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Molecular dynamics study on the formation of self-
organized core/shell structures in the Pb alloy at
the nanoscale
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Herein, we report a self-organized core/shell (CS) structure consisting of an Al core and a Pb shell in the
liquid Pb alloys at a constant temperature. This is contrary to a believed opinion that the thermal gradient
acts as the only driving force for the formation of this kind of structure. The results show that its forming
ability greatly depends on the composition and temperature. Importantly, when the alloys are placed in
the confined space, a structure of Al-Pb—-Al sandwich construction and a completely different CS
structure composed of a Pb core and an Al shell are obtained; this suggests a new strategy for
controlling the phase-separated structures at the nanoscale. More interestingly, an abnormal
phenomenon in the low Pb alloys with the amorphous thin Pb shell and the crystal Al core is observed
after solidification, which does not occur in the high Pb alloys that just possess a secondary wrapped
structure that never appears in the liquid state. The result of this study may help to shed light on
understanding the formation of this core/shell structure and controlling it at an atomic view that have

rsc.li/rsc-advances

1. Introduction

Great efforts have been devoted to studying the liquid structure
because of its fundamental scientific importance and engi-
neering application potential. Recently, liquid-liquid transition
(LLT), especially the first-order transitions between two liquid
states characterized by different local structures, has attracted
significant attention and research activity'® since it has
a counter-intuitive nature and is contradictory to the common
opinion that there is only one liquid state for a single-
component liquid. Typically, the existence of an LLT has been
suggested in water,>**” supercooled silicon,”® and phos-
phorus.> However, existing studies about the LLT mainly focus
on the non-metallic materials, and the understanding of the
liquid phase transition in the metallic liquid is very limited.
From a new viewpoint, the phase separation commonly defined
as a transition from one uniform phase to two distinct phases is
actually a type of LLT. On the basis of this idea, the investigation
of liquid structural evolution in the phase-separated alloys is
a suitable way to understand the LLT of liquid metals.

From a broader viewpoint, the phenomenon of phase sepa-
ration is not only found in liquid alloys but also very common in
numerous materials including cyclohexanol-methanol, succi-
nonitrile-water, and oil-water systems® and polymers.'>"
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a potential application in the fabrication of these structural materials through nanotechnology.

Indeed, this phenomenon has attracted significant attention
because of its importance in physical and chemical research.
Metallic alloys with phase separation are called monotectic
alloys, which are well-known in a rich variety of fields related to
structural and functional materials. For example, some of them
can act as potential materials for bearings in automotive
industry with a lower friction coefficient and a good wear
resistance.'” Some can be used to fabricate the electrochemical
materials as the promising candidates for modern electronic
packaging technology,” battery materials,” and super-
conducting materials.”® Therefore, study of the phase separa-
tion is promising, and many experimental studies have been
conducted to explain the phase-separated structure.'** Wang
et al** suggested that the interfacial energies caused by the
temperature gradient induced the phase separation of the Cu-
Fe alloy. Zhao reported the formation of a minor phase shell
structure, which was caused by the heterogeneous nucleation of
the minor phase and the transfer of a solute.> Moreover, other
concurrent processes such as surface wetting, droplet drifting,
collision, coagulation,” and non-gravity-relevant Marangoni
convection®~*° contribute to the formation of these structures.
However, the explanations mainly focused on the macroscopic
solid structure that underwent a cooling process and empha-
sized the role of the thermal gradient in the formation of this
phase-separated structure. The real separation process in the
liquid and which structure evolves at a constant temperature
are poorly described. Moreover, the details about the phase
separation under different conditions are worth to be further
studied.
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In this study, molecular dynamic (MD) simulations were
performed to study the phase separation process and the
structural evolution of liquid Al-Pb alloys at various composi-
tions and temperatures. As is known, the Al-Pb binary alloy is
most fundamental and representative of the monotectic alloys
that are characterized by the appearance of a stable liquid
miscibility gap over a wide range of compositions. On the other
hand, the Al-Pb alloy is a convenient model system for studies
because it displays a simple monotectic phase diagram.
Importantly, it is believed that the confinement condition can
restrict the movement and the distribution of atoms.?**” Thus,
we also explored the structure of the liquid alloy under the
confined conditions and anticipated to obtain new separated
structures for some applications. Furthermore, the cooling
process has been considered to investigate the formation of the
solidified structures. Our study would provide more details
about the formation and control of the phase-separated struc-
ture on the order of nanoscale and guidance for fabricating
these kinds of materials.

2. Models and methods

MD simulations were carried out to study the liquid structure of
Pb alloys using the large-scale atomic/molecular massively
parallel simulator (LAMMPS) package in the NVT ensemble (the
number of particles N, volume V, and temperature T are
constant). The Nose-Hoover thermostat®®* is adopted to
control the temperature, and the velocity-Verlet algorithm is
used to integrate the equation of motions with a time step of 1.0
fs.

Initially, the Al-Pb alloy with the size of 25 x 25 x 4 A® had
the cubic shape, comprising 10 000 Al and Pb atoms. Several
different compositions of alloys are designed systematically for
study by varying the atomic fractions of Pb, which is given in
units of atomic% including xpp, = 10%, 15%, 20%, 25%, 35%,
50%, and 75%. After equilibrating all the alloys at 1500 K for 500
ps, we placed them on the double graphene (DG, 40 005C
atoms) for relaxation for about 600 ps to obtain their final
structures. Moreover, the structural evolution of the alloy on the
confinement constructed by two parallel walls or carbon
nanotubes is investigated with an approximate relaxation time
of 1000 ps. On the other hand, the selected alloys Al-20Pb, Al-
35Pb, Al-50Pb, and Al-75Pb are cooled to the target tempera-
ture of 100 K at a cooling rate of 1 K ps~ " to study their solidified
structures. During the simulation process, all the substrates are
fixed to improve the computational efficiency and accuracy. The
Al-Al, Pb-Pb, and Al-Pb interactions are described by an
embedded atom method (EAM) potential,* which can be

written as follows: E; = Fu< Z/’B(rij)> +% Z ¢qp(rij), where
j#i JF
F is the embedding energy and ¢ is pair potential interaction.
This empirical many-body potential for the Al-Pb system is
constructed using the force matching method, which is fitted to
the experimental data and physical quantities. Therefore, it is
suitable for computer simulations of the Al-Pb system over
a wide temperature range from 0 to 2000 K, as validated by the
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computed Al-Pb phase diagram.** The C-C interaction is
modeled by an adaptive intermolecular reactive empirical bond
order (AIREBO) potential.**** Due to the fact that metal and
carbon can only form soft bonds via charge transfer from the =
electrons in the sp” hybridized carbon to the empty 4s states of
metal,** the 12-6 Lennard-Jones (L-]) potential is utilized to
describe the metal-substrate interactions with the following
parameters: ¢ca = 0.0309 eV, oca = 3.422 A,“S £o-pb =
0.01751 eV, and o¢_pp, = 3.288 A.4* The perpendicular of the
substrate is considered as the z-direction. The periodic
boundary conditions are applied in the x and y directions.

3. Results and discussion

Fig. 1(a) shows the structural evolution of the liquid Al-Pb alloys
with various Pb compositions on the double graphene at 1500
K. As the simulation starts, the cubic shape of the liquid alloy
gradually converts into a hemisphere due to the decrease of its
surface energy. Simultaneously, the inner atoms undergo
a transition from the irregular distribution of one liquid state to
two-single phases, such as the Al-rich and Pb-rich phases,
induced by the diffusion of atoms. Based on this phase sepa-
ration process, there is an abnormal core/shell (CS) structure
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10ps 50ps 150ps 300ps

600ps

600ps

300ps

Ops 10ps 50ps 150ps

Fig. 1 Structural evolution of various liquid Al-Pb alloys with different
Pb proportions (a) on the double graphene substrate and (b) without
substrate at a constant temperature of 1500 K. (A) Al-10Pb, (B) Al—
20PDb, (C) Al-35Pb, (D) Al-50Pb, and (E) Al-75Pb. Gray colour indicates
the Pb atoms, whereas yellow indicates the Al atoms; two red lines
indicate the double graphene substrate, which are all the same in the
following figures. (c) Structural evolution of the Al-35Pb alloy on
a non-fixed substrate.
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formed with the Al core and the Pb shell. Previous investiga-
tions have interpreted that the thermal gradient can produce
the interfacial tension gradient, driving one-rich phase to
migrate from the cold side to the warm side and thus form this
structure.>* However, in our study, the CS structures are unex-
pectedly obtained at a constant temperature; this suggests that
the thermal gradient is not the only driving force. In fact, as
abovementioned, the formation of this core/shell separated
structure is reasonable to indicate a liquid-liquid transition
(LLT) process characterized by one liquid state transforming
into two coexisting liquid states. According to our simulation
results, however, not all compositions of alloys finally possess the
CS structure. It can be seen that the alloys with the compositions
varying from xpp, = 20 to =50% exhibit the typical CS structure,
which is formed after 150 ps. At the Pb concentration higher than
50%, although the transformation from one liquid phase into the
Al-rich and Pb-rich phases still exists, the CS structure starts to be
unclear and eventually disappears with a further increase in Pb
concentration. Al-75Pb is just a critical compositional point since
most of Al atoms are trapped by the Pb-rich phase, and only a very
thin Al layer remains near the graphene substrate. Therefore,
without the formation of two clear separated phases, the alloy
does not exhibit the CS structure. On the other hand, in the case
of a low fraction of Pb, such as Al-10Pb, the CS structure can be
formed in the end, but requires a longer time. If there are many Al
atoms and few Pb atoms in the disordered liquid alloy, the
distance for the movement of Pb atoms from the interior in the
bulk liquid to the surface is long, and the movement would be
hampered seriously by Al. Therefore, the Pb atoms can hardly
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escape from the Al-rich phase to congregate to a Pb-rich shell and
need enough time to form the CS structure. Interestingly, it is
worth mentioning that the Pb cladding layer seems to be
a monolayer atomic structure in the Al-10Pb alloy that may have
some potential applications in the fabrication of two-
dimensional nanomaterials.

To eliminate the effect of the substrate, we then studied the
structure of the Al-Pb alloys in the free space. As presented in
Fig. 1(b), a full egg-type structure consisting of the Al core and
the Pb shell is formed after about 150 ps, which is considered as
a special form of the CS-type. Similar to the abovementioned
analysis, for the Pb concentration smaller than 50%, the egg-
type wrapped structure is typical and quite clear. With regard
to the Al-75Pb alloy, since a large percentage of Al atoms is
dispersed and fails to aggregate inside of the Pb phase, it no
longer belongs to the wrapped structure. It should be pointed
out that without the support of the substrate, the Pb atoms are
responsible to encase the whole Al core; thus, the Pb shell is
thinner than that on the DG substrate under the same compo-
sition. Why does Pb usually wrap Al even when the substrate is
removed? The most possible reason is that the surface energy of
liquid Pb is much lower than that of the liquid AL*® Actually,
this egg-type structure indeed exists as a liquid droplet in the
composite powders obtained from the liquid immiscible alloy
via gas atomization processing.'”***' Moreover, we carried out
another simulation to study the structural evolution of Al-35Pb
on a non-fixed substrate, and the core-shell structure was still
obtained, as shown in Fig. 1(c); this assured that the final
results were unaffected by the non-fixed substrate.
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(a) Total potential energy of Al-50Pb, the decline of the potential energy in whole system suggests that the CS formation is a spontaneous

phenomenon. (b) Thickness of the Pb layer is measured as an average value from 300 to 600 ps in the center of hemisphere along the z direction,
as a function of the compositions. The red line is the fitting result obtained using the exponential equation. (c) Pair distribution function (PDF) of
different alloys at 1500 K. (d) Average percentage of Al-Al bonds, Al-Pb bonds, and Pb—Pb bonds from 300 to 600 ps at different compositions.
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Fig. 2(a) shows the variation of total potential energy of Al-
50Pb during the structural evolution process. In the beginning,
the energy curve gradually decreases with time. At about 150 ps,
the systemic potential energy remains nearly unchanged; this
indicates that the whole system is in its equilibrium state. Thus,
itis concluded that the formation of this CS structure is perhaps
a self-generating process. To further analyze the self-organized
CS structure on the DG substrate under different composi-
tions, we calculated the thickness of the Pb layer in the centre
section of the alloy. As presented in Fig. 2(b), the curve obviously
increases with an increase in the Pb concentration but it
displays an unexpected non-linear increasing tendency, which
reveals that more and more Al atoms are dissolved in the Pb-
rich phase to enlarge the Pb layer at high Pb alloy. This
behavior undoubtedly contributes to obscuring the boundary
between two kinds of phases and, thereby results in the non-CS
structure. Then, we preferred to use the atomic view to explain
the different formation abilities of this structure by introducing
the pair distribution function®* (PDF), as shown in Fig. 2(c). The
PDF curves clearly indicate that with the increasing concentra-
tion of Pb, the intensity of the first peak gradually decreases,
and the abscissa value R, of the first peak gradually shifts to the
right; this implies that the nearest neighbouring atoms become
less and less, and the average first nearest-neighbor distances
become larger and larger. As a consequence, we propose that
the resulting larger interatomic distance is inevitable to
produce more available vacancies or empty area in the Pb-rich
phase; this larger interatomic distance perhaps provides more
opportunities for these two kinds of atoms to mix quite well and
thereby weakens the formation ability of the CS structure. This
can also be confirmed by the change of three kinds of bonds. As
presented in Fig. 2(d), the percentage of the Al-Pb bonds
increases with an increase in the Pb concentration, accompa-
nied by a decrease of the Al-Al bonds; this provides a convincing
evidence to support the assumption that more and more Al
atoms can stay in the cavity between Pb atoms to form the Al-Pb
bonds and the liquid alloy would no longer exhibit the feature of
the co-existence of two individual phases at high Pb concen-
trations, for example, the CS structure is not formed in Al-75Pb,
as observed in the images.

The abovementioned simulations mainly explore the
formation ability of the CS structure in the free space. Herein,
we would like to study the effect of the confined space on the
final structure of the Al-Pb alloys. As presented in Fig. 3(a), the
confinement of two graphene walls is first considered. Because
of the restriction effect of the confined walls and the reduction
of the liquid surface energy, the final alloy exhibits an approx-
imate cylinder shape, where the Al atoms are surrounded by the
Pb atoms through the top view. The distribution of atoms along
the radial direction suggests that the wrapped structure is also
formed with the Al core and the Pb periphery, similar to that of
the CS structure under free conditions. Next, we focused on the
inner distribution of atoms in the axial (z) direction. As shown
in Fig. 3(b), when the fraction of Pb is below 50%, the Pb atoms
only gather in the marginal region, whereas the Al atoms occupy
the central position to form an Al-rich phase. However, with an
increase in the Pb concentration, it is worth noting that the Pb
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Fig. 3 (a) The Al-Pb alloy is confined in the space between two gra-
phene walls and its plan view is from above the simulation box. (b)
Structural evolution of various alloys in the two-wall confinement,
which are shown as the sectional view. (A) Al-10Pb, (B) Al-20Pb, (C)
Al-35Pb, (D) Al-50Pb, and (E) Al-=75Pb. (c) The whole simulation box
of the Al-Pb alloy confined in the carbon nanotube. (d) Final structure
of different Al-Pb alloys in the carbon nanotube at 1000 ps; the first
row is a plan view, and the second is a side view displayed with the
cross-sectional image.

atoms have the tendency to enter the Al-rich phase. For
example, at the Pb contents higher than 50%, it can be seen that
two sides of the Pb atoms can contact with each other
throughout the middle region to separate the Al-rich phase, and
an Al-Pb-Al sandwich construction structure is obtained in
these alloys. The layer near the graphene wall mainly contains
the Al atoms; this indicates that most Pb atoms avoid being in
contact with carbon in the confined walls; this is perhaps
associated with the weaker wettability between liquid Pb and
the carbon surface. The distribution of Pb atoms in the two-wall
confinement instructs us that a new structure would be formed
in the confinement of the carbon nanotube. Fig. 3(d) shows the
final structure of the Al-Pb alloys, which are confined in the
carbon nanotube. For the alloys with a low Pb concentration,
although some inner Pb atoms are encased by the Al atoms,
other dispersive Pb atoms are present on the surface, which
does not exhibit the feature of the CS structure. With the
increasing Pb content, the Pb atoms gradually evolve into
a columnar Pb-rich phase in the centre covered by the Al
periphery; this shows an entirely distinct separation structure.
These observations are a strong indication of the significant
role of the confinement conditions in controlling the liquid
structure. By employing a suitable confinement condition, the
desirable structure may be achieved. For example, we can
speculate that a different egg-type structure with the Pb core
and the Al cladding shell would be fabricated if we solidify the
alloy in the spherical carbon cavity.

To reveal how the solidified structure forms with respect to
the liquid structure, Fig. 4(a) displays the solidification process
of the Al-Pb melts from 2000 to 100 K. It can be seen that the
inner morphological structure of the alloys undergoes a great
change at different temperatures. At 2000 K, for all alloys, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Images of the Al-Pb melts with Pb at different concentra-
tions freezing on the double graphene, which is presented with the
sectional view for simplicity. (B) Al-20Pb, (C) Al-35Pb, (D) Al-50Pb,
and (E) Al-75Pb. At 100 K, some parts of the images are magnified to
have a better insight into the alloy structure. (b) The distribution of the
inner Al atoms at 100 K in the alloys of Al-20Pb, Al-35Pb, Al-50Pb,
and Al-75Pb.

liquid cannot transform into two individual phases and tends to
be more homogenous, losing the ability to form the CS struc-
ture. This should be reasonable because the enhanced mutual
solubility at high temperatures results in the good mixture
behavior between two kinds of atoms and confines the LLT
process. When the temperature decreases to 1600 K, apart from
Al-75Pb, the CS structures are observed in other alloys.
However, the exterior Pb layer of these alloys consists of
a certain amount of mixed Al atoms instead of pure Pb atoms,
and the rest of Al atoms still assemble as the Al-rich phase and
occupy the central position. Thus, this CS structure is consid-
ered as a pseudo-CS type. To testify the stronger solubility
between two kinds of phases at 2000 K, we plotted the time-
MSD curve of Pb and Al atoms, as shown in Fig. 5. It should be
pointed out that the diffusivity, considered as one significant
physical quantity to describe the behavior of liquid metals on
the substrate, can be expressed by the slope of the MSD curve.
Contrary to the case at 1600 K, both Al and Pb atoms exhibit
a larger diffusion at 2000 K, especially for the Pb atoms, which
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contributes to enhancing the mutual solubility between them
and thereby eliminating the CS structure.

As the temperature continuously decreases, the solidified
structures gradually appear via the liquid-solid phase transi-
tion, and the core/shell boundary is even clearer. Further
insight into the formation of the solidified structure originates
from the consideration of the atomic distribution of inner Al
and its composition-dependence structural evolution, as
shown in Fig. 4(b). The inner Al consists of two parts: one is
the layered Al phase in the crystal structure and the other is
the isolated Al atoms encased by the Pb phase. With the
increasing concentration of Pb, the Al atoms become more
and more isolated. In particular, as shown in Fig. 4(a), a minor
Al-rich region gathered by the isolated Al atoms is observed in
the Al-75Pb alloy, where its structure does not become the
typical CS type. However, it is reasonable to consider this
region as the secondary wrapped structure. Notably, this
structure is not found in the liquid state. In terms of the
formation of the solid CS structure, there are some different
solidification behaviors between the Al and Pb phases with the
same cooling rate. For the Al-20Pb alloy, according to the
magnified images presented herein, it is obvious that the
outer Pb layer displays a disordered and amorphous structure
different from the inner Al core that exhibits a crystal struc-
ture. To the best of our knowledge, the disordered structure is
soft, whereas the crystal structure is hard. Therefore, these
solidified alloys with fewer Pb atoms are found to be
composed of a hard core and a soft shell. With an increase of
the Pb contents, however, the disordered structure in the Pb
alloy gradually decreases and completely turns into the crystal
structure at the end, as indicated by the magnified images.
This phenomenon can be clarified through the PDFs. To study
the Al-rich phase and the Pb-rich phase in detail, we divided
the Al-Pb alloy into the inner Al atoms and the outer Pb atoms.
Fig. 6(a) and (b) show the PDF curves of Al and Pb in the Al-
20Pb alloy. With a decrease in temperature, the PDF of the Al
solid indicates complete crystallization, whereas that of the Pb
solid reveals that the amorphous feature becomes increasingly
obvious. Why does the solidification behavior of Pb differ from
that of Al? Herein, two factors should be taken into consid-
eration. The first factor is the different melting points and the
second factor is that the thin Pb layer with few atoms are more
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Fig. 5 Time-evolution mean square displacement (MSD) of (a) Pb atoms and (b) Al atoms in the Al-50Pb alloy.
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Fig. 6 PDFs of (a) the inner Aland (b) the outside Pb in the Al-20Pb alloy, and PDFs of (c) the inner Al and (d) the outside Pb in the Al-75Pb alloy.

easily affected by the core Al and its nucleation process may be
greatly restricted such that the Pb hardly or incompletely
forms the crystal structure. By contrast, we also considered the
structure of Al-75Pb, as shown in Fig. 6(c) and (d). It can be
seen that the PDFs of both Al and Pb represent the evidence of
the crystal feature at low temperatures. This is because when
the fraction of Pb is high, this restriction effect is not strong
enough to prevent the solidification behavior of Pb, such that
the structure becomes more ordered.

4. Conclusion

In summary, we have observed an abnormal self-organized CS
structure in the liquid Pb alloy that is composed of an Al core
and a Pb shell formed through phase separation. At high Pb
concentrations or high temperatures, the CS structure would
disappear. Importantly, this structure can be tuned with the aid
of confined conditions. For example, a novel structure of Al-Pb-
Al sandwich construction is obtained in the two-wall confine-
ment, whereas a completely different CS structure with Pb in the
centre surrounded by Al occurs in the carbon nanotube. More
interestingly, a solidified structure composed of the amorphous
thin Pb shell and the crystal Al core is found to be formed in the
low Pb alloys, which may have the potential for developing new
materials. At the Pb contents higher than 75%, however, Pb also
becomes an ordered crystal, where the solid CS structure
disappears, and a secondary wrapped structure is not formed in
the liquid phase. These findings may help to shed light on the
understanding of the CS structure formation in phase-
separated alloys at the atomic level and open up a new view to

53514 | RSC Adv., 2017, 7, 53509-53515

control the phase separation, which has guiding significance in
the fabrication of these materials.
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