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Abstract

The use of glassy carbon (GC) as a future nuclear waste storage material depends on its
capability to retain all radioactive fission products found in spent nuclear fuels. Selenium (7Se)
is found in trace amounts in uranium ores, spent, and reprocessed nuclear fuel. This work
investigates the effects of implantation temperature and annealing on the structural evolution
and migration of Se implanted GC. To achieve these objectives, 150 keV Se” was implanted
into GC samples separately at room temperature (RT) and 200°C to a fluence of 1x10'® cm™.
Some of the as-implanted samples were annealed at 1000, 1100 and 1200°C for 5h and
characterized by transmission electron microscopy (TEM), Raman spectroscopy, and
secondary ion mass spectrometry (SIMS). Both TEM and Raman spectroscopy showed that
implantation caused defects in the GC structures, with more defects in the RT as-implanted
sample. Annealing caused the healing of both sample types but retained some radiation
damage. No migration of Se atoms was observed in the RT and 200°C as-implanted samples.
However, a different migration behaviour was seen after annealing the RT and 200°C samples
up to 1200 °C, attributed to the trapping and de-trapping of Se atoms in different amounts of

defect induced by implantation.
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Graphical abstract

The figure below shows the influence of annealing on the migration behaviour of glassy
carbon samples after implantation with 150 keV Se ions (fluence of 1 x 10 '® cm™2) at room
temperature (RT) and 200 °C. The different migration patterns as observed in the RT and
200 °C samples after annealing, can be attributed to the trapping and de-trapping of Se atoms
in different amounts of defect induced by implantation. The magnitude of defect induced at
implantation are shown in the Raman and TEM images. Both Raman and TEM techniques
confirms that the RT implanted sample is more damaged than the 200 °C implanted sample

which justifies the different migration behaviour.
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1. Introduction

The management of high-level nuclear waste has been one of the major issues limiting
the acceptance of nuclear energy as an alternative form of energy. High-level nuclear wastes
(HLW) generated during the operation of a nuclear reactor are typically stored in specially
designed storage pools. These wastes are allowed to cool and decay in the pool for some years
and then transferred to dry casks for long-term storage. The materials for fabricating dry casks

are mainly susceptible to degradation due to ageing [1], and as a result, the leakage of



radioactive material into the environment is possible. As there is currently limited operational
permanent geological repositories to contain and dispose of high-level nuclear wastes, dry
casks of longer lifespan could be in high demand in the nearest future. Therefore, the
improvement and performance of the materials used to manufacture dry storage devices are
vital. Previous studies on the migration behaviour of fission products in glassy carbon have
shown that glassy carbon can serve as an alternative material to be considered for the dry cask
needed for nuclear waste management [2—11].

Glassy carbon (GC) is a synthetic allotrope of carbon that combines glassy and ceramic
properties with those of graphite. Heating organic resins produce glassy carbon at higher
temperatures in the range of 900 — 3000 °C in an inert atmosphere. The structure of glassy
carbon has been a major research interest since it was first fabricated in the 1960s. Recent
investigations by Harris [12,13] using a High resolution transmission electron microscopy
(HRTEM) suggest that glassy carbon has a fullerene-like structure. The fullerene-like property
of glassy carbon is responsible for its remarkable properties, including superior hardness and
strength, low reactivity, high-temperature stability [14], biocompatibility, resistance to
chemical attacks and radiation, and impermeability by liquids and gases [15].

Selenium (Se) is a non-metallic element that occurs naturally in trace quantities in
aquatic, atmospheric, and terrestrial ecosystems. Among the various selenium isotopes, "Se is
the only radioisotope that falls into the seven most long-lived radioactive fission products. This
isotope of selenium, ’Se can be found in trace amounts (~0.0487 % yield) [16] in uranium
ores, spent, and reprocessed nuclear fuel. The physical half-life of 7Se, about 3.77(+0.19) x
105 years [17], makes it applicable in evaluating the long-term radiological impact of
geological repositories [18]. The release of 7Se into different environmental media would pose
a health hazard from the f-particles released during its radioactivity. Selenium toxicity can
cause cancer, especially when swallowed or absorbed into the body at a dose higher than 400
ug per day [19].

The applicability of glassy carbon as a material for nuclear waste containment would require it
to be highly resistant to radiation damage produced from the high-level radioactive nuclear
waste. It should also be a reliable diffusion barrier for fission product elements present in
nuclear waste. Some studies have shown that ion implantation is useful in understanding the
effect of radiation damage on the glassy carbon structure [3—8,20-23]. Similarly, these studies
have shown that post-implantation annealing caused the migration of the implanted impurities
in glassy carbon. For example, in our previous study, we found that radiation damage was

induced in GC implanted with Se ions at room temperature (RT) [8]. We further reported that
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sequential isochronal annealing resulted in Se’s diffusion towards the GC surface. Still, the GC
structure does not recover after annealing at 1200 °C [8]. Typically, the radioactivity of nuclear
waste generates heat and can abruptly lead to the high temperature of the nuclear waste storage
system [2]. To simulate the radiation conditions of the proposed GC (as nuclear waste storage
device) would be exposed to, the material was implanted with a typical radioactive fission
element, selenium (Se) at RT and at a high temperature of 200 °C, both to a fluence of 1 x 10!
ions/cm?. The idea was to compare the radiation damage induced in the GC substrates due to
Se implantation at RT and elevated temperature. The annealing of radiation damage together

with the migration behaviour of Se in GC is also investigated in this study.

2. Experimental

The starting material was commercially available SIGRADUR®G glassy carbon (GC)
samples purchased from Hochtemperatur-Werkstoffe GmbH, Germany. Each glassy carbon
strip was of a rectangular size of 50 mm x 10 mm X 2 mm. According to the manufacturer, the
SIGRADUR®G grade has a density of 1.42 g/cm?, Young’s modulus of 35 GPa, thermal
conductivity of 6.3 Wm'K"!, flexural strength of 260 MPa, compressive strength of 480 MPa,
and a maximum service temperature of 3273 K [24]. Each as-received glassy carbon sample
was polished on one side, and the unpolished surface was marked into ten (10) rectangular
sections to enable easy separation. The glassy carbon samples were cleaned sequentially in an
ultrasonic bath with a soap solution, deionised water, and methanol and dried using nitrogen
gas. The polished surface of the cleaned GC samples was implanted with 150 keV Se ions to a
fluence of 1 x 10'® cm at RT and 200 °C. The Se beam was raster scanned across each GC
strip to ensure uniform implantation. The implantation flux was maintained at 10'* cm2s’! to
prevent the annealing of the radiation damage introduced into the GC during implantation.
After implantation, the samples were cut into more petite strips through the marks on the
unpolished surfaces.

The as-implanted samples were characterised by transmission electron microscopy
(TEM). TEM lamellas were prepared by the Focused Ion Beam (FIB) technique using a FEI
Helios Nanolab 650 FIB. The thinning of the samples was performed by successive 30 keV
and 5 keV Ga ions. The final polishing was done at 2 keV and 500 eV, which produced near
damage-free TEM foils. TEM analysis was then performed using a JEOL JEM 2100 LaB6
transmission electron microscope operating at 200 kV acceleration voltage.

The glassy carbon structure before implantation, after implantation, and annealing were

investigated by Raman spectroscopy. The argon excitation laser line of 532 nm wavelength
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was employed for the Raman measurements. The 50 x objective lens was used to acquire the
spectra with the laser power set at 0.82 mW. The spectrometer system was operated in the
double subtractive mode to reject the Rayleigh scattering and disperse the Raman scattering
onto a liquid nitrogen-cooled Symphony CCD detector. A Voigt function was fitted onto the
Raman data to obtain information such as the full width at half maximum (FWHM) of the G
band, peak positions, and the intensities. A Voigt function is a convolution product between a
Lorentzian function and a Gaussian function as given by equation (1) below:
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For each Voigt profile, y, represents the offset value, x. is the center of the profile, 4 represents
the area under the profile, w; = Gaussian FWHM, w; = Lorentzian FWHM. A constant

(minimum) baseline mode was chosen for each Raman fittings.

The migration behaviour of selenium and the annealing of radiation damage was investigated
by annealing some of the implanted samples isochronally (in vacuum) at 1000, 1100, and 1200
°C for 5 h. The details of the annealing set-ups and procedures can be found in [25]. The depth
profiles of the as-implanted glassy carbon samples before and after annealing were measured
by secondary ion mass spectrometry (SIMS) with a Cameca IMS 7f microanalyser. For each
measurement, a primary beam of 10 keV O?" ions was raster scanned across the sample area
of 150 x 150 um?. The intensity-concentration calibration was achieved with the as-implanted
samples as reference. Finally, the depth conversion of the recorded profiles was performed by
measuring the sputtered crater depth with a DEKTAK 8§ stylus profilometer and assuming a

constant erosion rate with time.

3. Results and Discussion

One of the important reasons for carrying out “Stopping Range of Ions in Matter”
(SRIM) simulation was to estimate the amount of radiation damage created in the substrate due
to ion implantation. Typically, the average number of displacements of atoms from a lattice
during implantation is used to estimate the radiation damage induced in the material. The
simulation of the depth profile of 150 keV Se ions implanted in glassy carbon was carried out
using SRIM in the full cascade mode. The density of glassy carbon was assumed to be 1.42
g/em?® ~ 7.12 x 10?2 atoms/cm®. The damage event in SRIM is processed as vacancy/ion (in

Angstrom unit), which can be converted to displacement per atom (dpa) at a required



dose/fluence. The vacancies/ion (obtained from SRIM) was converted into displacement per

atom (dpa) using equation (2) below [6]:
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Vac /ion ( A) is the vacancy per ion in Angstrom units, 10% is a conversion factor from Angstrom

(A) to a centimetre (cm), ¢ is the Seion fluence (1 x 10'® ions/cm?), and pcc is the atomic

density of the GC (7.12 x 10?? atoms/cm?).

The SIMS depth profiles of Se implanted into GC at room temperature and 200 °C, the
simulated ion distribution (from SRIM), and damage profile in dpa (from SRIM) are shown in
Figure 1. An Edgeworth function was fitted onto the SIMS spectra, and the first four moments
of the distribution were obtained and compared with the SRIM value, as shown in Table 1. The
experimental projected range (Rp) was estimated at approximately 130 nm in the RT and 200
°C as-implanted Se profiles. The as-implanted Se profiles from SIMS are similar or overlap,
indicating the implanted Se ions are embedded in nearly the same depths in the glassy carbon
samples implanted at RT and 200 °C. These results are contrary to the results reported for other
elements such as Cs (at 350 and 600 °C) [22] and Cd (430 and 600 °C) [6]. However, radiation
enhanced diffusion was not observed for the GC sample implanted at 200 °C. The absence of
such diffusion is understandable considering the lower implantation temperature of 200 °C
compared to those of Cs and Cd. The experimental Ry values (of both room temperature and
200 °C) agree reasonably with the SRIM simulated value of 132.80 nm, within 5%
uncertainties of the SRIM program (see Table 1). The experimental projected range straggling
(ARp) values are higher than the SRIM value by 13 and 17% in the RT and 200 °C GC
implanted samples. Larger projected range straggling could point to the diffusion of implanted
species during implantation [26], but such did not occur in this study. Larger experimental
projected range straggling can also be linked to the nanopores present in GC [26]; hence, the
discrepancies between the experimental and the calculated projected range straggling. Also
reported in Table 1 are the skewness (y) and kurtosis (B) values. The as-implanted values of y
ranged between 0.28 and 0.29, while B ranged between 2.94 and 2.95. These values are close
to y =0 and B = 3 for an ideal Gaussian distribution; it follows that the SIMS as-implanted

profiles (in Figure 1) are nearly Gaussian.



The dpa curve in Figure 1 shows that some of the implanted Se atoms are in the region with
low radiation damage, and most of the Se atoms are concentrated in a region of high radiation
damage. The maximum damage (in dpa) is at about 100 nm below the surface, which is less
than the projected range of the implanted Se. This implies that more selenium atoms are
displaced closer to the surface than the bulk. Consequently, this might lead to a preferred

diffusion of selenium towards the surface at lower temperatures.

Figures 2 show the Transmission electron microscopy (TEM) micrographs of pristine glassy
carbon (high magnification) and the glassy carbon samples implanted with Se ions at RT and
at 200 °C. The TEM micrograph of the pristine glassy carbon indicates densely packed layered
graphitic strands nanostructures surrounded by onion-like features. A similar structure of GC
was recently reported by Odutemowo et al. [20]. The onion-like features in the TEM
micrograph of the pristine glassy carbon, according to Harris, are similar to defective multi-
layered fullerenes [12], implying that glassy carbon contains fullerene constituents. Harris
developed a model which explains the fullerenes in glassy carbon are responsible for its low

reactivity and impermeability properties [12].

The TEM micrographs of the as-implanted samples depict that Se ion implantation damaged
the graphitic strands in the glassy carbon from the surface up to a depth of 159.60 nm and
156.91 nm in the RT and 200 °C as-implanted GC samples, respectively. Figures 2(e) and (f)
illustrate the selected area diffraction patterns (SAD) of pristine GC and samples implanted at
RT and 200 °C (d-f). Compared to the GC samples implanted at RT and 200 °C, the pristine
GC shows more defined rings, indicating that the pristine sample is more graphitic than the as-
implanted samples. The diffraction patterns of the GC samples implanted at RT and 200 °C
exhibit diffuse rings, as shown in Figures 2(e) and (f). This would imply that these samples

contain fewer graphitic crystallites.

Furthermore, the SAD patterns in Figures 2(e) and (f) reveals that these two as-implanted
samples types appear to suggest that the surface layer of the glassy carbon samples was
damaged following Se ions implantation. Figures 2(e) and (f) seemed to have no difference,
implying that both samples are damaged to the same degree. The TEM micrographs of the RT

and 200 °C as-implanted samples confirmed this observation.

Comparing the dpa results in Figure 1 and TEM results in Figure 2, it is evident that the
damaged layer of 159.60 nm in the room temperature sample corresponds to about 8.5 dpa in

Figure 1, which is greater than the critical dpa of 0.2 [27] required to amorphise glassy carbon.



Hence, the surface layer of the glassy carbon samples was completely amorphised due to Se

ions implantation at room temperature.
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Figure 1. Depth profile of 150 keV Se* implanted in GC at RT and 200 °C. Pink and
red lines — ion distributions and dpa from SRIM calculation, black and blue lines —

SIMS experiment.

Table 1. The first four moments of Se distribution in glassy carbon. Rp — projected
range, ARp — projected range straggling, y - skewness f§ — kurtosis.

Simulation Experiment
Moments SRIM RT 200 °C
R, 132.80 129.56  130.10
AR, 30.40 35.40 35.07
Y 0.18 0.29 0.28
p 2.86 2.95 2.94
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Figure 2. TEM micrographs (high magnification) of (a) The pristine glassy carbon (b) GC
implanted at RT and (b) 200 °C with 150 keV Se ions to 1 x 10 ' cm™. The selected area
diffraction (SAD) patterns of (d) the pristine GC, (e) and (f) implanted region of the GC
samples implanted at RT and 200 °C, with 150 keV Se ions to 1 x 1016 cm™, respectively.

Figure 3 shows the Raman spectrum of pristine glassy carbon. After the deconvolution of this
spectrum, two pronounced peaks were identified at about 1357 cm™! and 1588 c¢cm!. These
pronounced peaks are the D and G peaks, which are characteristic of carbon-based materials
with majorly sp? bonds and some disorders. The D peak indicates a disordered graphite

structure linked to the Aig breathing mode with vibrations near the K zone boundary [28]. The



G peak can be identified as the sp? carbon networks in graphite [29]. This peak is due to the
Raman optical mode and the E2g symmetry. The peak at ~1170 cm! is mainly noticed when
the acoustic mode is interposed with the optic mode in the vibrational density of the state of
carbon materials. The peak at ~1495 cm™' (D’” peak) can be related to the amorphous carbon
in the carbon lattice’s interstitial sites. The hump around the 1620 cm™ (D’) peak is an identity

of GC with small-sized crystals.

The Tuinstra-Koenig relation [30] was used to evaluate the average crystallite size in the

pristine glassy carbon and the annealed implanted GC samples (see equation (3) below):
3)

where Lqis the average crystallite size; ID/IG is the D to G peak intensities ratio calculated as

ID_ Cy
G Lg

1.67 for the pristine GC. C) is the laser excitation wavelength-dependent constant evaluated
from the relation, C;= Co + AC for 400 <A < 700 nm [31]. Cyis calculated to be 49.6 A for A
= 532 nm, C1 = —-126.0 A, and Co= 0.033 estimated from a plot of C; versus excitation
wavelengths [28]. An average crystallite size of 2.97 nm was calculated for the pristine glassy
carbon, which falls in the range, 2.5 nm < L, < 300 nm, where the Tuinstra-Koening equation

holds for different forms of graphitic carbon [28].

Experiment Pristine glassy carbon
D* peak fit
D peak fit
D" peak fit 34.3%
+ G peak fit
« D' peak fit
= Cummulative peak fit

Raman Intensity (a.u)

1000 1200 1400 1600 1800
Raman shift (cm™)

Figure 3. Raman spectrum of pristine glassy carbon. D* peak fit (solid cyan line), D peak fit
(solid green line), D’ peak fit (solid blue line), G peak fit (solid magenta line), D" peak fit
(solid grey line), and the cumulative fit peak (solid red line).

The implantation of Se ions in GC at room temperature and 200 °C resulted in the
disappearance of the characteristic peaks and the appearance of single broad peaks, as shown

in Figures 4(a) and 5(a), respectively. The Raman spectra in these Figures are like those of

amorphised carbon structures [27,32]. This suggests that the randomly ordered graphitic
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microcrystallites in the implanted layer of the GC may have been damaged because of high
fluence Se ion implantation. The deconvolution of the Raman spectra of the implanted samples
using a Voigt function made it possible to obtain relevant information from parameters such as
the G peak position with corresponding FWHM, D to G peak intensities ratio (ID/IG), D to D’
peak intensities ratio (ID/ID”), and D’ to G peak intensities ratio (ID’’/IG). These parameters
are shown in Table 2 and plotted in Figures 6(a-d). The G peak downshifted to 1567 and 1576
cm! after implantation at RT and 200 °C, respectively, from the initial value of 1588 cm™! for
the pristine glassy carbon (see Table (2) and Figure 6(a)).

Furthermore, the G peak FWHM has increased from 59.6 cm (for the pristine glassy
carbon) to 147.3 cm for the sample implanted at RT and became narrower to 118.0 cm after
implantation at 200 °C, as shown in Table 2 and Figure 6(b). An increase in the FWHM of the
G peak (coupled with the downshifting of the G peak positions) after implantation indicates a
high level of disorder in the GC and consequent damage of graphitic crystallite, as reported in
other studies [7,8,11,20,33]. The higher FWHM value in the RT implanted GC sample
indicates a higher level of disorder and damage than the sample implanted at 200°C. As seen
in Figures 4(a) and 5(a), the intensities of the convoluted D and G peaks decreased with respect
to the implantation temperatures leading to the decrease in the ID/IG ratio from 1.67 (the
pristine value) to 1.28 and 1.55 in the RT and 200 °C implanted glassy carbon samples,
respectively (see Table 2 and Figure 6(c)).

The merging of the D and G peaks alongside the increase in the FWHM, the decrease
in the ID/IG ratio, and the shift of the G peak positions to lower wavenumber were used to rank
the degree of disorder in the structures of the implanted glassy carbon samples due to the Se
ion bombardment at different implantation temperatures. The structural damage due to Se
implantation is greater for the sample implanted at RT compared to the 200 °C Se implanted
GC sample. This observation indicates the damage to the implanted GC structures decreases
with increasing implantation temperature. A similar trend was observed when Cd ions were
implanted in GC at RT, 430, and 600 °C [6]. The Raman spectrum of the room temperature Cd
implanted glassy carbon sample is similar to the Raman spectrum of the RT Se implanted GC
sample obtained in this study. However, the Raman spectra of the GC samples implanted at
430 and 600 °C have more pronounced D and G peaks, indicating less damage in their
substrate’s structures compared to the 200 °C glassy carbon substrate in this study. The absence
of the D and G peaks in the Raman spectrum of the 200 °C implanted GC glassy carbon is due

to more structural damage at this lower implantation temperature.
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Typically, a decrease in the ID/IG ratio after implantation may imply smaller graphitic
crystallite sizes within the damaged layer of the implanted glassy carbon substrates. The
average crystallite sizes within the damaged layer after implantation were estimated using the
relation by Ferrari and Robertson [28]. The Ferrari-Robertson relation in equation (4) is more
appropriate for amorphous and carbon materials with crystallite sizes less than 2.5 nm [28]. An

explanation to justify why equation (4) was given in our article in Ref. [8].
D _
G

G La )
where Cj is a constant given as 0.0055 A2[29], and L. is the average crystallite size. The
amorphisation of the implanted layer in the GC resulted in smaller crystallite sizes, 1.53 and
1.68 nm after implantation at RT and 200 °C, respectively (see Table 2 and Figure 6(c). This
result confirms that the implantation of Se ions in glassy carbon leads to the damage of the
graphitic strands embedded in the glassy carbon and leaves the substrate with disordered layers
characterised with average smaller crystallite sizes. The slightly larger crystallite size in the
200 °C implanted glassy carbon indicates less structural damage compared to the RT implanted
GC sample.

The ID’’/IG ratio represents the ratio of amorphous carbon (D’’) relative to the graphitic
carbon (G) in the GC samples [34]. It can be seen in Figure 6(d) that the ID’’/IG ratio is 0.10
for the pristine GC and increased to 1.04 and 1.10 after implantation with Se ions at RT and
200 °C, respectively. The increase in the ID’’/IG ratio further confirms that the GC becomes
defective after high fluence Se ion implantation. The defects in the implanted GC samples were
identified using the ID/ID’ ratio parameter. Eckmann et al. [35] have used ID/ID’ to
characterise the defects in Ar” bombarded graphenes, hydrogenated and fluorinated graphites.
The authors reported sp? defect type for ID/ID’ = 13; vacancy-like defects for ID/ID’ =~ 7; and
boundary-like defects for ID/ID’ = 3.5. In another study by Madito et al. [34], the ID/ID’ ratio
was used to characterise the defects in GC samples implanted with Xe ions. The authors
justified the defects characterisation in the GC, which was the presence of randomly oriented
graphitic strands embedded within its structure [34]. In this study, a similar defect
characterisation was carried out using the ID/ID’ ratio. The ID/ID’ ratio in the pristine GC was
calculated to be 5.92, indicating a boundary-like defect in this structure. The ID/ID’ ratio
decreased to 1.87 and 2.04 after the implantation of Se ions into GC at RT and 200 °C,
respectively indicating the reduction of the boundary defect in the implanted GC. A similar
reduction in boundary defect was reported in GC implanted with 200 keV Xe ions at RT [34].
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Figure 4. Raman spectra of Se implanted in glassy carbon (a) at room temperature and after
annealing for 5 h in vacuum at (b) 1000 °C (c) 1100 °C (d) 1200 °C.
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Figure 5. Raman spectra of Se implanted in glassy carbon (a) at 200 °C, and after annealing
for 5 h in vacuum at (b) 1000 °C (c) 1100 °C (d) 1200 °C.
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Figure 6. Raman fitting parameters (a) G peak positions (cm™) (b) G peak FWHM (c) ID/IG
ratio and La (nm) (d) ID’’/IG ratio and ID/ID’ ratio, of the acquired Raman spectra of glassy

carbon implanted with 150 keV Se ions at room temperature and 200 °C after isochronally
annealed at 1000, 1100, and 1200 for 5h.

Table 2. The Raman results for 150 keV Se ions implanted in glassy carbon at room
temperature and 200°C and after sequential isochronally annealed at 1000, 1100, and 1200°C
for 5h. All spectra compared with the pristine glassy carbon. RT/AS — Se implanted glassy
carbon at room temperature; 200/AS — Se implanted glassy carbon at 200 °C; RT/1000 — Se
implanted glassy carbon at room temperature and annealed at 1000 °C; 200 /1000 — Se
implanted glassy carbon at 200 °C and annealed at 1000 °C

Sample G-peak G-peak ID/IG La ID”/IG ID/ID’
tag position FWHM (nm)
Pristine 1588.5 59.6 1.67 297 0.10 5.92
GC
RT-AS 1567.4 147.3 128 1.53 1.04 1.87
RT/1000  1581.6 90.53 1.20 4.15 0.82 1.59
RT/1100  1588.3 103.8 1.15 430 0.47 2.71
RT/1200  1591.9 99.3 1.10 4.53 0.45 3.06
200/AS 1575.8 118.0 1.55 1.68 1.10 2.04
200/1000  1594.0 119.8 1.23  4.04 0.53 2.52
200/1100  1591.7 109.6 1.17 4.23 0.47 2.82
200/1200  1598.6 95.5 1.13  4.40 0.48 3.63
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The effect of annealing on the structure of the GC samples implanted at RT and 200 °C

with 150 keV Se ions was studied by Raman spectroscopy. Annealing the samples at 1000,
1100, and 1200 °C for 5 h (under vacuum) caused a change in the Raman spectra, as shown in
Figures 4(b-d) & 5(b-d). The D and G peaks reappeared after annealing at 1000 °C and became
enhanced after annealing at 1100 and 1200 °C. The progressive growth of the D and G peak
intensities would imply that the implantation damage was being annealed out and consequently
an increase in the graphitic order of the GC substrates. This is confirmed by the behaviour of
the peak parameters (see Table 2 and Figures 6(a-d)) after deconvolution, discussed in the next
paragraph.
The G peak position shifted to higher wavenumbers after isochronal annealing the GC samples
initially implanted with Se ions at RT and 200 °C. After annealing at 1200 °C, the G peak
positions upshifted to 1592 and 1599 cm’!, respectively, as shown in Table 2 and Figure 6(a).
It can also be seen in Table 2 and Figure 6(b) that annealing caused the G peak FWHM values
of the RT and the 200 °C GC samples to become smaller than the as-implanted ones but still
larger than the pristine GC. In addition, a progressive decrease in the ID/IG ratio was observed
for the RT and 200 °C GC samples after annealing between 1000 °C and 1200 °C. Typically
annealing would result in the recrystallisation within the implanted layer of the GC substrates.
The recrystallisation due to annealing was checked by calculating the average crystallite sizes
using equation (3). The crystallite sizes (of the GC substrates) have increased from 4.15 to 4.53
nm and 4.04 to 4.40 nm after annealing the room temperature and 200 °C as-implanted GC
samples, respectively in the same temperature range (i.e., 1000 — 1200 °C). The enhanced G
peak intensities in the structures of the annealed GC samples would justify the increased larger
crystallite sizes.

The changes in the G peak positions and FWHM, ID/IG, and La are evidence of
structural recovery in the as-implanted samples after annealing. However, it was necessary to
note that the final structures of all the annealed implanted samples are not the same as the
pristine GC even after annealing at the highest temperature of 1200 °C. Thus, some radiation
damage was retained in the GC substrates. Impurity retainment within the GC structure may
have inhibited the complete structural recovery of the GC substrates. Other studies have shown
that heat treatment of ions implanted in GC samples does not usually remove all radiation
damage due to retained defects [5—8,32]. As shown in Figure 6(d), the ID’/IG ratio values of
the ID’’/IG ratio reduced to values lower than the as-implanted ones but higher than the pristine
value. This observation indicates the reduction of the amorphous carbon fraction within the

implanted region of the annealed samples. Annealing increased the ID/ID’ ratio to a values
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close to the pristine value indicating structural recovery and re-emerging of the boundary-like
defect in the glassy carbon substrates. The changes reported for ID’/IG and ID/ID’ ratios further
point to the recovery of the GC substrates after annealing.

Using the secondary ion mass spectrometry technique, the effects of annealing on Se
distribution in the temperature range of 1000 — 1200 °C (in steps of 100 °C for 5h) were
investigated. Figures 7(a) and (b) show Se’s depth profiles implanted into GC samples at RT
and 200 °C both before and after annealing. The selenium retained ratio plotted as a function
of annealing temperatures is also shown in Figure 7(c). The retained ratio was calculated as the
ratio of the area of the Se profile (i.e., the Se concentration) after each annealing temperature
to that of the as-implanted ones.

The isochronal annealing of the room temperature implanted sample at 1000 °C resulted
in the asymmetric broadening of the Se profile, as shown in Figure 7(a). The 1000 °C annealed
Se profile was skewed to a depth of about 300 nm. The skewness of this profile is an indication
of Se atoms’ migration into the bulk of the GC. No loss of Se was recorded at this temperature
since no migration towards the surface was observed. Increasing the annealing temperature to
1100 °C resulted in an enhanced asymmetrical broadening of the Se profile to the surface and
tailing towards the bulk, up to ~325 nm. The Se profile at this temperature implies more Se
atoms have migrated into the bulk of the glassy carbon and the surface region, accompanied by
about a 36 % loss of Se atoms. The loss of Se can be related to the evaporation of Se atoms
into the vacuum during annealing. The melting point of Se being 220 °C is significantly less
than the annealing temperatures (1000 — 1200 °C). A similar profile, like the one obtained at
1100 °C, was obtained after annealing the room temperature implanted sample at 1200 °C,
indicating a similar migration behaviour of the Se atoms. The tail of the Se profile at this
temperature was deeper at a depth of about 400 nm (indicating a stronger migration of Se into
the bulk), accompanied by the loss of more Se atoms (of about 51 %).

Annealing the 200 °C GC sample at 1000 °C resulted in an asymmetric Se profile with an
appearance of a smaller peak at a depth of about 30 nm below the surface. This asymmetric
profile tailed towards the bulk up to a depth of 350 nm, as shown in Figure 7(b). The smaller
surface peak indicates the accumulation of Se atoms (i.e., segregation) at the surface,
accompanied by a loss of about 10 %. The tailing of the profile suggests that some Se atoms
have migrated into the bulk matrix of the GC. After annealing the 200 °C GC implants at 1100
and 1200 °C, the surface peaks became pronounced, indicating more Se atoms segregated
towards the surface. However, a significant loss of about 31 % and 40 % Se atoms was observed

after annealing these 200 °C GC implants at 1100 and 1200 °C, respectively. Accompanying
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the surface segregation is the migration of Se atoms deeper into the bulk of the GC, up to a
maximum depth of ~ 400 nm.

The Se atoms exhibit a similar migration behaviour into the bulk of both RT and 200
°C implanted samples. By referring to the dpa curve included in Figures 7(a) and (b), it can be
seen that the radiation damage is lower at the end of range region (i.e., at 240 nm) as compared
to the rest of the implantation layer. Accordingly, the migration of the Se atoms is not expected
in the bulk since much of the radiation damage (~ 19 dpa was at a depth of 100 nm) is closer
to the surface than the bulk of the GC substrates. But it can be seen from Figures 7(a) and (b)
that the migration of Se atoms started from the region with the minimum damage and
progressed to moderate and high radiation damage region with respect to increasing annealing
temperature. This type of migration behaviour exhibited by the Se atoms in the bulk of both
RT and 200 °C implants (after annealing) can be explained in terms of trapping and de-trapping
of the Se atoms by defects induced at implantation. The migration of the Se atoms deeper into
the bulk (of the annealed samples) occurred as a result of defect annealing in the less radiation
damage region. However, the trapping of the majority of the Se atoms in the high radiation
damage region restricted its migration towards the surface, especially in the RT implanted
sample. The Pristine GC contains several nanopores, accounting for its low density (1.42 gem
3). Since the average pore size in GC is about 0.3 nm [36], then a Se atom with an atomic radius
0f 0.19 nm would successfully fit into a pore of 0.3 nm size. Consequently, the irradiated glassy
carbon would have fewer micropores and the Se atoms trapped by the irradiation defects [20].
The RT and 200°C Se experimental depth profiles are further indications that Se atoms are
trapped as these profiles are slightly broader than the simulation (see Figure 1 and ARpin Table
1).

The migration of Se atoms towards the surface in the annealed RT and 200 °C as-
implanted samples occurred after the radiation damage had been annealed out. Notably, the
migration behaviour of the Se atoms towards the surface in both sample types (after annealing)
is different despite showing similar ion distribution at implantation and subjecting them to
isochronal annealing in the same temperature range (i.e., 1000 — 1200 °C). For example, the
migration of Se atoms towards the surface occurred after annealing the RT as-implanted sample
at 1100 °C. In contrast, migration of the Se atoms towards the surface in the 200 °C as-
implanted sample starts at 1000 °C. In addition, the humps in Figure 7(b) indicates the
segregation of the Se atoms towards the surface of the 200 °C as-implanted samples after
annealing from 1000 °C up to 1200 °C. Figure 7(a) shows that no such segregation occurred

after annealing the RT as-implanted samples in the same temperature range. These differences
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in the migration behaviour of Se atoms towards the surface of the RT and 200 °C as-implanted
samples (after annealing) suggest the initial effect of ion implantation on the GC substrates.
Typically, radiation damage depends on the implantation temperatures and due to dynamic
annealing, more damage is expected for RT implantation than that performed at higher
temperatures. Transmission electron microscopy (TEM) and Raman spectroscopy are two
essential techniques to investigate radiation damage evolution and structural changes in ion-
bombarded materials. It can be recalled from Figures 4(a) and 5(a) that the Raman spectra of
the RT and the 200 °C GC as-implanted samples are different. Less structural damage was
observed in the 200 °C as-implanted samples than in the RT sample. In addition, the magnitude
of radiation damage in the room temperature as-implanted sample is more than the 200 °C as-
implanted samples (as shown in the diffraction patterns inserted in the TEM images in Figures
2(a) and (b)). The different migration behaviour of Se atoms toward the surface in both
annealed as-implanted glassy carbon samples can be related to the trapping and de-trapping of
the Se atoms in different amounts of ion-induced defects in the two samples. An example can
be seen in Figure 7(c), where the retained Se impurities in the sample implanted at 200 °C and
annealed at 1200 °C are more than those in the RT sample annealed at the same temperature.
The migration behaviour of Se in glassy carbon compared with other previous fission
elements studied [22,23,33] does not show a similar migration pattern (by the depth profiles)
despite the segregation and bulk migration exhibited by these elements. Two probable
explanations can be given for the variation mentioned above in the migration pattern of Se and
other fission elements. The first is the possibility of the synergistic effect of an array of fission
elements in the host nuclear waste. The radioactivity of a nuclear waste gives rise to many
fission elements and these fission elements can coexist together, giving rise to the synergistic
effect between them. Another reason could be the differences in the microstructures of the as-
implanted glassy carbon after annealing, which otherwise affected the migration behaviour of

the initially implanted fission elements.
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Figure 7. SIMS depth profiles of 150 keV Seions implanted in glassy carbon at (a) RT and (b)
200 °C (c) fraction of retained Se in the glassy carbon substrate after annealing the RT
and 200 °C implanted samples at 1000, 1100, and 1200 °C for 5h in steps of 100 °C.

4. Conclusions

In the present work, GC samples were implanted with 150 keV Se ions at room
temperature (RT) and 200 °C to a fluence of 1x10'® ions/cm?. The effects of implantation
temperatures and isochronal vacuum annealing on the structural evolution and migration of Se
implanted into glassy carbon (GC) were investigated by a combination of Transmission
electron microscopy (TEM), Raman spectroscopy and secondary ion mass spectrometry
(SIMS). The TEM and Raman results show that the Se implantation induces damage at nearly
similar depth in the as-implanted room temperature and 200 °C GC substrates. Similarly, the
structure of the GC samples was damaged by Se ions implantation, with more defects observed
in the RT implanted sample. Annealing caused gradual defect removal in both sample types
accompanied by a reduction in the amorphous carbon fraction within the implanted region of
the annealed samples. However, the structure of the as-implanted glassy carbon samples has

not fully recovered even after annealing at the highest temperature used (1200 °C). According
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to the Raman analysis result, boundary-like defects exist in the as-implanted GC samples and

are retained after annealing both sample types up to 1200 °C.

The results also indicate the minor role of the implantation temperature on the depth
profiles of Se atoms. Moreover, the Se atoms exhibited a similar migration into the bulk of the
room temperature and the 200 °C implanted samples after annealing at 1000 °C. However, a
different migration behaviour of the Se atoms towards the surface was observed for the RT and
the 200 °C implanted samples after annealing at 1000 — 1200 °C. For instance, in contrast to
the RT implanted sample, the Se atoms were segregated on the surface of the 200 °C implanted
sample. The different migration behaviour in the samples implanted at different temperatures
is attributed to the interaction of the Se atoms with ion-induced defects. After annealing at 1200
°C, more Se atoms were retained in the 200 °C implanted sample than the RT one. This relates
again to the sample’s microstructure after implantation, leading to the enhanced Se segregation
in the annealed 200 °C implanted sample. Segregation would prevent the loss of Se atoms at
the surface of the 200 °C implanted sample. Despite that the diffusion of Se into the bulk of the
glassy carbon substrates is not efficient, the concentration of the Se atoms migrating to the
surface is much higher than that migrated into the bulk. The results of this study could point to
the need to improve the glassy carbon for its application as a potential storage material for
radioactive nuclear wastes. However, the influence of other fission products elements on the
migration of Se must be studied before proposing any recommendation for the improvement

of glassy carbon for nuclear waste storage application.
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