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5 MeV carbon ion irradiation effects on micro-fine grain graphite samples are investigated. The X-ray diffraction
(XRD), Raman spectroscopy, field emission scanning electron microscope (FESEM), and high-resolution trans-
mission electron microscope (HRTEM) are used to study changes due to irradiation. At a dose of 0.5 dpa, the
isolated defects (monovacancies) were generated with a low density within graphitic regions, which contribute
considerably to the sharp reduction of graphitic amount in irradiated material but insignificantly to the acti-
vation of Raman disordered band. HRTEM images show the accumulation of these defects in clusters between
(002) basal planes leading to the increase of lattice parameter and d-spacing in c-direction. Samples irradiated
with a dose of 1 dpa initiate an annealing process in the material resulting in defects annihilation. The en-
hancement of the graphitization degree is obviously correlated with the reduction of disordered material. After
irradiation of high dose (3-5 dpa), the high concentration of defects leads to the formation of stable planar
Ve rings. These rings are found to survive even at the higher temperature, but the graphitization degree remains

nearly unchanged.

1. Introduction

The molten salt reactor (MSR) is one of the six Generation-IV re-
actors (Abram, 2002) that uses a fluid fuel in the form of very hot
molten fluoride or chloride salt instead of the solid fuel used in most
reactors. Graphite is mostly used as a neutron moderator to control the
flow patterns of the fuel salt in the MSR (Rosenthal et al., 1972). Most
irradiated graphite is related to the reactor moderators and re-
flectors as well, but there are some other routes from which
radioactive graphite component needs absolute disposal, for ex-
ample, contaminated graphite tools, graphite crucibles and
moulds for the production of nuclear fuel assemblies (Tian et al.,
2010). The micro-fine grain graphite ZXF-5Q (grain size < 1pm) is a
promising candidate for the MSR (Zhang et al., 2016). It has been
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reported that only micro-fine grain graphite ZXF-5Q has the entrance
pore diameters below 2pum and it could consequently prevent the
molten salt impregnation in the relative high-pressure environment.
Hence, graphite materials have very good irradiation and impregnation
behaviour (Zhang et al., 2016) which is highly dependable on their
microstructures (FengXu. et al., 2013).

The interaction of neutrons with the graphite matrix via elastic
collision involves the displacement of the carbon atoms that are ejected
from their original site. These recoil atoms, if they are sufficiently en-
ergetic, will in turn be able to eject other atoms and create displacement
cascades resulting in electronic excitation and ionization (Sahaet al.,
2018). Hence, ion beam irradiation can be used to replace the neutron
irradiation to simulate damage in materials. It was used effectively to
investigate structural damages and to generate defects in graphite that
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could be like those induced by neutrons in nuclear reactors (Irradiation
damage in gra, 2000). Furthermore, the ion irradiation has many ad-
vantages, for example, the higher doses can be achieved comparatively
to the neutron irradiation and these doses allow to achieve higher
amounts of displacements per atom (dpa) in short times.

In general, there are two mechanisms used to describe the travelling
of energetic ions in matter. One is called as the nuclear energy loss and
second is known as the electronic energy loss. The former is accredited
to the low ion energy regime (< 100 KeV/u) where the change in en-
ergetic ions is occurred because of the elastic collision and the latter
case refers to the higher energy regime (> 1 MeV/u) where the ex-
citation and ionization of an atom happens due to the inelastic collision.
In the medium range of energy, the electronic energy loss is the leading
process comparatively to the nuclear energy loss (Sigmund, 2004;
Ziegler et al., 2010; Spohr, 1990).

In this work, we use high energy ions to attain structural
changes in materials (Zhou et al., 2017). At the low energy regime,
the target atom vacancies could be generated and then displaced
to the interstitial sites. These large defects could possibly modify
the basic properties of materials used (Ziegler et al., 2010). Fur-
thermore, we can also avoid a problem of radioactivity because there is
no sample activation. The study of irradiation effects on graphite paves
the way to better understanding of the ion-matter interactions in other
carbon allotropes.

Knowing that the carbon atoms are the recoil particles in neutron
irradiated graphite, the study of the induced damage caused by their
interaction is of great interest. In this article, 5MeV C* * ion beam ir-
radiation effects on the structural properties of micro-fine grain gra-
phite ZXF-5Q were studied using X-ray diffraction, Raman spectro-
scopy, field emission scanning electron microscopy and high-resolution
transmission electron microscopy techniques. The nature of irradiation-
induced defects in graphite is investigated as well.

2. Experimental details

In this work, graphite ZXF-5Q purchased from POCO Graphite Inc
was used for irradiation study. The experiment was performed to in-
vestigate the effects of Carbon (C* *) ions irradiation on the structural
properties of micro-fine grain graphite samples with the help of 5 MeV-
Pelletron Tandem accelerator (model number 5UDH USA) at room
temperature under pressure of ~10~7 Torr at the National Centre for
Physics, Islamabad, Pakistan. Uniform irradiation was achieved by
using a beam scanner combined with a set of four independent
slits, which were mounted between the quadrupole magnet and
the sample position.

Five samples were irradiated with various doses of carbon (C* ™)
ions, 0.15 dpa (1 dpa = 5 X 10'% ions/ecm?), 0.5 dpa, 1 dpa, 3 dpa, 5
dpa, while one was kept un-irradiated as a reference. These five sam-
ples, which will be exposed to carbon ions, were mounted on a metal
strip with the aid of polymeric fixer. This strip was mounted on a target
holder of the accelerator. The diameter of the beam was 8 mm X 8 mm
which irradiated the sample surface uniformly, so the carbon ions re-
mained uniform over the whole surface. Each sample was irradiated at
the same energy 5MeV and current 100 nA. All samples were irra-
diated without additional current heating and were only heated by
the ion beam irradiation achieving average temperature up to
300°C due to the large ion beam flux. The irradiated samples were
investigated by several methods. XRD (Model Bruker D8 Co. Ltd loaded
with Cu Ka radiation (A = 15.40598 10\) scan rate 2°, voltage 40kV,
tube current 35mA, 26 range 20°-60°, was used to characterize the
structural analysis of all un-irradiated and irradiated samples. Raman
spectroscopy (Model Lab Ram III DongWoo OPTRON South Korea)
measurements were performed at room temperature using a 150 mW
Ar* laser beam of a wavelength of 514.8nm in frequency range
1000-2000 cm ~ !, The microstructures of samples were characterized
by HRTEM (JEM 3010 (JEOL)) and the surface morphology was
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Fig. 1. SRIM visual representation of the 5MeV C* * (a) ion distribution depth
where green represents displaced carbon atoms and red represents the ion path
and (b) ion ranges in the target graphite, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

examined by FESEM (Model MIRA-3 TESCAN).

The heavy carbon ion beam causes deformation of the material in
the graphite layered lattice. The lattice variation is mainly caused by
the electronic stopping and the interaction of the incident ions with the
nucleus of the target atom. Ionization is an important factor under such
high beam energies, whereas nuclear interactions prevail in the pro-
jected range. Using the stopping/range of ions in matter (SRIM, 2008)
we found the penetration depth of carbon ions in graphite up to
3.71 um and the vacancies generated per ions are around 533.2. This is
the allowable range of carbon ion beams with 5 MeV. Skewness is found
—2.77 and kurtosis 23.33. Fig. 1a and b shows calculated SRIM visual
representation of the 5MeV C* * ion distribution depth and ion range
in the target graphite.

3. Results and discussion
3.1. X ray diffraction

The XRD patterns of un-irradiated and irradiated samples are de-
picted in Fig. 2a. The Miller indices (h, k, 1) were matched with the
ICDD-PDF #-041-1487 which demonstrated that the samples have
hexagonal structures, with P63/mmc space group. The samples are
polycrystalline in nature, fact evidenced by the presence of four peaks
located respectively at 26.67°, 42.73°, 44.5° and 54.5° corresponding to
(002), (100), (101) and (004) planes, where (002) is the strongest. This
significant peak provides important information about the structural
changes of the material which are identified through its shape analysis.
It can also be seen that the original crystalline structure was maintained
after ions irradiation, manifested by the presence of all pre-existing
peaks and the absence of new ones (see Fig. 2).

In order to follow the evolution of peaks with ions irradiation, the
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Fig. 2. (a) XRD standard pattern of phase and patterns of un-irradiated and
irradiated micro-fine grain graphite ZXF-5Q sample; The enlarged view in the
26 range peak shifting of (b) 25°-28°, and (c) 41°-44°, and its corresponding d-
spacing vs. Dose (dpa) of (d) (002) and (e) (100) direction.

(002) peak due to c-direction and (100) peak corresponding to a-di-
rection in the lattice, are separately presented in the enlarged view
angles 25°-28° and 41°-44° range in Fig. 2b and c respectively. In these
figures it is clearly seen that the peak due to c-axis is expanded but the
peak due to a-axis is shrunk. These effects are happened due to the
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expansion between the graphite layers that triggered by the bombard-
ment-induced defects, i.e. defect accumulation between the basal
planes. In fact, ion irradiation displaces atoms from the graphitic
planes, causing crystal expansion in the c-axis and shrinking in the a-
axis.

On the other hand, the evolution of (002) and (100) peak position
and their corresponding interlayer d-spacing (distance between con-
secutive basal layers) as function of ions dose, are respectively reported
in Fig. 2d and e. The value of interlayer spacing dgo> (in c-direction) and
doo1 (in a-direction) was calculated from Bragg equation
(nA = 2dsin®) where A is the wavelength of X-rays in A and 0 is the
scattering angle in radians. It is worth noting firstly that d-spacing
values varies accordance with a literature (Galy et al., 2017; Ammar
et al., 2015). Furthermore, the calculated d002 value of the irradiated
sample (~0.373 nm) is larger than that of a typical graphite structure
(~0.338 nm), but it is similar to that of the disordered form, which is
well known as “turbostratic graphite” (Li et al., 2007; Binder et al.,
2017).

The increase in (002) d-spacing is very obvious, from 3.35A to
3.38 A, which helps to justify the expansion along the c-axis. In
addition, it should be noted that the d-spacing in the c-direction is
very large compared to the a-direction, and the relative change is
significant (Pellemoine et al., 2015). Hence, the increase of d-spacing
in irradiated samples may be induced by defects accumulation between
basal layers. Furthermore, it has been observed that when ion beam
penetrates inside material gathers and forms some clusters colonies
between plans leading to the increase of d-spacing (Pellemoine et al.,
2015; Sigmund, 2004). Thus, we deduce that the irradiation effect is
developed mainly along c-direction where the stress induced by carbon
ions is more intense.

3.2. Raman spectroscopy

In order to better understand the material behaviour under carbon
ion irradiation, Raman spectroscopy was performed on un-irradiated
and irradiated samples. Fig. 3a shows the Raman spectra of the un-
irradiated sample in comparison to irradiated sample at different irra-
diation doses. Two peaks located at 1601 cm ™' and 1370 cm ™! are
observed in Raman spectra of all samples and attributed respectively to
G and D bands in micro-fine grain graphite. In graphite, the G band is
the most prominent feature and is considered as the finger print peak of
material (Kwiecinska et al., 2010; Nemanich and Solin, 1979). This
peak, corresponding to the first order Raman scattering, is due to
double degenerate phonon mode E,; of basal plane vibrations
(Dresselhaus et al., 2010; Ni et al., 2010), that characterizes the relative
motion between 2 sp2 carbon atoms (Ferrari, 2007). The second most
important peak D, originating from A, ring breathing mode (Tan et al.,
2013), is the feature of the double-resonance Raman scattering
(Maultzsch et al., 2004). The D peak reflects the disorder in the material
and thus is symmetrically forbidden in perfect graphite. Compared to
the G peak, it has a dispersive nature and its position can be moved with
the change of excitation energy (Maultzsch et al., 2004). D mode is
always present in natural polycrystalline graphite, but it will be Raman
inactive in single crystal because it is forbidden by the k conservation
rules (Tan et al., 2013). Raman spectrum of the un-irradiated sample in
Fig. 3a shows that the disordered peak D is wider than the graphitic
peak G. This result indicates the high degree of graphitization and low
disorder of un-irradiated sample. Moreover, the Raman bands’ intensity
of irradiated samples is clearly higher than that of the un-irradiated
one, while their position remains unchanged.

In order to assess the degree of graphitization and evaluate the
discrimination of the defect types in irradiated samples, one can use the
combination of the quantified intensity ratio Ip/I; and full width at half
maximum (FHWM) of G peak. These two indicators of structural dis-
order vary differently as both depend on the nature and concentration
of the generated defects. Indeed, Ip/I; ratio reflects the disorder in the
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Fig. 3. (a) Raman spectra of the un-irradiated and irradiated micro-fine grain
graphite ZXF-5Q sample; (b) Intensity ratio Ip/Is vs. Dose (dpa) and (c) varia-
tion of FWHM of the Raman G peak vs. Dose (dpa). The error bars reflect the
experimental variance andanalytical error.

lattice, which comes from different types of defects (point defects or
dislocations). On the other hand, the FWHM of G peak reveals the
graphitization degree of materials (Ammar et al., 2015). Hence, Ip/Ig
ratio and FWHM of G peak versus irradiation doses were plotted in
Fig. 3b and c respectively. In the first dose range (<1 dpa), it is ob-
served that the Ip/I; ratio increases with increasing dose. This response
could be due to irradiation created defects in the material. Meanwhile,
the FWHM of G peak increases slightly up to the dose of 0.5 dpa and
further shows a drastic increase up to 1 dpa. This behaviour reflects the
strong reduction of graphitization degree in irradiated sample. These
observations indicate the non-correlation between the Ip/I; ratio and
FWHM of G band which means that the generated defects contribute
insignificantly to the activation of the disordered band D. Therefore, the
behaviour of this material can be explained by the ion irradiation
creating isolated defects with low density (monovacancies) within
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graphitic regions, which leads to the local disorder. The increase of the
structural disorder is also reported by Deslandes et al. (2014) in
5MeV C* * irradiated graphite with nearly the same dose range. Fur-
ther increase in dose up to 3 dpa decrease drastically the Ip/I; ratio and
FWHM of G-band. This behaviour reflects the enhancement of graphitic
amount in the sample which is correlated with the reduction of dis-
ordered material. This enhancement can be attributed to the reduction
of defects concentration inside the material. This behaviour was firstly
explained by the mutual annihilation of in-plane defects with mobile
interstitials (Niwase and Tanabe, 1993). With increasing irradiation
dose, the electron excitation causes lattice vibrations which re-
sults in heating of the sample. As reported previously in Refs
(Mitchel and Taylor, 1965; Shi et al., 2016; Latham et al., 2013) that an
increase in environment temperature rises an annealing process in
a sample due to which the Wigner energy is released. The expected
release of Wigner energy may be very small to restore complete
damage and actual crystallinity of the material, although due to
in-plane defects and mutual annihilation of the mobile inter-
stitials, improve the graphitization of materials to some extent at 3
dpa. The tendency of the layer spacing to decrease is related to the
complete recovery of the radiation damage annealed at very high
temperatures of = 1500 °C, where the layer spacing d(002) of
graphite decreases with increasing crystallinity. In fact, re-
combination of interstitials and vacancies may occur due to the
high ion beam excitation. When the temperature goes above
140K, the role of vacancies in annealing process begins and the
intimate Frenkel defects starts annihilating as well. Even at room
temperature, the annealing process along with annihilation of
intimate Frenkel defects continues. Further by increasing the
temperature up to 475K, the vacancies turn out to be completely
mobile to annihilate adjacent interstitials and the Wigner energy
is released.

Furthermore, Krishna et al. (2017) have reported the effects of
temperature during irradiation. This annealing process results in the
recombination of interstitial atoms and vacancies (Krishna et al., 2017).
The competition between defects generation and their annihilation
during irradiation has also been reported in neutron irradiation induced
damage in graphite (Telling and Heggie, 2007). In other words, the
isolated defects (monovacancies) generated during the dose and other
pre-existing ones, will be annihilated at some sinks in material. Indeed,
the annihilation process becomes predominant over the defects pro-
duction and enhances the graphitization process inside the material.

When the annihilation process becomes dominant and it leads to an
increase in the degree of graphitization within the material. At high
doses, high concentrations of defects result in the formation of a stable
planar V6 ring, but the degree of graphitization remains almost un-
changed. When the dose exceeds 3 dpa, the sudden change in the Ip/Is
ratio shows a sharp increase, while the FWHM (G) remains almost
unchanged (Fig. 3b and c). The increase in the Ip/I ratio is a sign of the
disordered material enhancement after the defect is generated. There-
fore, in the samples irradiated with 5 dpa, the defect concentration was
high, and they participated in the activation of the disordered band D
without changing the local structural order. This result means that the
two samples irradiated with 3 and 5 dpa are also graphitized, but are
not equally filled by defects.

Similar phenomena were also observed earlier in ion irradiated
nuclear graphite (Ammar et al., 2015). By comparing the material re-
sponse between both dose ranges (0-1 dpa) and (3-5 dpa), in which the
defects production was the predominant process, it can be deduced that
the nature of the created defects (clusters) are obviously different.
Furthermore, it can even be predicted that the defects created at higher
doses should be relatively stable and remain even at high temperatures.
Moreover, it has been reported that the irradiation temperature raises
the threshold energy for atomic displacement (E4) as the interstitial-
vacancy separation distance, required to produce a stable Frenkel-pair,
is increased (Krishna et al., 2017). In this context, Tang et al. (1999)
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suggest an aggregation structure formed by 6 vacancies (V) as the
possible stable clusters generated by irradiation in graphite. In
fact, with increasing temperature, resulting from increasing dose,
monovacancies of high densities are created through collisional
cascades. These monovacancies will get enough energy to move
through the lattice and develop clusters of vacancies leading to the
formation of planar Vg rings (Telling and Heggie; Sigmund, 2004).

Considering the first principle calculation and the positron
annihilation process, the planar Vg ring is an aggregate of six va-
cancies forming a closed six ring and has been considered to have
high stability in irradiated graphite. Calculations show that va-
cancy clusters are the most likely defect structures because they
are energetically favourable and stable, which is believed to sur-
vive the 1700 K anneal (Telling and Heggie, 2007; Tang et al., 1999;
Li. et al., 2019). C. Q. Shi et al. also found that high-dose irradiation
vacancy complexes (stable V¢ rings) were established and stabi-
lized at temperatures around 1400 K (Shi et al., 2016). In the light of
above reports, based on the combination of the Ip/Ig and FWHM (G),
the discrimination of the defect types was demonstrated.

3.3. Field emission scanning electron microscopy (FESEM)

FESEM images of un-irradiated and those irradiated at 1 dpa, 3 dpa
and 5 dpa micro-fine grain graphite ZXF-5Q samples are shown in
Fig. 4a—-d. The morphology before irradiation was fine, smooth and
regular shape microstructure, but completely converted to nano-
crowded sheets after carbon ion beam treatment, which showed da-
mage and formation of defective nanoclusters. Heavy carbon ion beam
irradiation produces hot spikes inside and outside the surface of the
material. The heat spikes generate annealing temperature which suffer
the material surface morphology. This temperature may have the mil-
ling effect which is believed to be the result of a smooth surface tran-
sition to nanosheets, nanostructures. (Production of atomic disp, 1956;
Mironov et al., 2015).

3.4. High resolution transmission electron microscope (HRTEM)

A combined study of HRTEM and Raman spectroscopy of carbon

Fig. 4. (a-d) SEM images of un-irradiated and irradiated micro-fine grain
graphite ZXF-5Q sample: (a) un-irradiated, (b) 1 dpa, (c) 3 dpa, (d) 5 dpa.
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Fig. 5. (a—d) HRTEM images of un-irradiated and irradiated micro-fine grain
graphite ZXF-5Q sample: (a) un-irradiated, (b) 1 dpa, (c) 3 dpa, (d) 5 dpa.

irradiated graphite can provide more information on the irradiation
produced damage in POCO grade ZXF-5Q graphite. The HRTEM images
of the un-irradiated sample and those irradiated at 1, 3 and 5 dpa are
given in Fig. 5a-d. The un-irradiated sample demonstrates a flawless
spatial arrangement of graphite layers with a constant interlayer spa-
cing dgo2 around 0.35nm. Moreover, the sample irradiated at 1 dpa
displays a structural degradation illustrated by tortuosity (or curvature)
of the (002) planes, accompanied by an increase of interlayer spacing
doo2, previously reported in XRD spectra (Fig. 2d). Hence, the changes
produced in the irradiated sample could be due to the accumulations of
point defects (clusters), as observed in Fig. 5b, which would have dis-
ordered the lattice. This disorder was also evidenced by the increase of
Ip/I; ratio in this range dose (Fig. 3b). These HRTEM observations
suggest the breakup of the graphitic structure into nanocrystalline re-
gions with increasing dose (Gotoh. et al., 1989), also corroborated by
Raman analysis revealing the reduction of graphitization degree in this
range dose. Furthermore, comparing the HRTEM images of the samples
irradiated with 3 dpa and 5 dpa, turbulence and disordering of the basal
plane are clearly manifested in the lattice image of the sample irra-
diated with 5 dpa. The turbulence and disordering in the lattice should
originate from irregularity of the bonding angle and length (Niwase and
Tanabe, 1993), which causes the broadening of the Raman spectra as
indicated in Fig. 3c. These results are aligned with those obtained by
Raman analysis in the previous section where the Ip/I; ratio increase in
this dose range (Fig. 3b).

4. Conclusions

The damage induced in POCO grade ZXF-5Q graphite irradiated
with 5MeVC*™ " was investigated by XRD, Raman spectroscopy,
FESEM, and HRTEM. The isolated defects with a low density are gen-
erated within graphitic regions at low doses and thus contribute in-
significantly to the activation of Raman disordered band. In addition, a
sharp reduction of graphitization degree occurs in the irradiated ma-
terial. It has been observed via HRTEM that the created defects accu-
mulate in clusters between basal planes and lead to the increase of
lattice parameter and d-spacing mainly in c-direction. With further
increasing dose, the irradiation temperature increases and initiates an
annealing process in the material resulting in defects annihilation,
which was already competing with damage production. The annihila-
tion process becomes predominant and leads to the enhancement of the
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graphitization degree within material. At high doses, the high con-
centration of defects leads to the formation of stable planar Vg rings,
which survives even at higher temperature, but the graphitization de-
gree remains nearly unchanged. Hence, the samples are equally gra-
phitized, but not equally populated by defects.
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