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ABSTRACT 

The TRIstructural ISOtropic (TRISO) fuel, composed of a uranium kernel covered with 

silicon carbide (SiC) and pyrolytic carbon (PyC) coating layers, serves as the smallest 

component of the nuclear fuel. Thousands of the TRISO-particles are immersed in the graphite 

matrix, taking the form of a sphere (pebble bed reactor type) or pellet (prismatic reactor type), 

which are used in High-Temperature Gas-cooled Reactors (HTGRs). Due to the fuel irradiation 

in the reactor core, partial or complete damage to the covering TRISO layers might occur. The 

examination of the defects occurring in the TRISO layers is a key aspect of a good 

understanding of the failure-free performance of TRISO-particle fuel and is key to the safe and 

efficient operation of the HTGRs. 

The damage-rate measurements of the TRISO-particle layers are performed at the production 

stage and after extracting the irradiated fuel from the reactor core. Neutron irradiation is a long-

term process. The experimental, ion-irradiation method, which is suggested in the dissertation, 

allows the verification of the level of damage in the coating layers, without the need to deal 

with activated material. In addition, this method is an effective tool to reflect the neutron 

irradiation damage in the reactor core, by radically shortening the time for inducing damage. 

The examination of the TRISO samples was carried out at the front-end stage. The purpose 

of this research was to verify the coating layers for damage occurrence, before the TRISO-

particle fuel is placed in the reactor core, but under conditions corresponding to the irradiation 

of the fuel in the reactor core. The front-end stage is the initial analysis of the failure rates of 

freshly manufactured or stored but unirradiated samples. The experiments were performed on 

surrogate in-process coated particles, called p-TRISO. The unique feature of p-TRISO-particles 

is the absence of uranium in the kernel, which was replaced by zirconia dioxide. The p-TRISO 

samples were produced in 2001, retained, and never used.  

The ion-irradiation experiments were conducted on both polished and unpolished p-TRISO 

samples, implanted with Ne+ and He+ ions of specific fluences and energy. The purpose of this 

experiment was to capture the point at which damage starts to occur to the individual layers, as 

well as to understand the appearance of damage at the interface of the Buffer-IPyC layers. 

Several diagnostic methods such as Raman spectroscopy, Scanning Electron Microscopy 

(SEM), and Confocal Laser Scanning Microscopy (CLSM) were used.  



12 
 

The performed research determines whether and how the passage of time affects the 

occurrence of changes in the p-TRISO fuel layers structure, and at the same time, whether it 

contributes to increasing the probability of damage to the examined fuel material. The 

experiment confirmed that significant structural changes appear after one year of ion irradiation 

of the samples. Significantly, with further time (i.e., after 3 and 5 years) of irradiation, no 

noticeable changes were observed in the p-TRISO coating layers (in comparison to the changes 

observed after 1 year of irradiation). Moreover, it should be taken into account that the 

experiments were performed on 22-year-old TRISO-particle fuel samples. Therefore, the 

results of the experiment allow us to conclude that also the stored but unirradiated fuel can be 

effectively used as fuel in the reactor core. However, the results obtained in the mentioned 

scope should be compared with freshly manufactured TRISO samples within the occurrence of 

damage in the coating layers. Then, the question of whether the damage in the TRISO sample 

layers is more progressive in “old” (stored, but unirradiated) fuel than in “new” (freshly 

manufactured) fuel could be answered. Such research, however, was not the subject of this 

dissertation. Nevertheless, it should be undertaken in the future. 

This work confirmed that an ion irradiation technique is a quick and efficient tool for 

reflecting irradiation-induced damages in the p-TRISO sample layers. This method can be used 

at the front-end stage, to determine if the stored but unirradiated TRISO-particles pass the 

quality control and could be placed in the reactor core.  
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STRESZCZENIE 

Paliwo TRISO to izotropowe, trój-strukturalne paliwo jądrowe, które składa się z jądra  

na bazie uranu otoczonego tzw. warstwami okrywającymi, do których należy węgiel 

pyrolityczny oraz węglik krzemu. Cząsteczki paliwowe TRISO są najmniejszym składnikiem 

budującym tego rodzaju paliwa. Tysiące cząsteczek paliwa TRISO jest zanurzonych w matrycy 

grafitowej, formując kulę - wykorzystywaną jako paliwo w reaktorze o złożu kulowym lub 

pastylkę paliwową - wykorzystywaną w reaktorze pryzmatycznym. Obie formy paliwa  

są charakterystyczne dla wysokotemperaturowych reaktorów chłodzonych gazem,  

tzw. HTGR-ów. W wyniku procesu napromieniowania paliwa w rdzeniu reaktora, może dojść 

do częściowego lub całkowitego uszkodzenia warstw okrywających cząsteczek TRISO. 

Badanie powstałych defektów w warstwach okrywających TRISO jest kluczowym aspektem 

dobrego zrozumienia bezawaryjnej pracy tego paliwa, a także ma kluczowe znaczenie dla 

bezpiecznego i wydajnego funkcjonowania reaktorów typu HTGR. 

Co do zasady, badanie potencjalnych uszkodzeń warstw okrywających TRISO odbywa się 

na etapie produkcji lub dopiero po wydobyciu paliwa z rdzenia reaktora, tzn. po okresie jego 

napromieniowania. Z uwagi na fakt, iż proces napromieniowania neutronowego jest 

długotrwały, w niniejszej rozprawie proponuje się alternatywną metodę badania, w postaci 

implantacji jonowej. Metoda ta pozwala odzwierciedlić zjawisko napromieniowania paliwa  

w rdzeniu reaktora. Tym samym wiedzę na temat potencjalnych uszkodzeń warstw 

okrywających paliwa TRISO możemy uzyskać nie tylko w znacznie krótszym czasie, ale także 

bez konieczności obcowania z materiałem radioaktywnym. 

W niniejszej rozprawie doktorskiej skupiono się na wstępnych badaniach jakości paliwa 

TRISO, tzn. na etapie front-end. Celem tego etapu badawczego jest zweryfikowanie warstw 

okrywających, pod kątem występowania uszkodzeń, jeszcze przed umieszczeniem paliwa 

TRISO w rdzeniu reaktora, ale w warunkach odpowiadających napromieniowaniu paliwa  

w rdzeniu reaktora. Taka diagnostyka cząstek TRISO może być prowadzona zarówno  

na świeżo wyprodukowanym paliwie jak i na paliwie zmagazynowanym i wcześniej 

niewykorzystywanym. W niniejszej rozprawie prowadzono badania na tzw. surogatach paliwa, 

nazwanych paliwem p-TRISO. Cechą szczególną cząsteczek p-TRISO jest brak uranu w jądrze, 

który został zastąpiony tlenkiem cyrkonu. Próbki tego paliwa zostały wyprodukowane  

w 2001 r., od tamtego czasu były wyłącznie przechowywane.  
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Podstawę badania stanowił eksperyment z wykorzystaniem techniki implantacji jonowej, 

przeprowadzony zarówno na przepolerowanych jak i na niepolerowanych próbkach paliwa  

p-TRISO. Cząsteczki p-TRISO były implantowane za pomocą jonów neonu i jonów helu  

o odpowiednio dobranej energii i fluencji. Celem badania było wychwycenie momentu,  

w którym dochodzi do powstania uszkodzenia pojedynczej warstwy okrywającej,  

a tym samym, zrozumienie powstawania uszkodzeń na styku dwóch warstw (tj. Buffer i IPyC). 

Jako metody diagnostyczne wykorzystano: spektroskopię Ramana, skaningowy mikroskop 

elektronowy czy też konfokalny mikroskop materiałowy.  

Przeprowadzone w ramach doktoratu badania pozwoliły określić, czy i jak upływ czasu 

wpływa na powstawanie zmian w strukturze warstw okrywających paliwa TRISO oraz czy  

i jak upływ czasu wpłynął na wzrost prawdopodobieństwa uszkodzenia badanego paliwa.  

W eksperymencie potwierdzono, że znaczące zmiany strukturalne pojawiają się po upływie 

roku od napromieniowania próbek. Co istotne, wraz z dalszym okresem (tj. po upływie 3 i 5 

lat) napromieniowania próbek, nie zaobserwowano zauważalnych zmian w warstwach 

okrywających paliwa p-TRISO, w stosunku do zaobserwowanych zmian po upływie 1 roku. 

Należy mieć na uwadze, iż eksperymenty przeprowadzono na 22-letnich próbkach paliwa  

p-TRISO. Wyniki eksperymentu pozwalają zatem uznać, że również paliwo zmagazynowane 

można efektywnie wykorzystać jako paliwo umieszczane w rdzeniu reaktora. Oczywiście  

otrzymane wyniki w ww. zakresie, dot. uszkadzania się warstw okrywających próbek  

p-TRISO, należałoby potwierdzić porównując je z wynikami otrzymanymi dla świeżo 

wyprodukowanych cząsteczek paliwa TRISO. Wówczas możliwe byłoby otrzymanie 

odpowiedzi na pytanie, czy uszkodzenia w warstwach TRISO postępują w takim samym 

stopniu w „starym” paliwie (np. zmagazynowanym) jak i w „nowym” (tj. świeżo 

wyprodukowanym). Badania takie nie były jednak przedmiotem niniejszej rozprawy, niemniej 

jednak powinny zostać podjęte w przyszłości. 

Niezależnie od powyższego, przeprowadzony eksperyment potwierdził  przyjętą  

w rozprawie tezę, że metoda implantacji jonowej jest szybkim i efektywnym narzędziem 

pozwalającym odzwierciedlać uszkodzenia w warstwach okrywających paliwa TRISO. Metoda 

ta może być wykorzystana na etapie wstępnych badań paliwa, w celu weryfikacji jakości paliwa 

TRISO oraz określenia czy paliwo kwalifikuje się do umieszczenia w rdzeniu reaktora.  
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1. INTRODUCTION 

Poland faces very difficult challenges and an urgent need for energy transformation. It is not 

only for climate and environmental reasons, it is also because it has an aging energy park that 

requires an immediate replacement. First, replacing coal-burning plants with nuclear power 

plants will reduce the greenhouse effect by reducing CO2 production. Second, it would provide 

support for renewable energy stabilizing the electricity grid and providing a reliable stable base 

load for the grid. Thirdly, it could be used for combined power and heat generation, providing 

emission-free energy for hydrogen production, synthetic fuel production, and many other 

energy intense industries. 

In November 2022 the cooperation agreement between Poland and the United States of 

America to build the first nuclear reactor (advanced Light Water Reactor (LWR) - 

Westinghouse AP1000) in Poland has been signed. The first attempt to construct a nuclear 

power plant in Poland took place in the 1980s, however, the impact of the Chernobyl accident, 

and later political transformations in Poland and other Central European countries caused the 

project to be completely abandoned. Suspended for years, the plan for the construction of the 

Polish nuclear power plant was reopened in the 2000s, as the Polish Nuclear Power Program 

(PPEJ) [1]. The objective of the PPEJ is to construct and commission Generation III+ nuclear 

power plants. Generation IV reactors, such as High Temperature Gas-cooled Reactors (HTGR) 

are also considered for development in the future. Implementation of these technologies will 

reduce Poland's demand for natural gas and lower CO2 emissions. The main driver for the 

deployment of HTGRs in Poland is the need for emission-free industrial heat, in the chemical 

and heavy industries. The HTGRs could also take a place of retired coal power plants, as a part 

of a coal-to-nuclear (C2N) transition [2]. Moreover, they would find applications in hydrogen 

production, which is needed in refineries and the chemical industry. 

For both research and industrial HTGR projects, an important issue is to acquire the typical 

for these reactor types nuclear fuel, called TRI-structural Isotropic (TRISO)- particle fuel. The 

TRISO-particle fuel is currently experiencing a renaissance. This fuel can be used not only in 

HTGR-type nuclear reactors, but also in LWRs [3][4] or Small Modular Reactors (SMR) of 

different types [5], and also has applications in space [6]. The leading companies exploiting the 

potential of TRISO fuel, such as X-energy [7], Kairos Power [8],  

U-Battery [9], BWX Technologies [10], and Ultra Safe Nuclear Corporation (USNC) [11], 

work intensively on improving the quality of TRISO-particle fuel. A new concept of HTGR 
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fuel - Fully Ceramic Microencapsulated (FCM) fuel, has been developed by the USNC. In the 

FCM fuel, the TRISO-particles are overcoated by a high-density SiC matrix, which should 

withstand high temperatures, preventing the fission product release [12][13][14][15]. For these 

reasons, sourcing fuel from third-party suppliers would be the most optimal for Poland's HTR 

program, because purchasing fuel from politically and economically reliable countries would 

ensure at least at the first stage a secure supply of this fuel for the HTGR. The second option is 

to produce the fuel in Poland, which will guarantee independence. The eventual production of 

the TRISO fuel in Poland will require the establishment of a dedicated laboratory and a 

production line. The mission for a TRISO laboratory would be: 

 the development of quality control (QC) and quality assessment (QA) methods for the 

TRISO-particle fuel. The aim is to prove to the Polish regulatory body that the TRISO 

fuel performance is adequate and complies with safety regulations. This part will be 

focused on the unirradiated TRISO-particles, called the front-end stage of the HTGR 

nuclear fuel cycle; 

 the irradiation of the TRISO-particles fuel under very well-controlled conditions in the 

MARIA research reactor. Supplementary, Post-Irradiation Examinations (PIE) of the 

TRISO-particle fuel would be performed; 

 the investigation of irradiated TRISO-particles with a focus on their performance as spent 

fuel for final disposal. The ultimate objective will be to develop an acceptable (socially 

and technically), proven, and economically viable concept of the final disposal of the 

HTGR spent fuel [16]. 

Large knowledge and modeling base exists on the behavior of TRISO-coated particle fuel 

under irradiation as well as under accident conditions, and numerous benchmarking studies 

comparing experimental results and calculations on TRISO-particle failures show that failure 

mechanisms are well understood. The Advanced Gas Rectors (AGR-1 and AGR-2) experiments 

on TRISO fuel conducted at Idaho National Laboratory (INL) have confirmed that the 

probability of damage to this fuel is very low. The PIE studies show that irradiation in the 

reactor core results in the partial or complete formation of a gap between Buffer-IPyC layers, 

as well as IPyC-SiC layers, which can lead to further damage (cracks) and release of fission 

products. Within reactor neutron irradiation experiments of TRISO-particle fuels are difficult 

because such experiments are expensive, and are a very time-consuming processes. The 

irradiation cycle lasts for 3-5 years [17][18][19]. After that, the spent fuel might be reprocessed, 

stored in the Monitored Geologic Repository (MGR) – short-term, or stored on-site – long-
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term. At the current moment storing spent fuel is a more popular option, due to the fact that the 

reprocessing of TRISO fuel (separation of the TRISO-particles from the graphite matrix) is still 

a challenging process [20][21][22]. In terms of social and economic aspects, it is necessary to 

develop the technology for uranium recycling from the spent fuel, as well as the reprocessing 

of stored TRISO fuel. The examination of damage that occurs in TRISO layers (especially 

damage to TRISO-coating layers after removal of irradiated fuel from the reactor core) is a key 

aspect of a good understanding of the failure-free performance of TRISO-particles fuel, as well 

as a key to the safe and efficient operation of HTGRs.  

This thesis is an additional source of new empirical knowledge in the field of diagnostic 

methods for TRISO fuel focusing on Raman spectroscopy and ion irradiation. The experimental 

ion irradiation method proposed here makes it possible to verify the level of damage in the 

coating layers, i.e. Buffer and IPyC, without the necessity of interacting with the activated 

material. In addition, this method is an effective tool for reflecting neutron irradiation damage 

in the reactor core by radically reducing the damage induction time. The experiments were 

conducted on surrogate particles called p-TRISO. The p-TRISO samples were manufactured in 

2001, retained, and never used. Ion irradiation experiments were conducted on polished and 

unpolished p-TRISO samples implanted with Ne+ and He+ ions of specific fluences and 

energies. The use of stored but unirradiated fuel (rather than newly produced) is a deliberate 

effort to achieve the intended purpose of the work, i.e. to determine whether the passage of time 

affects the occurrence of changes in the structure of TRISO fuel layers, and at the same time 

whether it contributes to the likelihood of damage to the fuel material under study. Another 

cognitive goal of the work is to gain new empirical knowledge about a poorly studied aspect of 

the damage, which is capturing the moment when damage occurs at the Buffer-IPyC layer 

interface. 

This dissertation aimed at two practical goals. First, to derive conclusions from empirical 

analysis on the modification of QC and QA methods for TRISO-particle fuel. Second, to detect 

damaged TRISO-particles before placing them into reactor core (front-end investigation). In 

specific, for the production laboratory. These goals were supported by seeking answers to the 

following questions: 

 Whether or not structural damages may be detected based on Raman spectroscopy? 

 Whether the ion irradiation method can mimic the neutron irradiation in the reactor core? 
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The answers to these questions are expected to support the thesis that ion irradiation and Raman 

spectroscopy methods are quick and effective diagnostic methods of TRISO-particle fuel.  

The objectives of the work are in harmony with the research methodology and are arranged 

in the following sequence of activities: 

 gathering information on TRISO fuel and surrogate particles, called p-TRISO; 

 preparation of the material for examination - mechanical and ionic polishing; 

 ion implantation (determination of the ion fluence needed for the ion irradiation 

experiment); 

 case analysis; 

 derivation of conclusions. 

The investigation of TRISO fuel failure as described here enables the modification of QC 

and QA methods, which makes possible the detection of damaged fuel before being placed in 

a reactor core. To achieve the intended research goals, the following diagnostic tools were used 

such as ion implantation - to reflect neutron irradiation, Raman spectroscopy - to measure 

defects, and SEM - to visualize the structure. The layout and content of the dissertation derive 

from the stated goals. The dissertation consists of 7 chapters. Chapter 2 focuses on the general 

knowledge of the neutron and ion interactions with matter and the reactor technology, with the 

distinction of the HTGR technology. Chapter 3 presents in detail the TRISO-particle fuel. In 

Chapter 4 the diagnostic tools used in the experiments are described. Finally, Chapter 5 explains 

the performed experiment on p-TRISO samples. In Chapter 6 the results obtained based on 

performed experiments are summarized. The last chapter shows the literature based on which 

the papers and the dissertation were possible to describe.  
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2. DESCRIPTION OF THE MATERIAL DAMAGE PROBLEM 

During nuclear reactor operation partial damage or weakening of the structure of nuclear 

materials like graphite, etc. may happen. Understanding the radiation effects on the structural 

materials is a key factor to improve the quality of the materials placed in the reactor core. In 

this dissertation, two mechanisms of defect-induced formation were selected, such as neutrons 

and ions. Both of these forms of radiation might displace the atoms from their lattice structure. 

Presented thesis shows, based on performed experiments, that ion implantation can effectively 

reflect the neutron irradiation process. The Displacement Per Atom (DPA) factor was used to 

find the connection between neutrons and ions.  

2.1. NEUTRON INTERACTIONS WITH MATTER 

Nuclear fuel consists of uranium. Natural uranium contain of 99.3% 238U and 0.7% 235U, too 

little too sustain fission chain reaction in light water cooled reactors, therefore most reactors 

use the enriched (level of 3–5 %) uranium [23][24]. The other fissile materials are 233U, 239Pu 

and 241Pu and they do not exist naturally, but can produced through neutron capture reactions. 

In a nuclear reactor, a self-sustaining fission chain reaction generates energy, it involves the 

fission of the 235U nucleus, which occurred after the capture of one thermal neutron, producing 

several (the average 2.47) fast neutrons, belonging to the next generation. 235U is the primary 

fissile material that drives nuclear power generation. It split into two parts, giving rise to two 

new nuclei, energy and a number of new highly energetic neutrons. Each generation of neutrons 

creates the following generation. A ratio of neutrons in the next generation to neutrons in the 

previous generation is called as multiplication factor k. When more neutrons are produced than 

are consumed than the neutron population grows (k>1 = supercritical); and when fewer neutrons 

are produced than are consumed than the neutron population shrinks (k<1 = subcritical). In the 

situation when neutron population is in balance the k factor is equal to 1 (critical). 

Any type of interaction of neutrons with matter, such as graphite, can cause radiation 

damage. Neutrons transfer their kinetic energy to the atoms of the target material, then form 

vacancies, which are responsible for the formation of clusters of defects or microstructural 

changes. Neutrons can cause two types of damage in carbon-based materials, such as a ballistic 

damage, which causes atomic displacements, or the excitations and ionizations generated by 

electronic interactions with recoil atoms [25][26][27].  
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Radiation damage analysis is possible only during the PIE, after the irradiation process. For 

these reasons, the use of the ion implantation technique makes it possible to reflect the damage 

induced by neutrons. Ion beam irradiation can produce cascades that are similar to those created 

by neutrons in the nuclear reactor.  

Ions are formed by the addition (positively charged ions – cations) or removal (negatively 

charged ions – anions) of an electron to the neutral atoms or molecules. They can serve as a 

surrogate for neutron irradiation and damage formation, without activation of the irradiated 

materials. To produce radiation damages similar to those produced in nuclear reactors, the 

energy and fluence of incident ions are described in this thesis Chapter 5.2.  

The radiation damage is initiated by the energy transfer of an energetic particle like a neutron 

or ion to the target material. The damage formation process has been described in terms of ions. 

Ion irradiation involves displacing an atom from its place in the lattice, leaving a vacant space 

(vacancy). The displaced atom can rest in a place that is between the lattice sites, creating the 

interstitial atom. The vacancy-interstitial pair is central to radiation effects in the crystalline 

structure and is known as the Frenkel pair. The stable point defects Frenkel pairs involve the 

displacement of an atom from a lattice node to an inter-nodal position. When the place left by 

the knocked-out atom is occupied by an ion from the bombarding beam, and an atom of the 

lattice material lodges in the inter-nodal position, such a collision is called a basal collision. 

The other point defect that can arise from the interaction of an energetic ion with the target is 

the Schottky effect (vacancy creation), which is characterized by the absence of an atom at a 

lattice node. As a result of the elastic collision of an ion with a target atom, that atom can be 

displaced from its nodal position, and therefore a radiation defect might occur. The process of 

ion implantation is accompanied by the phenomenon of defecting of the irradiated target. The 

number and type of defects produced along the path of the penetrating ion sample depend on 

the mass, charge, energy, and fluence of the implanted ions. Additional factors include the mass 

of the target, crystal structure, and temperature. In order for a chemical bond to be broken and 

an atom to be displaced from a node of the crystal lattice structure, the energy transmitted by 

the ion to the lattice atom must be greater than the threshold displacement energy (ED). The 

radiation damage event, known as displacement cascade, is formed by the primary knock-on 

atom (PKA), which may further displace other atoms in the lattice, which is present in  

Fig. 2. 1. The PKA is an atom in the target material which interacts with the incident particle, 

and by receiving energy greater then ED it leaves the lattice site. The whole event lasts about 

10−11 s [24][28]. Nevertheless, the knocked-out atoms which have sufficiently high energy 
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become secondary projectiles. They are then able to cause the displacement of neighboring 

lattice atoms, i.e., they can create the formation of a so-called knock-out cascade. The remaining 

PKA might combine and agglomerate into clusters or generate micro-structural changes, which 

depend on the initial amount of defects and the temperature [29]. We can distinguish three 

classes of ion–atom collisions: 

 1st  - light energetic ions - Ei > 1MeV; 

 2nd - highly energetic heavy ions - Ei ∼ 100MeV; 

 3rd - lower energy heavy ions - Ei < 1MeV. 

The 3rd class of ions can be produced by an accelerator, and this type of ions was used in the 

experiment presented in this dissertation.  

 
FIG. 2. 1 SCHEMATIC REPRESENTATION OF THE FORMATION OF DISPLACEMENT CASCADE BY A 

PKA [30]. 

The DPA is a standard parameter in the determination of radiation damage in materials. Is 

the number of Frenkel pairs produced by a PKA at the end of a displacement cascade. The 

calculation of the rate of DPA per second is performed by following formula [31]: 

𝐷𝑃𝐴 =  න ∅(𝐸)𝜎ௗ(𝐸)𝑑𝐸
ஶ



 

where, ∅(𝐸) is the differential neutron flux density [n/cm2/s/MeV], and 𝜎ௗ(𝐸) is the cross-

section of the DPA [cm2]. 
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In order to conduct comparative calculations for damage induced by neutrons and ions, it is 

necessary to calculate the neutron flux and neutron fluence parameters. The neutron flux (ϕ) is 

defined as a number of neutrons crossing the area in all directions per unit of time 

(neutrons/cm2/s). It is calculated by multiplying the neutron density (n) by the neutron velocity 

(v) and can be presented as a scalar form. 

𝜙(𝑟, 𝐸, 𝑡) = ∫ 𝜈 𝑛 ൫𝑟, 𝐸, 𝑡, Ωሬሬ⃗ ൯𝑑Ωሬሬ⃗
ସగ

   (1) 

Knowing the neutron flux it is possible to calculate the neutron fluence. Neutron fluence is the 

time integral of the neutron flux, expressed as the number of neutrons per cm2.  

     𝜙 = ∫ 𝜑(𝑡)𝑑𝑡      (2) 

With the use of the DPA parameter, it is possible to recalculate the neutron fluence to the ion 

fluence with which the ion irradiation can be performed. 

The ion irradiation is a good reflection for neutron damage occurrence because ion-induced 

damage also causes atomic displacements from the crystal lattice. Ion irradiation with the use 

of self (He+ ions) or heavy ion irradiation can produce damage in analyzed structure in a much 

shorter time, within hours/days instead of months or years, in comparison to neutron irradiation. 

In addition, using the ion irradiation method is cost and time effective, and the irradiated 

specimens are not activated (radioactive) after the ion irradiation process. 

2.2. NUCLEAR REACTORS 

The most important component of the nuclear reactor is the core, where the radioactive fuel 

is placed, a coolant, and a moderator. Nuclear fuel commonly takes the form of cylindrical 

pellets which are packed in long metal tubes to form fuel rods. The fuel rods are grouped into 

fuel assemblies that are used to build up the core. Fuel is encapsulated in a cladding material 

with low absorption of neutrons, like zircaloy or graphite. The main role of this material is to 

prevent any radioactive materials to escape into the coolant and contaminate it. Only neutrons 

can go through the cladding during normal operating conditions. The speed of the nuclear 

reaction is controlled by control rods, which serve to absorb neutrons, slowing down the fission 

reaction. Control rods are composed of neutron-absorbing material including silver, boron, 

iridium, or cadmium. The position of these control rods in the reactor core determines the rate 

of the fission chain reaction. After loading the fuel inside the reactor core the controlled fission 

reaction can occur, which steadily generates heat, after which the heat is utilized via the Rankine 

cycle (or other power cycles). The released heat energy is used to heat water and produce high-

pressure steam, which turns a turbine connected to a generator, that allowed to generate 
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electricity. The coolant flowing through the channels within the fuel assemblies removes the 

heat generated by nuclear fission. Typically, the coolant is a liquid (water) or gas (helium), the 

other coolants include air, carbon dioxide, liquid sodium, and a sodium-potassium alloy. In 

reactors using light water (H2O), or heavy water (D2O), the coolant also serves as the moderator. 

The moderator is a material that decelerates the scattered neutrons generated by the fission 

reaction and cools the fuel cladding. The typical moderators are water and graphite, but also 

deuterium and beryllium. 

Presently, we can distinguish five generations of nuclear reactors (Fig. 2. 2). The first 

generation (Generation I) of reactors is called breeder reactors, characterized by the process of 

converting fertile materials into fissionable fuels known as the breeding process. The breeder 

reactors used fertile materials as fuel, such as natural uranium 238U or thorium 232Th. The fertile 

material transforms into fissionable fuel due to the bombardment with the neutrons, e.g. the 
238U can be made fissile in about 2½ days. The characteristic feature of this type of reactor is 

that about ~2.7 neutrons are generated for one absorbed neutron to produce fission, while 1.7 

neutrons produce fuel breeding [32]. Another reactor classified as first generation is an early 

prototype of Boiling Water Reactors (BWR), nevertheless, none of the first generation reactors 

is in use to this day. The second generation (Generation II) includes mainly the BWR, AGR 

and Pressurized Water Reactor (PWR), and refers to the class of commercial reactors. The 

Generation III and Gen III+ nuclear reactors are based on Generation II reactor design, with 

improved fuel technology, increased efficiency, modularity, and safety. 

 
FIG. 2. 2 GENERATIONS OF NUCLEAR POWER: TIME RANGES CORRESPOND TO THE DESIGN AND 

THE FIRST DEPLOYMENTS OF DIFFERENT GENERATIONS OF REACTORS [33]. 

Generation IV (Gen-IV) is a common name for ongoing research projects of future-oriented 

nuclear reactor concepts with hydrogen production capabilities. The basic features to be met by 

these reactors are safety, reliability, efficiency, sustainability, proliferation resistance, and low 

production costs. Six reactor concepts were selected by the Generation IV International Forum 

(GIF). The GIF was established as an initiative of the US Department of Energy (DOE) to lead 
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international cooperation on Research and Development (R&D) of the next generation of 

nuclear reactors. For further development and commercial implementation we can distinguish 

Sodium-Cooled Fast Reactor (SFR), Lead-Cooled Fast Reactor (LFR), Molten Salt Reactor 

(MSR), Gas-Cooled Fast Reactor (GFR), Supercritical-Water-Cooled Reactor (SCWR), and the 

Very-High-Temperature-Reactor (VHTR) – presented in Fig. 2. 3. All of these rectors based on 

the different technology, including the usage of the thermal or fast neutrons, open or closed fuel 

cycle, and the source of coolants such as helium, water or sodium, lead/bismuth, and salts of 

fluorine. Nevertheless, all of the reactor types operate at higher temperatures than the LWRs 

reactors [33][34][35][36][37][38]. 

Fig. 2. 3 The VHTR – a helium-cooled, graphite-moderated thermal-neutron reactor [36]. 

Both, the VHTR and HTGR concepts provide several inherent safety advantages due to the 

specific design features, physical laws, and due to the reactor material behavior, such as low-

power density in the reactor core, a large heat capacity of the core, and an inert coolant (that 

can mitigate severe accidental consequences during loss-of-coolant accident scenarios). Due to 

these specific features and the excellent performance of the fuel, these reactors have been 

recognized as an inherently safe type. The safety is provided by several barriers that prevent 

fission product release into the environment, like the TRISO-particle coatings, graphite matrix, 

the reactor pressure boundary, the containment vessel, and the reactor building 

[23][39][40][41].  
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2.2.1. HIGH TEMPERATURE GAS-COOLED REACTOR 

The development of the HTGRs starts in 1960 with the United Kingdom demonstration 

(prismatic) reactor named Dragon [25][42][43], and the experimental reactor for electricity 

generation, the pebble-bed fuel type – Arbeitsgemeinschaft Versuchs Reaktor (AVR)- of the 

German production [23][25][42][44]. At the same time, the pilot prismatic core designs were 

developed in the United States within the Peach Bottom project [25][42], and later, the 

demonstration Fort St. Vrain reactor [25][45][46][47][48][49][50]. Since 1980, the R&D of the 

HTGRs has significantly expanded, resulting in the current projects, such as the China HTR-

10 [25][42][51] pebble-bed type test reactor, and the demonstration pebble-bed HTR-PM 

[25][52][53] plant, and the Japan prismatic core block High Temperature engineering Test 

Reactor (HTTR) [25][42]. At the same time, many scientific projects on HTGR technology 

improvement are currently running worldwide [43][54][55][56][57]. 

HTGR uses a TRISO fuel in the reactor core with a graphite moderator and helium as coolant 

[33][42][58]. The HTGRs operate in an open fuel cycle with single-cycle uranium fuel, with 

the use of the thermal neutrons, assuming a reactor outlet temperature between 700 - 950°C 

even up to 1000 °C (VHTR) [20][23][33][59][60][61]. Such a high temperature allows the use 

of process heat to drive a thermochemical cycle or use generated energy for hydrogen 

production (Fig. 2. 3). The hydrogen production might be due to the electrolyzing process of 

the alkaline water to produce hydrogen or by converting hydrocarbons into hydrogen 

[20][34][37][39][62]. 

As mentioned above, two types of HTGR cores were designed, the prismatic core design 

and the pebble-bed design [20][36][58], presented in Fig. 2. 4. In both cases the TRISO-coated 

particles are covered with graphite matrix to moderate neutrons, and because graphite can keep 

the radioactive materials up to the 1600°C [20][39][40][43][54][59]. In the pebble-bed type, 

around 9000-18000 [23][59][63] TRISO-particles are immersed in the graphite matrix, forming 

the sphere of the shape and the size of the tennis ball. In the case of the prismatic design, around 

1500-4000 [43][64][65] TRISO-particles are covered with graphite forming cylindrical 

compacts - pellets. The overcoating process of the TRISO-particles was broadly explained in 

Ref. [23][59][66]. 
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FIG. 2. 4 HTGRS AND FUEL FORMS [39].  

The pebble-bed concept is based on the spherical fuel elements with a 60 mm diameter piled 

in a reactor vessel, which consists of an inner 50 mm diameter fuel zone surrounded by a 5 mm 

thick fuel-free shell of the graphitized fuel matrix material [23][25][43]. The prismatic core 

design includes hexagonal shape blocks circa 800 mm high and circa 360 mm across flats, 

fabricated from graphite, in which the separate fuel and coolant holes are drilled. The cylindrical 

fuel compacts circa 12.5 mm in diameter and circa 50 mm long (containing the over-coated fuel 

particle), are stacked in the fuel channels [20][23][43].  

It is also worth noting that although modern HTGRs guarantee reactor operation without 

damage to the TRISO covering layers, the thermal properties of compact/sphere graphite matrix 

are only known up to 1000°C. This presents a licensing risk since an HTGR proposal that 

presents a lack of 1600°C data could be quickly dismissed. For that reason, new measurements 

and computer simulations are urgently needed to clarify these issues. Therefore, it is very 

important to carry out comprehensive research on this technology and prepare the future 

workforce for the responsible operation of HTGRs.  
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3. TRISO-COATED PARTICLE 

TRISO-particle fuel is a type of nuclear fuel commonly used in HTGRs since the 1960s 

when these reactors were developed and constructed. The precursors in coating fuel particles 

were the United Kingdom Atomic Energy Authority (UKAEA) & Battelle, and  

R. Huddle who in 1957 proposed this solution for emerging nuclear systems [20][23][60][67]. 

Since then, experiments on various forms of coated-particle fuel with a spherical kernel of 

fissile or fertile material, have been developed and performed. The earliest version of coated-

particles involved fuel kernels coated with only a single pyrolytic carbon layer intended to 

protect the kernel during fabrication, which was performed during the initial stages of the 

British Dragon Project. Until the 1980s, two types of fuel constructions were used on a large 

scale, the two layers Bi-structural (BISO) fuel [20][23][43], and the TRISO fuel. The BISO fuel 

consisted of a porous, low-density Buffer layer, and a high density isotropic pyrocarbon layer. 

The evolution of the particle design is depicted in Fig. 3. 1. 

 
FIG. 3. 1 EARLY COATED –PARTICLE DESIGN [43]. 

A TRISO-coated particle is spherical and consists of a dense fuel kernel of heavy metal 

oxide, carbide, or a mixture of both. HTGR fuel is typically based on enriched uranium (UO2 

or UCO) but also thorium or mixed oxide fuel (MOX)-based TRISO fuel is possible. The MOX 

fuel use depleted uranium enriched with recycled plutonium [20][23][59][61]. The uranium 

carbon oxide (UCO) fuel kernel limited the production of the CO and CO2 gases [68][69]. The 

fuel kernel is surrounded by four coating layers, a low-density porous pyrocarbon Buffer layer, 

a dense and highly isotropic inner pyrocarbon layer (IPyC), a silicon carbide (SiC) layer, and 

an outer dense pyrocarbon layer (OPyC) [20][36][43][57]. The typical TRISO-coated particles 
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have an overall diameter in the range of 500 to 1000 μm [20][57]. Fig. 3. 2 shows the cross-

section of the typical TRISO-coated particle fuel, with information about layer types and their 

thicknesses, which could be observed on that particle [23][43][70]. 

 
FIG. 3. 2 TRISO FUEL CROSS-SECTION WITH THE FOLLOWING DIMENSIONS OF EACH LAYER FOR 

TYPICAL TRISO-COATED PARTICLE FUEL [71]. 

The assumptions for the design and fabrication of the coated fuel were to remain intact and 

retain radionuclides over the range of conditions that could be encountered in normal operation 

and accident conditions [43][59][69]. The BISO fuel was able to contain gaseous fission 

products, but at elevated temperatures, the diffusive release of certain metallic fission products 

(cesium, strontium, and silver) occurred from the BISO coatings [23]. Due to that, currently, 

all modern HTGRs use TRISO-coated particles. The experiences in manufacturing the TRISO 

coated-particle fuel have demonstrated the feasibility of producing large quantities of particles 

with a simultaneously low defect level, that approach the failure probability of 10-5 for the PyC 

layers [20][23][43][72][73][74] and 10-6 for the SiC layer [68]. 

These manufactured particles must be able to accommodate the following effects [43][74]: 

 high-energy neutron-induced changes in material microstructure (reduction of the SiC 

layer strength, expansion, or anisotropic shrinkage in the PyC layers); 

 chemical reaction with particle layers and redistribution of fission products (FP) within 

the particle (migration of the kernel, chemical attack on the SiC layer); 

 fission-induced changes in the kernel (FP isotopes production, kernel swelling due to 

solid/gaseous FP, lattice dislocation by FP recoil); 
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 buildup of pressure within the particle (release of noble gas FP from the kernel). 

The development of research on coated-particle fuel has been carried out in many countries, 

including Germany, France, Russia, the USA, South Africa, Japan, South Korea, and China. 

Based on numerous studies, it was proved that the TRISO-type fuel particles were able to meet 

the quality and efficiency of fuel required in modern HTGRs [20][23][43]. 

3.1. TRISO COATING LAYERS 

The coating layers of the TRISO fuel particle inhibit the release and migration of FP from 

the fuel particle, so they serve as a functional containment for the fuel kernel and act as a 

primary barrier to prevent the release of FP. During irradiation and in case of hypothetical 

accidents, they function as a pre-stressed pressure vessel, thereby containing the inner pressure 

which builds up due to the generation of fission gases and release of oxygen from the fuel 

[20][23][36][43]. 

Functions of the individual layers are shown in the Tab.3. 1 [20][43][59][69]. 

TAB.3. 1 FUNCTIONS OF THE TRISO LAYERS 

TRISO Functions 

Kernel 
 serves as a barrier to radionuclide release; 

 serves as a substrate for the deposition of the PyC layers. 

Buffer 

(low-

density 

porous 

PyC) 

 provides a space for the accumulation of gaseous FP released from the kernel; 

 serves as a protective layer for the subsequent covering of IPyC and SiC 

layers, by absorbing the kinetic energy of fission fragments ejected from the 

kernel surface;  

 serves as a mechanical separation between the kernel and the coating layers 

to accommodate kernel swelling, by reducing the buildup of stress in the outer 

coating layers during irradiation. 
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IPyC 

(high-

density 

isotropic 

PyC) 

 provides a smooth substrate for the SiC layer deposition; 

 serves as a barrier against the pressure exerted by gaseous FP and reaction 

products (CO, CO2) created in the kernel and Buffer layer; 

 provides a deposition surface for the SiC layer and acts as a seal layer to 

protect the kernel from corrosive gases (HCl, Cl2) released during the SiC 

coating process; 

 it shrinks during the neutron irradiation process (Fig.3.4) –helping to reduce 

tensile stresses in the SiC layer. 

SiC 

 serves as the metallic FP diffusion barrier; 

 has sufficient strength to withstand the internal pressure produced during 

irradiation, which provides a high level of assurance the SiC layer will remain 

intact during reactor operation. 

OPyC 

 serves as the last FP barrier; 

 serves as a bonding surface for graphite matrix coating process for 

sphere/compact molding; 

 protects the SiC layer from mechanical damage during particle transfer; 

 it shrinks during the neutron irradiation process (Fig.3.4) – helping to reduce 

tensile stresses in the SiC layer. 

The materials of the cover layers are referred to pyrolytic because they are formed by 

pyrolysis (thermochemical decomposition) of organic material caused by the application of 

heat. Pyrolytic carbon is a carbon-based material deposited from gaseous hydrocarbon 

compounds on suitable underlying substrates, which can appear with different microstructures, 

such as isotropic, laminar, columnar, or granular [54][59]. Detailed explanation of the TRISO 

coating technology is described in Ref. [20][23][43][59][75]. 

The experiments performed on the TRISO-particles with the zirconium carbide (ZrC) layer 

(instead of the SiC layer), proved that the use of that layer enables an increase in the power 

density and core power with the same coolant outlet temperature. At the same time, the ZrC 

layer exhibits greater resistance to the chemical attack by the FP, and have shown no corrosion 

by palladium, and has a good retention capability of cesium. Nevertheless, due to the 

thermomechanical material property degradation under accident conditions, and the difficulty 
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in the layer fabrication, caused the idea of replacing the SiC layer with a ZrC layer was 

suspended [20][33][60]. 

3.2. TRISO FUEL FAILURES 

During irradiation in the reactor core, partial or complete failure of the TRISO-particle 

coating layers may occur [20][68]. A large knowledge and modeling base exists on the behavior 

of TRISO-coated particles under irradiation as well as under accident conditions, and numerous 

benchmarking exercises comparing experimental results and calculations on TRISO failures 

show that failure mechanisms are rather well understood [20][43][68]. 

For the purpose of performed experiments, the TRISO fuel failure mechanisms have been 

divided into three categories: damage location, damage factor, and cause of the damage. 

 Criterion of damage location 

A TRISO fuel failure can be considered in terms of damage location, distinguishing as an 

external and internal area of the particle. As an external area, the OPyC layer is contemplated. 

Damage to this structure usually occurs as a result of some physical force and is created mainly 

during the production process of TRISO fuel (bad quality of the layer microporosity and 

anisotropy). The damage to the OPyC layer can be observed by one of the tools for imaging a 

fuel particle, e.g. optical microscopy. As an internal area considered damages placed in the 

kernel, Buffer, IPyC, and SiC layers. The damages are observed on the surface of each layer or 

at the interface of these layers. These failures are mainly caused by mechanical or chemical 

factors. 

 Criterion of damage factor 

There are two types of factors causing damage in the TRISO fuel particle, mechanical and 

chemical. Mechanical failures can appear in each of the structural layers, like in a Buffer, IPyC, 

SiC, and OPyC layer. They arise as a result of the deformation of the layers due to their mutual 

interactions. A layer may be damaged by the initiation and propagation of a crack or by stress 

or friction which exceeds the strength criterion of the material. The chemical kind of damage is 

caused by the interaction of chemical elements and by the presence of FP that accumulate inside 

the particle during irradiation. The phenomena accompanying this type of failure are corrosion, 

decomposition, and weakening of layers.  

 Criterion due to the cause of the damage 

The TRISO fuel damage is caused by mechanical and chemical causes, presented in Fig. 3. 3. 

The chemical damage includes: 
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o kernel migration – is a movement of the kernel towards the TRISO-particle layers. This 

phenomenon is called the “amoeba effect”, which may be caused by extreme operating 

conditions and asymmetrical kernel production during manufacturing (aspherical particle); 

it can lead to complete failure of the coating layers. Kernel migration depends on power 

density, temperature and temperature gradient across the fuel, and the thicknesses of the 

Buffer, and IPyC layers. The amoeba effect is likely happening for the UO2 kernel then for 

UCO kernel [20][36][43][68][76]. 

o chemical attack – during irradiation the thermo-chemical conditions are not conducive to the 

formation of stable oxides of noble metals like palladium, rhodium, ruthenium, and silver 

[57][77][78]. The fission products can be transported from the kernel to the inner layers, 

where they interact and potentially can fail the SiC layer. These noble metals can migrate 

out of the kernel, for example, palladium can penetrate the SiC layer causing the thinning of 

the layer, which in the consequence can lead to particle failure. The migration of the FP is a 

function of time at temperature, temperature gradient, and burn-up [20]. Measurements of 

the FP release (i.e. silver, cesium, strontium, and krypton) from the TRISO-particles, 

performed in the experiments and simulations, are described in detail in Ref. 

[64][70][79][80]. 

 
FIG. 3. 3 SCHEMATIC OF PROCESSES IN A TRISO-PARTICLE THAT ARE OBSERVED DURING 

HIGH BURN-UP [81][82]. 
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Mechanical damage can be caused by overpressure [20]. During irradiation of TRISO- 

particle, the FP are released from the particle kernel into the Buffer, and then the PyC layers 

might shrink and creep. The PyC layers shrink in the radial and tangential directions during 

neutron irradiation. Shrinkage produces tensile stresses in the PyC layers, which might cause 

crack formation in that layers. Then the radial crack in the IPyC layer creates tensile stress in 

the SiC layer, leading to particle failure. This phenomenon (Fig. 3. 4) causes an increase in the 

internal gas pressure. When the Buffer thickness decrease, the volume available to store fission 

gas also decreases. As a result, high pressure and higher stress in the SiC layer have been 

created. The layer which can bear most of the internal pressure forces is the SiC layer because 

it has a much higher elastic modulus than the PyC layers. The SiC layer will remain intact, 

when compression or tensile stress in the layer, will not exceed its strength [43][74]. 

 
FIG. 3. 4 BEHAVIOR OF COATING LAYERS IN A FUEL PARTICLE [57][83]. 

The most common partial or complete failure mechanisms of TRISO-particles under 

irradiation are described below, and are shown in Fig. 3. 5 [43]:  

 irradiation-induced failure of the OPyC layer, the IPyC layer, and potential SiC cracking; 

 failure of the SiC layer, caused by: heavy metal (HM) dispersion in the Buffer and IPyC 

layers, FP or CO interactions with the SiC layer; 

 failure of the SiC layer as a result of thermal decomposition, and kernel migrations; 

 pressure vessel failure of the: intact particles (without manufacturing defects) or particles 

with defective or missing layers. 
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FIG. 3. 5 TRISO-PARTICLE FAILURE MECHANISMS [43]. 

We can distinguish two cases of SiC failure, that enables the layer to retain the FP: the 

diffusive release through intact SiC, and the SiC degradation resulting in permeability to the 

FP. A detailed explanation of the SiC layer-induced failures is described in Ref. [20][43]. The 

mechanical failure probability [74]: 

 increased as the thickness of the SiC layer decreased because there is less structural 

material to retain the fission gas pressure; 

 increased as the thickness of the IPyC layer increased because thicker PyC experiences 

higher stress levels in early irradiation. This results in a higher IPyC cracking probability 

causing localized stress concentrations in the SiC layer. 

Due to the irradiation-induced shrinkage, the debonding at the Buffer-IPyC [84][85][86], 

and IPyC-SiC [20][43][57][68][75] interface is observed. In the case of the IPyC-SiC interface, 

the debonding occurs based on the weak bonding between both of these layers, and the 

generation of the tensile stresses by IPyC shrinkage.  

The subject of this dissertation thesis focuses on the two failure mechanisms of the TRISO-

particles, distinguished as the irradiation-induced PyC failures, and the Buffer-IPyC interface 

partial debonding. The reasons for the failure creation are the influence of the fast fluence, and 

temperature, which might cause the dimensional changes in the PyC layers (PyC: density, 

thickness, anisotropy, and strength), and the consequence changed the nature of the layer 

interface. Counteracting the formation of such failures is the proper application of coating 
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layers. Being aware of the occurring damage mechanisms in TRISO-particles, this work focuses 

on verifying the quality of the produced fuel at the front-end stage. 

3.3. TRISO QUALITY CONTROL 

The TRISO-coated particles after fuel fabrication must pass a QC test, to determine if the 

fuel meets the standards e.g. coating defects rates. The TRISO-coated particle fabrication 

process starts from the fuel kernel obtained by the sol-gel technique [76][87][88]. The kernels 

are first sorted to choose the most spherical ones, then are overcoated with the pyrolytic carbon, 

and silicon carbide layers.  

The qualification of the TRISO-coated particle fuel involves the verification of the TRISO-

particle fuel failures rates in three different stages: at the front-end (fabrication), during 

irradiation in the reactor core, and in the frame of post-irradiation examinations and post-

irradiation accident testing. The front-end stage is the initial analysis of the produced samples 

before they are placed in the reactor core. The following stage is the observation of damage that 

occurs in TRISO samples as a result of irradiation of these samples in the reactor core.  

The front-end stage focused only on the TRISO-particles, and include methods to verify the 

size, integrity, and roundness of the fuel particles. The over-sized, under-sized, and odd-shaped 

particles are removed and collected for recycling. The next stage of verification is devoted to 

the compacts/pebbles, where the particle distribution is measured. Then there is the post-

irradiation examination to determine how many particles have failed SiC layers and/or complete 

TRISO failures (failure of all three TRISO layers, IPyC, SiC, and OPyC). The QC for TRISO 

fuel includes some parameters on kernel, coatings, compacts, and defect population that may 

impact performance. The inspection techniques include density, sphericity measurements, and 

destructive testing [60]. Presented parameters (Tab.3. 2) are analyzed using various research 

methods, both after the fuel particle fabrication and after irradiation of the sample in the reactor 

core, to check the failure rate in the TRISO-particle. The detailed explanation of the quality 

assurance and quality control methods are broadly explained in the IAEA report [76], and by 

W.W. Delle et.al, and H.J. Hantke et.al. [20][59][89][90]. 
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TAB.3. 2 FUEL SPECIFICATIONS [89][91] 

Fuel Kernel 

Heavy metal loading 
Transfer of kernels into a stoichiometrically well-defined state and 

chemical analysis 
O/M ratio Potential controlled coulometry 

Isotope composition Mass spectrometry concerning to 234U, 235U, 238U 
Carbon content Oxidation of kernels, chemical analysis of CO2 
Oxygen content 

(UCO) 
Hot extraction of oxygen, transfer into CO and chemical analysis of 

CO, infrared spectrometry 
Diameter Optical imaging with particle size analyzer, X-ray micro-radiography 

Sphericity 
Counting a fraction of odd-shaped particles,  

Multiple measurements of maximum and minimum diameter,  
Micro-radiography, stereo-microscope 

Density 
Optical particle size analyzer to measure mean diameter; 

Air pycnometer to measure the volume 

Structure 
Measurement of reflection on defined lattice planes,  

X-ray with Debye-Scherrer goniometer 
Weight Weight of counted number of kernels and determine the mean weight 

Impurities Spectral photometry, Atom absorption spectrometry 
 
Coated Fuel Particle 

Diameter Optical particle size analyzer 

Layer thickness 

X-ray projection micro-radiography (only OPyC and SiC),  
X-ray contact micro-radiography,  

Microscopic analysis of ceramographic sections, 
Optical particle size analyzer 

Density 
Weight of counted number of particles and determine the mean 

weight 
Density of highly 

dense layers 
Liquid density gradient column with calibration bodies 

Gas pycnometer 
Optical anisotropy 

factor  
OAF (in air) or 
OPTAF (in oil),  

Bacon anisotropy 
factor (BAF) 

Ceramographic sections exposed to polarized light, 
OPTAF is the ratio of reflected light intensity vertically to deposition 

direction over reflected light intensity in deposition direction; 
Correlation between OPTAF and BAF 

Growth features, 
size, and distribution 

Etching of ceramographic sections by wet oxidation, plasma 
oxidation, or ion bombardment, 

Scanning electron microscopy (SEM), 
Transmission electron microscopy (TEM) 

Heavy metal content 
Grinding of particles and transfer into distinct compounds of U by 

oxidation, quantitative chemical analysis of U 
Surface 

contamination 
Leaching of particles with HNO3, quantitative chemical analysis of U 

Defective SiC layers Burn-Leach method 
Heavy metal 

migration 
Micro-radiography, visual inspection of Buffer layer 

Tightness of IPyC 
Micro-radiography, visual inspection of Buffer and IPyC layers after 

leaching with HNO3  
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Micro-porosity 
Determination of fractions of layer mosaic components in PyC by X-

ray small-angle diffraction 

Pore structure 
Quantitative image analysis and determination of pore size 

distribution 
Ultimate tensile 

strength of  
SiC and PyC 

Determination of fracture load by crushing between sapphire plates, 
Hemispherical bursting, Ring compression test 

Micro-hardness Vickers or Brinell hardness 
Young's modulus: 

PyC, SiC 
Crushing between sapphire plates and recording stress-strain curve 

The anisotropy parameter, defined by the Bacon Anisotropy Factor (BAF), is measured in 

the PyC layers. BAF is determined by measuring the change of polarized light reflected on a 

polished cross-section, and in the PyC layers is equal to 1.035 [69]. This parameter must be 

dense and isotropic to be able to sustain the neutron irradiation and to avoid the occurrence of 

shrinkage or creep in the PyC layers.  

The experimental and simulations tests performed in normal and accident conditions are 

checking if the TRISO-particles may robust under accident conditions in temperatures up to 

1600, 1700, and 1800 °C [20][23][33][43][60][70]. The temperature of 1800°C is the 

temperature at which the degradation performance of the SiC layer is expected to begin.  
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4. TRISO DIAGNOSTIC TOOLS 

The most common diagnostic methods for the TRISO-coated particle include [88]: 

 Raman spectroscopy; 

 Scanning Electron Microscopy (SEM); 

 Transmission Electron Microscopy (TEM); 

 X-Ray diffraction (XRD); 

 X-Ray Tomography; 

 Electron Probe Micro Analyzer (EPMA); 

 Dual-beam focused ion beam (FIB); 

 Knudsen Cell Effusion Mass Spectrometry; 

 Hardness measurements (nano- & micro indentation). 

The Raman spectroscopy method was selected as the main screening method for monitoring 

the changes in the Raman spectra of the “virgin” and ion-irradiated TRISO fuel particles. In 

addition, SEM was used to visualize the structural changes taking place in the analyzed layers. 

The scientific process is completed as follows:  

 Prepare samples for examination: polishing methods, Confocal Laser Scanning 

Microscopy. 

 Calculate ion irradiation energy and fluences: Stopping and Range of Ions in Matter and 

the Transport and Range of Ions in Matter codes. 

 Sample implanting: ion implanter. 

 Sample measurement before and after irradiation: Raman spectroscopy, SEM. 

4.1. EXPERIMENTAL METHODS  

4.1.1. MECHANICAL POLISHING METHOD 

Mechanical polishing is a standard method of TRISO sample preparation [92][93][94]. The 

polishing procedure takes into account several stages at which different abrasives like diamond 

paste [27][95], sand paper [96][97], etc. can be used. In the case of the TRISO samples used in 

this dissertation, the mechanical polishing procedure was performed in the three steps [71]: 

 1st step - immersing the TRISO samples (fife TRISO-particles) in thermosetting resin; 

 2nd step - polishing with an abrasive paper, starting with a grit size of 300 and finishing 

with a grit size of 2000; 
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 3rd step - polishing on the 3 µm and 1 µm diamond suspension, with final polishing using 

colloidal silica suspension. 

The mechanical polishing process was performed with the use of the Struers Tegramin device 

[98]. Fig. 4. 1 presents fife TRISO-particles which were polished by the mechanical method. 

 
FIG. 4. 1 FIFE P-TRISO POLISHED SAMPLES. 

4.1.2. ION POLISHING METHOD 

The ion polishing method is non-invasive method of the TRISO sample preparation. The ion 

polishing process on the single TRISO sample was performed in the three steps [71]: 

 1st step - precisely positioning the TRISO sample on the aluminum holder - Fig.4. 2 

(particle is fixed by the application of several drops of silver conducting glue); 

 2nd step – attaching the holder to the mechanical positioning system (allow for precise 

alignment of the cutting mask and sample position with respect to the ion beam); 

 3rd step - ion milling using Ar+ ions accelerated in the potential of 6 keV - Fig.4. 3.  

The ion polishing process was performed with the use of the Hitachi IM4000Plus system [99]. 

 
FIG.4. 2 TRISO ON THE METAL HOLDER. 
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FIG.4. 3 THE ION POLISHING METHOD FOR TRISO-PARTICLE [71]. 

4.1.3. SCANNING ELECTRON MICROSCOPY 

The Scanning Electron Microscope is a measurement device used to characterize the surface 

of the sample. The SEM tool uses electrons in the beam, which interact with the sample creating 

various signals, which get information about the composition and surface topography of the 

analyzed material [100]. When the primary electron beam reaches the sample surface, some of 

the electrons travel a certain distance into the sample. Secondary electrons are created by 

inelastic collisions, where some of the primary electrons knock out the electrons from energy 

levels of atoms in the sample. The secondary electrons have such low energy that they can only 

be detected if they are produced from the surface of the sample. They are useful for topographic 

information and high-resolution studies. In this experiment, the secondary electrons were used 

to study the surfaces of the PyC layers [101]. 

Observation of the TRISO cross-sections were performed using the SEM FEI Versa 3D 

device [102]. In order to alleviate the charging effects of the non-conducting ZrO2 kernel, an 

accelerating voltage of 5 kV was used during the observations [71]. 

4.1.4. CONFOCAL LASER SCANNING MICROSCOPY  

The confocal laser scanning microscope is an advanced variant of the fluorescence 

microscope, in which the source of a light is a laser. This equipment is dedicated to analyze 

optical cross-sections in continuous time located on the surface, or in the depth of a preparation 

for nanometer-level surface imaging, the 3D imaging and for the roughness measurement 

[103][104]. 
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Measurements on TRISO samples were carried out by the Olympus Lext OLS4100 

microscope [105]. CLSM device measures the surface roughness of micro geometries at high 

resolution, and it is capable of recognizing the peaks of reflected light intensities originating 

from multiple layers. The measurements enable the analysis of multiple layers, measuring the 

shape and roughness of each layer as well as the thickness of the surface layer can be measured. 

4.1.5. RAMAN SPECTROSCOPY 

The Raman micro-spectroscope is a tool used for recording the Raman scattering spectra, 

which shows the chemical components characteristic for the analyzed material. The Raman 

scattering spectrum is excited in the visible, near-infrared, or ultraviolet region, and is an 

oscillation-rotational spectrum [106]. Each spectrum provides information about the 

oscillational and rotational energy levels of the molecules. The molecule is characterized by the 

number of vibrations, their frequency, and amplitude. Raman scattering spectrum is presented 

in the form of a band with characteristic contours in the form of the bell curve, which is a feature 

of the interaction of substances with radiation. The bell curve band is dependent on the intensity 

of the amplitude (I) of absorption, emission, or scattering on the frequency (ν) of radiation 

interacting with the analyzed system [16][107][108]. With the Raman spectrum, is possible to 

observe the symmetrical vibrations of the molecule, vibrations of the carbon skeleton of the 

molecule, and vibrations between atoms with double and triple bonds [109][110]. 

Raman spectroscopy is one of the methods to show the changes in the TRISO-particle fuel 

structure induced by irradiation [27]. With this method it is possible to observe, among others, 

damage appearing in the TRISO-particle, as well as determine the concentration of carbon in 

each layer. Obtained results provide a fingerprint to identify the chemical component, analyze 

them, and to better understand their structures. By measuring the particles before and after 

irradiation, it is possible to compare the changes that have occurred as a result of irradiation in 

the reactor. In this dissertation, Raman spectroscopy was selected as a research method for 

monitoring the changes in spectra, for a “virgin” and ion-irradiated samples of TRISO-particles.  

Raman spectroscopy can be implemented to determine the structure of nuclear fuel materials 

because is an efficient, non-destructive, non-contacting, and quick measurement method to 

characterize the structure of graphitic materials such as TRISO-particles. Regardless of the 

specific model and manufacturer, each Raman spectroscope is equipped with electronic devices 

and a computer that controls the measurement process, it analyzes and processes the spectra. 

Raman spectroscope contains important basic elements such as an excitation source, 
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monochromator, detector, optical system, and recording system. The measurements performed 

on the p-TRISO samples were carried out by an inVia Renishaw micro-Raman system, and the 

spectra were collected by focusing a 785 nm laser beam in the spectral range of 200-3200 cm-1 

[111]. 

4.1.6. ION IMPLANTER 

The ion beam irradiation was performed using the UNIMAS ion implanter [112]. The most 

important parts of the ion implanter are the ion source, the acceleration system, and the target 

chamber. Before irradiating a given material, it is necessary to determine such parameters as 

energy and fluence. The dose of implanted ions must be precisely defined, reproducible, and 

homogeneous over the entire surface of the irradiated sample. In addition, the temperature of 

the bombarded target must be adjustable over a wide range (e.g. 77 K to 1300 K) [113] both 

during the implantation process and during the annealing of the samples after irradiation. 

During irradiation experiment, the samples were attached to the sample holder using 

conducting carbon tape. The ion beam was produced using a universal arc discharge ion source. 

The irradiation current density was in the range from 0.01 µA/cm2 up to 1 µA/cm2 depending 

on the selected fluence. The pressure in the chamber was approximately 10-6 mbar. Residual 

gas pressure at the implantation stage is negligible and was not included in the performed 

experiment. In addition, the samples were irradiated at room temperature, and the thickness of 

the implanted layers ranges from a fraction to a single micrometer.  

4.2. SIMULATION METHODS 

In order to carry out the ion implantation experiment, it was first necessary to determine the 

value of the ion fluence at which the fuel samples under investigation would be implanted. The 

Stopping and Range of Ions in Matter (SRIM) and the Transport and Range of Ions in Matter 

(TRIM) programs were used to determine the proper ion fluence. 

4.2.1. SRIM 

SRIM program models the particle energy losses (electrons, protons, and neutrons), nuclear 

collision energy losses, as well as atomic collisions for ion beam irradiation 

[114][115][116][117]. This tool is commonly used to calculate the radiation damages that occur 

in the investigated material, which are generated by ion irradiation. SRIM enables calculations 

to obtain information on stopping powers, range, and straggling distribution parameters.  
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The SRIM data are produced for any ion type, at any energy, and for any specified target 

material. For the dissertation purpose, SRIM was used to determine the depth of ion penetration 

into the TRISO covering layers. Due to the measurement limitations of the Raman 

spectroscope, the depth of ion penetration could not be too shallow or too deep. Considering 

the small energy range (100-220 keV) of the ion implanter used in the experiment, the choice 

of energy was strictly dependent on the depth of ion penetration. To verify the parameters such 

as the depth of the ion penetration into the target or the energy level with which the target should 

be irradiated, the Ion Stopping and Range Tables were used.  

4.2.2. TRIM  

TRIM is an additional SRIM function that allows one to calculate the interactions of particles 

like ions or neutrons with a target. In the case of ions, two typical options for ion-induced 

damage profile calculations are used, namely: „Ion Distribution and Quick Calculation of 

Damage” (QD), and „Detailed Calculation with full Damage Cascades” (FC). The FC damage 

method simulates the overall collision cascade, while the QD method simulates only the 

trajectories of primary ions and the production of PKA [118][119][120][121][122]. The huge 

advantage of the TRIM code is the possibility to simulate neutron induced damage. The two 

possible modes of neutron calculations are: „Recoil cascades from neutrons, etc. (full 

cascades)”, or „Recoil cascades from neutrons, etc. (quick KP damage)”. Both methods require 

a TRIM.dat data file, which can be obtained by an external program such as Monte Carlo N-

Particle Transport Code (MCNP). A detailed explanation of the TRIM.dat file was presented in 

Ref. [120][123][124][125][126]. For both ion and neutron simulations, the full calculation 

method was chosen. The full damage calculation mode provides a more accurate determination 

of damage energy, number of dislocations, and damage depth profiles than the fast damage 

calculation. 

Users of the TRIM code have to specify several parameters such as the “DAMAGE”, which 

sets options for calculations – ions vs neutrons and quick vs full simulation method; the “ION 

DATA”, which specifies the ion type with which the target material will be bombarded, as well 

as its energy; and the “TARGET” material, which specifies the name of the target, its density, 

and thickness, as well as the chemical components of the target material. At the very end, the 

number of ions (app. 10000 ions) hitting the material is declared. Fig.4. 4. presents the event 

tree, which illustrates the penetration of ions into the structure of the material under 

investigation (“Depth vs Y-Axis”). A detailed description can be found in "9- TRIM: Output 

files" [127][128]. 
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FIG.4. 4 TRIM – RUNNING CASE. 

4.2.3. DPA 

DPA is the parameter that provides information about the structural changes in the analyzed 

material. It is a 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 DPA parameter is used to make 

quantitative comparisons among ion and neutron irradiation and can be calculated using the 

Norgett, Robinson, and Torrens (NRT) formalism 

[129][130][131][132][133][134][129][135][136]. 

     NRT=0.8
்

ଶாವ
      (3) 

where, Td is damage energy - energy that is available to generate atomic displacements by 

elastic collisions; ED is threshold displacement energy – the minimum recoil energy to create 

stable defects.  

ED is a parameter that defines the minimum recoil energy to create stable defects, which 

might be obtained for any chemical component by an irradiation experiment, or predicted by 

molecular dynamics simulations [114][137]. The ED is dependent on the lattice structure and 

can be obtained from ASTM Standards - E521.  
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5. EXPERIMENT 

The assumptions for the design and fabrication of the TRISO-particle fuels were that the 

particles would remain intact and retain radionuclides over the range of conditions that could 

be encountered in normal operation and accidental conditions. The characterization of the 

TRISO-coating layers at the interface (junction) between the Buffer and IPyC layers remains 

unexplored. The need to investigate this problem derives from the fact that a potential 

mechanism of coating failure for TRISO-particles during irradiation is cracking of the IPyC 

layer due to densification of the Buffer layer when it is strongly bonded to the IPyC layer. 

Consequently, cracks in the IPyC layer may lead to the attack of the FP on the SiC layer [75]. 

The other possible scenario is the gap formation between the Buffer-IPyC interface. The main 

goal of this dissertation was to find a quick and efficient method for detecting layer failures in 

TRISO-particles at the front-end stage.  

The experiment focused on irradiation-induced failures, and was conducted in two stages: 

 stage I - analysis of the intact "virgin" sample; 

 stage II - analysis of the sample after ion implantation.  

To investigate specific damage phenomena, irradiation of the samples in the reactor core 

may be reflected by the ion implantation technique. Ion implantation is faster and easier to 

control than costly and time-consuming neutron irradiation process in the reactor core. 

Moreover, the results obtained from ion-irradiation gives a reasonable understanding of TRISO 

behavior. In this work, the phrase ion implantation is used alternatively with ion irradiation. 

The ion-irradiation experiment is explained in Section 5.2.  

To perform ion implantation on TRISO samples, it is firstly necessary to properly prepare 

the samples. The samples must be polished to expose all the layers of which the tested fuel 

sample is composed. The uncovering of the TRISO sample layers is associated with damage 

occurring during the polishing stage itself. This mechanical damage is the result of the polishing 

method. To obtain the least distorted TRISO baseline structure, a suitable polishing method is 

required. The polishing procedure is explained in Section 5.1. 

The main tool used to analyze the TRISO fuel particles is the Raman spectroscopy method. 

The measurements were performed in two steps, analysis of virgin samples and then of samples 

after ion irradiation. This means that in both stages, each of the TRISO layers was investigated 

in terms of the Raman spectrum, which represents the chemical composition of each coating 
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layer. In this work, the phrase coating layers is used alternatively with covering layers. Detailed 

information of the diagnostic methods is shown in Section 5.1.  

5.1. P-TRISO 

The experiment was performed on the coated-particle fuels produced at the Centre d'Études 

Nucléaires de Grenoble (CEA/Grenoble) in 2001. These nuclear fuel samples were 

manufactured for a TRISO fuel development, production and examination High Temperature 

Reactor project. Because the samples did not contain a uranium kernel and are made of one or 

two coating layers, they could be referred to as BISO particles. However, because these particles 

are predecessors to TIRSO, they are better described as an intermediate product, referred to as 

“p-TRISO”. The batch of the p-TRISO samples is shown in Fig. 5. 1. 

 
FIG. 5. 1 P-TRISO SAMPLES. 

The surrogate p-TRISO samples consist of a zirconia dioxide (ZrO2) kernel covered with 

pyrocarbon layers. The p-TRISO kernel is made of ZrO2 94,% , Y2O3 5% with a density of  

6 g/cm3 and a diameter of 550 µm. Based on the composition of the covering layers, the  

p-TRISO samples were divided into three groups. Each group of particles has a different layer 

composition, and is described with a different symbol: Sample-1 (S-1), Sample-2 (S-2), 

Sample-3 (S-3) – shown in Fig. 5. 2. The S-1 samples are characterized by the fact that the 

kernel is covered with a Buffer layer; for S-2, the kernel is covered with an IPyC layer; and the 

kernels in the S-3 samples are covered with both Buffer and IPyC layers. Tab. 5. 1 provides 

information about the sample composition and the thickness of the layers. The thicknesses of 

the analyzed layers were measured with the use of optical microscope images using the ImageJ 

program. 
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FIG. 5. 2 SEM IMAGES OF THE CROSS-SECTIONS OF THE P-TRISO SAMPLES BEFORE ION 

IMPLANTATION, WHERE WITH THE YELLOW COLOR THE BUFFER LAYER, AND WITH RED COLOR 

THE IPYC LAYER WERE MARKED [138]. 

TAB. 5. 1 THE P-TRISO SAMPLES. 

Name of the 

sample 
Sample composition 

Thickness of 

covering layer 

S-1 Kernel + Buffer ~ 120 µm 

S-2 Kernel + IPyC ~ 45 µm 

S-3 Kernel + Buffer + IPyC ~ 165 µm 

5.1.1. POLISHING PROCEDURE 

Preparing the samples for the ion-irradiation experiment involved polishing procedure for 

the p-TRISO samples. The reason for polishing the samples is the need to expose all of the 

layers of which the sample is composed. The preparation of the p-TRISO-particle must expose 

the interior with the least possible deformation of the surface structure. Two methods of 

polishing the TRISO samples have been applied, the mechanical and ionic. The mechanical 

polishing method can be invasive, and lead to significant damage in the p-TRISO layers at the 

polishing stage itself. For the mechanical polishing process, five fuel samples of the S-1 and  

S-2 type were selected. Fig. 5. 3. presents the SEM image of the S-2 p-TRISO sample polished 

by the mechanical method, with noticeable cracks on the IPyC layer. For the ion polishing 

process several samples from the S-1, S-2, and S-3 type were selected. Fig. 5. 4. presents the 

SEM image of the S-3 p-TRISO sample polished by the ionic method. The ionic polishing 

method does not interfere in the structure of the covering layers.  
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To verify which polishing method is better for further examination, the polished p-TRISO 

samples were measured with the use of several techniques, explained in detailed in Ref. [71]. 

Fig. 5. 5, Fig. 5. 6, and Fig. 5. 7 present the roughness measurements performed with the CLSM 

method on the S-1, S-2, and S-3 p-TRISO samples, respectively, with varying polishing 

methods. 

 
FIG. 5. 3 THE SEM IMAGE OF THE MECHANICAL POLISHED S-2 P-TRISO SAMPLE – WITH 

NOTICEABLE CRACKS IN THE COVERING LAYER. 

 
FIG. 5. 4 THE SEM IMAGE OF THE IONIC POLISHED S-3 P-TRISO SAMPLE - WITHOUT 

NOTICEABLE CRACKS IN THE COVERING LAYERS. 
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FIG. 5. 5 CLSM ROUGHNESS MEASUREMENTS ON THE BUFFER LAYER OF S-1 P-TRISO. 
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FIG. 5. 6 CLSM ROUGHNESS MEASUREMENTS ON THE IPYC LAYER OF S-2 P-TRISO. 
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FIG. 5. 7 CLSM ROUGHNESS MEASUREMENTS ON THE BUFFER & IPYC LAYERS OF S-3 P-TRISO. 
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The most noticeable differences generated by polishing methods occur for the Buffer layer. 

Fig. 5. 8 shows the comparison of two polishing methods for the Buffer layer of the p-TRISO 

sample. As demonstrated by the CLSM, the mechanical polishing method spreads the polished 

material over the entire surface of the sample causing clogging of the pores of the Buffer layer, 

which simply smooths the analyzed surface. Due to the nature of the Buffer layer, i.e. its 

porosity, it is important for the further experiment to keep its structure unchanged. Any changes 

in the structure of that layer can affect the result of the further experiment. The ionic polishing 

method keeps the porous structure preserved, so that the difference between the Buffer and 

IPyC layers is visible.  

 

FIG. 5. 8 THE CONFOCAL LASER SCANNING MICROSCOPE IMAGE OF THE BUFFER LAYER. ON THE 

LEFT SIDE – MECHANICAL POLISHED BUFFER LAYER, ON THE RIGHT SIDE – THE ION POLISHED 

BUFFER LAYER. 

Based on the obtained results it was concluded that the ion polishing method is a less invasive 

polishing procedure for p-TRISO samples. This method allowed using constant parameters, has 

repeatability (reliability) of results, and had a shorter lead time. With this, the ion polishing 

method interferes less with the structure of the tested material, which has the potential to 

improve further testing. 
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5.1.2. RAMAN SPECTRA OBTAINED FOR A PRISTINE GRAPHITE SAMPLE 

The first stage of the ion-irradiation experiments on the p-TRISO-particles was devoted to 

graphite samples (Goodfellow, size: 50 x 50 mm, density: 2.26 g/cm3). Graphite is structured 

in layers or lamellae with a hexagonal arrangement of covalent bonds, which as such is similar 

to the graphite-based material, like Buffer and IPyC layers. The structure of the graphite 

material is made of the localized in-plane sp2 bonds and delocalized out-of-plane π bonds. The 

in-plane bonds are hybrids, while the delocalized are orbital bonds [96][139]. Since the 

analyzed p-TRISO samples consist of pyrolytic carbon layers, the use of graphite material 

helped to determine the energy and fluences required for the ion implantation of the p-TRISO 

samples. 

The Raman spectrum of the pristine graphite sample shows well-ordered structure. The 

pristine graphite sample exhibited a characteristic G-band at the position of 1580 cm-1, D-band 

at the position 1360 cm-1, and a D’-band at the position of 1615 cm-1. The G-band (G - graphite) 

is allocated to zone canter phonons at E2g symmetry and is caused by the in-plane bond-

stretching motion of sp2 C atoms. The D-band (D - disorder) is allocated to the A1g zone-

boundary mode, which induces a band gap at 2D Brillouin zone of the carbon based materials. 

The second-order Raman spectrum reveals the three main bands, such 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 

[140][141][142][143][144]. All of the bands are shown in Fig. 5. 9. 

 
FIG. 5. 9 THE RAMAN SPECTRA FOR A PRISTINE GRAPHITE [145]. 
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To determine the initial fluence for the p-TRISO samples, an ion-irradiation examination 

with Ne+ ion implantation of fluences in the range of 1013 - 1016 ions/cm2 was performed on the 

graphite samples. The Raman spectra were collected by focusing a 514.5 nm laser beam. 

Detailed explanation is presented in Ref. [138]. 

At the first stage of the graphite analysis, the graphite samples were irradiated with a fluence 

equal 1014 ions/cm2, and with different energies. The energies: 100 keV, 130 keV, 160 keV, 

190 keV, 220 keV were selected to estimate the optimal parameter with which the p-TRISO 

samples would be implanted. Fig. 5. 10 presents Raman spectra obtained with the dose of  

1014 ions/cm2 but with different implantation energies. The energy level does not influence the 

shape of Raman spectra. Considering the in-depth measurement of the sample, too high 

implantation energy may cause the ions to penetrate too deeply into the p-TRISO structure, and 

therefore cause a lack of observable results in the Raman spectra. In contrast, too low 

implantation energy significantly increases the sample implantation time. Based on that, the 

energy of 160 keV was selected due to the depth of ion penetration into the target layer, and 

due to the capabilities of the ion implanter device, and also by the limitations of the Raman 

spectroscope device.  

In the second stage of the graphite analysis, the graphite samples were irradiated with an 

energy of 160 keV and with different fluences. The fluences: 1013 ions/cm2, 1014 ions/cm2,  

1015 ions/cm2, 1016 ions/cm2  were selected to determine from what fluence the p-TRISO 

irradiation experiment should be started. Fig. 5. 11 shows significant G-, and D- band changes, 

which increase as the fluence increase. Due to that, and since the p-TRISO samples have 

different layer structure compared to the graphite samples, for the experiment with p-TRISO 

samples an initial fluence of 1012 ions/cm2 was established.  

Carbon based materials are difficult to study by SEM, because in comparison to other atoms 

at room temperature, their migration energy is low. Nevertheless, the major features of defect 

production and annealing can be well understood by assuming that vacancies govern the 

production and dynamics of radiation defects in graphitic materials. The PyC layer structure 

can be identified as isotropic, laminar, granular or columnar [146]. Fig. 5. 12, Fig. 5. 13,  

Fig. 5. 14, Fig. 5. 15, Fig. 5. 16, Fig. 5. 17, and Fig. 5. 18 show the SEM images of the graphite 

sample, which were irradiated with fluences in the range of 1013 - 1016 ions/cm2. The defect 

agglomeration is seen as a continuous rupture of the basal planes, which ultimately leads to 

amorphization. This is noticeable with an increase of the ion irradiation fluence. 
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FIG. 5. 10 RAMAN SPECTRA OBTAINED FOR GRAPHITE (NE+, 1014 IONS/CM2) - WITH RESPECT TO 

THE ENERGY WITH WHICH THE SAMPLE WAS IMPLANTED. 

 
FIG. 5. 11 RAMAN SPECTRA OBTAINED FOR GRAPHITE (NE+, 130KEV) - WITH RESPECT TO THE 

IMPLANTATION DOSE, STARTING FROM A NON-IMPLANTED (PRISTINE) SAMPLE. 
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FIG. 5. 12 NON-IMPLANTED GRAPHITE. 

 
FIG. 5. 13 GRAPHITE IMPLANTED WITH 1013 IONS/CM2. 
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FIG. 5. 14 GRAPHITE IMPLANTED WITH 1014 IONS/CM2. 

 
FIG. 5. 15 GRAPHITE IMPLANTED WITH 1015 IONS/CM2. 
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FIG. 5. 16 GRAPHITE IMPLANTED WITH 1016 IONS/CM2. 

The SEM images in the magnification (Fig. 5. 17, Fig. 5. 18) shows in detail the graphite 

structure damage due to increasing ion irradiation fluence.  

 
FIG. 5. 17 NON-IMPLANTED GRAPHITE – MAGNIFICATION. 
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FIG. 5. 18 GRAPHITE IMPLANTED WITH 1016 IONS/CM2 – MAGNIFICATION. 

In conclusion, the experiment conducted on graphite has determined that ion implantation 

on p-TRISO-particles will be carried out at an energy of 160 keV starting with a fluence of  

1012 ions/cm2. 

5.2. ION-IRRADIATION 

The ion-irradiation technique was used to reflect the neutron irradiation process in the reactor 

core. This method allows determination of the level of damage occurring with irradiation to the 

p-TRISO-particles at a significantly faster rate, and without the necessity to deal with activated 

materials. The damaging processes that occur in the TRISO-particles loaded into the reactor 

core as nuclear fuel are more complicated than relatively simple radiation damage induced by 

ions. However, it is of real interest to assess and quantify the damage contribution coming from 

the interactions of ions with the TRISO layers. The differences between neutron irradiation and 

ion implantation, like energy (ions have smaller energies [keV] than neutrons [~ 2 MeV in 

fission system]) [147], charge (neutrons have no charge), and size; can potentially influence the 

experimental results. Nevertheless, this dissertation shows the advantages of using ion 

irradiation as a quick and efficient tool for p-TRISO sample investigation at the front-end stage.  

Typically an ion irradiation experiment is performed with a noble-gas ions like: Ar+, He+, 

Xe+, Ne+, and Kr+ [148][149][150][151]. The choice of the Ne+ ions as a projectile is a trade-

off between a long projected range of impinging particles, and the ability to produce damage 

due to the nuclear stopping mechanism, which gets stronger with the ion mass. The Ne+ 
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bombardment is considered as a tool for the generation of point defects [152] that accumulate 

both in metals [153] or semiconductors[154]. The reason for choosing helium ions comes from 

the fact that the ion penetration of these ions is deeper compared to the neon ions. In addition, 

helium is a chemical component that serves as a coolant in the HTGRs. Using He+ ions as self-

ions for damage creation allows ion irradiation to simulate the reactor core environment [155]. 

The disadvantage of ion implantation is that, even if high fluence can be achieved in a short 

time, the depth of penetration of the sample is shallow.  

In this dissertation the results for Ne+ and He+ ion irradiation, with fluences that correspond 

to neutron irradiation in the reactor core of 1, 3 and 5 years are presented. Chapter 5.2.2 focuses 

on how different layers react to the ion irradiation induced damages, and verifies if the Raman 

spectroscopy tool can capture the changes. Chapter 5.2.3 focuses only on the S-3 p-TRISO 

samples. The goal of that experiment, was to reflect the damage that might occur after 1 and 5 

years of neutron irradiation, at the interface of Buffer-IPyC layers. Finally, Chapter 5.2.4. 

focuses on the non-polished spheres of the p-TRISO samples. The goal for that experiment was 

to verify if the ion implantation process can be performed on the outer layer of the TRISO 

sample, and if the obtained results provide insight into the structural behavior caused by ion 

irradiation.  

5.2.1. SRIM/TRIM CALCULATIONS FOR NEON AND HELIUM IONS 

For the ion implantation experiments we selected two types of ions, neon (Ne+) and helium 

(He+), with which the p-TRISO samples were irradiated. The first experiment used only neon 

ions, and was performed on the S-1, S-2, and S-3 p-TRISO samples. The second experiment 

used neon and helium ions, and was performed on several S-3 p-TRISO samples, some of which 

were polished, and some not. To perform the ion irradiation experiments parameters like ion 

energy and ion fluence were calculated with the use of the SRIM/TRIM codes.  

I. Energy level 

The first step of the SRIM simulations was to select the energy level with which the p-TRISO 

samples were to be irradiated. Due to the measurement device’s limitations, an energy of 160 

keV was selected for both ion implantation experiments (explained in Chapter 5.1.2).  

Fig. 5. 19 describes that an incident energy of 160 keV allows Ne+ ions to penetrate into  

p-TRISO layers to a depth of 4257 Å and to a depth of 9361 Å for He+ ions. The reported values 

were obtained for a density of 1.405 g/cm3, which is the sum of the densities of the Buffer  

(0.97 g/cm3) and IPyC (1.84 g/cm3) layers. The knowledge of the depth of ion penetration 
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confirms that Raman spectroscopy may be used for defect detection within p-TRISO-coating 

layers for the defined incident energy of 160 keV. 

 
FIG. 5. 19 THE DEPTH OF NE+ AND HE+ IONS PENETRATION INTO P-TRISO SAMPLE. 

II. Ion fluence 

The calculation of the proper ion fluence that reflects the neutron fluence in the reactor core 

is performed in a few steps: 

A. calculating the neutron fluence with the use of the MCNP code; 

B. performing neutron and ion simulations in the TRIM code; 

C. calculating the neutron DPA parameter; 

D. recalculating the ion fluence with the use of the DPA from above. 

 

A. For the neutron irradiation simulation in the TRIM code, the neutron fluence was 

calculated with the use of the Monte Carlo Continuous Energy Burn-up (MCB) code 

[156][157]. The calculations assumed the maximum neutron flux (sum of the thermal and fast 

neutron flux) of the HTR-10 reactor is 5.02*1013 n/cm2s [31][158]. Based on the Go-HTR MCB 

model, performed in the frame of the studies in the strategic Polish program of scientific 

research and development work “Social and economic development of Poland in the conditions 

of globalizing markets GOSPOSTRATEG”, part of “Preparation of legal, organizational and 

technical instruments for the HTR implementation” co-financed by the National Centre for 

Research and Development (NCBiR) in Poland, the neutron fluence was equal is 1.6*1013 
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neutrons/cm2 after a year of constant irradiation. The applied Go-HTR model was developed 

for the purpose of the Polish national research program on HTGR industrial applications, as a 

heat source. In this model, each fuel rod in the reactor core is surrounded by a graphite sleeve 

and inserted into a cooling channel as originally designed for the Japanese HTTR. The detailed 

process of neutron fluence calculation with the use of the Go-HTR-MCB model was described 

in Ref. [124]. 

B. To perform the neutron and ion simulations in the TRIM code, several parameters had 

to be obtained. The implantation on the p-TRISO fuel was performed on the polished samples, 

and average values were used from the Buffer and IPyC layers for the target layer parameters 

in TRIM. The reason is that the polished sample is a cross-section on which ions fall 

perpendicularly on the surface of the layers, hitting the Buffer and IPyC layers equally. In the 

case of ion-irradiation on un-polished p-TRISO samples, the ions can hit the surface only from 

the outside, then only the IPyC layer is considered. It should be highlighted that in the case of 

neutron irradiation, the movement of neutrons is performed from the inside of the TRISO 

kernel, as well as from the outside. In that case, for the simulation, two separate layers of Buffer 

and IPyC layer were created. The values used in the simulations are shown in Tab. 5. 2. 

TAB. 5. 2 INPUT PARAMETERS TO START TRIM SIMULATIONS 

TRIM 

simulation 

p-TRISO 

sample 

composition 

Layer 

thickness 

[µm] 

Layer 

density 

[g/cm3] 

Threshold 

displacement 

energy (eV) 

Lattice 

binding 

energy 

(eV) 

Surface 

binding 

energy 

(eV) 

FC (ion) 
Buffer + 

IPyC 
165 1.405 34 2.63 7.4 

full-

damage 

(neutron) 

Buffer 

IPyC 

120 

45 

0.97 

1.84 
34 2.63 7.4 

The Buffer and IPyC layers of p-TRISO samples could be considered as a comparable 

material to nuclear graphite because of the density of each layer, which is in the range of the 

density values of nuclear graphite [27][159][160]. Due to this fact, it was established that the 

ED parameter for graphite-based structures is in the range of 30 - 35 eV. In the case of the 

analyzed p-TRISO particles, the ED parameter was set a value equal to 34 eV 

[137][161][162][163][164][165][166][167]. The remaining two parameters lattice binding 
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energy, and the surface binding energy takes respectively the value of 2.63 eV and 7.4 eV [114]. 

These parameters allowed to perform the simulations of ions and neutrons collisions with the 

p-TRISO sample.  

The TRIM plots (Fig. 5. 20, Fig. 5. 21.) describe the incident ion implanted concentration as 

a function of depth. As the figures show, for the collisions between implanted ions and the 

target, the trajectories of projectiles with the energies and angles of incidence on the sample 

deviate differently from the initial direction of the ion beam's incidence on the surface of the 

sample. The length of the path along which the bombarding ion travels in the target, from the 

point of entering the target, up to the point of complete stopping, is called as the total range of 

the ion or damage event tree. 

 
FIG. 5. 20 THE EVENT TREE FOR THE NE+ ION IMPLANTATION. 
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FIG. 5. 21 THE EVENT TREE FOR THE HE+ ION IMPLANTATION. 

C. The neutron fluence value (1.6*1013 neutrons/cm2) was used to calculate the neutron 

DPA distribution. The DPA parameter was used to make quantitative comparisons among ion 

and neutron irradiation data, which allowed to recalculate the ion fluence. The formula to 

calculate the DPA is as follows [120][148][151][168][169]: 

    𝐷𝑃𝐴 =  
థ∗ௗି௧∗ ଵఴ

ே
     (4) 

where, 𝛷 is the fluence, the damage-rate is in vacancies/ion/Å obtained with TRIM calculations 

based on summing columns from Vacancy.txt: „C vacancies” and z Novac.txt „number”, across 

the width of "each incremental depth", and N is the atomic number density equal 7.169*1022 

atoms/cm3 for p-TRISO-particles.  

D. Based on the neutron DPA the ion fluence was recalculated. Obtained on the external 

border of the p-TRISO-particle, the DPA value established the ion fluence value equal to 

3.8*1016 ions/cm2. For the ion implantation experiment, the ion fluence of 3.8*1016 ions/cm2 

reflect one year of neutron irradiation. 

In the Chapter 5.1.2 several fluences were selected to check how the sensitive pyrocarbon 

layer responds to ion-induced damages. These fluences were used in the first part of the ion-

irradiation experiment on the p-TRISO samples, to measure the particle behavior before 

reaching 1 year of irradiation. The first part of the ion irradiation experiment focus on the S-1, 

S-2, and S-3 p-TRISO samples (with an averaged layers width of 100 µm, and averaged density 

of 1.405 g/cm3) subjected to ion-irradiation (Ne+, 160 keV). Using the full cascades calculation 

method and taking into account ion penetration to a depth of 4183 Å in the Buffer+IPyC layers, 
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the DPA parameter was equal to: DPA (NRT)= 0.00189, and DPA (Fluence 1013)=0.00224. 

The previous values were obtained from the graph Fig. 5. 22 at the position 0.42 µm, because 

the aspect of ion penetration was taken into account. 

 
FIG. 5. 22 THE DPA PARAMETER OBTAINED FOR P-TRISO SAMPLE, CALCULATED WITH THE 

NRT FORMULA, AND “FLUENCY” FORMULA. THE DPA VALUES WERE READ FOR 4183Å DEPTH. 

The fluences, which were used in the first part of the experiment, as well as the calculated 

DPA parameters are show in the Tab. 5. 3.  

TAB. 5. 3 THE DPA VALUES OBTAINED DUE TO THE FLUENCES 

Fluence [ions/cm2] DPA 

1*1012 0.000224 

1*1013 0.00224 

1*1014 0.0224 

1*1015 0.224 

1*1016 2.24 

It can be noticed that with the increasing fluence of ion implantation the DPA parameter 

increases. An increase in the DPA parameter indicates that p-TRISO covering layers have 

experienced some damage. Fig. 5. 23 present the depth distribution of the DPA over each 

selected fluence. 
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FIG. 5. 23 THE DEPTH DISTRIBUTION OF THE DPA. 

In the second part of ion irradiation experiment Ne+ and He+ ions were used. The neon ions 

were used to irradiate the polished p-TRISO samples with the fluence that corresponds to 1, 3 

and 5 years of neutron irradiation. In addition, the non-polished p-TRISO samples were 

irradiated with helium ions at a fluence that reflects 3 years of neutron irradiation. The 

summarize data are presented in the Tab. 5. 4. The DPA parameter was calculated for the Ne+ 

and He+ ion- irradiation experiment assuming several fluences that correspond to the neutron 

irradiation times of the TRISO samples in the reactor core.  

TAB. 5. 4 SUMMARIZED DATA FOR ION-IRRADIATION 

Ion energy Fluence [ions/cm2] DPA Year of neutron irradiation 

Ne+ (160keV) 

3.8*1016 8 1 

1.1*1017 23 3 

1.9*1017 40 5 

He+ (160keV) 1.05*1018 24 3 

Under reactor conditions, the majority of atomistic displacements in TRISO-particle fuel 

occur due to elastic and inelastic scattering of the neutrons. An increase in the DPA parameter 

indicates that p-TRISO covering layers have initiated some damage. The higher the value of 

the DPA the more likely structural defects are observed.  
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5.2.2. EXPERIMENT ON S-1, S-2, S-3 P-TRISO SAMPLES 

In this part, the results from the ion implantation experiment, performed on S-1 (Buffer),  

S-2 (IPyC), and S-3 (Buffer+IPyC) p-TRISO samples are presented. Each of the p-TRISO 

samples was implanted with Ne+ ions with a fluence in the range of 1012- 1016 ions/cm2. This 

experiment was conducted in several steps: 

 Polishing the sample with ion-polishing method; 

 Raman spectroscopy measurement on the polished intact surface; 

 Ne+ ion irradiation with a fluence equal 1012 ions/cm2; 

 Raman spectroscopy measurement; 

 SEM imaging; 

 Ne+ ion re-irradiation up to a fluence of 1013 ions/cm2; 

 Raman spectroscopy and SEM measurements; 

 etc. 

Ion implantation was performed on three p-TRISO samples, one of each type (S-1, S-2,  

S-3). This means that each sample was firstly implanted with the first dose (1012 ions/cm2), and 

then after SEM and Raman spectroscopy measurements, it was re-implanted to achieve the 

second dose (1013 ions/cm2). The procedure was repeated until the samples were implanted with 

the fluence of 1016 ions/cm2. The ion implantation was performed over the entire surface and 

perpendicular to the polished surface of each analyzed p-TRISO samples. Due to that, the 

obtained results will be the same no matter on which spot of the layer the further measurement 

will be performed. The measurements on the implanted p-TRISO samples were carried out by 

an inVia Renishaw micro-Raman system. The Raman spectra were collected by focusing a  

785 nm laser beam in the spectral range of 200 - 3200 cm-1. Compared to graphite, pyrolytic  

p-TRISO layers are much softer. Measurements conduced with 514 nm laser beam caused burns 

in the structure of the analyzed layers. In comparison, the 785 nm laser beam did not interfere 

with the structure of the layer allowing measurements to be taken. The obtained Raman spectra 

were normalized and fitted to the convolution profile of Gaussian and Lorentzian functions 

using WiRE 3.4 software. At the time of matching, the program determines for itself where the 

background is and disregards it. The intensity of the background did not change/make a 

difference in the obtained values of the intensity of the bands. Fig. 5. 24, Fig. 5. 25, Fig. 5. 26, 

and Fig. 5. 27 shows Raman spectra obtained for different fluences with which each sample 

was irradiated. 
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FIG. 5. 24 THE RAMAN SPECTRA OF THE BUFFER LAYER OF THE S-1 P-TRISO SAMPLE FOR 

DIFFERENT ION FLUENCES. 

 
FIG. 5. 25 THE RAMAN SPECTRA OF THE BUFFER LAYER OF THE S-3 P-TRISO SAMPLE FOR 

DIFFERENT ION FLUENCES. 
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FIG. 5. 26 THE RAMAN SPECTRA OF THE IPYC LAYER OF THE S-2 P-TRISO SAMPLE FOR 

DIFFERENT ION FLUENCES. 

 
FIG. 5. 27 THE RAMAN SPECTRA OF THE IPYC LAYER OF THE S-3 P-TRISO SAMPLE FOR 

DIFFERENT ION FLUENCES. 
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Based on the presented figures it is concluded, that due to the increasing fluence, the change 

in the position of the D- and G- bands is observed, described in the  Tab. 5. 5, Tab. 5. 6, Tab. 

5. 7, and Tab. 5. 8. The D-band has changed in the range of 1310 cm-1 - 1370 cm-1, and G-band 

changed in the range of 1520 cm-1 - 1580 cm-1. An increase in the width of the D- and G- bands 

as well as an increase in the position of these two bands indicates the formation of a defect. The 

increase in the D-band intensity indicates a decrease in the crystallite size. The most noticeable 

change is observed in the bandwidth of the Raman spectrum at the fluence of 1014 ions/cm2, 

which is more noticeable for the Buffer layer, and less for the IPyC layer. As the fluence further 

increases (fluence of 1015 ions/cm2), the Raman spectrum changes in a manner that from two 

separate bands only one band was formed. To distinguish the two bands, a deconvolution 

method was used to decompose that bands that overlap with each other. Due to that, it was 

assumed that the ion irradiation reduces the dimensions of the ordered layer structure, which is 

due to the appearance of the ID/IG ratio at low defect levels. The single wide peak is known as 

the D’’-band, located at around 1500 cm−1, which originates due to the merging of D-, and G 

bands. The D’’ -band indicates the destruction of the graphitic microcrystals and cause the 

formation of an amorphous structure [27][139][170]. The amorphous material is material where 

the structure is fully disordered.  

A detailed analysis of the Raman spectra for each p-TRISO samples is presented in the tables 

below (Tab. 5. 5, Tab. 5. 6, Tab. 5. 7, Tab. 5. 8). The presented tables include data related to 

the parameters such as the width of the G-, and D-bands; and the ratio of the band intensity of 

the D-Raman band, and the G- Raman band (ID/IG). The ID/IG ratio was calculated from the 

band intensity and the area (integral intensity).  

TAB. 5. 5 PARAMETERS OBTAINED FOR THE BUFFER LAYER OF SAMPLE S-1 

Fluence  Position Width ID/IG ID/IG 

area D- band G-band D- band G-band 

before 

implantation 
1310.3±0.6 1583.2±0.9 141.1±4.1 109.2±2.4 1.63±0.04 2.1±0.06 

1*1012 1313.9±0.7 1587.3±0.4 138.9±4.3 113.2±2.3 1.72±0.04 2.1±0.06 

1*1013 1312.7±0.9 1584.3±1.4 125.5±12.2 119.8±6.6 2.03±0.11 2.15±0.24 

1*1014 1316.5±0.3 1577.2±0.6 195.3±8.4 139.8±5.5 2.16±0.1 3.73±0.6 

1*1015 1348.5±3.5 1564.3±2.3 520.4±26.5 143.9±6.5 4.87±0.42 23.93±4.57 

1*1016 1373.7±10.9 1532.3±7.1 414.9±20.5 166.5±21.1 4.4±1.46 15.8±8.98 
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TAB. 5. 6 PARAMETERS OBTAINED FOR THE BUFFER LAYER OF SAMPLE S-3 

Fluence Position Width ID/IG ID/IG 

area D- band G-band D- band G-band 

before 

implantation 
1309± 0.4 1583.8±1.1 140.5±3.1 106±2.3 1.69±0.03 2.05±0.03 

1*1012 1310.7±0.9 1584.2±1.5 134.9±4.6 111.7±3.9 1.66±0.04 2.01±0.05 

1*1013 1308.8±1.6 1581.8±1.6 141.5±9.7 116.2±3.7 1.79±0.09 2.18±0.08 

1*1014 1310.9±1.6 1575.1±1.5 196±15.5 140.7±7 1.95±0.08 3.09±0.25 

1*1015 1372.8±6.3 1579.7±2.5 513.1±65.5 130.5±21.9 6.47±1.96 39.97±26.81 

1*1016 1355.2±7.2 1549.8±13.7 487.6±26.5 134.6±21.5 4.25±0.54 21.45±6.05 

TAB. 5. 7 PARAMETERS OBTAINED FOR THE IPYC LAYER OF SAMPLE S-3 

Fluence Position Width ID/IG ID/IG 

area D- band G-band D- band G-band 

before 

implantation 
1315.6± 1.5 1578.2±0.6 243.3±3.2 129±2.5 1.56±0.06 3.34±0.25 

1*1012 1317.4±0.7 1579.9±0.6 242.4±6.2 134±1.4 1.76±0.05 3.59±0.26 

1*1013 1312.1±4.6 1577.5±1.3 243.8±19.2 132.8±3.2 1.89±0.09 4.05±0.76 

1*1014 1314.8±3.8 1574.3±0.9 277.7±18.6 138.3±2.2 2.09±0.09 5.29±0.94 

1*1015 1377.6±15.9 1569.8±7.3 419.1±27.3 167.1±30.9 3.28±0.33 9.78±3.29 

1*1016 1327.5±7.5 1521.1±4.1 434.6±16.7 193.1±9.8 2.69±0.41 7.92±2.08 

TAB. 5. 8 PARAMETERS OBTAINED FOR THE IPYC LAYER OF SAMPLE S-2 

Fluence 
Position Width 

ID/IG 
ID/IG 

area D- band G-band D- band G-band 

before 

implantation 
1335.4± 4.6 1580.9±0.9 281.9±18.7 144±9.1 2.09±0.07 4.21±0.37 

1*1012 1328.3±4.4 1577.7±1.8 293.3±17.1 139.9±3.3 2.09±0.2 5.68±1.21 

1*1013 1326.2±1.9 1577.3±0.9 299.1±11.3 135.4±2.2 2.12±0.11 6.28±0.92 

1*1014 1328.9±1.1 1576.4±0.8 349.3±4 137.6±0.8 2.49±0.04 9.12±0.35 

1*1015 1349.6±7.5 1560.3±2.9 515.8±30.9 144.9±10.5 4.93±0.85 23.54±7.67 

1*1016 1339.8±11.0 1525.1±7.8 439.3±21.0 179.1±17.1 2.89±0.64 9.55±3.76 

An interesting phenomenon is the decreasing value of the position and width of the D- and 

G- bands at fluence of 1016 ions/cm2. This behavior may be evidence of repair in the damaged 

structure. This is due to the mechanism of returning the knocked-out atoms to their previous 

position in the structure. The presented analysis of the obtained Raman spectra was performed 

for samples S-1, S-2 and S-3. It can be concluded that regardless of which sample was 
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measured, the same defect formation mechanics occur for the Buffer layer (in sample S-1 and 

S-3) and the IPyC layer (in sample S-2 and S-3). 

The change in the structure of the covering layers is observed at each of the p-TRISO layers, 

which arise due to the increasing ion-irradiation fluence. The main interesting aspect of damage 

formation at the covering layers appears at the interface of Buffer-IPyC layers of the S-3  

p-TRISO sample. Due to that, more detailed analysis was performed on the S-3 p-TRISO 

sample. Fig. 5. 28, Fig. 5. 29, and Fig. 5. 30 presents the Raman maps obtained for the S-3  

p-TRISO sample. The maps were obtained for a non-implanted sample, and then after ion 

implantation with the fluence equal 1014 ions/cm2, and 1016 ions/cm2. Each map is an 

representation of the Buffer-IPyC interface. In all presented cases, the Buffer layer is at the 

bottom (0-15 µm), when the IPyC layer is at the top (15-30 µm) of the Raman map.  

 
FIG. 5. 28 THE RAMAN MAP IMAGES OF SAMPLE S-3- NON-IMPLANTED. 

 
FIG. 5. 29 THE RAMAN MAP IMAGES OF SAMPLE S-3- WITH THE FLUENCE OF 1014 IONS/CM2. 
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FIG. 5. 30 THE RAMAN MAP IMAGES OF SAMPLE S-3- WITH THE FLUENCE OF 1016 IONS/CM2. 

Creating a surface Raman map involves selecting a field of the p-TRISO sample that 

includes all the layers that the S-3 p-TRISO sample is made of. In a given field of 30x50 µm 

the Raman spectra were collected. During the measurement, Raman spectra were collected 

every 1 µm step. The goal of the measurement was to obtain a large amount of data from the 

selected field. As it is presented on Fig. 5. 28, Fig. 5. 29, and Fig. 5. 30 the level of 15 µm is in 

the middle of the selected field, which represents the Buffer-IPyC interface (junction). 

Analyzing each map separately, it should be understandable that the red color represents 100% 

of the concentration of analyzed layer in the measured field. Due to that, in the non-implanted 

S-3 p-TRISO sample the Buffer- IPyC interface was in the middle of the selected field. But 

with the increasing fluence the Buffer-IPyC interface start to change its position. What is 

observed on the maps is the mixing of the two Buffer and IPyC causing the formation of a 

transitional interlayer. The fluence that creates this interlayer reflects only several months of 

hypothetical TRISO neutron irradiation in the reactor core. It shows that the ion implantation 

process induces the amorphization process in the structure, because the irradiated area gradually 

loses its crystallinity.  

Additional results based on Tab. 5. 5, Tab. 5. 6, Tab. 5. 7, and Tab. 5. 8 in the form of the 

Raman maps are shown in Fig. 5. 31. The obtained Raman maps for G- and D-band position 

and width, as well as for the intensity ratio ID/IG, presents also the Buffer layer on the bottom, 

and IPyC layer on the top of the analyzed measurements field. At a fluence of 1014 ions/cm2, 

an increase in the intensity of the D-band is noticeable, which is related to the formation of 

damage. With an increased fluence, we observe a mixing of dislocations in both coating layers, 

which confirms the effect of amorphization of the structure. To confirm that the p-TRISO 

samples start to damage, the SEM analysis was performed. 
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During ion irradiation, several carbon atoms are displaced, causing defects along the basal 

planes as well as between the basal planes. Also, some of these carbon atoms lose their original 

sp2 bond and form a new sp3 bond. The increase of the ion fluence causes an increase in defects 

along and between basal planes, and an increase in formation of sp3 clusters. Graphite-like 

layers gradually lose their ordering, causing a significant reduction in the degree of preferred 

orientation of pyrocarbon layers, and then the PyC surface layer becomes amorphous. The 

annealing of PyC after ion implantation can repair the structure to its original form only for 

slightly damaged PyC samples, which is confirmed by Raman spectra analysis. Similar SEM 

effects on the Buffer and IPyC layers are observable in Ref. [171].  

The SEM measurements were performed on the S-1, S-2, and S-3 p-TRISO samples, for the 

non-implanted samples as shown at Fig. 5. 32, Fig. 5. 33, Fig. 5. 34, and those implanted with 

the fluence equal 1014 ions/cm2 illustrated at Fig. 5. 35, Fig. 5. 36, Fig. 5. 37, and 1016 ions/cm2 

at Fig. 5. 38, Fig. 5. 39, and Fig. 5. 40. The increase in the irradiation fluence leads to the 

embrittlement processes of the near-surface layer, which can cause structural distortions. 

FIG. 5. 31 G-BAND AND D-BAND CHANGES DUE TO THE INCREASING FLUENCE. 
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Radiation damage leads to the formation of microcracks and pores, which results in decrease in 

both the strength and radiation damage resistance of the analyzed structure [169]. Increasing 

the implantation fluence to 1016 ions/cm2 causes the volumes of damaged areas to increase to 

such level, that at some point they begin to overlap, filling the entire implanted layer quite 

uniformly, which can lead to amorphization. In addition, as the fluence increased for each  

p-TRISO sample, an increase in pore size and amount of porosity was observed in the Buffer 

layer. However, the IPyC layer had a uniform laminar structure with almost no visible porosity. 

During implantation, the volume of the Buffer layers decreased, and there was a decrease in the 

content of graphitic sp2 compounds in the analyzed structure. 

 
FIG. 5. 32 NON-IMPLANTED BUFFER LAYER. 
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FIG. 5. 33 NON-IMPLANTED IPYC LAYER. 

 
FIG. 5. 34 NON-IMPLANTED BUFFER+IPYC LAYRS. 
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FIG. 5. 35 BUFFER LAYER IMPLANTED WITH 1014 IONS/CM2. 

 
FIG. 5. 36 IPYC LAYER IMPLANTED WITH 1014 IONS/CM2. 
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FIG. 5. 37 BUFFER+IPYC LAYERS IMPLANTED WITH 1014 IONS/CM2. 

 
FIG. 5. 38 BUFFER LAYER IMPLANTED WITH 1016 IONS/CM2. 
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FIG. 5. 39 IPYC LAYER IMPLANTED WITH 1016 IONS/CM2. 

 
FIG. 5. 40 BUFFER+IPYC LAYERS IMPLANTED WITH 1016 IONS/CM2 . 
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An additional parameter that determines structural changes is the La parameter. The La 

parameter was used to measure the crystallite size of the analyzed surface. This parameter was 

calculated due to the formula (1) presented in Ref. [139][172][173][174][175]. 

   𝐿 [𝑛𝑚] = (2,4 ∗ 10ିଵ) 𝜆௦
ସ  (

ூವ

ூಸ
)ିଵ     (5) 

where, the wavelength 𝜆௦ was set to 785 nm, and the values of the intensity ratio ID/IG were 

taken from Tab. 5. 5, Tab. 5. 6, Tab. 5. 7, and Tab. 5. 8. It should be noted that the value of La 

parameter depends on the laser wavelength, therefore the ratio of the intensity ratio ID/IG in 

the Raman spectrum is much higher for the applied in this experiment wavelength. 

Consequently, the obtained values are only for the comparison of the p-TRISO samples 

[160][176]. 

Tab. 5. 9 shows that the La parameter calculated for each p-TRISO sample decrease with the 

increase of the fluence. This behavior is observed until the formation of the D’’-band. Then, 

with the fluence of 1016 ions/cm2, the values of the La parameter start to grow for each case of 

the analyzed layer. As mentioned, the increase in the value of the La parameter may be due to 

the phenomenon of returning the knocked-on atoms to their positions, in which case the 

impression of repairing the damaged structure is formed. 

TAB. 5. 9 THE CRYSTALLITE SIZE OF P-TRISO COVERING LAYERS 

La [nm] 
before 

implantation 

1*1012 

[ions/cm2] 

1*1013 

[ions/cm2] 

1*1014 

[ions/cm2] 

1*1015 

[ions/cm2] 

1*1016 

[ions/cm2] 

S-1 (Buffer) 55.87 52.95 44.93 42.19 18.68 20.69 

S-3 (Buffer) 53.95 54.86 50.95 46.75 14.16 31.53 

S-3 (IPyC) 57.32 51.77 48.2 43.56 27.80 33.88 

S-2 (IPyC) 43.56 43.56 43.02 36.55 18.50 21.44 

Due to the polishing procedure or during the implantation process or even the measurements 

with other devices, contamination of the sample may have occurred. Fig. 5. 41 shows silver 

contamination that is present in the Buffer layer, as well as mechanical damage to the adhesive 

layer. The resulting contamination does not affect the experimental results, because only a 

30µm×50µm region was selected for Raman measurements. 
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FIG. 5. 41 MECHANICAL FAILURE OF THE ADHESIVE LAYER AND SILVER CONTAMINATION. 

Based on the performed experiment it was possible to observe the changes that occurred in 

the individual layers of each p-TRISO sample. The obtained results show that the primary 

damage in the Buffer and IPyC layers start to occur with an ion fluence equal to  

1*1014 ions/cm2. This primary fluence creates an interlayer that appears at the Buffer-IPyC 

interface, which may lead to create the gap between these layers at the further stage of 

irradiation. Analysing each layer separately, it was possible to understand the appearance of 

structural dislocations at the interface of the Buffer-IPyC layers. 

5.2.3. EXPERIMENT ON THE S-3 P-TRISO SAMPLE 

This part of the experiment focuses on the verification of the level of damage that might 

occur to the p-TRISO covering layers structure after 1st and 5th year of ion irradiation. The 

reason for choosing such a fluence is that the recirculation of the fuel in HTGRs takes 3 to 5 

years in general. The calculations for ion fluences were performed with the use of the SRIM 

and TRIM programs. Based on the calculations, 1 year of neutron irradiation reflects an ion 

fluence equal to 3.8*1016 ions/cm2 of Ne+ ions, and 5 years of neutron irradiation reflects an ion 

fluence equal to 1.9*1017 ions/cm2 of Ne+ ions. The experiment was performed on the six S-3 

type p-TRISO-particles, enabling statistical analysis on the obtained results. Detailed 

explanation is presented in Ref. [145]. This experiment was conducted in several steps: 

 Polishing the sample with ion-polishing method; 

 Raman spectroscopy measurement on the polished intact surface; 
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 Ne+ ion irradiation with a fluence equal 3.8*1016 ions/cm2 – 1 year of neutron irradiation; 

 Raman spectroscopy and SEM measurement; 

 Ne+ ion re-irradiation up to the fluence equal 1.9*1017 ions/cm2 – 5 years of neutron 

irradiation; 

 Raman spectroscopy and SEM measurement. 

Fig. 5. 42 and Fig. 5. 43 describes the average Raman spectra obtained for Buffer and IPyC 

layers of six S-3 p-TRISO-particles. The layer structure of both covering p-TRISO layers 

changed during the implantation procedure. It is observed, that due to the irradiation from two 

G-and D-bands, only one Raman band was created, which is due to the fact that the dislocation 

process starts to occur at the investigated layers. Comparing the changes that occur because of 

the increase of the fluence, it can be noted that for the Buffer layer, the change in the Raman 

spectra is more significant than for IPyC layer. This is due to the greater difference in the ID/IG 

ratio for the unmodified structure of the Buffer layer. In addition, analyzing the spectrum 

obtained for the Buffer layer after 1 year of irradiation, a merging of D- and G- bands in the 

single D’’ band, is more visible than in the IPyC layer. Finally, in both cases of layers, the 

difference in the obtained spectra after 1 and 5 years of irradiation is negligible. 

Tab. 5. 10, and Tab. 5. 11 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 (ID/IG), as well as the area of ID/IG. As it can be noticed, in 

the case of Buffer and IPyC layers, the D-band position increase with the increasing fluence, 

which is reversed in the case of the G-band position. In both layers the D-band and G-band 

width increased with the increasing fluence, which results in the creation of one Raman -  

D’’ band. The ratio of intensities, of the disorder-induced D- band and the first-order graphite 

G- band (ID/IG), is crucial to estimate the structural disorder. In both examined layers, one can 

observe that the intensity ratio ID/IG increases with the time of sample ion irradiation. 

Additional results based on Tab. 5. 10 and Tab. 5. 11 in the form of the Raman maps are shown 

in Fig. 5. 44. In the comparison to the previous Raman map results, it is noticeable that with 

increasing fluence the Buffer becomes more damaged than the IPyC layer.  
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FIG. 5. 42 THE RAMAN SPECTRA OF THE BUFFER LAYER OF THE S-3 P-TRISO SAMPLE FOR 

DIFFERENT ION FLUENCES. 

FIG. 5. 43 THE RAMAN SPECTRA OF THE IPYC LAYER OF THE S-3 P-TRISO SAMPLE FOR 

DIFFERENT ION FLUENCES. 
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TAB. 5. 10 PARAMETERS OBTAINED FOR THE BUFFER LAYER OF SAMPLE S-3 

Fluence 
Position Width 

ID/IG 
ID/IG 

area D- band G-band D- band G-band 

before 

implantation 
1309± 0.4 1583.8±1.1 140.5±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 
1373.3±5.4 1537.7±3.6 432.4±16.1 153.9±10.5 4.85±0.77 18.74±5.44 

TAB. 5. 11 PARAMETERS OBTAINED FOR THE IPYC LAYER OF SAMPLE S-3 

Fluence 
Position Width 

ID/IG 
ID/IG 

area D- band G-band D- band G-band 

before 

implantation 
1315.6± 1.5 1578.2±0.6 243.3±3.2 129±2.5 1.56±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±0.56 9.05±3.9 

5th year of 

irradiation 
1371.7±5.5 1544.9±4.5 441.0±18.6 147.1±14.1 5.29±0.98 21.91±8.0 

As mentioned in the previous section, it is possible to observe that over a period of time the 

pyrolytic carbon structure begins to repair itself to its original form. This is due to the increase 

in the width parameter of the D-band, at a fluence corresponding to 5 years of irradiation, 

observed for both p-TRISO layers. Nevertheless, by analyzing the averaged values collected 

from measurements on the six p-TRISO samples, as the fluence (irradiation) increases, damage 

occurs in the analyzed layers. As confirmation, results are presented in Tab. 5. 12, showing the 

decreasing size of crystallites (La parameter) with increasing fluence.  

FIG. 5. 44 G-BAND AND D-BAND CHANGES DUE TO THE INCREASING FLUENCE. 
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TAB. 5. 12 THE CRYSTALLITE SIZE OF P-TRISO COVERING LAYERS 

La [nm] 
before 

implantation 

3.8*1016 

[ions/cm2] 

1.9*1017 

[ions/cm2] 

S-3 (Buffer) 53.80 23.71 18.78 

S-3 (IPyC) 58.37 31.92 16.42 

In addition, the Raman maps were measured to illustrate the changes taking place at the 

interface of the Buffer-IPyC layers. The Raman surface maps are shown in Fig. 5. 45,  

Fig. 5. 46, and Fig. 5. 47. The figures present the results obtained for the average over six S-3 

p-TRISO-particles. Those maps are divided according to the time of implantation, namely: 

before irradiation, 1st year of neutron irradiation, and 5th year of neutron irradiation. The Raman 

maps were obtained with the same procedure as is explained in Chapter 5.2.2. The maps on the 

left side represent the Buffer layer, while the maps on the right side the IPyC layer. With 

increasing fluence of ion irradiation, which reflect the time of neutron irradiation, the Buffer-

IPyC interface was shifted from 15 µm to the level of 8 µm. This behavior indicates significant 

damage at the interface of the Buffer – IPyC layers.  

The Buffer layer might become completely detached, or partially debonded from the IPyC 

layer, forming a gap. The width of the gap changes during the irradiation because the Buffer 

densifies with increasing neutron fast fluence while the kernel swells with increasing burn-up. 

At the beginning of irradiation, the combined shrinkage of the Buffer and IPyC creates a gap 

between these two layers. The gap thickness is controlled by the swelling of the kernel on one 

side, and by the Buffer and IPyC shrinkage/swelling on the other side. Consequently, if the 

swelling rate of the kernel exceeds the shrinking rate of the Buffer and IPyC, or if the Buffer 

and/or IPyC begin to swell, the Buffer-IPyC gap may close during irradiation [84][85]. 
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FIG. 5. 45 THE RAMAN MAP IMAGES OF SAMPLE S-3 – NON-IMPLANTED. 

 
FIG. 5. 46 THE RAMAN MAP IMAGES OF SAMPLE S-3 - 1 YEAR. 

 
FIG. 5. 47 THE RAMAN MAP IMAGES OF SAMPLE S-3 - 5 YEARS. 

To illustrate the structural changes that took place, SEM was used. The SEM images 

presented in Fig.5. 48, Fig. 5. 49, and Fig. 5. 50 that were obtained for S-3 p-TRISO shows that 

with increasing implantation fluence the structure of each layer becomes more damaged. It can 

be noticed, that the microstructure of the low-density porous pyrocarbon Buffer layer becomes 

globular, which is represented as the formation of circles. The microstructure of high density 
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isotropic IPyC layer becomes more conical, which is represented as the formation of cones. The 

difference in the microstructure of both layers is due to the difference in the density of the 

analyzed layers. The Buffer density is equal 0.97 g/cm3, when the IPyC density is equal  

1.84 g/cm3. 

 
FIG.5. 48 BUFFER+IPYC LAYERS - BEFORE IRRADIATION. 

 
FIG. 5. 49 BUFFER+IPYC LAYERS - 1 YEAR. 
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FIG. 5. 50 BUFFER+IPYC LAYERS - 5 YEARS. 

Fig. 5. 51 present the magnification of the Buffer- IPyC interface. The high-density IPyC 

layer (top) has more laminar structure then the low-density Buffer layer (bottom) which 

represent the globular features [177]. The laminar structures tend to resemble the structure of 

graphite, which is due to the reordering of the structure, that the base planes become more 

parallel and closer to each other. 

 
FIG. 5. 51 BUFFER-IPYC INTERFACE MAGNIFICATION. 
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The purpose of this experiment was to irradiate several S-3 p-TRISO samples, with ion 

fluences that reflect 1 and 5 years of the neutron irradiation, and to verify the irradiation effects 

on the Buffer-IPyC interface.  

5.2.4 EXPERIMENT ON NON-POLISHED P-TRISO SAMPLE 

To be able to consider the ion irradiation method as a fast screening tool for newly produced 

or stored but unirradiated TRISO-particles, the p-TRISO samples that had not been polished 

were used in this experiment. Two p-TRISO-particles were chosen for this experiment. One 

sample was irradiated with the Ne+ ions, when the second samples with He+ ions. Detailed 

explanation is presented in the Ref. [145]. This experiment was conducted in several steps: 

 Raman spectroscopy measurement on the outer surface of p-TRISO sample; 

 Ne+ and He+ ion irradiation with a fluence that reflect 3 years of neutron irradiation; 

 Raman spectroscopy and SEM measurements on the outer surface; 

 polishing the samples with ion polishing method; 

 Raman spectroscopy and SEM measurements on the samples cross-sections. 

The ion irradiation, as well as the Raman spectroscopy and SEM measurements were 

performed on the p-TRISO spheres in such a way that the beam fell on the outer surface of the 

sample, in this case on the IPyC layer. The ion implantation on a curved surface can cause 

uneven implantation as a function of position. Nevertheless, the sample area analyzed under the 

Raman spectroscope is small enough that the above aspect is negligible. Fig. 5. 52 shows the 

outer surface of the p-TRISO-particle. 

The experiment on non-polished samples was performed with an energy of 160 keV, and a 

fluence of 1.1*1017 ions/cm2 for Ne+ ions, and a fluence of 1.05*1018 ions/cm2 for He+ ions. 

Both fluences reflects 3 years of neutron irradiation in the reactor core. After irradiation, the  

p-TRISO samples were measured with the use of Raman spectroscopy (Fig. 5. 55) and SEM 

(Fig. 5. 53) techniques. Then, these two samples were polished with the ion polishing method, 

obtaining the cross-section, on which Raman spectroscopy (Fig. 5. 56) and SEM (Fig. 5. 54) 

measurements were performed. The purpose of measuring the outside and inside layer of the  

p-TRISO samples is the necessity to verify whether ion irradiation can be performed on the 

sphere of the samples, without the need to polish it to obtain satisfactory results.  
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FIG. 5. 52 P-TRISO SAMPLE -SURFACE. 

 
FIG. 5. 53 P-TRISO SAMPLE – SPHERE. 
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FIG. 5. 54 P-TRISO SAMPLE – CROSS-SECTION. 

In this experiment the results are comparable to the ones obtained from previous 

experiments, described in this dissertation. As it was presented in the p-TRISO cases irradiated 

with fluences that reflects 1 and 5 years of neutron irradiation, the Raman spectra create only 

one D’’- band. Fig. 5. 55 and Fig. 5. 56 shows that: 

 regardless of the selected ion (Ne+, He+), the Raman spectrum obtained for an ion fluence 

equal to 3 years of neutron irradiation forms a single D’’- band of similar shape; 

 regardless of the place of measurement (outside, inside) of the p-TRISO-particle, the 

Raman spectrum obtained for an ion fluence equal to 3 years of neutron irradiation forms 

a single band of similar shape. 

More detailed results obtained from Raman spectra are shown in Tab. 5. 13, and Tab. 5. 14. 

In both cases of analyzed ions (Ne+, He+), one can observe that the D-band position increases, 

when the G-band position decreases, which is related to the formation of disordered structure. 

For the rest of the selected parameters, it is observed that due to the 3 years of neutron irradiation 

the values of width for D-, and G-bands, as well as the intensity ratio of ID/IG increased over 

time.  
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FIG. 5. 55 RAMAN SPECTRA OF THE S-3 P-TRISO SAMPLE FOR DIFFERENT ION FLUENCES – 

SPHERE. 

 
FIG. 5. 56 RAMAN SPECTRA OF THE S-3 P-TRISO SAMPLE FOR DIFFERENT ION FLUENCES – 

CROSS-SECTION. 
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TAB. 5. 13 NE+ IMPLANTED P-TRISO SAMPLE 

Fluence 
Position Width 

ID/IG 
ID/IG 

area D- band G-band D- band G-band 

outer layer -

before 

implantation 

1309.9±1.7 1585.3±2.7 188.6±18.4 105.5±7.8 1.69±0.08 3.16±0.63 

outer layer - 3rd 

year of Ne+ 

irradiation 

1332.5±3.7 1573±3.2 334.9±15.1 145.5±5.5 2.69±0.17 8.97±0.89 

polished sample - 

3rd year of Ne+ 

irradiation 

1347.2±10.4 1556.8±14.1 445.1±52.6 130.9±22.6 3.43±0.95 17.0±8.79 

TAB. 5. 14 HE+ IMPLANTED  P-TRISO SAMPLE 

Fluence 
Position Width 

ID/IG 
ID/IG 

area D- band G-band D- band G-band 

outer layer -before 

implantation 
1310.1±1.6 1585.7±2.9 188.6±18.2 105.9±7.9 1.69±0.1 3.15±0.67 

outer layer - 3rd 

year of He+ 

irradiation 

1323.8±2.5 1578.3±2.2 332.8±22.6 129.7±11.1 2.64±0.19 9.59±1.73 

polished sample - 

3rd year of He+ 

irradiation 

1340.4±6.5 1567.6±4.5 483.6±45.7 137.2±12.8 3.7±0.82 17.39±6.95 

The crystallite size (La) for the IPyC layer of the S-3 p-TRISO sample shows, like in previous 

calculations, that with increasing fluence the crystallite size decreases which is related to the 

amorphization process. Based on Tab. 5. 15, it can be noticed that the La parameter is lower for 

the measurements performed on the cross-section of the IPyC layer, than for ones obtained on 

the non-polished sphere of the S-3 p-TRISO-particle. At the same time, it is confirmed that the 

Ne-ion penetrate the IPyC layer more shallowly than the He+ ions. 

TAB. 5. 15 THE CRYSTALLITE SIZE OF P-TRISO COVERING LAYERS 

La [nm] 
before 

implantation 
sphere cross-section 

1.1*1017 ions/cm2 for Ne+ 53.80 33.74 26.45 

1.05*1018 ions/cm2 for He+ 53.80 34.66 24.62 
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In conclusion, in both presented situations (sphere vs cross-section) the same effect of 

detecting implantation-induced damage was obtained. It should be kept in mind that in this case 

only the IPyC layer was analyzed, as this is the outer layer of the p-TRISO sample. The 

performed ion irradiation with Ne+ and He+ ions, did not allow measurement of the Buffer layer. 

Because the depth of ion penetration not deep enough to reach the Buffer layer, the 

measurement on said layer would be unchanged, that is, it would be the same as for a non-

irradiated Buffer layer. To determine the damage created in the Buffer layer on unpolished p-

TRISO samples, it is necessary to increase the implantation energy, and thus to extend the depth 

of penetration of ions into the layer structures. This will make possible the quantification of the 

damage in both the IPyC layer and the Buffer layer. In addition, increasing the ion irradiation 

temperature will provide higher damage rates. Then it will be possible to meet the assumption 

that the ion irradiation can be performed on non-polished samples, and that ion implantation on 

the TRISO spheres is sufficient for the fuel fast screening method. 
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6. RESULTS 

Operation of the HTGRs requires high-quality TRISO-particle fuel. Failure-free production 

of the TRISO fuel is a “condition sine qua non” for a good performance of HTGRs, aiming at 

minimal risk for release of radioactivity. Screening the TRISO-particle fuel for damage 

occurrence is a very important step to be completed before placing the fuel samples in the 

reactor core.  

In particular, the following observations and conclusions are drawn from this dissertation:  

 The key to the investigation of the research is the preparation of the sample for 

examination; and the selection of such a method that when it is used, causes no 

degradation of the material under examination. It was determined that of the two available 

methods, mechanical polishing and ionic polishing, it is optimal to use the ionic polishing 

method. As established from the experiments, mechanical polishing leads to damage, i.e. 

scratching the surface of the PyC layers. In addition, during the polishing process, the 

spreading of the polished material over the PyC surface occurs, leading to the clogging 

of pores in the Buffer layer. Both of these factors could falsify the measurement of the 

level of damage to PyC layers caused by ion implantation. An experiment using an ion 

polishing method confirmed that it does not cause damage to the TRISO covering layers, 

and does not interfere with the structure of the layers. It can, therefore, be assumed that 

the choice of ion polishing as a less invasive polishing technique provides better sample 

preparation for screening verification of TRISO fuel samples. 

 To reflect the work in the reactor core, ion implantation was used. For this purpose, it was 

necessary to determine the ion fluence, which corresponds to the fluence of neutrons in 

the HTGR in terms of induced damage. Calculations were carried out using two different 

computer codes, SRIM/TRIM and MCB. Using these programs, it was possible to 

determine the DPA parameter, based on which the corresponding ion fluence needed for 

the ion irradiation experiment was determined. It was found that a fluence of 3.8*1016 

ions/cm2 corresponds to a neutron fluence of 1.6*1013 neutrons/cm2 - in one year of 

constant irradiation (neutron flux equal to 5.02*1013 n/cm2s). Furthermore, to determine 

the energy at which TRISO samples were implanted, additional experiments were 

conducted on graphite. Graphite, as a material similar to PyC, made it possible to 

determine that the implantation energy was equal to 160 keV. In addition, thanks to the 

implantation on graphite samples, the initial fluence with which p-TRISO samples were 

irradiated was determined. 
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 In the next step, the research was conducted on three p-TRISO samples called S-1 

(Buffer), S-2 (IPyC), and S-3 (Buffer and IPyC). Samples of this type were implanted in 

several steps, with the final fluence not reflecting a year of neutron irradiation. The idea 

behind this study was to investigate how each of the individual layers changed under 

irradiation. In addition, it was also meant to find out what occurs at the interface between 

the Buffer - IPyC layers. The obtained results show that the primary damage in the Buffer 

and IPyC layers starts to occur with an ion fluence equal to 1*1014 ions/cm2. This primary 

fluence creates an interlayer between the Buffer-IPyC interface, which may lead to 

creating a gap between those layers. Irradiation damage was analyzed using Raman 

spectra and maps, SEM images, and by calculating the size of crystallites using the La 

parameter. The results obtained from Raman maps for the position of the band and its 

width did not always clearly reflect the resulting changes in the analyzed structure. 

Nevertheless, a detailed analysis of the spectra supported by SEM imaging provided a 

good understanding of the amorphization occurring in each of the p-TRISO-particle 

coating layers. 

 To reflect the damage caused by neutron irradiation over time, several S-3 p-TRISO 

samples were selected to be implanted with fluences corresponding to 1, 3, and 5 years 

of irradiation in the reactor core. As indicated by the results from Raman and SEM 

analysis, the formation of damage in the p-TRISO-coating layers is already evident after 

one year of implantation. The dislocation of the layers increases to a stage corresponding 

to the three years of irradiation of the samples, after which, at the end of the irradiation 

cycle (5 years), the damage formation process is stopped. The effect of structured damage 

formation in PyC layers is observable regardless of whether irradiation was carried out 

on polished or unpolished p-TRISO samples. In all analyzed cases, as the irradiation time 

of the samples increases, the Buffer-IPyC transitional layer is displaced, suggesting the 

formation of a Buffer – IPyC debonding. Based on the experiment it was possible to 

capture the point at which damage starts to occur to the individual layers, as well as to 

understand the appearance of damage at the interface of the Buffer-IPyC layers. 

Based on performed experiments it can be concluded that ion irradiation serves as a surrogate 

for neutron damage irradiation. The research proves that for a fast screening method of 

produced but never used fuel or for a newly manufactured fuel, the ion implantation technique 

may be used to verify the quality of TRISO-particles before being placed the reactor core. It is 

important to note that analyzed p-TRISO-particles consist only of two coating layers (they lack 
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the most protective SiC layer) and are 22 years old. The experiment performed on p-TRISO 

samples confirmed that significant structural changes appear already after one year of ion 

irradiation of the samples. Significantly, with further time (i.e., after 3 and 5 years) of 

irradiation, no noticeable changes were observed in the p-TRISO-coating layers. The results of 

the experiment allow us to conclude that also the stored but unirradiated fuel can be effectively 

used as fuel in the reactor core. However, the results obtained in the mentioned scope should 

be compared with freshly manufactured TRISO samples within the occurrence of damage in 

the coating layers. Then the question of whether the damage in the TRISO sample layers is 

more progressive in “old” (stored, but unirradiated) fuel than in “new” (freshly manufactured) 

fuel could be answered. Such research, however, was not the subject of this dissertation, 

nevertheless, it should be undertaken in the future. 

Further research on the uranium-kernel TRISO as well as on the surrogate p-TRISO-particles 

is needed to: 

 simulate the damage in p-TRISO-particles with Molecular Dynamics, using the 

LAMMPS program – to better understand the ion irradiation-induced damages; 

 improve the ion implantation experiment using higher energies and ions with a greater 

range of penetration into the analyzed structure – which will allow analyzing SiC and 

OPyC layers of the TRISO fuel; 

 perform the ion implantation with the high temperature – that could better reflect damages 

that might happen in the HTGR; 

 perform an irradiation experiment at the MARIA research reactor, which will require 

constructing an irradiation probe, performing the irradiation experiments, and conducting 

the PIE in the hot-cell lab; 

 developing methods for reprocessing TRISO spent fuel for final disposal. 

To conclude this dissertation, the similarity of the causes, subject matter, and nature of the 

p- TRISO fuel under study to the currently produced TRISO fuel (or fuel already produced but 

stored and non-irradiated) - as well as the possibility of applying the same procedures (when 

investigating damage) allows us to assume that a significant part of the conclusions drawn from 

this work are of a general nature, while the proposed proposals for the damage investigation 

procedure can be used in practice. Although the collected empirical material cannot be 

considered to be representative, the analysis of p- TRISO fuel damage made in the present work 

can provide a basis for certain generalizations, i.e. the dissertation confirms that: 
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 ion implantation mimics the process of neutron irradiation in the reactor core by radically 

shortening the time for inducing damages, and without the necessity to deal with activated 

material;  

 diagnostic tools, i.e. Raman spectroscopy and SEM, allow to quickly and effectively 

detect the damage formation in the structure of the coating layers; 

 the passage of irradiation time affects the level of damage to the coating p-TRISO layers. 
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