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The molecular dynamics method was used to study the compression deformation of nickel nanoparticles with
crystalline and amorphous structures. It was shown that the strength of the nanoparticles increases with increasing
deformation rate, and decreases with increasing temperature. Anisotropy of mechanical properties occurs during

deformation of single-crystal nanoparticles.

In particular, the compressive strength along the [111] and [110]

directions was found to be approximately 30—40 % greater than the compressive strength along the [112] direction.
As the size of the nanoparticles, both single-crystal and amorphous, decreased, their strength increased, and the
value of deformation at which the maximum stress was achieved also increased. One of the possible reasons for
the influence of particle size on its strength in the case of an amorphous structure may be compaction and partial
crystallization of the structure near the points of load application.
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1. Introduction

A lot of attention has been paid in recent decades to metal
nanoparticles due to their unique physical, chemical and
optical properties, which are caused by a high portion of the
free surface, quantum-mechanical and topological effects [1].
The nanoparticles are promising for use in such fields
as microelectronics, optoelectronics and plasmonics [2,3],
medicine and biology [4,5], chemical catalysis, production
of gas sensors [6,7]. In addition to other unique properties
of the nanoparticles, their mechanical properties are also
very promising in terms of practice and they are often
much better than properties of respective bulk materials.
Special experimental studies that are usually carried out
with using nanoindenting methods [8,9] made it possible
to identify a number of key specific features. Thus, it
was found out that the nanoparticles can be much stronger
than the bulk materials. The strength of the single-crystal
particles can reach gigantic values — up to several tens
of GPa [10-20]. For example, when compressing single-
crystal nickel nanoparticles of the diameter of 210nm in
the experimental study [13] by nanoindenting, the strength
of 34GPa was recorded [13]. The unique mechanical
properties of the nanoparticles are already used now,
for example, when designing nanocomposite materials, in
which the metal nanoparticles act as fillers for improving
tribological properties of lubricants [21-24].

It was obtained in some studies performed both by means
of direct nanoparticle-compression experiments as well as by
means of respective computer simulation that with decrease

of a particle size their strength increased [13,16-20].
Presently, some researchers believe that this effect is related
to reduction of an available volume for operation of a
dislocation source when the size of the single-crystal particle
decreases [25-28], i.e. it is assumed that the influence of the
particle size on its strength is a specific feature of crystalline
particles. However, the data of the studies that included
simulation of compression of non-crystalline particles differ:
in some studies, the particle size the particle size within an
error had almost no impact on the strength [29,30], whereas
it nevertheless occurred in the others [31]. The authors
assumed in the study [31] that it was possible to observe
increase of strength of small non-crystalline particles due to
formation of a denser structure in compression locations.

Another interesting observation concerning deformation
of the nanoparticles is increase of fracture toughness when
the nanoparticle size is decreased [32]. It was found by
means of high-resolution transmission electron microscopy
that silver nanoparticles of the size below 10nm can be
deformed similar to liquid drops at the room tempera-
ture [33]. In the study [13], with nanoindenting of the
nickel particles, the maximum compression strength was
achieved at deformation 10—20%. It was shown in the
studies [34-36] that quite small particles that are made of
fragile materials such as silicon or magnesium oxide could
also be plastically deformed.

Available experimental results for the mechanical pro-
perties of the nanoparticles were mainly obtained by
compression and indenting, which is the only simple loading
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mode that can be applied to the nanoparticles. In this
case, computer simulation at an atomic level is an effective
complement. The present study is aimed at comparing the
mechanical properties of round nickel nanoparticles with
a crystalline and an amorphous structure in compression
deformation by means of molecular dynamics simulation.
Presently, the nanoparticles with the amorphous structure
are of large interest [37-39]. Atoms in the amorphous
particles are in a non-equilibrium state and have a higher
Gibbs energy as compared to atoms in a crystal and
have a unique electron structure, thereby making them
promising in the field of catalysis, biomedicine, optics and
electronics [40-42]. The present study is mainly focused
on studying the influence of the (crystalline or amorphous)
structure of the nanoparticles and their size on their strength
and fracture toughness. Besides, the study also deals with
the influence of orientation of compression, a temperature
and a deformation rate on the mechanical properties of the
particles. It also includes consideration of specific features
of a deformation progress in case of the single-crystal and
amorphous nanoparticles. The nickel particles are selected
as an example due to their wide practical application. Nickel
has high corrosion resistance, higher plasticity and ductility,
and it is a good catalyst. Additionally, for the single-
crystal nickel nanoparticles, there are data of experimental
strength studies [13] as well as results of simulation by other
authors [20,43)].

2. Model description

Interactions of the nickel atoms with each other in the
molecular dynamics model were described by means of
an embedded atom method potential (EAM) from the
study [44], which was created with taking into account
experimental data and results of ab initio calculations of
the various nickel properties. This potential has proven
itself when performing various molecular dynamics studies
and was successively tested within a wide range of the
mechanical and structure and energy properties, including
processes of plastic deformation, structure and phase trans-
formations, self-diffusion [44-49]. We previously used it
when investigating melting and crystallization of the nickel
nanoparticles [48,49].

The round metal particle in the model at the first stage
was created by cutting a ball of the respective size out of the
perfect nickel crystal. The particles of the diameter from 1.5
to 20nm were considered. Free space was simulated
around the particle. I.e, a canonical NPT-ensemble was
used (the number of the atoms N, the pressure P and
the temperature 7 remain constant during simulation).
A Nose—Hoover thermostat was used to monitor constancy
of the temperature. The step of time integration in the
molecular dynamics method was 21s.

It is known that for quite small nanoparticles that
include at most 1000—1500 atoms (the diameter is less
than about 2.7—3.2nm for nickel) the face-centered cubic
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Figure 1. Functions of the radial atom distribution for the
crystalline (¢) and the amorphous (a) nickel nanoparticle at the
temperature of 200 K.

(FCC) structure is not energetically favorable and competes
with, for example, icosahedral and decahedral structures,
especially in case of arbitrary (not ,,optimal“ c in terms
of the energy of the atoms in the particle) cutting of the
ball from the initial FCC crystal [50,51]. In the present
study, when investigating deformation of the single-crystal
nanoparticles, all the particles had the FCC initial structure.

After the initial crystalline round particle was created,
structural relaxation was carried out at the constant tempera-
ture of 500K for 20 ps, and an equilibrium state of the atom
structure was established for the pre-defined temperature.
After relaxation, the particles were cooled to the minimum
possible temperature close to 0 K.

The amorphous-structure particles were created by super-
fast (at the rate of about 106 K/s) cooling of the particles
that were melt when being heated to the temperature
which significantly exceeded the melting point (usually,
2000—2500K). When the metal is cooled with such a
rate, homogeneous crystallization does not have time to
occur and the amorphous structure that is typical for a
supercooled liquid is formed [52]. The stage of superfast
cooling was followed by structural relaxation at the temper-
ature of 200K for 50 ps, thereby resulting in rebuilding of
the structure and forming a metastable structure that was
resistant to structural transformation up to a devitrification
temperature. A quality of the amorphous structure was
checked by means of diagrams of radial atom distribution
and by an average energy of the atoms in the nanoparticles.
Figure 1 shows graphs of the radial distribution functions
for the crystalline and amorphous nickel nanoparticle. One
of the signs of the amorphous state is no peak on the
distributions around the second coordination sphere of the
FCC lattice. After relaxation, the particles were cooled to
the minimum possible temperature close to 0 K.

The nanoparticle was compressed in the model by moving
virtual planes at both sides of the particles at the constant
rate (Figure 2). Interaction of the atoms with virtual bound-
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Figure 2. Diagram of simulation of compression of the nickel
nanoparticle.

aries was pre-defined as absolutely elastic one. This method
was used in the most of the studies dedicated to molecular
dynamics simulation of nanoparticle compression. At this,
the rate of movement of the flat boundaries is usually pre-
defined within the range from 10 to 50 m/s [14,15,18,19],
while the initial temperature is usually pre-defined as
low as possible — near 0K. However, it is known that
the temperature of deformation and the deformation rate,
especially within a range of relatively high values, affect
the mechanical characteristics [53]. Consequently, in the
present study, we additionally investigated the influence of
the compression rate on them.

A compressive stress was determined as a ratio of the
resultant force that acts on the virtual flat boundaries from
the atoms to a total area of a contact spot. The area of the
contact spot was calculated as a number of the atoms at the
boundary, which is multiplied by an average area per one
atom.

3. Results and discussion

Figure 3 exemplifies the stress-deformation dependences
when compressing the single-crystal nickel particles of
the diameter of 10nm at the rate of 10m/s along the
directions [111], [110] and [112] (these are mutually per-
pendicular axes) at the initial temperature of 0K. Specific
features of these dependences may include presence of
several local peaks that are related to structure tuning
within the contact spot, where a load is applied. For this
reason, an elastic region is often unpronounced — there are
usually several local peaks to a maximum stress, which is
defined in some studies as nanoparticle hardness [14-19].
The maximum stress values are very high and for the
directions [111] and [110] they exceed 18 GPa in this case.
A quite viscous, nonfragile nature of deformation of the
particles can also be noted: the maximum stress values
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are observed at the very high deformation values of several
percent, while it is almost 12 % for the direction [112].

As expected, a compression direction affects the mechan-
ical characteristics for the single-crystal nanoparticle: when
compressing along the directions [111] (perpendicular to
the most closely-packed planes) and [110] (along the most
closely-packed direction) the maximum stress was always
noticeably larger than the stress achieved when compressing
along [112]. Tt should be said that a qualitatively-similar
result was also obtained in the study [14] when compressing
the single-crystal copper particles (which also has the FCC
lattice as in the case of nickel). The strength difference
when compressing in the said directions is explained by a
difference of a so-called reduced shift stress which is defined
as a stress that induces the shift along the direction of
propagation of dislocations in the FCC crystal, i.e. along
the direction of the type (110) within a slip plane of the
type {111}

The influence of the deformation rate and the temperature
on the mechanical characteristics is often underestimated
during molecular dynamics simulation of nanoparticle com-
pression. We have additionally studied this influence using
the example of the single-crystal nickel nanoparticles of
the diameter of 10nm when compressing along the three
directions — [111], [110] and [112]. Figure 4,a shows
the dependences of strength of the particle omax on the
compression rate. The rate varied from 2 to 500 m/s.
The maximum rate value considered by us was just by
an order of magnitude less than the speed of sound in
nickel. As can be seen, increase of the deformation rate
results in increase of the maximum stress of the particle,
which can be achieved during compression. It is a known
and experimentally-observed relationship that is explained
by a finite speed of propagation of elastic waves and
dislocations [53]. For the deformation rate of less than about
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Figure 3. Stress-deformation dependences when compressing the
single-crystal nickel particles of the diameter of 10nm at the rate
of 10 m/s along the directions [111], [110] and [112] at the initial
temperature of 0 K.
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Figure 4. Dependences of strength of the single-crystal nanoparticle of the diameter of 10nm: a) on the compression rate (at the initial
temperature of 0K); b) on the temperature (at the compression rate of 10 m/s).

10 m/s, its influence on the value of 6,,,x decreased and was
not so obvious.

The temperature also significantly affects the mechanical
characteristics: as known, with increase of the temperature
the elastic moduli decrease, while plastic deformation
and formation of dislocations occur at smaller values of
deformation [53]. The same is also referred to deformation
of nanoparticles. Figure 4,5 shows the dependences of
strength of the single-crystal particle of the diameter of
10nm on the temperature. It is clear that with increase of
the temperature the strength of the nanoparticle decreases.

When comparing the dependences of Figure 4,a and b,
one interesting specific feature can be noted: when the
deformation rate is less than about 100 m/s, the compressive
strength along [111] is usually a little higher than that
along along [110], but, on the contrary, at the rates above
100 m/s, the compressive strength along [110] becomes
higher than for [111]. At the same time, with increase of the
deformation rate the difference between the strength values
for the directions [110] and [111] increases. It seems that
at such high rates that are just by an order of magnitude
less than the speed of sound, it is related to anisotropy of
propagation of the elastic waves in the crystal. All further
studies of nanoparticle compression were carried out at
the deformation rate of 10m/s and the initial temperature
of 0K.

Figure 5,a shows the dependences of the strength opax
on the size of the single-crystal nanoparticle. First of
all, it should be noted that as the particle size decreases,
there is a tendency to strength increase, indeed, which
has been already reported in other studies. In addition
to the sizes, which are usually considered when simulating
nanoparticle compression (about tens of nanometers), we
have considered quite small particles of the diameter of
up to 1.5nm, in which plastic shears develop differently
as compared to the large particles — as a rule, it is almost

impossible to find dislocation in them inside the particle.
However, as it is clear in Figure 5,a, the strength-growing
tendency is preserved with decrease of the size.

With the particle diameter of less than about 8 nm, the
Figure 5, a exhibits a noticeably large spread of the strength
values as compared to the large-size particles. It is primarily
due to errors of calculation of the stress in the model, which
increased with decrease of the particle size both due to an
error of determination of the area of the contact spot and
due to increase of the influence of a particle form and a
relief of its surface on the error in this case. Small deviations
of the particle form from a ball shape or presence of atomic
steps on the surface resulted in noticeable deviations of the
obtained values.

As said above, the studies were performed for round
single-crystal nanoparticles that were obtained in the model
as a result of cutting the ball out of the initial FCC crystal.
However, according to the studies [50,51], in terms of
energy at the low temperatures the optimal particles are
either icosahedrons at the small sizes or truncated FCC
octahedrons at the quite large sizes. One should expect
record strength values for such perfect particles, as, for
example, in the studies [13,20], which have obtained the
strength values about a half times higher than those obtained
in our study, for such perfect single-crystal nickel particles.
For example, by nanoindenting the single-crystal nickel
particles which are shaped as the truncated octahedron, the
study [13] has obtained the strength values from 10 GPa for
the particles of the size of 880 nm to 34 GPa for the particles
of the size of 210nm. The study [20] that was carried
out by means of simulation by the molecular dynamics
method varied the strength of the nickel nanoparticles
shaped as the truncated octahedron from 20 GPa for the
particles of the diameter of 20 nm to 35 GPa for the particles
of the diameter of 5nm. However, during molecular
dynamics simulation of compression of the ball-shaped
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Figure 6. Main stages of plastic deformation of the single-crystal nanoparticles as exemplified by compression of the 10-nm particle:
a) the initial structure of the particle; b) rotation of the particle (deformation is 9.20 %); c) formation of dislocations from the points of
load application (deformation is 13.75 %).
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Figure 7. Dependences of a) the maximum stress and b) the respective deformation on the size of the amorphous nanoparticle.
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nickel nanoparticle of the diameter of 10 nm, the study [43]
had the much lower strength — 13.5 GPa.

Figure 5,0 shows the dependences of the deformation
values, at which there is the maximum stress &y,x, on the
particle size. As the particle size decreases, the values
of emax increase, which agrees to results of the studies of
other authors [32-36]. In particular, in the experimental
study [13], the maximum stress for the single-crystal nickel
particles was achieved with deformation 10—20 %, while in
the study [43] that was carried out by molecular dynamics
simulation the maximum stress was achieved for the nickel
nanoparticles of the diameter of 10nm with compression
for 5—15%.

As can be seen in Figure 5, b, a stronger increase of the
value of ey, is observed with the particle sizes of less than
about 8§nm. For the value of e, during compression of
the single-crystal particle as well as for the strength, there
is also anisotropy observed: the maximum values of the
magnitude of en.x were obtained when compressing the
particles along the direction [112], so were the smallest ones
for the direction [111].

Figure 6 shows images that illustrate the main stages of
deformation of the nanoparticles during compression. The
first stage included formation of the flat contact spots —
regions of load application. The structure was ,,crushed” to
a certain value of the contact area, which was followed
by an interval of elastic deformation, after which the
contact area was again increased, usually sharply, with
stress drop (Figure 3) and it was temporarily fixed with
a subsequent new interval of elastic deformation. The next
stage, which set in usually before reaching the maximum
value of the stress, was cooperative rotation of the entire
structure of the particle, sometimes by a quite significant
angle. As exemplified by Figure 6, b, the structure of the
particle of the diameter of 10nm is rotated around the
axis of the type [112] by the angle of about 13°. It is
noteworthy that as the particle size decreased, a portion
of this stage, i.e. the rotation stage, increased, so did
the angle by which the crystal structure was rotated. The
rotation stage was followed by a stage of formation and
propagation of dislocations that were usually formed from
the contact spots, i.e. from the points of load application
(Figure 6,c). Figure 6,c shows a moment of formation of
two complexes made up of two partial dislocations with a
stacking fault between them. In the illustrated example,
some partial dislocations of these two pairs already almost
get to the particle surface, while the two others are still
near the contact spots. With further compression, these
partial dislocations will be torn off to surface after the
first ones. Formation of dislocations during compression
of the nanoparticles was investigated, for example, in the
studies [14,15,19).

When studying deformation of the nanoparticles with
the amorphous structure, they were also provided with
constructed dependences of the maximum stress and the
respective deformation on the particle size, which are shown
in Figure 7. Each amorphous particle was compressed along

two different mutually perpendicular directions. As can be
seen in Figure 7,a, despite assumptions of authors of the
studies [25-28] that the influence of the size is a specific
feature of crystalline particles only, we have obtained that
the size affects the strength of the particles with the
amorphous structure, too: as can be seen in Figure 7,a, as
the size of the amorphous particles is reduced, the strength
of the particles increased. At the same time, this influence
was manifested more strongly for quite small particles of
the diameter of less than about 8§ nm. The strength of the
amorphous particles was, as quite expected, in several times
less than the strength of the single-crystal particles. Only
for the quite small particles of the diameter of less than
about 3nm, it turned out to be curiously high and untypical
for a ,,supercooled liquid®.

Figure 7,b shows the dependence of the values of
deformation that corresponds to the maximum stress, on
the size of the amorphous particle. Here, we can again
clearly see the influence of the particle size: as in the case
of the crystalline nanoparticle, as its diameter decreases, the
value of ey, increases. It is interesting that the values of
emax turned out to be even lower than for the single-crystal
particles on average (Figure 5,b).

One of the possible reasons of the influence of the particle
size on its strength in case of the amorphous structure may
be probable compaction of the structure (which was already
proposed by authors of the study [31]) and, respectively, its
strengthening near the contact spots, i.e. locations that are
most intensely compressed. When studying variation of the
structure of the amorphous particles during compression, in
most cases we really noticed an interesting phenomenon:
at a certain stage, usually with deformation of more than
8—10%, partial crystallization occurred near the contact
spots — a crystalline structure was formed near the points
of application of the maximum load. At the same time, the
most closely-packed atomic planes of the type (111) were
usually oriented parallel to a spot plane. Figure 8 exemplifies
such partial crystallization near ,,islets for the particles of
the diameter of 10 and 12nm.

Compaction of the structure and formation of the crys-
talline phase near the contact spots can affect an increase
of the strength of the amorphous nanoparticles. However,
the influence of the particle size on a portion of the
crystalline phase at the start of its formation and on its
growth rate during compression of the particle turned out
to be ambiguous, especially for the quite small particles. It
was noted that as the particle size was reduced, probability
of formation of the crystalline phase decreased, which is
apparently explained by the fact that with a small particle
size its radius becomes close to a critical radius of a
nucleus of the crystallite phase (i.e., to the radius of the
growing crystallite phase, at which it becomes stable).
At the same time, the small amorphous particles usually
demonstrated anomalously high strength (Figure 8,a). It
should be also noted that when there was still crystallization
of the small amorphous particles, their final structure usually
had less structural defects as compared to the structure
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Figure 8. Partial crystallization near the points of load application during compression of the amorphous nanoparticles. Sections of the
particles of the following diameter are shown: a) 10 nm (deformation is 12.13 %); b) 12nm (deformation is 11.90 %).

of the large particles after their crystallization, as it took
place, for example, when we studied crystallization of the
nanoparticles during cooling from a molten state in the
study [49].

Thus, it turns out that the influence of the particle
size on its mechanical properties is complex and has
a multifactorial nature. A volume required for forming
and developing dislocations is important for the crystalline
particles, while the amorphous particles necessitate com-
paction and strengthening, often in combination with partial
crystallization, of the structure near the points of load
application. Besides, it is interesting and important in this
case to study factors that affect the area of the very contact
spot, with taking into account that this area determines a
value of the calculated stress.

4. Conclusion

The molecular dynamics method was used to study com-
pression deformation of the nickel nanoparticles with the
crystalline and the amorphous structure. We have studied
the influence of the nanoparticle size on their strength
and on the value of deformation, at which the maximum
stress is achieved. We have also studied the influence of
the deformation rate, the temperature and orientation of
compression on the mechanical characteristics of the single-
crystal nanoparticles. The following conclusions are made.

1. With increase of the deformation rate, the strength
of the nanoparticles increases, while with increase of the
temperature it decreases. For example, with increase of
the rate of compression of the particles of the diameter of
10nm by 100 m/s (within the rate range from 2 to 500 m/s)
the strength increased approximately by 8—13 % depending
on orientation of compression. With increase of the

2 Physics of the Solid State, 2025, Vol. 67, No. 8

temperature by 100K (within the range from 0 to 1000 K),
the strength dropped by 3—5 %.

2. When the single-crystal nanoparticles are deformed,
there is anisotropy of the mechanical properties. In
particular,the compressive strength along the directions [111]
and [110] was always noticeably higher than the compres-
sive strength along [112] approximately by 30—40 %.

3. The following stages of deformation of the single-
crystal nanoparticles during compression were identified:
formation of the flat ,islets“ in points of contact with
compressing surfaces, cooperative rotation of the entire
structure of the particle, formation of dislocations near the
Hslets“ and their propagation. As the size of the single-
crystal particle was reduced, the portion of the structure
rotation stage increased.

4. As the size of the nanoparticles (both the single-crystal
ones as well as the amorphous ones) is reduced, their
strength increased and the value of deformation, at which
the maximum stress was achieved, increased, too. At the
same time, the strength values for the amorphous particles
turned out to be in several times less than those for the
single-crystal particles.

5. When the amorphous nanoparticles were compressed,
in most cases we observed the phenomenon of compaction
and partial crystallization of the structure near the points
of load application, which was especially pronounced
usually when deformation had the values of more than
8—10%. With further compression, the particle was usually
crystallized completely with formation of the nanocrystalline
structure.
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