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a b s t r a c t

The effects of the symmetrical tilt S5 (310) C001D grain boundary (GB) on the evolution of radiation-
induced point defects in pure d-plutonium (Pu) were studied by Molecular dynamics (MD) simula-
tions. The evolution of radiation-induced point defects was obtained when primary knock-on atom (PKA)
was respectively set as �15 Å and 15 Å far from the GB and the number of residual defects was obtained
as the distance from PKA to GB was changed. According to the results, compared with vacancies,
interstitial atoms were more easily absorbed by GB. In addition, the formation energy of point defects
was also calculated. The results showed that there was almost no difference for the formation energy of
vacancies in the all matrix. However, the formation energy of interstitial atoms close to the GB was lower
than that in the other bulk regions.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a fissile material, Pu takes over a vital position in nuclear
weapons and nuclear reactor fuels [1,2]. However, Pu can undergo
a-decay, which forms helium atoms (5 MeV) and uranium nuclei
(85.5 keV) [2,3]. These atoms with kinetic energy destroy the
completed lattices, which induces a large number of point defects
and forms plenty of defect structures, such as, dislocations and
helium bubbles, which have a negative influence on the properties
of materials [4e7]. In addition, there are six solid phases for pure Pu
under normal pressure, which brings great difficulties and chal-
lenges to the researches [8e10]. Since the excellently ductile and
malleable, the face-centered-cubic (FCC) structured d-Pu is paid
much attention to during the past decades [11,12]. However, d-
phase pure Pu is an unstable structure and turns into a-phase under
the room temperature [11,13]. As a result, the elevated temperature
of the material, for example 600 K, is needed to make the structure
of d-Pu stable [6,11,14].

It is accepted that GBs are usually act as sinks of point defects
chenph@live.cn (P. Chen).

by Elsevier Korea LLC. This is an
(self-interstitial atoms and vacancies) during radiation [15,16].
Void-denuded zones near GBs and incoherent twin boundaries
were observed in copper (Cu) [17,18] and nickel (Ni) [19], while
radiation-induced cavities were also observed predominantly along
GBs in nanostructured Cu but less in the grain interior [20]. The
simulation results also showed that GBs could be used as defect
sinks to absorb interstitial atoms, which seriously affected the
properties of materials [21e23]. Transmission electron microscopy
(TEM) observations of Pu and its alloys after self-irradiation showed
that bubbles preferred to form along GBs in 16-year-old and 42-
year-old naturally aged materials [24,25]. Thus, it is necessary to
understand the behaviors of radiation-produced point defects near
GBs in polycrystalline Pu.

In the past decades, molecular dynamics (MD) simulations were
successfully applied to simulate radiation-induced microstructure
evolution in nuclear materials [12,13,26,27] and some researches
had been carried out on pure Pu [12,13,28e30]. Robinson et al. [13]
studied the number of point defects in d-phase Pu when primary
knock-on atom (PKA) energy varied from 0.4 to 10 keV, and they
found that the number of defects was associated with the direction
of PKA and sub-cascade at the higher energy of PKA. The in-
teractions between GBs and defects were also discussed by Ao et al.
[30], whose results showed that interstitial Pu atoms and
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interstitial helium atoms were prone to be absorbed than vacancies
by GBs and helium bubbles were eventually shaped for these
interstitial He atoms gathering together. However, there is still a
lack of understanding the interactions of radiation-induced point
defects and GBs without helium.

In the present work, the behaviors of radiation-induced point
defects near the symmetrical tilt S5 (310) C001D GB in d-Pu were
investigated by using MD simulations. The structure of the paper
was as follows. The methods and parameters such as the energy
and direction of PKA were introduced in Section 2. The contents of
Section 3 were the results of simulations, including the formation
energy of point defect, the evolution of radiation defects and the
relationship between distances from PKA to GB and defects yield.
Section 4 was to summarize this research.
2. Methodology

The MD simulations were implemented by the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code in
our work [31]. In the present work, the modified embedded atom
method (MEAM), which could reproduce the properties and
complicated behaviors of some materials or elements with relative
accuracy, was utilized to describe the atomic interaction in Pu
[32e34]. The ZieglereBiersackeLittmark (ZBL) potential was also
employed tomodel the close rang interactions simultaneously [35].
The parameters of MEAM potential used in the present work were
as the same as those used in the work of Karavaev et al. [36], and
the parameters of ZBL potential used in the present work were as
the same as those used in the work of Robinson et al. [11].

The symmetric tilt S5 (310) C001D GB was built by creating two
separate crystals with specific crystallographic orientations and
connecting them along a plane normal [37]. In the newly created
GB, there were some atoms distributed closer, which resulted in
higher potential energy and thus needed to be deleted. Moreover,
the conjugate gradient algorithm was applied to implement the
energy minimization in the system and the energy tolerance was
set as 10�12 eV.

The schematic diagram of the simulation structure with S5
(310) C001D GB was shown in Fig. 1. A cubical simulation box with
about 150, 000 atoms was first thermalized for 20 ps at 600 K and
Nose-Hoover thermostat and barostat were used to control the
temperature and pressure of the system. After that, the outer region
of the box was set as the thermostat region to control temperature
Fig. 1. Sketch of the simulation box used in the study.
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during simulations and the inner region was controlled by micro-
canonical ensemble. PKA with a kinetic energy of 2 keV in [001]
direction was introduced to generate the radiation damage. The
entire simulations lasted for 100 ps and could be discerned into
three stages. In the initial stage, the timestep was set 0.02 fs to
accurately simulate the collision cascades. The next stage corre-
sponded to the recombination of point defects and the timestep
was 0.1 fs. In the final stage, the system evolved slowly and point
defects might diffuse in a longer time scale, so the timestep was set
1.0 fs. Furthermore, periodic boundary condition was applied to
three orientations and ten simulations were carried out for each
condition to reduce random errors.

Open Visualization Tool (OVITO), which was developed by Stu-
kovski [38], was used in the present work to perform visualization
and data analysis, and Wigner-Seitz method was used to confirm
and count interstitial atoms and vacancies [28]. In theWigner-Seitz
method, a reference configuration before PKA introduced was
usually required, and a displaced configuration with existed dam-
ages could be analyzed. In the present work, every atom was
defined as its space region in the reference configuration by the
Wigner-Seitz analysis algorithm. There were some sites in the
displaced configurations occupied by no atoms, which were
defined as vacancies. In other wise, if some sites in the displaced
configurations were occupied by more than one atom, then they
could be named as interstitial atoms. It should be noted that the
region close to the GB (5.03 Å in both sides from the GB) was not
taken into account for studying the effect of GB on the progress of
radiation-induced defects when counting the number of defects in
the study.

3. Results and discussion

3.1. Defect formation energy in pure d-Pu

It was necessary to calculate the formation energy of vacancies
and interstitial atoms for understanding the interactions of
radiation-induced point defects and GB. Themethod adopted in the
present work was an analogy with that in other elements, for
example, Cu [39] or Zirconium (Zr) [40]. The formation energy of
point defects is calculated following the equations [41]:

Eint ¼ Eaft � Epri � Ecoh (1)

and:

Evac ¼ Eaft � Epri þ Ecoh (2)

where Eint was the formation energy of interstitial atom and Evac
corresponded to the formation energy of vacancy, Eaft (Epri) repre-
sented the total potential energy of the system with (without) a
point defect and Ecoh was the cohesive energy per Pu atom of a FCC
lattice.

The formation energy of interstitials and vacancies in pure d-Pu
as a function of distance to GB was illustrated in Fig. 2. It could be
found that the formation energy of vacancies was lower than that of
interstitial atoms in the whole simulated region. However, there
was no significant difference for the formation energy of vacancies
in the whole bulk. Moreover, although smaller than the DFT results
[42,43], the calculation result of the formation energy of vacancies
was similar with the results calculated by other people [13,29]
though MD with MEAM. However, the formation energy of inter-
stitial atoms in a certain width was lower than that in other part of
the matrix, which facilitated the accumulation of interstitial atoms
near GB, and the width was considered to be the width of GB.
Hence, the width of symmetric tilt S5 (310) C001D GB in d-Pu was



Fig. 2. Formation energy of interstitial atoms and vacancies in pure Pu as a function of distance to GB.
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estimated as ~10.06 Å after the calculated results shown in Fig. 2
were carefully analyzed. The analogous situation also appeared in
the simulation of other material [21,23,44]. In other words,
compared with vacancies, interstitial atoms were prone to be
absorbed by symmetric tilt S5 (310) C001D GB in d-Pu from the
perspective of formation energy when the entire system was in a
thermodynamically stable state.
3.2. The evolution of radiation defects

The whole defects evolution as a function of time was shown in
Fig. 3. It could be seen in both of the figures that, the number of
point defects increased dramatically and reached its maximum
value at about 0.8 ps in the initial stage, which meant that there
were plenty of atoms left the lattice sites after the introduction of
PKA. Subsequently, interstitial atoms and vacancies quickly
recombined and the amount of point defects rapidly reduced.
Finally, during the annealing process, the defects tardily
Fig. 3. Comparison of the whole evolution of number of interstitial atoms, vacancies and
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recombined and vanished. The majority of interstitial atoms and
vacancies recombined and disappeared and only a small part of
defects would remain in the bulk.When PKAwas seated at 15 Å and
the initial direction of PKA was along the [001] direction (Fig. 3a),
collision cascades and GB almost did not coincide. Hence, the
radiation-produced microstructures could be considered as the
same collision cascades caused in single crystal. However, when
PKA was seated at �15 Å and the initial direction of PKA was still
along the [001] direction (Fig. 3b), GB had a serious influence on the
evolution of collision cascades. As a result, there were fewer point
defects yielded under the circumstance (Fig. 3b), compared with
that after radiation when PKA was seated at 15 Å (Fig. 3a).

At the same time, the ratio of the number of vacancies to the
number of interstitial atoms over time when PKA was set as �15 Å
was displayed in Fig. 4, which was basically more than 1 and was
less than 1 only in local cases during the entire simulation period. In
addition, the changes of the ratio over time, obviously, were non-
monotonic. In the first stage, when the collisions occurred
total defects with time: (a) PKA was located at 15 Å, (b) PKA was located at �15 Å



Fig. 4. Ratio of the number of vacancies to the number of interstitial atoms over time.
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rapidly, there were some interstitial atoms first reaching the range
affected by GB and more vacancies were located at other areas. In
this case, the ratio tended to increase. When the collisions took
place in the region influenced by GB, there were some atoms in the
GB leaving the areas affected by GB and vacancies in the influence
range of the GB increased, which corresponded to a decline of the
ratio in the second stage. The next stage was that point defects
begun to recombine and disappear and there were some interstitial
atoms absorbed by GB, which leaded to a gradual increase of the
ratio. In the last stage, some interstitial atoms released by GB
combined with vacancies, which meant that the ratio of the num-
ber of vacancies to the number of interstitial atoms showed a
downward trend. The phenomenon was also similar with the
Fig. 5. Snapshots of defects distributions of PKA set as �15 Å at (a) 0.8 ps, (b) 5.0 ps, (c) 100
red atoms are vacancies. (For interpretation of the references to colour in this figure legen
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simulation of Cu by Bai et al. [23] and the reason for the appearance
was that there existed some vacancies near GB, which facilitated
the migration of interstitial atoms in the GB. However, because of
the small number of point defects generated, the error of ratiowas a
little large, and fluctuated frequently during the slow recombina-
tion of point defects.

In order to further investigate the entire process of collisions,
some snapshots of the point defects distributions during simula-
tions were shown in Fig. 5. It could be seen in all the figures that,
the vacancies distributed in the inner region of collision, while the
interstitial atoms spread in a wider region. The reason for the for-
mation of the “core-shell” structure could be attributed to the dif-
ference of the migration energy between vacancy and interstitial
.0 ps and 15 Å at (d) 0.8 ps, (e) 5.0 ps, (f)100.0 ps. Blue atoms are interstitial atoms, and
d, the reader is referred to the Web version of this article.)



Fig. 6. Number of residual interstitial atoms, vacancies and total defects as a function of distance from PKA to the GB.
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atom at the same temperature. In addition, it was easy to notice
that the core of the collision cascades was close to the GBwhen PKA
was set as �15 Å (Fig. 5a). The number of vacancies was larger than
that of interstitial atoms, and the majority of the vacancies were
closer to the GB than the interstitial atoms (Fig. 5b and 5c). That was
to say, it was interstitial atoms that were more likely to be assim-
ilated by the GB. The phenomenon had been also found in the
research of other mental materials [15,21,41,45]. However, as
demonstrated in Fig. 5d, the collision cascades mainly occurred on
the right side of the GB and almost unaffected by the GB when PKA
was set as 15 Å. At the same time, it could be found from Fig. 5e and
5f, there was almost no difference between the number of inter-
stitial atoms and the number of vacancies.

3.3. The dependence of PKA distance to GB on defects production

The variation of radiation-induced residual defects as a function
of the distance from PKA to GB was plotted in Fig. 6. The distance of
PKA to GB was �30 Å at the beginning and varied from �30 Å to
30 Å, 5 Å per change. The initial velocity direction of PKA was
perpendicular to the GB. It was easy to find from Fig. 6 that the
number of point defects reached a minimum when PKA was set
as �10 Å, since the core of the collision cascades almost coincided
with GB in this situation. In other words, GB had a serious effect on
the evolution of radiation-induced point defects. Before PKA was
located at �10 Å, as the distance from PKA to GB increased by de-
grees, the effect of GB on the evolution of point defects gradually
weakened and the total number of residual defects gradually
increased. At the same time, the disparity between the number of
residual interstitial atoms and the number of residual vacancies
was gradually increasing, since the number of vacancies increases
gradually, which promoted the recombination of interstitial atoms
and vacancies, and interstitial atoms were assimilated by GB.
Though, when PKA was set on the right side of GB, PKA couldn’t
pass directly through GB. There were some scattered atoms
colliding with atoms in GB unless the distance between PKA and GB
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was far enough, since the scattering direction of atomic collisions
was random when atoms collided with each other. So even after
PKA was set as 5 Å, some interstitial atoms could be still absorbed
by GB, which leaded to the consequence that the number of sur-
viving vacancies was more than that of surviving interstitial atoms.
But with the distance from PKA to the GB gradually increasing, the
influence of GB gradually weakened and the number of residual
vacancies and the number of residual interstitial atoms gradually
approached, which was shown in Fig. 6. The whole evolution of
irradiation damage simulations was gradually close to that of single
crystal.

4. Conclusions

We had investigated the effects of S5 (310) C001D GB on the
evolution of radiation-induced point defects at different distances
from PKA to the GB and the formation energy of point defects by
MD simulations.

According to the calculation results of the formation energy, the
formation energy of interstitial atoms affected by the GBwas a little
smaller than that of interstitial atoms unaffected by the GB, but the
formation energy of interstitial atoms was greater than the for-
mation energy of vacancies as a whole. Consequently, the width of
symmetric tilt S5 (310) C001D GB could be regarded as ~10.06 Å
according to the change of the formation energy of interstitial
atoms. The formation energy of vacancies was hardly affected by
the GB. Moreover, the evolution of radiation-induced point defects
when PKAwas located at 15 Å and �15 Å respectively showed that,
compared with vacancies, interstitial atoms were prone to be
absorbed by GB. However, it could be known that some interstitial
atoms were also emitted from GB and recombined with vacancies
in the recombination process by investigating the evolution of
radiation-induced point defects.

The results also revealed that the number and distribution of
radiation-induced point defects were significantly influenced by
the distance between PKA and the GB. As the distance from PKA to
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the GB changed from �30 Å to 30 Å, it could be found that the
number of residual point defect reached their minimum for the
process of collision cascades terribly influenced by GB when PKA
was located at �10 Å. When the distance between GB and PKA was
far enough, there was almost no difference between the number of
interstitial atoms and the number of vacancies, since GB had a faint
influence on the evolution of point defects.
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