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HIGHLIGHTS GRAPHICAL ABSTRACT

o Ni-graphene nanocomposites may re-
sist irradiation damage for SCWRs.

e Elevated cascade energy could sig-
nificantly promote the formation of
defects.

e Ambient temperature has slight effect
on the number of surviving defects.

e Annealing from irradiation and am-
bient temperature may repair da-
maged graphene.

o Ni-graphene interfaces exhibit high
sink efficiency for irradiation defects.
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ARTICLE INFO ABSTRACT

Keywords: Ni-graphene nanocomposites have greatly promising applications in supercritical water-cooled reactors due to
Supercritical water-cooled reactors their outstanding performances. However, many fundamental mechanisms of irradiation behaviors in the
Nickel-graphene interface composites are still unclear. Here we investigate the displacement cascades near an Ni-graphene interface using

Displacement damage
Self-healing
Irradiation tolerance
Molecular dynamics

atomistic simulations. Different cascade energies and ambient temperatures were introduced to bring out the
effect of irradiation. The increasing cascade energy in the interval 0.5-10 keV could significantly promote the
formation of defects, while there is slight effect on the number of surviving defects in Ni matrix when adjusting
the ambient temperature from 100 K to 900 K. The damaged graphene could be self-healing by the synergistic
effects of irradiation annealing and ambient temperature annealing. The interface exhibits high sink efficiency
for irradiation defects in all cases. This study provides an important insight into the understanding of the mi-
croscopic evolution of defects in cascades for the composites.

1. Introduction designing irradiation-tolerant materials from the perspective of interface
engineering has gradually become a mainstream consensus among the

Supercritical water-cooled reactors (SCWRs), using supercritical pres- materials community [4-9]. Generally, the interiors of crystalline mate-
sure water as a coolant, are believed as one of the promising Gen-IV nu- rials tend to form a mass of point defects (i.e., interstitials and vacancies)
clear energy systems due to the high thermal efficiency and significant under extreme radiation exposure of reactors. Along with elevated tem-
plant simplification [1-3]. Faced with the challenge of developing SCWRs, perature, those point defects easily aggregate to form voids, dislocation
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loops, and stacking fault tetrahedra (SFTs), which may threaten service
safety of structural materials in the forms of swelling, embrittlement, and
hardening [9-13]. Various types of interfaces, including grain boundaries
and phase boundaries, can serve as sinks for radiation-induced defects
[6,7,9,13]. Consequently, nanostructured materials with high-density in-
terfaces exhibit the ability to significantly alleviate irradiation damage for
the advanced fission reactors.

Recently, a new class of nanostructured materials, called metal—-
graphene (Gr) nanocomposites, have been gradually proven to possess
excellent irradiation tolerance by different research groups [14-18],
since they are rich in plenty of ultra-high-strength interfaces. Espe-
cially, the Ni-Gr nanocomposites (NGNCs), which also have excellent
elevated-temperature mechanical properties, high thermal/electrical
conductivity, and enhanced corrosion resistance [19-24], become
candidate structural materials for SCWRs that urgently need irradia-
tion-tolerant Ni-based materials [25-28]. Several irradiation studies on
NGNCs have been carried out [17,29-31]. On the simulation side, it has
been demonstrated that Ni—Gr interfaces (NGIs) can attract, absorb, and
annihilate interstitials, vacancies, and He atoms/clusters [17,30,31].
Experimentally, NGNCs exhibit less crystal defects (e.g., lattice swelling
and stacking faults) and smaller He bubbles than those in pure Ni under
energetic ion irradiation [29]. These studies have given researchers
greater confidence for the application of NGNCs in the nuclear reactors.
Nevertheless, to the best of our knowledge, the study of irradiation
damage in NGNCs is still in its infancy, and even many fundamental
mechanisms have not been understood comprehensively.

Energetic particles (e.g., fast neutrons and fission fragments) can
produce displacements of lattice atoms and introduce many primary
knock-on atoms (PKAs) with kinetic energies ranging from a few hun-
dred eV to hundreds of keV, further initiating different levels of dis-
placement cascades [32-34]. Evolution of point defects in cascades has
an important influence on the microstructure. Since the whole stage of
primary irradiation damage is on the time and space scales of the orders
of ps and nm, it is impractical with current experimental techniques to
acquire the microscopic information [33]. In recent decades, classical
molecular dynamics (MD) has been a powerful method to study the
displacement cascades in various materials, due to their ability to
provide important insights into the understanding of the creation,
mobility, clustering, and interaction of point defects on the dimension
of ps-nm [33,35-37].

In the present work, to illuminate the irradiation response of
NGNCs, MD simulations were performed to investigate the displace-
ment cascades near an NGI. The evolution of point defects, their sta-
bility, and their interaction with the NGI were discussed during dis-
placement cascades depending on ambient temperature and initial PKA
conditions [33,34,36,37]. Also, the atom configurations near the NGI
related to the radiation environments were compared.

2. Simulation methodology

To study the displacement cascades near NGIs, a sandwich-like NGI
model with the dimensions of 124.6 X 129.5 x 174.5 A3 (258,000
atoms) was generated as exhibited in Fig. 1(a). The interactions among
C atoms in Gr, the interactions between Ni atoms, and the C-Ni inter-
actions were described by the adaptive intermolecular reactive em-
pirical bond order (AIREBO) potential [38], the embedded atom
method (EAM) potential developed by Bonny et al. [39], and the Len-
nard-Jones potential [40], respectively. The setting of each potential,
the optimization and thermal equilibrium of the model, and the iden-
tification of interface and bulk regions have been described elsewhere
[17]. All simulations were carried out using the parallel MD code
LAMMPS [41], and visualizations were rendered with OVITO [42].

Displacement cascades were launched in the model system by a PKA
introduced at a certain distance away from the interface, and the PKA
was incident perpendicular to the interface (Fig. 1(b)). During cascades,
the outer layer with 10 A thickness was controlled using Nose-Hoover
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Fig. 1. Simulation model. (a) Atomic configuration of NGI. (b) Conceptual
schematic of displacement cascades near the NGI.

thermostat (NVT ensemble) to dissipate the heat, while other atoms
were allowed to move adiabatically using NVE ensemble [17]. The si-
mulations lasted 23 ps. When investigating the influence of PKA energy,
the kinetic energy of PKA was selected as 0.5, 1.0, 3.0, 5.0, or 10.0 keV,
and the corresponding distance of PKA to the NGI was determined to be
11.0, 15.0, 15.0, 15.0, or 21.1 f\, respectively. These distances can en-
sure that the center of each cascade is as close to the NGI as possible and
defect distribution is approximately symmetrical about the NGI (de-
tailed in Supplementary Material). The thermostat temperature was
maintained to 300K. When investigating the influence of ambient
temperature, the thermostat temperature was set to be 100, 300, 500,
700, or 900 K, respectively. The energy of each PKA and the distance of
each PKA to the NGI were specified as 5.0 keV and 15.0 f\, respectively.
Wigner-Seitz cell method [10,17] was adopted to detect the point de-
fects in the bulk. As a control, the simulation settings of pure Ni for
performing cascades were kept consistent with those of NGNCs.

3. Results and discussion
3.1. Elevated PKA energy effects on displacement damage

Fig. 2(a) and (b) shows the typical time evolution of the numbers of
interstitials and vacancies in the bulk during displacement cascades.
These profiles exhibit good consistency with the behaviors observed in
other materials [10,12,36,43]. For comparison, the evolution of defects
in pure Ni along with the simulation time is also displayed in Fig. 2(c),
in agreement with the values of Béland et al. [43] used the same EAM
potential. The number of defects increases rapidly at the beginning (i.e.
ballistic phase), reaches its maximum value before 1 ps (ie. thermal
spike phase), and thereafter decreases slowly to a stable small value (i.e.
annealing phase). This trend is independent of PKA energy and model
system. With the enhancement of PKA energy, the peak value of defects
and the time to peak increase accordingly in the thermal spike phase;
the number of final surviving defects and the time to achieve system
stability also increase in the annealing phase. Among them, the uneasy
vacancies reach stability faster than uneasy interstitials: vacancies im-
mobile before 10 ps, while interstitials almost stable before 15 ps. The
cause for this can be that the diffusion barrier of interstitial is lower
than that of vacancy in the bulk [17], which makes interstitials more
susceptible to their surrounding lattice stress and cell temperature and
then fluctuate frequently. These also suggest that the simulation time of
23 ps is enough for the cooling of thermal spike and the stabilization of
defects and very beneficial to save computer time [44].

The stable defect production as a function of PKA energy is pre-
sented in Fig. 2(d). The number of surviving defects almost linearly
increases with the increase of PKA energy either in NGNCs or in pure
Ni, consistent with those of other works [32,37,43]. All these results are
also well approximated by an NRT (Norgett—-Robinson-Torrens) model
[32,37,43].
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Fig. 2. Defect productions evoked by PKAs
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where Nger is the number of surviving defects, Epka is the energy of a
PKA, and E4 is the displacement threshold energy of Ni atoms. An
average threshold of 50 eV for the Bonny-based potentials is adopted
herein [43]. It can be found that the defect production of MD simula-
tions is significantly lower than that derived by the NRT model for the
same PKA energy, because of not accounting for electronic stopping.
For each PKA energy, the number of point defects in the bulk is sub-
stantially less than that in pure Ni. The difference between the two is
more obvious with the increase of PKA energy. These suggest that NGIs
can effectively facilitate the recombination and annihilation of irra-
diation defects. Moreover, the number of vacancies for each PKA energy
is more than that of interstitials, once again confirming that NGIs
preferentially capture interstitials over vacancies [17,31].

Due to the importance of Gr in forming NGIs, the morphology
changes of Gr induced by displacement cascades with different energies
need to be elaborated. Fig. 3 presents the surface morphologies of Gr at
different moments during cascades. Either at the moment of thermal
spike or the moment of thermal stability, the area of irradiation damage
of Gr gradually increased with the increasing PKA energy, and the
displacement degrees of C atoms along the z-axis were also intensified
accordingly. Our molecular statics have shown that although the da-
mage degree of Gr within the NGI gradually aggravates, the self-healing
of irradiation defects in the bulk can be further enhanced by the NGI
instead (unpublished results). As a result, the number of defects in Fig. 2
is also affected by the damaged Gr. The higher the PKA, the more
outstanding the effect herein. Besides, the excessively displaced C
atoms are not escaped from the Gr to enter the deep bulk region but
absorbed on the Gr surface according to their z-coordinates. Compared
with that of Gr at the moment of thermal spike, the damage of Gr at the
moment of thermal stability realized a degree of self-repair. Especially,
the damage of Gr completely disappeared and recovered to its original
morphology at the moment of thermal stability after the bombardment
of a PKA with 0.5keV. The self-repair ability of Gr damage is also im-
proved with the increase of PKA energy. The cause can be clarified as
follows. First, displacement cascades not only lead to the damage of Gr
but also generate instantaneous high temperature (up to thousands of
degrees Kelvin far higher than the simulation temperature) in the vi-
cinity of NGI through the effects of thermal spike [43,45,46]. Second,
normally, it is difficult for the dangling C atoms on the Gr surface to

4567 89
PKA energy (keV)

10 11

return to their lattice positions due to the binding of C-C bonds [47].
However, the emergence of the instantaneous high temperature can
trigger the dangling C atoms to move violently in the damaged region of
Gr (i.e., radiation-enhanced diffusion [48]) and then recombine con-
tinuously to realize the self-repair of Gr damage. This process can be
called irradiation annealing [46]. Finally, with the increase of PKA
energy, the instantaneous high temperature at the moment of thermal
spike was elevated accordingly and more beneficial to enhance the ir-
radiation annealing of Gr. Therefore, the damage of Gr does not destroy
the interface structure obviously after the bombardment of energetic
PKAs, and the role of NGI in healing radiation-induced defects is still
able to play.

3.2. Elevated ambient temperature effects on displacement damage

This part focused on the influence of ambient temperature on the
evolution of point defects. To avoid the synergistic effects of tempera-
tures partially caused by thermal spike, only the behaviors of defects in
the annealing phase were discussed. The stable defect production as a
function of simulation temperature is presented in Fig. 4. The number
of surviving defects (either interstitials or vacancies) in the bulk is less
than that of pure Ni at each simulation temperature, indicating that
NGIs can exhibit a good trapping ability to irradiation defects at all
temperatures and promote the recombination and annihilation of point
defects in the bulk. As temperature increases, the number of surviving
defects in pure Ni shows an obvious declining trend, consistent with the
results of previous studies [32]. This may be explained by the fact that
the elevated temperature not only facilitates the migration of inter-
stitials but also has enough energy to stimulate the migration of va-
cancies difficult to jump at low temperature, eventually promoting the
recombination and annihilation of point defects. However, with the
increasing temperature, the number of surviving defects in the bulk
does not show the trend like that in pure Ni but fluctuates around a
certain value. The fluctuation may come from multiple factors, in-
cluding temperature and damaged NGI configuration. Furthermore, the
number of interstitials is less than that of vacancies in the bulk at all
temperatures, suggesting that the characteristic that NGIs preferentially
trap interstitials is also independent of ambient temperature.

The surface morphologies of Gr and the damaged configurations of
corresponding NGIs for different simulation temperatures at 23 ps are
exhibited in Fig. 5. With the increasing temperature, the degree of
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Fig. 3. Snapshots of the Gr of NGNCs captured at the moments of thermal spike and thermal stability, which are caused by a PKA with 0.5 (a), 1.0 (b), 3.0 (c), 5.0 (d),
or 10.0 (e) keV. C atoms are colored according to their z-coordinates centering on the Gr plane. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

irradiation damage of Gr gradually aggravates. For example, the sus-
pended C chains break continuously, and the damage area of Gr increases.
However, the damage of Gr can be alleviated to some extent as the tem-
perature exceeds 700 K, such as the decreasing damage area of Gr at 900 K
relative to that at 700 K. By using electron beams to irradiate Gr, Song
et al. [49] also found that the self-healing mechanisms of the radiation-
induced damage of Gr will be activated when the ambient temperature is
higher than 873 K. They attributed this behavior to the intrinsic property
of Gr, that is, the irradiation damage of Gr can be repaired by the dangling
C atoms on the Gr surface [49]. This self-healing process can be called

r =—a=— |nterstitials in NGNCs]
Vacancies in NGNCs
o =—4— \/acancies in pure Ni ]

_

o N A O 00O O N
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Fig. 4. Number of stable defects in NGNCs (or pure Ni) as a function of si-
mulation temperature.

ambient temperature annealing [50], different from the above irradiation
annealing. Also, other studies have shown that Ni matrix can also promote
the self-healing of Gr damage by a catalytic effect [51,52]. Therefore, it
can be inferred that the damaged Gr of NGNCs may be self-healing at the
ambient temperature below 873 K with the help of Ni matrix, such as the
700 K mentioned herein. The deterioration of Gr damage makes it easy for
the Ni atoms above and below the Gr to penetrate the Ni layer on the other
side of them, causing the miscibility of Ni atoms. The elevated temperature
can further promote the diffusion and miscibility of Ni atoms. For ex-
ample, although the damage degree of Gr is approximately equal at 500 K
and 900K, the miscibility of Ni atoms above and below the Gr is more
serious at 900 K. Consequently, the special defect structure, with C and Ni
defects simultaneously localized at the NGI, may strongly modify the NGI
and thus, affect further evolution of irradiation defects near the NGI, one
of the key factors for balancing the ambient temperature effects mentioned
above on point defects in the bulk.

4. Conclusions

We have performed an investigation of energetic displacement
cascades in NGNCs with different PKA energies and ambient tempera-
tures using MD simulations. The following conclusions can be drawn
from this work:

(a) With the improvement of PKA energy (in the interval 0.5-10 keV),
the duration of thermal spike or annealing is prolonged, and more
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Fig. 5. Snapshots of the Gr morphologies and their corresponding NGI configurations for different simulation temperatures at 23 ps. (a) 100 K. (b) 300 K. (c) 500 K.
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irradiation defects appear in the bulk. The deterioration of Gr da-
mage becomes more obvious induced by the increasing cascade
energy, but it can be self-healing to a certain extent through irra-
diation annealing.
(b) The number of surviving defects in the bulk is slightly affected by
the change of ambient temperature (ranging from 100 K to 900 K),
different from the situation of pure Ni. The Gr damage can be mi-
tigated slightly due to the ambient temperature annealing as the
simulation temperature exceeds 700 K.
In all the above cases, NGIs show the ability to effectively facilitate
the recombination and annihilation of irradiation defects and the
preference to trap interstitials over vacancies. However, some issues
about the influence of the damaged configurations of NGIs on their
sink efficiency still need to be further addressed by future research.
All these results can provide a reference for the assessment of the
irradiation tolerance of NGNCs in the SCWRs.
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