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High Entropy Alloy nanoparticles (HEA NPs) have been synthetized because they are promising materials to
improve nanoscale performance. However, little theoretical study has been carried out regarding the
thermal stability of HEA NPs. Here, atomistic simulations have been conducted to study the thermal
response of FeCuCrCoNi HEA NPs as a function of size. Atomistic modeling shows that melting point
can be explained in terms of a two-phase model without the contribution of surface melting as is
predicted through liquid shell models. On the other hand, it is observed that premelting starts with
a preferential mobility of Fe and Cu atoms. Simulations show that due to the enhanced diffusion there is
no evidence of precipitation or clustering during the thermal load, which is independent of the HEA NP size.

Introduction

The synthesis of high entropy alloy nanoparticles (HEA NPs) has
been conducted in the last year due to their outstanding
behavior in catalysis, sensing, energy storage, corrosion, and
many other applications.'* The origin of their unique behavior
is attributed to the chemical complexity introduced by the
different atom types coexisting in the ordered crystalline
structure.>”® In particular, the design and functionalization of
the NPs have been addressed as a route to improve the surface
activation process in order to boost their application in different
fields.'”" The current demands in many fields have motivated
understanding of the NPs’ physical and chemical responses
under different scenarios."

The novelty of HEA NPs arises from the different atomic sizes
leading to modification of the electronic structure in terms of
the atomic environment. Metallic HEA NPs of a few atoms
showed that even the same component atoms display different
local density of states that change in terms of the atomic
neighborhood.>** Similar results have been conducted in body
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cubic centered TiZrHfNb HEA.* The unique electronic struc-
ture has motivated several applications, such as an enhanced
performance in hydrogen production on sub-20 A NiCoFePtRh
NPs, or superior electrocatalysis in alkaline oxygen reactions.
Even more, nano-micro particles have been referred to as
excellent materials for supercapacitors, or electrocatalyzer
structures.''® The latter is motivated by the complex surfaces
and chemical composition of HEA NPs, rendering different
absorption energies which enable favorable adsorption to
enhance the surface activity.

The previously mentioned applications have fueled the
synthesis methods in the micro and nanoscale."” To date, HEA
nano and microparticles have been synthesized by means of
different strategies such as carbothermal shock synthesis, fast
moving bed pyrolysis, mechanical alloying, combinatorial
sputtering, ultrasonic assisted wet chemistry, kinetically
controlled laser synthesis, microwave assisted combustion
synthesis, among many other methods.”*** From all the
mentioned synthesis strategies, at least five of them are based
on thermal treatments that heat the precursors at high
temperature to drive the element diffusion and mixing. The
temperature cooling rate is also a fundamental factor that helps
the consolidation of the solid solution before atomic diffusion
could promote the segregation of the constituents.

The thermal response of NPs is currently addressed as
a technique to understand how they will respond under more
complex scenarios,*> and synthesis conditions.>*¢ Besides,
melting and premelting are crucial to delimit the NP applica-
bility for diverse applications.”””>* Molecular dynamics simula-
tions are typically introduced to wunveil the atomistic
mechanism that governs the phase transition on NPs of diverse
morphology and composition.**** Samsonov et al** showed
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that the continuous melting in Ag and Au NPs is driven by
means of a surface pre-melting mechanism. Al NPs with less
than 1000 atoms have shown an interesting bi-stable behavior
near to the melting point, which is attributed to the coexistence
of a solid-to-liquid state at temperatures lower than the melting
point.* Pd NPs have shown very interesting behavior related to
the NP shape, where cuboctahedron nanostructures display
a melting from the NP corners. This is attributed to the surface
stress as a consequence of the high facet indexes.*®

Chemical complexity has been used as a tool to improve the
performance of NPs. In this aspect, the coexistence of more
than one element renders bimetallic NPs with different phases
or complex morphology such as Core@Shell or Janus-like NPs.
Au-Ag NPs have shown that alloying structures have a negative
formation energy in comparison with Janus or Core@Shell
nanostructures, demonstrating that for this kind of system the
alloying is the more stable configuration.*” FeCu NPs have dis-
played a morphology dependence in terms of the atomic
concentrations.*® By means of atomistic modeling, it was shown
that the final configuration strongly depends on the surface
energy of the respective Fe and Cu NPs. Although, in the current
literature, many studies have been carried out on metallic NPs,
studies on HEA NPs are still missing.***

It is worth mentioning that current experimental studies
have achieved the synthesis of HEA nanostructures of diverse
compositions.” Even more recent studies have achieved the
synthesis of HEA NPs with a hollow central cavity,*** which has
been reported in the literature as a convenient morphology to
boost the material performance in catalysis, sensing, energy
storage, and many other applications.*” Size effects on melting
point on HEA NPs were conducted through atomistic simula-
tions on a system composed of PdPtRhCo atoms.** Comple-
mentary studies have shown that there is no segregation on
multiprincipal alloys.*® Other studies on AgAuPdPtNi HEAs
have shown a size-dependent melting point typical of metallic
NPs.* Besides, some elements show a faster diffusion that
could be relevant in the early stages of premelting of NPs.***® All
in all, chemical complexity is a relevant factor that seems to
influence thermal behavior in HEA NPs, however, theoretical
understanding is still limited.

For this reason, this contribution is focused on the study of
the melting of HEA NPs composed by FeNiCrCoCu atoms. Even
more, possible size effects and atomistic understanding to
unveil the fundamental physics processes that unleash the
melting and premelting of HEA NPs will be discussed.

Methods

We carried out simulations to study the thermal behavior of
FeNiCrCoCu HEA NPs, performed by classical Molecular
Dynamics with the help of the LAMMPS package.** The atoms
interactions were modeled using the embedded atom method*’
with the parameterization proposed by Pasianot and Farkas.***
DFT calculations on the FeNiCrCuCo alloy*® were performed,
where the lattice parameter found for a face-centered cubic
(FCC) HEA with x = 0.2 was 3.395 A, by solving the Kohn-Sham
equations with the PBE exchange functional. This value differs
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only 3.7% from the value used in this work (3.52 A). Experi-
mentally, the same paper reports a lattice parameter of 3.6 A for
the FCC HEA, which is 3% higher than the value used here.
Although this potential does not precisely replicate any partic-
ular alloy, it is specifically designed to capture overall trends in
alloy properties, such as heats of mixing, elastic constants, and
thermodynamic behavior, by matching known experimental
ranges, as can be seen in works of Farkas et al.*® and Deluigi
et al.¥ In particular, the potential consistently reproduces the
stability of the FCC structure across Fe-Ni-Cr-Co-Cu mixtures
and aligns with observed formation enthalpies and stacking
fault energies,*® enabling reliable insights into general trends
and guiding further investigation of alloy behavior.

The construction of the HEA NPs was performed by cutting
a sphere of a given radius R from a FCC bulk, with a lattice
parameter of 3.52 A, which has been reported by Pasianot et al.*®
as the lattice parameter of FeNiCrCoCu bulk, as is observed in
Fig. 1a—c. Considering the reported lattice parameter, we built
a bulk HEA, assigning the Fe, Cu, Cr, Co, and Ni atoms to
random positions of the FCC lattice. The result was an equia-
tomic HEA with a concentration of 20% for each element. For
the construction of the HEA NPs, we followed the steps
proposed by Valencia et al.*®* The HEA NPs studied in the
present work have radius sizes of 7.5, 10, 15, 20, 25, 30, 35, and
40 A, as shown in Fig. 1c.

Due to the mentioned considerations on the construction of
the HEA NPs, the geometrical configuration could have possible
residual forces on the atoms. Therefore, the structures were
firstly relaxed using the Fast Inertial Relaxation Engine algo-
rithm (FIRE).>* After this first energy minimization, a second
relaxation was introduced by raising the system temperature
from 0 to 300 K. To this end, the temperature was controlled
using a velocity rescale algorithm while the atomic motion was
integrated, assuming a microcanonical NVE ensemble. The
relaxation was performed over 0.2 ns using a timestep of 1.0 fs
to ensure energy conservation.

The thermal load was performed by increasing the system
temperature from 300 to 2500 K in 20 K temperature intervals.
Each temperature increase was held at 200 ps, where the first
100 ps were used to allow the system equilibration, and the
remaining time was used to calculate average thermodynamic
quantities such as potential energy, temperature, and mean
square displacement (MSD), among others. In some cases,
rotational or translational movement in the NP could lead to
overestimation of MSD calculations. For this reason, motion
equations are integrated with the constraints to add zero
angular and linear momentum during the thermal load to not
introduce spurious effects in the calculations of thermody-
namic quantities. The system temperature during annealing
was controlled using the velocity rescale algorithm adopting
a timestep of 1.0 fs (Fig. 1f).

For the post-processing of the results, we used the OVITO
software.>® Possible segregation of clustering of elements was
analyzed with the pair correlation function, and the atomic
displacement and mobility were studied with the MSD which is
calculate as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Potential energy curves as a function of temperature. For
illustrative purposes, only R = 5, 7.5, 10, 15, 20 A are depicted in the
figure.

N
MSD = %<Z i) r7-<o>12>, )
i=1

where N is the number of atoms, 7(¢) is the position of the i-
atom at the given time ¢, 7;(0) corresponds to the initial position
of the i-atom. In eqn (1), {...) brackets correspond to the time
average in an interval of 100 ps. To avoid any possible spurious
effect due to any possible translational displacement of the NP,
the distances 7;(0) and 7;(¢) were computed concerning the
position of the HEA NP’s center of mass.

The Von Mises shear strain at the i-atom, ™, is calculated
from the second shear strain invariant:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where 7,4 corresponds to the local strain of the i-atom with its
neighbors, and the subscripts « and § correspond to the strain
components in the x, y, and z axes. To define the Von Mises
shear strain it is necessary to adopt a cutoff radius to define the
numbers of neighbors that contribute in the calculation of
2™, here a cutoff of 3.0 A was adopted.**>*

Results

A good description of the thermal resistance of any NP is to
calculate the melting temperature, which allows us to follow the
evolution of the potential energy as a function of the tempera-
ture. In Fig. 2, we show this curve for our system for the
mentioned radius. We can observe that even small NPs are
stable for temperatures of 800 K to undergo a phase trans-
formation from liquid to solid. This transformation is depen-
dent on the nanocluster size. It is worth noticing that the
smaller radii considered in this publication (R = 5 and 7.5 A
cases) appear to have a slight fall in the potential energy curve
later giving rise to the melting of the HEA NPs. This effect could
be associated with the surface reconstruction because of the
small size of the nanocluster. Besides, NPs with d > 10 A behave
like a bulk material, avoiding structural transition until the
melting point.

A summary of melting temperature as a function of the HEA
NP radius is illustrated in Fig. 3. As expected, the melting point

RSC Adv, 2025, 15, 17695-17705 | 17697
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Fig. 3 (@) Tmer as a function of the NP size, dashed line shows an
analytical fit model. (b) Thee as a function of the reciprocal radius, the
dashed line shows an analytical fit model. For both adjustments made,
we highlight the equation used and the parameters obtained.

grows as a function of the NP size, with a slight saturation at the
size of R = 40 A. However, many theoretical models assume that
NPs’ melting points increase as a function of radius using an
exponent of —1.> In Fig. 3, it is shown that theoretical models
for spherical NPs show excellent agreement with simulation
data, where the usual models assume that temperature scales

with HEA NP size as:
X
Tm == To <1 - ﬁ)’

where T, is the bulk melting point, X is a constant that depends
on the material and R is the NP radius. The exponent ¢ adopts
a —1 value close to our ¢ = —0.978 value from our model. Even
our fit assumes a bulk melting point T, = 2184 K, in line with
values reported by Deluigi*” for the bulk FeCuCrCoNi HEA. The
latter supports the assumption of a two-phase model with
melting temperature depending on competition from solid and
liquid phases.
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Fig. 4 MSD for different NP radii. To illustrate early states of atomic
mobility, MSD was plotted until a temperature of 1000 K.

The size effect dependence in melting models is usually
attributed to unbound atoms on the surface that promote the
melting of NPs. In some cases, a premelting from the surface
influences the melting point, so it is necessary to include the
presence of a liquid-shell model to describe the phase transi-
tion in terms of NP size accurately.”®*” A simpler formulation
can be obtained from the Gibbs-Thomson equation, which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Pair correlation function for selected HEA NPs with different
radii (in panel (a) 7.5 A, and in panel (b) 20 A). Each curve shows
a different temperature (300, 1200, 1500 and 2000 K). It is illustrated
with the pair correlation function per atomic species which separates
the contribution of each element from the total contribution.

assumes a direct phase transformation from solid to liquid
utilizing the reciprocal radius 1/R. Fig. 3b, displays an excellent
relation predicting a C = 1, which not only shows that the
models are valid in the nanoscale but also that melting behavior
does not present contributions from the surface.

To understand the diffusion mechanism, we inspected the
mean square displacement in terms of different elements. As
shown in Fig. 4, each MSD curve follows the same trend, inde-
pendent of the NP size. However, differences appear when we
inspect the mean square displacement of each element, where
Cu and Fe atoms show more mobility at lower temperatures
than other components. This effect is almost negligible at R = 5
A, but becomes more pronounced with size with the increase in
atoms and the decrease in the surface-to-volume ratio.

In Fig. 5, we show the calculated pair correlation function
(PDF) for different HEA NP sizes. From here, we can study the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 lllustration of atom distribution as a function of temperature for
the case R = 5 A. Figure shows the whole NP, and the atom positions
per element.

atomic distribution during the temperature ramp in detail.
Each of the simulated nanostructures shows a well-defined peak
that matches the first neighbor distance of the FCC lattice of the
HEA NP; the same applies to second and subsequent neighbors.
We want to highlight that it is independent of the NP size, with
7.5 A and 20 A cases only showing small fluctuations of the
peaks, mainly attributed to the small number of atoms
considered for the calculations. At higher temperatures, peak
intensities decrease, but there is no creation of new peaks
during the thermal load. This effect is observed even in the 7.5 A
case, where the smaller size should increase probabilities for
clustering as a consequence of the shorter exploration path of
the atoms. In short, the behavior observed for each NP is
consistent with the absence of clustering of the elements, ruling
out the possible precipitation of some elements due to the
increase in diffusion through the thermal load. It is worth
noticing that clustering or precipitation has been observed in

RSC Adv, 2025, 15, 17695-17705 | 17699
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Fig. 7 Illustration of atom distribution as a function of temperature for
the case R = 20 A. Figure shows the whole NP, and the atom positions
per element.

other HEA NPs, particularly those with a high mismatch
between atomic sizes.

In Fig. 6, we show an atomistic representation during the
thermal loading of the NP. For R = 5 A, there is an apparent
change in the shape of the NP with temperature. Besides,
inspecting each element confirms no evidence of clustering or
precipitation because the atoms do not form stable structures
or crystalline domains for atomic species. Ultrasmall nano-
clusters are known to tend to form icosahedral shape
configurations,®®* the inspection of elements does not confirm
the formation of any subcluster inside the HEA NP, as can be
expected of few atom monoatomic clusters.

At R = 20 A (Fig. 7), HEA NPs retain a spherical shape, but
atoms show apparent mobility with a thermal load as could be
seen from a visual inspection of the whole structure. On the
other hand, the distribution per atomic species is relatively
homogeneous over the whole NP (Fig. 7), which confirms the
observation from the pair correlation function. Even more, we
employed two algorithms to identify local crystalline structures.
In both cases, the common neighbor analysis®* and the poly-
hedral template matching algorithm® (both implemented in

17700 | RSC Adv,, 2025, 15, 17695-17705
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OVITO code) used over the mono-elemental NP do not show
evidence of any crystalline structures.

Possible segregation mechanisms are quantitatively evalu-
ated by means of the Warren-Cowley parameter (WC). The WC
parameter is studied in terms of Cu atoms, as shown in Fig. 8.
As shown for Fe, and Ni, the close to zero values suggest
a random distribution. The major difference is associated with
R = 7.5 and 10 A, showing a slight clustering for CuNi and
CuCo, and a repulsive effect for CuCr. Almost zero values
(random distribution) are found for CuCu and CuFe. The larger
the cluster size, the smaller the possible short-range ordering
effect observed. All in all the close to zero values are consistent
with the lack of a Short-Range Order (SRO) effect in
FeNiCrCoCu.

To understand the high mobility of Fe atoms, Fig. 9 illus-
trates the potential energy contribution by atomic species as
a function of the temperature. The curves show that for each NP
radius (5, 10, and 20 A) the Fe atoms have a higher potential
energy than the other elements. In every curve, the difference in
potential energy is at least 0.5 eV compared to the other
elements. The higher potential energy levels can explain the
enhanced mobility of Fe atoms since it can be interpreted as
a higher local pressure as a consequence of their atomic envi-
ronment. It is worth noticing that Fe atoms show an abrupt
increase in potential energy at temperatures around 1000 K,
which matches with the increase in MSD and premelting of the
NP.

The Von Mises shear strain for different temperatures is
illustrated in Fig. 10. The figure shows that shear strain is rather
homogeneous at a temperature of 600 K. For 900 K, a yellow
shell is observed with atoms with Von Mises strains higher than
0.5. This high value of strain is the consequence of atomic
displacement due to the surface diffusion rather than an
effective strain leading to tensile stress in the NP shell. Even
more, the atoms with high strain are found in 2-3 atomic layers,
which is a small value to adopt a core@shell effect in the pre-
melting of the NP. At higher temperatures, Von Mises propa-
gates to the core but shows a shell of 10-20 A thickness;
however, the NPs tend to lose their crystalline structure.

Conclusion

Many theoretical works have addressed the size-dependence
effect on melting temperature. In some particular mono
elemental NPs or core@shell NPs, the melting process is the
consequence of collective enhanced diffusion promoted by the
surface. In HEA, the chemical complexity introduces internal
strain as a consequence of the different atomic sizes; this way,
the surface stress of unbound atoms is not the unique contri-
bution as can be expected in conventional alloys. PtPdRhCo
multi-element alloys have shown that Von Mises strain
increases continuously with temperature, contributing to the
formation of a liquid shell. In that case, NPs are larger than the
ones simulated by us with melting temperature close to the
respective bulk material. Alarifi et al.*® studied the premelting in
Ag NPs, showing that a 40 A NP behaves differently to larger size
NPs. In the Ag case, the melting layers were set at 18 A, which is

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08595g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 May 2025. Downloaded on 1/29/2026 5:56:15 AM.

(cc)

Paper

View Article Online

RSC Advances

0.05F

-0.15
-0.2+ B
1 1 1 1 70.25 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)
) d)

0.05

I | |

0 20 40 60 80 100
Time (ns)

Time (ns)

Fig. 8 WC parameters for Cu at different NP sizes and temperatures. (a—e) correspond to the correlations with Fe, Ni, Cr, Co, and Cu,
respectively. The colors red, blue, yellow, and green correspond to NP radii of 7.5, 10.0, 15.0, and 20.0 A, respectively.

larger than the few atomic layers found by us, also suggesting
that the size of the NP has a major role in the melting stages of
the nanostructure.”**® The surface contribution to potential
energy reported in monocrystalline NPs shows a difference with

© 2025 The Author(s). Published by the Royal Society of Chemistry

bulk atoms close to 0.5 eV. In HEA NPs, a potential energy
difference of 0.5 eV is observed not only on the surface but also
on the Fe atoms product of the chemical complexity. The latter
suggests that for the NP sizes simulated here, the melting not

RSC Adv, 2025, 15, 17695-17705 | 17701
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Fig. 9 Average potential energy per element as a function of
temperature, for r = 5, 15, and 20 A (a—c).

only originates in the NP shell but also in the NP core as
a consequence of the coexistence of different atom types in the
crystalline lattice.

To conclude, our results show that melting temperature
strongly depends on the HEA NP size, which agrees with clas-
sical melting models. Besides, we found a linear dependence of
temperature with R~', which confirms that melting does not
have a liquid contribution from the surface melting. Instead,
enhanced mobility of Fe and Cu atoms at lower temperatures is
observed, suggesting that the diffusion of some particular
elements in the HEA NP can dominate melting. While direct
experiments on the thermal behavior of FeCrCoNiCu have not
been addressed, there exists indirect evidence that grain
boundaries have shown migration of Cu towards the surface
without complementary analysis. On the other hand, Zhang
et al.** after cold-rolling and melting observed phase separation
of FCC FeCrCoNiCu in a Cu-rich phase and a second FCC
structure composed of FeCrCoNi. Both phases coexist forming
dendritic like structures. Other works on AuCoCuNiPt NPs,
show the precipitation of Au and Cu towards the NP surface.*
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Fig. 10 Von Mises strain at different temperatures for a NP with R =20
A. Color coding display the Von Mises shear strain intensity.

AlSiCrMnFeNiCu HEA NPs,* and AlCuFe® show the precipita-
tion of Al forming an oxide layer, they explain the results based
on single element melting points and lower enthalpy of mixing,
similar to that observed here for Cu. Recent experiments per-
formed on FeCoNiCuPd NPs,*® showed a melting point in line
with that reported here, in addition in situ TEM demonstrated
that melting is initiated by Cu atoms due to their lower melting
temperature, in excellent agreement with the prediction of our
simulations in a different HEA. Finally, a CoCrFeNiGa NP shows
at least three stages of melting related to some phase transitions
from FCC to BCC, and segregation or precipitation of some
elements,* the interesting point is that the experiments also
report a loss of Ga during the heating as the first melting event
due to its low melting point. Cu atoms have the lowest melting
point among all the elements in the HEA, which, in agreement
with experimental evidence, is expected to lead to early diffu-
sion as the temperature increases. On the other hand, Fe has
a similar melting point to Cr and Ni, but this comparison is
made considering the BCC phase. A possible explanation is that
Fe atoms adopt an FCC structure in the NPs, causing melting to
occur before any structural transition from BCC to FCC takes
place. Finally, we note that the results provided by simulations
have also been observed in HEA NPs with different composi-
tions. Considering that the number of studies on HEA NPs has
increased in recent years,”””* it is necessary to carry out
modeling of different multi-elemental NPs, taking into account

© 2025 The Author(s). Published by the Royal Society of Chemistry
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their sizes and geometries in order to support and guide future
experiments.
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