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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.G. Hultman The effects of helium ion (He™?) implantation into glassy carbon (GC) were systematically investigated. He™?

ions with an energy range of 17 keV were implanted into GC to fluences of 10, 1017 and 10'® cm~2 at room

Keywords: temperature (RT). The as-implanted GC samples were subsequently vacuum annealed at 300 °C, 500 °C, and
Gl?ssy carbon 800 °C for 1 h. Structural evolution of GC was characterized using Raman spectroscopy and transmission electron
Mlcr.OStrucmr? microscopy (TEM). A fluence-dependent trend in displacement per atom (dpa) and He concentration was
Ion implantation . . o 17

Ion fluence observed. Raman spectroscopy revealed progressive structural disorder and amorphization at fluences 10’ and
Annealing 10'® em™2, marked by merging and redshifts of the D and G peaks, indicating tensile strain in the carbon matrix.

Partial recovery of D/G peak separation and crystalline order was observed, especially at 800 °C for the 10'°
cm ™2 fluence. TEM micrographs showed a confined damaged region of about 130 nm, with distinct defect ag-
gregation towards the bulk for fluences of 10'® em~2 and 10'7 cm 2, whereas the defect aggregation appeared in
two regions for the fluences of 10'® cm™2. At this high fluence, bubble-like structures were observed upon
annealing, indicating He accumulation and pressurisation within the carbon matrix. This observation reveals a
nonlinear dispersion and saturation effect. The bubbles contributed to the localized distribution of the lattice
structure. Overall, annealing at 800 °C facilitated partial microstructural recovery, particularly for samples
implanted to fluences of 10'® cm2 and 10'7 em ™2

1. Introduction advantages, public concern over nuclear energy remains high, particu-

larly due to the long-lived radioactivity and risks associated with

High electrical energy consumption is a defining characteristic of
today’s society, with approximately 85 % of global energy still derived
from fossil fuels, also known as carbon-based sources. This dependence
has led to severe environmental consequences, including global warm-
ing, the greenhouse effect, and unsustainable emissions profiles [1,2]. In
response, particularly in economically developing countries, nuclear
energy has become one of the most efficient low-carbon energy options,
capable of significantly reducing global emissions and providing large
baseload electricity [2,3]. However, despite its environmental

high-level nuclear waste (HLW) [4-6]. One of the key challenges in
nuclear technology today is the long-term safe storage of HLW, which
needs engineered barriers and materials able to contain radionuclides
for extended durations without significant degradation [7]. During the
operation of nuclear facilities, radioactive waste dominated by actinides
such as uranium (U), plutonium (Pu), and thorium (Th), undergoes
alpha decay, continuously emitting helium nuclei (He*") [8]. These ions
are embedded into surrounding materials with well-defined ranges and
damage profiles, as predicted by Monte Carlo simulations such as SRIM
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[9]. Because of their small size, inertness, and high mobility, He?*t can
migrate through the host lattice, aggregate at defect sites and agglom-
erate into pressurized helium (He) bubbles. This process is further
affected by irradiation-enhanced diffusion and near-surface effects [10].
Unlike previous studies on helium-implanted glassy carbon, which
focused on wear properties following implantation with 2 MeV helium
at fluences in the range of 10'°-10'7 jons cm 2 [11]. The present work
provides a comprehensive investigation of helium-induced damage and
recovery mechanisms in glassy carbon, offering new insights into its
structural resilience and suitability for nuclear waste containment
applications.

The thermal conditions within nuclear waste repositories vary
significantly depending on waste type, canister design, and host geol-
ogy. Engineered barriers are typically designed to limit peak tempera-
tures to around 100 °C to prevent material degradation and limit gas
release [12,13]. However, in scenarios involving high decay heat from
actinide-rich waste or restricted heat dissipation, localized temperatures
may exceed 300 °C. In more extreme cases, such as deep borehole
storage or dry cask systems, surface temperatures above 500 °C have
been predicted [13,14]. These elevated conditions, combined with
additional thermal loads such as solar heating, may push surface tem-
peratures of dry storage systems beyond 800 °C [15]. Such extreme
conditions can promote chemical reactions, gas pressurisation, and
long-term material degradation. Therefore, understanding how candi-
date barrier materials respond to helium accumulation and thermal
stresses across this wide temperature range is essential for designing
robust nuclear waste containment systems.

Current interim storage systems, such as dry cask storage, typically
depend on sturdy metal containers made from stainless steel, copper,
titanium alloys, and nickel-based superalloys [3,7]. These materials are
chosen for their mechanical strength and corrosion resistance at ambient
and moderately elevated temperatures. However, long-term degrada-
tion under combined thermal, chemical, and radiological stresses has
revealed their vulnerabilities. For example, copper, while environmen-
tally stable, performs poorly in conditions of brine and radiation expo-
sure due to mechanisms such as sulphide corrosion, gamma radiolysis,
and microbial activity [16,17]. Titanium alloys are mechanically strong
and corrosion-resistant, but can be susceptible to brittle failure, whereas
nickel-based alloys, despite their excellent corrosion resistance, are
economically prohibitive [16,18]. Stainless steel offers mechanical
integrity alongside corrosion resistance; however, it remains expensive
and is vulnerable to catastrophic failure under certain conditions.

As a result, these challenges have prompted the exploration of
advanced containment materials. Among these, silicon carbide (SiC) and
glassy carbon (GC) have emerged as promising candidates due to their
exceptional thermal stability, radiation tolerance, chemical inertness,
and impermeability to helium and other fission product gases. SiC has
been extensively studied for its performance in nuclear environments,
including helium-induced damage evolution [18-20]. However, it ex-
hibits lattice swelling, defect accumulation, and in some cases micro-
cracking, factors that raise concerns about its long-term structural
integrity [18,21]. These challenges underscore the necessity of investi-
gating GC, a material characterised by its hybrid structure of nanocrystal
graphitic clusters embedded within the amorphous matrix, which im-
parts resilience to graphitization and inherent defect tolerance. GC, also
known as vitreous carbon, is an allotrope of carbon synthesized through
high-temperature pyrolysis of polymeric precursors. Unlike other com-
mon carbon allotropes, GC has a unique nanoporous structure charac-
terized by short-range crystalline order and a significant presence of
defects [21,22]. It exhibits a unique hybrid of glass-like and
graphite-like properties, offering excellent thermal stability (up to
3000 °C), chemical inertness, high hardness, and impermeability to
gases [23,24]. More recently, its fullerene-like nanostructure and
resistance to graphitization have led to increasing interest in its appli-
cation as a nuclear waste containment barrier, particularly for isolating
fission gases [10,18,25,26].
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This study aims to investigate the microstructural effects of He"
implantation into GC to fluences of 10'® cm™2, 10'” ¢m™2 and 108
cm ™2, analysing its structural recovery behaviour under vacuum
annealing up to 800 °C. These findings provide insights into the suit-
ability of GC as a robust nuclear waste containment barrier under
realistic and extreme nuclear storage conditions.

2. Experimental methods

The Sigradur® G GC samples from Hochtemperatur-Werkstoffe
(HTW) in Germany were used in this investigation. He?* was implan-
ted into GC to fluences of 10'® cm™2, 10'7 cm ™2 and 10'® em 2 using an
energy of 17 keV. The ion implantation was carried out at room tem-
perature. The implanted samples were cut into 10 mm x 5 mm sections
using a diamond rotary saw to ensure they fit into the characterization
instrument holders. The samples were then successively washed with
deionised water and 99.9 % absolute ethanol by ultrasonication for 2
min, repeated three times. Finally, any excess liquid on the surface was
removed by blowing with nitrogen gas. The samples were then subjected
to sequential vacuum annealing at 300 °C, 500 °C and 800 °C for 1 h,
with a controlled heating and cooling rate of 5 °C/min. The process was
carried out using the computer-controlled Webb 77 graphite furnace.
Characterisation was performed using Raman spectroscopy and TEM to
obtain insight into the structural changes.

The Stopping and Range of Ions in Matter (SRIM 2012) simulation
code was used to simulate the implantation depth profile, projected
range (R, = 201.6 nm), range straggling (AR, = 50.2 nm), damage in
displacement per atom (dpa), and the He?* concentration. The simula-
tion was performed in full damage cascades mode, with a GC density of
1.42 g/cm® and displacement energy set to 20 eV.

The WITec Alpha300+ RAS micro-Raman microscope with a 532 nm
excitation wavelength was used to monitor the effects of helium ion
implantation and subsequent annealing on the microstructure of the GC.
The excitation source used in this study was a diode laser coupled with a
100 x objective lens. One of the major drawbacks of Raman spectros-
copy is sample heating. To mitigate this, the laser power was kept lower
than 1 mW during analysis.

To prepare the samples for TEM analysis, the lamellae were fabri-
cated using an FEI Helios NanoLab DualBeam 650 focused ion beam
(FIB) system. A carbon protective layer was deposited on the surface to
protect the GC. Thinning of the lamellae was performed using a 30 keV
gallium ion beam, with the final polishing performed using the 5 eV and
2 keV Ga ions to further produce near-damage-free TEM lamellae. The
samples were analysed using a JEOL JEM 2100 LaB6 Transmission
electron microscope in bright field mode.

3. Results and discussion

As shown in Fig. 1(a), the dpa increases with fluence, reaching a
maximum of about 0.532, 5.32 and 53.2 dpa at fluences of 10'¢, 10'7
and 108 cm ™2, respectively, with a peak damage depth of about 190 nm
from the surface. This fluence-dependent increase in dpa reflects an
enhanced probability of defect overlap, agglomeration, and the poten-
tial formation of voids or helium bubbles. At this energy range (17 keV),
electronic stopping (S = 0.082 keV/nm) dominates near the surface at a
depth of 10 nm. In contrast, nuclear stopping (S, = 0.00261 keV/nm)
contributes more significantly to vacancy formation deeper into the
material at a depth of 200 nm. Since S, is much lower than S, this
suggests that the damage created by the He ions in the near surface
region of the glassy carbon substrate is due to electronic stopping
(ionization). From these results, it is clear that all of the implanted He is
embedded in the amorphous region of glassy carbon. The helium ions
are initially implanted as He?", but rapidly neutralize to He® (He atoms),
which can diffuse through the lattice and become trapped in vacancy
clusters, promoting swelling and structural rearrangement. This
behaviour is expected, as He atoms, being chemically inert and
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Fig. 1. The SRIM simulation of displacement per atom (dpa) profiles of (a) 17
keV He?* implanted on GC with various fluences of 10'® cm ™2, 10'7 em™2 and
10'8 cm~2, (b) the corresponding magnified region of the dpa profile indicating
the amorphization threshold.

significantly smaller than C atoms (with atomic radii of about 0.031 nm
and 0.071 nm respectively), exhibit an approximate 1:2 size ratio.
Although this ratio suggests that, during nuclear collision, up to two He
atoms can occupy a typical C vacancy, the imperfect packing due to the
spherical nature and weak interatomic interactions of He results in
loosely stacked configurations. Thus, it makes the atoms prone to
migration, reordering, or bubble coalescence under thermal or
irradiation-induced stress. These collisions contribute to displacement
damage and facilitate the trapping of He in vacancy clusters.

The SRIM results also indicate the reported amorphization threshold
of about 0.2 dpa for GC (Fig. 1(b)) is attained at all the implantation
fluences, which is consistent with the reported dpa range for covalently
bonded carbon materials, where complete collapse of structural order is
expected to occur [27,28]. This threshold corresponds to different
depths depending on fluence. Fig. 1(b) shows that the amorphized re-
gion corresponds to depths of about 251.5 nm at 10'® cm ™2, 299.3 nm at
107 em™2, and 328.6 nm at 10*® cm 2. This represents an increase of
approximately 47.8-77.1 nm in amorphization depth with each order of
magnitude increase in fluence, suggesting a dependence of amorphiza-
tion depth on ion fluence, with the amorphization threshold of 0.2 dpa
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being reached progressively deeper into the material.

Although SRIM provides predictive power, it must be interpreted
cautiously. This is because the simulation assumes a homogeneous
material and neglects surface roughness, defect agglomeration behav-
iour, and local structural variations. This is especially relevant for GC,
which has a complex hybrid mixture of amorphous and nanocrystalline
regions. As shown later in the TEM results, the observed damage region
is shallower at about 130 nm than the SRIM prediction of about 200 nm
for the highest fluence of 10'® cm™2. This discrepancy is attributed to
both SRIM’s assumptions and the limited visibility of non-agglomerated
helium-related defects in TEM due to helium’s low atomic number and
weak electron scattering.

To further elucidate the microstructural evolution of GC following
He?t implantation, Raman spectroscopy with an effective penetration
depth of 59 nm was utilized, and the results are shown in Fig. 2. The
virgin GC sample exhibited distinct and sharp D (1350 cm’l) and G
(1580 cm™?) bands, with minimal overlap, indicating a relatively or-
dered sp2 carbon network with some degree of disorder [23]. This
observed Raman fingerprint is typical for GC and aligns with previously
reported spectra in literature, including that of Ismail et al., who iden-
tified sharp D and G peaks as characteristic of partially ordered sp2
carbon networks [2].

Interestingly, with He?" ion implantation, a progressive broadening
and merging of the D and G peaks is observed with increasing fluence. At
an implantation fluence of 10'® cm™2 as shown in Fig. 2, the peaks
remain distinguishable, though broader, indicating the onset of
radiation-induced disorder. With an increase in the implantation fluence
to 10'7 em ™2, the D and G bands begin to overlap significantly, and at
10'8 em~2, the spectrum shows features characteristic of highly disor-
dered or amorphous carbon, a trend consistent with other studies of ion-
implanted GC [10,25,26]. This progressive merging of the D and G
bands indicates increasing bond distortion, vacancy formation, and
structural collapse associated with amorphization. In addition to peak
merging, a red shift of the G band, that is, a shift towards lower
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Fig. 2. The Raman spectra of He?" implanted GC at fluences of 10'® cm~2,
107 em™2 and 10 cm 2 The spectrum for virgin GC is included
for comparison.
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wavenumbers, is observed with increasing ion fluence up to 10*® cm 2.

This shift towards lower wavenumbers (from 1596 cm ™' to 1536 cm ™)
is commonly attributed to tensile strain in the carbon lattice and an
increasing concentration of sp>-type bonding environments, both of
which disrupt the ideal vibrational modes of sp2 carbon networks [29].

Conversely, the D band remains centred at approximately 1350 cm ™!
across all fluences, but its full width at half maximum (FWHM) increases
significantly as seen in Fig. 3. This broadening without a notable shift
suggests that the D band is activated over a wider range of disordered
environments, indicative of increased topological disorder rather than
strain. It reflects an increasing variability in local bonding environ-
ments, where the carbon rings deviate from perfect hexagonal symme-
try. This deviation then leads to a broader range of bond angles and
vibrational energies, hence the observed D band broadening rather than
a simple shift in bond length or force constants [29,30]. Together, the
lower wavenumber shift of the G band and the broadening of the D band
support a structural transition from nanocrystalline towards amorphous
carbon, governed by both lattice strain and increasing defect
complexity.

To quantitatively assess the degree of disorder, the intensity ratio
(Ip/Ig) was calculated after fitting the Raman spectra using Lorentzian
and Briet-Wigner-Fano (BWF) functions for the D and G peaks, respec-
tively. The results are presented in Table 1. Crystallite size (La) was

derived using the Tuinstra-Koenig equation, (La =C;/ (%)) f or cases

wherelp /I > 1. Here, C, is a laser wavelength-dependent constant, with
C) = 4.96 nm for A = 532 nm. While the Ferrari-Robertson relation

(La = (%) /C; ) was applied for I /I < 1 [29]. The Ip/Ig ratio in-

creases with fluence, from 1.8 for the virgin sample to 2.7, 7.7 and 9.2
for 10'%, 107, and 108 cm ™2, respectively. This increase reflects a loss
of long-range sp? ordering and growth in defect concentration [25].
However, the rate of increase in Ip/Ig at the highest fluence suggests a

Vacuum 243 (2026) 114796

Table 1
Raman spectroscopy-derived structural parameters for virgin and He*"
implanted GC samples.

Sample Amorphous Graphitic Induced In/ La Nature of
D Carbon (%) Carbon Defect Ig (nm) defects
(%) (%)
Virgin 5 31 1 1.8 28 Few defects
GC

10'® 18 17 4 27 1.8 Start of
major
disorder;
smaller sp?
island

10" 23 6 8 7.7 0.6 Highly
disordered

10'® 23 5 10 92 05 Maximum
damage

saturation

transition to a fully amorphous structure, where the correlation between
Ip/Ig and disorder no longer holds. This phenomenon is reported in the
late-stage disordering regime of the Ferrari-Robertson model [29].

To extract more nuanced structural information, the Raman spectra
were deconvoluted using a five-peak fitting model, incorporating D, G,
D' (~1620 cm™), D’ (~1200 cm™), and I (~1640 cm™") bands shown
in Fig. 3. Lorentzian and BWF functions were applied based on the de-
gree of peak asymmetry and overlap [10,25]. The D" band is associated
with amorphous carbon, the D' band indicates the presence of nano-
structures in virgin GC, and the I band with mixed sp?-sp® bonding en-
vironments induced by implantation. At higher fluences, the intensity of
the D, D", and I bands increases significantly, as shown in Fig. 3, con-
firming the accumulation of structural defects and the transformation
from nanocrystalline to amorphous carbon [10,26]. In heavily damaged
spectra, where D and G bands overlapped extensively, BWF fitting was
applied exclusively to resolve individual contributions accurately.

D
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Fig. 3. The Raman spectra fitting spectrum of (a) virgin GC; fitted spectra for GC implanted with He?* to fluences of (b) 10'° cm’z, ()10 em 2 and (d) 108 em 2.



C.E. Maepa et al.

The structural evolution and changes in the intensities of the Raman
bands with ion fluence confirmed the transition from nanocrystalline to
an increasingly disordered or amorphous carbon. Ismail et al. [25] and
McCulloch et al. [26] also report similar trends in ion-irradiated GC,
where defect-related Raman bands evolve as disorder increases. This
observation reflects the fluence-dependent effect localized in the
near-surface region.

To further understand the effect of annealing on the He?* implanted
GC samples, Fig. 4 shows the Raman spectra of samples annealed at
300 °C, 500 °C and 800 °C. Following the heavily broadened and merged
D and G peaks observed in the as-implanted spectra, a progressive
spectral recovery is evident with increasing annealing temperature. This
is reflected in the gradual separation of the D and G peaks and a relative
increase in D and G band intensity, particularly at lower fluences.

Upon annealing at 300 °C, a slight increase in the G peak intensity is
observed across all fluences, as shown in Fig. 4(a). This indicates a minor
structural modification in the He?* implanted samples. Progressive
growth to fluence of 10*” cm ™2 and 10'® em ™2, in crystalize sizes (values
are not shown here), which occurs at the expense of the D peak. This
suggests structural rearrangement in the GC nanocrystals in the samples
after annealing at 300 °C. This effect remains modest, particularly for
the highest fluence, indicating that low-temperature annealing causes
only minimal atomic rearrangement. At higher fluences, partial recov-
ery is evident through the gradual narrowing of peaks and enhanced
spectral definition, consistent with the initial stages of crystallite
regrowth.

Fig. 4(b) shows the Raman spectra following annealing at 500 °C,
revealing a similar trend to that observed at 300 °C, but with more
pronounced changes, especially at the highest implantation fluence. The
D and G peaks are more clearly resolved at the fluence of 10'® cm ™2,
indicating substantial structural recovery. The reappearance of distinct
D and G peaks, where the G peak is dominating, suggests an increase in
the size and order of sp>-bonded domains. At fluence 10'® cm™2, a slight
shift to higher wavenumbers of the G band is observed with increasing
annealing temperature, which is commonly associated with stiffer C-C
bond vibrations. This may reflect compressive strain from thermally
induced relaxation of the previously disordered matrix.

The effect of annealing at 800 °C is shown in Fig. 4(c). At a lower
fluence of 10'® em™2, the most significant structural recovery is
observed with the Raman spectra closely resembling that of the virgin
GC. A clear separation of the D and G peaks is observed at all fluences
following annealing at 800 °C, compared to the lower annealing
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temperatures. Interestingly, the D and G peak intensities are comparable
in the samples implanted to fluences of 10 17 and 10'® em ™2, This sug-
gests comparable levels of structural recovery at these fluences. How-
ever, this trend deviates from the expected progression in crystallite
growth, indicating a possible variation in the recovery effect at higher
fluences, particularly between 107 and 10'® em™2. The continued D
peak broadening at 500 °C and 800 °C suggests the persistence of va-
cancy clusters, voids, or amorphous regions formed during implantation
that cannot fully be anneal out.

Overall, the annealing results confirm a fluence and temperature-
dependent structural recovery mechanism. While low-fluence samples
were partially amorphized (less damage) and thus recovered much of
the initial structural order. At high temperature, higher-fluence samples
are highly amorphized (more damage) and thus retain signs of residual
damage, incomplete restoration and restructuring of the graphitic
network being elongated instead of the conventional GC onion rings.

While SRIM simulations were essential for estimating the damage
range and Raman spectroscopy provided insight into the bond structure
and changes that occurred in the samples, TEM was additionally
employed to visualise the microstructural changes, determine the visible
damage depth and reveal structural modifications beyond 59 nm. The
initial analysis was conducted on a virgin GC to understand the original
structure, as shown in Fig. 5(a). The typical GC microstructure is evident
in the bright field image with characteristic contrast between dark and
bright regions. The dark region suggests scattered electrons, which are a
result of the nanocrystals within the material. Whereas the bright spots
depict the amorphous regions within the sample, which permit scattered
electrons. The high magnification image of this sample is shown in Fig. 5
(a), exhibiting an onion ring-like structure, where amorphous pockets of
an average 5 + 1.3 nm are encapsulated by approximately six graphitic
layers. This is typical, as seen by other authors such as [23].

The TEM micrographs in Fig. 6(a—c) illustrate the microstructural
changes induced by He?' implantation. The implantation-affected
damaged region is evident across all three fluences, extending from
the surface to about 130 nm, which is shallower than the about 200 nm
depth predicted by the SRIM simulation. This suggests that some of the
voids, defects or damage may be too small to be detected at the reso-
lution of the TEM. This analysis technique is sensitive to features such as
defect clusters, nanocrystals, structural rearrangements, amorphous re-
gions and other atomic-scale effects. However, in this case, these fea-
tures must be sufficiently aggregated or pronounced to be visible. This is
challenging, considering the inherently low atomic number of helium,
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Fig. 4. The Raman spectra of He?" implanted grassy carbon to fluences of 10'® cm~2, 10'” cm ™2 and 10'” cm 2 then annealed at temperatures of (a) 300 °C, (b)

500 °C, and (c) 800 °C. The spectrum for virgin GC is included for comparison.
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Fig. 6. The TEM micrographs of He?>" implanted GC to fluences of (a) 10'® cm ™2, (b) 10'” cm™2 and (c) 10*® em~2. The corresponding high magnification images of

the damaged region are shown in (a'), (b") and (c'), respectively.

resulting in minimal contrast and weak scattering. Therefore, it is
possible that certain carbon-helium atomic effects (e.g., vacancies) are
present but not sufficiently agglomerated to be resolved in the TEM.

In contrast, SRIM may have overestimated the damage since it pre-
dicts based on a perfect system that is homogeneously amorphous and
may not accurately account for the complex nature of GC, containing
both nanocrystals and amorphous regions. Additionally, other factors,
such as the surface roughness of the GC or the accumulation/over-
saturation of defects, may not be taken into account. Regrettably, the
He?* is too small in atomic number; this presents the following chal-
lenges: fewer scattering effects, fewer electron emission effects, thus
making it undetectable by other complementary techniques such as
energy dispersive X-ray spectroscopy and Rutherford backscattering
spectrometry, making it challenging to conclude this observation.

The damaged region in the implanted samples exhibits a faint
contrast compared to the virgin or the virgin bulk GC, as indicated by the
dotted lines in Fig. 6. Within this damaged region, bright spots are
observed, suggesting zones with reduced electron scattering. These are
proposed to correspond to He bubbles, defect aggregations, or
amorphized regions of GC. For this discussion, the bright regions are
assumed to be defect aggregates. At lower fluences, these defect aggre-
gates are more concentrated towards the bulk and become more
dispersed towards the surface with higher fluences, confirming the flu-
ence dependence effect in the implantation as shown in Fig. 6(a—c).

The gradual aggregation of defects changes as it reaches the highest
fluence of 10'® cm™~2, where it begins to aggregate into two regions, with
the additional region appearing towards the surface of the sample. The
aggregation regions are smaller, about 40 nm each (due to early stop-
ping in the near-surface tail, and a deeper zone at the projected range
peak), compared to the defect’s dispersion observed at fluences 10'® and
10'7 em~2. As saturation is reached, the small size and chemical inert-
ness of He?", combined with the increasing resistance and elongation of
the carbon graphitization, lead to a shift in the damage progression
mechanism observed at lower fluences. This nonlinearity was also
observed in the Raman spectroscopy discussion.

Fig. 6 (a-¢’) is a high magnification of the dispersion defect aggre-
gates. The densities of the darker spots in the GC are highly reduced in
the affected regions compared to the bulk area, suggesting fewer
nanocrystals or more densely scattering regions in the area. The effect is
more pronounced with increasing fluence. Some onion (carbon) rings
are stretched open and long as shown in Fig. 6 (a-¢’), compared to the
initially observed onion rings in the virgin GC.

To investigate the effect of annealing on the implanted samples, TEM
analysis was conducted on the annealed samples at 300 °C, as shown in
Fig. 7(a—c). In the sample implanted to a fluence of 106 cm_z, the
implanted region appears slightly darker, with bright spots appearing
near the surface. This is consistent with localised variations in electron
transparency arising from density gradients. These features may reflect
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Fig. 7. TEM micrographs of He?>" implanted GC annealed at 300 °C to fluences of (a) 10'® cm 2, (b) 10'” cm~2 and (c) 10'® cm 2. Corresponding micrographs of the
samples annealed at 500 °C are shown in (d), (e), and (f), respectively, for comparison.

early stage nanovoids formation or low-density structural inflation,
rather than swelling. The region near the bulk appears slightly out of
focus compared to the bulk region, suggesting subtle depth variation or
thickness modulation in the damaged region. Furthermore, the reap-
pearance of darker contrast in some regions suggests partial regrowth of
nanocrystals, typically associated with dense electron scattering. This
effect becomes more pronounced at a fluence of 10*” ecm ™2, correlating
with the Raman results that show an increase in the G peak intensity
upon annealing. However, at the highest fluence, the morphology shows
a bubble increase trend compared to the fluence of 10'7 cm™2. The de-
fects appear evenly distributed across the damaged region. This may
indicate helium clustering or redistribution at high concentration. It is
worth noting that the average thickness of this damage region remains
about 130 nm.

The effect of increasing the annealing temperature to 500 °C is
shown in the micrographs in Fig. 7(d and e). Progressive regrowth of the

nanocrystallites and amorphous regions within the damaged region is
observed for the sample implanted to a fluence of 10'® cm™2. However,
this is no longer the case in the sample implanted to a fluence of 10%7
cm 2, where segregation of the defects occurs, forming larger clusters
that exhibit both bright and dark contrast. This effect is more pro-
nounced towards the bulk than near the surface. A complete rear-
rangement of defects is observed in Fig. 7 (f) for the sample implanted to
a fluence of 10'® cm~2. The defects increase in size, are randomly sha-
ped, and with aggregates appearing to cluster more toward the middle of
the damaged region. Interestingly, an increase in the size of the damaged
region is observed at this fluence. This may suggest that the elevated
annealing temperature reveals some of the high-fluence defects that
were not resolved at lower temperatures. Secondly, there is migration of
the unresolved smaller helium bubbles from the bulk towards the centre.
The defect aggregates that were previously discussed, which tend to
increase at the surface, also appear to form agglomerates that are drawn

Fig. 8. The TEM micrographs of He?>" implanted GC annealed at 800 °C with various fluences of (a) 10'® cm ™2, (b) 10'” cm~2 and (¢) 10'® cm 2 The corresponding
high magnification images are shown in ("), (b') and (¢') respectively, with the insert representing the higher magnification of the circled areas.
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towards the centre.

Fig. 8 shows the TEM micrographs of the samples annealed at 800 °C,
where (a-c) show the affected regions for fluences of 10 cm’z, 107
em 2 and 10'® cm ™2, respectively. The micrographs in (a-c’) represent
the high magnification at a scale of 10 nm for the same samples, and the
inserts are regions of the images. Starting at a fluence of 10'® em™2,
where the damaged region appears only as a faint contrast to the bulk.
This indicates close to complete recovery of the GC structure, where the
recovery region that was previously observed from the surface has now
fully moved towards the bulk.

At a fluence of 10'7 cm™2 segregation of smaller bubbles and defect
agglomerates is observed. These defects are almost spherical in shape
and average about 10 nm in size. This seems to complete the
morphology observed at 500 °C. Interestingly, the agglomerate is uni-
formly dispersed across the affected region, and the high magnification
shows that the aggregates house pockets of dense regions, which are
further surrounded by the carbon chains and further surrounded by
amorphous regions.

At a fluence of 10'® cm™2, diffusion, coalescence, and stress-driven
alignment transform bubbles into two distinct regions. He mobility is
high enough to drive clustering into the two He-rich zones. Conse-
quentially, stress in the GC matrix promotes alignment of the defected
onion-ring like structure, flatten into elongated, interconnected planar
defects, acting like a barrier. These defect at shallow region traps near-
surface bubbles, while the deeper defects traps projected range
accumulation.

As previously discussed, some onion graphitic rings are stretched
open and long, compared to the initially observed onion rings in the
virgin GC.

The transformation of the onion-like graphitic rings in virgin GC into
elongated rings forces the He bubbles into regions (see Fig. 8(c)).
Additionally, as seen in the figure, elongated graphitic rings alongside
the bubbles are observed. This may be attributed to GC forcing the He
bubbles to escape from the original vacancy and agglomerate, leading to
bubble expansion, leading to overall lattice swelling [31]. Saturation
may have contributed to this observation. It is also worth noting the
expansion of the damaged region width with increasing temperature (at
800 °C), further confirming lattice swelling due to annealing. The high
magnification micrograph shows that even with the increase in dense
nanocrystals, longer carbon ring chains persist. This further supports the
regrowth of the G peak observed in the Raman spectroscopy discussion.
However, the observed minimum disorder peak could be attributed to
the limited laser penetration depth of 59 nm, which may not have
probed the precise region where the bubble region resides.

4. Conclusion

This study systematically evaluated the microstructural evolution of
glassy carbon (GC) under helium implantation and subsequent anneal-
ing, with particular emphasis on its relevance for nuclear waste
containment applications. The combined SRIM simulations, Raman
spectroscopy, and TEM analyses revealed a fluence- and temperature-
dependent interplay between disordering, defect aggregation, and re-
covery mechanisms. At implantation fluences up to 107 ecm™2, GC
exhibited progressive amorphization, lattice strain, and nanocrystalline
distortion, whereas the highest fluence of 10'® cm ™2 induced saturation
effects manifested as nonlinear defect accumulation, two-region aggre-
gation, and bubble-like structures. These features underscore the tran-
sition from isolated defect clusters to helium bubble pressurisation and
coalescence at extreme ion fluences.

Annealing studies demonstrated that thermal treatment up to 800 °C
facilitated partial structural recovery, particularly at low and interme-
diate fluences, restoring D/G peak separation in Raman spectra and
enhancing nanocrystalline regrowth in TEM micrographs. However, at
the highest fluence, residual disorder and bubble-induced heterogeneity
persisted, highlighting intrinsic limitations in fully reversing irradiation
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damage once helium oversaturation is achieved. The observations of
tensile-to-compressive strain transitions, defect redistribution, and
agglomeration with annealing further underline the complex thermo-
dynamic and kinetic processes governing helium behaviour in GC.

Overall, the results confirm the exceptional radiation tolerance and
thermal stability of GC, with significant recovery achievable under high-
temperature annealing conditions. Nonetheless, the persistence of
bubble-like structures at extreme fluences suggests that helium accu-
mulation and nonlinear dispersion effects may impose long-term chal-
lenges for its deployment in severe nuclear storage environments. These
findings provide critical insights.
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