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Abstract

Using the molecular dynamics method, the compression of nickel nanoparticles with a
nanocrystalline structure at low temperatures was simulated. The influence of the nanoparticle size
(from 2 to 20 nm) and the average grain size within it (from 2 to 8 nm) on the compressive strength
and on the strain at which the maximum stress is reached was investigated. In addition, the stability
of the nanocrystalline structure of the nanoparticles was studied as a function of temperature and
grain size. It is shown that the smaller the diameter of the nanocrystalline particle, the higher the
compressive strength and the strain at which the maximum stress is reached. A decrease in grain size
leads to a reduction in compressive strength, which is associated with the main mechanism of plastic
deformation of nanocrystalline nanoparticles, namely grain boundary sliding. At the first stage of
deformation, the entire particle structure typically rotates until the maximum value of the stress
vector projection onto the preferred slip plane is reached, which, in the case of a nanocrystalline
structure, is determined by the mutual orientation of the grain boundaries. Grain boundaries
elongated approximately along a single plane represent, in this case, the preferred slip plane.
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1. Introduction

Metallic nanoparticles (NPs) possess a unique combination of physical, chemical, and optical
properties [1], which makes them promising for such fields as microelectronics, optoelectronics and
plasmonics [2,3], chemical catalysis, the development of gas sensors [4,5], as well as medicine and
biology [6,7]. Regarding their mechanical properties, it has been established that metallic NPs often
exhibit significantly higher mechanical properties compared to their bulk counterparts [8-12], which
makes them attractive for use as fillers in composite materials and for improving the tribological
properties of lubricants [11]. Using nanoindentation techniques, it has been experimentally found
that the strength of single-crystal nanoparticles under compression can reach gigantic values, up to
several tens of GPa [8-10]. For example, in [10], a strength of 34 GPa was recorded when compressing
single-crystal nickel nanoparticles with a diameter of 210 nm.

At present, it is known that the compressive strength of single-crystal NPs increases as their size
decreases, which has been demonstrated both experimentally and by computer simulations [10,13—
18]. In some studies, for example [19-22], it is assumed that this effect is associated with the decrease
in the volume required for a dislocation to form as the size of a single-crystal particle decreases. In
other words, it is implied that the size effect on the compressive strength of NPs is a feature specific
only to particles with a single-crystal structure, and that nanocrystalline and amorphous particles
should not exhibit a similar behavior. However, the data obtained in studies devoted to the
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simulation of the compression of amorphous particles are inconsistent: in [23,24], for example, the
particle size had almost no effect on the strength within the error margin, whereas in [25], as well as
in our previous work [18], it was found that the strength of particles with an amorphous structure
increases as their size decreases.

The next interesting property that has been discovered during the deformation of nanoparticles
is the increase in fracture toughness with decreasing particle size [26]. In the experimental study [10],
during nanoindentation of nickel particles, the maximum compressive stress, for example, was
reached at a strain of 10-20%. In [27], using high-resolution transmission electron microscopy, it was
shown that silver NPs smaller than 10 nm under compression at room temperature behave similarly
to liquid droplets. In [28-30], it was found that nanoparticles made of comparatively very brittle
materials, such as silicon or magnesium oxide, can exhibit plastic behavior under compression.

In addition to particles with a crystalline structure, particles with a high degree of atomic
structure disorder, amorphous or nanocrystalline, are currently of great interest [31-34]. They possess
high stored energy values, unique electronic structures, and a range of useful mechanical properties.
Nanoparticles with a nanocrystalline structure can be obtained, for example, by cooling molten NPs
at sufficiently high rates of 1010102 K/s [35-37]. At such cooling rates, the suppression of the growth
of some grains by others does not have time to occur, resulting in the formation of numerous fine
grains with an average size of just a few nanometers. The primary mechanism of plastic deformation
in the case of a nanocrystalline structure is not the formation and glide of dislocations, so-called
intragranular sliding, but rather the shear of grains relative to each other along grain boundaries, i.e.,
grain boundary sliding. In this case, a reduction in the average grain size typically leads to a decrease
in the strength of the nanocrystalline material — the so-called inverse Hall-Petch relationship [38,39].
Nevertheless, the effect of grain size on the mechanical properties of metallic nanoparticles remains
poorly studied. Moreover, no studies of the compression of nanoparticles with a nanocrystalline
structure have been conducted previously.

This work is devoted to the investigation, using molecular dynamics simulations, of the
mechanical properties of spherical nickel NPs with a nanocrystalline structure under compressive
deformation at low temperatures. Particular attention is focused on the influence of the average grain
size, as well as the size of the nanoparticle itself, on its compressive strength and fracture toughness.
Additionally, the stability of the nanocrystalline structure of nickel NPs is examined as a function of
temperature and grain size. The features of the deformation process are also analyzed. The choice of
nickel particles as an example is motivated by their wide practical applications. Nickel exhibits high
corrosion resistance, enhanced plasticity and ductility, and serves as an effective catalyst. The
simulation of nanoparticle compression in this work is conducted at low temperatures primarily due
to the main objective of the study — to elucidate the effect of average grain size on the mechanical
properties of nanoparticles, while an increase in temperature, as is known, leads to the intensification
of recrystallization, i.e., unstable grain sizes during the simulation.

2. Description of the Model

Interatomic interactions in the molecular dynamics model were described using a many-body
potential developed in [40] based on the embedded atom method, taking into account the
experimental properties of pure nickel: cohesive energy, lattice parameter, and elastic constants. In
[40], it was shown that this potential successfully reproduces a wide range of other nickel properties,
including the energy characteristics of various defects, the phonon spectrum, and thermal expansion.
The potential we used has proven itself well in various molecular dynamics simulations, including
plastic deformation, the formation and glide of dislocations, structural-phase transformations, and
self-diffusion [40-42]. Previously, it has already been used by us in studies of the melting and
crystallization of nickel nanoparticles [35,43], as well as in investigations of the mechanical properties
of single-crystal and amorphous nanoparticles [18].

Previously, in [35], we demonstrated that nickel nanoparticles with a nanocrystalline structure
can be obtained by cooling molten NPs at sufficiently high rates on the order of 109-10"> K/s.
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Moreover, by varying the cooling rate, it is possible to control the average grain size and, accordingly,
the stored energy — with an increase in cooling rate, the final NP structure contains more defects and
the magnitude of potential energy stored in the defects increases [35]. However, this method of
obtaining a nanocrystalline structure in a molecular dynamics model has a drawback consisting in a
large scatter of grain sizes, as well as the presence of a high density of extraneous defects.

In this work, we aimed to create grains within the particle of approximately the same size. This
was necessary to study the effect of grain size on the mechanical properties of the nanoparticle. It
should be noted that, for example, in the inverse Hall-Petch relationship describing the influence of
grain size on the strength of a material with a nanocrystalline structure, the average grain size is
involved [38,39]. Nevertheless, a scatter in grain size obviously introduces some error into the results,
and if it is possible to minimize it in the model, it is better to do so. The procedure for creating the
nanoparticle was as follows. At the first stage, in the computational cell of a perfect nickel crystal
shaped as a rectangular parallelepiped, the centers of future grains were determined depending on
the specified average grain size. These centers were positioned relative to each other akin to the nodes
of a large lattice with FCC packing — in this case, the distance between the nearest grain centers was
the same. Next, the structure around each center within spheres of diameter 0.8 times the specified
grain size (nearest distance between centers) was rotated in space by random angles. As a result, the
majority of grain boundaries turned out to be high-angle. After that, with the structure inside the
spheres fixed, the remaining structure (regions near the grain boundaries) was melted by heating to
a temperature of 2500 K and then crystallized by holding it for 300 ps at a temperature of 1500 K.
Subsequently, the fixation of the grain center structures was released, and relaxation was performed
for an additional 20 ps at 100 K, followed by cooling to 0 K. The resulting structure consisted of
approximately equal-sized grains whose shapes were close to that of a truncated octahedron. The
grain sizes varied from 2 to 8 nm. Grains smaller than 2 nm, as will be shown below, were too unstable
—under deformation or heating, recrystallization occurred accompanied by grain growth.

At the next stage, a spherical nanoparticle of the specified diameter was cut out from the
obtained computational cell with a nanocrystalline structure. The particle diameter varied from 2 to
20 nm. Obviously, when cutting out the particle, the average grain size became smaller due to the
truncation of some grains — for such particles, the average size was recalculated accordingly. After
cutting out the spherical particle, structural relaxation was performed again for 20 ps at 100 K,
followed by cooling to 0 K. The low temperature and short duration of relaxation were chosen to
avoid premature recrystallization at this stage, as it would lead to an increase in the average grain
size.

Examples of particles with a nanocrystalline structure with grain sizes of 2.9 and 4.8 nm are
shown in Figure 1. Free space was simulated around the particle. The particle was placed in the center
of a computational cell in the form of a rectangular parallelepiped. During structural relaxation at the
nanoparticle creation stage, periodic boundary conditions were applied along all axes (in this case,
boundary conditions could generally not be used, but periodic conditions guarantee the conservation
of a constant number of atoms N in the computational cell). Maintaining a constant temperature T
during relaxation was achieved using the Nosé-Hoover thermostat. No barostat was used — the
particle could freely change its volume and shape due to structural rearrangements, and the pressure
P was zero. Thus, at the structural relaxation stage, the NPT canonical ensemble was used. The
molecular dynamics time integration step was 1 fs.
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Figure 1. Cross-section of a nanocrystalline particle with a diameter of 12 nm and average grain size of: (a) 2.9

nm; (b) 4.8 nm.

The grain boundaries in the created nanoparticles were predominantly high-angle and of mixed
type due to the random distribution of the crystal grain orientations. Low-angle boundaries, as can
be seen from the particle cross-section examples in Figure 1, were noticeably fewer — they differ from
high-angle ones by their comparatively lower density of white atoms in the figures, whose nearest
environment does not match any crystal lattice. It is known that high-angle boundaries have higher
formation energy compared to low-angle ones, and they are characterized by lower activation energy
values for grain boundary diffusion, grain boundary sliding, and boundary migration [36-39].

Uniaxial compression of the nanoparticle was simulated by moving virtual flat boundaries on
both sides of the particle at a constant rate (Figure 1). Atoms interacted with the moving virtual
boundaries absolutely elastically. Compressive stress was determined as the ratio of the total force
acting on the virtual flat boundaries from the atoms to the contact area. A similar method of
simulating nanoparticle compression was used in most works performed using molecular dynamics.
The approach of the virtual boundaries was typically modeled at rates from 10 to 50 m/s at an initial
temperature of 0 K [15,16,44,45]. Compression rates in this range are achievable in real experiments,
nevertheless, in [18], when studying the mechanical properties of single-crystal nickel nanoparticles,
we, in particular, showed that with increasing deformation rate, the compressive strength of
nanoparticles increases, while it decreases with increasing temperature. At the same time, in [18], it
was noted that at rates below 10 m/s, the effect of compression rate on nanoparticle strength
decreased and was less pronounced. In this work, the studies were conducted at a compression rate
of 10 m/s and an initial temperature of 0 K. The initial temperature of 0 K was used for several reasons.
First, the main goal of this study was to elucidate the effect of average grain size on the mechanical
properties of the nanoparticle, whereas an increase in temperature, as will be shown below, leads to
the intensification of recrystallization and grain growth, especially in the case of relatively small grain
sizes. Second, most simulations of nanoparticle compression have been performed at an initial
temperature of 0 K, making it easier to compare the obtained data with the results of other authors.
Third, lowering the temperature allows for a clearer analysis of structural transformations during
deformation due to reduced thermal noise. No thermostat was used during compression simulation
in this work. The temperature could increase during deformation. This was done to avoid introducing
artificial restrictions on atomic motion during deformation processes.

3. Results and Discussion

The obtained nanoparticle structures, containing grains just a few nanometers in size and the
corresponding high density of grain boundaries and other defects, are obviously unstable at elevated
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temperatures. Before conducting the main investigations in this work, an analysis of the stability of
the obtained particle structures as a function of temperature was performed. The analysis was carried
out based on the magnitude of the average potential energy per atom in the particle after simulation
at a specified constant temperature for 250 ps followed by cooling to 0 K. The change in the average
atomic energy well indicates the intensity of structural transformation — in this case, recrystallization
—as a decrease in the average atomic energy occurs due to a reduction in the defect density, primarily
grain boundaries, in the particle. The simulation duration of 250 ps was chosen because the main
computer experiments on nanoparticle compression had the same duration (during which the
particle was deformed by approximately 20%).

Figure 2 shows the dependencies of the average atomic energy on temperature in a 12 nm
diameter particle after simulation for 250 ps followed by cooling to 0 K for different initial grain sizes.
Dashed lines on the figure indicate energy levels corresponding to the initial structures, with the
energy level for a single-crystal particle also shown additionally. It is clearly seen that the smaller the
initial grain size, the higher the average atomic energy, which, as already mentioned, is explained by
the higher density of grain boundaries.
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Figure 2. Average potential energy of an atom in a nanoparticle with a diameter of 12 nm as a function of

temperature and initial average grain size after simulation for 250 ps and subsequent cooling to 0 K.

As seen in Figure 2, with increasing temperature, the average potential energy per atom after
simulation for 250 ps decreases, indicating recrystallization during the simulation. Moreover, the
smaller the initial grain size, the more intense the recrystallization, which is apparently explained by
the comparatively greater stored energy in the case of smaller grain sizes. Using the energy levels
shown in the figure, it is possible to estimate which structure corresponds to the structure after
simulation at a given temperature. For example, a nanoparticle with an initial average grain size of
2.0 nm begins to correspond in average energy magnitude after simulation for 250 ps to a grain size
of 2.9 nm only at a temperature of 500 K, while a nanoparticle with an initial average grain size of 2.9
nm corresponds to a structure with 3.8 nm grains at approximately 700 K.

For the particle with an initial grain size of 2 nm, at temperatures above 1400 K, the average
energy values were significantly higher than the main trend — this is associated with the melting and
amorphization of the particle. As shown, for example, in [46,47], as well as in our works [48,49], in
the case of very small grain sizes, with increasing grain boundary density and, accordingly, stored
energy, the melting temperature decreases.

The main conclusion that can be drawn from the conducted analysis is that at low temperatures
close to 0K, at which the compression simulation is planned to be performed in this work, the average
grain size in the considered range of values remains relatively stable during the anticipated
simulation time.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Obviously, with further increase in simulation duration beyond 250 ps, the recrystallization
process will continue, and the more intense it will be, the higher the temperature and the smaller the
average grain size. Due to grain growth during this recrystallization, a gradual slowdown in
recrystallization rates over time should be expected until a certain state is reached, characterized by
low stored energy and low defect density.

Figure 3 presents examples of strain-stress dependences for the compression of a 12 nm diameter
nanocrystalline nickel nanoparticle with three different grain sizes: 2.5, 3.8, and 57 nm. A
characteristic feature of all presented dependences is the presence of several local peaks associated
with structural adjustment in the contact patches where the load is applied. It is clearly seen that the
compressive strength, i.e., the maximum stress achieved during nanoparticle compression, increases
with increasing average grain size. For the examples shown in Figure 3: for 2.5 nm grain size —
approximately 7.4 GPa, for 3.8 nm - 10.3 GPa, for 5.7 nm - 14.0 GPa. For comparison, in [10],
nanoindentation of single-crystal nickel particles with the regular shape of truncated octahedra
yielded strength values from 10 GPa for 880 nm particles to 34 GPa for 210 nm particles. In [17],
performed using molecular dynamics simulation, the compressive strength of truncated octahedron-
shaped nickel nanoparticles ranged from 20 GPa for 20 nm diameter particles to 35 GPa for 5 nm
diameter particles. The strength of particles with a nanocrystalline structure proves to be lower than
that of single-crystal particles due to the high density of grain boundaries and other defects present
in them.

The second notable feature in Figure 3 is the relatively ductile, non-brittle nature of particle
deformation — the maximum stress values are reached at relatively large strain values of 6-10%.
However, this is not a feature of the nanocrystalline structure in this case — such ductile deformation
behavior was also observed during compression of crystalline nanoparticles in real experiments
[10,27].

It should be noted that the stress-strain dependences obtained in the model were unfortunately
characterized by rather large errors and significant oscillations in stress values. These errors increased
with decreasing nanoparticle size and typically ranged from 0.7 GPa for 20 nm particles to
approximately 1.6 GPa for 2 nm particles in the region of peak stress values. As particle size
decreased, the contribution of errors in calculating the contact patch areas grew, along with the
influence of atomic structure discreteness — during atomic structure rearrangement near the virtual
boundaries compressing the particle, smaller particles exhibited stronger fluctuations in the
computed contact patch areas. Secondly, the particle shape itself deviated more frequently from an
ideal sphere at the start of simulation as it became smaller. The formation of faceted shapes instead
of spherical ones for relatively small particles is associated with free energy minimization. The third
factor is the temperature rise during deformation due to the release of kinetic energy from structural
transformations. This temperature increase leads to additional thermal atomic vibrations, which in
turn amplify the errors caused by the two aforementioned factors. All these causes act in concert,
making it difficult to isolate the influence of any single one. One way to mitigate them in this case is
to increase the number of simulations, including creating more nanoparticles of various sizes with
different grain boundary orientations and using different compression axes for the nanoparticles.
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Figure 3. Stress-strain dependencies during the compression of a nanocrystalline nickel nanoparticle with a

diameter of 12 nm and three different grain sizes.

Figure 4 shows the dependencies of the maximum compressive stress ome and the associated
strain &max On the average grain size 0 for a nanoparticle with a diameter of 12 nm. When obtaining
the dependencies in Figure 4, 13 nanoparticles with a diameter of 12 nm and different grain sizes
from 2 to 6 nm were used. Uniaxial compression of each particle, for a more comprehensive analysis,
was performed twice along mutually perpendicular x and y axes, that is, a total of 26 data points were
obtained for Figures 4a and 4b. In Figure 44, which depicts the dependence omx(0), it is clearly seen
that the strength decreases as the average grain size diminishes: from 14 GPa at 6=6 nm down to
approximately 6 GPa at 6=2 nm. This behavior is explained by the fact that, for a nanocrystalline
structure with grain sizes of only a few nanometers, plastic deformation occurs mainly not through
the formation and movement of dislocations within grains, but rather through grain boundary
sliding. At the same time, the reduction in grain size and the increase in the density of grain
boundaries lead, respectively, to a decrease in the energy required to carry out plastic shear and to
the facilitation of plastic deformation. A similar effect is observed in bulk materials with a
nanocrystalline structure and an average grain size typically below 10 nm — the so-called inverse
Hall-Petch relationship [38,39].

At the same time, for the deformation at which the maximum stress ¢m«x was reached, no clear
dependence on the grain size was observed in our work (Figure 4b). For all the grain sizes considered,
the value of emx remained within the range of 6-10%. This is an interesting result that contradicts the
similar dependence observed in bulk nanocrystalline materials, where plasticity and fracture
ductility increase as the average grain size decreases. Apparently, in this case, the ductility of fracture
and the value of enex are more strongly influenced by a feature inherent to any nanoparticles, related
to the relatively small area of the contact patches and processes associated with the structural
rearrangement near them.
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Figure 4. Dependences of maximum compressive stress (a) and associated strain (b) on the average grain size
for a nanoparticle with a diameter of 12 nm.

Figure 5a shows the dependence of the maximum compressive stress omr on the nanoparticle
size d, containing grains with an average size of approximately 3 nm (for particles smaller than 6 nm,
the grain size was actually already less than 3 nm). To study the influence of particle size on
mechanical properties, 24 nanoparticles of different diameters were used. For each particle, uniaxial
compression was performed along two different axes, x and y, resulting in a total of 48 data points
for Figures 5a and 5b.

As mentioned above, several researchers currently believe that the effect of crystalline particle
size on their compressive strength is related to the reduction in available volume for dislocation
sources as the size of single-crystal particles decreases [19-22]. However, as seen in Figure 54, for
particles with a nanocrystalline structure, where deformation occurs primarily not through
dislocations but through grain boundary sliding, a clear increase in strength with decreasing particle
size is also observed. Even for particles smaller than 6 nm, where the average grain size was actually
already less than 3 nm, the strength increased as the particle size decreased.

It can be observed that as the diameter of nanoparticles decreases, the scatter of strength values
determined in the model increases, which is explained by the growing error in stress calculation with
decreasing nanoparticle size. This, in turn, is caused by an increase in the error of contact patch area
determination, as well as by the increasing influence of particle shape and surface relief on strength
in the case of small particles. Small deviations of particle shape from spherical or the presence of
atomic steps on the surface led to noticeable deviations in the obtained values.

Figure 5b shows the dependence of the strain eme at which the maximum strength was reached
on the nanoparticle size d. As can be seen, emsx increases as the particle size decreases, which is
consistent with the results of other authors [26-30]. The obtained values of emsx range from 5% for
particles with a diameter of 20 nm to 20% for 2 nm particles. For comparison, in the experimental
study [10], for single-crystal nickel particles, the maximum stress was reached at strains of 10-20%,
while in the work [50], performed using molecular dynamics simulations, for nickel nanoparticles
with a diameter of 10 nm, the maximum stress was reached at compressions of 5-15%.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Dependences of maximum compressive stress (a) and associated strain (b) on the nanoparticle size

with an average grain size of 3 nm.

Figure 6 shows cross-sections of particles with a diameter of 12 nm and grain sizes of 2.9 and 4.8
nm after deformations of 12% and 10%, respectively. The initial structure of the same particles before
deformation is shown in Figure 1. As can be seen, compression of the nanoparticles caused a rotation
of the entire particle structure by approximately 9° in the case of 2.9 nm grains and by 11° in the case
of 4.8 nm grains. In our previous work [18], when studying the deformation of single-crystal nickel
particles, it was also noted that a rotation of the entire particle structure occurs at the initial stage of
deformation. Typically, this rotation is more pronounced for relatively small particles and continues
until the projection of the stress vector on the slip plane reaches its maximum — that is, when the angle
between the slip plane and the compression direction reaches about 45°. After that, for the single-
crystal particle in [18], the stage of dislocation nucleation from the contact spots followed. However,
in the case of a nanocrystalline structure, as in the present work, where the grain size is only a few
nanometers, dislocations, i.e., plastic slips within the grains, were almost never observed. Slips
occurred predominantly along grain boundaries. In other words, the main mechanism of plastic
deformation in our case was grain boundary sliding. In our case, the main mechanism of plastic
deformation was grain boundary sliding; therefore, the slip plane was determined not by
crystallographic orientation but by the orientation of the grain boundaries. The grain boundaries,
elongated approximately along one plane, represented the preferential slip plane in this case. The
grain boundaries along which the preferred slip plane formed were generally close to a plane
oriented at a 45° angle to the compression axis. It is evident that sliding occurred more readily along
high-angle boundaries compared to low-angle ones.

It should also be noted that, as in the case of compression of amorphous particles in [18], in the
present work a phenomenon of structural densification near the contact patches was also observed
for nanocrystalline particles, along with reorientation of the structure so that the most densely packed
atomic planes of the (111) type became parallel to the contact patch plane. This effect became
progressively more pronounced with increasing deformation.

Therefore, the following main stages of deformation during compression of nanocrystalline
nanoparticles can be distinguished. First, structure crushing occurred near the contact patches,
accompanied by its densification and reorientation such that the atomic planes near the contact
patches became predominantly of (111) type. Next, gradual rotation of the entire particle structure
around an axis perpendicular to the compression direction took place until the projection of the stress
vector onto the shear plane reached its maximum. The shear plane in this case, i.e. for the
nanocrystalline structure, consisted of elongated grain boundaries roughly aligned in one plane. At
the next stage, shear along them occurred in the form of grain boundary sliding.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Cross-sections of nanocrystalline particles with a diameter of 12 nm at the moment of compression

with an average grain size of: (a) 2.9 nm, strain 12%; (b) 4.8 nm, strain 10%.

Thus, in the present work for nanoparticles with a nanocrystalline structure, as well as for single-
crystal nanoparticles in [10,13-18] and amorphous ones in [18,25], the influence of nanoparticle
diameter on their strength and fracture toughness has been confirmed once again — the smaller the
nanoparticle size, the higher the compressive strength and the strain value at which maximum
compressive stress is reached. However, the reasons for such dependence prove to be nontrivial and
may differ for the aforementioned structures, involving several factors simultaneously. For example,
according to [19-22], for single-crystal nanoparticles, the volume required for dislocation formation
and development is important; for amorphous ones, as shown in [18], densification and
strengthening, often combined with partial crystallization, occur near the load application sites. In
the case of nanoparticles with a nanocrystalline structure, whose compression was simulated here for
the first time, the deformation mechanism becomes even more complex due to the simultaneous
action of several processes: grain boundary sliding, grain rotation, and recrystallization. Plastic
shears formed within the nanoparticle volume not through dislocation formation and propagation,
but via cooperative sliding along a set of grain boundaries.

Regarding the influence of the average grain size on the mechanical properties of nanocrystalline
nanoparticles, which was studied for the first time in the present work, it has been established that
compressive strength decreases with decreasing average grain size. For example, for a particle with
a 12 nm diameter, the strength dropped more than twofold when the grain size decreased from 6 to
2 nm — from 14 to 6 GPa. At the same time, for the strain value at which maximum stress was reached,
our work revealed no pronounced dependence on grain size at the same nanoparticle size.

4. Conclusions

Molecular dynamics simulations were used to simulate the compression of spherical
nanocrystalline nickel nanoparticles at low temperatures. The influence of the nanoparticle size and
the average grain size within it on the compressive strength and on the strain at which maximum
stress is reached was investigated. Additionally, the stability of the nanocrystalline structure of the
nanoparticles was studied as a function of temperature and grain size. Features of plastic deformation
in nanoparticles with a nanocrystalline structure were identified. The study yielded the following
conclusions.

1. The intensity of recrystallization and structural changes that lead to a decrease in the average
potential energy of an atom in the nanoparticle increases as the average grain size decreases and
temperature rises. However, at the low temperatures at which the compression simulation of the
nanoparticles was conducted, the average grain size within the considered range remained relatively
stable.
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2. The compressive strength (the maximum compressive stress) of the particles decreases with a
reduction in their average grain size. For a nickel particle with a diameter of 12 nm, the strength
dropped by more than half as the grain size decreased from 6 to 2 nm — from 14 to 6 GPa.

3. As the size of nanocrystalline nanoparticles decreases, their compressive strength increases,
similar to the case of single-crystal particles. For particles with a nanocrystalline structure and an
average grain size of approximately 3 nm, the strength increased from 8 GPa for particles with a
diameter of 20 nm to 15 GPa for 2 nm particles, with the grains in the latter case being even smaller
than 3 nm.

4. With decreasing nanocrystalline particle size, the value of deformation at which the maximum
stress is achieved during compression of nanoparticles also increases. For the considered
nanocrystalline particles, it ranged from 5% for particles with a diameter of 20 nm to 20% for 2 nm
particles.

5. Plastic deformation in nanoparticles with a nanocrystalline structure occurred predominantly
through grain boundary sliding. At the initial stage, the entire particle structure typically rotated
until the projection of the stress vector onto the preferential slip plane reached its maximum. In the
case of the nanocrystalline structure, this preferential slip plane was determined by the mutual
orientation of the grain boundaries. The grain boundaries, elongated roughly along one plane, as a
rule, represented the preferential slip plane.
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