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Abstract 

TRi-structural ISOtropic (TRISO) fuel is a new-generation nuclear fuel with a multilayer coating 

system for long-term containment. However, the effect of ionizing radiation from radioactive 

decay on the coupled multilayer system under deep geological repository (DGR) conditions 

remains insufficiently understood. In this work, we studied the effects of DGR-relevant alpha- and 

gamma-radiation conditions on pyrolytic carbon (PyC) and silicon carbide (SiC) layers. Raman 

spectroscopy showed that alpha irradiation caused significant structural changes in both PyC and 

SiC. Irradiation at 100°C to simulate annealing did not cause noticeable recovery in either material. 

Nanoindentation results showed increased hardness and elastic modulus after alpha irradiation, 

whereas gamma irradiation resulted in a softer mechanical response without major chemical 

changes. The results indicate that the changes may increase the susceptibility of the coating layers 

to cracking or fracture and are therefore important for understanding the safe long-term 

containment of TRISO fuel under repository conditions. 

Keywords: Alpha Radiation; Gamma Radiation; Deep Geological Repository; TRISO; Ion 

Implantation; Raman Spectroscopy; X-ray Computed Tomography; Nano-indentation 
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Introduction  

With the growing demand for sustainable energy, nuclear power is receiving renewed attention as 

a reliable low-carbon energy source. Alongside large-scale reactors operating worldwide, the 

implementation of small modular reactors (SMRs) is gaining momentum.1–3 SMRs typically 

produce up to ~450 MWe and offer compact, modular designs that enable cost-effective, factory-

based construction and flexible deployment in remote or grid-constrained regions.4 As of 2024, 

China5 and Russia6 are using SMRs for power generation, and more than 68 SMR designs are 

under development or in the licensing process worldwide.2 To improve fuel containment and 

enhance reactor safety, seventeen SMR concepts may use TRi-structural ISOtropic (TRISO) 

coated particles as their nuclear fuel.7 

A TRISO fuel particle is composed of a fuel kernel surrounded by successive layers of buffer 

(porous pyrolytic carbon (PyC)), dense inner PyC (IPyC), silicon carbide (SiC), and dense outer 

PyC (OPyC),8 as illustrated in Figure 1A. In practical fuel configurations, thousands of TRISO 

particles are embedded in graphite pebbles or ceramic fuel compacts. This multilayer architecture 

provides effective confinement of fission products and radionuclides, making TRISO fuel one of 

the most robust nuclear fuel forms for modern reactor systems under extreme operating and 

accident reactor conditions.9,10  

 Beyond reactor operation, spent TRISO fuel must remain safely isolated from people and the 

environment over geological timescales. Disposal in deep geological repositories (DGR), typically 

at depths of 100-1000 m underground, is widely considered the most viable proposed long-term 

solution for high-level radioactive waste, and has been adopted as a way forward in many 

countries, including Canada, Switzerland, Sweden and others.11 While exact details may be 

different from one location to another, typically a DGR comprises a series of natural and 

engineered barriers that includes the mechanically and chemically robust used fuel container 

(UFC), the repository sealing system, and the geosphere, as schematically shown in Figure 1B.12 
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Figure 1: (A) Schematic cutaway image of a single TRISO particle showing the structural design, with 
approximate kernel diameter and coating layer thicknesses, (B) the multibarrier system design for the 
Canadian concept of a DGR, as well as penetration depths of different types of ionizing radiation from 
TRISO particles. 

 

Spent fuel would remain radioactive throughout the proposed lifetime of a DGR, due to the decay 

of radionuclides with half-lives ranging from days to millions of years, emitting alpha (), beta 

(), and gamma (γ) radiation.13 The penetration depths of different radiation types from a TRISO 

kernel are schematically shown in Figure 1B. Few  particles escape the kernel of an intact TRISO 

particle and all of those are stopped within the first few micrometers of the buffer layer. Most  

radiation is absorbed within the combined thickness of the buffer, IPyC, and SiC layers.14 γ 

radiation is highly penetrating and can pass through the TRISO particle’s overlying coatings and 

affect other particles and even the metallic container.15 In repositories, failure scenarios in which 

the kernel or one of the PyC or SiC layers becomes exposed to the surrounding environment cannot 

be excluded.16 In such cases,  radiation may reach TRISO constituent materials and consequently 

impact their properties. As the radionuclide retention of TRISO particles relies on the structural 

integrity of the coating layers, it is important to understand how radiation emitted from radioactive 

decay may alter coating properties over time.  

To date, there is limited published research on the influence of  and γ irradiation on TRISO 

particles. The most directly relevant studies focus on the constituent TRISO materials, particularly 

SiC and PyC, which are typically investigated separately (often in bulk form) rather than as an 

integrated, multilayer TRISO structure. 17,18 Ion implantation is widely used to mimic neutron-

irradiation damage in reactor fuels and structural materials, and the same concept can be extended 
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to study -induced damage.19 The implantation parameters include the incident ion, energy and 

dose, which can be adjusted to achieve different levels of damage, measured in displacements per 

atom (DPA) representing either neutron irradiation in reactors or  irradiation under repository 

conditions.20  

For instance, in a study by He et al., Xe ion implantation of PyC to a level of 0.5 DPA caused both 

chemical and physical changes, including irradiation-induced structural deterioration of the 

graphitic lattice and increased hardness and elastic modulus. Post-irradiation annealing at 500–

1000 °C, representative of reactor operating temperatures, reversed irradiation-induced defects and 

largely restored the materials’ properties.17 Similar property evolution was observed in a partial 

TRISO particle consisting of a zirconia kernel coated only with the buffer and IPyC layers, which 

was irradiated up to 40 DPA to mimic fuel damage accumulated over approximately five years of 

operation.18 

The SiC layer in TRISO particles is typically produced by chemical vapor deposition (CVD) as 

polycrystalline cubic SiC (3C-SiC, often referred to as β-SiC). However, much of the irradiation 

literature relevant to this topic focuses on single-crystal SiC or 6H-SiC, a hexagonal polytype. For 

example, Ar+ implantation of single-crystal and polycrystalline 6H-SiC to a target damage of ~2.6 

DPA caused amorphization, leading to a reduction in density and decreased hardness and elastic 

modulus compared with the unirradiated materials.21 Similarly, He implantation in the same type 

of SiC has been reported to cause amorphization. 22 However, amorphization was prevented during 

implantation at temperatures of 450 to 750 °C, again representative of reactor operation. Despite 

these studies that advance the knowledge of material’s properties of single TRISO layers  under 

reactor operation conditions, the influence of  irradiation on an integrated, multilayer TRISO 

structure under radiation damage and temperature parameters representative of repository-relevant 

environments remains unknown. 

The literature on γ irradiation of TRISO fuel, is even more scarce than that on  irradiation, as γ-

irradiation is mostly recognized as a source of ionization and radiolysis under repository-relevant 

conditions, and most research focuses on the subsequent UFC corrosion caused by these 

processes.23 For nuclear-grade graphite, γ irradiation up to a dose of 87 MGy has been shown to 

alter the oxidation state of the surface.24 γ irradiation on 6H-SiC has been reported to decrease 
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crystallinity and increase amorphization, as well as alter surface chemistry by creating Si–O and 

O–H functional groups.25,26 Therefore, the effect of γ irradiation on semi-isotropic IPyC and 3C-

SiC as an integrated multilayer TRISO structure under repository-relevant conditions is also an 

outstanding question in the literature. 

Beyond structural and chemical stability, the long-term performance of TRISO fuel is 

fundamentally governed by the mechanical integrity of its coating layers.27,28 Radiation-induced 

defect accumulation can lead to hardening, embrittlement, local stress concentration, and 

degradation of interlayer cohesion, all of which directly influence coating reliability under service 

and storage conditions. Even subtle changes in hardness and elastic modulus at the microscale can 

significantly alter crack initiation and propagation behavior in multilayer ceramic systems. 

Therefore, mechanical response serves as a sensitive indicator of radiation-driven damage 

evolution in PyC and SiC layers. Among available techniques, nanoindentation is especially 

valuable because it enables localized probing of mechanical properties at the scale of individual 

coating layers, allowing direct correlation between radiation-induced microstructural changes and 

mechanical performance degradation.29,30 Understanding these property changes is essential for 

assessing the ability of TRISO coatings to maintain structural integrity and continue acting as an 

effective barrier against radionuclide release over long timescales. 

Overall, a key gap exists in understanding how radiation affects TRISO fuel as a coupled 

multilayer system rather than as isolated components. In particular, the combined evolution of PyC 

and SiC layers under radiation exposure and its implications for coating stability and radionuclide 

retention are not well established. This work addresses this gap by investigating radiation-induced 

changes in surrogate TRISO particles under conditions relevant to long-term disposal 

environments. He and Au implantations were performed at room temperature, and Au implantation 

at 100 °C was performed to mimic expected DGR temperatures. 31 Structural and chemical 

evolution of the coating layers was examined in relation to radiation exposure, and the resulting 

changes in mechanical response were evaluated to better understand possible degradation affecting 

long-term fuel integrity.  



6 

 

Results and discussion 

TRISO Particle Layer Chemical and Thickness Characterization 

X-ray micro-computed tomography (μ-CT, also commonly known as XCT) was conducted on five 

of the as-received TRISO surrogate particles, and the thicknesses and other characteristics of each 

constituent layer were determined. Figure 2A shows a central slice from a reconstructed image, in 

which the different constituent layers can be distinguished by their grayscale contrast, which 

relates to density variations. The dimensional measurement for each layer is reported as a table in 

Figure 2B. The measured dimensions are generally consistent with the typical dimensions reported 

for TRISO and TRISO surrogate particles in the literature.32,33 Previous studies have commonly 

reported kernel diameters in the range of approximately 350–500 µm and coating layer thicknesses 

of about 30–45 µm for IPyC, SiC, and OPyC, while the buffer layer is usually thicker, around 90–

100 µm. For example, AGR-1 TRISO particles were reported to have a 350 µm UCO kernel, a 100 

µm buffer, a 40 µm IPyC layer, a 35 µm SiC layer, and a 40 µm OPyC layer.32 In another μ-CT 

study on surrogate TRISO particles, the kernel diameter was approximately 514 µm, with buffer, 

IPyC, SiC, and OPyC thicknesses of about 94, 31, 41, and 78 µm, respectively. 33 Therefore, the 

layer thicknesses measured in this study are within the expected range for TRISO-type particles, 

with the thicker OPyC and larger kernel reflecting the specific surrogate particle design used here. 

To examine the elemental composition of the as-received material, cross-sectioned, mounted 

particles were analyzed by SEM-EDX. Figure 2C shows a representative SEM image together with 

the corresponding EDX maps. The elemental maps confirmed the primary elements expected in 

each layer, and no major unexpected impurities were observed. 
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Figure 2: (A) Central μ -CT slice of an as-received surrogate TRISO particle showing the constituent layers 
and (B) their measured average dimensions and associated standard deviations (SD). (C) SEM image and 
corresponding EDX elemental maps of a cross-sectioned surrogate TRISO particle. 

 

Chemical Characterization of Irradiated TRISO Layers 

After exposure to different irradiation conditions, each layer of the TRISO particles was 

characterized using Raman spectroscopy to compare with the data collected for unirradiated 

specimens (Ref). Four types of specimens were analyzed: γ-irradiated specimens (Gamma), 

specimens that underwent He implantation at room temperature (He-RT), specimens that 
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underwent Au implantation at room temperature (Au-RT), and specimens that underwent Au 

implantation at 100 °C (Au-100 °C). Raman spectra collected from the SiC and PyC layers of 

unirradiated and γ-irradiated TRISO particles are presented in Figure 3A and B, respectively. The 

inset in Figure 3A shows the optical image acquired during Raman analysis of the cross-sectioned 

TRISO particle, with the laser positioned on a single layer. The image illustrates the visible contrast 

between the coating layers, which allowed the target layer to be selected for Raman measurement.  

 The SiC layer of both the Ref and Gamma specimens exhibited the characteristic transverse 

optical (TO) and longitudinal optical (LO) Raman modes at approximately 796 and 973 cm⁻¹, 

respectively (Figure 3A), confirming the crystalline nature of the SiC coating. Raman 

measurements were performed on all PyC layers, including the buffer, IPyC, and OPyC. Since all 

three layers exhibited a similar response to ion implantation, only the IPyC data are shown here 

and the rest are included in supplementary information, Figure S2. As seen in Figure 3B, the Ref-

IPyC exhibited the characteristic first-order D and G bands at approximately 1350 and 1605 cm⁻¹, 

together with their second-order features in the 2700-3100 cm-1 region. As shown in Figure 3A, γ 

irradiation did not produce any noticeable change in the Raman vibrational features of the PyC 

and SiC layers. The absence of noticeable changes in the Raman spectra indicates that γ irradiation 

did not cause substantial damage to the carbon or Si–C bonding in the barrier layers. This was 

expected because the γ irradiation was performed under vacuum, where the formation of radiolysis 

products is limited and fewer reactive species were likely available to interact with the PyC and 

SiC layers. 

Figure 3C compares the Ref with different ion implanted TRISO particles. In the SiC layer, after 

the ion implantation, the characteristic SiC phonon modes are no longer observed and the spectra 

become featureless in this region, indicating severe lattice disorder and likely amorphization of the 

implanted near surface SiC. This interpretation is consistent with prior ion-irradiation studies on 

bulk SiC, where irradiation damage caused weakening and eventual disappearance of the original 

Si–C vibrational modes, together with the formation of an amorphous SiC layer.34,35 In addition, 

the Au-100 °C specimen did not show recovery of the TO and LO peaks, indicating that 

implantation at this temperature was also not sufficient to induce noticeable annealing or restore 

the crystalline SiC structure.  
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In the IPyC layers shown in Figure 3D, after ion implantation, regardless of the temperature or ion 

used, the distinct D and G graphitic features became broadened and less resolved and the second-

order bands in the 2700-3100 cm-1 region disappeared. The resulting spectra resemble those 

typically reported for highly disordered or diamond-like amorphous carbon,36 indicating that both 

He and Au implantation substantially disrupt the original graphitic ordering of the IPyC structure. 

This finding is important because it indicates that irradiation-induced structural degradation in SiC 

is not significantly annealed at 100 °C. Therefore, any material response governed by this 

transition from a crystalline to a more amorphous structure, including changes in mechanical 

properties or chemical reactivity, may persist under this temperature condition.  

It should be noted that these Raman observations reflect the near-surface (on the order of a few 

micrometers) region affected by implantation on the cross-sectioned specimens rather than the full 

thickness of the coating layers. Based on the SRIM calculations and the corresponding vacancy 

profiles shown in Figure S1, the implantation-induced damage is expected to extend to a depth of 

approximately 1.5 µm in the SiC layer and about 2.5 µm in the IPyC layer. Since Raman 

spectroscopy probes the surface and near-surface volume of the material, the structural changes 

discussed here are attributed specifically to the implanted near-surface region.  
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Figure 3 Comparing Raman spectra of IPyC and SiC layers for different irradiated specimens: (A) γ-
irradiated SiC, (B) γ-irradiated IPyC, (C) ion implanted for unirradiated (Ref), He implanted at room 
temperature (He-RT), Au implanted at room temperature (Au-RT), Au implanted at 100°C (Au-100°C), and 
γ-irradiated (Gamma) for (C) SiC and (D) IPyC layers. The inset of panel (A) shows the cross-sectioned 
TRISO particle under a Raman microscope. 

To further analyze the changes in IPyC, the first-order Raman region was deconvoluted using the 

fitting approach reported by Sadezky et al.,37 consisting of four Lorentzian bands assigned to the 

G, D1, D2, and D4 vibrational bands, together with a Gaussian band assigned to the D3 band, 

which was identified as the most suitable combination for disordered carbon materials. In this 

framework, the D3 band is associated with amorphous carbon, whereas the D4 band is commonly 
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related to disordered graphitic lattices and, in some cases, ionic impurities.38 The fittings shown in 

Figure 4A and B confirm that there were no major detectable changes caused by γ irradiation. 

Figure 4C to E show that ion implantation leads to a clear increase in the D3 and D4 contributions 

relative to the unirradiated condition, consistent with increased structural disorder and 

amorphization of the PyC. Overall, the fitting results show that both He and Au implantation drive 

the PyC away from its original graphitic structure toward a more disordered carbon state. In 

addition, implantation at 100 °C does not appear to restore the Raman response toward that of the 

unirradiated material, suggesting that this temperature is insufficient to produce significant 

annealing of the implantation-induced damage, again emphasizing that any associated changes in 

material behavior are also likely to persist.  
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Figure 4: Deconvolution of the first-order Raman region of PyC in different specimens: (A) unirradiated; 
(B) γ-irradiated; (C) Au implanted at room temperature; (D) Au implanted at 100 °C; and (E) He implanted 
at room temperature.  
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Nano Mechanical Response of Irradiated TRISO Layers 

Nanoindentation measurements were performed on the SiC and IPyC layers of all five groups of 

specimens, including the control unirradiated specimen (Ref). These measurements were 

conducted to evaluate the influence of irradiation type and implantation temperature on the local 

mechanical response of the TRISO coating layers. Representative load-displacement curves, SEM 

images of the residual indents, and measured properties are shown for the SiC and IPyC layers in 

Figure 5 and 6, respectively, while the extracted nanoindentation parameters are summarized in 

Table S3.  

The SiC layer exhibited pronounced irradiation-dependent changes in mechanical behavior. The 

unirradiated SiC showed a hardness of 30.66 ± 0.06 GPa and an elastic modulus of 330 ± 20 GPa. 

After γ irradiation, both properties decreased significantly, to 21.62 ± 0.03 GPa and 233 ± 7 GPa, 

respectively, as shown in Figure 5C and 4D. This softening is clearly reflected in the 

load-displacement curves of Figure 5A. The γ-irradiated specimen exhibited the largest maximum 

penetration depth (hmax = 1040 ± 50 nm) among all conditions, as can be observed in Figure 5E. 

The larger displacement under the same peak load, together with an increased residual depth after 

unloading (hf = 220 ± 20 nm, Figure 5F), indicates a softer mechanical response and enhanced 

plastic deformation. Consistent with this behavior, the SEM image of the residual indent appears 

larger and less sharply defined than those of the other conditions, including specimen Ref, as 

shown in Figure 5B. 

The γ-irradiated IPyC layer exhibited trends broadly similar to those observed for Gamma-SiC, 

although the absolute values were considerably lower because of the inherently softer 

carbonaceous structure, as shown in Figure 6. The unirradiated IPyC exhibited a hardness of 

2.22 ± 0.08 GPa and an elastic modulus of 11.0 ± 0.1 GPa, which are presented in Figure 6C and 

5D. γ irradiation reduced the hardness to 1.66 ± 0.03 GPa and the elastic modulus to 8.9 ± 0.2 GPa, 

as seen in Figure 6C and 5D. This softening was accompanied by an increase in maximum 

penetration depth from 1530 ± 10 nm in the reference condition to 1720 ± 20 nm, the highest value 

among all IPyC specimens, which is shown in Figure 6E. The corresponding load-displacement 

curve in Figure 6A exhibited a larger displacement under the same applied load, confirming 

reduced resistance to deformation. Figure 6B shows a representative SEM image of an indent 

formed on the IPyC layer. Unlike the SiC layer, where indents were clearly visible after 
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nanoindentation, the indents on the IPyC layer were difficult to identify. Therefore, only one 

representative IPyC indent is shown for all specimens. This difficulty was likely due to the more 

elastic response of the IPyC layer, which led to partial or full recovery of the indent after unloading. 

In addition, the relatively low contrast and non-uniform surface of the IPyC layer made it difficult 

to locate the indents in most specimens. 

Ion implantation resulted in a different nanomechanical response compared with γ irradiation. 

Helium implantation induced significant hardening of the SiC layer. Hardness increased to 

34.03 ± 0.05 GPa, and the elastic modulus increased to 479 ± 6 GPa. This increased mechanical 

resistance was accompanied by the lowest maximum indentation depth among all specimens (hmax 

= 597 ± 8 nm) and the smallest residual depth (hf = 130 ± 12 nm), indicating reduced plastic 

deformation and enhanced elastic recovery. The steeper unloading segment of the 

load-displacement curve further confirms the higher stiffness of the He-implanted material. 

A distinctly different response was observed for Au implantation. At room temperature, Au 

implantation reduced the hardness to 17.98 ± 0.01 GPa—even lower than that of the γ-irradiated 

specimen—while the elastic modulus remained close to the reference value (257 ± 9 GPa). 

Correspondingly, the maximum penetration depth increased to 910 ± 20 nm, indicating substantial 

softening of the near-surface region. However, when Au implantation was performed at 100 °C, 

the mechanical response changed dramatically. The hardness increased to 40.97 ± 0.06 GPa—the 

highest value measured in this study—and the elastic modulus rose to 520 ± 30 GPa. The 

indentation depth decreased to 730 ± 30 nm, demonstrating strong irradiation-induced hardening. 

These results highlight that implantation temperature plays a critical role in determining the final 

defect structure and mechanical response of the SiC layer. 
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Figure 5: Nanoindentation parameters for SiC layer in different specimens. (A) load-displacement curves, 
(B) SEM micrographs of individual specimens, (C) hardness, (D) elastic modulus, (E) maximum 
penetration depth (hmax), and (F) residual depth after unloading (hf). 
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In the PyC layer, He implantation again produced the strongest hardening response. The hardness 

increased to 3.6 ± 0.1 GPa, while the elastic modulus increased to 19.7 ± 0.4 GPa, as illustrated in 

Figure 6C and 5D. Simultaneously, the maximum penetration depth decreased to 1164 ± 6 nm 

(Figure 6E), indicating a substantial increase in resistance to indentation. Au implantation also 

increased the hardness and modulus relative to the reference condition. The Au-25 °C specimen 

exhibited a hardness of 2.4 ± 0.2 GPa and an elastic modulus of 14.3 ± 0.7 GPa, while the 

Au-100 °C specimen reached 3.02 ± 0.04 GPa and 17.8 ± 0.5 GPa, respectively (Figure 6C and 

5D). These results indicate that both He and Au implantation increased the mechanical integrity of 

the IPyC layer, although the strengthening effect was more pronounced for He implantation.  
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Figure 6: Nanoindentation parameters for the IPyC layer in the different specimens. (A) load-displacement 
curves, (B) SEM micrograph of a representative specimen (dashed triangle highlights the indent region), 
(C) hardness, (D) elastic modulus, (E) maximum penetration depth (hmax), and (F) residual depth after 
unloading (hf). 
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To better compare the hardness response of the two coating layers, the hardness values for SiC and 

IPyC under different irradiation conditions are shown side by side in Figure 7 The trends observed 

in the nanoindentation parameters reveal two distinct irradiation responses. γ irradiation 

consistently reduced hardness, modulus, and stiffness while increasing indentation depth in both 

SiC and IPyC, indicating irradiation-induced softening. In contrast, ion implantation generally 

increased hardness and elastic modulus, particularly for He implantation and Au implantation at 

elevated temperature. 

 

Figure 7:Comparison of SiC and IPyC hardness after treatment under different irradiation conditions. 

Changes in hardness after γ irradiation have been reported previously for some materials, but not 

specifically for the SiC and PyC layers of TRISO particles. In general, even for other systems, 

fundamental studies on the influence of γ radiation on mechanical property evolution remain 

limited. For example, Sn3Ag0.5Cu solder joints showed a non-monotonic change in 

nanoindentation hardness with increasing γ dose up to 720 kGy, with an initial increase, followed 

by a decrease, and then further increase. 39 While an oxide-based waste system containing LiNbO₃, 

CaO, and PbO showed a slight decrease in micro-Vickers hardness with increasing γ dose up to 40 

kGy. 40 In these cases, changes in hardness have been associated with irradiation-induced atomic-

scale defects, including point defects and vacancies, which can affect the local bonding structure 

and mechanical response. 41 Therefore, the softening observed after γ irradiation in the present 

study may be related to subtle point defect formation or bond-level disorder. These changes may 

not be sufficiently extensive to produce clear changes in the Raman spectra, but they can still 

reduce the local resistance to indentation. 
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In contrast, ion implantation produced a different mechanical response, with hardening observed 

in most implanted SiC and IPyC specimens. For SiC,  the TO and LO modes disappeared from the 

Raman spectra after implantation, indicating severe disorder and likely near-surface 

amorphization. Previous studies on ion irradiated SiC have shown that the mechanical response 

depends strongly on the damage level. Tromas et al. 42 reported that irradiation-induced hardening 

can occur at lower damage levels, whereas complete amorphization is associated with a strong 

decrease in hardness. Similarly, Li et al. 43 showed that hardening is observed when He-implanted 

SiC is not fully amorphized, and He et al. 44 reported dose-dependent hardening, with the maximum 

hardening occurring at an intermediate damage level rather than after severe disordering. Taken 

together, these studies suggest that the mechanical response of irradiated SiC reflects a balance 

between defect-induced hardening and bond damage/amorphization. In the present study, the 

hardening observed after He implantation and Au implantation at 100 °C may therefore be 

attributed to the formation of a highly damaged near-surface region, where defect accumulation, 

implanted species, and possible residual compressive stresses increase resistance to localized 

deformation. 

The lower SiC hardness observed after Au implantation at room temperature may indicate that, 

under this condition, bond damage and amorphization were more dominant than defect-induced 

hardening. Wallace et al.45 experimentally demonstrated defect relaxation in ion-irradiated 3C-SiC 

on a millisecond timescale at 100 °C. This relaxation was attributed to point-defect migration, 

interaction, and recombination. Therefore, implantation at 100 °C may have promoted partial 

recovery of irradiation-induced defects, although the temperature was not sufficient to restore the 

original crystalline structure. 

As described in the experimental section, full TRISO particles were exposed to γ-radiation without 

being cross-sectioned. This made it possible to perform non-destructive μ-CT on the full TRISO 

particles before and after irradiation to examine any possible internal dimensional or 

microstructural changes within the same particle. For this group of specimens, sample preparation 

and cross-sectioning for microscopic characterization and nano-indentations were done after 

irradiation. Figure 8 compares unirradiated and γ-irradiated particles using optical microscopy, 

SEM, and μ-CT.  
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From the optical images in Figure 8, differences in surface features are evident, despite the fact 

that the same polishing procedure was used for both. The difference is more noticeable in the buffer 

layer, where the unirradiated specimen appeared more porous, and the gap between the kernel and 

buffer appeared larger. In contrast, the γ-irradiated particle showed an apparently denser buffer 

region, with minimal gaps observed. A closer examination of the same region by SEM, with the 

stage tilted by 45° to better reveal the surface topography, confirmed this observation. For the γ-

irradiated specimen, the gap appeared to be filled, whereas in the unirradiated specimen the gap 

remains more clearly visible. However, the reconstructed μ-CT images of the same particle before 

and after γ exposure do not show major changes, within the resolution and contrast of the micro-

CT settings used, in the buffer porosity or overall internal structure. This suggests that the 

differences observed in the polished cross-sections likely developed during sample preparation 

rather than being an original structural change caused during irradiation. Since the polishing 

method was the same for both specimens, these observations may indicate a difference in the 

material's response to abrasive polishing before and after γ-irradiation. This is consistent with the 

nanoindentation results, which showed a softer material after γ irradiation. The denser appearance 

of the γ-irradiated specimen may therefore be related to increased smearing of the softer material 

during polishing, leading to partial filling of surface gaps and pores. Although this assessment is 

qualitative, it provides supporting microscopic evidence consistent with the lower hardness 

measured by nanoindentation.  
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Figure 8: Optical microscopy, SEM, and μ-CT images comparing TRISO particles in the (A) unirradiated 
and (B) γ-irradiated conditions. 

 Additionally, the influence of irradiation-induced structural changes on the chemical durability 

and corrosion resistance of the coating layers may also be important for long-term DGR 
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performance, but this was not investigated in the present work. From the perspective of TRISO 

performance in a DGR environment, the softening observed after γ irradiation does not necessarily 

indicate improved or degraded integrity by itself. Rather, it shows that γ irradiation can modify the 

local mechanical response of the coating layers. This could influence how the layers respond to 

mechanical stresses, such as internal gas pressure or externally applied loads in long-term degraded 

repository scenarios. Softening may improve deformation accommodation, but it may also reduce 

load-bearing capacity. In contrast, the higher hardness and elastic modulus measured after ion 

implantation, together with the absence of recovery in the Au-100 °C condition, indicate that 

implantation-induced damage remained largely unrecovered at 100 °C. Such hardening may 

reduce deformation tolerance and increase susceptibility to stress-induced cracking. However, to 

better assess whether these irradiation-induced changes improve or degrade the mechanical 

integrity of the coating system, additional measurements, particularly fracture toughness or 

cracking resistance, would be required. Additionally, the influence of irradiation-induced structural 

changes on the chemical durability and corrosion resistance of the coating layers may also be 

important for long-term DGR performance, but this was not investigated in the present work. 

In summary, this study examined the effects of  and γ radiation on the PyC and SiC layers of 

surrogate TRISO particles under anticipated DGR-relevant conditions. Ion implantation caused 

irreversible structural changes in both materials. Raman results showed that PyC evolved toward 

a more disordered carbon structure, while SiC lost its characteristic TO and LO Raman peaks, 

indicating severe disorder and likely near-surface amorphization. In both materials, implantation 

at 100 °C did not produce noticeable recovery. The mechanical response of TRISO coating layers 

depended strongly on the irradiation type and temperature. In SiC layers, γ irradiation caused 

softening, helium implantation induced hardening, and Au implantation resulted in a transition 

from severe softening at room temperature to the highest increase of hardness at 100 °C. γ 

irradiation also softened the IPyC layer, as shown by the reduced hardness and elastic modulus. 

The IPyC layer showed similar hardening under helium and gold implantation but no softening, 

with consistently lower absolute values due to its inherently softer structure. Overall, the results 

indicate that  radiation-relevant damage has a stronger effect than the investigated γ dose and 

energies on the structure and mechanical response of TRISO coating layers. These changes may 

increase the susceptibility of the coating layers to cracking or fracture and are therefore important 

for understanding the long-term containment performance of TRISO fuel in repository conditions. 



23 

 

Experimental 

Materials and Sample Preparation 

Surrogate TRISO particles with zirconium oxide kernels were supplied by Standard Nuclear Inc. 

For cross-sectional analysis, particles were cold-mounted in the EpoFix epoxy system purchased 

from Struers and then polished to expose all five constituent layers. Polishing was performed using 

a combination of diamond lapping films (Lee Valley) and diamond suspensions (Struers), down to 

a final abrasive size of 0.25 µm, to obtain a smooth surface. 

Irradiation Experiments 

γ radiation experiments were performed using a Nordion GC-220 Excel gamma cell (60Co source, 

dose rate 574 Gy/h) of the Western University Department of Chemistry. The fully coated particles 

were placed in the gamma cell for 20 days to achieve total doses of 276 kGy. For the exposure, the 

particles were placed in a borosilicate glass pipette which was then evacuated and sealed with a 

flame.  

 irradiation experiments were conducted on cross-sectioned TRISO particles. For each 

irradiation, three particles were mounted and irradiated simultaneously to account for 

reproducibility of irradiation results for the particle characterization. Ion implantation using a 1.7 

MV Tandetron accelerator ( High Voltage Engineering Europa) facility at Western University, was 

performed to reflect the  damage expected under repository-relevant conditions. The target 

radiation damage of ~1 DPA with multi-energy implantation was selected to represent the expected 

damage in a DGR after 1000 years.31 He ions were used to simulate  particles, which consist of 

two protons and two neutrons. To accelerate the damage process, heavy Au ions were implanted 

to produce the same number of DPA in a much shorter time. Based on Stopping and Range of Ions 

in Matter (SRIM) calculations,46 two sets of implantation experiments using He and Au ions were 

designed to create a uniform vacancy profile within a depth of ~1.5 to 3 μm across the different 

layers. Tables S1 and S2 show the energy and dose settings for multi-energy implantation using 

Au and He ions, respectively, for the investigated PyC and SiC layers. The vacancies, ion range, 

and straggling distance for each implantation step are included in the tables. For the SRIM 

calculations, the displacement energies were set to 25 eV and 20 eV for carbon atoms in IPyC and 



24 

 

SiC, respectively, and 41 eV for Si atoms in the SiC lattice.47,48 The multi-energy implantation for 

both Au and He resulted in radiation damage of around 1.1 DPA in the SiC layer and 0.35 DPA in 

the PyC layers. Three separate implantation experiments were done: He implantation at room 

temperature, Au implantation at room temperature, and Au at 100 °C to mimic expected DGR 

temperatures.49 

Characterization of TRISO particles 

A Zeiss Xradia 410 Versa μ-CT was used as a non-destructive technique to quantify the thickness 

of the constituent layers and to examine possible dimensional changes following γ irradiation. A 

Kapton tube with an inner diameter of 1.2 mm and a wall thickness of 38 μm was used to 

immobilize the TRISO particles. For all scans, no filter was used (air), and the operating conditions 

were 40 kV, 10 W, 142 μA, 20× optical magnification, an exposure time of 45 s, and scans were 

done over 180° with two-frame averaging. In order to assess the differences between individual 

particles, dimensional analyses were performed on five different particles. The measurements were 

done on the same plane for each particle. For each layer, three manual measurements were taken 

using the ruler tool in ORS Dragonfly Pro software, and the average values and standard deviations 

were calculated. 

Scanning electron microscopy (SEM) was performed in secondary electron mode at an 

accelerating voltage of 3 kV using a LEO/Zeiss 1530XB SEM (Oberkochen, Germany) and a 

Hitachi SU3900 SEM. Energy-dispersive X-ray spectroscopy (EDX) analysis was performed 

using a Hitachi SU3900 equipped with a Oxford ULTIM Max 65 SDD detector at an accelerating 

voltage of 15 kV. 

Raman spectroscopy (Renishaw InVia Reflex Raman Spectrometer) with monochromic laser 

wavelength of 514 nm and a 50× objective was used to collect spectra over a Raman shift from 

100 to 3200 cm-1.  

Nanoindentation Measurements 

Nanoindentation experiments were conducted using an Alemnis instrument equipped with a 

Berkovich indenter tip to evaluate the mechanical response of the irradiated layers. Tests were 

performed at a loading rate of 10 mN s⁻¹ up to a maximum load of 50 mN. The maximum load 
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was held for 5 s prior to unloading to minimize creep effects, followed by unloading at the same 

rate of 10 mN s⁻¹. Each indentation cycle lasted 15 s, and a 30 s thermal drift correction 

measurement was conducted after each indentation.  

The hardness and elastic modulus were determined from the load–displacement curves using the 

standard Oliver-Pharr method.50 

Hardness (H) was calculated using the Oliver-Pharr method as: H = ி೘ೌೣAc      (1) 

where Fmax is the peak load and Ac is the projected contact area, obtained using the contact depth 

hc and an empirically derived polynomial area function51: 

Ac(h௖) = 24.5h௖2 + C1h௖ + C2h௖12 + C3h௖14 +⋯+ C8h௖1128       (2) 

The contact stiffness was extracted from the initial unloading slope to determine the reduced 

modulus Er: ܧ௥ = 12 ⅆ௣ⅆℎ √గ√஺೎        (3) 

1ாೝ = (1−ఔ2)ா + (1−ఔ′2)ா′      (4) 

Here, E and ν are the elastic modulus and Poisson’s ratio of 3C-SiC (ν = 0.17), and E′ = 1140 GPa 

and ν′ = 0.07 are the indenter properties52. Calibration tests on fused silica (standard values: Er = 

69.7 GPa, H = 9.65 GPa) were used to correct for machine compliance and tip rounding 50,53. 

Nanoindentation tests for each sample group were performed on three different particles. For each 

layer, at least five measurements were collected. The indents were placed at a similar radial 

distance from the particle center and near the middle of the SiC and IPyC layer thicknesses. The 

reported errors represent the standard deviation of the measurements.  
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