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Molecular Dynamics Study of the Development of the Dislocation
Structure of an FCC Crystal Containing an Ensemble

of Spherical Pores under an External Force Action
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Radiation swelling is one of the most urgent problems in radiation materials science. Its successful solution
requires an understanding of the features of the mechanisms of pore healing. In this regard, there are various
experimental and theoretical works devoted to this topic. At present, due to the increase in the power of
computing tools, computer simulation allows for more and more complex studies and is used, among other
things, in the field of materials science. In this paper, we present the results of molecular dynamics simulations
devoted to the study of the processes of healing of a group of spherical pores in an fcc crystal subjected to shear
deformation. As the study showed, for pores located in close proximity to each other, the formation of a common
dislocation loop is characteristic, which is formed as a result of the attraction of individual loops having sections
with opposite signs of helical orientation. The formation and subsequent development of such a loop contributes to a
decrease in the free volume localized in the crystal in the form of pores. In addition, structural transformations that
occur when a shock wave is generated in the computational cell, which creates additional stresses, are considered
separately. In this case, the formation of the loop described above and the subsequent collapse of individual pores
are also observed. Taking into account that the simulation was carried out at temperatures insufficient to activate
diffusion processes, and the temperature control procedure was used in model experiments with wave generation,
we can conclude that the shock wave is the cause of pore collapse even in the absence of high temperatures,
and one of the main mechanisms of this process is the development of the dislocation structure of the ensemble
of pores.
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1. Introduction of dislocations generated under the influence of external

stresses. Thus, strain regions confined in the form of

External impact on a crystalline body structure, for exam-
ple, by accelerated particles, when energy is transmitted to
lattice points, is followed by formation of stable radiation-
induced defects. With sufficient vacancy supersaturation,
vacancy clusters are formed as pores of various sizes. As a
result of following coalescence in tendency to reduce free
surface, larger pores are growing due to absorption of small
pores, and a pore complex is formed [1,2]. In some cases,
this phenomenon followed by an increase in the amount of
irradiated material is totally unacceptable, therefore close
attention is paid to radiation swelling control .

Taking into account a fact that a material is exposed
to various power loads during operation, it is obvious
that the arising stresses shall influence the vacancy cluster
evolution process. Thus, [3—5] show that a pore is a source
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dislocations are formed around pores and, in case of their
intersection, pore coalescence occurs.

According representations addressed in classical Geguzins
studies [6,7], pores are healed at moderate temperatures
and applied stresses due to the growth of dislocations
when emerging shear stresses overcome the threshold and
a Frank—Read source is actuated. = Formation of the
dislocation loop results in dislocation of a pore boundary
to the amount of the Burgers vector. Therefor, the extent of
healing is defined by the number of generated dislocation
loops. Power size is stabilized when the external impact
has been compensated by stresses induced by the emitted
dislocation loops.

Earlier, [8,9] addressed the dislocation loop generation on
the surface of spherical and cylindrical pores under the in-
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Figure 1. Variation of shear stresses and total length L of dislocation loops in a computational cell during simulation with various shear

angles p.

fluence of post-cascade shock waves and their subsequence
healing. The goal of this study is to identify the mechanisms
of pore complex healing in a strained crystal under the
influence of shock waves.

2. Research procedure

Molecular dynamics computer simulation was chosen as
the study method. This selection is based on the fact that
the above method allows to track the dynamics of a system
containing a sufficiently large amount of interacting particles
with relatively low computational cost, and in future the
obtained results may be compared with actual experiments,
thus, overcoming one of the main computer simulation
problems.

For calculations, a computational cell was built which sim-
ulated a FCC crystal and contained about 60 000 particles
and whose infinite extension was achieved using periodic
boundary conditions.  Space orientation of cell axes
corresponded to crystallographic directions [110], [112]
and [111]. Interparticle interaction was described using
Johnson potential calculated within the embedded atom
method [10]. The model parameters were selected for Au.
Equations of motion describing the particle system behavior
were integrated using Verlet velocity algorithm with time
step 5fs.

Pores in the computational cell were created by selecting
spherical areas with various radii whose center coincided
with the crystal lattice point followed by removal of the
particles belonging to this area. Then the system relaxation
was carried out and the resulting configuration reduced
to the minimum potential energy was used for further
investigation.

Figure 2. Dislocation structure visualization after 12.5ps of
simulation time with shear angles I' = 0.075 (a) and 0.08 (b)rad.
Atoms whose local environment corresponds to HCP lattice are
shown. The arrow shows shear direction.

3. Simulation results

Consider a computational cell containing two pores with
a radius of 4ay, where ay is the equilibrium lattice constant,
which is susceptible to shear strain parallel to the lattice
plane (111) along direction [110]. This shear direction
was selected, because, as shown in [8], stable formation of
dislocation loops is observed in this case, which is of highest
interest for the purpose of the study. After deformation
of the computational cell, its geometry is retained using
additional severe boundary conditions and then annealing
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at the pre-defined temperature of 300K is carried out.
Such temperature does not allow initiation of pore diffusion
processes and, therefore, enables the dislocation mechanism
to be investigated. The completed calculations have shown
that the shear stresses in the computational cell start to
decrease which is indicative of current structural changes,
and the greatest decrease is observed with the increase in
the shear angle during a few picoseconds of simulation time
(see Figure 1,a).

Structure visualization carried out by means of third-party
software [11] has demonstrated formation of dislocation
shear loops located in the family planes on pores {111}
(see Figure 2). For such imaging process, a free surface
was selected within the computational cell, ie. a pore,
atoms whose local environment is other than FCC (stacking
faults) and dislocation lines defines using DXA algorithm

Figure 3. Dislocation structure visualization after 4.5 (a), 5 (b), Figure 4. Dislocation structure visualization after 4.75 (a),
6.25 (c¢) and 7.5 (d)ps of simulation time with shear angle 575 (b), 75 (c), 12 (d) and 15 (e)ps of simulation time with
y = 0.08 rad. shear angle y = 0.085rad and pores of different sizes.
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Figure 5. Variation of volume fraction of a,phase of matter f with various shear angles y (a) and various dislocation structure

development (b) (shear angle y = 0.08 rad).

(dislocation extraction algorithm) [12]. This algorithm was
additionally used to calculate a total length of dislocation
lines identified in the computational cell, which allowed to
evaluate the dislocation structure development with various
shear angles (see Figure 1, ).

As shown in Figure 2, b, with shear angle y = 0.08rad, a
dislocation loop adjacent to both pores is formed. More
detailed investigation has shown that, in this case, the
shear loop initiated on the surface of one of the pores
gradually increases in sizes, however, unlike other formed
loops after overcoming the critical position, in terms of the
Frank—Read source, it does not expand around the point
of formation, but rather extends towards the surface of the
adjacent pore (See Figure 3).

Similar pore complex interaction process is also observed
with other radii of simulated pores (See Figure 4). In this
case, dislocation loops are formed, which have segments
with opposite screw orientation signs. Thus, they are
attracted, annihilate and form a common loop which
continues to expand and intersects a smaller pore (in this
case, with radius 2ay).

The created shear strain followed by dislocation structure
development results in reduction of the free computational
cell volume confined in the form of pores. A free surface
identification algorithm described in [13] was used to
evaluate the free volume. However, from our point of view,
it is more suitable to evaluate the volume occupied by the
system particles vs. total volume of the computational cell
that will be hereinafter referred to as the specific volume of
a ,phase of matter f [9].

The investigation has shown that f grows with shear
angle growth (see Figure 5, a).

By increasing the distance between pores, a situation can
be achieved when a loop enclosing them is not formed.
Thus, the dislocation structure is less developed and f is
lower (see Figure 5,b). In this case, development of the
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Figure 6. Change of volume fraction of a ,phase of mat-

ter f at various computational cell temperatures (shear angle
y = 0.075 rad, pores of various sizes).

dislocation structure is evaluated using a fraction of atoms
whose local environment corresponds to HCP lattice.

Therefore, it may be concluded that formation of a com-
mon dislocation loop enclosing a pore complex contributes
significantly to the process of reduction of a free volume
confined in the crystal.

If the computational cell temperature is additionally
increased, then diffusion processes are initiated and pores
start to dissolve. For clarity, Figure 6 shows calculations
of f at different temperatures of the computational cell
containing a pore complex with radius 4ay and 2a,. In this
case, at initial temperature Ty = 600 K, dissolution of a pore
with the smallest radius is observed, and both pores are
dissolved at Tp = 900K and f becomes equal to 1.
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Figure 7. Change of volume fraction of a ,phase of matter® f
at various shear angles p in case of shock wave generation in the
computational cell (pores of various sizes).

Figure 8. Dislocation structure visualization after 5.5 (a) and
14.25 (b)ps of simulation time with shear angle y = 0.085rad
and pores of different sizes in case of shock wave generation in
the computational cell.

Earlier the authors of [14,15] showed that a shock wave
created in the computational cell results in various changes
of the faulted structure of the simulated crystal and induces
additional shear stresses [16]. Therefore, investigation
of the shock wave impact on the pore complex is of
interest. ~ Procedure for creation of such wave within
a molecular dynamic model is described, for example,
in [14]. However, it should be noted that a temperature
control procedure is used to avoid heating of the computa-
tional cell.
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The investigation has shown that the shock wave induced
in the computational cell leads to reduction of a free volume
by means of pore collapse, which is achieved due to the
growth of shear stresses, rather than temperature growth as
in case shown in Figure 6. Thus, Figure 7 shows variation
of f at various shear angles when a shock wave is induced.
Growth of f at shear angles 0.075 and 0.085rad is due
to a small pore collapse (radius 2ap) in 11 and 6.25ps,
respectively.

Structural analysis of the computational cell has shown
that the wave initiates more intense development of disloca-
tion shear loops (see Figure 8,a) compared with previous
simulation experiments (see Figure 7 for comparison).
In this case, after pore collapse in the computational
cell, structural transformations continue and Lomer—Cottrell
disclocations are formed (see Figure 8, b).

4. Conclusions

The investigation has shown that formation of a dislo-
cation loop enclosing the pores as a result of interaction
between individual loops initiated on the pore surfaces
under the influence of shear strain is one of the main
pore healing mechanism for pores positioned side-by-
side. Moreover, formation of such loop under the shock
wave impact may cause collapse of some pores even at
temperatures insufficient for initiation of diffusion processes.
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