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� Metalegraphene interfaces are ex-
pected to heal radiation-induced
defects.

� Whether disordered graphene can
affect the radiation tolerance is still
unclear.

� Graphene would be continuously
disrupted by elevated temperatures
and irradiation.

� Lesser crystal defects and smaller
helium bubbles are observed in the
composites.

� Excellent radiation tolerance can be
also attributed to graphene's own
capability.
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a b s t r a c t

Metalegraphene nanocomposites are expected to have excellent radiation tolerance, and may become a
candidate structural material for advanced fission reactors. Nevertheless, whether the structural disorder
of graphene introduced by preparation or irradiation can strongly affect the radiation tolerance of the
composites is still unclear. Here we investigate the radiation tolerance of nickelegraphene nano-
composite by using 300 keV helium-ion irradiation at 823 K. Results showed that the intrinsic crystalline
structure of graphene would be continuously disrupted by the elevated temperature and irradiation.
However, lesser crystal defects, such as lattice swelling and stacking faults, and smaller helium bubbles
are observed in the composite than those in its pure counterpart. The reason may be attributed to
graphene's own capability in maintaining two-dimensional structure and inhibiting the formation of
large-size defects. Thus, nickelegraphene interfaces can be maintained and their role in healing
radiation-induced defects is still able to play. Results of the study highlight the potential of metal
egraphene nanocomposites for use as radiation tolerance materials.

© 2018 Elsevier B.V. All rights reserved.
ence & Engineering, Nanjing
10016, China.
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1. Introduction

Graphene (Gr) is characterized by high Young's modulus
(~1 TPa), high intrinsic strength (~130 GPa), large surface area
(~2600m2/g), and low density (2.2 g/cm3) [1]. The two-
dimensional nanomaterial exhibits potential as a reinforcing
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component to be incorporated and dispersed in metal matrices.
This disposal should create a plentiful of ultra-high-strength
metaleGr interfaces and confer pure metals with novel functions
[2e5]. Excellent radiation tolerance may be one of the most
outstanding features of metaleGr nanocomposites. It has long been
known that grain boundaries (GBs) and hetero-interfaces can serve
as sinks for radiation-induced defects and traps for helium (pro-
duced as a transmutation product under neutron irradiation)
[6e13]. Similarly, the high-density metaleGr interfaces may
improve the “self-healing” ability of irradiated defects for the
composites. Many research groups have preliminarily explored the
radiation tolerance of the composites [14e18]. For example, Yang
et al. [14] by ab initio calculations demonstrated that the coppereGr
interface provides a strong sink for trapping defects and gives rise
to preferential sites for their recombination. Kim et al. [16] per-
formed helium (He) ion irradiation experiments on vanadiumeGr
nanocomposite; the resulting composite exhibits higher radiation
tolerance than that of its pure counterpart. Si et al. [17] found that a
smaller-period-thickness tungsteneGr nanocomposite exhibits
high radiation tolerance in the reduction of He bubble density.

Recent activities to develop advanced fission reactors with
better functionality and capability represent an even greater de-
mand on the radiation tolerance of structural materials [19e23].
The materials need to face higher neutron doses at elevated tem-
peratures for long periods of time [24,25]. A large amount of He
atoms from (n, a) transmutation reactions are introduced into the
materials and trapped in radiation-induced vacancies to form
Heevacancy clusters at an elevated temperature [26e30]. The
process may ultimately result in swelling, blistering of metal sur-
faces, and embrittlement, thereby deteriorating the structural
integrity of materials and reducing the service time of nuclear re-
actors [27,28,30,31]. Moreover, conventional materials rarely
withstand the extreme environment conditions. Therefore, new
design concepts for materials that can resist damage under extreme
irradiation are urgently needed [12,19,22]. Because of the excellent
performance of metaleGr interfaces on reducing radiation-induced
defects and preventing He atoms agglomerating to coarse bubbles,
metaleGr nanocomposites can provide a path for the goal. Never-
theless, previous studies on radiation damage rarely include the
surface morphology of Gr and its effect on the radiation tolerance of
the composites. Owing to the pivotal role of Gr in forming
metaleGr interfaces, the structural disorder of Gr may pose a major
challenge to the potential application of the composites as
radiation-tolerant materials.

The Gr component of metaleGr nanocomposites is mainly ob-
tained via two methods, namely, chemical vapor deposition
[2,16,17,32] and reduction fromGr oxide (GO) bymeans of chemical
and thermal reaction [33,34]. Given the low cost and easily large-
scale production [33], reduced GO (RGO) has been more wildly
used in the composites [35,36] and can facilitate the mass appli-
cations of the composites [36]. However, several works
[1,33,37e40] have reported that high-density topological defects
and structural disorder, such as vacancies, dislocations, GBs, and
holes, can be introduced into RGO via GO reduction [37e39] and
composite preparation [1,40]. Moreover, similar topological defects
and structural disorder have also been observed in Gr after ion
irradiation [41e45]. In our previous simulationwork, an interesting
phenomenon of coppereGr nanocomposite was also found [46]:
stacking fault tetrahedra are easily induced after relaxation when
the size of the intrinsic defect of Gr exceeds a certain threshold
(~5 nm). Thus, it is doubtful whether the sink role of metaleGr
interfaces is still present when the Gr is not intact. And what's
worse is that neutron irradiation and elevated temperatures in the
reactors can synergistically act on the composites, thereby causing
a more complicated Gr surface morphology. Thus, some questions
need to be answered. For example, can metaleGr interfaces
continue to exist given the above-mentioned conditions? How will
the crystal texture of Gr and its metal matrices evolve?

In this work, nickeleGr (Ni/Gr) nanocomposite was used to
investigate radiation tolerance caused by a disordered Gr at 823 K.
Pure Ni was used as reference material. Electrodeposition was
adopted to synthesize the composite and can create a plentiful of
Ni/Gr interfaces. Ni was selected as the matrix because of its po-
tential applications in advanced fission reactors [21] (e.g., molten
salt reactor [47] and supercritical water-cooled reactor [48]).
Displacement damage and He atoms were introduced by using
300 keV He2þ irradiation at 823 K, which can simulate the effects of
neutron irradiation on the composite [17,47,49]. The paper is
organized as follows. First, the specimens were divided into three
groups. Each group adopted a specific approach for post-
processing: the first group with prolonged annealing and He-ion
implantation at 823 K; the second group with prolonged anneal-
ing but no irradiation at 823 K; and the third group with neither
annealing nor irradiation at room temperature (RT). The purpose of
this treatment is to gradually introduce structural disorder into Gr
by thermal reduction and irradiation at an elevated temperature.
Then, the microstructure characterizations of the three groups
were performed by Raman spectroscopy, grazing incidence X-ray
diffraction (GIXRD), and transmission electron microscopy (TEM).
Our results show that the disordered morphology of Gr does not
hamper the sink role of Ni/Gr interfaces and that the composite
continuously realizes excellent radiation tolerance.

2. Methods

2.1. Material and sample preparation

The Ni/Gr was synthesized by electroplating, and the compo-
nents of the plating solution are shown in Table S1. The GO was
prepared by the modified Hummers method [1,37e39,50], and the
morphology of GO is shown in Fig. S1. The carbonmaterial was used
in the present work as it is easy to disperse as uniform electrolytes,
thereby avoiding agglomeration in the composites [40,51]. The size
(1e2 mm) and thickness (approximately 0.9 nm) of the GO, as
shown in Fig. S2, represent the typical monolayer of GO [1,51]. The
pH of the solution was adjusted to 4.0 by sulfuric acid. Plating so-
lution was stirred by magnetic stirring, which could propel GO and
Ni ions onto the cathode surface and prevent the GO descending
[51]. An electrolytic nickel plate (99.99%) was used as the anode and
a polished copper foil with 40mm� 30mm� 2mmwas employed
as the cathode. The plating was performed at 50 �Cwith the current
density of 3 A/dm2 for 0.5 h. The uniform distribution of GO in the
Ni matrix was confirmed by SEM and EDS (Fig. S3). Pure Ni, which
was used as the reference material, was electrodeposited in the
same condition. For convenience in conducting the experiments, all
specimens were cut to 5mm� 5mm (surface area) and divided
into three groups.

2.2. He2þ ions irradiation

Experiments on He-ion implantationwere performed on 320 KV
multi-discipline research platform at the Institute of Modern
Physics, Chinese Academy of Sciences in Lanzhou. The first two
groups of specimens were annealed at 823 K in high-vacuum
conditions (~10�6 Torr) for 30min, which can help rapidly reduce
GO into RGO [52]. Note that both of GO and RGO will be referred to
as Gr hereafter for ease of description. Subsequently, the first group
of specimens was irradiated normal to the surface with 300 keV
He2þ ions at 823 K (approximately half of the melting point of the
material, ~0.5 Tm), where irradiation-enhanced “vacancy
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mechanisms” have been found to dominate “replace mechanisms”
[47,48]. Implantation was conducted to a fluence of 1� 1017 ions/
cm2. Then, the second group was applied the same temperature
environment and amount of time but without irradiation. Damage
profiles were simulated using Quick Kinchin Pease Mode of Stop-
ping and Range of Ions in Matter (2013) code (SRIM, 2013) [53]. The
displacement energy of 40 eV for Ni was adopted from previous
studies [22,47,48]. The results are shown in Fig. S4. The calculated
penetration depth of the 300 keV He2þ ion is approximately
900 nm below surface. The peak damage approaches ~2.4 dpa at
the depth of ~650 nm, and the peak He concentration reaches
~5.3 at.% (or 53,000 appm) at the depth of ~710 nm. The three
groups were eventually called Ni/Gre5.3%He@823K, Ni/Gre0%
He@823K, and Ni/Gre0%He@RT. Similarly, the three groups of pure
Ni were named Nie5.3%He@823K, Nie0%He@823K, and Nie0%
He@RT.
2.3. Material characterization

The Raman spectra of Ni/Gr were obtained by a Renishaw inVia
Raman Microscope (Renishaw Inc., Chicago, IL) with the following
specifications: a laser of wavelength of llaser¼ 532 nm, spectral
resolution of 1 cm�1, and a 100�objective lens (numerical aper-
ture, 0.85) by the line-scan method. To analyze the specimen
morphology, the Raman lines were fitted to Lorentzian curves
[54,55]. The crystalline structure of the irradiated and un-irradiated
specimens was identified by GIXRD (D/MAX-2500, Rigaku Inc.,
Japan) using a radiation of Cu-Ka (wavelength of lCu-
Ka¼ 0.15405 nm) in a wide range of diffraction angles (2q) from 20�

to 90�. TEM (Tecnai G2 20, FEI Company, Holland) with an accel-
eration voltage of 200 kV was performed to determine the detailed
morphology of irradiated samples. The details of TEM analysis and
the procedures of cross-sectional TEM sample fabrication are re-
ported in a previous work [13].
Fig. 1. Raman spectra of three groups of Ni/Gr specimens. Black lines represent the
obtained spectra fitted to blue Lorentzian lines with two individual peaks (red and
green lines). Peak information (intensity ratio, positions, and FWHM) is also exhibited.
(a) Ni/Gre5.3%He@823K, (b) Ni/Gre0%He@823K, and (c) Ni/Gre0%He@RT. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
2.4. Molecular dynamics

To understand the effects of Ni/Gr interfaces on the behavior of
He atoms, a sandwich Ni/Gr model of 2.7 nm� 2.6 nm� 5.3 nm
was generated; the details of Gr matching with Ni was presented in
our previous study on coppereGr nanocomposite [15]. All calcu-
lations were performed using the classical reactive molecular dy-
namics (MD) simulations with LAMMPS code [56]. A ReaxFF force
field that combines Ni/C/H/noble gas parametrizations was used to
describe the atomic interactions [57]. The noble gas interacts with
the Ni and C atoms only through van der Waals interactions, which
are described in ReaxFF using a Morse potential [18]. The minimum
energy configuration was obtained by applying the conjugate
gradient algorithm under zero external pressure to release the
stress out of the system. In addition, the system was simulated by
using periodic boundary conditions along all three axes in consid-
eration of the relatively small number of atoms used in the simu-
lations. Initially, He atoms were randomly inserted to produce the
He concentration of ~2 at.%. After insertion, the model was relaxed
at 0 K for 10 ps? Subsequently, the temperature was rescaled to
desired values (~823 K) and kept constant thereafter. The NVT
ensemble (constant number of atoms, volume, and temperature)
was employed to keep temperature constant with a timestep of 0.5
fs for 1 ns? The visualizations of the results were rendered with
OVITO code [58].
3. Results

3.1. Surface morphology of Gr

The Raman spectra of Gr of Ni/Gr are shown in Fig. 1; the
observed peaks are labeled as D and G following the observations
reported in other works [34,40,51]. The two peaks are focused
because of their close relationship with the structural disorder of Gr
[40,54,55,59]. The Raman lines were fitted into the two lines
centered near 1350 cm�1 for the D band and 1585 cm�1 for the G
band. The fitting factor (R2) of ~0.97 or higher was obtained for fits
of the data to Lorentzian lines. The intensity ratio (ID/IG, corre-
sponding to the peak area ratio [54,59]), positions, and full widths
at half-maximum (FWHM or G) of D and G peaks of the three
groups are also summarized in Fig. 1. To understand the different
Raman peak evolutions, the physical mechanism of Raman scat-
tering related to these peaks [55,60] are considered. The G band,
which is associated with the doubly degenerate phonon mode (E2g
symmetry) at Brillouin zone center, is caused by the bond
stretching of all pairs of sp2 atoms in six-fold aromatic rings and
CeC chains. The D band, which originates from the breathing
modes of sp2 atoms in rings, involves a defect-related scattering
process. For the rings of Gr, as long as only one bond is broken by
irradiation or elevated temperatures, the breathing mode will
disappear, while the other bonds continuously contribute to the
stretching vibration. Consequently, the evolution of disorder in Gr
can be analyzed by the disorder-induced D-band and Raman-
allowed G-band.

In Fig. 1(c), an obvious D peak occurs in Ni/Gre0%He@RT. The ID/
IG ratio exceeds 1, which is similar to the results of the study by
Pavithra et al. [40]; this phenomenon implies that high-density
defects and disorder have existed in the Gr before post-
processing. In Fig. 1(a) and (b), the FWHMs of D and G peaks of
Ni/Gre5.3%He@823K and Ni/Gre0%He@823K relative to those of
Ni/Gre0%He@RT appear with higher fluctuations induced by the
extreme conditions, especially the GD increasing rapidly. As a result,
the overlap of the two peaks is aggravated. Clearly, the ID/IG pre-
sents an approximately linear increase because of the gradual
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introduction of thermal reduction and irradiation at 823 K, which
indicates the increase of disorder in Gr. However, no obvious shifts,
due to the effects of thermal reduction and irradiation at the
elevated temperature, are observed for the two peak positions,
suggesting that the Gr is not completely disordered.
Fig. 3. Lattice swelling rate and stacking fault probability of Ni/Gr and pure Ni after
different post-processing. The corresponding lattice parameters of the three groups of
specimens (Ni/Gr or pure Ni) are also marked.
3.2. Microstructure of Ni matrix

Fig. 2(a) and (b) show the GIXRD patterns of Ni/Gr and pure Ni,
respectively. The diffraction peaks are assigned to (111), (200), and
(220) crystalline structures of Ni, and in good agreement with those
of the reference patterns for the face-centered cubic Ni (JCPDS data
of PDF #04-0850). For comparison, the GIXRD patterns are
normalized and the reference pattern of Ni is also exhibited.
Evidently, the FWHMs of the diffraction peaks of Ni/Gre0%
He@823K (or Nie0%He@823K) decrease relative to those of Ni/
Gre0%He@RT (or Nie0%He@RT), which implies the coarsening of
crystalline grains. Nonetheless, the same phenomenon induced by
irradiation does not seem to appear. A comparison of the three
GIXRD patterns of Ni/Gr or pure Ni shows that the preferred
orientation of Ni will be shifted from (111) to (200) or (220) due to
the elevated temperature or irradiation. Unlike the recrystallization
effect induced by annealing, the irradiation process changes the
proportion of specimen orientations by disrupting crystal texture.
The proportion of (111) orientation in Nie5.3%He@823K continu-
ously decreases relative to that of Nie0%He@823K, while the pro-
portion of (111) orientation in Ni/Gre5.3%He@823K increases
relative to that of Ni/Gre0%He@RT.

Some information on the Ni lattice structure, such as lattice
swelling [61] and stacking faults [62], that is not immediately
observable in the shift of diffraction peaks can be extracted from
Fig. 2. The effects of elevated temperature and irradiation on the
relative change in lattice (i.e., swelling rate Dd ¼ (d e d0)/d0, d0 for
the lattice parameter of the as-deposited specimen) are illustrated
in Fig. 3. The d of pure Ni increaseswith the introduction of elevated
temperature and irradiation, while the d of Ni/Gr after annealing or
irradiation has almost not change relative to that of as-deposited
Ni/Gr. The X-ray diffraction peak-shift method proposed by War-
ren [63] was used to determine the stacking fault probability (a) of
face-centered cubic structure. The equation (in degrees) is as fol-
lows [62]:
Fig. 2. Normalized GIXRD patterns of Ni matrix. Black lines represent specimens with ann
irradiation at 823 K; and blue lines represent specimens with neither annealing nor irradiatio
lines. The corresponding diffraction peaks are assigned to (111), (200), and (220). (a) Ni/Gr a
reader is referred to the Web version of this article.)
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where D2q200¼ 2q200 e 2q200� and D2q111¼2q111 e 2q111�. In the
equation, 2q200� and 2q111� represent the peak positions of (111)
and (200) planes of the standard specimen without faults. Clearly,
the a of Ni/Gr is always less than that of pure Ni, as shown in Fig. 3.
The stacking faults of as-deposited Ni matrix can be reduced by
annealing. The a of Nie5.3%He@823K is increased by irradiation. By
contrast, the stacking faults of Ni/Gre5.3%He@823K are not
induced by irradiation because the probability value is less than 0,
which indicates an impossible event.

The He bubbles of Ni/Gre5.3%He@823K at different depths (0,
280, 710, and 900 nm) from the surface identified via TEM studies
are shown in Fig. 4(aed). The number density of He bubbles
gradually increases as irradiation depth increases. At a depth
approaching to that of the peak damage (Fig. 4(c)), a large number
of He bubbles occur, and the number density of He bubbles reaches
a maximum. Subsequently, He bubbles tend to disappear at the end
part of the penetration range. The difference in the number density
of He bubbles is very obvious around the end of penetration range,
as shown in Fig. 4(d). The He concentration profile of Ni/Gre5.3%
ealing and irradiation at 823 K; red lines represent specimens with annealing but no
n at RT. The reference patterns of the face-centered cubic Ni are plotted as green dotted
nd (b) pure Ni. (For interpretation of the references to colour in this figure legend, the



Fig. 4. Irradiation-induced distribution of He bubbles at 823 K. (aed) Cross-sectional TEM images of Ni/Gre5.3%He@823K at different depths from surface (0, 280, 710, and 900 nm).
(eeh) Cross-sectional TEM images of Nie5.3%He@823K at different depths from surface (0, 280, 710, and 900 nm). The He bubbles around the end part of the penetration range are
highlighted by yellow-dotted ovals for comparison. (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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He@823K is in good agreement with the calculated values using
SRIM 2013 (Fig. S4). The variations in He bubble sizes are not
obvious at different depths, although the number density changes
significantly as a function of implantation depth. A similar distri-
bution of He bubbles also appears in Nie5.3%He@823K (Fig. 4(eeh)
and Fig. S5). However, compared with Ni/Gre5.3%He@823K, the
Nie5.3%He@823K obtains a smaller number density of He bubbles.
In addition, the size of He bubbles of Nie5.3%He@823K dramati-
cally increases at the region of peak damage. In order to quantify
the difference between Ni/Gre5.3%He@823K and Nie5.3%
He@823K in He bubbles, the size distribution of He bubbles at the
region of peak damage is shown in Fig. S6. The average size of He
bubbles in Ni/Gre5.3%He@823K is smaller than that of Nie5.3%
He@823K. This result implies that small He bubbles easily accu-
mulate to form large bubbles in Nie5.3%He@823K.
4. Discussion

With He-ion irradiation and elevated temperature, the
morphology of Gr and its metal matrix is disrupted. However, the
Ni/Gr exhibits the better radiation tolerance than the pure Ni,
which indicates that the sink role of Ni/Gr interfaces continues to
play. The most likely reason should be that the intrinsic crystalline
structure of Gr remains largely intact, and no obvious miscibility of
Ni atoms around the Gr occurs to eliminate the interfaces.

The surface morphology of Gr in the composite may be specu-
lated by referring to the amorphization trajectory of carbon
materials proposed by Ferrari et al. [64]. Crystalline graphite
evolves into nanocrystalline (nc) graphite (stage I), transforms into
a low sp3 amorphous carbon (a-C) (stage II), and eventually forms
high sp3 (tetrahedral) amorphous carbon (ta-C) (stage III), as shown
in Fig. 5. From the results of Raman spectra in Fig. 1, all Gr com-
ponents of the three groups can be classified as nc because the
corresponding ID/IG ratios are in the range of 1.66e2.69whereas the
positions of G peaks fluctuate between 1583.7 and 1595.2 cm�1. In
addition, owing to the remnant oxygen-containing functional
groups with sp3 phase [33], the Gr of Ni/Gre0%He@RT is likely in
stage II, as shown by the green region of Fig. 5(a). The Gr compo-
nents of Ni/Gre0%He@823K and Ni/Gre5.3%He@823K are also
likely in stage II as the elevated temperature or irradiation cannot
fully recover sp2 phase from sp3 amorphous carbon. The surface
morphology of Gr of Ni/Gre0%He@RT, Ni/Gre0%He@823K, and Ni/
Gre5.3%He@823K is represented by A, B, and C in Fig. 5, respec-
tively. Clearly, the sp3 amorphous carbon of Ni/Gre0%He@823K (A)
relative to that of Ni/Gre0%He@RT (B) decreases, suggesting that
the elevated temperature can reduce Gr by removing oxygen-
containing functional groups [33] and repair the disorder of Gr
[65]. However, the destruction capability of irradiation toward the
Gr seems to be weaker than that of the repair capability of elevated
temperature. The proportion of sp3 amorphous carbon of Ni/
Gre5.3%He@823K (C) falls between that of Ni/Gre0%He@RT (A)
and Ni/Gre0%He@823K (B). After extreme post-processing, the
proportion of sp3 amorphous carbon of Gr does not exceed the 5% of
Gr. On the other hand, the sp2 defective carbon (i.e., chain or



Fig. 5. Amorphization trajectory of carbon materials. (a) A schematic variation of amorphization trajectory versus G position and ID/IG ratio [64]. The range of stages I, II, and III of
the amorphization trajectory is divided. The graphite state is represented by blue region, while the nc graphite state is represented by the violet and green regions. The corre-
sponding surface morphology of the Gr components of Ni/Gre0%He@RT, Ni/Gre0%He@823K, and Ni/Gre5.3%He@823K is marked as A, B, and C, respectively. (b) A hypothetical
diagram of the graphite state of Gr. (c) A hypothetical diagram of the nc graphite state of Gr. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 6. Quantification of Gr defects. Nanocrystallite size (La), distance (LD) between
defects, and defect density (nD) in the Gr components of Ni/Gre0%He@RT, Ni/Gre0%
He@823K, and Ni/Gre5.3%He@823K. The insets correspond to the hypothetical state of
Gr in Ni/Gre0%He@RT and Ni/Gre5.3%He@823K.
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clustering sp2 phase) may also remain in the Gr components owing
to the transition of stage I.

The amount of defects in Gr can be properly quantified using
Raman spectroscopy and evaluated for nanocrystallite size (La),
distance (LD) between defects, and defect density (nD) [59,66,67].
All of these parameters are related to the ID/IG ratio [66,67]. The
general equations for La, LD, and nD can be written as:

LaðnmÞ ¼
�
2:4 � 10�10

�
llaser

�
ID
IG

��1

(2)

LDðnmÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi	
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where llaser represents awavelength of laser (Methods section). For
the honeycomb lattice of a perfect Gr layer, the number of carbon
atoms (nC¼ 3.82� 1015 cm�2) [54] is calculated. The concentration
of defects and disorder in parts per million (ppm) can be deter-
mined by calculating the ratio of nD/nC. Therefore, the profile of
disordered Gr in Ni/Gr can be accurately delineated using the
above-mentioned parameters, the corresponding values of which
are shown in Fig. 6. The La of the three groups is between 7 and
12 nm, which is consistent with the qualitative perspective. The
elevated temperature and irradiation aggravate the transition of Gr
from an orderly to disorderly state (i.e., increasing nD/nC). The role
of elevated temperature also implies that the repair can only ach-
ieve sp3 amorphous carbon to sp2 defective carbon instead of six-
fold aromatic rings. Initially, La obtains a higher value than does
LD; subsequently, La and LD are nearly equal. A possible explanation
for the phenomena can be given by the insets in Fig. 6. For ease of
understanding, La is simply regarded as the distance between two
disjoint GBs in the same grain, while LD is the distance between any
two defects (e.g., vacancies or dislocations) in the same grain.
Normally, LD is unlikely to be higher than La because the defects
mainly locate in the grain interior of Gr. At the elevated tempera-
ture, the motion of C atoms is accelerated, and the sink role of GBs
of Gr is activated. The defects in the grain interior of Gr prefer to
migrate toward the GBs of Gr [68]. Meanwhile, the defects at
different distance from the GBs of Gr may aggregate and become
new sinks before arriving the GBs, thereby resulting in the forma-
tion of a mass of new GBs. Due to irradiation, more defects are
introduced into the Gr and more new GBs are generated.



Fig. 7. Migration and clustering of He atoms at 823 K. (aee) Migration of He atoms near the Ni/Gr interface during 1 ns? Green, pink, and blue spheres represent He, Ni, and C atoms,
respectively. ((f) and (g)) Conceptual schematic of the clustering of He atoms in Ni/Gr and pure Ni. He bubbles, Gr, and GB are illustrated by yellow spheres and black and red curves,
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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Consequently, the original grain of Gr is continuously subdivided,
but the two-dimensional structure is still able to maintain.

Our previous simulation studies [46] showed that stacking faults
near coppereGr interfaces during cascade collisions are likely
triggered by the Gr defects with the size higher than 2 nm. In view
of the higher cohesive energy between Ni and Gr than that between
copper and Gr [69], the Ni/Gr under the same conditions as those of
coppereGr nanocomposite can easily form stacking faults near the
interfaces during irradiation. The results that the stacking faults of
Ni/Gr are removed by annealing and that no additional stacking
faults are introduced into the Ni/Gr by irradiation imply that the
size of Gr defects in Ni/Gr does not exceed 2 nm and that the Ni/Gr
interfaces remain stable after irradiation at the elevated tempera-
ture. Thus, the displacement damage and He atoms in the Ni matrix
can be reduced by Ni/Gr interfaces. Unlike in pure Ni, lattice
swelling does not occur in Ni/Gr. From Fig. 2, the opposite change in
the proportion of (111) for Ni/Gre5.3%He@823K and Nie5.3%
He@823K can also be explained by the Gr and its interfaces. After
He-ion irradiation, all of the peak intensities are likely to decrease
due to the increase in amorphous metal. The decrease of (111) may
be most obvious of all orientations because it possesses the largest
proportion and is the most easily damaged. However, owing to the
preference of Gr to combine with Ni(111) [2,51,69], radiation
damage can be suppressed by the Ni/Gr interfaces, and the pro-
portion of (111) in Ni/Gre5.3%He@823K are likely to realize fewer
reductions as opposed to that in Nie5.3%He@823K.

The nc structure of Gr occupies the widest region in Ni/Gr in-
terfaces. Thus, the sink role of Ni/Gr interfaces may mainly play
around each nc region of Gr. To explore the capability of Ni/Gr in-
terfaces, an Ni/Gr model with Gr of 2.7 nm� 2.6 nm and ~2 at.% He
atoms was used and observed for the evolution of He atoms at
823 K (Fig. 7(aee)). During relaxation, the He atoms migrated along
the crystal channel of Ni and into the Ni/Gr interface. The He atoms
adsorbed by the Ni/Gr interface were difficult to return to the
matrix and instead randomly moved along the interface. After 1 ns,
nearly one-third of the He atoms stayed in the interface and very
few He clusters were observed in the matrix (detailed simulations
in Supplementary Movie). The strong role of the Ni/Gr interface
with nc Gr in adsorbing radiation-induced defects may explain the
phenomena of Fig. 4, and was vividly illustrated in Fig. 7(f). High
levels of radiation-induced displacement damage in the form of
vacancies and self-interstitial atoms (SIAs) are generated in the
composite by He-ion irradiation. Considering the stability of Ni/Gr
interfaces and the crystalline coarsening of Ni matrix at the
elevated temperature, the high-density Ni/Gr interfaces exert a
greater impact on the defects than do GBs. Owing to the signifi-
cantly lowmigration energy [22,70], more SIAs relative to vacancies
are preferentially absorbed by the interfaces during diffusion at
823 K. Consequently, the annihilation of vacancies and SIAs obvi-
ously decreases, and the surviving vacancies are dispersed due to
the high-density Ni/Gr interfaces. These vacancies can trap He
atoms to form Heevacancy complexes, which can act as nucleation
points for He bubble formation, thereby resulting in the high
number density of He bubbles. On the other hand, as shown in
Fig. 7(aee), a lot of He atoms are also absorbed by the interfaces.
Subsequently, the He concentration of Ni matrix can decrease,
thereby restraining the growth of He bubbles. However, in pure Ni,
owing to the lack of interfaces and the high He concentration, the
Heevacancy complexes can easily trap other vacancies, He atoms or
Heevacancy complexes to form coarse bubbles (Fig. 7(g)), which in
turn can reduce the density of He bubbles.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jnucmat.2018.07.051.

5. Conclusions

In summary, the Ni/Gr with uniformly dispersive Gr was fabri-
cated and the intrinsic disorder of Gr was introduced
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simultaneously. Radiation tolerance was demonstrated by using
300 keV He2þ irradiation with a fluence of 1� 1017 ions/cm2 at
823 K. Pure Ni, which was used as reference material, was handled
in the same condition. The analysis of Raman spectroscopy of Ni/Gr
suggests that the intrinsic disorder of Gr mainly stems from its
nanocrystallization and that the disorder of Gr can be further
aggravated by elevated temperature and irradiation. As for the re-
sults of GIXRD and TEM, the radiation damage of the Ni matrix in
Ni/Gr is not as significant as that of pure Ni. Less-disordered
structures, such as lattice swelling and stacking faults, occur in
Ni/Gr. Coarse He bubbles are more difficult to form in Ni/Gr than in
pure Ni. The reason may be attributed to Gr's own capability in
maintaining two-dimensional structure and inhibiting the forma-
tion of large-size defects. Thus, the stability of Ni/Gr interfaces is
still able to be maintained by the disordered Gr, and the sink role of
Ni/Gr interfaces is still present. With irradiation dose continuously
increasing, high sp3 amorphous carbon may rapidly arise in the Gr.
In consideration of the higher operating temperatures of advanced
fission reactors (i.e., above 873 K), an intrinsic self-repair mecha-
nism keeping the Gr in a crystalline state may be activated (Song
et al. [65]). In addition, the crucial role of metal matrices for the
healing of Gr defects has also been observed [71]. Consequently,
even if irradiation induces considerable damage, the Gr may partly
recover its intrinsic structure; this speculation suggests that the
sink role of Ni/Gr interfacesmay not completely disappear. All these
results can provide reference for the service life assessment of
metaleGr composites in advanced fission reactors.
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