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Nanopore graphite prepared by self-sintered pitch coke for molten salt reactor was irradiated by 7 MeV Xe26+ to
study the irradiation behaviors. The hardness and Young's modulus of self-sintered nanopore graphite (SSNG)
were increased due to an increase in defects and close of micro-gap. The SSNG surface remained intact after
irradiation. The pore and the gap between the ﬁller particles of SSNG shrink due to the expansion of the ﬁller
particles. The microstructure evolution characterization of SSNG samples by the grazing incidence X-ray diffraction showed the increase in interlayer spacing and the expansion of crystallite size along c-axis, which caused
the expansion of the ﬁller particles. The defect density increase is the main reason for mechanical properties
changes. The high-resolution transmission electron microscopy provides clear and visual evidence for this and
showed the evolution of dislocation and interstitial loop. The microstructure evolution characterization of the
SSNG is at the atomic scale after irradiation at diﬀerent depths. The evolution of irradiation-induced defects in
SSNG causes the change of microscopic morphology, and the evolution of morphology and defects plays an
important role in the change of mechanical properties.

1. Introduction
As one of the promising types of Generation IV reactor in the future,
molten salt reactor (MSR) has higher requirements for pores in nuclear
graphite. Since molten ﬂuoride salt is used as coolant and fuel salt in
the reactor, it is required that the pore diameter of nuclear graphite is
less than 1.0 μm to avoid damage caused by liquid molten salt inﬁltration [1,2]. The pore diameter of graphite is less than 100.0 nm to
remove the inﬂuence of Xe135 on the breeding ratio of the reactor [3].
Recent studies have shown that the self-sintered nanopore graphite
(SSNG) prepared from green pitch coke with self-sintering properties
meets this requirement [4]. However, in the reactor environment, nuclear graphite is also subject to neutron irradiation, which requires that
the nuclear graphite suitable for MSR must be resistant to radiation on
the basis of a nano-sized pore. Recently, due to there are few graphite
with the pores meeting requirements of MSR, the research on irradiation behavior of nano-porous graphite is mainly focused on pyrolytic
carbon coating deposited on IG-110 and the nanopore-isotropic graphite (NPIG) prepared from meso-carbon microspheres. However, due
to the shedding of the coating after irradiation at high damage dose
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[5,6] and the behavior of NPIG sensitive to irradiation [7], they are
failed to be a nuclear graphite candidate for MSR. In contrast, SSNG is
more resistant to radiation due to its avoidance of coating shedding and
higher graphitization degree. In addition, the absence of binder phase
avoids more complicated irradiation behavior of graphite. Therefore, it
is necessary to study the irradiation behavior of SSNG to verify whether
it can be used in molten salt reactor environment. In addition, since no
binder is added in the preparation process of SSNG, the research on
irradiation behavior is also helpful to understand the damage mechanism of irradiation on nuclear graphite and guide the production of
nuclear graphite.
The eﬀect of neutron irradiation on the nuclear graphite properties
is mainly due to the changes of crystallite size and defects such as vacancies and dislocations caused by neutron collision and cascade collision [8–11]. However, neutron irradiation is expensive, and electron
beam irradiation and ion beam irradiation can also produce similar
eﬀects, so many experiments use electron beam irradiation and ion
beam irradiation to simulate neutron irradiation [12–16]. Electron
beam irradiation cannot produce cascade damage due to its low quality
and can only be observed on the atomic scale [12–15,17]. The ion
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Fig. 1. Young's modulus and hardness of SSNG before and after irradiation and their average values in diﬀerent depth ranges as irradiation dose. The increase rate of
the average value of hardness and Young's modulus at diﬀerent doses is shown in (c).

2. Material and methods

irradiation was widely used in the study of the radiation resistance and
irradiation behavior of some promising materials for nuclear energy,
such as thin TiN ﬁlms [18], AlN ceramics [19,20], WO3 microcomposites [21], CeO2 microparticles [22] and BeO ceramics [23].
Additionally, it is diﬃcult to obtain high damage dose for light-ion irradiation and it is diﬃcult to characterize the inﬂuence of irradiation
damage on the surface caused by light-ion irradiation [17]. Recently,
due to the neutron irradiation can be simulated to a high degree by the
irradiation of 7 MeV Xe26+ [24], the interest in the usage of Xe26+ is
growing, and it has been used to study the irradiation behavior of
coating [5,6], NPIG [7] and ultra-ﬁne grain graphite [25]. Moreover,
the irradiation behavior of graphite is closely related to radiation-induced defects [26], therefore, characterization of irradiation-induced
defects and changes in physical properties will eﬀectively predict the
changes in properties of SSNG graphite.
SSNG samples were irradiated with 7 MeV Xe26+ to obtain a wide
range of irradiation evolution information in this experiment. The irradiation dose was divided into 4 doses of 0.1 dpa, 0.5 dpa, 2.5 dpa and
5.0 dpa, respectively. The hardness and Young’s modulus changes of
SSNG were measured using a nano-indenter. The morphology and topography changes before and after irradiation were observed by scanning electron microscope (SEM) and atomic force microscope (AFM).
The microstructure evolution and crystallite size were characterized by
grazing incidence X-ray diﬀraction (GIXRD) and Raman spectroscopy,
and provide evidence for the explanation of changes in morphology and
physical properties, and these changes in microstructure are observed
by transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) at the atomic level. The evolution of dislocations interstitial
loop explains the expansion of graphite crystallites and morphology
changes, and the shrinkage of micro-pores and micro-gaps caused by
microcrystalline expansion aﬀects mechanical properties together with
radiation-induced defects.

2.1. Specimen preparation
The SSNG graphite prepared by isostatic compaction of green coke
with self-sintering property [4]. Coal tar pitch is put into an autoclave,
nitrogen is ﬁlled to replace the air in the autoclave, and the temperature
is raised at a rate of 2.0 °C/min to remove light components in the pitch.
When the temperature rises to 410 °C, keep the temperature and corresponding pressure for 5 h, and then heat to 450 °C for 2 h sat the same
rate under normal pressure. The pitch coke block obtained after
cooling. Then, after crushing, cleaning, drying and grinding, the embryo is directly formed by isostatic compaction under the pressure of
100.0 MPa. Finally, the embryo was carbonized at 1000 °C in nitrogen
atmosphere, and then heated to 2500 °C at a rate of 50.0 °C/min in
argon atmosphere for graphitization.

2.2. Ion irradiation
The SSNG samples were polished before irradiation. 7 MeV Xe26+
irradiation was carried out at room temperature in Lanzhou Institute of
Modern Physics, Chinese Academy of Sciences. According to Stopping
and Range of Ions in Matter (SRIM) calculation, the irradiation depth is
about 2.8 µm, and the irradiation damage reaches the maximum at the
depth of 2.5 µm [16]. Irradiation ﬂuences were 9.6 × 1013, 4.8 × 1014,
2.4 × 1015 and 4.8 × 1015 ions/cm2, which corresponded to irradiation damage peak doses of 0.1, 0.5, 2.5 and 5 dpa respectively. The
conversion between the two units is expressed by the deﬁnition of the
dpa, dpa = Ndisplacement/Natom = Φndisplacement/ρatom, where Φ,
ndisplacement, ρatom are the ion ﬂuence, the number of displacements/ion/
unit depth (calculated by SRIM), and the atomic density, respectively
[16]. The calculation of SRIM also shows that the irradiation doses of
7 MeV Xe ions irradiation with peak doses of 0.1, 0.5, 2.5 and 5 dpa are
0.01, 0.05, 0.55 and 1.25 dpa respectively on the surface of graphite
2
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Fig. 2. SEM images of SSNG before (a, c, e and g) and after irradiation at surface damage dose of 0.02 dpa (b), 0.11 dpa (d), 0.55 dpa (f) and 1.25 dpa (h). (P and R
refer to pores and ridge-like structures respectively).

temperature GIXRD measurements were performed at the BL14B beam
line of the Shanghai Synchrotron Radiation Facility. The diﬀraction
range is 18° < 2θ < 68°, with a step size Δ2θ = 0.02° and a counting
time of 1 s per step. The incidence angle is ﬁxed at 0.17° to reduce the
inﬂuence of unirradiated area of sample. Any changes in the defects
induced by irradiation were recorded using a Raman spectrometer
(XploRA INV, France) at an excitation wavelength of 532.0 nm and
eﬀective penetration depth of about 50.0 nm.
Cross-sectional TEM specimens were prepared by a focused ion
beam (FIB) system. TEM and HRTEM were performed by using a TEM
(FEI Tecnai G2 F20 S-TWIN) operating at 200 kV with a point-to-point
resolution of 0.19 nm and all selected area electron diﬀraction (SAED)
patterns were obtained using the smallest selected-area aperture
(200 nm).

material.

2.3. Characterizations
The hardness and modulus changes were measured using a nanoindenter (G200, America). Each data points were averaged from the
results of 20 tests, and the standard deviation of the distribution of 20
tests was described as the error bar.
SEM (LEO 1530VP) was used to monitor the change in the morphological structure of the graphite samples. AFM operations were
performed on a commercial atomic force microscope instrument
(Nanoscope V, Veeco/Digital Instruments) equipped with a scanner,
and experiments were performed in tapping mode.
GIXRD (λ = 1.2438 Å) to examine structural changes. The room
3
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Fig. 3. Magniﬁed SEM images of SSNG before (a, c, e and g) and after irradiation at surface damage dose of 0.02 dpa (b), 0.11 dpa (d), 0.55 dpa (f) and 1.25 dpa (h).
(P and G refer to the ridge-like structures and the tiny gap between the ﬁller particles respectively).

3. Results and discussion

is the increase rate of the average value of hardness and Young's
modulus at diﬀerent doses, and shows the increase of the both with the
increase of irradiation ﬂuence, which indicates an increase in defect
density and dislocation pinning.
Fig. 1a and b also shows that in the depth range of approximately
200.0–1000.0 nm, the hardness and Young’s modulus increase rapidly
induced by the hardening behavior that caused by pinning of the basal
plane dislocations [26,30]. And then the increase ratio relatively reduces due to the destruction of crystal structure or the generation of
micro-cracks caused by irradiation, and as the depth and the dose of
damage increase, the destruction behavior caused by the accumulation
of defect clusters displace partially the its hardening behavior. Comparing with pyrolytic carbon coating and NPIG [5–7], Young's modulus
and hardness of SSNG increase slowly and there is no deterioration in

3.1. Young's modulus and hardness changes
Fig. 1 shows the hardness and Young’s modulus changes due to a
7 MeV Xe26+ irradiation, and its dependence versus the penetration
depth, respectively. The young's modulus and hardness of graphite increased after the irradiation in Fig. 1. Similar results have been found in
previous studies in graphite [27,28] and silicon carbide materials [29]
irradiated by neutron, as well as coating, IG-110 and NPIG after ion
irradiation [5–7,16]. The irradiation-induced defects are served as
pinning centers is generally considered to be the cause of the hardening
behavior of materials after irradiation [27,28]. However, the shrinkage
of pores and cracks caused by irradiation should not be ignored. Fig. 1c
4
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Fig. 4. AFM images of SSNG before (a) and after irradiation at surface damage dose of 0.02 dpa (b), 0.11 dpa (c), 0.55 dpa (d) and 1.25 dpa (e), (f) Roughness and
Peak-to-peak of SSNG varies with surface damage dose.

un-irradiated SSNG and show that there are micro-gaps between the
ﬁller particles of SSNG. After irradiation with a surface dose of 0.02
dpa, the expansion of graphite crystallites results in an increase in the
size of ﬁller particle of SSNG (the ﬁller particle shown in the Fig. 3b
expands by 47.0 nm), and the micro-gap are squeezed and shrink (the
gap shown in the Fig. 3b shrinks by 42.0 nm). Fig. 3d shows the expansion in the size of ﬁller particles increases to about 73.0 nm and the
tiny gap shrinks by 63.0 nm, after irradiated with surface irradiation
dose of 0.11 dpa. This is the main reason why the surface of SSNG
irradiated with 0.02 dpa and 0.11dpa become smooth. And the change
of micro-gaps between ﬁller particles also plays an important role in the
change of mechanical properties. Fig. 3f shows that after irradiation at
0.55 dpa, the gap between the ﬁller particles is closed and the absorption of expansion reaches saturation. The lamellar graphite sheets
in the ﬁller particle swells due to expansion in crystallites, thus the
ridge-like structure appears on the surface. After irradiation reaches to
the maximum surface irradiation dose of 1.25 dpa, the boundary of the
ﬁller particle (shown by the white curve in Fig. 3h) becomes blurred
and the ﬁller particle tends to be spherical. In addition, the micro-gap
between the ﬁller particles increases, which is due to the dimensional
shrinkage of the ﬁller particle in the plane caused by the expansion of
graphite in the vertical direction. In order to quantitatively study the
change of swelling degree, AFM is used to characterize the topographical change of SSNG and roughness degree and peak-to-peak
(roughness depth) are used to indicate the height of ridge-like structure
caused by swelling, which can quantitatively indicate the degree of

mechanical properties due to the appearance of amorphous structure
induced by irradiation. It indicates that the irradiation has relatively
small eﬀect on SSNG and the excellent irradiation resistance of SSNG.
3.2. Morphology and topography changes
Fig. 2a–h show the SEM images of the SSNG before and after irradiation. The SEM images before irradiation (Fig. 2a, c, e and g) show
that the SSNG has smoother and tighter surface with less pores, which is
due to the good self-sintering property of SSNG avoids a large amount
of pores caused by the volatilization of the binder. However, there are
still some micro-pores on the surface of SSNG. After irradiation at the
surface damage dose of 0.02 dpa and 0.11 dpa, the surface of the SSNG
become smooth and the micro-pores shrinks due to the expansion of the
graphite crystallites caused by the irradiation, which contributes to an
increase in mechanical properties shown in Fig. 1. With the dose increasing to 0.55 dpa and 1.25 dpa, the micro-pores further shrink or
even nearly closed, and the ridge-like structure appears on the surface
of SSNG, which indicates that the degree of anisotropic swelling induced by irradiation increases. The SEM images before and after irradiation show that the single ﬁller phase and uniform structure make the
microstructure of the irradiated SSNG only change within the average
particle size of the ﬁller (≤2.5 μm), and there is no behavior of surface
fragmentation, which indicates that SSNG is not susceptible to irradiation in terms of morphology.
Fig. 3a, c, e and g are the SEM images with larger magniﬁcation of
5
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Fig. 5. GIXRD patterns of SSNG (a) and irradiated SSNG (b); (c) is d002, Lc as functions of irradiation dose; (d) shows the evolution process of Lc.

this expansion is the main reason for the change in graphite morphology and topography. In addition, the positions of 100 and 110 also
have slight changes, indicating that the inﬂuence of irradiation on
SSNG is not only between the basal planes but also on the basal plane.
The d002 and Lc showed in Fig. 5c, calculated by Bragg's Law and
Scherrer equation, were averaged from the results of 5 tests, and the
standard deviation of the distribution of 5 tests was described as the
error bar. Fig. 5c shows that after irradiation at 0.01 dpa, the d002 and
Lc of SSNG increase rapidly, and d002 tends to be stable with the increase of dose. However, Lc decrease after irradiation at 0.05 dpa and
stabilize with the dose increase. This may be due to the fact that the
bombarded carbon atoms are largely concentrated between the planes
due to the irradiation, and the crystallite size rapidly expands in the caxis direction. After the irradiation at 0.05 dpa, the crystallites are
broken in the c-axis direction due to severe deformation of the atomic
arrangement, and Lc rapidly decreases. The evolution process is shown
in Fig. 5d.
Fig. 6a shows the Raman spectra ﬁtted with Lorentz line shape ﬁtting of SSNG, and shows two obvious peaks (G and D peaks). The G
band (around 1580 cm−1) is inherent in graphite [31], and the D band
(1350 cm−1) and D′ band (1620 cm−1) are caused by defects, and were
derived from elastic scattering caused by crystal defects (mainly vacancy defects existing at the boundary of crystallites) and inelastic
scattering by emission or absorption of phonons [31]. The υ1 (around
1150 cm−1), υ3 (around 1450 cm−1) are companion modes, attributed
to trans-poly acetylene (trans-PA) lying in the grain boundary [32].
Fig. 6a–c show that the relative intensity and half-width of the D peak
increased rapidly after irradiation. Fig. 6d shows that the D′ peak disappears after irradiation at 0.11 dpa, which possible due to it was
covered completely by the D peak. Since the D band is attributed to the
A1g graphite disorder mode, it is one of the in-plane vibrations [33], the

radiation-induced swelling.
Fig. 4a–e is AFM images of SSNG before and after irradiation, and
clearly show the anisotropic swelling caused by irradiation. Fig. 4f
shows the roughness and peak-to-peak variation of SSNG. After irradiation with a lower surface irradiation dose, the roughness of the
surface decreases and the surface becomes smooth due to shrinkage of
micro-pores and micro-gaps and is consistent with the observed results
of the SEM. With the increase of the surface irradiation damage dose,
the roughness of the surface increases, and its increase rate increases
rapidly. This is due to the closure of the gap causing the absorption of
the swelling to be saturated and the expansion to increase in a direction
perpendicular to the surface, which corresponds to the change in surface morphology after irradiation observed by SEM. The increase in the
degree of roughness also appears in the surface of TiN ﬁlms [18] and
AlN ceramics [19] irradiated by heavy-ions. The lower roughness and
roughness depth of the SSNG indicate the SSNG is relatively low sensitivity to irradiation in morphology and topography.
3.3. Structure change analysis
Fig. 5a and b show the GIXRD patterns of SSNG before and after
irradiation. In order to show changes in the position of the diﬀraction
peak more clearly, the Fig. 5b is the normalized GIXRD pattern. Fig. 5b
shows that the center of peak 002 and its secondary diﬀraction peak
004 after irradiation move to a smaller angle, indicating an increase in
the interlayer spacing of SSNG and a decrease in graphitization degree.
The swelling and stretching of the lattice shown by Fig. 5b result from
the migration and agglomeration of defects [18,20,22]. And the decreases in the half-height width of 002 peak indicates that the crystallite
size expands along the c-axis direction (Lc), this is due to the increase of
the interlayer spacing and the distortion of the lattice arrangement, and
6
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Fig. 6. Raman spectra with linear background subtraction of SSNG before and after irradiation (a-d). All spectra were ﬁtted with Lorentz line shape ﬁtting. (e) ID/IG
and (f) position and FMHM of G peak as functions of irradiation dose.

indicated by the black arrow. Fig. 7a shows the micro-cracks (indicated
by MC) and amorphous carbon (indicated by AC) between the basal
planes. The micro-cracks are formed by delamination of the basal plane
caused by cooling shrinkage of the graphite billets due to anisotropic
thermal expansion coeﬃcient after graphitization [37]. Since the
micro-cracks can accommodate irradiation-induced crystalline swelling, these micro-cracks have an important inﬂuence on the dimensional change caused by irradiation and are diﬃcult to observe in the
subsequent TEM micrographs after irradiation [14]. The area indicated
by AC in the Fig. 7a has been proved not to be artifacts and empty
cracks, but non-empty cracks ﬁlled with amorphous carbon, and this
structure will disappear rapidly in the irradiation environment [38,39].
Fig. 7b is a HRTEM micrograph of the area indicated by b in Fig. 7a,
showing a lattice image recorded along [0 0 1]. Parallel to the basal
plane is crystallographic c-direction, perpendicular to the basal plane is
a-direction. Clear lattice stripes, complete basal plane and bright diffraction points indicate long-range ordered crystal structure of SSNG.
The measurement of ten interlayer spacing shows that the interlayer
spacing d002 is about 0.344 nm. However, there are still a few prismatic
edge dislocations in SSNG before irradiation, which have been indicated by the folding of graphitic planes [40]. Fig. 7c is a HRTEM
micrograph of the area indicated by AC in Fig. 7a, and shows a layer of
amorphous carbon with a thickness of 45.0 nm as a bridging structure

integrated intensity ratio of ID and IG is widely used to characterize the
amount of defects in graphite materials [31]. Fig. 6e shows the change
trend of the relative intensity of the D peak clearly, indicating that the
defect density of graphite increases rapidly after irradiation. The crystallite size in a direction (La) is inversely proportional to the ID/IG,
which represents the diameter of a coherent domain for lattice fringes
on graphite [33]. Compared with SSNG, the considerably increase of
ID/IG of coating and NPIG [4–7] in a higher value indicates that the
defect density of SSNG increases slowly, the crystallite size in a-direction is relatively stable. Fig. 6f shows the increase in the width of the G
peak due to the strong coupling between the discrete G mode and the
phononic state continuum [34] and corresponds to the increase in the
chemical bond disorder [35]. The downward movement of the G peak is
evidenced by the conversion of graphite to amorphous carbon [36]. The
change in width and position of the G peak showed as Fig. 6f, suggesting an increase in the degree of in-plane disorder in the graphitic
structure. And the irradiation-induced disordered structure leads to
deformation of atomic planes and interplanar distances. [21] The
Raman spectra provide evidence for lattice defects that enhances the
hardness and Young’s modulus of graphite and SSNG has relatively
stable crystal structure.
Fig. 7a is a TEM micrograph of SSNG and shows the microscopic
morphology of SSNG. The illustration is an enlarged image of the area
7
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Fig. 7. TEM image (a), HRTEM image and corresponding selected area electron diﬀraction (b, c) of SSNG before irradiation; (d, e) quinoline insoluble.

shows HRTEM micrograph and selected area electron diﬀraction of this
area. The concentrically arranged graphite layers with a radius of
7.7 nm (indicated by QI) are the packets of graphite layers in QI particles. The chaotic structure exists in region between adjacent QI particles with some one-dimensional and two-dimensional features [41]:
the short straight line of a single dot indicated by A, the curved line of a
single dot indicated by B, and the concentric ring indicated by C. This
feature and the diﬀraction ring indicate the presence of the structure
with short-range order.
Fig. 8a is a TEM micrograph after irradiation with a peak damage
dose of 0.5 dpa. And b, c, d and e in Fig. 8a are the positions of
Fig. 8b–e, respectively, with depths of 1.5, 1.8, 2.2 and 2.4 μm,

between graphite crystallites. In-situ electron irradiation showed that
the structure disappeared as cracks due to microcrystal expansion [14].
However, since the crack is not real empty but full of amorphous
carbon, the reason for its disappearance may be the shrinkage of
amorphous carbon caused by irradiation-induced catalytic graphitization. Fig. 7d is a TEM micrograph of the region that full of the quinoline
insoluble (QI) particles with a rosette structure, and the illustration
shows the location of the region. Solid QI particles are formed from the
decomposition of coal or condensation of aromatic hydrocarbons, and it
present with rose-shaped particles shown in Fig. 7d after graphitization
during graphite manufacturing [38]. Due to the absence of binder, the
size and density of QI in SSNG are relatively small and low. Fig. 7e
8
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Fig. 8. TEM image (a), HRTEM image and corresponding selected area electron diﬀraction (b–e) of SSNG after irradiation at dose of 0.5 dpa.

loop (indicated by white rectangular boxes) are observed in Fig. 8b.
With the increase of depth, the irradiation damage dose also increases
(as shown in Fig. 8a). The HRTEM micrograph at 1.8 μm (shown by
Fig. 8c) shows an increase in interlayer spacing d002 to 0.384 nm and an
OA of 29°. And a set of edge dislocations with opposite Burgers vectors
(indicated by white circles) in Fig. 8c, which were formed from the
nucleation of a vacancy loop [14] shown in Fig. 8b. In addition, the
nucleation of the dislocation loop is fully grown into an interstitial ring
referred to as prismatic dislocation loops, and the larger interstitial
loops can be considered as a new graphite layer. Fig. 8d shows that with
the increase of depth and dose, dislocation move via positive climb
produces a large number of incomplete planes and dislocation dipoles.

respectively. Fig. 8b is a HRTEM micrograph of the region b in Fig. 8a,
and shows that after irradiation, the basal plane bends and was broken,
and the lattice fringe length decreases, which all indicate the basal
plane lose long-range order. The lattice distortion is mainly caused by
primary knocked-on atoms and the increase in displacements magnitude has an exponential character [23]. However, the orientations and
stacking order of layer structure were still maintained within a smaller
scale of few nanometers, indicating the structure was decomposed into
nano-crystalline graphite. The interlayer spacing d002 is 0.373 nm,
which is 8.0% expanded, and the orientation angle (OA), indicating the
degree of amorphous is 27° [42]. And a large number of nucleation of
vacancy loop (indicated by white circles) and nucleation of interstitial
9

Applied Surface Science 515 (2020) 146022

H. Zhang, et al.

Fig. 9. TEM image (a), HRTEM image and corresponding selected area electron diﬀraction (b–e) of SSNG after irradiation.

Fig. 9a shows the TEM micrograph after irradiation with a peak dose
of 5.0 dpa. And b, c, d and e in Fig. 9a are the positions of Fig. 9b–e,
respectively, with depths of 1.5, 1.8, 2.2 and 2.4 μm, respectively.
Fig. 9b, the HRTEM micrograph at 1.5 μm in Fig. 9a, shows that with
the irradiation damage dose increases to 5 dpa, the lattice fringes become blurred and incomplete. The base planes were broken-up into
small fragments, which are randomized and a large number of defective
clusters appear. The d002 was increased to 0.398 nm and OA was 30°.
Fig. 9c, the HRTEM micrograph at 1.8 μm, shows that as the irradiation
dose increases, the density of defective clusters increases, and d002 and
OA increase to 0.417 nm and 32°. At 2.2 μm, a large number of defective clusters appeared and aggregated, and d002 increased to
0.492 nm, which was 1.43 times that before irradiation. The OA was

This process and the formation of interstitial loops are the reasons for
the expansion of graphite crystallites along the c-axis. [14,37] The d002
increases to 0.389 nm and the OA increases to 39°. The dark spot in
Fig. 8d is a defect cluster induced by irradiation, and the defect cluster
may be interstitial cluster due to the lower aggregation and absorption
rate of vacancies at the boundary [16]. Fig. 8e shows HRTEM micrograph at a depth of 2.4 μm and shows d002 was 0.386 nm and OA was
32°. Due to the decrease of the irradiation dose at the depth, the interlayer spacing and OA decrease, but the irradiation-induced incomplete basal plane and defect clusters can still be observed in this
region. Fig. 8 show that dislocation density increases remarkably after
irradiation and basal dislocations spread all over the, resulting from the
growth of irradiation-induced vacancies or interstitial loop.
10
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also increased to 80° and the selected area electron diﬀraction image
tends to be a ring, indicating that its structure tends to be amorphous.
With the depth increases to 2.3 μm, the radiation damage dose decreases, and d002 and OA decrease to 0.413 nm and 34°.
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