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Abstract: TRIstructural ISOtropic (TRISO)-particle fuel is nuclear fuel used in high-temperature
reactors. During reactor operation, partial damage may occur to the covering layers of this fuel. The
authors of the publication propose an ion implantation method as a surrogate for neutron irradiation
in the reactor core. This method makes it possible to reflect the damage that can be caused by
irradiating samples in the reactor much faster and without having to deal with radioactive material.
This paper presents an experiment on the p-TRISO samples, with a focus on the level of damage to
the covering layers that could occur after 1, 3 and 5 years of neutron irradiation. The paper presents
research conducted on both polished and unpolished p-TRISO fuel samples implanted with ions
(Ne*, He") of appropriate fluence and energy. It is necessary to determine whether the passage of
time affects the occurrence of structural changes in p-TRISO fuel layers and, at the same time, whether
it contributes to an increase in the probability of damage in the examined fuel material. The result of
this work is confirmation that ion implantation is an efficient tool for reflecting irradiation-induced
damage in the p-TRISO samples. In addition, the assumption that the sample does not need to be
polished to obtain information about damage in the p-TRISO covering layers was confirmed.

Keywords: TRISO; irradiation; neon; helium; damage; Raman spectroscopy; passage of time

1. Introduction

The IV generation nuclear reactors currently are undergoing a renaissance, mainly due
to the relaunched research on the TRISO (TRIstructural ISOtropic)-particle fuel. This type
of nuclear fuel is a common fuel for high-temperature gas-cooled reactors (HTGRs) and can
be distinguished in the form of the pebble bed and prismatic type of samples packed in a
graphite matrix [1]. In both cases, the TRISO-particle fuel serves as the smallest component
on which the experiments should be performed to improve the quality of the samples.
During neutron irradiation in the reactor core, partial or complete damage may occur in
the covering layers of the TRISO fuel. This sort of phenomenon is a mishandled effect, and
ongoing work to mitigate the problem plays a key role in improving the newly produced
fuel. The recirculation of the fuel in HTR reactors, such as HTR-10 and HTR-PM, takes 3 to
5 years in general [2,3]. Until now, the only way to verify the level of damage to the fuel
structure was to perform examinations only after the reactor had finished operating, after
extracting samples from the reactor core. The ion implantation method allows for verifying
the level of damage to TRISO fuel at a significantly faster rate without the necessity to deal
with activated materials. Due to that, in this experiment, authors choose such implantation
fluence, which corresponds to the neutron irradiation in the reactor core of 1, 3 and 5 years.
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The ion implantation method allows for quickly simulating the fuel irradiation phe-
nomenon through the displacements per atom (dpa) parameter, which will determine the
level of damage in the TRISO layer structure. The dpa is the number of point defects,
meaning the average number of times an atom is displaced from the original lattice, which
is widely used as an exposure parameter to evaluate the atomic-level structural damage in
irradiated materials. The formula to calculate the dpa is as follows [4-7]:

® * damage — rate * 108
N

dpa = )
where @ is the fluence in ions/cm?, the damage rate is in vacancies/ion/ A obtained with
TRIM [8] calculations, and N is the atomic number density in atoms/ cm3.

A presented experiment was performed on surrogate samples of TRISO particles, the
so-called p-TRISO. The p-TRISO samples are composed of the zirconium dioxide kernel,
covered with Buffer porous layer, and an Inner pyrolytic carbon (IPyC) layer. These nuclear
fuel samples were polished to obtain access to covering layers and implanted with specific
ions and energy, which reflect the neutron irradiation fluence at the reactor core. The
Raman spectroscopy method and the scanning electron microscope (SEM) were used as
experimental tools to track the ongoing changes in the structure of p-TRISO layers. Since
TRISO fuel layers are based on pyrolytic carbon, which is similar to graphite, it is possible
to investigate the changes occurring in the spectrum after ion implantation.

In the case of Raman spectra obtained before implantation, one can notice two charac-
teristic D-and G-bands (Figure 1—treport in print) for carbon-based materials. The pristine
sample exhibited a G-band, which is caused by the in-plane bond-stretching motion of sp?
C atoms, and the D-band, which intensity is inversely proportional to the dimensions of
crystal structures, thus the intensity is expected to increase with increasing radiation dam-
age. The second-order Raman spectrum reveals the three main bands, such as the G*-band
(2450 cm 1), 2D-band (2680 cm 1) and 2D’-band (3250 cm 1), where the 2D- and 2D’-bands
are the harmonics of Raman inactive fundamental modes in ordered carbons [9,10].
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Figure 1. Raman spectra obtained for a pristine graphite sample.

This publication is a continuation of previous research (report in print), where neon
ions were used to reflect the neutron irradiation process on analyzed p-TRISO samples.
In addition to neon ions, in this work, the authors decided to use also helium ions in the
experiment of ion implantation. The irradiation with lightweight He" ions creates less
damage in the lattice structure of analyzed materials and, at the same time, gives good
control over the implantation depth. In addition, helium is used in HTR reactors as a
coolant [11-13].
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In the experiment, different ion fluences were used for the ion implantation experiment.
The ion fluences that reflect the 1, 3 and 5 years of neutron irradiation are presented in
Table 1.

Table 1. Parameters used for the irradiation experiment.

Year of Neutron

s 2
Ion Energy Fluence [ions/cm~] DPA Irradiation
3.8 x 106 8 1
Ne* (160 keV) 1.1 x 10Y7 23 3
1.9 x 1017 40 5
He* (160 keV) 1.05 x 1018 24 3

The use of the two diagnostic methods, such as Raman spectroscopy and SEM, was
driven by the fact that the results might be obtained in a fast and not expensive way, which
as such, improves the quick screening methods of the TRISO samples.

2. Materials and Methods
2.1. p-TRISO

The experiment was performed on surrogate in-process coated particles. These sam-
ples were manufactured at the Centre d’Etudes Nucléaires de Grenoble (CEA, Greno-
ble, France) in 2001 for the TRISO fuel development, production and examination high-
temperature rector project. The surrogate samples consist of zirconium dioxide (ZrO,)
kernel coated only with the Buffer and Inner-pyrolytic carbon (IPyC) layers. Due to the
layer composition and thickness (Buffer-100 pm, IPyC-65 pum), they can not be called
TRISO-particles, nor as a BISO. In this paper, as well as in the previous research [14],
those samples are called predecessors to TRISO—*p-TRISO S-3” type of samples. In the
experiment, two types of p-TRISO S-3 samples were used, the unpolished and polished
samples (the ion polishing technique was performed to obtain the cross-sections on which
further experiments may be performed; Figure 2).

p-TRISO S-3

Figure 2. The SEM image of the cross-section of the S-3 p-TRISO sample; with the red color the IPyC
layer (thickness: ~65 um, density: 1.84 g/cm?) and with yellow color of the Buffer layer (thickness:
~100 um, density: 0.97 g/ cm?) were marked.
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2.2. Methods

The ion implantation method was chosen to reflect the neutron irradiation process of
the TRISO fuel in the reactor core. Ion beam irradiation on p-TRISO samples was performed
using the UNIMAS ion implanter. The ion beam was produced using a universal arc
discharge ion source. Several of the S-3 p-TRISO samples were attached separately to the
sample holder using conducting carbon tape and irradiated at room temperature with the
neon or helium ions. Because of the room temperature, the thermal annealing of defects
due to the implantation process cannot be accounted for, only the primary displacement
damage. Irradiation current density was in the range from 0.01 pA/cm? up to 1 pA/cm?
depending on the fluence, and the pressure in the chamber was approximately 10~® mbar.
The ion implantation occurred over the entire surface of the polished p-TRISO S-3 samples.
For the experiment, two types of ions were used, neon and helium. The reason for selecting
these types of ions was due to the fact that these ions are light (Ne*) and heavy (He")
and have large penetration ranges into the analyzed structure, allowing the results to be
analyzed by Raman spectroscopy.

Measurements on p-TRISO samples were carried out by an inVia Renishaw micro-
Raman system, and the spectra were collected in the spectral range of 200-3200 cm~! by
focusing on a 785 nm laser beam. The observations of the p-TRISO cross-sections were
performed by FEI Versa 3D Scanning Electron Microscope.

3. Results
3.1. Verification of the Level of Damage to the p-TRISO Fuel Covering Layers Structure after 1st
and 5th Year of Irradiation

The current analysis of p-TRISO particles was performed on the six samples of S-
3 type p-TRISO particles to be able to perform the statistical analysis on the obtained
results. Figure 3 shows the cross-section of the S-3 p-TRISO sample with average Raman
spectra obtained for Buffer and IPyC layers. The layer structure of both covering p-
TRISO layers changed during the implantation procedure. During the ion implantation
process with neon ions (Ne*), the energy of 160 keV and specified fluence, the increasing
damage in Buffer and IPyC layers is observed. The ion implantation fluence applied in this
experiment reflects the period of time during which samples are irradiated with neutrons
in the reactor core during reactor operation. Based on performed calculations with the
use of SRIM and MCB codes [8,15], it was possible to establish specific fluences of ion
implantation. It was calculated that 1 year of neutron irradiation reflects the fluence of
3.8 x 10'® jons/cm? of Ne* ions implanted and that 5 years of neutron irradiation reflects
the fluence of 1.9 x 10 ions/cm? of Ne* ions implanted. Therefore, for S-3 samples
with an averaged width of 165 um and a layer density of 1.405 g/cm?, subjected to ion
implantation (Ne*, 160 keV), using the detailed calculation method and taking into account
ion penetration to the depth of 4257 A in the Buffer + IPyC layers, the dpa parameter is
equal 8 dpa after 1st year of irradiation (3.8 x 10! ions/cm?) and 40 dpa after 5th year of
irradiation (1.9 x 10! ions/cm?).

The SEM images (Figure 3) obtained for samples type S-3 show that with increasing
implantation fluence, the structure of each layer becomes more damaged. Based on previous
research, one can notice that the microstructure of the low-density porous pyrocarbon
(Buffer) layer becomes globular when the microstructure of high density (isotropic) Inner-
pyrolytic carbon (IPyC) layer become more conical (polyhedral). This is represented by the
formation of cones in the IPyC layer and circles in the Buffer layer [16]. The difference in
the microstructure of both layers is due to the difference in the density of analyzed layers
(Buffer—0.97 g/ cm3; IPyC—1.84 g/ cm? ).
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Figure 3. On the left-hand side—SEM image of the p-TRISO sample covering layers (Buffer, IPyC)
before and after ion implantation; on the right-hand side—Raman spectra obtained for each of the
analyzed layers after the ion implantation process.

Tables 2 and 3 presents the data obtained from the Raman spectra, such the position of
D- and G-bands, the width of the D- and G-bands and the intensity ratio of the D-Raman
band and G-Raman band, as well as the area of ID/IG.
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Table 2. The average values obtained from six samples of S-3 p-TRISO buffer layer.

Position Width ID/IG
Fluence ID/1IG
D-Band G-Band D-Band G-Band Area
before implantation 1309 + 0.4 1583.8 £ 1.1 1405 + 3.1 106 + 2.3 1.69 £+ 0.03 2.05 + 0.03
1st year of irradiation 1348.7 + 7.1 1551.7 +12.6 461.8 £26.9 133.8 +19.6 3.85 £+ 0.58 18.38 + 5.0
5th year of irradiation 13733 + 5.4 1537.7 + 3.6 4324 + 16.1 153.9 + 10.5 4.85 + 0.77 18.74 - 5.44

Table 3. The average values obtained from six samples of S-3 p-TRISO IPyC layer.

Position Width ID/IG
Fluence ID/IG
D-Band G-Band D-Band G-Band Area
before implantation 1315.6 &= 1.5 1578.2 £ 0.6 2433 + 3.2 129 £ 2.5 1.56 4+ 0.06 3.34 £0.25
1st year of irradiation 1332.2 + 8.6 1529.4 + 8.2 426.5 + 24.8 177.6 & 16.2 2.85 4+ 0.56 9.05 + 3.9
5th year of irradiation 1371.7 £ 5.5 15449 + 4.5 441.0 £ 18.6 1471 £ 14.1 5.29 £+ 0.98 21.91 +8.0

The typical Raman spectra of carbon-based materials contain the D-band at the position
around 1310 cm~! and the G-band around 1580 cm~!. Based on the literature, “G” comes
from graphite and “D” comes from disorder. Each noticeable change from these values
means creating defects in the analyzed structure. In the beginning, when the layers of the
p-TRISO sample were not implanted, two separate bands were noticed. With the increasing
fluence, these two D- and G-bands start to create one single band, which is due to the fact
that the dislocation process starts to occur at investigated layer structures. The reason may
be apparent in the increasing values of the width parameter. The ratio of intensities of
the bands of the disorder-induced D band and the first-order graphite G band (ID/IG) is
crucial to estimating the structural disorder. In both cases, on examined layers, one can
observe that the intensity ratio ID/IG increase with the time of sample implantation.

Raman spectroscopy measurement can also be used to prepare the surface maps of the
analyzed samples. During the measurement, Raman spectra were collected every 1 pm step.
The goal of the measurement was to obtain a large amount of data from the selected field.
The surface maps are shown in Figure 4. This figure presents the average six maps obtained
for S-3 p-TRISO particles. Maps are divided according to the time of implantation, such as
before implantation, 1st year of implantation and 5th year of implantation. Moreover, one
can notice two columns, maps for the Buffer layer and maps obtained for the IPyC layer. In
each case, the map shows the concentration of the specified layer. The highest concentration
is marked with red color, which means 100% of a specified layer in the region. Based on
that, one can notice that in each case, the map shows the Buffer layer at the bottom and the
IPyC layer at the top of the selected region (30 x 50 um). In the case of the maps obtained
before S-3 samples implantation, the junction of Buffer and IPyC layers was at the level of
15 um. With the increasing time of implantation, the Buffer-IPyC junction shift to the level
of 8 um. Such behavior indicates significant damage at the interface of the Buffer-IPyC
layers, which may provide the creation of a gap between those layers.

3.2. Verification of the Level of Damage to the p-TRISO Fuel Covering Layers Structure after 3rd
Year of Irradiation

To be able to consider the ion implantation method as a fast screening tool for newly
produced TRISO particles before inserting them into the reactor core, S-3 samples that
had not been polished were subjected to ion implantation. Accordingly, this part of the
experiment was carried out on p-TRISO S-3 spheres in such a way that the ion beam fell
on the outer surface of the sample, in this case, on the IPyC layer (Figure 5). The p-TRISO
samples were divided into two groups, where one group was implanted with Ne* ions
to continue performing research and the second group of samples was implanted with
He* ions [17,18]. The reason for choosing helium ions comes from the fact that the ion



Coatings 2023, 13, 556 7of 11

penetration of these ions is deeper (8361 A) compared to the neon ions (4257 A). In addition,
helium is a chemical component that serves as a coolant in HTR reactors.

Buffer layer IPyC layer
before ion implantation
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Figure 4. Raman maps of the averaged S-3 p-TRISO particles.
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Figure 5. SEM image of the non-polished p-TRISO particle sphere.

The experiment on non-polished samples assumed that the energy of implantation
would remain the same as in the previous experiment (i.e., 160 keV), but the fluence of ion
implantation will change for one, which reflects 3 years of neutron irradiation process in
the reactor core. Based on the SRIM and MCB calculations, it was concluded that 3 years of
neutron irradiation reflects the fluence of 1.1 x 107 ions/cm? of Ne* ions implanted and
that 3 years of neutron irradiation reflect the fluence of 1.05 x 10'® ions/cm? of He™ ions
implanted. The dpa after 3rd year of irradiation is equal 23 dpa (1.1 x 10 Ne-ions/cm?)
and 24 dpa (1.05 x 10'® He-ions/cm?). Therefore, for p-TRISO samples with a layer density
of 1.405 g/cm3, subjected to ion implantation (He*, 160 keV), using the detailed calculation
method, the ion penetration depth is equal to 1.06 pm.

Based on Figure 6, one can observe the structure deformation due to the ion im-
plantation. The magnification of selected regions obtained for both cases shows globular
formation. The PyC layer is composed of microcrystalline structures about 500 nm in diam-
eter, which contains domains or crystallites in the size of about 2-3 nm. These domains may
increase in size from about 2 to 5 nm under irradiation and heat treatments at a temperature
of 1800 °C [19-21]. The results obtained from Raman spectra are shown in Table 3. In both
cases of analyzed ions, one can observe that the D-band position increase when the G-band
position decrease, which is related to the formation of a disordered structure. For the rest
of the selected parameters, it is observed that due to the 3 years of implantation, the values
of width for D-and G-band, as well as the intensity ratio ID/IG and are increased over time.
What should be noted is that the increment is bigger for He™ irradiated ions compared to
that irradiated with Ne* ions.
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Figure 6. (A) SEM images of non-implanted surface of S-3 particle, (B) Raman spectra obtained for the
Ne* and He" implanted samples with the fluence equivalent to 3 years of irradiation, (C) SEM images
of implanted S-3 samples—3rd year of implantation with Ne* and He* ions; (D) SEM magnification
of selected region; (E) the cross-section of S-3 implanted sample.

This analysis (Table 4) was performed on non-polished samples and shows that it
is possible to analyze the surface degradation on p-TRISO particles. To confirm this
assumption, after Raman spectroscopy measurements, samples that were implanted with
Ne* and He* ions were subjected to the ion polishing process. After polishing, samples
were again verified by Raman spectroscope; results are presented in Table 5.

Table 4. S-3 outer surface implantation.

Fluence

Position Width ID/1G

ID/IG
D-Band G-Band D-Band G-Band Area

before implantation
3rd year of Ne* irradiation
3rd year of He" irradiation

1315.6 £ 0.7 1587.9 £ 0.9 2283 +14.2 1151 +74 1.68 = 0.06 2.68 £ 0.66
13472 £104  1556.8 £14.1 445.1 £ 52.6 130.9 £ 22.6 3.43 +£0.95 17.0 £ 8.79
13404 £ 6.5 1567.6 £4.5 483.6 = 45.7 1372 £12.8 3.7 £0.82 17.39 £ 6.95

Table 5. S-3 cross-section after irradiation.

Fluence

Position Width ID/1IG

ID/IG
D-Band G-Band D-Band G-Band Area

before implantation
3rd year of Ne* irradiation
3rd year of He" irradiation

13099 £ 1.7 15853 £2.7 188.6 +18.4 1055+7.8 1.69 + 0.08 3.16 £ 0.63
13325 £3.7 1573 £3.2 3349 £15.1 1455 +£55 2.69 £0.17 8.97 £0.89
1323.8 £ 2.5 15783 £2.2 332.8 £22.6 129.7 £ 11.1 2.64 £0.19 9.59 +£1.73

Based on obtained results (Table 4), one can notice significant changes in the layer struc-
ture before and after sample implantation, which occur at the cross-section of implanted
samples. Regardless of whether the sample was first ion-implanted and then polished or
the other way, first polished and then ion-implanted, in both situations, we hold the same
effect of detecting implantation-induced damage in the layers covering p-TRISO samples.
It should be kept in mind that, in this case, only the IPyC layer is analyzed, as this is the
outer layer of the TRISO sample under investigation. Observation of visible changes in the
structure of this layer confirms the depth of penetration of ions into its structure. For these
reasons, the values obtained for the buffer layer will be unchanged since the depth of ion
penetration was too small to reach this particular layer. In order to be able to determine the
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damage created in the Buffer layer on unpolished p-TRISO samples, it would be necessary
to increase the implantation energy and thus extend the depth of penetration of ions into
the layer structures in order to find them in both the IPyC layer and the Buffer layer.

4. Discussion

The first purpose of this research was to examine the p-TRISO particles in terms
of the damage that occurs in the covering layers. Research techniques such as Raman
spectroscopy and SEM were used for the investigation. The second purpose was to present
fast and not expensive measurement devices for quick verification of the pyrocarbon layers;
due to that, the research was limited only to these two diagnostic methods. The analysis
was done on the 5-3 type p-TRISO samples. Based on performed experiments, it can be
concluded that the ion implantation method is a significant method to reflect the neutron
irradiation process in the reactor core. Due to the ion implantation with fluence that reflects
1,3 and 5 years of TRISO- particle irradiation, one can observe the partial damage that may
occur during HTR reactor operation.

This experiment was devoted to measuring how the passage of time influences the
degradation of the layers in the tested TRISO particles. As a result, the level of damage was
presented due to the dpa parameter, which is equal to 8 dpa—after 1st year of irradiation,
23 dpa—after 3rd year of irradiation and 40 dpa—after 5th year of irradiation. Based on the
obtained results, one can notice that the passage of time affects the occurrence of structural
changes in the TRISO fuel layers and, at the same time, it contributes to an increase in the
probability of damage in the examined fuel material.

One has to bear in mind that this research did not take into account the graphite matrix
in which the TRISO particles are immersed, creating 6-cm pebbles or 4-cm pellets. Due to
that, these assumptions may happen only on the TRISO particles without any additional
cover, but still, the obtained results on the degradation level should be taken into account
for the new production of fresh TRISO particles. One has to bear in mind also the fact
that analyzed p-TRISO particles consist only of two covering layers (they do not have the
most protective silicon carbide (SiC) layer) and are 22 years old, which as such, may induce
faster degradation.

Nevertheless, this publication proves that for a fast screening method of a stored
or a newly manufactured fuel, the ion implantation technique may be used to verify the
quality of TRISO particles before entering the reactor core. In addition, the experiment
conducted on unpolished samples confirms the assumption that implantation on the
spheres is sufficient for the fuel screening method without the necessity of polishing the
samples to access the inner layers. To obtain data on the level of damage to the inner layers,
the energy with which the implantation process would be performed should be increased.
This research step will be confirmed in subsequent studies.

Author Contributions: Conceptualization, Z.M.K.; methodology, Z.M.K ; validation, ZM.K,, T.B.,
AD., WG, KP, TT. and M.T,; investigation, T.B., A.D., K.P, T.T. and M.T; resources, ZM.K.; writing—
original draft preparation, Z.M.K.; writing—review and editing, T.B., A.D., W.G., K.P, T.T. and M.T;
visualization, Z.M.K.; supervision, W.G.; project administration, Z.M.K. All authors have read and
agreed to the published version of the manuscript.

Funding: The work was supported by the Polish National Research and Development Center
(NCBR) project “New Reactor Concepts and Safety Analyses for the Polish Nuclear Energy Program”,
POWR.03.02.00-00-1005/17 (years 2018-2023). Raman spectroscopy analysis was carried out with
financial support from the Ministry of Education and Science in Poland, 0511/SBAD/2351.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data of this study are available from the corresponding author
upon reasonable request.



Coatings 2023, 13, 556 11 of 11

Acknowledgments: The experiments were conducted thanks to the collaboration with Michael A. Fiit-
terer (European Commission—Joint Research Center). We gladly acknowledge his invaluable support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Fiitterer, M.A ; Fu, L; Sink, C.; de Groot, S.; Pouchon, M.; Kim, Y.W.; Carre, F; Tachibana, Y. Study of the very high temperature
reactor system. Prog. Nucl. Energy 2014, 77, 266-281. [CrossRef]

2. Tang, Y.; Zhang, L.; Guo, Q.; Cao, J.; Tong, ]. Numerical solutions for the kinematic model of pebble flow velocity profiles and its
applications in pebble-bed nuclear reactor. J. Nucl. Sci. Technol. 2017, 54, 991-1001. [CrossRef]

3. Xhonneux, A.; Druska, C.; Struth, S.; Allelein, H.J. Calculation of the fission product release for the HTR-10 based on its operation
history. Proc. HTR 2014, 2014, HTR 2014-5-181.

4. Kirk, M.A,; Li, M.; Xu, D.; Wirth, B.D. Predicting neutron damage using TEM with in situ ion irradiation and computer modelling.
J. Nucl. Mater. 2017, 498, 199-212. [CrossRef]

5. Yuan, M,; Zhang, X.; Saeedi, A.M.A.; Cheng, W.; Guo, C.; Liao, B.; Zhang, X.; Ying, M.; Gehring, G.A. Study of the radiation
damage caused by ion implantation in ZnO and its relations to magnetism. Nucl. Inst. Methods Phys. Res. Sect. B Beam Interact.
Mater. At. 2019, 455, 7-12. [CrossRef]

6. Egeland, G.W,; Valdez, ].A; Maloy, S.A.; McClellan, K.J.; Sickafus, K.E.; Bond, G.M. Heavy-ion irradiation defect accumulation in
Z1N characterized by TEM, GIXRD, nanoindentation, and helium desorption. J. Nucl. Mater. 2013, 435, 77-87. [CrossRef]

7. Abyshev, B,; Kozlovskiy, A.L.; Zhumadilov, K.S.; Trukhanov, A.V. Study of radiation embitterment and degradation processes of
LipZrO3 ceramic under irradiation with swift heavy ions. Ceramics 2022, 5, 13-23. [CrossRef]

8.  Ziegler, ].E,; Biersack, ].P; Ziegler, M.D. SRIM The Stopping and Range of Ions in Matter. Available online: srim.org (accessed on
26 February 2023).

9.  Niwase, K. Raman spectroscopy for quantitative analysis of point defects and defect clusters in irradiated graphite. Int. J.
Spectrosc. 2012, 2012, 197609. [CrossRef]

10. Bokobza, L.; Bruneel, J.L.; Couzi, M. Raman spectroscopy as a tool for the analysis of carbon-based materials (highly oriented
pyrolytic graphite, multilayer Graphene and multiwall carbon nanotubes) and of some of their elastomeric composites. Vib.
Spectrosc. 2014, 74, 57-63. [CrossRef]

11. Berka, J.; Hlincik, T.; Viden, I.; Hudsky, T.; Vit, J. The design and utilization of a high-temperature helium loop and other facilities
for the study of advanced gas-cooled reactors in the Czech Republic. Prog. Nucl. Energy 2015, 85, 156-163. [CrossRef]

12.  Fang, C,; Bao, X,; Yang, C.; Yang, Y.; Cao, J. The R&D of HTGR high temperature helium sampling loop: From HTR-10 to HTR-PM.
Nucl. Eng. Des. 2016, 306, 192-197. [CrossRef]

13. Niwase, K.; Tanabe, T. Defect structure and amorphization of graphite irradiated by D" and He*. Mater. Trans. JIM 1993, 34,
1111-1121. [CrossRef]

14. Krajewska, Z.M.; Buchwald, T.; Tokarski, T.; Gudowski, W. Front-end investigations of the coated particles of nuclear fuel
samples—Ion polishing method. Nucl. Eng. Technol. 2022, 54, 1935-1946. [CrossRef]

15. Cetnar, J.; Gudowski, W.; Wallenius, J. MCB: A continuous energy Monte Carlo Burnup simulation code. Actin. Fission Prod.
Partit. Transmutat. 1999, 30, 523-527, EUR 18898 EN, OECD/NEA.

16. Lopez-Honorato, E.; Meadows, P].; Xiao, P. Fluidized bed chemical vapor deposition of pyrolytic carbon—I. Effect of deposition
conditions on microstructure. Carbon 2009, 47, 396-410. [CrossRef]

17.  Yoshida, M.; Tanabe, T.; Ohno, N.; Yoshimi, M.; Takamura, S. High temperature irradiation damage of carbon materials studies by
laser Raman spectroscopy. J. Nucl. Mater. 2009, 386—388, 841-843. [CrossRef]

18. Kim, D.W,; Lee, KW.,; Choi, D.M.; Noh, S.J.; Kim, H.S.; Lee, C.h.E. Spectroscopic study of energetic helium -ion irradiation effects
on nuclear graphite tiles. Nucl. Inst. Methods Phys. Res. B 2016, 368, 5-8. [CrossRef]

19. Zhang, H.; Lopez-Honorato, E.; Xiao, P. Fluidized bed chemical vapor deposition of pyrolytic carbon-III. Relationship between
microstructure and mechanical properties. Carbon 2015, 91, 346-357. [CrossRef]

20. Morris, RN.; Hunn, ].D.; Baldwin Ch, A.; Montgomery, E; Gerczak, T.J.; Demkowicz, P.A. Initial results from safety testing of US
AGR-2 irradiation test fuel. Nucl. Eng. Des. 2017, 329, 124-133. [CrossRef]

21. Morris, R.N,; Baldwin, C.h.A.; Demkowicz, P.A.; Hunn, ].D.; Reber, E.L. Performance of AGR-1 high-temperature reactor fuel

during post-irradiation heating tests. Nucl. Eng. Des. 2016, 306, 24-35. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.pnucene.2014.01.013
http://doi.org/10.1080/00223131.2017.1331763
http://doi.org/10.1016/j.jnucmat.2017.10.023
http://doi.org/10.1016/j.nimb.2019.06.013
http://doi.org/10.1016/j.jnucmat.2012.12.025
http://doi.org/10.3390/ceramics5010002
srim.org
http://doi.org/10.1155/2012/197609
http://doi.org/10.1016/j.vibspec.2014.07.009
http://doi.org/10.1016/j.pnucene.2015.06.003
http://doi.org/10.1016/j.nucengdes.2016.03.012
http://doi.org/10.2320/matertrans1989.34.1111
http://doi.org/10.1016/j.net.2021.12.003
http://doi.org/10.1016/j.carbon.2008.10.023
http://doi.org/10.1016/j.jnucmat.2008.12.256
http://doi.org/10.1016/j.nimb.2015.11.028
http://doi.org/10.1016/j.carbon.2015.05.009
http://doi.org/10.1016/j.nucengdes.2017.08.006
http://doi.org/10.1016/j.nucengdes.2016.04.031

	Introduction 
	Materials and Methods 
	p-TRISO 
	Methods 

	Results 
	Verification of the Level of Damage to the p-TRISO Fuel Covering Layers Structure after 1st and 5th Year of Irradiation 
	Verification of the Level of Damage to the p-TRISO Fuel Covering Layers Structure after 3rd Year of Irradiation 

	Discussion 
	References

