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Fe-Ni core-shell nanoparticles are versatile functional materials, and their thermal stabilities are crucial
for their performances in operating conditions. In this study, the thermodynamic behaviors of Fe-Ni
core-shell nanoparticles are examined under continuous heating. The solid–solid phase transition from
body centered cubic (bcc) to face centered cubic (fcc) in the Fe core is identified. The transition is
accompanied with the generation of stacking faults around the core-shell interface, which notably
lowers the melting points of the Fe-Ni core-shell nanoparticles and causes even worse thermal stability
compared with Ni ones. Moreover, the temperature of the structural transformation is shown to be
tuned by modifying the Ni shell thickness. Finally, the stress distributions of the core and the shell
are also explored. The relevant results could be helpful for the design, preparation, and utilization of
Fe-based nanomaterials.
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1 Introduction

As one of the most abundant and affordable metals on the
earth, Fe has attracted intense interest because of its rich
variety in possibilities of technological applications. With
the size shrinking into the nanoscale, Fe nanoparticles be-
come an important class of functional materials. They are
extensively used in magnetic recording media [1], drug
delivery [2], catalysis [3, 4], biomedical applications [5, 6],
and environmental protection [7, 8]. However, there exists
an intractable issue when Fe nanoparticles are exposed in
operating conditions: they are prone to oxidation in the
air and corrosion in solutions owing to their high reactiv-
ity. One of the resolution strategies is introducing another
metal into Fe nanoparticles to form a bimetallic system.
The investigations on this area have been in a boom over
the past decades since it is an effective approach to modu-
late the physical and chemical properties of monometallic
particles through both structure and composition designs.

Among all the candidates for the incorporated compo-
nent, Ni becomes a natural choice owing to its superior
stability, low cost, and ferromagnetism. Fe-Ni alloys are
extensively used in diversified occasions including com-
puter storage [9, 10], medical treatments with magnetic
carriers involved [11], and catalytic reactions such as elec-
tive hydrogen generation from hydrous hydrazine, CO
methanation, elimination of various pollutants [12–15].
The versatility of Fe-Ni bimetallic nanoparticles is closely
associated with their structure and composition distribu-
tion, which may be sensitive to the ambient tempera-
tures. Therefore, the thermal properties of these bimetal-

lic nanoparticles would be a crucial issue since different
temperatures may come into play in both synthesis and
operating conditions. As is known, the thermal behaviors
of bimetallic systems are much more complex than those
of their monometallic counterparts because the presence
of the second component breaks the structural symmetry,
which results in further rugged energy landscapes. Given
the fact that Fe is a representative metal of allotropy and
the allotropic forms can transform from each other un-
der certain temperature and pressure, alloying would ad-
ditionally diversify the thermodynamic behaviors due to
the presence of different chemical order or interfaces and
lead to various possibilities in structural change or phase
transition. However, to our knowledge, an in-depth un-
derstanding of the thermal properties of Fe-Ni bimetal-
lic nanoparticles is still lacking. Hence, in this work we
examine the dynamic evolution of their structures under
continuous heating process and shed light on the struc-
tural transformations. This paper is structured as follows.
In Section 2, the model construction of Fe-Ni nanoparti-
cles and the computational methodology will be described.
The calculated results for these nanoparticles will be dis-
cussed and be compared with available studies in Section
3, and finally, the main conclusions will be summarized in
Section 4.

2 Simulation methodology

As illustrated in Fig. 1, Fe-core/Ni-shell (denoted as
Fe@Ni) nanoparticles were produced from the bulks. Fe
and Ni monometallic counterparts were also constructed
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Fig. 1 Schematic illustrations of (a) Fe@Ni, (b) bcc Fe, and
(c) fcc Ni nanoparticles. Coloring denotes the type of atom:
blue, Fe atom; green, Ni atom.

for the purpose of comparison. According to the bulk crys-
talline structures, the initial configurations of Fe and Ni
were respectively modeled to be body-centered-cubic (bcc)
and face-centered-cubic (fcc). For the bimetallic nanopar-
ticles, the Fe core is bcc lattice while the Ni shell belongs
to fcc lattice. The number of atoms in the Fe core was set
to be fixed at 947 (with a radius of about 1.5 nm), and
different thicknesses of the Ni shell, ranging from 0.7 to
2.7 nm, were considered.

In this work, the interatomic interactions were de-
scribed by the potentials developed by Bonny et al. [16],
which are in the embedded atom method (EAM) formal-
ism and their parameters were fitted with the emphasis
on thermodynamics, defect energies, and vacancy migra-
tion barriers. These potentials were found to be able to
reproduce the equilibrium phase diagram of Fe-Ni system
that is in reasonable agreement with related experiments
and have been extensively adopted in atomistic simula-
tions of Fe-Ni alloys [17–19]. Therefore, we believe these
thermodynamically validated potentials are suitable for
the current investigation.

Before the simulations of heating, conjugate gradient
method (CGM) was applied to quasi-statically relax all
the initial configurations so as to reach the energy local
minima. Thereafter, the nanoparticles were subjected to
continuous heating, which was performed in a canonical
ensemble, that is, the constant volume and temperature
ensemble (NVT), using the molecular dynamics package
LAMMPS. The temperature was gradually increased from
0 to 2000 K with an increment of 10 K. At each temper-
ature, the relaxation time was set to be 200 ps, during
which the atomic coordinates, velocities, and energies were
extracted in the last 20 ps for the calculation of the sta-
tistical quantities.

3 Results and discussion

To identify the phase transitions during continuous heat-
ing, the temperature dependent potential energy and the
corresponding heat capacity of Fe@Ni nanoparticles with
different sizes are shown in Fig. 2. Note that the heat ca-
pacity may be deduced by the following equation [20]:

Cp(T ) =
dE
dT +

3

2
Rgc, (1)

Fig. 2 Temperature dependence of potential energy (solid
lines) and the corresponding heat capacities (dashed lines) for
the Fe@Ni nanoparticles with three different sizes. Note that
R denotes the particle radius.

where E is the potential energy, and Rgc = 8.314 J/(mol
K) is the ideal gas constant.

The abrupt increase in the potential energy and the
sharp peak in the heat capacity signify the solid-liquid
phase transition, i.e., melting. It occurs around 1500 K (to
be specific, 1540, 1550, and 1560 K for the three nanopar-
ticles, respectively). It has been well acknowledged that
nanomaterials with large surface-to-volume ratios display
lower melting points than their bulk counterparts because
of the weaker bond of surface atoms comparing with the
interior ones [20–24]. Considering that the bulk values
of melting temperatures for Fe and Ni are respectively
1811 and 1728 K [25], the decrement of about 200 K
in these nanoparticles should be reasonable. Meanwhile,
slight drops are found around the temperature of 500 K
in the potential energy curves. Accordingly, the heat ca-
pacity becomes negative here. Since this temperature re-
gion is far away from the melting point, Fe@Ni nanoparti-
cles should be firmly in the solid regime. Therefore, these
drops in energy curves indicate the occurrence of solid–
solid phase transition. The critical temperatures are as-
certained to be 450, 530, and 550 K for the three nanopar-
ticles, increasing with the shell thickness. It can also be
noted that this solid–solid phase transition in the Fe@Ni
nanoparticles is explicitly induced by the core-shell con-
figuration because it is absent in both pure Fe and Ni
nanoparticles. These two types of first-order phase transi-
tions will be elaborated later.

The melting points of Fe@Ni nanoparticles with differ-
ent sizes are exhibited in Fig. 3, in which the correspond-
ing values for pure Fe and Ni equivalents are also presented
for reference. Originated from the impact of the surface-
to-volume ratio, the size effect can be clearly identified
from this figure. However, the trend becomes much less
distinct as the particle radius is larger than 3.5 nm, and
further elevated melting temperature could only be real-
ized when the size increases substantially. Generally, the
melting points of bimetallic systems lie in between those of
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Fig. 3 Size-dependent melting points of Fe@Ni, Fe, and Ni
nanoparticles.

their monometallic counterparts and depend on the com-
position ratio [26]. Nevertheless, it is not the case here. It
can be found from Fig. 3 that the melting temperatures
for the smaller sized Fe@Ni nanoparticles are even lower
than their pure Ni counterparts. As the thickness of Ni
shell grows and the particle radius exceeds 3.5 nm, Fe@Ni
and pure Ni nanoparticles melt at the identical tempera-
ture, i.e., the influence induced by the existence of the Fe
core becomes inconspicuous. Therefore, it is reasonable to
suppose that the abnormally lowered melting points in the
Fe@Ni nanoparticles should be associated with the solid–
solid phase transition, which is revealed by Fig. 2 and is
absent in the pure Fe or Ni nanoparticles.

In order to visualize the phase transitions occurring dur-
ing the heating process, common neighbor analysis (CNA)
[27] was adopted to characterize the local crystal structure
in the nanoparticles. It is a decomposition of the radial
distribution function (RDF) according to the local envi-
ronment of the pairs of atoms and can be used to identify
atoms in particular order, such as fcc, bcc, and hexagonal
close-packed (hcp). Take the Fe@Ni nanoparticle with the
radius of about 3.6 nm (including 17831 atoms) for exam-
ple, Fig. 4 shows its structural evolution with increasing
temperature. Owing to the relatively large difference in
the lattice structures and the lattice constants between Fe
and Ni (2.87 Å for the former and 3.52 Å for the latter),
the lattice misfit is considerable and thus leads to an ap-
preciable amount of “other” atoms located near the core-
shell interface [see Fig. 4(a)]. With the temperature in-
creasing, the Fe core turns from spherical to ellipsoidal at
500 K, which implies the initiation of the solid–solid phase
transition and could be corroborated from the potential
energy curve in Fig. 2. Hereafter, it can be ascertained
by the CNA method that the original bcc Fe atoms trans-
form into fcc ones. From the values of potential energies
in Fig. 2, one may find that the fcc configuration actually
is more stable than bcc for the Fe core. From the analysis
of the intermediate states between the bcc and fcc phases
of the Fe core, the transformation is observed to occur

through complex processes. The corresponding pathways
are similar to the Nishiyama–Wassermann path rather
than the Bain path. Actually, there has been a compari-
son between the Bain and Nishiyama–Wassermann paths
in bulk Fe, and the results showed that the martensite
transformation rather follows the Nishiyama–Wassermann
path in reality [28]. Therefore, we believe it is reasonable
to find that the Bain pathway is absent in our investiga-
tion. Meanwhile, it should be noted that, owing to the
existence of the surface (or interface), the transformation
path could be far more complex in the clusters than that
in the bulk. The standard paths may be distorted in dif-
ferent degrees depending on the lattice distance from the
surface (or interface). Furthermore, it can be seen that
this structural transformation is accompanied by a few
hcp atoms appearing near the periphery of the core, which
correspond to stacking faults as shown in Fig. 4(c). These
stacking faults further expand with elevated temperature,
and some of them even penetrate the entire nanoparticle
arriving at the surface [see Figs. 4(d) and (e)]. The exis-
tence of these stacking faults is exactly the cause of the
reduced thermal stability of Fe@Ni nanoparticles compar-
ing with the monometallic Ni ones, which has also been
observed in other bimetallic systems such as Pt-Au [29]
and Pd-Ni [30]. Since the emergence of the stacking faults
is triggered by the solid–solid phase transition in the Fe
core, it is natural to find that its influence on the melting
point would become smaller with increasing shell thickness
for the fixed core size, as shown in Fig. 3.

According to the observation that the solid–solid phase
transition is absent in the monometallic bcc Fe and fcc Ni
nanoparticles, it is sensible to consider that the structural
transformation is introduced by the inconsistent lattice
in the core-shell interface. Here we calculated the atomic
stress during heating. The local stress δn at the ith atom
site can be calculated by

δn =
1

3

3∑
α=1

δαα =
1

3

3∑
α=1

 1

2Ωi

∑
j ̸=i

Fα
ijR

α
ij

 , (2)

Fig. 4 Cross-sectional snapshots of the Fe@Ni nanoparticle
taken at six representative temperatures. Colors denote atomic
types: blue, bcc; yellow, hcp; green, fcc; red, other.
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in which Fij and Rij are the force and distance between
atoms i and j, respectively [31]. Ωi is the local volume that
can be identified with the volume of the Voronoi polyhedra
constructed by the perpendicular planes that bisect the
lines between atom i and all its neighbor atoms, which
has been calculated through the equal volume method
[32]. Figure 5 presents the stress distribution in the Fe@Ni
nanoparticle exemplified in Fig. 4. The values at two tem-
peratures (respectively before and after the solid–solid
transition) are illustrated in Figs. 5(a) and (b). Evidently,
the tangential stresses of outermost Ni atoms are positive
because of surface tension. However, when all the atoms
are taken into account to calculate the average values,
the Ni shell is under compression, and the Fe core is sub-
jected to tensile stress. It is opposite to the situation in
monometallic particles where the surface is in tension and
the interior region is generally compressive [33, 34]. This
reversed trend is due to the fact that the lattice constant of
Fe (2.87 Å) is much smaller than that of Ni (3.52 Å). The
lattice accommodation thus builds up the stress gap be-
tween the core and the shell, and comparing to the surface,
the existence of core-shell interface plays a more dominant
role in determining the stress distribution of the whole
particle. Before the structural transition of bcc Fe core
(occurs at 570 K), the gap between the average stresses of
the two components is 24.9 MPa. After the transition, the
stress gap is lowered to 22.9 MPa, not notably but still
implying the release of the stress.

To further explore the relationship between the atomic
stress and the solid–solid phase transition in the Fe
core, the average stress and the critical temperature of
the phase transition at different Ni shell thicknesses are
demonstrated in Fig. 6. As the Ni shell thickness increases
from about 1.1 to 2.4 nm, the Fe core is always subjected
to tensile stress, and the average value also increases from
21.6 to 31.7 MPa. The stress rise is because the lattice

Fig. 5 Stress distribution in the Fe@Ni nanoparticle before
(570 K) and after (690 K) the solid–solid phase transition of
the Fe core. The horizontal axis represents the distance of
the atom from the center of the mass. The horizontal dashed
lines indicate the average stresses in the shell and the core,
respectively.

Fig. 6 Ni shell thickness dependent average stress under
room temperature of 300 K and the solid–solid phase transi-
tion temperature in the Fe core.

expansion of the Fe atoms is originated from the attempt
at accommodating to the Ni lattice in the core-shell inter-
face. Thick shell results in enhanced tension imposed on Fe
core. As for the transition temperature of bcc to fcc phase,
it elevates from 525 to 710 K. As is known, under the stan-
dard atmosphere pressure, Fe exhibits bcc structure from
room temperature to 1185 K, while fcc structure between
1185 and 1667 K [28, 35]. However, according to our calcu-
lations, when its size falls into nanoscale and it is covered
by Ni shell, the critical temperature significantly drops
and is tunable by controlling the shell thickness. This ob-
servation, which discloses the thermodynamic behaviors of
bcc Fe in nanoparticles that are profoundly different from
the bulk situation, provides a promising strategy of de-
signing Fe based nanomaterials with different crystalline
phases.

4 Conclusions

In summary, molecular dynamics simulations were em-
ployed to investigate the thermodynamic behaviors of
Fe@Ni bimetallic nanoparticles. During continuous heat-
ing, the solid–solid phase transition from bcc to fcc was
observed in the Fe core. This change in crystalline struc-
ture leads to the occurrence of stacking faults near the
core-shell interface, which significantly reduces the ther-
mal stability of these nanoparticles and results in the melt-
ing points even lower than pure Ni counterparts. More-
over, the bcc Fe cores are found to be subjected to tensile
stress in the Fe@Ni nanoparticles due to lattice misfit, and
the stress is released to a certain extent after the struc-
tural transformation. Both the initial stress and the criti-
cal temperature of the solid–solid phase transition in the
core increase with the shell thickness. These results, which
may be expanded to systems with bcc Fe cores covered by
other fcc metallic shells, provide a theoretical reference for
both the synthesis and application of Fe-based nanomate-
rials.
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