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Abstract

The stability of matrix graphite under neutron irradiation and in corrosive environments is crucial for the safe operation
of molten salt reactors (MSRs). Raman spectroscopy and a slow positron beam were employed to investigate the effects
of He ion irradiation fluences and subsequent annealing on the microstructure and defects of the matrix graphite. He ions
with 500 keV energy and fluences ranging from 1.1 x 10" ions/cm? to 3.5 x 10'7 ions/cm? were used to simulate neutron
irradiation at 300 K. The samples with an irradiation fluence of 3.5 x 10'® jons/cm? were subjected to isochronal anneal-
ing at different temperatures (573 K, 873 K and 1173 K) for 3 h. The Raman results revealed that the D peak gradually
increased, whereas the intrinsic G peak decreased with increasing irradiation fluence. At the same irradiation fluence, the
D peak gradually decreased, whereas the intrinsic G peak increased with increasing annealing temperature. Slow positron
beam analysis demonstrated that the density or size of irradiation defects (vacancy type) increased with higher irradiation
fluence, but decreased rapidly with increasing annealing temperature. The Raman spectral analysis of sample cross sections
subjected to high irradiation fluences revealed the emergence of amorphization precisely at the depth where ion damage was
most pronounced, whereas the surface retained its crystalline structure. Raman and positron annihilation analyses indicated
that the matrix graphite exhibited good irradiation resistance to He ions at 300 K. However, vacancy-type defects induced
by He ion irradiation exhibit poor thermal stability and can be easily removed during annealing.
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1 Introduction

Graphite has several advantages, including a low neutron
absorption cross section, high thermal conductivity, and
exceptional chemical stability, making it a prevalent neutron
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in MSRs require that the fuel element matrix graphite not
only exhibit excellent molten salt barrier properties but also
demonstrate resistance to radiation. The formation and evo-
lution of defects under irradiation can alter the pore structure
of graphite, thereby affecting its barrier properties against
molten salts. This situation can affect the safe operation and
lifespan of reactors. Therefore, understanding the evolution-
ary patterns of these factors is crucial in guiding the design
and operation of MSRs.

Significant research has been devoted to exploring the
radiation properties of graphite over the years [1, 2, 7-11],
resulting in the development of a preliminary radiation
effect theory applicable to single crystals or highly oriented
pyrolytic graphite (HOPG). When fast neutrons collide with
carbon atoms in the graphite lattice, those receiving more
than 25 eV of energy are displaced from the lattice, forming
displaced atoms and vacancies. If the displaced carbon atom
possesses sufficient energy, it can further dislodge other car-
bon atoms, initiating a cascade collision that generates a
substantial number of dislocated atoms and vacancies within
the graphite crystallites. Some of these dislocated atoms and
vacancies may recombine quickly, whereas others contribute
to the formation of irradiation defects, such as point defects,
interstitial atom clusters, and vacancy clusters [1, 2]. Graph-
ite crystals exhibit a highly anisotropic structure. Because
of the sp? hybridization of carbon atoms on the graphite
basal plane, the displaced atoms face challenges in fitting
into the vacancies of the distorted basal plane. However,
in the direction perpendicular to the basal plane, the bond-
ing force (van der Waals force) between the carbon atoms
is notably weak, facilitating the retention of off-site atoms
between two adjacent basal planes of the lattice to form
interstitial atoms. These self-interstitial atoms can aggre-
gate and create in a new crystal plane, causing graphite to
expand in the c direction and contract along the a-axis. The
formation of numerous interstitial atomic groups, vacancy
groups, and new crystal planes induces internal stress in the
crystallites, leading to fracture of the graphite crystallites
along the basal plane and a reduction in the crystallite size.
With a continued increase in the irradiation dose, a sufficient
number of vacancy clusters on the basal plane could cause
its collapse, resulting in shrinkage in both the a and c direc-
tions. Further deterioration of the graphite structure eventu-
ally results in amorphization. Irradiation induces changes
in the microstructure of graphite, leading to changes in its
physical properties. The effect of radiation on graphite is
intricately linked to factors such as the raw material type,
proportion, molding and heat treatment processes, radiation
dose, and radiation temperature [1, 2].

With the advancement of technology, current research
and development is primarily directed toward fourth-gener-
ation reactors. Among them, MSRs have gained widespread
attention from various countries owing to their advantages,
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such as water-free cooling, high-temperature operation, nor-
mal pressure, and intrinsic safety [12—18]. In an MSR, the
coolant fluorine salt comes into direct contact with graph-
ite, a brittle material with pores. Consequently, there is a
demand for ultrafine particles and isotropic nuclear graphite
that exhibit minimal dimensional changes after irradiation,
low internal thermal stress, and excellent irradiation perfor-
mance to adapt to the unique MSR service environment. As
a result, the research and development of molten salt nuclear
graphite primarily focuses on its high density (low poros-
ity), high thermal conductivity, low elastic modulus, and low
thermal expansion coefficient (minimal internal stress) [1].

Nuclear graphite used in gas-cooled reactors has been
commercialized internationally (e.g., IG-110 and NBG-18).
However, progress in nuclear graphite qualification for MSR
applications has been slow. In the 1960 s, the Oak Ridge
National Laboratory (ORNL) developed a special CGB
graphite with a high degree of graphitization and anisotropy
for the first liquid MSR experiment (MSRE) [19]. Although
the pores of the CGB graphite are small (< 0.4 pm), their
anisotropy is high, and the size change caused by irradiation
is significant and anisotropic (expanded along the c-axis and
contracted along the basal plane). In contrast, during the
development of HTGRs, isotropic matrix graphite A3-3 [3,
4] was developed and successfully applied to the spherical
fuel elements of HTGRs. These components are expected to
be useful for high-temperature fluoride salt-cooled reactors.
Recently, Song et al. [20] proposed the use of mesophase
carbon microbeads (MCMBs) as densifiers and isostatic
pressing to prepare a new type of high-performance binder-
less nanoporous isostatic graphite (NPIG). The NPIG has
shown superior performance compared to IG-110 and is
anticipated to be used as a moderator and reflector material
in MSRs. Currently, research on the irradiation properties
of A3-3 matrix graphite is limited [21-25]. Delle et al. [21,
22] utilized neutron irradiation to study the effects of the
radiation dose and annealing on the size, elasticity, modu-
lus, resistivity, porosity, and other performance changes of
A3-3 matrix graphite. Their findings suggest that recovery
of graphite shrinkage caused by high-dose neutron irra-
diation is challenging, even after high-temperature anneal-
ing. Graphite samples irradiated at high temperatures and
doses (10°' n /cm? equivalent dido nickel [EDN]) undergo
changes in their physical properties upon annealing. Specifi-
cally, the resistivity and Young’s modulus tend to decrease
as the annealing temperature reaches 1673 K. Moreover,
the observed trend exhibited an initial decline followed
by a subsequent increase, ultimately leading to the forma-
tion of novel pores. This phenomenon occurs because of
the accumulated internal stress induced by high-dose irra-
diation. Xu et al. [23-25] used Xe and Ar ions to irradiate
matrix graphite and solid-phase densified matrix graphite
at 300 K. They employed Raman, slow positron beam, and
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nanoindentation test methods to investigate the changes in
the crystal structure, defects, and mechanical properties of
A3-3 matrix graphite after irradiation. Their results indi-
cated that the defects generated in the matrix graphite under
1 dpa Xe ion irradiation significantly increased at 300 K,
leading to amorphization and radiation hardening. Similarly,
matrix graphite subjected to 1.47 dpa Ar ion irradiation also
underwent amorphization and hardening. However, studies
on the irradiation behavior of matrix graphite at high tem-
peratures are scarce.

Owing to the high cost and challenges associated
with neutron irradiation, this study used He ions to
simulate neutrons. The matrix graphite for the coated-
particle fuel element was irradiated at different flu-
ences of 1.1 x 10" ions/cm?, 3.5 x 10'®ions/cm?, and
3.5% 10" ions/cm? at 300 K. Samples irradiated at the
specific fluence of 3.5 x 10'®ions/cm? were subsequently
subjected to isothermal annealing at different temperatures.
Raman spectroscopy and slow positron beam measure-
ments were employed to investigate the irradiation defects
of the fuel element matrix under He ion irradiation and the
evolution of irradiation defects with changes in annealing
temperature.

2 Experiment

The He ion irradiation experiment was conducted on a
4 MV linear accelerator platform at the Shanghai Institute
of Applied Physics (SINAP), Chinese Academy of Sci-
ences (CAS). A3-3 matrix graphite samples were irradiated
with 500 keV He ions and fluences of 1.1 x 10" ions/cmz,
3.5x 10" ions/cm?, and 3.5 x 10'7ions/cm? at 300 K.
Samples with an irradiation fluence of 3.5 x 10'® ions /cm?
underwent isochronous 3-h annealing experiments at tem-
peratures of 573 K, 873 K, and 1173 K under an Ar protec-
tive atmosphere. Table 1 presents detailed information on
the samples used in the irradiation experiment.

The primary raw materials for the A3-3 matrix graph-
ite used in the experiment were 64% natural graphite, 16%
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Fig.1 (Color online) Depth profile of displacements per atom (dpa)
and He ion concentration (3 53) in A3-3 matrix graphite irradiated
with 500 keV He ions to various fluences calculated by SRIM

artificial graphite, and 20% phenolic resin as a binder. The
sample was subjected to cold isostatic pressing, followed
by carbonization and graphitization, resulting in a nearly
isotropic polycrystalline material with a porosity of approxi-
mately 18% and a density of 1.73 g/cm? [25, 26]. Each
sample is 10 mm in diameter and has a thickness of 1 mm.
Before irradiation, the sample was polished with 2000 grit
SiC sandpaper, ultrasonically cleaned with alcohol, dried,
and stored in a 300 K vacuum incubator.

The Monte Carlo simulation program stopping and range
of ions in matter (SRIM) [27] was employed to simulate the
distribution of He ions and the irradiation damage induced
by the 500 keV He ions in the matrix graphite. The dis-
location threshold energy of the carbon atoms was set to
25 eV, and the atomic density was 8.67 X 10°* atoms/cm’
(1.73 g/cm?). The damage depth caused by 500 keV He
ions in the graphite was approximately 2.2 pm, with irra-
diation damage peaks formed at approximately 2 pm
beneath the surface. The corresponding peak damages for
10" ions/cm? 3.5 x 10" ions /cm? and 3.5 x 10'7 ions /cm?
were 0.025 dpa, 0.79 dpa, and 7.9 dpa, respectively. Figure 1
illustrates the distribution of the irradiation damage and He

Tab!e 1 _ Detgﬂs of samples for No. Irradiation tem- Irradiation fluence  Displacements per  Annealing tem- Annealing
He ion irradiation perature (K) (ions/cm?) atom (dpa) perature (K) duration
(h)

1 300 0 0 - _

2 300 1.1x 10 0.025 - -

3 300 3.5x10' 0.79 - -

4 300 3.5x10' 0.79 573 3

5 300 3.5x 10 0.79 873 3

6 300 3.5x 10" 0.79 1173 3

7 300 3.5x 107 7.9 - -
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ion concentration in the sample with depth calculated using
SRIM.

Raman spectroscopy, which is known for its nonde-
structive nature and high sensitivity to the bonding mode
of graphite, has been extensively applied in the micro-
structural analysis of graphite materials before and after
irradiation [9-11, 28-36]. The samples were tested using
a LABRAM HR800 laser Raman instrument with a laser
power of 100 mW and wavelength of 531.5 nm.

Slow positron beams are renowned for their exceptionally
high sensitivity in detecting atomic-sized defects on material
surfaces or interfaces, offer single and continuously adjust-
able positron injection energy, enable nondestructive testing,
and have become instrumental in studying defect evolution
in nuclear materials during irradiation research [37-42]. In
this study, samples were examined using a slow positron
beam measurement system at the State Key Laboratory of
Nuclear Detection and Electronics, University of Science
and Technology of China (USTC) [23, 24]. The energy of
the monoenergetic positron beam could be continuously
adjusted within the range of 0-30 keV, and the vacuum level
of the target chamber was maintained at 107 Pa. A high-
purity Ge detector was used to measure the Doppler broad-
ening spectrum of 1.33 MeV gamma photons with an energy
resolution of approximately 1.85 keV. After injection of pos-
itrons with a specific energy into the sample, they undergo
processes such as excitation, ionization, rapid thermaliza-
tion, diffusion, and migration before annihilation with the
electrons within the sample. Changes in the microstructure
caused by irradiation can affect the distribution of electron
density and momentum, resulting in a significant alteration
in the positron annihilation parameters. Because the posi-
tron energy after thermalization is minimal (approximately
0.025 eV at 300 K), the Doppler broadening of positrons to
annihilate y photons is primarily influenced by the annihila-
tion electron momentum. Experimental measurements were
conducted at 300 K, with the channel width set at 24.51 eV
and net counts in the single-peak area exceeding 10°. The lin-
ear parameters S and W are defined as the ratio of the counts
in the central region (510.24-511.76 keV), and two wing
regions (515.16-516.66 keV and 505.34-506.84 keV) to the
total counts of the entire region (504.20-517.80 keV) in the
annihilation y-photon Doppler broadening spectrum. These
parameters reflect the annihilation information concerning
electrons with low and high momentum.

3 Results and discussion
3.1 Raman spectroscopy

The graphite samples were irradiated with 500 keV He
ions at different fluences, and the subsequent changes were
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evaluated using Raman spectroscopy, as illustrated in Fig. 2.
The initial Raman analysis of the pre-irradiated matrix
graphite samples revealed distinct peaks at 1360 cm™! and
1580 cm™, corresponding to the D peak representing defects
and the intrinsic G peak representing atomic vibration in the
basal plane, respectively [9, 10]. The G peak exhibited a sig-
nificantly higher intensity than the D peak, indicating a high
degree of graphitization and an ordered crystal structure in
the A3-3 matrix graphite.

Following low-fluence (0.025 dpa) He ion irradiation,
slight changes were observed in the D and G peak intensi-
ties of the matrix graphite. The D peak exhibited a slight
enhancement and broadening, indicating the introduction
of vacancy defects owing to He ion irradiation. With an
increased fluence of 0.79 dpa, the intensity of the D peak
gradually increased, whereas the intrinsic G peak intensity
decreased. The intensities of these two peaks approached
each other, indicating a continuous increase in defects with
increasing He ion fluences. At a fluence of 7.9 dpa, both the
D and G peaks exhibited further broadening, with the D peak
becoming dominant. However, these two peaks remained
distinguishable, and no characteristic signs of amorphiza-
tion were observed on the surfaces of the post-irradiation
samples [34, 35]. Literature [30, 31] suggests that the critical
fluence of amorphization in graphite under He ion irradia-
tion is approximately 1 dpa. However, Avilkina [33] found
that the critical fluence exceeded 1 dpa when other ions were
used. This observation implies that, even after irradiation
with 1 x 107 ions/cm2 He ions, the surface of the matrix
graphite preserved its crystal structure without undergoing
amorphization. In contrast, our previous reports on Xe-ion-
irradiated A3-3 matrix graphite [23] indicated that a fluence
of 1 x 10'* ions/cm? can lead to amorphization, resulting in
a bulging Raman spectrum in which the D and G peaks are
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Fig.2 (Color online) Raman spectrum of A3-3 matrix graphite irra-
diated with 500 keV He ions to various fluences
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indistinguishable. This discrepancy highlights that Xe ions
can significantly damage the crystal structure of the matrix
graphite at lower irradiation fluences, while the A3-3 surface
structure remains intact even at He ion irradiation fluences
three orders of magnitude higher than those of the Xe ions.
Therefore, the A3-3 matrix graphite demonstrates robust
resistance to He ion irradiation.

In accordance with the calculated distribution of displace-
ments per atom (dpa) with depth in the A3-3 matrix graph-
ite, as depicted in Fig. 1, the peak damage depth is estimated
to be approximately 2 pm beneath the surface. Consequently,
we selected the matrix graphite irradiated at a fluence of
3.5 % 10'® jons/cm? to provide a clear illustration of the irra-
diation effects. Figure 3 shows the structure of the matrix
graphite cross section, characterized by Raman spectra at
various depths. The D and G peaks initially broadened as
the depth increased and became nearly indistinguishable at
a depth of 1.8 pm beneath the surface. This observation sug-
gests that the degree of irradiation damage reaches its maxi-
mum and the matrix graphite approaches amorphization at
this depth. Subsequently, the D and G peaks become inde-
pendent and distinguishable at a depth of 2.2 pm, resembling
the shapes observed in the surface Raman spectrum. Fur-
thermore, as the depth increased to approximately 2.6 pm,
the D and G peaks gradually reverted to their original pre-
irradiation states. This indicates that the maximum depth of
damage should be in the range of 1.8—2.2 um, which is con-
sistent with the results obtained from the SRIM simulation.

To investigate the annealing effect, we employed 500 keV
He ions to irradiate the matrix graphite to a constant fluence
of 3.5 x 10'®ions/cm?. Subsequently, the irradiated samples
were isochronously annealed at different temperatures, and
the Raman spectrum of the annealed samples were meas-
ured. The results are shown in Fig. 4.

surface]
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—22pum
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Fig.3 (Color online) Raman spectrum of A3-3 matrix graphite cross
section irradiated with 500 keV He ion to a fluence of 3 5
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Fig.4 (Color online) Raman spectrum of A3-3 matrix graphite irra-
diated with 500 keV He ion to a fluence of 5 and annealed at various
temperatures

Observations reveal that the heights of the D and G
peaks in the irradiated and unannealed samples are similar,
indicating the presence of numerous irradiation defects in
the matrix graphite. After annealing at 873 K, the D peak
decreases, whereas the G peak increases, indicating the
recovery of irradiation defects under the annealing con-
ditions. Further annealing at 1173 K led to a continued
decrease in the D peak and an increase in the G peak, with
the Raman spectrum of the matrix becoming consistent
with that of pre-irradiated matrix graphite. This indicates
the complete disappearance of the vacancy defects gener-
ated by irradiation and the recovery of the matrix graphite
after high-temperature annealing. This recovery process is
consistent with the mechanism proposed by Delle et al. [21]
for the formation and evolution of defects in A3-3 matrix
graphite under neutron irradiation. According to their find-
ings, low-temperature irradiation primarily results in the
formation of vacancy-type defects, such as mono-vacan-
cies, di-vacancies, and small vacancy clusters, which can
be eliminated through annealing. When irradiating A3-3
matrix graphite in the temperature range of 573-873 K,
neutron irradiation induces damage such as interstitial clus-
ters and vacancies. These defects can reduce the size of the
large interstitial clusters and increase their number through
annealing, thereby facilitating vacancy recombination. At
higher irradiation temperatures, small interstitial groups
were formed between the crystal planes, which migrated and
aggregated to form clusters. These interstitial clusters are
highly stable and exhibit low recombination with vacancy
clusters even at high temperatures. However, under higher
neutron fluence irradiation or at higher irradiation tempera-
tures, vacancy clusters may collapse or migrate to the grain
boundaries. This explains why high-temperature annealing

@ Springer



4 Page6of9

H.-X. Xu et al.

after irradiation only partially recovers the physical proper-
ties of A3-3 matrix graphite. Based on the aforementioned
analysis, it is presumed that the defects generated in the A3-3
matrix graphite irradiated with He ions consisted mainly of
mono-vacancies, di-vacancies, and small vacancy clusters,
which readily recombined during annealing.

3.2 Slow positron beam

At 300 K, A3-3 matrix graphite was irradiated with 500 keV
He ions at various fluences. Subsequently, the S-parameters
of A3-3 matrix graphite were measured using slow posi-
tron beams after irradiation and annealing at various tem-
peratures. The S—E curves representing the change in defects
with positron energy are shown in Figs. 5 and 6. The mean
implantation depth of the positrons, denoted by Z (nm), can
be readily estimated using the incident positron energy E
(keV) and the density of the target materials p (g/cm?), as
expressed by the equation Z = (40/p) x E'° [37-40]. The
vertical axis represents the measured S-parameters. Different
microstructural layers exhibit distinct electron momentum or
density distributions, resulting in significant variations in the
measured S-parameters.

Figure 5 illustrates the S—E curves of the post-irradiation
samples subjected to different fluences at 300 K, as meas-
ured using a slow positron beam. Common features were
observed among all post-irradiation samples in Fig. 5: the
S-parameter is high when the positron energy (E) is very
low and tends to stabilize after reaching a certain value.
This behavior is attributed to the shallow injection depth
of the positrons in the sample (< 70nm) when the posi-
tron injection energy is relatively low (E < 2keV). Partially
thermalized positrons diffuse to the surface and interact
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Fig.5 (Color online) S-parameter as a function of positron inci-
dence energy or mean implantation depth (S—E curve) in A3-3 matrix
graphite irradiated to various fluences
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Fig.6 (Color online) S-parameter as a function of positron incidence
energy or mean implantation depth (S—E curve) in He ion irradiated
A3-3 graphite annealed at various temperatures

with surface electrons, resulting in higher S-parameters. In
contrast, at high positron energies (E > 24 keV), where the
injection depth in the sample is approximately 3.7 um (sig-
nificantly greater than the 2.2 pm depth of the irradiation
damage layer calculated by SRIM), most positrons diffuse
and annihilate with electrons in the matrix. Consequently,
the S value of the irradiated sample approaches that of the
pre-irradiated sample, indicating a stable bulk annihilation
parameter value of 0.455. For positron energies within the
range 2keV < E < 24keV, the S-parameter exhibits regu-
lar changes with increasing irradiation fluence, primarily
reflecting alternations in the positron annihilation charac-
teristics within the irradiation defect layer.

At 300 K, when the He ion irradiation fluence is
1.1 x 10" ions/cm?, the S-parameters show minimal
changes compared with the pre-irradiation sample. As the
irradiation fluence increases from 1.1 X 10" ions/cm? to
3.5 x 10 ions/cm?, the S-parameters of the defect layer
slightly increase. Upon further increasing the irradiation flu-
ence to 3.5 x 10'7 ions/cm?, the S-parameters of the defect
layer exhibit a significant increase compared to those of the
pre-irradiation sample. This can be explained by the fact
that under low-fluence irradiation, the density or size of
the vacancy-type defects generated in the samples is rela-
tively small. A slight increase in the D peak in the Raman
spectrum shown in Fig. 3 also supports this observation.
However, under high-fluence irradiation, the density or size
of the vacancy-type defects in the sample increase sharply,
resulting in a pronounced increase in the D peak intensity in
the Raman spectrum. Its intensity even surpasses that of the
intrinsic G peak of graphite, making the D peak a dominant
feature. It is worth noting that when the implantation depth
of the positrons is relatively shallow (70nm < Z < 644 nm),
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corresponding to the initial portion of the He ion range,
the change in the S-parameters for the irradiated samples
is less pronounced compared with the pre-irradiation sam-
ples. However, as the implantation depth of the positrons
increases toward deeper regions (644nm < Z < 2357 nm)
approaching the end of the He ion range, the change in the
S-parameters of the irradiated samples became more sig-
nificant. This observation suggests that large defects or a
higher density of defects are generated toward the end of the
He ion range, which is consistent with our earlier findings
regarding nuclear stopping and the formation of large dam-
age cascades. Although the matrix graphite was irradiated at
1 x 10" ions/cm?, the Raman analysis results show that the
surface of the matrix graphite has not yet been amorphized,
indicating that the A3-3 matrix graphite is very resistant to
He ion irradiation at 300 K. Hu et al. [41] reported that the
S-parameter of IG-110 nuclear graphite irradiated with He
ions varied with irradiation fluence. They also observed that
when the He ion irradiation fluence was 1 x 10" ions / cm?,
the S-parameter of IG-110 did not change significantly.
However, when the irradiation fluence was increased to
1 X 10'®ions/cm?, the S-parameters of IG-110 showed sig-
nificant variation. By comparing these results, we found a
similar trend between the defect evolution in IG-110 graph-
ite irradiated with He ions and changes in the S-parameters
observed in A3-3 matrix graphite after He ion irradiation at
300 K. These findings indicate a similarity between the two
materials. Therefore, the experimental results demonstrate
that both IG-110 and A3-3 matrix graphite exhibit good
resistance to He ion irradiation at 300 K.

Isochronous annealing experiments were conducted
on post-irradiation samples with an irradiation fluence
of 3.5x 10'¢ ions/cmz, and the S—F curves were meas-
ured using slow positron beams, as depicted in Fig. 6. The
results indicate that the S-parameters of the post-irradiation
sample exhibited an increasing trend compared to those of
the pre-irradiation sample, indicating the introduction of
vacancy-type defects, such as mono-vacancies, di-vacancies,
and small vacancy clusters in the matrix graphite due to
irradiation.

For the post-irradiation sample annealed at 573 K, the
S-parameter was slightly lower than that of the post-irra-
diation sample without annealing, indicating that some
vacancy-type defects induced by He ion irradiation were
mitigated by annealing. As the annealing temperature was
further increased to 873 K, the S-parameters in the irradi-
ated damage layer decreased significantly and approached
those of the pre-irradiated sample. This indicates that when
the annealing temperature reached 873 K, the vacancy-
type defects caused by irradiation were nearly completely
restored. By increasing the annealing temperature to 1173 K,
the S-parameter exhibited only slight changes compared with
that of the post-irradiation sample annealed at 873 K. This

observation further confirms that the vacancy-type defects
generated by He ion irradiation were essentially eradicated
by annealing. The Raman spectrum (Fig. 4) also demon-
strates that as the annealing temperature increases, the inten-
sity of the defect D peak decreases, while the characteristic
G peak of graphite increases and returns to the pre-irradi-
ation level. This finding aligns with the conclusion drawn
by Delle et al. [21], which suggests that irradiation-induced
vacancy-type defects, such as mono-vacancies, di-vacan-
cies, and small vacancy clusters in graphite can be easily
eliminated by annealing. Shi et al. [42] employed C ions to
irradiate ETU10 graphite and discovered that the two tem-
peratures for repairing point defects caused by low-fluence
irradiation were approximately 450 K and 700 K, respec-
tively. Furthermore, the thermal stability of large vacancy
clusters V, induced by high-fluence irradiation was found to
be considerably robust because it was challenging to elimi-
nate them, even at a high temperature of 1400 K. Based
on the aforementioned analysis, the vacancy-type defects
introduced by He ion irradiation in A3-3 matrix graphite
at 300 K are primarily mono-vacancies, di-vacancies, and
small vacancy clusters. These vacancy-type defects exhibit
poor thermal stability and can be readily eliminated by
annealing. Therefore, A3-3 matrix graphite demonstrates
excellent resistance to He ion irradiation at 300 K.

4 Conclusion

Raman spectroscopy and a slow positron beam were
employed at 300 K to investigate the impact of He ion
fluence on the generation of point defects in A3-3 matrix
graphite. Changes in the intensities of the Raman D and G
peaks, as well as the SE curves, were obtained. The main
conclusions are as follows:

(1) When the He ion irradiation fluence is below
10 x 10'®ions/cm?, the irradiation damage to the
A3-3 matrix graphite is minimal. The D peak broadens
slightly and its intensity increase. The S-parameter of
the post-irradiation sample shows no significant change
compared with that of the pre-irradiated sample.

(2) When the He ion irradiation fluence exceeds
10 x 10'%ions/cm?, irradiation damage in the A3-3
matrix graphite (approximately 2 pm) occurs, charac-
terized by the presence of vacancy-type defects, such
as mono-vacancies, di-vacancies, and small vacancy
clusters. As the irradiation fluence increased, the con-
centration of vacancy-type defects in the damaged layer
increased, leading to the enhancement of the D peak
and weakening of the G peak in the Raman spectrum.
Consequently, the S-parameter increases rapidly. Fur-
thermore, Raman spectral analysis of the cross section
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revealed the occurrence of amorphization at the depth
of maximum irradiation damage.

Even when the He ion irradiation fluence reached
10 x 10]7ions/cm2, the surface of the A3-3 matrix
graphite did not undergo amorphization. This obser-
vation indicates that the A3-3 matrix graphite exhibits
excellent resistance to He ion irradiation at 300 K.
The thermal stability of vacancy-type defects, such
as mono-vacancies, di-vacancies, and small vacancy
clusters induced by He ion irradiation is notably poor.
Partial recovery occurs when the annealing tempera-
ture is 573 K, and most of these vacancy-type defects
are recovered as the annealing temperature increases
to 873 K. With the recovery of the vacancy-type
defects, the intensity of the D peak and the S-parame-
ters decreased rapidly, and the crystal structure of the
matrix graphite returned to its pre-irradiation level.
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