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1. Introduction

Mo-Si-Ti alloys with eutectic microstruc-
tures, consisting of Ti(Mo)5Si3 and
βðMo;Si;TiÞ, hold significant enhance-
ment in material properties and exhibit
outstanding performance, especially in oxi-
dation and creep behavior.[1–4] The inher-
ent microstructural stability of eutectic
phases contributes to enhanced thermal
and mechanical reliabilities in harsh envi-
ronments. This microstructural stability
expands the potential applications of
Mo-Si-Ti alloys in aerospace, energy pro-
duction, and other industries requiring
materials that can withstand extreme con-
ditions. In experimental and numerical
studies, it is often observed that some
lamellar pairs show an unexpected bend-
ing/tilted growth during solidification pro-
cess. Parisi et al.[5] summarized three
distinct types of eutectic instabilities: lamel-
lar elimination, tilt instability, and oscil-
latory instability. The tilt instability may
be caused by a symmetry breaking, which

could be engendered by several reasons, such as nucleation, noise,
etc. Investigating the underlying mechanism of tilt instability
using traditional experiments faces the following challenges:
1) Controlling all relevant parameters with high precision is diffi-
cult. 2) The tilted growth of eutectic alloy involves intricate inter-
actions between multiple phases, making it challenging to isolate
and study individual mechanisms. 3) Lamellar growth is a
dynamic process, which is arduous to be captured in situ.
4) Understanding the role of interfaces in tilted growth requires
detailed analysis of solid-solid and solid-liquid interfacial energies,
which are open questions. However, it is of great feasibility to shed
light on the growth of the Ti(Mo)5Si3 and β(Mo,Si,Ti) lamellae by
making effort of computational materials simulation methods.

Based on the experiments of organic alloy solidification,
Podolinsky et al.[6] proposed a stepwise eutectic formation mech-
anism. Initially, two different phases nucleate independently in
the melt, and then the eutectic structures form of neighboring
nuclei contacting each other. By this way, the nucleation process
is likely classified into three stages: 1) Early stage of nucleation,
where atoms, ions, or polymers accumulate to form the initial
nuclei. 2) Middle stage of nucleation, characterized by nuclei
of different phases forming and growing independently in the
melt. 3) Late stage of nucleation, where solid-solid interfaces
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The material properties are crucially affected by the microstructure formed
during solidification, which is typically divided into three stages: (I) Early stage
of nucleation in molecule scale, which is beyond the scope of the mean-field
model; (II) Middle stage of nucleation, where the dispersed nuclei have formed;
(III) Late stage of nucleation, where the nuclei contact with each other. In
previous studies, the formation of the stable eutectic lamellae is mostly based
on the assumption that a stable solid–solid interface has already been estab-
lished, corresponding to the stage (III), and the growth stage (II) is often
overlooked. In the current work, by varying the nucleation density and distance,
an alternative mechanism for the misoriented microstructure formation in
Mo-Si-Ti alloy is proposed, which considers nucleation stage (II). Furthermore,
the misoriention angle as a function of the nucleation density, distance, and the
interfacial energies is quantified by systematic phase-field simulations. The
simulated composition distribution reveals the mechanism for the misorien-
tation of eutectic lamellar pairs, which becomes more pronounced when the
solids-fluid interfacial energies are unequal. It is expected that the present
work provides a potential perspective for the fundamental understanding of
misoriented microstructures in solidification.
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between nuclei have been established and grow steadily with
time. The first stage of nucleation relies on the consideration on
molecular scale, such as molecular dynamics (MD) method,[7,8]

which is beyond the scope of the present mean-field model.
Subsequent to this initial stage, the growth of the nuclei can
be explored by using numerical methods at the mesoscopic scale,
such as the phase-field method. The phase-filed method has been
proven to be a powerful technique to simulate the growth of
intermetallic compounds in many alloys, e.g., Sn-Cu,[9]

Al-Ni,[10] Mg-Al,[11] Bi-In-Sn,[12] Ni-Al-Cr-Mo,[13] Fe-C.[14] In the
phase-field simulation studies, the tilted growth of the lamellar
pair during eutectic transformation is explored by considering
the influence of various factors. Mo et al.[15] investigated the
effect of solid–solid and solid–liquid interface anisotropy on
the evolution of the tilted eutectic structure. Similarly, Lahiri
et al.[16] also considered the influence of the interfacial anisotropy
on the morphology of eutectic solidification and observed tilted
lamellae in 2D simulations as well as existence of the eutectic
spirals in 3D simulations. Zhang et al.[17] studied the lamellar
eutectic growth under the effect of forced convection in melt.
A horizontal external force induced a flow resulting in a tilted
eutectic lamellar front by altering the solute distribution near
the interface; similar tilted phase growths are observed for grain
boundary[18] and dendrite[19] with external lateral flow. Noubary
et al.[20] investigated the effect of different parameters, such as
interfacial energies, diffusion coefficients, lamellar spacing,
and solidification velocity, on the ternary eutectics morphology
in an idealized system. They observed that the tilted growth of
the eutectics occurs for special ratios of interfacial energies
between solid/solid and solid/liquid phases. Nevertheless, the
studies mentioned above primarily concentrate on the morpho-
logical evolution of eutectic lamellae after forming the solid-solid
interface (late stage of nucleation). Consequently, the impact
from the nucleation randomness in middle stage has not been
accounted for.

As nucleation can only be statistically analyzed in experiments
and significant differences exist among experimental data, as
summarized in Table 1, we address this gap by meticulously
scrutinizing the morphological evolution of eutectic lamellae
depending on the nucleation characteristics. This is achieved
through precise control of the nucleation distance ratio between
two solid particles by utilizing phase-field simulations. Moreover,
the understanding of the influence of combined effect between

the interfacial energy and nucleation on the solidification mor-
phology, especially from experimental studies, is considerably
limited, since an accurate measurement of the interfacial energy
and a precise control of the nucleation both are almost impossi-
ble in experiments. The role of this combined effect will be stud-
ied in the present work by simulations.

In particular, we cast light on the lamellae growth during a
eutectic transformation in Mo-Si-Ti alloy. By using phase-field
method, we investigate the evolution of lamellar pairs
Ti(Mo)5Si3 and βðMo; Si;TiÞ under various nucleation distance
ratios and with different nucleation densities. Through the anal-
ysis of concentration variations at the triple points L/TS/β on
both sides of β phase, we elucidate the underlying mechanism
behind the three observed growth modes in simulations: (gi)
stable, (gii) regular tilted, and (giii) irregular growth modes,
and identify growth type diagrams. Furthermore, we examine
the morphological evolution of the eutectic lamellae under the
combined effect of disparate interfacial energy and unequal
nucleation distances. Additional experimental conditions, such
as temperature gradient as well as other solidification conditions
that are difficult to be controlled in experiments, for example, the
radius and shape of the initial nuclei, will be explored in a sepa-
rate forthcoming study.

2. Phase-Field Model

In the present work, a thermodynamically consistent phase-
field model based on a grand potential functional is
applied to study the three-phase eutectic transformation,
L ! TiðMoÞ5Si3 þ βðMo; Si;TiÞ, in Mo-Si-Ti ternary alloy.[21,22]

An order parameter φα is used to represent the local volume frac-
tion of each phase α. The value of φα characterizes the phase state
of the system with respect to phase α temporally and spatially. In
particular, the phase-field vector φ ¼ ðφ1, : : : ,φNÞ is applied to
designate the phase state of the system with N phases. For the
mass conservation of multiple components K, we introduce
respective diffusion equations for K components ci (i ¼ 1, : : :K),
which follow the Fick’s law and which are related to K chemical
potentials μi (i ¼ 1, : : :K). The coupling of the N phase-fields
with K chemical potentials results in the following set of evolu-
tion equations:

ταβε
∂φα

∂t
¼ ε
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∂φα
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The Lagrange multiplier Λ in Equation (1) is defined as

Λ ¼ 1
N

XN
α¼1

rhsα (3)

Table 1. Summarizing the nucleation density for different systems under
distinct solidification/condensation conditions.

Materiala) Surrounding matrix Year Nucleation density [m�3]

ω Ti-Mo alloy β-type Ti-Mo alloys 2011 8� 1021[40]

Al crystal Al88Y7Fe5 1999 3� 1021[41]

Al90Gd5Fe5 1991 6� 1021[42]

Al92Sm8 1998 5� 1021–4� 1021[43,44]

β-Al5FeSi intermetallics Al-7.5Si-3.5Cu-0.6Fe 2014 3� 1010[45]

Water droplet Air 2014 6.5� 1012–1.3� 1014[46,47]

Air 2020 1.2� 1014–8� 1018[48]

a)All experimental data are transformed to the particles per unit volume (m�3).
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to ensure the constraint:
PN

α¼1 φα ¼ 1. The modeling parameter
ταβ is a relaxation constant at the α=β interface and calculated by
relating the driving force of the difference in the grand chemical
potential with the undercooling.[23] The profile of the diffuse
interface between the phases is modeled by the gradient energy
term aðφ,∇φÞ and the obstacle potential term wðφÞ; the length
parameter ε controls the interface width. Based on Equation (1),
the interface width is derived as Γ ¼ επ2=4 in 1D case for equi-
librium solidification by considering ΔΨ ¼ Ψα � Ψβ ¼ 0. In
order to determine the parameter ε, we compare the interfacial
profile φβ from our simulation with the theoretical calculation.
Likewise, φβ is also derived from Equation (1) and written as
φðxÞ ¼ 0:5þ 0.5 sinð4x=επÞ. A suitable ε is chosen by consider-
ing the following two factors: an acceptable deviation of the sim-
ulation results for the interfacial profile from theoretical
calculation, and the reduction of computational effort. For a
detailed selection process of the interface width, we refer to
our previous papers.[14,24] The driving force for the phase transi-
tion is described by the difference in the grand chemical poten-
tials Ψ, which are calculated from the material-specific Gibbs free
energies. The Gibbs free energies of the Mo-Si-Ti system are
incorporated from the thermodynamic Calphad database[25] to
ensure the thermodynamic consistency of the model. The con-
centration vector is written as cα ¼ ðcα1, : : : , cαKÞ and the chemical
potential vector is defined as μ ¼ ðμ1, : : : , μKÞ. The evolution
equation of the chemical potentials is given by Equation (2), with
the mobility term M, the anti-trapping current Jat,

[22,26] and an
interpolation function kðφαÞ ¼ φ2

αð3� 2φαÞ.[27,28] We refer to
refs. [22,24] for the details of the derivation of this phase-field
model. To use the approach for solidification in Mo-Si-Ti, the
parameters and quantities of the various terms are configured
accordingly. The simulation parameters are tabulated in
Table 2. It should be noted that the self-diffusion coefficients
of molybdenum and tantalum in the melt are related to their
melting points.[29] We assume that the self-diffusion coefficients
of titanium and silicon have similar dependence on T and are
calculated accordingly. In this study, the interdiffusivities of
the three considered components in the melt are calculated using
Darken’s equation.[30,31] For more complex systems, other meth-
ods, such as the Matano-based approach,[32,33] need to be applied
to quantify the interdiffusion coefficients. Based on the self-
diffusion of titanium Ds

Ti and impurity diffusion coefficients

of molybdenum Di
Mo in β-Ti matrix with body-centered cubic

structure from,[34] the diffusion coefficients of titanium and
molybdenum in the solid phases are considerably lower than
those in the liquid phase at the considered temperature of
1913 K. Consequently, we omit the diffusion in the solid phases
for simplification. Due to the significant difficulty in measuring
interfacial energy in experiments, obtaining its absolute
value requires complex calculation.[35–37] For simplicity, we
assume identical interfacial energies of liquid-TiðMoÞ5Si3 and
βðMo;Si;TiÞ-TiðMoÞ5Si3 to study their influence on the final
solidified morphology. Generally, interfacial energies are essen-
tially a function of concentration. However, describing the
dependence of interfacial energy on concentration remains an
open question and will not be discussed in this work.

3. Phase Diagram of Mo-Si-Ti

To investigate the phase transformation of a solidification pro-
cess caused by an undercooled melt, we consider temperature-
dependent free energy functions of each phase in the phase-field
model. In the current work, we focus on the three-phase eutectic
reaction

L ! TiðMoÞ5Si3 þ βðMo; Si;TiÞ (4)

in the temperature range from 1893 to 1923 K. The free energy
density of the liquid phase is expressed via a parabolic form[24,38]

f L ¼ aðTÞLcLMoc
L
Mo þ bðTÞLcLMo þ dðTÞL þ eðTÞLcLTicLTi

þ gðTÞLcLTi þ hðTÞLcLMoc
L
Ti

(5)

and fitted by the least square method based on the thermody-
namic data[25] at the temperature 1893, 1898, 1903, 1913,
1918, and 1923 K, respectively. The coefficients a, b, d, e, g, h
are temperature dependent. Figure 1 illustrates the free energy
density of the liquid phase as a function of cMo for these four
exemplary temperatures; fitting curves and CALPHAD data
are represented by the solid line and circular symbols, respec-
tively. In CALPHAD database, the intermetallic phase
Ti(Mo)5Si3 is exactly stoichiometric with a constant Si concentra-
tion 0.375 and the solubility of the silicon in the β phase varies
slightly between 0 and 0.07 in the considered temperature range.
In the following sections, we use the notations TS and β to rep-
resent Ti(Mo)5Si3 and β(Mo,Si,Ti) phase, respectively. Due to the
limited thermodynamic data of TS and β phases, we assume that
the free energy functions of these two phases are formulated as

f TS ¼
h
a Tð ÞTS cTSMo þ b Tð ÞTS� �

2 þ d Tð ÞTS
i

þ nTS 0.625� cTSMo � cTSTi
� �

2
(6)

and

f β ¼ a Tð Þβ cβMo þ b Tð Þβ
� �

2 þ dðTÞβ
h i

þ nβ 0.963� cβMo � cβTi
� �

2
(7)

We refer to ref. [24] for a detailed explanation and reasonability
of this assumption. The free energy densities of TS and β are

Table 2. Parameters for the phase-field simulations.

Symbol Description Value

Δt Time step 1� 10�7 s

Δx Space step 1� 10�8 m

σL=T Interfacial energy between liquid
and Ti(Mo)5Si3 phases

0.5 Jm�2

σT=β Interfacial energy between Ti(Mo)5Si3
and β(Mo,Si,Ti) phases

0.5 Jm�2

DL
Mo Self-diffusion coefficient of Mo

in the liquid phase
4.2� 10�9 m2 s�1 [29]

DL
Ti Self-diffusion coefficient of Ti in the liquid phase 4.2� 10�9 m2 s�1

DL
Si Self-diffusion coefficient of Si in the liquid phase 4.2� 10�9 m2 s�1
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shown in Figure 2. A good agreement between the fitted free
energy and the CALPHAD dataset reveals the effectiveness of
the current fitting method. Moreover, we delineate all coeffi-
cients, a, b, d, e, g, h, n, as a function of temperature. To achieve
a temperature-dependent description, we expand the coefficients
as exemplarily illustrated as follows for the terms incorporated in
Equation (6):

f TS ¼ aTS�ðTÞcTSMoc
TS
Mo þ bTS�ðTÞcTSMo þ dTS�ðTÞ

þ eTS�ðTÞcTSTi cTSTi þ gTS�ðTÞcTSTi þ hTS�ðTÞcTSMoc
TS
Ti

(8)

where

aTS� ¼ aTS þ nTS

bTS� ¼ 2aTSbTS � 1.25nTS

dTS� ¼ aTSbTS2 þ dTS þ 0.6252nTS

eTS� ¼ nTS

gTS� ¼ � 1.25nTS

hTS� ¼ 2nTS

(9)

where, every coefficient in the free energy functions is written
as a power series of temperature. The temperature dependence
of the coefficients is fitted by a linear function and are formu-
lated as

aTS�ðTÞ ¼ 0.279T � 388.9

bTS�ðTÞ ¼ �0.348T þ 486.8

dTS�ðTÞ ¼ 0.108T � 152.3

eTS�ðTÞ ¼ 0.278T � 389.1

gTS�ðTÞ ¼ �0.348T þ 486.4

hTS�ðTÞ ¼ 0.556T � 778.3

(10)

All six coefficients in the free energy expression of TS phase as a
function of temperature are depicted in Figure 3. In the rela-
tively small temperature range from 1893 to 1903 K, the present
fitting method via a linear function exhibits a good agreement
with CALPHAD database, providing a reliable thermodynamic
information for the following phase-field simulations. The rela-
tionship between the coefficients in the free energy functions
and the temperature for the liquid and β phases is obtained sim-
ilarly and shown in Appendix to avoid abundance.

Based on these fitted free energy functions, the reconstructed
isothermal sections of L-TS-β phase region in Mo-Si-Ti system at
temperature 1893, 1898, and 1903 K are shown in Figure 4a–c,
respectively. The blue, yellow, and red lines correspond to the TS,
liquid, and β phases, respectively. The equilibrium concentra-
tions calculated by the fitted free energy functions are illustrated
by open circle. The data fromCALPHAD database[25] is represented
by full circles for a comparison. As shown in Figure 4a–c, at every

Figure 1. The free energy density of liquid phase as a function of molybdenum concentration for four different temperatures:1893, 1903, 1913, and
1923 K.
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temperature, the single phase regions of these three phases, which
are calculated by the parabolic free energy functions, almost overlap
with the ones from CALPHAD. The L-TS-β three phase region is
marked by the black triangle, corresponding to the triangle in the
isothermal section of Mo-Si-Ti phase diagram at 1893, 1898, and
1903 K, as depicted in Figure 4d–f, respectively. It implies that the
present fitted free energy functions can be used in the phase-field
simulations to investigate the three-phase eutectic transformation
with quantitative input from the CALPHAD database.

4. Results and Discussion

The previous studies of eutectic transformation paid more atten-
tion to the lamellar growth after forming the interface between
two solid phases. In these considerations, the focus is on the late

state of the nucleation where the solid–solid interface has already
been established. However, what happens before the establish-
ment of the solid–solid interface remains an unsolved issue.
In particular, the nucleation size and distance are strongly
affected by the solidification condition and show relatively large
data scattering, as reported in literature. In the present work, we
consider the influence of the initial nucleation density and the
interfacial energy on the final solidified microstructures. The lat-
ter one has been partially addressed in our previous work.[24] The
combined effect of the initial nucleation density and the unequal
interfacial energy is investigated in this section.

The multi-PF model is applied to simulate the three-phase
eutectic transformation (L ! TiðMoÞ5Si3 þ βðMo;Si;TiÞ) in
Mo-Si-Ti alloy during an isothermal solidification process at the
temperature T0= 1893 K. The zero-gradient Neumann boundary
condition for all fields is applied at the solidified end of the

Figure 2. a,b) are the free energy density of TS and MS phases as a function of molybdenum concentration at different temperatures.

Figure 3. The six coefficients a, b, d, e, g, h in the free energy function of TS phase as a function of temperature.
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domain. An infinite domain perpendicular to the solidification
front is modeled by periodic boundary condition. At the liquid
end of the domain, a constant flux of melt is realized by the
Dirichlet boundary condition via setting a constant composition
cL ¼ ðcLMo, c

L
Ti, c

L
SiÞ ¼ ð0.073, 0.778, 0.149Þ. Considering this

infinite flux of melt, the negligible evolution of the solidified
phases, and the reduction in the computational effort, we only
simulate the region around the solidification front. This is
achieved by a moving window technique,[39] which is controlled
by the height of solidification front. As shown in Figure 5a,
two semicircular nuclei of TS and β phases are filled in the melt
of eutectic composition at T= 1913 K, which indicates an under-
cooling of 20 K for the eutectic growth. The nuclei of the two solid
phases are set with the same radius of r= 0.15 μm, which is larger
than the critical nucleation radius (classic nucleation theory) for
the case with the greatest interfacial energy and than the interface
width of 0.12 μm to ensure a stable numerical simulation.

4.1. Nucleation Density and Distance

Due to the nucleation randomness, in general, the distance
between a TS nucleus and a β nucleus is not necessarily uniform
andmay vary in space. In this section, we investigate how themor-
phological evolution of the lamellar pair is affected by the unequal
nucleation distance. The nucleation distance ratio R is defined as

R ¼ D
S� D� 4r

(11)

where D is the distance between TS and β particles and S depicts
the domain size, indicating one pair nuclei per unit length (see
Figure 5a). The nucleation density may be related to the parameter
S as ≈ 1=Sd, where d is the dimension.

The eutectic growth with different nucleation densities is
achieved by changing S. By varying S and R, we scrutinize the
morphological evolution of the eutectics and observe three differ-
ent growth modes for the development of eutectics: (gi) stable,
(gii) regular tilted, and (giii) irregular growth modes, as shown
in Figure 5. Here, we consider R> 1 due to the mirror-symmetry
of the β nuclei with respect to TS particle. For the growth modes,
gii and giii, we define an orientation angle Φ between the
TS/βinterface and x-direction to characterize the tilted growth
of the lamellar pair, as depicted in Figure 5b; the value of Φ
is obtained via calculating the interface tangent. Figure 5d,e illus-
trate the growth of lamellae with varying R (Figure 5d for R= 2.1
and Figure 5e for R= 4.8) for a fixed S= 1.2 μm. In both figures,
the lamellar pairs initially exhibit a slightly bending growth dur-
ing the eutectic transformation, ultimately returning to a stable
growth. For the fixed value S= 1.2 μm, the final morphology of
eutectics is unaffected by R and always maintains a stable lamel-
lar microstructure. With increasing S to 1.4 μm, the evolution of
the eutectics is depicted in Figure 5f,g for R= 1.7 and 6.6, respec-
tively. In this case, we observe lamellae growth with an orienta-
tion angle deviating from the x-direction. In this tilted growth
mode, the orientation angle Φ is related with R; its dependence
on the nucleation distance ratio will be rationalized later. When S
is relatively large (S= 1.6 μm), the solidified microstructure of

Figure 4. a–c) The reconstructed isothermal sections of L-TS-β phase region in the Mo-Si-Ti system at temperature T= 1893, 1898, and 1903 K. d–f ) The
isothermal sections of Mo-Si-Ti phase diagram at temperature T= 1893, 1898, and 1903 K based on the thermodynamic database.[25]
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the eutectic lamellae is strongly dependent on the nucleation dis-
tance ratio R. For the case with comparable nucleation distance
between TS and neighbouring two β particles, namely R= 2.4 in
Figure 5h, the lamellar pair exhibits a bending growth, whereas
an irregular growth mode is observed in the case with R= 13.9
corresponding to a significant difference in the nucleation dis-
tance (Figure 5i).

The orientation angle Φ, characterizing the tilted growth of
lamellae, varies with R for a fixed S. A quantitative representation
of the relationship between Φ and R for S= 1.4 μm is presented in
Figure 6. For the cases with the same S and under the same under-
cooling, the orientation angle Φ increases with R. The eutectic
transformation occurs in supersaturated melt in an isothermal
solidification process, therefore the growth of eutectic lamellae is
mainly determined by the diffusion of atoms from melt. The devi-
ation of the concentration in the liquid–solid front from the equi-
librium concentration leads to the phase transformation and the
eutectic growth. Hence, we use the temporal concentration varia-
tion of P1 and P2 after forming the TS/β interface, as shown in
Figure 5c, to characterize the motions of two triple points. The
points P1 and P2 are defined at the position in the liquid phase,
which is 7 grid cells away in the x-direction from the triple point
L/TS/β on either side of the β phase (see Figure 5c).

The corresponding concentration field of molybdenum, sili-
con, and titanium for three growth modes is illustrated in
Figure 7. Mo-rich β phase and Si-rich TS phase grow toward liq-
uid. The titanium content in both solid phases is nearly identical.
Next, we analyze the concentration variation of three elements at

Figure 5. a–c) Schematic illustration of the nucleation distance D, initial seed radius r, domain size S, the orientation angle Φ, and two representative
points P1 and P2 in melt. The morphological evolution of eutectic lamellae for six cases: d) R= 2.1 and S= 1.2 μm, e) R= 4.8 and S= 1.2 μm, f ) R= 1.7
and S= 1.4 μm, g) R= 6.6 and S= 1.4 μm, h) R= 2.4 and S= 1.6 μm, i) R= 13.9 and S= 1.6 μm. Three typical growthmodes of eutectic evolution: (gi) stable,
(gii) regular tilted, and (giii) irregular growth modes.

Figure 6. The relationship between the orientation angle Φ and the nucle-
ation distance ratio R.
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P1 and P2, defined in Figure 5c, to explain the mechanism for
these three distinct growth modes.

Figure 8a–c portray the temporal fluctuations in concentration
of molybdenum, silicon, and titanium, respectively, correspond-
ing to the stable growth mode illustrated in Figure 5e. The tem-
poral dependence of three components in the case depicted in
Figure 5g for the regular tilted growth is shown in Figure 8d–f.
The concentration variation of three elements in the irregular
growth mode, as shown in Figure 5i, is depicted in Figure 8g–i.
In all figures, the concentration variation at P1 and P2 is repre-
sented by blue and yellow lines, respectively. Due to the asym-
metric nucleation of solid particles (R 6¼ 1), the concentration
of the three components significantly differs from each other
at these two points in the initial stage in all three cases, leading
to an unequal growth velocity of P1 and P2 at the beginning of the
eutectic transformation. Consequently, the lamellar growth ini-
tially exhibits tilted growth in all three growth modes. For the
stable growth mode, this initial concentration difference of three
components at these two points diminishes over time. As the
concentration at these two points becomes equal, the two eutectic
phases grow along the x-direction with the same velocity, form-
ing a stable lamellar microstructure. Conversely, the concentra-
tion difference persists in the other two growth modes. The
concentrations at P1 and P2 gradually approach each other over
time until reaching a comparable ratio, resulting in the tilted
growth with an orientation angle. When the concentration of
all components at P1 and P2 maintains a significant difference,
the growth velocity at these two points is distinctly different, giv-
ing rise to the irregular growth mode.

The diffusion process consists of two parts: Along the growth
direction called axial diffusion and perpendicular to the growth
direction called lateral diffusion. In the present study, the melt
composition remains constant indicating negligible difference in
axial diffusion. For the lateral diffusion, its diffusion path
increases with enlarging S. When the eutectic transformation
occurs with a small S, the lateral diffusion is pronounced due
to the relatively short diffusion path. As a result of this, the con-
centration difference at P1 and P2 can be compensated by the
lateral diffusion, rendering the effect of R negligible. With

increasing S, the concentration difference is difficult to be com-
pensated by the weaker lateral diffusion, giving rise to the tilted
growth. In addition, the difference in the concentration increases
with R1. Therefore, the eutectic growth shows an irregular
microstructure observed in the cases with large S and R.

4.2. Interfacial Energy

Owing to the challenge for experimental measurement of the
interfacial energies of solid–solid and solid–liquid in Mo-Si-Ti
alloy, we systematically investigate the effect of interfacial ener-
gies on the morphological evolution of the lamellar pair via
modeling and simulation. In this section, we explore the eutectic
development under the combined effect of unequal interfacial
energy and unequal nucleation distance. The domain size S
and the ratio R are set as 1.2 μm and 4.8, respectively, to ensure
a stable lamellar microstructure for the fixed supersaturated melt
(see Figure 5e). Figure 9a–f portrays the morphological evolution
of lamellar pair with different angles θ at the triple junction.
Here, the angle θ is defined as the one between β-TS interface
and liquid-TS interface according to Neumann’s triangle rule
based on the interfacial energies, σTS=β, σL=β, and σL=TS (see
Figure 9c). Through changing the interfacial energies σL=β and
keeping σTS=β ¼ σL=TS ¼ 0.5 Jm�2, the static contact angle θ is
manipulated. For an enhanced clarity, the orientation angle Φ
is considered positive when the growth of lamellae is anti-
clockwise. Conversely, a negative orientation is assigned when
the lamellae growth is clockwise. The corresponding concentra-
tion field of three components for these six representative cases
is illustrated in Figure 10. The orientation angles for these six
cases are summarized in Table 3.

As θ increases, the orientation angle Φ transitions from a pos-
itive orientation, through a zero orientation angle, representing
stable growth, and ultimately to a negative orientation angle. The
supersaturation in melt provides the driving force for the growth
of eutectic phases, whereas the capillary force σκ prevents it from
growth (κ is the surface curvature). The enlargement in θ indi-
cates a decrease in σL=β. Due to the asymmetric geometry of the

Figure 7. The concentration field of Mo, Si, Ti for three growth modes: a–c) stable growth (type gi), d–f ) regular tilted growth (type gii), g–i) irregular
growth (type giii).
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Figure 8. The concentration variation of Mo, Si, and Ti with time at P1 and P2 points. a–c): Stable growth. d–f ): Regular tilted growth. g–i): Irregular
growth.

Figure 9. a–f ) The solidification morphologies for six representative cases with the contact angle θ= 60°, 80°, 90°, 136°, 140°, and 150°.
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TS phase on both sides, the capillary force of the β phase is dis-
tinct, leading to unequal growth velocities at the two triple points
P1 and P2. In this scenario, the growth velocity difference at P1
and P2 is influenced by two factors: one arises from the uneven
nucleation distance, and the other stems from the disparity in
contributions from the capillary force. As the nucleation distance
ratio R remains constant, the former effect persists across all
cases with different θ. When σL=β> σL=TS, both effects lead to
a similar influence on the difference in the growth velocity.
The superimposed effect of these two factors gives rise to a large
difference in the growth rate.

With increasing θ, the superimposed effect weakens until
σL=β< σL=TS, at which point these two effects on the growth veloc-
ity counterbalance each other. When the latter effect dominates
lamellar growth (e.g., for the cases with θ= 140 or 150), a reverse
difference in growth velocity emerges.

As discussed in the previous section, if the difference in
growth rates can be compensated by lateral diffusion, the lamel-
lar growth exhibits stability. Conversely, when there is an exces-
sive difference in growth velocities, the lamellae display tilted
growth. The tilting direction depends on the combined effect
of these two factors.

5. Conclusion

In summary, by applying the phase-field model coupling with
CALPHAD database, we have studied the formation of the misor-
iented microstructure in the eutectic solidification process of
Mo-Si-Ti alloy. According to previous studies, the nucleation den-
sity can vary in a relatively large range in the process of solidifi-
cation. By setting the nucleation distance and density within the
range of previous reports, we show that misoriented eutectic
lamellar pairs occur in the process of the solidification. The sim-
ulation results demonstrate that the misoriention angle increases
with the spacial asymmetry of the nuclei of TS and β. The misor-
iention angle can be up to 10° caused by the asymmetry of the
nucleation distance. The misoriention effect becomes more
enhanced when considering unequal interfacial energies of
β/L and TS/L. In particular, the misoriention angle is increased
to around 35° for the ratio of the interfacial energies,
σTS=β=σL=TS ¼ 1.7, as observed in the present phase-field simula-
tions. We expect that a further increase in the ratio of the solids-
liquid interfacial energies and the space asymmetry can lead to a
more pronouncedmisoriented lamellar pair. However, the actual
value of the solid-liquid interfacial energies and the spacial dis-
tribution of the nuclei rely on a more precise experimental mea-
surement in future works.

Another perspective of the present work is the 3D arrange-
ment of the nuclei. In 3D, there is another spacial freedom to
consider the spacial asymmetry of the nuclei; in this case, the
orientation angle is not constrained in a 2D plane any more.
In a forthcoming work, we will take the 3D nuclei distance in

Figure 10. The concentration field of Mo, Si, Ti for the eutectic growth with six contact angles: a–c) θ = 60°, d–f ) θ= 60°, g–i) θ= 90°, j–l) θ= 136°,
m–o) θ= 140°, and p–r) θ= 150°.

Table 3. The orientation angle for the eutectic growth with different θ.

θ [°] 60 80 90 136 140 150

Φ [°] 34.9 12.4 0 0 �5.8 �12.5
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combination with the unequal interfacial energies into account.
Additionally, the influence of the radius and the shape of the ini-
tial nuclei in 2D and 3D will be explored in a forthcoming work.

The misoriented microstructure may be affected by the tem-
perature effect when a directional solidification is considered. In
contrast to the present isothermal solidification, a temperature
gradient can significantly affect the orientation angle. For
instance, when a linear temperature gradient is imposed in
the domain perpendicular to the solidification front, the lamellar
pair tends to grow following the direction of the temperature gra-
dient. In such a case, we expect a diminishing effect of the tilt
lamellar pair, which will be addressed in a separate work.
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