimum of a free-energy functional, in the spirit of the time-
dependent Ginzburg-Landau models for the out-of-equilibrium 
thermodynamics of phase transitions. In this paper we use the 
FP model for two phase solidification and include the interfa-
cial fluctuations as noise terms in the phase-field equations. We 
should note that the FP model has not been linked to explicit 
thermodynamic formulation. It has used a free energy functional, 
which is capable of simulating the the free boundary problem 
efficiently [11]. In that model the dynamics of the solid-liquid 
interfaces were accurately simulated and were independent of the 
interface thickness for sufficiently thin interfaces, as predicted 
by the asymptotic analysis.

The starting point for any asymptotic analysis is the equi-
librium front solution that connects two different bulk phases. 
For a binary alloy, there are two or more coupled nonlinear 
partial differential equations in terms of the composition and 
one or more phase fields. In the thin-interface limit, in which W 
is small but finite, we choose the coupling terms such that they 
vanish in equilibrium, as in available Refs. [11, 22].

We denote each phase-field variable by i, which is unity in 
the corresponding i-th single phase region and zero outside that 
phase, i.e. i  [0,1], and varies smoothly between these two 
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values. i = 1 then represents the domain where phase i exists, 
i = 0 where it absent and 0 < i < 1 its bounding interfaces. 
The phase-field variables should satisfy 1i

i
. In eutectic 

growth, the index i represents two solid phases (α, β) and one 
liquid phase (L).

Traditional phase-field models are connected to thermody-
namics by a phenomenological free energy functional, written in 
terms of the phase-field and other fields, such as temperature and 
concentrations. Through a dissipative minimization of this free 
energy, the dynamics of one or more order parameter, as well as 
those of heat or mass transfer are governed by set of non-linear 
partial differential equations.

In phase-field models of eutectic growth in binary alloys, the 
free energy density is a functional of three phase-filed variables 
 = (α,β,L) a concentration c and a temperature T. The total 
free energy of the material system is described by the volume 
integral of the free energy density, as introduced in Ref. [11],

 , ,
V

F = f c T dV  (1)

where the bulk free energy density, f (,c,T), is given by
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where HW  is a constant that sets the interface energy 
and has the unit of energy per unit length, [J/m3]1/2 and the 
gradient term on rhs of Eq. (2) is the kinetic part of the free 
energy density. The constant W sets the length scale of the in-
terfaces. The constants H and X have the dimension of energy 
per unit volume [J/m3]. X is the dimensional prefactor of the 
concentration-dependent terms and hence sets the magnitude 
of the thermodynamic driving forces, which is a macroscopic 
and physically measurable quantity. In contrast, εφ and H can 
be adjusted in order to achieve a desired surface tension and 
interface thickness.

The dimensionless functions fp and fch must have three 
local minima to account for three possible phases, which are 
the solid phases, α and β, and the liquid phase, L. The function 
fch is the double well potential, which has three minima for the 
phase-field variables of the system. The simplest choice for fp, 
which is usually used in the phase-filed models, is

 22 1 for , ,p i i i
i

f i L   (3)

Structural transformations in alloys involves the mass trans-
port. The transformation that we consider here, is the eutectic 
growth of α-Al and β-Si phases in Al-Si alloy. Two concentra-
tion fields are defined in this case, one for the Al phase, cα, and 
another for the Si phase, cβ. c = (C – CE)/ΔC is the dimensionless 
concentration, where CE is the eutectic composition, ΔC = Cβ – Cα 
and Cα and Cβ are the compositions of α and β phases at eutectic 
temperature, respectively. 

The function fch is the chemical free energy density, which 
determines the phase-diagram of the alloy and is defined as
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where ci is the concentration of the phase i in equilibrium with 
another phase and Bi is the free energy density of phase i. 

The relative stability of the phases depends on the concen-
tration values. This requires addition of a function to the free 
energy density that tilts the double well by an amount propor-
tional to the local driving forces [11]. We construct a function 
gi that tilts the double well and besides keeps the minima of the 
free energy at fixed values i = 0, 1 independent of the value of c. 
In other words, gi (

) should be a monotonic function satisfying 
gi(i = 0) = 0 and gi(i = 1) = 1. We construct the tilting func-
tion gi, analogous to available models of eutectic solidification 
[11,19], as follows
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where the index i, j and k represent possible phases in the 
system. 

We define the chemical potential μ as the variation of F 
with respect to the concentration c,

 1 for ,i i i
i

F c c g i
X c

  (6)

The concentration field c evolves according to the mass 
conservation equation,

 c FM
t c

  (7)

where M() is the chemical mobility. Substituting the chemi-
cal potential given by Eq. (6) in Eq. (7), the mass conservation 
equation becomes,
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where D() = XM() is a phase dependent diffusivity. In our 
model, we consider the diffusivity as D() = DL, where D is 
the diffusion coefficient of the liquid phase.

The temporal evolution of the two non-conserved phase-
field variables, α, β, gives the location of interface between the 
solid and liquid phases and is a relaxation toward the minimum 
of the free-energy functional F,

 1
1

L

i
i

i

F
t H

  (9)

for i = α,β. τ () is a relaxation time and controls the time of 
attachment of atoms to solid interfaces. ηi is the stochastic noise 
term in the eutectic system, which should be included in the 
phase-field equation to simulate fluctuations at the solid-liquid 
interface. The noise terms allow heterogeneous nucleation lead-
ing a system from metastable state to stable state. To model the 
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interfacial fluctuations, we introduce ηi as an additional term 
into the phase-filed equations,
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where Ri and RL are random numbers between zero and one, Ni 
and NL are the magnitude of the fluctuations and L is the phase-
field variable for the liquid phase. Since we have the constraint 
α + β + L = 1 in our phase-field model, we can consider the 
equation of motion (Eq. 9) for the solid phases only. The evolu-
tion of the liquid phase is then computed as, L = 1 – α – β.

The derivative δF/δi |α + β + L = 1 in Eq. (9) can be evalu-
ated by the method of Lagrange multipliers analogous to Ref. 
[11]. Using this and replacing the components of the free energy 
density, fp (Eq. 3) and fch (Eq. 4) in Eq. (9) we obtain the evolu-
tion of solid phases as,
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where W = ε / H  is the thickness of the interface between the 
solid phase. λc = X/H is a coupling constant that connects the 
phase-field model to the material parameters and the phase-
diagram of the alloy. The coupling constant, λc, is determined in 
the thin-interface limit, such that the couplings vanish in equi-
librium. The Gibbs-Thomson boundary condition is satisfied by 
the following coupling constant and relaxation times. See Ref. 
[11] for more details. 
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The relaxation time τi is obtained for arbitrary kinetics, 
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where a1 = 2/3 and a2 = 0.7464 are numerical constants. κi is 
the kinetic coefficient of the i-th phase. The parameter λc controls 
the ratio of the interface thickness, W, to the average capillary 
length, d–. As stated before, the phase-field model is independent 
of W for sufficiently thin interfaces. The interface thickness W 
should be larger than the average capillary length, d–, to make 
the phase-field simulations feasible [19]. Therefore, we choose 
W/d– as the resolution for our model in a way that fulfills the 
above requirement.

 The initial conditions are substituted into the phase-field 
evolution equations (Eq. 11). The phase-filed equations are 
solved together with the diffusion equation (Eq. 8), and the 
phase-filed variables α, β and the concentration c are evalu-
ated at each time step.

3. Model parameters

The Al-Si system is a simple binary eutectic with limited 
solubility of aluminum in silicon. The solubility of silicon in 
aluminum reaches a maximum 1.5 at.% at the eutectic tempera-
ture. There is only one invariant reaction in this diagram, namely 
the eutectic reaction. L is the liquid phase, α is predominantly 
aluminum, and β is predominantly silicon. It is now widely 
accepted that the eutectic reaction takes place at 577C° and at 
a silicon level of 12.6%. Fig. 1 represents a schematic of Al-Si 
phase diagram, according to Murray and McAlister work [33].

Cao et al. have assessed the impurity diffusion coefficients 
of Si in fcc-A1 Al using DICTRA software package and have 
compared the calculated coefficients with the experimental 
data from the literature, satisfactorily [34]. We use the value of 
D = 0.5 × 10–12 m2/s in our simulations, according to their study. 
In our phase-field model, the temperature is kept constant, when 
isolated nuclei of α-β solid phases are growing into the liquid. We 
use a constant undercooling in our simulations. The solidification 
and eutectic temperatures are 540C° and 577C°, respectively.

The model parameters used in the phase-field simulations 
are listed in Table 1, where mα and mβ are the liquid slope of α 
and β phases, respectively. The phase-diagram of Al-Si alloy is 
presented in Fig. 1. 

Fig. 1. Phase-diagram of Al-Si alloy [33]

TABLE 1

Materials Parameters of the Al-Si system, which are obtained 
from the alloy phase-diagram

Quantity Used value
mα –163 k/mol
mβ 183 k/mol
Cα 1.6 mol%
Cβ 99.85 mol%
CE 12.6 mol%
D 0.5 × 10–12 m/s2

As in the standard phase-field models [19], the interface 
thickness W should be larger than the average capillary length, 
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d–, to make the phase-field simulations feasible. Therefore, we 
choose W/d– as the resolution for our model in a way that fulfills 
the above requirement. 

We define the phase dependent relaxation time as

 
2

  (14)

where τi(i = α,β) is the time relaxation of each individual phase 
and τ– = (τα + τβ) /2. We scale lengths by W and time by τ– and 
get the following dimensionless parameters,

 2, andD tD t
W

  (15)

A standard finite difference approach is used to discretize 
the model equations with a grid spacing Δx/W = 0.8.

The phase field and the diffusion equations, Eq. (11) and 
(8), are solved together by a first-order Euler Scheme with 
a time step of Δt/τ– = 0.0055, which is slightly below the stability 
limits of both diffusion and phase-field equations, Δt/τ– = (1/4)
(Δx/W)2 min [1/D~, τ~α , τ~β]. For κα = κβ = 0, Eq. (13) yields, 
τ~α / τ~β = (|cβ| / |cα|)2.

A series of two dimensional simulations are performed in 
a rectangular box with symmetric boundary conditions. The 
simulations are started with several particles of β phases. All 
physical conditions are fixed, we now choose the only truly 

free computational parameter, the interface thickness W. As in 
the standard phase-field models [19], the interface thickness W 
should be larger than the average capillary length, d–, to make 
the phase-field simulations feasible. Therefore, we choose W/d– 
as the resolution for our model in a way that fulfills the above 
requirement. Here, we set the input parameters, W/d– = 15.085. 
The coupling constant λc is computed by using Eq. (12).

4. Results and discussions

Now it is well established that the Al-Si eutectic can ex-
hibit either of two morphologies an unmodified and a modified 
morphology. The unmodified morphology is typically coarse 
and flaky, while in the modified morphology the silicon spheri-
cal particles are observed [5]. We know that nucleation plays a 
dominant role in the modification of the Al-Si eutectic [6]. The 
objective of this paper is to investigate the evolution of eutectic 
silicon in Al-Si alloy. As stated before, We have modeled the 
nucleation process in Al-Si alloy by inclusion of stochastic 
noise terms into the phase-field equations. Here, we discuss the 
dominant role of fluctuations in β-Si formation and present the 
simulation results.

We perform the phase-field simulations for two values of Cβ. 
According to phase-diagram of Al-Si alloy, as shown in Fig. 1, 
the composition of β phase in eutectic reaction is approximately 

Fig. 2. Eutectic growth in Al-Si alloy with Cβ = 40 mol%, the microstructure with a color map representing 1 for both solid phases and zero for 
the liquid (a), a plot of the α and β phase-field variables through the center of the domain (b), a plot of the dimensionless concentration through 
the center of the domain (c) are shown
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Cβ = 99.85 mol%. However, to examine the effects of β composi-
tion on spacing selection during eutectic growth in Al-Si alloy, 
we have performed a series of simulations with Cβ = 40 mol%.

We start with a small β-Si nucleus, placed at the left-lower 
corner of the simulation box. The resulted microstructure, after 
25000 time steps, is shown in Fig. 2(a). The color-map represents 
two limits; 1 for α and β solid phases and zero for the liquid. As 
we can see, both solid phases are presented in red color and the 
liquid with blue color. We use Matlab as a post-processing soft-
ware. In Fig. 2(b), we have plotted α and β phase-field variables 
across the center of the solidification domain at Y/W = 175. The 
blue solid line is the β phase and the dashed-red line represents 
the α phase. We observe that sum of φα and φβ in each X/W 
is 1. To distinguish between α and β in our graphics, we have 
illustrated the α phase with green color in Fig. 2(c). In the rest 
of this paper, except Fig. 12, we use green (light gray) color for 
α and red (dark) color for β phase.

Fig. 3 shows the completely solidified microstructure of 
Fig. 2. For this simulation, the magnitude of noise coefficients 
are Nα = 1.25 and Nβ = 1.20. 

The fish-bone like structure in Fig. 4, is obtained by increas-
ing the noise coefficients of previous simulation to Nα = 1.55 
and Nβ = 1.45. 

The dynamics of eutectic phase transformation are given 
in Fig. 5, where we have performed the simulation with five 
nuclei of β phase. One of these particles is placed in the center of 
simulation box and one in each corner. All of the particles have 
initially the same size. The noise coefficients are Nα = 1.25 and 

Fig. 3. Eutectic growth in Al-Si alloy with Cβ = 40 mol%, the microstructure of the completely solidified domain (a), a plot of the α and β phase-
field variables (b) and a plot of the dimensionless concentration (c) through the center of the domain are presented

Fig. 4. Fish-bone like structure which is obtained by imposing larger 
amounts of fluctuations in eutectic Al-Si alloy.
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Nβ = 1.20. Fig. 5(a) is the initial conditions. Figs. 5(b), (c) and 
(d) illustrate the microstructure after 5000, 10000 and 20000 time 
steps, respectively. Each time step is 0.0055 s. In these pictures, 
the aluminum phase is represented in green and silicon phase in 
red and blue color shows the liquid phase. As we can see in Fig. 
5(a), the α phase grows progressively and the β phase nucleates 
on the interface of the α phase. The volume fraction of β phase 
is smaller and forms as Si flakes. After that the β flakes formed, 
their growth stops and the α phase appears again. The nucleation 
and growth of β flakes take place in concentric rings around the 
initial nuclei. The growth of solid phases continues until the 
entire domain is solidified (Fig. 5(d)). At this time, the solidifica-
tion process is completed and the whole liquid is solidified. The 
dimensions of β phase flakes are in the range of 100-500 nm. 

To investigate the effects of fluctuations appearing in the 
solid-liquid interfaces, and to better elucidate the effects of in-
terfacial fluctuations on growth of eutectic Si phase, the eutectic 
growth simulation is performed with three different noise coef-
ficients. The results are presented in Fig. 6. The initial condition 
is as the previous simulation, with five grains in the simulation 
domain. In Fig. 6(a), (b) and (c), we have Nα = 0.95 and Nβ = 0.85, 
Nα = 1.25 and Nβ = 1.2 and Nα = 1.55 and Nβ = 1.45, respectively. 
As we can see, the β phase is nucleated in the foundation of the 
α phase. We have observed that the growth speed has increased 

with increasing of the magnitudes of fluctuation (noise coeffi-
cients) in such a way that Fig. 6(a) is obtained after 45000 time 
steps, Fig. 6(b) after 20000 and Fig. 6(c) after 10000 time steps. 
Moreover, in addition of the β-phase flakes, some needle-like 
and fish-bone like silicon structures are formed as the noise 
coefficients are increased.

The simulation results that we have presented, indicates 
the importance of noise inclusion in the phase-field equations to 
model the eutectic growth and nucleation of β-Si phase. Without 
noise additions, the initial grains will not grow at all and start to 
melt in some cases. Although the silicon flakes obtained in Fig. 6 
have been observed in the start of the solidification of Al-Si melt 
in Bridgman experiments [1], we have used Cβ = 40 mol% to 
obtain them. Therefore, we can not compare them with experi-
mental results.

For more realistic results, we take the value of β composi-
tion as Cβ = 99.85 mol%, according to phase-diagram of Al-Si 
alloy. The microstructure with one nucleus of β phase, which is 
placed on left-lower corner of the simulation box, is illustrated 
in Fig. 7. The noise coefficients are adjusted for this new system 
to Nα = 2.00 and Nβ = 1.95. As we expected, by increasing Cβ, 
the volume fraction of β-Si phase is decreased and the silicon 
particles form in a smaller size. Fig. 7(a) is the initial condition 
and the eutectic microstructure is shown in Fig. 7(b), where 

Fig. 5. Eutectic growth in Al-Si alloy with noise coefficients Nα = 1.25 and Nβ = 1.20, initial condition (a). The resulted microstructures after 
t = 5000 (b), t = 10000 (c) and t = 20000 time steps (d) are presented
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β-Si particles are represented in red and the α-Al matrix in 
green colors. The blue color show the remaining liquid. The 
solidification fron is more obvious in Fig. 7(c), where we have 
illustrated the chemical potential, μ. The value of μ is positive 
on solid boundaries and negative in the liquid. The value of μ in 
the solidified microstructure is small compared with its value on 
the solidification front. Fig. 7(d) shows a plot of dimensionless 
concentration c across the simulation box at Y/W = 320. As we 
can see, the concentration in the β phase is cβ = 0.8825 and in 
the α phase is cα = –0.1175 and varies between these two values 
across the interface of α and β. c is zero in the liquid. 

By imposing fluctuations with larger noise coefficients in 
the previous simulation, the needle-like β-Si can be obtained. 
For instance, the needle-like β phase in Fig. 8(a) is obtained by 
increasing the noise coefficients to Nα = 3.0 and Nβ = 2.95. If 
we consider the profile of chemical potential for this simulation, 
we see that needle-like silicon has a relatively low value of μ.

Next, we perform a simulation with four nuclei of β-Si. 
The evolution of β-Si phase is shown in Fig. 9. Fig. 9(a) is 
the initial condition, where we have placed the square-shape β 
nuclei in each corner of the simulation box. Fig. 9(b) shows the 
microstructure after 40000 time steps and in Fig. 9(c), the liquid 
is completely solidified. 

The chemical potential of the microstructure of this simu-
lation, is given in Fig. 10(a) and is plotted across the center of 
simulation box, Y/W = 175, in Fig. 10(b). The corresponding di-
mensionless concentration, is also presented in Fig. 11(a). A plot 
of c through the center of the simulation box for the completely 
solidifies microstructure, Fig. 11(b), shows that the value of c 
is positive in β phase and negative in the α phase.

In the simulations that we have performed till now, we had 
some nuclei of β phase. As a next step, we perform a simulation 
with a primary α phase. In Fig. 12(a), we have a relatively large 
grain of α-Al phase, which is placed on the lower-left corner of 
the simulation box. This is the initial condition, where the color-
map shows that α is one in the red region and zero outside of it. 
The blue color is the liquid. The solidification microstructure is 
presented in Fig. 12(b). As the melt is under-cooled, first a flake 
of β is formed on the foundation of primary α phase anf then, the 
α phase nucleates on this β flake and around it. The growth of α 
phase continues until it takes a finger-like shape. This α finger 
provides a nucleation site for β-Si particles. As we can see in Fig. 
12(b), the β-Si particles are formed on the foundation of α-Al 
matrix and are represented with yellow (light) color in this figure.

The microstructure in Fig. 9 was symmetric, since we had 
four initial nuclei of the same size. To break this symmetry in our 

Fig. 6. Eutectic growth in Al-Si alloy with different noise coefficients. Microstructures with Nα = 0.95 and Nβ = 0.85 (a), Nα = 1.25 and Nβ = 1.20 
(b), Nα = 1.55 and Nβ = 1.55 (c) are presented
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Fig. 7. Eutectic growth in Al-Si alloy with Cβ = 99.85 mol%. The initial condition (a), the formation of β-Si particles with small size (b), the 
corresponding chemical potential (c) and a plot of chemical potential at X/W = 320 (d) are illustrated

Fig. 8. Needle-like β-Si which are obtained by imposing larger amounts of fluctuations. The resulted microstructure (a) and the corresponding 
chemical potential (b) are shown

phase-field simulations and also to elaborate the role of primary 
α phase on nucleation of silicon particles in Al-Si alloy, we have 
performed a series of runs. In the first run, we have placed four 
square-shape grains, with different sizes, of β-Si on each corner 
of simulation domain. The resulted microstructure is shown in 
Fig. 13(a). As it is obvious, the α-Al phase grows on the bound-
ary of initial β grains and the growth of α phase continues until 

it takes the finger-like shape. Since the initial nuclei of β phase 
had different sizes, the size of α fingers is not the same as well. 
However, the nucleation of β phase occurs on the foundation of 
these finger-like α-Al as before. As the solidification proceeds, 
the formation of β-particles continuous in radial rings, until the 
whole liquid is solidified. In Fig. 13(b), we have primary α phase 
as initial condition, with the same size and position of the previ-
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ous run. As one can observe, the square α-Al phase grows, until 
it take the finger shape again and then, the β particles nucleate. 
Figs. 13(c) and (d) present the results of similar simulations 
as Figs. 13(a) and (b), respectively. The only difference is that 
the upper-left nucleus has a rectangular shape, with a relatively 
large aspect ratio. The resulted microstructure is unsymmetric, 
as we expected. However, the evolution of β-Si phase particles 
is the same as before.

Fig. 9. Dynamics of β-Si formation with four nuclei and Cβ = 99.85. The initial condition (a), the resulted microstructure after 40000 time steps 
(b) and the completely solidified domain (c) are presented

Fig. 10. Chemical potential for the completely solidified microstructure of Fig. 9(c). The chemical potential with a color map (a) and a plot of 
chemical potential through the center of the simulation box (b) are shown

We have compared our simulation results with experimental 
observations in Fig. 14. The finger-like α-Al phases are also 
observed in experimental observations of chemically modified 
Al-Si system, as shown in Fig. 14(b). The silicon particles appear 
as isolated spherical crystals, when observed at low magnifica-
tion. Moreover, the eutectic in modified alloys tends to grow 
from the surface of a casting towards the center, see Fig. 14(a). 
In Fig. 14(c), in which the α phase is presented in green, one 
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Fig. 11. Dimensionless concentration of the completely solidified microstructure of Fig. 9(c). The concentration field with a color map (a) and a 
plot of concentration through the center of the simulation box (b) are presented

Fig. 12. Simulation with primary α phase. This figure shows the initial condition (a) and the formation of finger-like α-Al and nucleation of β-Si 
particles on its foundation (b)

can see that the simulated finger-like Al phase and spherical Si 
particles are very similar to those of experiments. This shows 
the capability of the presented phase-field model to simulate 
eutectic growth in modified Al-Si system. The fluctuations 
that we have added to the phase-field equations play the role 
of modifiers here.

The eutectic microstructure in unmodified Al-Si alloy 
comprises large elongated plates of silicon in the aluminum 
matrix. This is usually attributed to the strong anisotropy of 
growth of silicon [5]. Therefore, the phase-field modeling of 
eutectic growth in unmodified Al-Si, requires the application 
of an interphase boundary anisotropy to silicon phase, which is 
beyond the scope of this paper. This can be done as a continua-
tion of this work. Furthermore, simulations with larger domain 
can also be performed to simulate more finger-like shape. This 
can give simulation results more similar to Fig. 14(b), which is 
not the case here, due to the computational costs. 

5. Summary and conclusion

We have utilized a phase-field model to investigate the 
evolution of eutectic silicon in Al-Si alloy. The interfacial fluc-
tuations are included into the FP phase-field model as stochastic 
noise terms. We have discussed the dominant role of fluctuations 
in β-Si formation. The effects of noise coefficients on formation 
of β-Si phase have been studied.

We have performed the phase-field simulations for two 
values of β composition. The simulation results have shown 
needle-like, fish-bone like and flakes of silicon phase in the case 
of smaller β composition, by adjusting the noise coefficients to 
larger values. The simulation results that we have presented, 
indicates the importance of noise inclusion in the phase-field 
equations to model the eutectic growth and nucleation of β-Si 
phase. Without noise additions, the initial grains started to melt, 
even with increasing the undercooling.

By increasing the β composition to its real value, we have 
obtained smaller silicon particles, as expected. We have observed 
that β-Si spherical particles nucleate on the foundation of primary 
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Fig. 13. Eutectic microstructure and evolution of β-Si particles on the foundation of finger-like shape α-Al. The initial condition includes four 
square-shape β-Si nuclei with different sizes in (a) four square-shape α-Al nuclei in (b). Unsymmetrical microstructure with primary β phase (c) 
and with primary α phase (d) are presented

(b) (c) 
(a) 

Fig. 14. Schematic diagram showing the evolution of silicon particles during solidification of a modified Al-Si eutectic [7] (a), the microstructure 
of a strontium modified Al-Si alloy at low magnification [5] (b) and the phase-field simulation results (c) are shown

α phase. Then the nucleation and growth of spherical Si particles 
continues on concentric rings through the Al matrix. We have 
attributed the nucleation of β-Si to inclusion of fluctuations 
into the phase-field equations. The role of primary α phase on 
nucleation of silicon particles in Al-Si alloy is elaborated by 

performing a series of runs with several initial nuclei of differ-
ent shapes and sizes. The simulated finger-like Al phases and 
spherical Si particles were very similar to those of experimental 
eutectic growth in modified Al-Si alloy. This shows the capability 
of the presented phase-field model to simulate eutectic growth 
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in modified Al-Si system. We conclude that the fluctuations, 
which we have added to the phase-field equations, play the role 
of modifiers here.

The phase-field modeling of eutectic growth in unmodified 
Al-Si, requires the application of an interphase boundary ani-
sotropy to silicon phase and can be performed as a continuation 
of this work. Furthermore, simulations with larger domain can 
also be carried out to simulate more finger-like shape Al phase, 
which was not the case here due to the computational costs. 
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