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The self-healing mechanism of radiation-induced defects in nickel—graphene nanocomposite is inves-
tigated by atomistic simulations. Compared with pure nickel, nickel—graphene nanocomposite has less
defects remained in the bulk region after collision cascades, illustrating self-healing performance. Nickel
—graphene interfaces (NGIs) serve as sinks for radiation-induced defects and preferentially trap in-
terstitials over vacancies. Energetic and kinetic calculations reveal that the defect formation energy and
diffusion barrier are reduced in the vicinity of NGIs, and the reduction are pronounced for interstitials.
When NGIs are loaded with interstitials, their segregation ability on radiation-induced defects improves
significantly, and the radiation-induced defects near the NGIs diffuse more easily. Especially, the va-
cancies (or interstitials) near the NGIs tend to annihilate (or aggregate) with the interstitials trapped at
the NGIs, which only happens at the interstitial-loaded side of NGIs. Therefore, nickel—graphene
nanocomposite exhibits excellent radiation tolerance and shows promise as a structural material for
advanced nuclear reactors due to its NGIs with the energetic and kinetic driving forces acting on
radiation-induced defects.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Nickel-based alloys have been proposed for various potential
applications in Gen-IV nuclear reactor systems because of their
superior high-temperature strength, toughness, creep, and corro-
sion properties [1—5]. Especially in molten salt reactor systems, Ni-
based alloys are often utilized in reactor pressure vessels, heat
exchangers, and other metallic parts in contact with molten fluo-
ride salt [6—8]. In-service Ni-based alloys suffer higher fluences of
neutron irradiation in the advanced nuclear reactors than in the
current fission reactors [2,5,9]. As a consequence, a high level of
radiation-induced displacement damage in the form of vacancy and
interstitial defects is generated and easily aggregates to form defect
clusters (interstitial clusters and voids, among others) within the
materials [10,11]. In addition, considerable amount of helium
atoms, produced by a two-step reaction due to the large neutron
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absorption cross section of Ni [12], are also introduced into the
materials and trapped at radiation-induced vacancies to form
He—vacancy clusters at elevated temperatures [13]. Eventually,
radiation embrittlement, swelling, and phase instability have
become the primary irradiation degradation pathways for Ni-based
alloys [1,2,4]. Given the extended design life of structural materials
for the advanced nuclear reactors (60 years or more) relative to
current fission reactors (~30 years) [4,5], conventional Ni-based
alloys rarely withstand the extreme irradiation environment.
Toward the development of radiation-tolerant materials with
self-healing capabilities, designing a material from the perspective
of grain boundaries (GBs) and heterointerfaces has gradually
become a consensus among the scientific community [9,14—21].
Based on this concept, several experimental and theoretical studies
[22—33] have been conducted using nanocrystalline Ni (nc-Ni) and
Ni-containing multilayers as model materials to explore the radi-
ation tolerance of new Ni-based alloys. Many interesting findings
have been reported [23,24,26,27,29,30]. For example, Samaras et al.
[23] demonstrated that nc-Ni GBs act as sinks for interstitials and
vacancy-dominated defects during displacement cascades. Sharma
et al. [26] found that the increase of hardness in nc-Ni is
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considerably less than that of coarse-grained Ni (cg-Ni) after
4.0 MeV proton irradiation. Sun et al. [27] observed that high-angle
GBs can effectively absorb irradiation-induced dislocation loops
and segments, and significantly reduce the density and size of
radiation-induced defect clusters in nc-Ni compared with cg-Ni via
in situ Kr®* jon irradiation within a transmission electron micro-
scope. Chen et al. [29] by atomistic simulations showed that the
surviving defects in different types of Ni/Fe multilayers are less
than those of their bulk counterparts. Yu et al. [30] performed
1 MeV Kr?" ion irradiation on Ni/Ag multilayers and found that the
defect density in the multilayers is saturated at a lower level and at
a greater fluence than those in their bulk counterparts. However,
some detrimental issues also emerged [22,25,32,33]. For example,
Voegeli et al. [25] by atomistic simulations observed that ion-beam
induced grain growth occurs in nc-Ni once thermal spike volume
exceeds grain size or overlaps the GB area. Apart from grain growth,
Wang et al. [22] observed the formation of microtwins and fcc-to-
hcp transformation in nc-Ni after various ion energies and doses at
different temperatures. Chen et al. [32] reported that Ni/Fe multi-
layers with negative mixing enthalpy exhibit weak interface sta-
bility, and intermetallic compound is easily induced after 300 keV
Fe'%* jon irradiation. Mao et al. [33] revealed that Ni/Cu interfaces,
relative to Cu/Nb or Cu/V interfaces, display low sink efficiency of
point defects during 1.8 MeV Kr-ion irradiation. As a result, grain
stabilizations of nc-Ni present a challenge for their practical ap-
plications in the advanced nuclear reactors [18]. Moreover, Ni-
containing multilayers must meet a series of requirements (e.g.
positive heat of mixing, very limited solid solubility, and non-
tendency to form intermetallic compounds for two-component
metals [14,18]) before achieving excellent radiation tolerance,
which makes the design for the materials more difficult. Hence,
other novel approaches to design the materials are still necessary
for overcoming the above obstacles with comparable or improved
radiation tolerance of nc-Ni and Ni-containing multilayers.

Graphene (Gr) is characterized by high Young's modulus
(~1TPa), high intrinsic strength (~130GPa), large surface area
(~2600m?/g), and low density (2.2g/cm’) [34]. This two-
dimensional nanomaterial exhibits potential as a reinforcing
component in various metals and confers metals with novel func-
tions [35—37]. In recent years, the excellent radiation tolerance of
many metal—Gr nanocomposites, which is attributed to plenty of
ultra-high-strength and stabilized interfaces, has also been gradu-
ally verified by different research groups [38—42]. For example,
Yang et al. [38] by ab initio calculations demonstrated that the
copper—Gr interface provides a strong sink for trapping defects and
gives rise to preferential sites for their recombination. Kim et al.
[40] performed He™ irradiation experiments on vanadium—Gr
nanocomposite; the resulting composite exhibits higher radiation
tolerance than that of its pure counterpart. Si et al. [41] found that a
smaller-period-thickness tungsten—Gr nanocomposite exhibits
high radiation tolerance in the reduction of He bubble density. So
et al. [42] indicated that aluminum—Gr interface still has a great
help in reducing radiation hardening and embrittlement under He-
or self-ion irradiation up to 72 displacements per atom. He™ irra-
diation experiments on Ni—Gr nanocomposite (NGNC) have also
been conducted beforehand by our group. Less crystal defects, such
as lattice swelling and stacking faults, and smaller He bubbles were
observed in NGNC than those in pure Ni (unpublished results). As a
result, the solution of the above problems by NGNC as a new
radiation-tolerant material for the advanced nuclear reactors is
highly possible. However, to our knowledge, the study of radiation
damage in NGNC is still new, and even many fundamental mech-
anisms, such as the energetic and kinetic investigation of the role of
Ni—Gr interfaces (NGIs) in healing radiation damage, remain
unknown.

In the present work, molecular dynamics (MD), molecular
statics (MS), and climbing-image nudged elastic band (CI-NEB)
[43,44] methods were used to investigate the influence of NGIs on
the thermodynamic, energetic, and kinetic properties of radiation-
induced defects near the interfaces in NGNC. Three aspects of NGI-
defect interaction were focused: how NGIs affect defect production
during collision cascades, how defects interact with pristine NGIs,
and how defects interact with damaged NGIs. We showed that NGIs
can act as sinks to facilitate the recombination and annihilation of
defects during collision cascades, because energetic and kinetic
driving forces promote the radiation-induced defects to bind to
NGls.

2. Simulation methodology

All calculations were performed with the MD code LAMMPS
[45], and visualizations were rendered with OVITO [46]. The in-
teractions among carbon atoms in Gr were described by the
adaptive intermolecular reactive empirical bond order (AIREBO)
potential [47]. The embedded atom method (EAM) potential,
developed by Bonny et al. [48], was used to describe the in-
teractions between Ni atoms. Ni—C interactions were described
by12—6 Lennard—Jones (LJ) type of van der Waal's interaction,
which has been successfully used in cascade collision simulations
of other metal—Gr nanocomposites [39,40]. The parameters (well
depth 0(Ni—c)=2.852 A and equilibrium distance
gi—c) = 0.023049 eV) of L] potential used in this work were derived
from density functional theory (DFT) calculations [49]. To construct
the NGI structure, a sandwich model (Fig. 1(a)) was initially created
by using a top-fcc configuration (see Fig. 1(b)) [50—52], in which the
C atoms are situated above the first (top site) and third (fcc site)
layers of Ni atoms to match Gr with Ni. The stacking mode was used
because it is the most stable structure as proven by several DFT
studies [50—52]. The interface was built by adjusting the Gr lattice
constant (2.460 A) to match the Ni(111) in-plane lattice constant
(2.491 A) [52]. Subsequently, a conjugate gradient minimization
method under zero external pressure was performed to release the
stress out of NGI structure. Periodic boundary conditions along the
three Cartesian directions were applied in all calculations. The
obtained ground state structure is shown in Fig. 1(c), in which the
atomic potential energy is visualized, and the interface region is
very distinguishable because of the visible difference of potential
energy. The perfect matching of NGI structure was broken during
the optimization due to a mismatch of 1.2% between Gr and Ni(111)
in-plane lattice constants.

During the simulations of primary radiation damage, a large
system consisting of 258,000 atoms with a size of
124.6 x 129.5 x 174.5 A® was used. Initially, the system was relaxed
at the NVT ensemble for 10 ps until reaching a stable state. The
temperature was set to 300K in this process. Subsequently, a pri-
mary knock-on atom (PKA) with 5 keV was introduced at varying
distances away from and directed toward the interface (see Fig. S1).
During displacement cascades, the atoms within the “thermostat
region” were forced to maintain a constant temperature (300 K)
through Nose—Hoover heat bath. Thus, the excess kinetic energy
introduced by the PKA can be dissipated as that in experimental
situations. The atoms within the “active region” were restricted to
move adiabatically (NVE ensemble) [39]. The simulation time of
cascades was set at 63 ps. Wigner—Seize cell [53] and common-
neighbor analysis (CNA) [54] methods were used to analyze the
point defects (interstitials and vacancies) surviving in the bulk re-
gion. As a control, cascade simulations of pure Ni were also carried
out. The orientation and energy of PKA used in pure Ni, as well as
the simulation methods, were consistent with those of NGNC.

In calculating energetic and kinetic properties of point defects, a
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Fig. 1. Simulation model. (a) Conceptual schematic simulation cell of NGNC. (b) Atomic configuration of NGNC with the stacking order where the two C atoms (A and B) in the Gr
cover the top and fcc planes of Ni atoms. The spheres are in different colors to facilitate visualization. (c) Ground state structure of NGNC colorized by the atomistic potential energy.
The dashed box in the center of the system represents the NGI region, which contains one Gr plane and two terminal Ni planes near the Gr. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

smaller system with dimensions of 24.9 x 25.9 x 101.2 A> (6000
atoms) was adopted. For the energetic calculations, the system was
first structurally relaxed through energy minimization. Then, an
interstitial or a vacancy was introduced into the region of interest,
and the second energy minimization was performed to allow the
point defect to find its stable location [28]. The details of the
introduction of point defects are provided in the Supplementary
Material. The defect formation energy can be obtained by

Ef = ENci — Enci = Econ, (1)

where a positive (or negative) sign corresponds to the vacancy (or
interstitial) at a particular site a. [55]. Ecop is the cohesive energy per
atom of a perfect fcc lattice of Ni (—4.45 eV), and Ej; (Eng) is the
total energy of the simulation cell with (without) the point defect,
respectively. To quantify the interaction of NGI with point defects,
the defect segregation energy for a particular site o, is calculated by

Egeg = fbu”{ - Ef“lv (2)

where E}’””‘ and Ef denote defect formation energy in a perfect fcc

crystal and in a crystal with a NGI, respectively [55]. Thus, a positive
segregation energy indicates the attraction of NGI to point defects.
For the kinetic calculations, CI-NEB method was used to find the
optimum migration path and diffusion barrier of a vacancy (or an
interstitial). First, two different vacancy (or interstitial) configura-
tions, which are nearest neighbors in the same system, were
selected as the initial and final states, respectively. Then, the min-
imum energy path for migration of the vacancy (or interstitial)
between two pre-defined states was constructed using multiple-
replica algorithm [28]. Finally, the maximum value in each reac-
tion coordinate can be obtained by saddle point searching method.
Of all investigated transitions, the values that led to the migration
of vacancy (or interstitial) toward the close vicinity of the pristine
or damaged NGIs, were adopted [28].

3. Results
3.1. Radiation damage production near NGIs

Displacement cascades were introduced into the large system

by a 5-keV PKA at a certain distance (d =4.9, 11.0, 15.0, 21.1, 25.2,
31.3,35.4, or 39.4 A) away from the Gr plane. Note that the mean of
the z-coordinate of Gr plane is used as the reference of distance
throughout this paper. As an example, snapshots of the displace-
ment cascade process, where a PKA was placed at d =15.0 A, are
shown in Fig. 2. In Fig. 2(a—d), defects are characterized by CNA
method and easy to figure out. The number of defects increased
rapidly at the beginning and reached a maximum value at
approximately 0.6 ps. Eventually, most defects tended to recombine
or were trapped by the interface, leaving only three vacancies as
stable defects in the bulk at 63 ps. Clearly, the cascade annealing
has been close to completion after 4 ps. During the annealing, in-
terstitials had large migration distances and were easily absorbed
by the interface, whereas vacancies may be regarded as immobile
in the time scale of simulations. At thermal spike phase around 0.6
ps, a large number of Ni atoms flooded into the NGI region and
disordered the NGI, as shown in Fig. 2(e). After reaching thermal
stability, the NGI tended to return to its original state but left
behind a few interstitials in its interior (see Fig. 2(f)). As a result,
this special defect structure, with vacancies dominant near the NGI
and interstitials localized at the NGI, may strongly modify the NGI
and thus, affect further evolution of defects near the NGI, such as
the annihilation of the vacancies that survived near the NGI on the
MD time scale.

Fig. 3 presents the number of residual point defects in the bulk
region as a function of d. To improve statistics, a mean of 10 inde-
pendent MD runs of each d is plotted. The number of vacancies in
pure Ni is 7.9 + 2.57 as shown for comparison. Clearly, both of the
numbers of interstitials and vacancies in the bulk region are sub-
stantially less than that of vacancies in pure Ni. The defect number
is sensitive to d and tends to increase with the increase of d. As a
result, the difference of the defect number between the bulk region
and pure Ni, especially vacancies, gradually decreases as d in-
creases. When d is sufficiently large, the number of defects is pre-
sumed to approach that of pure Ni, suggesting that NGI plays an
important role in facilitating the recombination and annihilation of
the point defects created in the bulk region during collision cas-
cades. In addition, the number of vacancies over the entire range of
d is more than that of interstitials, thereby implying that the
interface preferentially traps interstitials over vacancies. Similar
trend was also observed in copper—Gr nanocomposite [39].
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Fig. 2. Snapshots of the displacement cascade process induced by the PKA placed 15.0 A from the interface along the z-axis. (a—d) Defect distributions near the NGI at different
moments (0, 0.6, 4, and 63 ps). The atoms, according to their potential energies, are colored for visualization. ((e) and (f)) Atom distributions near the NGI at the thermal spike and
stability phases (0.6 and 63 ps). The Ni atoms flooding into the NGI region are marked by light-blue dotted arrows. The pink, blue, and grey spheres represent Ni and C atoms in the
cell, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Number of residual point defects induced by a 5-keV PKA in the bulk region at
300K as a function of PKA distance from the Gr plane. The number of vacancies (same
as interstitials) in pure Ni is denoted by the pink dashed line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

3.2. Defect interaction with pristine NGIs

The collision cascade simulations clearly indicated that NGNC
exhibits better ability to recombine and annihilate radiation-
induced defects compared with its pure counterpart, and

interstitials in NGNC can more quickly migrate toward NGIs
compared with vacancies. The emergence of these phenomena can
be easily attributed to the role of NGIs. In order to reveal how a
pristine NGI affects the migration of radiation-induced defects,
formation energies and diffusion barriers of single vacancy (or
interstitial) at various locations near the NGI were calculated by
using energetics and kinetics, respectively.

3.2.1. Calculation of energetics

In general, there are six most possible interstitial configurations
in an fcc Ni structure: octahedral, tetrahedral, and crowdion, as well
as (100), (110), and (111) dumbbells [48,56]. Among them, Ni(100)
dumbbell was chosen to calculate the energetic property for this
work because it is the most stable interstitial configuration [48,56].
Vacancy configuration was generated by removing the atom at the
particular site . The interstitial and vacancy formation energies, as
a function of distance for the pristine NGI, are shown in Fig. 4(a) and
(b) to study the energetics of radiation-induced defects. The
interstitial formation energy is 5.889 eV, and the vacancy formation
energy is 1.387 eV in the bulk region of NGNC, consistent with the
values from the Bonny potential (5.83 eV for interstitial and 1.39 eV
for vacancy) [48]. A striking feature is the remarkable deviations
from the values of the bulk as the interstitial and vacancy approach
the NGI, indicating the significant layer-by-layer variations of for-
mation energy influenced by local structural compositions as well
as stress environment [55,57]. The formation energy of point de-
fects tends to decrease as the point defects migrate from the bulk
toward the NGI, implying an attractive interaction between point
defects and NGI. As a result, point defects are energetically favor-
able to reside in the NGI, and an elevated temperature environment
can promote their migration toward the NGI. The width of effective
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Fig. 4. Distributions of defect formation energies. ((a) and (b)) Interstitial and vacancy formation energies near the NGI as a function of the initial distance of the defect from the Gr
plane. The defect segregation energy and interaction zone of NGI to the defect are also exhibited. ((c) and (d)) Interstitial and vacancy formation energies for different initial sites in
the core of NGI. The spots represent the initial sites for an interstitial (c) and a vacancy (d), which are colored according the formation energy. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

interaction zone of NGI is 30.9 A and 5.4 A for interstitial and va-
cancy, respectively. The wide NGI-defect interaction zone is
consistent with our observation that the NGI is still active in
reducing point defects in spite of extended range of PKA distances.
NGIs reduce the formation energy of point defects, making them
effective sinks to the point defects generated in the collision
cascades.

Differences between vacancies and interstitials are distin-
guishable (Fig. 4(a) and (b)). The vacancy segregation energy is only
0.45 eV, while the interstitial segregation energy is as much as
0.92 eV. The larger segregation energy and wider sink area indicate
that the system reaches stability easier through trapping in-
terstitials into the NGI than that of vacancies. Therefore, more va-
cancies are left behind in the bulk region after collision cascades.
Furthermore, a gradual drop of interstitial formation energy occurs
near the NGI, implying the existence of metastable sites of in-
terstitials. Several barrier-free layers for interstitials also occur in
the interior of NGI. Consequently, an interstitial easily slips into the
NGI and freely migrates at different sites in the interior of NGI.
While a vacancy in the bulk must overcome a barrier of ~0.1 eV to
jump into the NGI, which is consistent with recent atomistic sim-
ulations of vacancy—GB interaction in fcc Ni [28] and bcc W [55,57].
To further explore the behaviors of point defects, the formation
energies of interstitials and vacancies are examined in different
sites of the core of NGIs. The negligible difference in the formation
energies suggests that interstitials (Fig. 4(c)) and vacancies
(Fig. 4(d)) have energetically equivalent sites in the core of NGI,
which leads to mutual migration between different sites through a

barrier-free process. Thus, the results of formation energies at
various sites demonstrate that the NGI indeed can serve as a sink
for radiation-induced defects, with a preferential absorption of
interstitials over vacancies, in agreement with the above collision
cascade simulations.

3.2.2. Calculation of kinetics

The diffusion of vacancies and interstitials in an fcc Ni structure
shows different behaviors [56,58], which can be vividly depicted by
Fig. 5(a) and (b). The diffusion of a vacancy can be achieved by
directly exchanging an atom with a nearest neighbor. Unusually,
the diffusion of an interstitial preferably follows a shifting and
rotation mechanism [56,58] that a Ni[100] dumbbell interstitial
shifts to its nearest neighbor, followed by a rotation to a Ni[001]
dumbbell. Following this general pathway, the kinetic process for
vacancies and interstitials jumping from the bulk to the NGI can be
calculated by the CI-NEB method. Different migration paths
dependent on the initially spatial position of defects were observed.
Each migration path was connected by a series of nearest defect
configurations, which were sampled from the above configurations
used to calculate energetics. Each pair of the two nearest defect
configurations was used as the initial and final states in one CI-NEB
calculation. Between the two states, 28 replicas were inserted.
Consequently, the vacancy and interstitial diffusion barriers toward
the pristine NGI in different migration paths are shown in Fig. 5(c).
As an example, diffusion processes for an interstitial and a vacancy
are exhibited in Supplementary Movies 1 and 2, respectively.

Supplementary video related to this article can be found at
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In Fig. 5(c), the vacancy diffusion barrier is 1.104 + 0.037 eV, and
the interstitial diffusion barrier is 0.167 + 0.015 eV in the bulk re-
gion, in good agreement with previous results of pure Ni (1.09 eV
for vacancy [48] and 0.17 eV for interstitial [48,59]). The much
lower diffusion barrier of interstitials over vacancies suggests that
interstitials are several orders of magnitude faster to migrate in the
bulk, consistent with our observations in collision cascade simu-
lations. The defect diffusion barriers are significantly reduced when
point defects are in the vicinity of the NGI. The diffusion barriers
decrease by 0.523 and 0.167eV for vacancy and interstitial,
respectively, corroborating that point defects prefer to migrate to-
ward the NGI. Especially, the interstitial diffusion barrier has verged
on zero in the NGI, and the NGI exhibited wider kinetic influence
range on the interstitial. As a result, the interstitials produced at

farther distances away from the NGI can also move toward the NGI
through a low- or free-barrier process, resulting in less interstitials
in the bulk after collision cascades. In addition, one typical path for
vacancy diffusion is also shown in Fig. 5(d). Note that one path for
interstitial diffusion is not given because interstitials within a
certain range of the NGI are instantly trapped into the NGI and
difficult to be observed. It can be seen that a vacancy must over-
come a low barrier of 0.68 eV to move toward the NGI; meanwhile,
the system energy reduces by 0.46 eV when the vacancy locates at
the NGI. On the whole, the kinetic results indicate that, apart from
the energetic driving force as mentioned above, the interstitials and
vacancies near the NGI preferentially migrate to the NGI with the
reduced defect diffusion barriers as an alternative driving force,
consistent with those of previous studies of GBs and hetero-
interfaces [14,19,28,55,57,60,61].
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3.3. Defect interaction with interstitial-loaded NGIs

The MD simulations illustrate that interstitials would highly
localize at the NGI on ps time scale. In addition, a few interstitials
and vacancies still remained in the bulk after collision cascades.
Above calculations of energetics and kinetics have also demon-
strated that the NGI prefers to trap interstitials over vacancies.
Consequently, the NGI structure is modified by interstitials, which
may tremendously affect the further evolution of residual in-
terstitials or vacancies in the bulk. In order to reveal this pre-loaded
defects effect, the interaction between point defects near the NGI
and the NGI that has trapped interstitials needs to be elaborated.

3.3.1. Interstitials loaded into NGIs

Initially, 10 interstitials were intentionally loaded into the NGI to
mimic the post-cascade damaged structure. Considering the
blocking effect of Gr sheet on Ni atoms above and below the Gr,
interstitials trapped at the NGI would distribute on both sides of the
Gr, as shown in Fig. 2(e) and (f). Thus, three modes, namely, 10
interstitials below Gr (Mode_A, Fig. 6(a)), 5 interstitials below Gr
and 5 interstitials above Gr (Mode_B, Fig. 6(d)), and 10 interstitials
above Gr (Mode_C, Fig. 6(g)), are examined. The original positions
of 10 interstitials are random in their corresponding NGI. The three
interstitial-loaded systems were relaxed at 300K for 2 ns to allow
the interstitials to find their lowest energy sites (see Fig. 6(b), (e),
and (h)). Then, the conjugate gradient method was used to mini-
mize the energies and structures of the three systems (see Fig. 6(c),
(f), and (i)). During the relaxation, some of loaded interstitials

1\0 Ints.

Mode_A \ .

S Ints.

would quickly replace original Ni lattice sites at the NGIs. Mean-
while, these substituted atoms and the rest of loaded interstitials
tended to agglomerate and form a compact structure [60], which
aligned in clusters along the crystal axis and almost remained
immobile at the NGIs. The fast agglomeration behavior may be
attributed to the barrier-free migration of an interstitial in the core
of NGIs, as explained in Fig. 4(c). Once these interstitials encounter
at a certain site, they will attract each other and become immobile.
The immobile complex implies a high migration barrier energy. The
immobile complex would cause a local disorder of NGIs and even
induce the formation of stacking faults, which will inevitably affect
the energetics and kinetics of point defects near the interstitial-
loaded NGIs. Similar phenomena were also observed in the NGIs
loaded 5, 15, and 20 interstitials, as shown in Fig. S2.

3.3.2. Calculation of energetics

The three optimized models were used to calculate the defect
formation energy within a certain range of the interstitial-loaded
NGlIs. The interstitial and vacancy formation energies, as a func-
tion of distance for the three interstitial-loaded NGIs, are shown in
Fig. 7. The defect formation energy obviously declines in the
interstitial-loaded NGIs relative to the pristine NGI. The minimum
of interstitial formation energy is close to zero, and negative va-
cancy formation energy arises. Concomitantly, the vacancy segre-
gation energy is up to 1.9—2.8 eV, while the interstitial segregation
energy is as much as 5.4—5.5 eV, implying significantly increasing
attraction to point defects from the interstitial-loaded NGIs relative
to the pristine NGI. The appearance of sites with a sharp drop in

inimization'

Fig. 6. Three loading modes of 10 interstitials for the NGI. (a—c) NGI with 10 interstitials below the Gr (Mode_A) in the original (a), relaxed (b), or minimized (c) state. (d—f) NGI
with 5 interstitials below the Gr and 5 interstitials above the Gr (Mode_B) in the original (d), relaxed (e), or minimized (f) state. (g—i) NGI with 10 interstitials above the Gr (Mode_C)
in the original (g), relaxed (h), or minimized (i) state. Relaxation was performed at 300 K for 2 ns, followed by the conjugate gradient minimization. The pink, blue, and grey spheres
represent Ni and C atoms in the cell. The green sphere represents loaded Ni interstitials. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 7. Interstitial and vacancy formation energies near the interstitial-loaded NGI (NGI with Mode_A ((a) and (b)), NGI with Mode_B ((c) and (d)), or NGI with Mode_C ((e) and (f)))
as a function of the initial distance of the defect from the corresponding Gr plane. The defect segregation energy and interaction zone of NGI to the defect are also exhibited. The
unstable sites are marked by a green dotted box. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

defect formation energy can be explained by the substituted atoms
and the interstitials loaded at the NGIs. The local disorder or
stacking faults induced by the loaded interstitials and substituted
atoms may also act as sinks and trap radiation-induced interstitials
and vacancies [62—64]. Consequently, the sink strength is
enhanced in the vicinity of interstitial-loaded NGIs, and the
segregation of point defects is more energetically favorable. In
addition, the vacancy located at one of these sites tends to anni-
hilate with a loaded interstitial or substituted atom and induce an
exothermic process, which further reduces the system energy.
However, Li et al. [65] showed that the interstitials trapped at the

GBs have a blocking effect on newly-coming interstitials from the
bulk with a reduction of interstitial segregation energy near the
GBs, implying the obvious difference between interstitial-loaded
NGIs and GBs on affecting the interstitials from the bulk. There-
fore, the sites with a sharp drop in defect formation energy are
unstable near the NGIs; all of these sites form a spontaneously
trapping or annihilation region around the interstitials loaded at
the NGlIs.

Another noticeable feature is that the unstable sites only appear
at the interstitial-loaded side of NGlIs (e.g. the side below the Gr for
the NGI with Mode_A), whereas the defect formation energy at the
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other side only slightly fluctuates (e.g. the side above the Gr for the
NGI with Mode_A). As a result, the mechanism that the effects of
loaded interstitials on reducing defect formation energy are diffi-
cult to exert on their symmetrical side, can be deduced, which
makes NGNC unique from GB and other heterointerface materials.
The width of the interaction zone of interstitial-loaded NGIs also
increases appreciably, from 30.9 A to 39.6—39.7 A for interstitials or
from 5.4 A to 18.2—20.3 A for vacancies. Therefore, more point de-
fects will easily slip into the NGIs, enhancing recombination and/or
annihilation processes. For most irradiation conditions of interest,
temperatures are sufficiently high that point defects are mobile on
relevant time scales [60,61]. As a result, the effective range and
strength of the NGI-defect interaction are increased at higher
temperatures as small barrier processes become active [61].
Considering that the calculation of defect formation energy was
performed at 0K, thus, it is not difficult to determinate why the
surviving point defects in the NGNC are still less than those in pure
Ni when collision cascades started at a distance of ~40 A from the
NGI at 300K (see Fig. 3).

3.3.3. Calculation of kinetics

As mentioned above, the loaded interstitials only exert great
effects on the energetics of point defects at the interstitial-loaded
side of NGIs. The similar mechanism also works on the kinetics of
point defects. In addition, the diffusion of an interstitial is difficult
to be observed due to the interference of interstitial-loaded NGI and
local disorder (or stacking faults) near the NGIs. Thus, only the
diffusion barrier of vacancy within a certain range of the
interstitial-loaded side of the optimized model with Mode_A was
calculated. The configurations that were fully relaxed for calcu-
lating vacancy formation energy in Fig. 7(b) were used as the initial
and final states. The vacancy diffusion barrier toward the
interstitial-loaded side of NGI in different migration paths was
calculated by the CI-NEB method, as shown in Fig. 8(a). It can be
seen that the vacancy diffusion barriers in the bulk exhibit slight
fluctuations compared with those in Fig. 5(c). This phenomenon is
similar to that of defect formation energy in Fig. 7, which might be
attributed to the increasing stress induced by loaded interstitials in
the vicinity of the NGI, as the lattice expansion shown in the inset of
Fig. 8(a). However, a further reduction in the vacancy diffusion
barrier appears near the interstitial-loaded side of NGI compared
with that in Fig. 5(c). Especially, the reduction is enhanced when
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the vacancy enters the spontaneous annihilation region and
instantly recombines with the interstitial. This finding implies that
the vacancy may still need to overcome an annihilation barrier
before reaching the annihilation region. In addition, one
diffusion—annihilation path is also shown in Fig. 8(b) to observe the
change of the system energy as a vacancy approaches the
interstitial-loaded region of NGI. The vacancy, initially created at
the position A, sequentially overcomes the barriers of 1.20, 1.15, and
0.02 eV, and then annihilates with an interstitial at the NGI through
a free-barrier process. Eventually, the system energy is reduced by
2.25 eV through annihilation. A temperature accelerated dynamics
simulation was also used to observe annihilation near the
interstitial-loaded NGI on a long-time scale. The simulation settings
can be found in the Supplementary Material. The annihilation
processes are vividly exhibited in Supplementary Movie 3. Two
annihilation events from vacancies and loaded interstitials were
detected. Surely, the annihilation events only happened at the
interstitial-loaded side of NGI, while the vacancies at the other side
remained immobile, which agrees with the perspective of energetic
and kinetic calculations. Therefore, although the cascade collisions
have been completed, at finite temperature, the vacancies near the
NGI with interstitials localized at the NGI can still be annihilated,
and the interstitials can still be trapped through a low-barrier
process on a long-time scale after the cascade collisions.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jallcom.2018.06.162.

4. Conclusions

The behaviors of radiation-induced interstitials and vacancies
near the NGIs were investigated by using MD, MS, and CI-NEB
methods. The collision cascade simulations showed that most of
point defects tended to recombine or were trapped by the in-
terfaces; thus, less defects remained in the NGNC relative to those
of pure Ni after collision cascades. Meanwhile, the interfaces pref-
erentially absorbed interstitials over vacancies, which led to the
formation of the special defect structure with vacancies dominant
near the NGIs and interstitials localized at the NGIs. In the vicinity
of pristine NGlIs, the interstitial and vacancy formation energies
decreased by 0.92 and 0.45 eV, respectively; while the interstitial
and vacancy diffusion barriers decreased by 0.167 and 0.523 eV,
respectively. The interstitials exhibited stronger ability to migrate
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Fig. 8. Vacancy diffusion and annihilation near the interstitial-loaded NGI with Mode_A. (a) Vacancy diffusion and annihilation barriers as a function of distance from the
interstitial-loaded NGI. The interstitial-loaded side of NGI is exhibited in the inset, and the lattice expansion is marked by dashed lines. (b) One annihilation path for vacancy near
the interstitial-loaded NGI. The system energy at position A is selected as the reference energy. After the vacancy migrates from position A to E, the system energy decreases by
2.25eV. The configuration with vacancy in different positions is also exhibited in the inset.
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toward the NGIs because of their larger segregation energy, wider
interaction zone, and lower migration barrier than those of va-
cancies. When interstitials were further loaded into the NGIs, the
influence of NGIs on the energetics and kinetics of defects in the
bulk was significantly improved. The improvement was mainly due
to the following two points. On the one hand, local disorder or
stacking faults near the NGIs induced by the loaded interstitials can
strengthen the sink role of NGI regions in trapping defects. On the
other hand, annihilation events between interstitial and vacancy
easily happened near the NGIs. NGIs also exhibited a noticeable
difference from GBs and other heterointerfaces, in which the effects
of loaded interstitials on the energetics and kinetics of defects are
asymmetric: they only exert at the interstitial-loaded side of NGIs
due to the blocking of Gr. All these results demonstrated that NGNC
indeed has an excellent ability to heal radiation-induced defects
and provides a path for designing materials with high radiation
tolerance. However, another problem that needs to be mentioned is
that the perfect Gr of NGNC may be subjected to serious damage
after long-term irradiation. As a result, the thermodynamic, ener-
getic, and kinetic properties of radiation-induced defects near the
interfaces in NGNC are inevitably affected by the damaged Gr.
Further studies still need to be conducted for evaluating the radi-
ation tolerance of the composite in the advanced fission reactors.
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