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The phase-separation kinetics and microstructure evolution mechanisms of liquid ternary Co43Cu40Pb17

immiscible alloys are investigated by both the drop tube technique and phase-field method. Two successive
phase separations take place during droplet falling and lead to the formation of a three-phase three-layer
core-shell structure composed of a Co-rich core, a Cu-rich middle layer, and a Pb-rich shell. The Pb-rich
shell becomes more and more conspicuous as droplet diameter decreases. Meanwhile, the Co-rich core center
gradually moves away from the core-shell center. Theoretical analyses show that a larger temperature gradient
inside a smaller alloy droplet induces the accelerated growth of the surface segregation shell during triple-phase
separation. The residual Stokes motion and the asymmetric Marangoni convection result in the appearance
of an eccentric Co-rich core and the core deviation degree is closely related to the droplet size and initial
velocity. A three-dimensional phase-field model of ternary immiscible alloys, which considers the successive
phase separations under the combined effects of Marangoni convection and surface segregation, is proposed to
explore the formation mechanisms of three-phase core-shell structures. The simulated core-shell morphologies
are consistent with the experimental observations, which verifies the model’s validity in reproducing the core-shell
dynamic evolution. Numerical results reveal that the development of three-phase three-layer core-shell structures
can be attributed to the primary and then secondary phase separations dominated simultaneously by Marangoni
convection and surface segregation. Furthermore, the effects of droplet temperature gradient on the growth
kinetics of the surface segregation shell are analyzed in the light of phase-field theory.
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I. INTRODUCTION

Liquid phase separation (PS) inside small droplets of
immiscible alloys often leads to the formation of core-shell
microstructures [1–3] under the drop tube [3], aerodynamic
levitation [4], and gas atomization [5] conditions. Due to their
various potential applications in the areas of condensed matter
physics and material sciences, these core-shell microstructures
have attracted much attention in recent years. The formation
mechanisms and evolution processes of core-shell microstruc-
tures in small droplets of undercooled liquid immiscible alloys
have been investigated extensively. When the immiscible alloy
is undercooled into the miscibility gap, the minority liquid
phase is separated from the parent liquid phase in the form
of tiny globules. The subsequent growth and movement of
these globules in the process of PS are determined by many
factors, including Marangoni motion [6], Brownian motion
[7], Ostwald ripening [8,9], convection flow [10], gravity level
[3], and wettability between the two-coexisting phases [11].
In microgravity, Stokes sedimentation caused by the density
difference between the two-coexisting liquid phases is greatly
weakened and Marangoni convection becomes the dominant
dynamic mechanism responsible for the development of
core-shell microstructures. Under the effect of Marangoni
convection, the minor phase globules migrate from the lower-
temperature regions to the higher-temperature regions [12] at
the droplet center, forming a core, and the other phase is pushed
outside, forming a shell. This is qualified as an interpretation
of the formation of two-layer core-shell structures [13], but
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fails to explain the development of core-shell structures with
more than two layers. After these structures were intensively
studied, it was found that surface segregation, which is induced
by the surface energy difference between the two-coexisting
liquids, is the other dynamic mechanism responsible for the
formation of core-shell structures [3].

Most of the previous investigations on the liquid PS inside
tiny droplets of immiscible alloys have concentrated on two-
phase core-shell microstructures, which correspond to core-
shell structures composed of A- and B-rich immiscible zones
[14,15]. In contrast, the three-phase core-shell microstructures,
which represent core-shell structures consisting of A-, B-,
and C-rich immiscible zones, have rarely been involved so
far. The formation of three-phase immiscible zones requires
a cascade of PSs in undercooled melts of multicomponent
immiscible alloys. The preparation of a three-phase core-shell
structure via liquid PS remains a great challenge, let alone
its formation mechanisms and evolution processes. Due to
the ultrashort solidification time and the opacity of liquid
immiscible alloys, it is very difficult to directly monitor the
evolution processes of various core-shell structures, which
are currently studied based on metallographic analysis [16].
The dynamic mechanisms and evolution processes are not
fully understood, especially for the three-phase core-shell
structures. Until now, the numerical simulations have been
widely applied in the theoretical research of liquid PS [17–23],
but they mainly focus on organic mixtures [17,18] and
polymers [20,21]. There is still much work to be done on
these core-shell structures in undercooled liquid immiscible
alloys. However, few theoretical models have been proposed
to investigate the evolution kinetics of three-phase core-shell
structures during the successive liquid PSs. Therefore, it
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is of great importance to investigate a cascade of PSs in
multicomponent immiscible alloys by both experiments and
simulations.

The aim of this work is to prepare a three-phase core-shell
structure via PS. In addition, the present paper is also devoted
to modeling the dynamic evolution of this core-shell structure.
In contrast with other containerless processing techniques,
the drop tube method is characterized by subdividing liquid
immiscible alloys into numerous droplets at a reduced-gravity
state. It may be a preferable choice to produce the spherical
composites with various core-shell structures. The ternary
Co43Cu40Pb17 immiscible alloy, which perhaps displays suc-
cessive phase separations of L → L1(Co-rich) + L2(Cu-rich)
and L2(Cu-rich) → L2′′ (Cu-rich) + L3(Pb-rich), is selected
to tentatively synthesize the core-shell structure consisting
of Co-, Cu-, and Pb-rich immiscible zones by performing
drop tube experiments. To sufficiently clarify the formation
mechanisms of three-phase core-shell structures, a three-
dimensional phase-field model is proposed to analyze the
dynamical evolution characteristics of liquid PS in un-
dercooled melts of ternary Co-Cu-Pb alloys. The model
takes into account the successive PSs under the coupling
effects of Marangoni convection and surface segregation.
Based on this model, the phase separation and microstruc-
ture evolution of Co-Cu-Pb alloy droplets under reduced-
gravity condition are systematically explored in subsequent
sections.

II. EXPERIMENTAL PROCEDURE

The experimental samples of the ternary Co43Cu40Pb17

alloy were made from high-purity elements of 99.99% Co,
99.99% Cu, and 99.99% Pb in a high-vacuum arc-melting
furnace. Each sample weighed about 3 g and was placed
inside a �16 × 150 mm2 quartz tube with a small orifice about
0.3 mm in diameter at the bottom. The quartz tube was subse-
quently installed on the top of the drop tube equipment. Before
the experiment, the drop tube was evacuated to 2 × 10−5 Pa
and then backfilled with a mixture of He (99.995%) and Ar
(99.999%) gas to 1 × 105 Pa. The partial pressure ratio of Ar
gas to He gas was 1:1. After that, the alloy sample was melted
by induction heating and further overheated to 100–300 K
above its liquidus temperature for a few seconds. Finally, the
molten alloy was ejected out from the orifice and dispersed
into many droplets by high-pressure jetting gas of He, which
fell and solidified in a containerless and reduced-gravity
environment.

The solidified droplets were collected at the bottom of
the drop tube. Later on, they were classified into different
groups according to droplet size. Afterward, these solidified
droplets were mounted, polished, and etched. A solution of
5 g of FeCl3 + 10 mL of HCl + 50 mL of H2O was used
as the etchant for ternary Co-Cu-Pb alloys. The solidified
microstructures were investigated with an FEI Sirion Electron
Microscope and a Zeiss Axiovert 200 MAT optical micro-
scope. The solute contents of Co-, Cu-, and Pb-rich immiscible
zones were finally measured by an INCA Energy 300 energy
dispersive spectrometer (EDS).

III. THREE-DIMENSIONAL PHASE-FIELD SIMULATIONS

A. Free energy functional construction

In this model, a ternary immiscible alloy comprised of
components A, B, and C is considered. For simplification, the
molecular weights, specific volumes, and viscosities of A, B,
and C elements within the ternary A-B-C alloy are supposed
to be equal. In such a case, the molar, volumetric, and mass
fractions are all equal to each other and the mixture viscosity
is composition independent [24–26]. As for the Co-Cu-Pb
alloy, this supposition does not apply in the presence of Pb.
Considering the present work is devoted to the exploration of
formation mechanisms of three-phase core-shell structures in
microgravity, our model based on this supposition still can be
used to qualitatively study the evolution kinetics of the three-
phase core-shell structure during triple-phase separation. Let
Ci(r,τ ) for i = 1,2, and 3 represent the mole concentrations
of the components Co, Pb, and Cu as functions of r and τ ,
respectively. Here r denotes the spatial position and τ stands
for the evolution time. According to the mass conservation,
the mole concentrations satisfy

3∑
i=1

Ci(r,τ ) = 1. (1)

The free energy functional for a ternary immiscible alloy
droplet can be expressed as

Ftotal(r,τ ) = Fbulk(r,τ ) + Fgrad(r,τ ) + Fsurface(r,τ ), (2)

where Fbulk is the bulk free energy, Fgrad is the free energy
of the concentration gradient, and Fsurface is the surface free
energy. With use of a regular solution model [27,28], the bulk
free energy Fbulk can be simulated as

Fbulk(r,τ ) =
∫ ⎛

⎝∑
i �=j

σijCiCj +
3∑

i=1

Ci ln Ci

⎞
⎠(RgT )dV ,

(3)

σij = ωij

RgT
, (4)

where ωij is the effective interaction energy between compo-
nents i and j, Rg is the gas constant, and T is the temperature
of the alloy melt. In the present work the values of σ12, σ13,
and σ23 are supposed to be the same σ for simplification.
Furthermore, the values of ω12, ω13, and ω23 are set as RgTc�

and � is the interaction coefficient. If σ � 3, Fbulk has three
minima and one local maximum. This energy allows for one-,
two-, and three-phase materials. The free energy Fgrad of the
concentration gradient [29] and the surface free energy [13]
Fsurface are taken, respectively, as

Fgrad(r,τ ) =
∫ 3∑

i=1

0.5RgTca
2
s (∇Ci)

2dV , (5)

Fsurface(r,τ ) =
3∑

i=1

(
Fi − HCS−i + 0.5gSC

2
S−i

)
(RgTc)Si,

(6)
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in which CS−i represents the mole concentration of component
i at the surface and Si determines the surface segregation. Here
Si is set as 1 for the component i with the lowest surface
energy and as 0 for other components. In addition, Tc is the
critical temperature, as is the characteristic length of spatial
heterogeneity, and Fi,H , and gS are constants describing the
surface preferential attraction properties. The dimensionless
chemical potential μi of component i in the alloy melt is
derived as

μi = 1

RgTc

δFtotal

δCi

= 1

RgTc

(
∂Ftotal

∂Ci

− ∇ ∂Ftotal

∂∇Ci

)
. (7)

B. Concentration-field governing equation

According to the model in Refs. [25,26], the dimensional
concentration-field governing equation for component i in the
process of PS can be determined as

∂Ci

∂τ
= ∇ ·

⎧⎨
⎩Ci

⎡
⎣−v +

∑
j �=i

Cj∇
(

δF

δCi

− δF

δCj

)⎤
⎦

⎫⎬
⎭, (8)

where v is the velocity. Since the equilibrium is defined
via equal chemical-potential gradients, the elements of the
transport matrix for diffusion should sum to zero in each row
and of course in each column to guarantee C1 + C2 + C3 = 1.
To avoid the problems of labeling the variables, we first define
a transport matrix for diffusion with respect to C1, C2, and
C3 and then calculate the chemical potential with Eq. (7).
Subsequently, we use them in the equation (8) of motion. As
for a tiny droplet, it has been proved that the Reynolds number
is smaller than 10−3 and the local velocity v of the inner flow
field is proportional to the local body force [30,31]. As the local
body force approximation is taken into account, the velocity v
can be simplified as

v(r,τ ) ≈ −PF

3∑
i=1

Ci∇μi, (9)

where PF is the fluidity parameter of the alloy melt. It can be
defined as

PF = ρRgTcε
2

6πDLηM
, (10)

where ρ is the density of the alloy droplet, η is the viscosity,
DL is the solute diffusion coefficient, and M is the molar
weight. Here Eq. (8) refers to an incompressible system.
To satisfy the incompressibility condition of ∇ · v = 0, a
Lagrange multiplier must be introduced in the local body force
approximation [25,26], yielding

v(r,τ ) ≈ −PF

[
−∇θ (r,τ ) +

3∑
i=1

Ci∇μi

]
, (11)

∇ · v = 0. (12)

Based on Eqs. (11) and (12), θ (r,τ ) can be obtained by
solving the following equation:

∇2θ (r,τ ) =
3∑

i=1

∇ · (Ci∇μi). (13)

C. Temperature-field governing equation

Under the reduced-gravity condition, the effects of Stokes
sedimentation on the migration of minor phase globules can be
greatly weakened and the Marangoni convection caused by the
temperature gradient starts to dominate the globule movement
during PS. To incorporate the effects of Marangoni convection
on liquid PS, a dimensionless heat conduction equation [3]

∂Tr

∂τ
= αT

DL

(
∂2Tr

∂r2
+ 2

r

∂Tr

∂r

)
(14)

is adopted, where Tr = T/Tc is the reduced temperature and
αT and DL are the thermal and solutal diffusion coefficients,
respectively. The initial and boundary conditions for Eq. (14)
are given as

T (r,0) = T0, (15)

−k
∂T

∂r

∣∣∣∣
r=R

= εhσSB
(
Ts

4 − Tg
4
) + h(Ts − Tg), (16)

where k is the thermal conductivity, εh is the emissivity,
σSB is the Stefan-Boltzmann constant, h is the heat transfer
coefficient, T0 is the initial temperature of the alloy melt, Tg is
the environment temperature, and Ts is the surface temperature
of the alloy droplet. Although Eqs. (14)–(16) roughly describe
the droplet heat dissipation prior to liquid PS and possible ef-
fects from PS and fluid flow inside the small droplets are
ignored, the simulated temperature fields are still helpful to
understand the formation mechanisms of multiphase core-shell
structures for immiscible alloy droplets processed by the drop
tube method [13].

D. Model solutions

The governing equations of this three-dimensional (3D)
phase-field model were solved on a uniform three-dimensional
cubic grid by using an explicit finite-difference method and
zero Neumann boundary conditions for Ci and μi were
imposed at the boundaries. The system size used in the
simulations was chosen as 140�x × 140�y × 140�z, with
�x = �y = �z = 1. The droplet diameter was supposed to
be 120�x and �t was taken as 0.0002, which ensures the
stability of the numerical solutions. During the calculations,
we considered that the diffusion flux should vanish at vanishing
field, i.e., qi |Ci=0 = 0 is a basic requirement to avoid dynamic
spurious phases. The values of the physical parameters in this
model were obtained from Ref. [32]. The codes used to solve
the phase-field model were written in C++ language and the
calculations were carried out by a Lenovo 1800 cluster system.

IV. RESULTS AND DISCUSSION

A. Triple-phase separation under reduced-gravity state

In the drop tube experiment, the liquid ternary
Co43Co40Pb17 alloy is rapidly solidified in the form of
numerous small droplets with different sizes. While droplets
fall, two successive PSs take place and finally result in the
formation of two kinds of three-layer core-shell structures as
observed in Fig. 1. The EDS analyses reveal that the black
denotes the Co-rich phase, gray represents the Cu-rich phase,
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(a) 
Cu-rich 

Co-rich 

Pb-rich 

D=598 µm 100 µm

(b) 

D=160 µm 30 µm

Pb-rich 

Cu-rich 

Co-rich 

FIG. 1. Three-phase three-layer core-shell microstructures composed of a Co-rich core, a Cu-rich middle layer, and a Pb-rich shell in
Co43Cu40Pb17 alloy droplets solidified within the drop tube: (a) a thin Pb-rich shell and (b) a thick Pb-rich shell.

and white stands for the Pb-rich phase. Clearly, both core-shell
structures are composed of a Co-rich core, a Cu-rich middle
layer, and a Pb-rich shell. Furthermore, some Cu-rich globules
appear within the Co-rich core. The only differences between
these two core-shell structures are the reduced radius and
the deviation degree of the Co-rich core and the reduced
thicknesses of the Cu-rich layer and the Pb-rich shell. In the
present work the reduced thickness δr of the Pb-rich shell, the
reduced thickness Lr of the Cu-rich layer, the reduced radius
Rr of the Co-rich core, and the deviation degree ed of the

Co-rich core are defined, respectively, as δ/R, L/R, r/R, and
S/R in Fig. 2, where δ is the shell thickness, R is the droplet
radius, L is the Cu-rich layer thickness, r is the average radius
of the Co-rich core, and S is the distance between the Co-rich
core center and the alloy droplet center.

According to the metallographic analyses, the morphology
characteristics of three-phase three-layer core-shell structures
are closely linked with alloy droplet diameter. Figure 2(a)
shows the reduced thickness of the Pb-rich shell as a function
of droplet diameter. It can be observed that the variation
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FIG. 2. Morphology characteristics of the three-phase three-layer core-shell structure versus alloy droplet size: (a) reduced thickness δr of
the Pb-rich shell, (b) reduced thickness Lr of the Cu-rich layer, (c) reduced radius Rr of the Co-rich core, and (d) deviation degree ed of the
Co-rich core.
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FIG. 3. Unusual three-phase separated morphologies of Co43Cu40Pb17 alloy droplets under the drop tube condition: (a) multicore-shell
structure and (b) dispersed structure.

of reduced thickness with droplet diameter could be fitted
by an exponential relation. With decreasing droplet size, the
reduced thickness increases slightly and this indicates that the
Pb-rich shell becomes more and more obvious. Figure 2(b)
illustrates the dependence of the reduced thickness of the
Cu-rich middle layer on the alloy droplet diameter. As droplet
size decreases, the reduced thickness of the Cu-rich layer
displays an increasing trend in diameter regime above 500 μm.
Once the droplet size decreases below this threshold value, the
middle layer becomes narrower. In contrast, the reduced radius
for the Co-rich core continually decreases with the drop in
droplet diameter and the relationship between them can also be
represented by an exponential function, as shown in Fig. 2(c).
The deviation degree of the Co-rich core is also measured at
various droplet sizes and the results are plotted in Fig. 2(d).
Apparently, the core eccentric degree increases mildly with the
decrease in droplet size. This suggests that the Co-rich core is
gradually moving away from the core-shell center. It can be
concluded that the droplet size plays an important role in the
PS processes of Co43Cu40Pb17 alloy droplets and subsequently
influences the phase-separated morphologies to some extent.

Some unusual three-phase-separated morphologies, whose
formation probabilities of ∼7% are much smaller than the
three-phase three-layer core-shell structures, are also pre-
served occasionally within the solidified alloy droplets as given
in Fig. 3. As for an alloy droplet with a diameter of 656 μm,
a dicaryon three-phase core-shell structure is formed and the
morphology appears as two Co-rich cores surrounded by a
Cu-rich middle layer and an inconspicuous Pb-rich shell, as
depicted in Fig. 3(a). Not all of the triple-phase separation
inside the drop tube leads to the formation of a core-shell
macrosegregation structure. Figure 3(b) exhibits a dispersed
three-phase-separated morphology consisting of Co-, Cu-,
and Pb-rich zones. The evolution mechanisms of three-phase
core-shell morphology characteristics with droplet size and the
dominant factors responsible for the formation of these unusual
macrosegregation patterns will be sufficiently discussed in the
following.

B. Temperature-field characteristics

The formation of almost symmetrical three-layer core-shell
microstructures in Fig. 1 can be attributed to the approximately

symmetric temperature fields and concentration fields within
falling Co-Cu-Pb alloy droplets. In the process of droplets
falling, these alloy droplets are located in a containerless and
reduced-gravity environment. Thus, the Stokes sedimentation
caused by the density differences among coexisting liquids is
greatly restrained and the Marangoni convection induced by
the temperature gradient begins to control the movement of
minor phase globules and then determines the final phase-
separated morphology. Moreover, considering that the PS
proceeds in a limited time related to the droplet cooling rate,
developing a fundamental understanding of the temperature-
field characteristics is highly desirable so as to clarify the
dependent relation of phase-separated morphology on droplet
size.

By using Eqs. (14)–(16), the variation of the droplet
temperature T , temperature gradient GL, and cooling rate
Rc with the cooling time t can be calculated and the results
are given in Fig. 4. For every alloy droplet, the closer to
the droplet center, the higher the temperature, irrespective of
droplet size, as shown in Fig. 4(a). As the interfacial energy
between different coexisting liquids decreases with the rise
in temperature, the minor phase globules during PS have
a tendency to migrate to the droplet center with a higher
temperature under the effect of Marangoni convection. In
comparison to a large alloy droplet, the temperature of a
small alloy droplet decreases more rapidly with the extension
of cooling time, as illustrated in Fig. 4(b). In other word, a
smaller alloy droplet has a higher cooling rate, as computed
in Fig. 4(d). As a consequence, the larger alloy droplets may
allow a longer migration time for these minor phase globules.
In terms of Fig. 4(c), the temperature gradient of a smaller
alloy droplet is significantly greater than that for alloy droplets
with large sizes. Since the intensity of Marangoni convection
is strongly dependent on the temperature gradient, it can be
speculated that the Marangoni convection within a smaller
droplet proceeds more intensely than that inside large droplets.
Furthermore, the temperature gradient varies along the droplet
radial direction. A high-temperature gradient appears at the
droplet’s outer regions, while the inner regions have a relatively
small temperature gradient. This means that the intensity of
Marangoni convection in regions near the alloy droplet surface
is evidently stronger than that in regions around the droplet
center. With extending the cooling time, the temperature
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FIG. 4. Temperature-field profiles of Co43Cu40Pb17 alloy droplets versus cooling time t and reduced radial distance r/R: (a)
schematic diagram of the temperature field, (b) droplet temperature T -t-r/R, (c) temperature gradient GL-t-r/R, and (d) cooling rate
Rc-t-r/R.

gradient of every droplet decreases until reaching a value of
zero. Apparently, the intensity of Marangoni convection is
gradually weakened. The PS duration time is closely correlated
with the droplet cooling rate. Because the heat dissipation of
the droplet surface is more drastic than in the droplet interior,
the droplet inner cooling rate is slightly lower than the droplet
outer cooling rate, as observed in Fig. 4(d). Thus, the PS
duration time is longer in the droplet’s inner region than that
around the droplet’s periphery. In addition, it is also found
that the variation of the droplet cooling rate with cooling time
displays three stages. The cooling rate drops slowly in the
first stage, beyond which it shows a rapidly reduction in the
second stage. In the last stage, a dilatorily decrease occurs
once again. The systematic understandings of temperature-
field characteristics of ternary Co43Cu40Pb17 alloy droplets
contribute to the interpretation of the dynamic evolutions and
formation mechanisms of three-phase three-layer core-shell
structures.

As mentioned above, the reduced thickness δr of the
surface segregation shell thickens with the decrease in droplet
size. This is in good agreement with the phase-separated
morphologies of Fe-Sn-Si immiscible alloy droplets inside a
drop tube [33]. Why smaller droplets have a larger value of δr

for the Pb-rich shell remains elusive so far. In view of phase-
field simulations, the final phase-separated morphologies are
mainly dominated by the PS time and the intensity of surface
segregation and Marangoni convection. As is well known,
the PS time is remarkably influenced by the droplet cooling rate
and the intensity of Marangoni convection strongly depends
on the temperature gradient. As given in Eqs. (2)–(7), the
calculations of surface segregation for the Pb-rich liquid phase

indirectly rely on the droplet temperature. Thus, a possible
interpretation of the increasing thickness δr with the decrease
of droplet size is the temperature-field difference between large
and small droplets.

Here Co43Cu40Pb17 alloy droplets with diameters of 598
and 160 μm in Fig. 1 are taken as examples to analyze
the growth kinetics of the Pb-rich shell. As calculated in
Fig. 4(c), the average temperature gradient inside a droplet
with D = 160 μm is far greater than that within a droplet at
D = 598 μm. It can be inferred that the smaller the droplet
size the stronger the Marangoni convection. Due to the more
intense Marangoni convection, the minor phase globules inside
smaller droplets are easier to push inward to the droplet
center during PS. As a result, more of the liquid phase of
Co with the largest surface energy may migrate to the droplet
center and coagulate to form a Co-rich core surrounded by
a Cu-rich layer. At the same time, the chemical-potential
gradient between the droplet surface and center increases
remarkably for the Pb-rich liquid phase due to the enhanced
temperature gradients of smaller droplets. In such a case, more
and more of the liquid phase of Pb flows to the droplet surface
in a shorter time and finally forms a thicker Pb-rich shell.
According to the EDS analyses, with the decrease in droplet
size, the Co content inside the Co-rich core increases while
that of the Cu-rich middle layer presents the opposite variation.
Meanwhile, the Pb content of the Co-rich core drops, whereas
that within the Cu-rich middle layer rises. This is further
proof that more liquid phases of Co and Pb are respectively
impelled to aggregate together around the droplet center and
surface because of the enhanced temperature gradient for
those smaller alloy droplets. Therefore, a high-temperature
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FIG. 5. Three-dimensional phase-separation processes of Co43Cu40Pb17 alloy droplets at different conditions: (a) neither surface segregation
nor Marangoni convection, (b) with surface segregation but no Marangoni convection, and (c) both surface segregation and Marangoni
convection. Here red (dark gray) shows the Co-rich phase, yellow (bright white) shows the Cu-rich phase, and blue (light gray) shows for the
Pb-rich phase.

gradient accelerates the growth of the surface segregation
shell.

C. Concentration-field evolutions

To explore the formation mechanisms of three-phase
three-layer core-shell microstructures in Fig. 1, three parallel
simulations of the concentration-field evolutions of Co, Cu,
and Pb within Co43Cu40Pb17 alloy droplets were performed
and the numerical results are shown in Fig. 5. In the first
case, assuming that the surface energy differences among Co-,
Cu-, and Pb-rich liquid phases are zero and the isothermal
field of 0.8Tc is imposed in this phase-field model, the three-
dimensional phase-separation process of the undercooled
Co43Cu40Pb17 alloy droplet without Marangoni convection and
surface segregation is simulated in Fig. 5(a). Evidently, the
homogeneous alloy melt first separates into Co-rich and Cu-
rich liquid phases in the form of wormlike structures during the
primary PS, as observed in Fig. 5(a1). To decrease the overall
interfacial energy between Co-rich and Cu-rich phases, the
Co-rich phase can collide, coalesce, and congregate, resulting
in a larger wormlike structure in Fig. 5(a2). Meanwhile, the
Pb-rich liquid phase starts to separate from the Cu-rich phase

in the form of tiny globules. As time evolves, Pb-rich and
Cu-rich liquid phases would grow further and finally form a
dispersed structure as shown in Fig. 5(a5).

In the second case, the surface segregation is also taken into
account in this 3D model and the phase-separation process is
reproduced as given in Fig. 5(b). In contrast with the formation
process of the dispersed structure in Fig. 5(a5), the Pb-rich
phase flows to the droplet surface, forming a Pb-rich shell
instead of the random distribution in the first case. This is the
reason why the Pb-rich phase always appears at the droplet
surface and forms a surface segregation layer, as shown in
Fig. 1. It implies that the surface segregation is one of the
dynamical mechanisms responsible for the development of
the three-phase three-layer core-shell structure.

On the basis of Fig. 5(b), the additional effect of Marangoni
convection on the PS is further considered in the model. A
nonisothermal temperature field is imposed in such a case.
It decreases exponentially along the radial distance from
the droplet center to the surface with a total temperature
difference of 2 K. The temperature at the surface is set to
0.8Tc, corresponding to a highly undercooled state. Under
this condition, the corresponding structure evolution of the
Co43Cu40Pb17 droplet is computed in Fig. 5(c). It can be seen
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FIG. 6. Concentration curves of solutes and solvent along the radial direction of the Co43Cu40Pb17 alloy droplet at various phase-separation
moments: (a) solvent Co, (b) solute Cu, and (c) solute Pb.

clearly that the microstructure evolution in this case is more
or less the same as that in Fig. 5(b). The only difference is that
the separated Co-rich phase during primary PS and Pb-rich
phase during secondary PS are forced to migrate to the droplet
center owing to the additional Marangoni convection. As a
consequence, a three-phase three-layer core-shell structure
with a Pb-rich shell, a Cu-rich middle layer, and a Co-rich
core forms in the end. The simulated core-shell and dispersed
structures are consistent with the experimental observations in
Figs. 1 and 3(b). This not only demonstrates the validity of this
3D model in predicting the microstructure evolution, but also
reveals that the surface segregation and Marangoni convection
are the dynamic mechanisms responsible for the formation of
three-phase three-layer core-shell structures. Furthermore, the
formation of this structure must satisfy the requirement of a
suitable alloy composition that undergoes the primary and then
secondary PSs in substantially undercooled liquid states. A
short period of phase-separation time facilitates the formation
of a dispersed three-phase-separated morphology, whereas
a long phase-separation time is required to obtain a three-
phase core-shell structure. Though the driving force of phase
separation is large enough for small alloy droplets, it allows
little time for the aggregation of coexisting liquid phases before
the core-shell formation due to their ultrahigh cooling rates.
This is the reason why the dispersed three-phase-separated
morphologies sometimes form in small alloy droplets, as
verified in Fig. 3(b). Accordingly, the formation of these three-
phase three-layer core-shell structures can be attributed to the
primary PS followed by the coarsening and then secondary PS
under the combined effects of surface segregation, Marangoni
convection, and phase-separation time.

To further understand the effects of Marangoni convection
and surface segregation on the three concentration fields in

the process of PS, the concentration curves of Co, Cu, and Pb
along the radial direction of the Co43Cu40Pb17 alloy droplet
at different PS moments are shown in Fig. 6. Apparently,
the mole concentrations of both the solvent and solute range
from 0 to 1 with the variation of the reduced radius r/R and
the coordinates of (C,0) and (C,±1) denote, respectively, the
center and surface positions for the Co-Cu-Pb alloy droplet.
Before the simulations, the concentration curves of Co, Cu,
and Pb remain three constant values. This suggests that the
Co-Cu-Pb alloy melt is homogeneous and the liquid PS
does not take place at τ = 0 ms. In the initial period of
concentration-field evolution, the concentration distribution
patterns display drastic fluctuations along the radial direction
and then form visible concentration waves, as can be seen in
Figs. 6(a1), 6(b1), and 6(c1). With the further continuation
of PS, the hydrodynamic effect starts to arise, the Marangoni
convection begins to dominate the PS, and the wave peaks
of Co concentration are impelled to move toward the droplet
center and then aggregate together, forming a Co-rich core
at τ = 280 ms, as illustrated in Fig. 6(a2). Meanwhile, the
concentration curves of solute Pb and Cu show different
evolution characteristics. As PS time increases, the solute
concentration of Pb fluctuates more and more intensely and the
Pb solute continuously migrates toward the droplet surface due
to the surface segregation and forms a conspicuous segregation
Pb-rich shell, as observed in Figs. 5(c5) and 6(c2). Although
both Cu-rich and Co-rich globules have a tendency to migrate
to the droplet center under the effect of Marangoni convection,
the center aggregation of these Cu-rich globules cannot occur.
Instead, these Cu-rich globules collide and aggregate, forming
a Cu-rich layer, which is stuck between the Co-rich core and
Pb-rich shell, as shown in Figs. 5(c5) and 6(b2). A possible
explanation for the formation of a middle Cu-rich layer is

052111-8



EXPERIMENTAL INVESTIGATIONS AND PHASE-FIELD . . . PHYSICAL REVIEW E 95, 052111 (2017)

0 60 120 180 240 300

0.00

0.02

0.04

0.06

0.08

3

2

1

3

2

r

 (ms)

GL=0.00 K/mm

GL=10.7 K/mm

GL=21.4 K/mm

G
L
=(T

O
-T

S
)/R

O TO R
T

(a)

1

(b)

=4 ms 

(b1) 

=24 ms 

(b2) 

=120 ms 

(b3) 

=280 ms 

Co-rich 

Pb-rich Cu-rich 

(b4) 

(c) 

=4 ms 

(c1) 

=24 ms 

(c2) 

=120 ms 

(c3) 

=280 ms 

Cu-rich 
Co-rich 

Pb-rich 

(c4) 
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evolution time τ and (b) and (c) cross sections of 3D phase separation at temperature gradients ḠL of 0 and 21.4 K/mm, respectively.

that the thermal Marangoni migration velocity of Co-rich
globules is larger than that of Cu-rich globules owing to the
greater temperature coefficient of interfacial energy. In this
case, the Co-rich globules are easier to aggregate at the droplet
center forming a Co-rich core and the Cu-rich globules have
to coagulate together to produce a Cu-rich layer surrounding
a Co-rich core.

On the basis of the EDS analyses, the Co content of α

(Co), the Cu content of (Cu), and the Pb content of (Pb)
are respectively measured as 86, 97, and 77 at. %, whereas
the Co content of the Co-rich zone, the Cu content of
the Cu-rich zone, and the Pb content of the Pb-rich zone
are theoretically predicted as 88.2, 89.1, and 88.5 at. %,
respectively. The simulated results basically coincide with
those determined by experiments. The discrepancies between
experiments and simulations can be ascribed to the estimated
interaction energy between different components in Eq. (4)
and the model’s approximation conditions. Therefore, this 3D
phase-field model is a quantitative method and can be used
to quantitatively understand the distribution characteristics of
both the solvent and solute during phase separation.

As previously analyzed, the alloy droplet diameter is a key
parameter that influences the growth of the Pb-rich shell during
PS. Because it is computationally expensive to consider other
droplets with different sizes, various temperature gradients
are taken into account instead to explore the droplet size
effect on the growth of the Pb-rich shell. This is equivalent
in terms of their effects on the liquid PS within different alloy
droplets. Three gradients of 0, 10.7, and 21.4 K/mm were
respectively imposed in this 3D phase-field model and the
predicted thickness of the Pb-rich shell with the evolution
time is statistically measured as shown in Fig. 7(a). With an
extension of the evolution time, the Pb-rich shell thickness
increases rapidly in the first stage and then slowly increases. As
for different temperature gradients, the larger the temperature
gradient, the thicker the Pb-rich shell. Numerical results show
that the high-temperature gradient contributes to the rapid
growth of the Pb-rich shell. The cross-section snapshots of
3D phase separation at temperature gradients of 0 and 21.4
K/mm are simulated, as displayed in Figs. 7(b) and 7(c).
Apparently, a larger temperature gradient not only drives the
Co-rich globule to aggregate at the droplet center in a shorter

period of time, but also facilitates the migration of the Pb solute
from inside the droplet to outside and then increases the Pb-rich
thickness. In addition, the numerical simulations in Figs. 7(b)
and 7(c) still reveal that the greater the temperature gradient,
the more drastically the PS proceeds. It can be concluded
that the temperature gradient plays an important role in the
phase separation and microstructure evolution of Co-Cu-Pb
immiscible alloy droplets.

D. Chemical-potential-field variations

In order to explain the evolution mechanisms of con-
centration fields in Figs. 5(c) and 6, the corresponding
chemical-potential-field evolution, which is frequently applied
to represent the stability characteristics, should be explored in
depth. The chemical-potential evolutions of the solvent Co and
solutes Cu and Pb were chosen to analyze their concentration-
field evolution and the simulated results are shown in Figs. 8
and 9. At the beginning of PS, the chemical potentials of
both the solvent and solute are distributed in a disorderly way,
as illustrated in Figs. 8(a1), 8(b1), 8(c1), 9(a1), 9(b1), and
9(c1). The maximum absolute value of solvent Co reaches
4511 J/mol, while those of solutes Cu and Pb attain 3281 and
5429 J/mol, respectively. The disordered distribution patterns
and the high chemical potentials at τ = 0.0004 ms indicate
that the molten alloy is located in an extreme nonequilibrium
state. With the continuation of liquid PS, the distribution
pattern of the chemical potential transfers from a disordered
state to a relatively ordered state, as shown in Figs. 8(a2)–8(a5),
8(b2)–8(b5), and 8(c2)–8(c5). At the same time, the maximum
absolute value of the chemical potential decreases step by step,
as illustrated in Fig. 9. This implies that the Gibbs free energy
of the Co43Cu40Pb17 alloy melt gradually decreases and the
system evolves toward a more stable state.

The migration of the solvent Co and solutes Cu and Pb
strongly depends on the chemical-potential gradient. Owing
to the chemical-potential gradient, the solvent Co and solutes
Cu and Pb migrate from the higher-chemical-potential regions
to the lower-chemical-potential regions. From Fig. 8 it can be
known that the center chemical potential of the solvent Co is
less than the droplet periphery over most of the evolution time,
whereas that of the solute Pb displays the opposite feature.
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FIG. 8. Three-dimensional chemical-potential evolution of Co43Cu40Pb17 alloy droplets: (a) solvent Co, (b) solute Cu, and (c) solute Pb.

In that case, the Co solvent is driven to flow to the droplet
center forming a Co-rich core, as exhibited in Figs. 8(a3)–
8(a5) and 9(a). In contrast, the Pb solute tends to move to the
droplet surface and form a surface segregation shell, as given
in Figs. 8(c3)–8(c5) and 9(c). Analogously, the middle zone
between the center and peripheral regions of the Co-Cu-Pb
droplet has a smaller chemical potential for the Cu-rich phase.
This is the reason why the Cu solute mainly occupies the
middle zone and finally appears as an intermediate layer. Such
migration for Co, Cu, and Pb is conducive to decreasing the
system’s free energy and subsequently leads to the formation of
the phase-separated morphology with a more stable structure.
When the PS time lasts 160 ms, a relatively stable three-phase
three-layer core-shell microstructure consisting of a Co-rich
core, a Cu-rich middle layer, and a Pb-rich shell is formed
under the effects of chemical-potential gradients. Therefore,
the chemical-potential distribution pattern has an important
effect on the fluid dynamics of both the solvent and solute in
the process of liquid phase separation.

E. Fluid flow dynamics

To clarify why the Co-rich core is not located at the right
center of the core-shell structure, the fluid flow dynamics
within these falling alloy droplets should be discussed. As
is well known, the final distribution of the Co-rich core is

closely linked with the migration mechanisms of Co-rich
globules under the reduced-gravity condition. In this case, the
movement of the Co-rich globule separated from the parent
liquid phase is mainly dominated by the Stokes motion and
Marangoni migration. Since the calculation of real-time solutal
Marangoni migration is very difficult and it has little effect on
the appearance of the eccentric core compared with the effects
of Stokes motion and thermal Marangoni migration, the solutal
Marangoni convection is not taken into account for simplifi-
cation. Figure 10(a) shows the velocity sketches of thermal
Marangoni migration and Stokes motion for Co-, Cu-, and
Pb-rich globules within Co43Cu40Pb17 alloy droplets inside the
drop tube. Apparently, the variations in the values of the Stokes
motion velocity VS and thermal Marangoni migration velocity
VM with the falling time t play a crucial role in determining the
final distribution of Co-, Cu-, and Pb-rich immiscible zones
and more attention should be paid to understand the real-time
migration of these globules. For this purpose, a theoretical
model was proposed to study the real-time migration of small
Co-rich globules within a falling Co43Cu40Pb17 alloy droplet.
The following are the governing equations:

(m − mgas)g0 − 0.5CrρgasAcv
2(t) = ma(t), (17)

a(t)|�t→0 = v(t + �t) − v(t)

�t
, (18)
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FIG. 9. Chemical-potential curves of solutes and solvent along the radial direction of the Co43Cu40Pb17 alloy droplet at different evolution
moments: (a) chemical potential of solvent Co, (b) chemical potential of solute Cu, and (c) chemical potential of solute Pb.

v(t = 0) = V0, (19)

VM = − 2λ1

(2λ1 + λ2)(2η1 + 3η2)

∂σ

∂T

∂T

∂r
rg, (20)

VS = 2

3

(ρ2 − ρ1)(η2 + η1)

η1(2η1 + 3η2)
g′r2

g . (21)

Equations (17)–(19) estimate the droplet gravity level, VM [34]
and VS [35] are the thermal Marangoni migration velocity and
Stokes motion velocity of minor phase globules, respectively,
Cr denotes the resistance coefficient, Ac represents the droplet
cross-sectional area, g0 is the gravitational acceleration, a(t)
is the droplet accelerated velocity, v(t) is the droplet velocity,
V0 is the droplet initial velocity, rg is the globule radius of
minor phase globules, and g′ is the gravity level and is defined
as g0 − a(t). The variation of the temperature field within
the alloy droplet can be calculated based on Eqs. (13)–(15).
The definitions of other symbols mentioned in Eqs. (17)–(21)
can be found elsewhere [34,35]. Because the domain size L

increases as L(t) ∼ t1/3 during the early stage of PS [36], the
radius variation r(t) of the Co-rich globule with falling time t

could be set as r0t
1/3; r0 is supposed to be 10 μm in this work.

The values of physical parameters used in the calculations
were obtained from Ref. [29].

The gravity level of the falling alloy droplet can be
computed as a function of falling time, initial velocity, and
droplet diameter, as shown in Figs. 11(a) and 11(b). It can
be seen that the gravity level gradually increases with the
extension of falling time, while the Stokes motion velocity
shows an increasing trend in terms of Eq. (21). As displayed in
Fig. 4(c), the droplet temperature gradient presents an upward
tendency at the initial stage of the fall and then decreases
with the further increase in the falling time. It can be deduced
that the thermal Marangoni velocity displays a rapid rise at
first and subsequently decreases. Thus, a maximum value of
VM/VS should be observed for every alloy droplet, which has
been theoretically demonstrated in Figs. 11(c) and 11(d). In the
process of droplet falling, the effect of Stokes motion does not
disappear completely. On the contrary, this effect is gradually
enhanced once the falling time increases beyond a certain
value. The final distribution of Co-, Cu-, and Pb-rich zones
can be theoretically predicted according to the speculations
of Fig. 10(a). Under the effect of subdued thermal Marangoni
migration and enhanced Stokes motion, the center of gravity
for Co-rich zones within the Cu-rich zone migrates along the
opposite direction of the gravitational field and then moves
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FIG. 10. Theoretical prediction and experimental confirmation
of distribution patterns for Co-, Cu-, and Pb-rich globules within
Co43Cu40Pb17 alloy droplets under microgravity condition: (a) the
velocity sketches of thermal Marangoni migration VM and Stokes
motion VS and (b) experimental evidence.

away from the center of gravity of the Cu-rich zone, as derived
in Fig. 10(a1). In contrast, Cu-rich globules inside the Co-rich
liquid deviate from the Co-rich zone center along the gravity
direction, as depicted in Fig. 10(a2). Analogously, it can be
speculated from Fig. 10(a3) that the center of gravity of the
Pb-rich zone within the Cu-rich zone is gradually deviating
from the Cu-rich zone center and sinks down under normal
gravity conditions. Though the Co-rich and Cu-rich globules
separated from primary phase separation have a tendency
to migrate to the droplet center due to thermal Marangoni

convection, the VM of the Co-rich globule is always larger than
that of Cu-rich globules as calculated in Fig. 10(a4) and it is
responsible for the formation of the Co-rich core surrounded
by a Cu-rich layer. During secondary phase separation, the
Pb-rich globules start to separate from the Cu-rich phase and
also tend to move to the droplet center. Nevertheless, the
Co-rich phase first solidifies because of its highest melting
point and this suppresses the center aggregation of Cu-rich
and Pb-rich phases. In addition, owing to the smallest surface
energy of the Pb-rich phase, it preferentially migrates toward
the droplet surface to lower the system’s overall energy and a
Pb-rich surface segregation layer is formed at the end.

In order to experimentally confirm this prediction, a
three-phase multicore-shell structure is presented in Fig. 10(b)
to analyze the final distribution patterns of Co-, Cu-, and
Pb-rich zones in a reduced-gravity environment. Evidently,
Cu-rich tiny globules cannot be observed inside the top regions
of Co-rich cores and the closer to the core bottom, the larger
the globule size. This indicates that the Cu-rich globules within
the Co-rich core migrate along the gravity direction and their
center of gravity strays from the core center. Most Co-rich
cores are distributed inside the upper regions of the Cu-rich
zone, suggesting that the center of gravity of the Co-rich
zone deviates from the Cu-rich zone center along the opposite
direction of normal gravity. In addition, the Pb-rich liquid
shell surrounding a Cu-rich liquid deviates to one side near the
center of the earth. The consistency between the theoretical
analysis and experimental observation demonstrates that the
residual Stokes sedimentation is the main dynamic mechanism
responsible for the formation of the eccentric core-shell struc-
ture. Sometimes, the temperature field of falling alloy droplets
is asymmetrical because of the emissivity difference between
the alloy droplet windward and leeward sides, which induces
the asymmetrical Marangoni convection and perhaps leads to
the formation of an eccentric core. Accordingly, the develop-
ment of the eccentric core-shell structure can be ascribed to
the asymmetric Marangoni convection and the residual Stokes
motion.

To understand why the deviation degree of the Co-rich
core rises with the decrease of droplet diameter, the ratio
βMS of the thermal Marangoni migration velocity and Stokes
motion velocity is calculated as a function of initial velocity,
droplet diameter, and falling time, as exhibited in Figs. 11(c)
and 11(d). Obviously, a larger initial velocity V0 corresponds
to a smaller value of VM/VS. This means that the gravity
level rises more rapidly for alloy droplets with larger initial
velocities. As a consequence, Stokes sedimentation proceeds
more intensively at a larger initial velocity and the Co-rich
core becomes more and more eccentric. In addition, the
gravity level is also related to droplet diameter. As illustrated
in Fig. 11(d), the microgravity state disappears more easily
for a smaller alloy droplet and the intensity of the Stokes
motion is evidently stronger, which probably influences the
final distribution of the Co-rich core. Taking into account that
the evolution of core-shell microstructures is a time-dependent
process, the droplet cooling rate determined by droplet size
also influences the formation of the eccentric core. Overall,
the deviation degree of the Co-rich core is dominated by the
alloy thermodynamics, droplet diameter, and initial velocity.
The initial velocities of the droplets are assumed to be the
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FIG. 11. Migration mechanisms of Co-rich globules within falling droplets of Co43Cu40Pb17 alloy versus initial velocity V0, droplet diameter
D, and falling time t : (a) residual gravity gr -V0-t at D = 598 μm, (b) residual gravity gr -D-t at V0 = 5 m/s, (c) the ratio βMS-V0-t of Marangoni
migration velocity VM and Stokes motion velocity VS at D = 598 μm, and (d) βMS-D-t at V0 = 5 m/s.

same in this work. As a smaller alloy droplet generally has
a larger undercooling and cooling rate, a shorter migration
time is allowed. In such a case, it is difficult for these
globules to migrate to the droplet center and form a core
structure under the effect of Marangoni convection. In extreme
situations, it is possible to preserve a homogeneously dispersed
three-phase-separated morphology inside very small alloy
droplets due to their ultrahigh undercoolings and cooling rates,
as observed in Fig. 3(b). More importantly, the microgravity
state of small alloy droplets rapidly vanishes and these globules
tend to aggregate together, forming an eccentric core owing
to the enhanced effect of Stokes motion. It is the reason why
the deviation degree of the Co-rich core is much greater for
smaller alloy droplets in Fig. 2(d).

V. CONCLUSION

In summary, a three-phase three-layer core-shell mi-
crostructure composed of a Co-rich core, a Cu-rich middle
layer, and a Pb-rich shell within an undercooled Co43Cu40Pb17

alloy droplet was successfully preserved under the micrograv-
ity and containerless conditions inside a drop tube. The droplet
size greatly influences the final phase-separated morphology.
With a decrease in droplet size, the reduced thickness of
the Pb-rich shell displays an increasing trend. In addition,
most three-phase three-layer core-shell microstructures pro-
cessed by the drop tube method exhibit an eccentric Co-rich
core and the deviation degree rises with decreasing droplet
size. Theoretical analyses revealed that the formation of
the eccentric core can be attributed to the residual Stokes
sedimentation induced by the reduced-gravity environment

and the asymmetric Marangoni convection caused by the
emissivity difference between the droplet’s windward and
leeward sides. Furthermore, the dominant factors that affect the
deviation degree have been analyzed in depth. In addition to the
three-phase three-layer core-shell structures, several unusual
three-phase-separated morphologies such as a multicore shell
and a dispersed structure come into being occasionally. The
formation of these anomalous phase-separated morphologies
can be attributed to the limited phase-separation time for the
aggregation of coexisting liquid phases.

A three-dimensional phase-field model was proposed to
systematically investigate the dynamic mechanisms of liquid
PS for ternary Co-Cu-Pb immiscible alloys. This method takes
into account the successive PSs under the combined effect of
Marangoni convection and surface segregation. Based on the
proposed model, a fundamental understanding of the evolution
characteristics of the temperature field, concentration field, and
chemical-potential field has been developed. The numerical
simulations show that the evolution of three-phase three-layer
core-shell structures must satisfy the requirement of suitable
alloy composition that undergoes two successive PSs in a
highly undercooled state. The formation of this three-phase
three-layer core-shell structure can be ascribed to the primary
and then the secondary PSs under the combined effect of
Marangoni convection and surface segregation. The simulated
core-shell and dispersed microstructures are in accord with
the experimental observations, which verify the validity of the
proposed phase-field model in predicting the phase separation
and microstructure evolution of ternary immiscible alloys.
Due to the Marangoni convection, the Co-rich phase is
preferentially impelled to migrate to the droplet center with
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a smaller chemical potential, which contributes significantly
to the development of the Co-rich core. In contrast, the Pb-rich
phase with the smallest surface energy tends to continuously
flow to the droplet surface with a reduced chemical potential
and forms a conspicuous segregation shell under the effect of
surface segregation. Since a smaller alloy droplet possesses
a larger temperature gradient, the chemical-potential gradient
between the droplet center and surface increases considerably.
As a consequence, Co-rich globules inside a smaller alloy
droplet migrate to the droplet center and the Pb-rich phase
flows to the droplet surface in a shorter period of time. This is
conducive to increasing the reduced thickness of the surface
segregation shell. The simulation results not only provide a

deep understanding of multiphase core-shell structures, but
also shed some light on utilizing liquid phase-separation
processes to synthesize more complicated core-shell structures
for potential applications.
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