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A molecular-dynamic study of nucleation of structural defects in materials with an
initially perfect crystal lattice by thermal fluctuations under high strain rates is per-
formed. It is shown that thermal fluctuations can generate structural defects. There
exists some threshold value of strain at which abrupt growth of regions with local

structural changes is observed.

Key words: crystal lattice, molecular dynamics, thermal fluctuations.

An important aspect in studying the material be-
havior under dynamic loading at the microscopic level
is simulation of nucleation and formation of structural
imperfections, which include point defects, dislocations,
packing defects, microcracks, etc. In addition, a com-
prehensive study of atomic mechanisms giving rise to
local structural rearrangements, which can be classified
as the so-called precursor states [1], is undoubtedly a
fundamental problem in solid-state physics and mate-
rial science. It has been widely recognized (see [2-6])
that the nature of such processes is largely determined
by the fact that the deformable material is a hierar-
chically organized sophisticated system whose atomic
subsystem is inevitably involved into the macroscopic
response of the material to external actions.

The investigation into the mechanisms of defect nu-
cleation as applied to materials with an initially perfect
structure under conditions of high-velocity mechanical
actions is a topical problem of fundamental significance
in revealing general features of plastic deformation pro-
cesses. As no stress concentrators are present in materi-
als with a perfect crystal structure, it can be anticipated
that thermal fluctuations could be responsible for nu-
cleation of local structural rearrangements and plastic
deformation in such materials.
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Fig. 1. Potential energy per one atom at 0 (1) and
300 K (2) in a material under the rate of compression of
50 m/sec; fraction of atoms with the topology of struc-
tural bonds typical of the hexagonal close-packed lat-
tice (3).

In connection with the aforesaid, the purpose of the
present study was to investigate the atomic mechanisms
responsible for nucleation of plastic strains in a material
with an initially perfect structure at finite temperatures.
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Fig. 2. Atomic structure in a region with local structural changes under 11.3-% compression along the Z axis, as
viewed from two different angles (a, b); general view of the simulated crystallite under 18-% compression along the
Z axis (c) (light spheres are atoms that belong to regions with local structural changes).

The posed problems were solved using the
molecular-dynamic modeling with interatomic interac-
tion potentials constructed within the framework of the
embedded-atom method [7-9]. Such potentials make it
possible to accurately predict the structural, mechan-
ical, and energetic properties not only inside the bulk
of the materials but also on their free surfaces and in
near-surface regions [10].

The simulated copper crystal was shaped as a par-
allelepiped. To avoid surface effects, we used periodic
boundary conditions in all directions. The structure of

the deformed material was analyzed using the algorithm
developed in [11], which takes into account the topol-
ogy of structural bonds of each atom with its neighbors.
In this algorithm, a set of four numbers corresponds to
each pair of atoms. The first number shows the “rela-
tion” between the atoms (1 for neighboring atoms and 2
otherwise), the second number gives the total amount of
common neighbors for a given pair of atoms, the third
number is the number of bonds between the common
neighbors, and the fourth number is the total number of
bonds in the longest continuous chain passing through



the neighbors for a given pair. Each atom is character-
ized by 12 sets of numbers {1/4/2/1} in the perfect face-
centered cubic (FCC) structure, 6 sets {1/4/2/1} and
6 sets {1/4/2/2} in the hexagonal close-packed (HCP)
structure, and 8 sets {1/0/0/0} in the body-centered
cubic (BCC) structure.

The copper crystallite used in the simulations was
oriented as follows: the X axis was directed along the
crystallographic direction [110], the Y axis was aligned
in the direction [110], and the Z axis was set in the direc-
tion [001]. It is well known that uniform compression of
a FCC crystal by ~20% along the direction [001] with
simultaneous extension of this crystal by ~12% along
the directions [110] and [110] transform the initial struc-
ture into a BCC structure. As an example, curve 1 in
Fig. 1 shows the potential energy per one atom versus
strain for a crystal temperature T' = 0 K. To allow for
temperature-induced effects, the initial crystallite was
first let relax at room temperature to be then deformed
in the directions indicated above.

Figure 1 also shows the calculated potential en-
ergy per one atom versus strain in the crystal at a
temperature of 300 K under the rate of compression of
50 m/sec along the Z axis (curve 2). It is clearly seen
that allowance for temperature substantially modifies
the curve behavior. In analyzing the potential energy
as a function of strain, curve 2 can be conventionally di-
vided into two segments: the first segment is character-
ized by an increase in potential energy, and the second
segment describes the temporary decrease in potential
energy and its subsequent (much slower) increase.

An analysis of the simulation data showed that
the beginning of the second stage is directly related
to formation of regions with local structural changes
(involving atoms with sets of numbers typical of the
HCP structure). This can be clearly seen by comparing
curves 2 and 3, the latter curve presenting the fraction
of atoms (n) that belong to regions with local struc-
tural changes. Atoms from these regions are shown in
Fig. 2a and b, as viewed from different angles, in the
crystal with a strain of 11.3%. As it follows from the
inspection of the mutual arrangement of atoms, the in-
ner structure in these regions resembles the structure
of the packing defect. The general (three-dimensional)
form of the crystallite under subsequent (18%) strain is
plotted in Fig. 2¢; these regions are seen to be oriented
along certain crystallographic directions. It should be
noted that zones of distortions in the crystal lattice not
associated with the HCP structure are formed during
the deformation process in addition to regions with lo-
cal structural changes. Origination of these regions is
of the fluctuation nature. Some of these regions sub-
sequently transform into structural imperfections with
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the HCP symmetry manifested as a saw-like shape of
curve 2 in Fig. 1.

Thus, a direct molecular-dynamic simulation was
performed for the first time to show that structural de-
fects in materials with a perfect crystal lattice under
dynamic loading can be generated by the mechanism
with thermal fluctuations. It is found that there exists
some threshold strain at which an abrupt growth of re-
gions with local structural changes begins. Though the
loading system in the present study was deliberately
chosen to provide for a directional change in symme-
try toward the BCC structure, the topology of these
regions corresponded to the HCP lattice. Apparently,
such a behavior is a consequence of comparatively close
values of energy of the FCC and HCP structural states.
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