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Abstract

Civilian nuclear power now has more than 70 years of experience - more than 10 000 reactor-years.
For a large segment of power reactors, especially in France, we are reaching the stage where choices
must be made between retiring these facilities and extending their licensed lifetimes. Moreover,
new advanced and innovative fuels are being studied with the aim of optimizing their safe use
especially in off-normal conditions. Following the Fukushima accident, research on Accident
Tolerant Fuels (ATF) has been triggered with the aim to develop fuels that can endure loss of active
cooling for longer time and generally that have higher safety margins (to melt for example).

With the increase of licensed burnup, today’s light water reactor (LWR) fuels develop a so-called
high burnup structure (HBS) when irradiated to high burnups characterized by the formation of a rim
zone where original micrometer sized grains transform into grains of around 100 nanometers
associated with an increase of the local porosity. This structure is well characterized and its
properties are generally better than initially thought, which would make it worth considering as an
ATF.

Single effect studies would therefore require synthesizing such nanostructured fuels with the
ultimate goal to irradiate these materials in a reactor, to explore the potential of the HBS in terms of
radiation resistance, improved mechanical properties, thermo-physical properties, and as well as
fission gases retention in a simplified system. However, such microstructures are inaccessible to the
traditional production routes for nuclear fuels, which fail to suppress coarsening during powders
densification. The application of innovative powders synthesis routes as well as sintering treatments
(hot pressing, field assisted sintering techniques) broadened the range of the achievable final
products, but more effort is needed to fully control the microstructure of the sintered UO, pellets to
the point of obtaining a completely faithful HBS reproduction.

At the backend of the fuel cycle, the worldwide cumulative inventory of stored spent fuel is of about
2x108 kg of heavy metal, and it keeps increasing every year of about 10* tons. Most of those spent
fuels consist of a mixture of U and other actinide oxides. A variety of options exist concerning spent
fuel disposal. For the once-through fuel cycle approach, spent fuel is cooled and then put in
corrosion resistant containers for further storage and ultimate disposal in a geological repository -
although the possibility to retrieve them at a later time can also be an important factor.

A better understanding of the fundamental phenomena underpinning the physical, structural, and
chemical properties of the mixed oxides of U during storage/disposal is highly desirable for the goal
of a safe and sustainable management of the spent nuclear fuels. One of the main factors affecting
the stability of spent fuel is linked to its alpha-activity dominating the first millenaries and generating
damage and helium accumulation in the fuel lattice. The challenge in assessing the evolution of such
fuels over a laboratory time scale is to accelerate the ageing and possibly to have systems easier to
study than irradiated fuels. Doping UO, with short lived alpha emitters represents such an
alternative, and it already proved to be a precious tool for understanding the effects of alpha self-
irradiation in UO,-based compounds. Nonetheless, data are only partially complete and a
comprehensive study, involving simultaneous characterization with an exhaustive set of techniques,
is missing.
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In a more general perspective, HBS would be the first part of LWR UO; fuels to interact with water in
case of failure of all other barriers in disposal facilities. HBS should be studied also as first
confinement system during repository, especially considering its potentially beneficial effect both in
operation and during loss of coolant accidents. The ultimate goal of this work is to demonstrate the
feasibility of producing SIMFUEL that could mimic the ageing of the HBS due to alpha self-irradiation
during long-term storage.

Every step of UO, fuel production was optimised on a laboratory scale to yield final dense,
nanostructured products. Optimal powder synthesis routes and sintering treatments have been
designed for maximising the microstructure control during the densification process, resulting in
identical final products with different grain sizes spanning over two orders of magnitude, covering
the range observed in the HBS.

In parallel, periodic multi-technique characterization on a broad set of identical alpha-doped UO;
samples was conducted, resulting in a solid and reliable benchmark dataset of (U,Pu)O, properties
evolution under prolonged alpha-irradiation. The lattice swelling and thermal conductivity decrease
already reported in literature were confirmed and re-assessed with improved accuracy. Defects
evolution and clustering in extended defects was followed by means of transmission electron
microscopy and calorimetry measurements, and thermal effusion mass spectrometry assessed the
full retention of the radiogenic Helium. Raman scattering was acquired for the first time on (U,Pu)O;
samples as a function of the dose, and scanning electron microscopy was used to assess the sample
integrities. This accelerated ageing approach allowed estimating the situation equivalent to a LWR
SNF after about 300 years of storage, as well as re-assessing the independence of macroscopical
effects on the sample activities, i.e. the kinetic of damage generation, within certain compositional
limits.

The role of interfaces was highlighted in several aspects of the radiation response of the material,
from damage recombination to gas migration. Moreover, the preliminary results obtained by ion
implantation on samples of very different grain sizes showed extremely different behaviours. This
work underlines the need, and at the same time represents the starting point of systematic studies
based on SIMFUEL for understanding the impact of interfaces on SNF ageing. Eventually, this would
help assessing the feasibility of the HBS as a kind of ATF in determinate conditions, its impact in SNF
repository strategies, as well as providing basic information for the modelling of NF in operation, and
potentially guide the design of innovative ATF microstructures in the future.

The manuscript is structured as follows. After introducing general considerations on the nuclear
energy, chapter one is devoted to a state-of-the-art survey on the knowledge around LWR fuels and
their behaviour under irradiation. The production process is described, highlighting the critical
aspects towards microstructure control during sintering, and the most important properties of LWR
fuels are listed. The mechanisms of radiation damage creation are presented in relation to nuclear
fuels and their beforehand described thermophysical properties, including the HBS formation and its
consequences. Finally, an overview on the different techniques and strategies used in separate
effect and accelerated ageing studies was provided.

Chapter two presents the materials and the devices used in the study, with extensive descriptions of
the nuclearisation of the experimental setups available at the Joint Research Centre in Karlsruhe
(JRC-KA), where most of the work has been performed.
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In chapter three the sample preparations are described, and two main portions can be distinguished
which differ by the problem that they tackle. The first one reports about the production of the
alpha-doped UO; with particular attention to the design phase, given the importance of the dopant
concentration for the accelerated ageing study. The second part illustrates how UO; with tailored
microstructures was produced, through the application of different synthesis routes, sintering
treatments, and the constant interaction with the characterization phase.

Chapter four presents the sample characterizations after production, including the intermediate
steps which led to finally lower the grain size of the sintered UO, down to the one of the HBS.
Considering their more conventional production processes, more characterization data were
reported about the final sintered alpha-doped UO; rather than during their production.

In chapter five, the results of the accelerated ageing study are presented. The evolution of the
properties characterized in chapter four was reported, especially for the safety relevant ones already
mentioned in the first chapter. For some phenomena, a correlation between the evolution kinetics
observed by means of different techniques was attempted.

Chapter six finally summarises the work performed and draws the conclusions of the study, giving
some perspectives for future works.






Résumé

L'exploitation de I'énergie nucléaire civile compte désormais plus de 70 ans d'expérience - plus de
10 000 équivalent années-réacteurs. Pour un grand nombre de réacteurs de puissance, notamment
en France, nous arrivons au stade ol des choix doivent étre faits entre la mise hors service de ces
installations et la prolongation de leur durée de vie autorisée. De plus, de nouveaux combustibles
avancés et innovants sont a |'étude dans le but d'optimiser leur utilisation en toute sécurité
notamment dans des conditions opérationelles hors normes. A la suite de I'accident de Fukushima,
des recherches sur les combustibles tolérants aux accidents (ATF) ont été lancées dans le but de
développer des combustibles capables de supporter un Accident de Perte de Refrigérant Primaire
(APRP) pendant une certaine durée et généralement ayant des marges opérationelles de sécurité
plus élevées (écart a la fusion par exemple).

Avec l'augmentation du taux de combustion autorisé, les combustibles des réacteurs a eau légére
(LWR) actuels développent une structure dite a haut taux de combustion (HBS) caractérisés par la
formation d'une zone périphérique ou les grains originaux de taille micrométrique se transforment
en grains d'environ 100 nanomeétres associés a une augmentation de la porosité locale. Cette
structure est bien caractérisée et ses propriétés sont généralement meilleures que ce que l'on
pensait initialement, ce qui mériterait de considéré cette microstructure comme un ATF potential.

Les études a effet séparés nécessiteraient donc de synthétiser de tels combustibles nanostructurés
dans le but ultime d'irradier ces matériaux dans un réacteur, d'explorer le potentiel du HBS en
termes de, résistance a l'irradiation, amelioration des propriétés mécaniques et des propriétés
thermo-physiques ainsi que rétention des gaz de fission et cela dans un systeme simplifié.
Cependant, ces microstructures sont inaccessibles par voies de synthése conventionelles des
combustibles nucléaires, qui ne parviennent pas a supprimer la croissance de grain lors de la
densification des poudres. L'utilisation de voies de synthese de poudres innovantes ainsi que de
traitements de frittage (pressage a chaud, frittage flash ou SPS) a élargi la gamme des produits
finaux réalisables, mais plus de recherches sont nécessaires pour contréler pleinement la
microstructure des pastilles d'UO; frittées en vue d'obtenir une reproduction HBS totalement fidele.

A l'aval du cycle du combustible, le stock cumulé mondial de combustible usé et stocké est d'environ
2x108 kg de métal lourd, et il continue d'augmenter chaque année d'environ 10* tonnes. La plupart
de ces combustibles usés sont constitués d'un mélange d'U et d'autres oxydes d'actinides. Il existe
diverses options couvrant I'élimination du combustible usé. Pour I'approche du cycle du combustible
a cycle ouvert, le combustible usé est refroidi puis placé dans des conteneurs résistants a la
corrosion pour un entreposage supplémentaire suivi d’'un stockage final dans un dép6t géologique -
bien que la possibilité de les récupérer ultérieurement peut également étre un facteur important.

Une meilleure compréhension des phénomeénes fondamentaux qui sous-tendent les propriétés
physiques, structurelles et chimiques des oxydes mixtes d'U durant I'entreposage / stockage est
hautement souhaitable pour garantir une gestion sire et durable des combustibles nucléaires usés.
L'un des principaux facteurs affectant la stabilité du combustible usé est lié a son activité alpha qui
domine les premiers millénaires et génére des dommages et une accumulation d'hélium
radiogénique dans le réseau cristallin du combustible. Le défi pour évaluer |'évolution de ces
combustibles sur une échelle de temps en laboratoire est d'accélérer le vieillissement et
éventuellement d'avoir des systémes plus faciles a étudier que les combustibles irradiés. Le dopage
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d'UO; avec des émetteurs alpha a courte durée de vie représente une telle alternative, et il s'est déja
révélé étre un outil précieux pour comprendre les effets de l'auto-irradiation alpha dans les
composés a base d'UO,. Néanmoins, les données sont incomplétes et une étude approfondie,
impliquant une caractérisation simultanée avec un ensemble exhaustif de techniques, fait défaut.

Dans une perspective plus générale, le HBS serait la premiere partie des combustibles LWR UO; a
interagir avec l'eau en cas de défaillance de toutes les autres barriéres dans les installations de
stockage. La HBS doit également étre étudié en tant que premier systéme de confinement pendant
le stockage, compte tenu en particulier de son effet potentiellement bénéfique a la fois en
fonctionnement et lors des accidents de perte de liquide de refroidissement. Le but ultime de ce
travail est de démontrer la faisabilité de produire du SIMFUEL qui pourrait reproduire le
vieillissement du HBS d{ a I'auto-irradiation alpha pendant le stockage a long terme.

Chaque étape de la production de combustible UO; a été optimisée a I'échelle du laboratoire pour
produire des produits finaux denses et nanostructurés. Des voies de synthese de poudre et des
traitements de frittage optimaux ont été congus pour maximiser le contréle de la microstructure
pendant le processus de densification, résultant en des produits finaux identiques avec des tailles de
grains différentes s'étendant sur deux ordres de grandeur et couvrant la gamme observée dans la
HBS.

En paralléle, une caractérisation périodique multi-technique sur un large ensemble d'échantillons
d'UO; dopés alpha a été réalisée, résultant en un ensemble de données de référence robuste de
|'évolution des propriétés (U, Pu)O, sous irradiation alpha prolongée. L’accroissement du parameter
de maille ainsi que la diminution de la conductivité thermique déja signalés dans la littérature ont
été confirmés et réévalués avec une précision améliorée. L'évolution des défauts et le regroupement
en défauts étendus ont été suivis au moyen de microscopie électronique a transmission et de
mesures de calorimétrie, et la spectrométrie de masse a effusion thermique a permis de déterminer
la rétention compléete de I'hélium radiogénique. La diffusion Raman a été acquise pour la premiere
fois sur des échantillons (U, Pu)O, en fonction de la dose, et la microscopie électronique a balayage a
été utilisée pour évaluer l'intégrité des échantillons. Cette approche de vieillissement accéléré a
permis d'estimer I'état équivalent a un combustible LWR usé apres environ 300 ans de stockage,
ainsi que de réévaluer l'indépendance des effets macroscopiques sur les activités de I'échantillon,
c'est-a-dire la cinétique de formation des dommages et ce dans certaines limites de composition.

Le role des interfaces a été mis en évidence dans plusieurs aspects de la réponse aux rayonnements
du matériau, de la recombinaison des dégats d’irradiation a la migration des gaz. De plus, les
résultats préliminaires obtenus par implantation ionique sur des échantillons de grains de tailles trés
différentes ont montré des comportements extrémement différents. Ce travail souligne la nécessité
et représente en méme temps le point de départ d'études systématiques basées sur SIMFUEL pour
comprendre l'impact des interfaces sur le vieillissement du combustible usé. Finalement, cela
aiderait a évaluer la faisabilité de la HBS comme une sorte d'ATF dans des conditions déterminées,
son impact dans les stratégies de stockage du combustible, ainsi qu'a fournir des informations de
base pour la modélisation du combustible nucléaire en fonctionnement, et pourrait guider a la
conception de microstructures ATF innovantes.

Le manuscrit est structuré comme suit. Aprés avoir introduit des considérations générales sur
I'énergie nucléaire, le premier chapitre est consacré a une étude sur I'état de l'art sur les
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combustibles a eau légeére et leur comportement sous irradiation. Le processus de synthése est
décrit, mettant en évidence les aspects critiques du controle de la microstructure pendant le
frittage, et les propriétés les plus importantes des combustibles LWR sont répertoriées. Les
mécanismes de création de défauts par rayonnement sont présentés en relation avec les
combustibles nucléaires et leurs propriétés thermophysiques décrites précédemment, y compris la
formation de la HBS et ses conséquences. Enfin, un apercu des différentes techniques et stratégies
utilisées dans des études a effets séparées et le vieillissement accéléré sera présenté.

Le chapitre deux présente les matériaux et les dispositifs utilisés dans I'étude, avec des descriptions
détaillées de la nucléarisation des montages expérimentaux disponibles au Centre Commun de
Recherche de Karlsruhe (JRC-Ka), ou la plupart des travaux ont été effectués.

Dans le chapitre trois, les préparations d'échantillons sont décrites, et deux parties principales
seront distinguées qui different par le probleme qu'elles abordent. Le premier rend compte de la
production d'UO, dopé alpha avec une attention particuliére a la phase de conception, étant donné
I'importance de la concentration de dopants pour I'étude du vieillissement accéléré. La deuxieme
partie illustre comment UO, avec des microstructures adaptées a été produit, grace a l'application
de différentes voies de synthése, des traitements de frittage et l'interaction constante avec la phase
de caractérisation.

Le chapitre quatre présente les caractéristiques de I'échantillon aprés la synthése, y compris les
étapes intermédiaires qui ont finalement permis de réduire la taille des grains de I'UO; fritté jusqu'a
celle de la HBS. Compte tenu de leurs processus de production plus conventionnels, davantage de
données de caractérisation ont été rapportées sur I'UO; dopé alpha fritté final plutét que pendant
leur production.

Dans le chapitre cing, les résultats de I'étude sur le vieillissement accéléré sont présentés.
L'évolution des propriétés caractérisées au chapitre quatre a été rapportée, en particulier pour les
propriétés relevant de l'aspect sécurité des combustibles déja mentionnées dans le premier
chapitre. Pour certains phénomeénes, une corrélation entre la cinétique d'évolution observée au
moyen des différentes techniques a été tentée.

Enfin, le chapitre six résume le travail effectué et tire les conclusions de I'étude, donnant quelques
perspectives pour les travaux futurs.

xiii



List of figures

Figure 1: scheme of a BWR (left) and PWR (right). While in the BWR the water used to cool down the
core is directly used for steam generation, in PWR instead the heat is transferred to a secondary

1o o TR 1 S 2
Figure 2: Scheme of the UO,; fuel fabrication process from the enriched UF6. (7) ....cccoeeeeeiieiieciieeeccieeeee, 3
Figure 3: typical commercial fUEl PEIIEL. (B) ..veeiiiuieieiiiiiie e e e e e e e arae e e e nnees 3

Figure 4: left: long-term dominance of a-activity in SNF.(8) right: cumulated a-dose over time for
different types of SNF (for dpa definition see 1.3.1; for burnup definition see 1.3.3)......ccccecvveieiiiieeiiciieeenns 4
Figure 5: Defects in crystalline solids: a) interstitial impurity; b) edge dislocation; c) self-iterstitial; d)
vacancy; e) precipitate; f) vacancy dislocation loop; g) interstitial dislocation loop; h) substitutional
(10T o 10 28 1 < S 7
Figure 6: Schottky and Frenkel types of defects. In both cases, the charge neutrality of the solid is
preserved: in the first case, one ion vacancy is compensated by a vacancy of the opposite ion; in the
second case, by @ Self-INterstitial. ........ooiiiiiiee e s e erae e eans 8
Figure 7: edge (left) and screw (right) dislocations. The upper plane is shifted of a vector b, the
L0 e T=T R =Tor do T (1 ) I USRS 8
Figure 8: sintering mechanisms: 1) surface diffusion; 2) lattice diffusion from the surface; 3) vapour
transport; 4) grain boundary diffusion; 5) lattice diffusion from the grain boundary; 6) plastic flow.

Only mechanisms 4, 5 and 6 lead to densification, while 1, 2 and 3 lead to neck growth. (13) .........c........... 10
Figure 9: A) scheme of the forces balance around an ideal pore. B) Schematic densification of a

powder system, with the initial particles surfaces collapsing into grain boundaries. (13) ......cccccoveeeeiiieeens 10
Figure 10: powder particles (a) and the three stages of sintering theorized by Coble: b) initial stage;

c) intermediate stage; d) final STAZE. (21) ...iccuiii et e e rt e e e bae e naeeas 11
Figure 11: diffusion mechanisms responsible for pore mobility. (13) .....cccooiiiiiiiiiicie e, 14
Figure 12: density and grain size as a function of increasing T during sintering of TiO, powders.(31)........... 15

Figure 13: advantage of fast firing and external pressure. A) at high temperatures, the densification
rate can overtake the coarsening rate; B) grain size as a function of the relative density during

sintering of MgO-doped Al,0s, showing the effect of fast firing and external pressure. (13) ......cccovveeeunnenn. 16
Figure 14: SPS functioning scheme.(32) The graphite die serves also as heating element, as pulsed
current is fluxed through it resulting in Joule heating.........ooouiiiieciii e 17
Figure 15: scheme of a typical SPS thermal treatment. I) chamber evacuation; Il) pressure
application; 1) heating; IV) COOINE.(32)....uiiiiiecie ettt e st e et e s e e ebae e sabe e e b aeebreesabaeenaneas 18
Figure 16: UO, fluorite (CaF2) structure. The U lattice (black spheres) is face centred cubic, while the
O lattice (grey spheres) is Primitive CUDIC.........icciii ittt e rre e et re e st ae e ae e e sbaeeeaneas 19
Figure 17: stoichiometric 95 % TD dense UO; thermal conductivity. The graph has been taken from
the work of Fink et al, the references cited in the table can be found in the original publication. (51)......... 20

Figure 18: U-O phase diagram as proposed by Higgs et al (56) in the range O/M = 1.9 - 2.4. The
references for the experimental points can be found in the related publication. .......ccccccoeevviiiiiiiieiicieenns 22
Figure 19: U and O self-diffusion coefficients in UO..x as a function of the deviation from
stoichiometry. (58) The references can be found in the original publication. ..........ccccocovveviieiiiicciee e, 23
Figure 20: variation of the coefficients A and B of equation 18 as function of the variation from
] o] lel a1 TeTaaT=l AV o T L D o 23
Figure 21: pseudo-binary phase diagram of the UO,-PuO, system. (43) The full lines represent the
solidus and liquidus lines recommended by Adamson (49,50), while the dotted ones the new

Xiv


file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675545
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675545
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675545
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675546
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675547
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675548
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675548
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675549
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675549
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675549
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675550
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675550
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675550
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675551
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675551
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675552
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675552
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675552
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675553
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675553
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675554
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675554
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675555
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675556
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675557
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675557
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675557
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675558
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675558
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675559
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675559
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675560
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675560
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675561
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675561
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675562
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675562
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675563
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675563
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675564
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675564
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675565
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675565

estimation based on the more recent melting temperature values for PuO,. (66,67) The other
references Can be FOUN IN (43)..uuii it e e rtre e et e e s e e st e e ebteesateeesaeesnseeeseeesnseenns 24
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Figure 36: example of single crystal (a) and polycrystalline/powder (b) X-ray diffraction. While in (a)
the beam is diffracted only for points corresponding to a reciprocal lattice vector, in (b) this effect is
averaged over a large amount of crystals resulting in circles. (c) Bragg peaks obtained by measuring
a polycristalline sample in a Bragg-Brentano diffractometer. (240) ......ccueeieeiiieeeciiie e 49
Figure 37: scheme of the two possible Bragg - Brentano configurations. In the 8-8 configuration, the
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Figure 42: scheme (left) and picture (right) of the Plexiglas sample holder designed at the JRC-KA for
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Figure 43: sample holder connected to the bag (left) and bag-out operation of a loaded sample
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Figure 47: Scheme of the KEMS and furnace. 1: Knudsen cell, 2: heating coil, 3: chopper, 4: lift, 5: LN2
cold trap, 6: camera, 7: mass spectrometer, 8: thermal shields, 9: revolving windows, 10: gas inlet,

11: pyrometer, 12: thermocoUuPle. (203) ......eiiiiciie et e e e e e re e e e e tre e e e e bte e e e ebeee e seabteeesenraeeeenanees 63
Figure 48: scheme of the Q-GAMES developed at JRC-KA. All components mentioned in the text are
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Figure 49: Example of the use of the dpa scale to compare the relative variation (from their initial
value to the saturation) of different properties. The data shown in this picture are only the fit curves,
and not the experimental data, proposed by the three authors respectively (Staicu et al. (96) for
thermal diffusivity, Rondinella et al. (144) for the hardness and Wiss et al. (88) for the lattice
parameter). These were however not the only data taken into account during the dpa range
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Figure 50: pre-calcination (left) and calcination (right) treatments. Apart from the 2 h under
simulated air, the rest of the treatments were performed respectively under inert (Ar) and reducing
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Figure 51: comparison among the sintering behaviour of the four UO, powders tested. In Figure 51-A
the piston displacement is plotted, but the sintering range might be better identified in Figure 51-B
Where the SPee iS PIOTLEM. ..eci.eiiie i e st e e e s b e e e e e b eeeeesnbaeesesabeeesennsees 79
Figure 52: SPS behaviour of the ThO; powder. The small displacement ongoing during the dwell time
at 1600°C indicates that full densification has not yet been achieved at this temperature. .........ccccceeeuuneee. 82
Figure 53: HP — SPS treatment applied to the ThO, powders for the realization of the nanograined
pellet. The load/unload cycles helped breaking the powder agglomerates. The treatment was
stopped as soon as the piston displacement was exhausted at 915°C. ........cccoveieiiiieeiciieee e e 83
Figure 54: HP — SPS treatment applied to the ThO, powders for the realization of the micrograined
pellet. In this case, no load/unload cycle was foreseen. On the contrary, more attention was put on
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Figure 57: EDX in four different points of the fracture surface of the 10 wt % Pu sample observed at
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Figure 59: higher magnification images of three different zones of the fracture surface of the 2.5 wt
% Pu-doped sample. The different zones are the same as marked A, B and Cin Figure 56. .........ccccceeevunneee. 89
Figure 60: comparison of the four powders tested for the production of nanograined UO; pellets. A-B
hydrolysis; C-D sol-gel; E-F oxalate thermal conversion; G-H oxalate hydrothermal conversion. The
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Figure 75: TEM images of the ThO; nanopowders produced by hydroxide hydrothermal
o [=Tole] o Yo Yo 1] 14 o] o IS PP 105
Figure 76: TEM images of the of the two HP — SPS ThO, samples produced at 1600 °C (A) and 915 °C
(1= SRS 106

Figure 77: TEM images of lamellas produced from nanograined (left) and micrograined (right) ThO,
=101 o L= PP PR 106
Figure 78: micrograined ThO; irradiated at 600 °C with 300 keV Xe ions at increasing fluences.
Bubbles start being Visible at 108 X@/CM?2.........cooiiiieereereeeeeeeeee ettt ettt eaeeteeteeteeaesesensensenea 107
Figure 79: same regions of the He-implanted nanograined ThO, sample shown in Figure 80, with part
of the lined-up He bubbles highlighted in red, while in blue and yellow some of the more isolated

(o] 0 1= PSPPI PPPI 108
Figure 80: over and under focused TEM images of micrograined (above) and nanograined (below)
ThO, samples implanted with 16 keV He, 600 °C to the fluence of 1028 cm™2. .....ccvvivveviieiceceeeee e, 108
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Figure 81: first XRD peak of both compositions. As a consequence of the radiation-induced cell
swelling, the peaks shift to lower angles as the damage accumulation proceeds until about 0.4-0.6
Lo o - TSP PP PR 111
Figure 82: lattice parameter relative increase, as calculated from XRD data, as function of the dpa.
The different activities, and hence the radiation damage kinetics, do not seem to have an impact on
the lattice parameter swelling, which appears to depend only on the cumulated dose..........cccoveeeeeennnes 112
Figure 83: comparison of the data found in the present work with some samples previously
measured at the JRC — Karlsruhe (red dots). In blue the fit curve proposed for the data derived in this

work, which aims to represent a reassessment of what done in (144)........ccccuvevveeicieeccieccee e 112
Figure 84: microstrain calculated with the Williamson-Hall approach for the samples of both
compositions, plotted as function of the dPa.......ccceeeiiiiiii i 113
Figure 85: SE images of the same point on the fracture surface of a 10 wt % sample over 550 days of
storage, resulting in 0.4 dpa. No significant change in the microstructure can be detected........................ 114
Figure 86: SE images of the same point on the fracture surface of a 2.5 wt % sample over 550 days of
storage, resulting in 0.1 dpa. No significant change in the microstructure can be detected........................ 115

Figure 87: SE images of the "fresh" fracture surface created after 550 days of storage, and 0.4 dpa of
accumulated damage, in the 10 wt % samples. No differences with the fracture surface of the as-
sintered material Can be dEtECLEd. .....uii it 116
Figure 88: evolution of the Raman spectra for the 2.5 and 10 wt % samples over 583 days of ageing,
resulting in 0.077 and 0.307 dpa respectively. As the damage accumulation proceeds, the T,; peak
becomes asymmetric and the defects triple band increases in intensity and broadens. ...........cccoceeennnee. 116
Figure 89: A: Ty, apparent relative shift as function of the dpa for both compositions. B: ratio
between the intensity of the low-wavenumber dispersed component and T,.. Both trends seem so
show dependence on the dpa and not on the activity of the samples. ......ccccovviiiiiiiiicciee e, 117
Figure 90: Ty integrated area increase as function of dpa (A) and days (B) ....c.ceeeevvviereciriiieeriee e 117
Figure 91: thermal conductivity of the 2.5 wt % Pu-doped UO; and phonon mean free path over dpa
and time (days). The thermal conductivity was measured at 550 K and corrected for 95 % TD, for
sake of consistency With the [IHEratUre. . ... e et e e et e e e e eabae e e e anes 118
Figure 92: thermal conductivity (at 550 K and corrected for 95 % TD) degradation and microstrain
evolution as function of the dose. Both trend decrease more steeply before about 0.0025 dpa, and
successively they proceed more slowly towards the final saturation. The days scale reported on the
top x axis is referred to the 2.5 % COMPOSItION. ..eiciciiiiiiiiiiie e e 119
Figure 93: TEM picture of a 2.5 wt % sample aged 170 days (0.031 dpa). This ageing time

corresponds roughly to the saturation time for the thermal conductivity decrease.........cccceecvveveeirieeennnnee. 120
Figure 94: TEM picture of a 10 wt % sample aged 100 days (0.073 dpa). .....ccceveeevreeeiieeeiree e cree e 120
Figure 95: the same sample pictured in Figure 94, observed again after additional 50 and 150 days of
storage (150 and 250 days in total), having cumulated a dose of 0.109 and 0.182 dpa.......cccccvveecvveerereennee. 121
Figure 96: dislocation loops families visible on the 10 wt % doped sample after 100 days (0.73 dpa)
for different tiING ANEGIES. ...ooc. e e et e e et e e e e e be e e e e eabbe e e e e bteeeeenbaeeeeennes 121
Figure 97: dislocation loop annealing under the TEM beam, observed in a 10 wt % sample aged 100
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Figure 99: Over and under focused images of the 10 wt % sample stored 450 days (0.328 dpa)
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Figure 100: He release while heating a 10 wt % sample up to 2300 K as measured by KEMS (left) and

[0 T G A R = a1 USRI

Figure 101: He release obtained in this work compared with the KEMS curves of infused
polycrystalline UO, (149,235), 8Pu-doped UO, (150) and irradiated MOX fuel (238) previously
measured at JRC-KA. The MS signal on the y axis is only relative to the present work data, the others

had to be rescaled in order to be all presented in the same plot. .....coocveviriiiiii e,
Figure 102: A) and B) post-treatment TEM; C) annealed 10 wt % from Section 4.4.1. .......cccceeeevvveeeinnnnnn.

Figure 103: DSC plot of the 2.5 and 10 wt % samples after 450 days of ageing, having cumulated
respectively 0.082 and 0.328 dpa. The curve presented is the difference of the descending and
ascending curves, obtained at a 15 K/min rate, which (taken into account self-heating of the sample)

NAVE the SAME SIOPE. ..t e st e e e st e e e st b ee e s s abeeesesbeeessabeeeeeareeeeennrees

Figure 104: DSC data of the 10 wt % sample used in this work together with the data collected over

the years from similar samples at the JRC-Karlsruhe (partially included in (96). ......c.cceeeeiiieieiiieeeciiieeens

Figure 105: low temperature heat capacity of (U,Pu)O; 2.5 wt %, together with the curve for PuO,

obtained by Flotow et al. (242) and UO; measured at JRC.........coocciiiiiiiiie ettt et

Figure 106: variations of peak height (a), position (hence Neel temperature — b) and excess entropy

of the peak (c) as a function of time and accumulated dOSE........cccuviieeiieiiiciiiiececee e
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List of tables

Table 1: sintering equations as summarised by Rahaman (13) from the work of different authors.(21-
24) In the initial stage equations, * denotes nondensifying mechanism, i.e., shrinkage AL/L, = 0. The
terms in the equations are: Ds, D, Dg,, diffusion coefficients for surface, lattice, and grain boundary
diffusion; &s, 64, thickness for surface and grain boundary diffusion; ys, specific surface energy; po,
vapor pressure over a flat surface; m, mass of atom; k, Boltzmann constant; T, absolute
temperature; n, viscosity; a, particle radius; X, neck radius. For the intermediate and final stage(21):
pa, the hydrostatic component of the applied stress; ¢, geometrical factor (stress intensification
factor, for round pores ¢ =1/ p); A, constant depending on the geometrical model; G, grain size; m,
exponent depending on the mechanism of diffusion; a, constant depending on the geometry of the

Table 2: mobility of grain boundary and pores. (30) Ds, D and Dy are the surface, lattice and vapour
transport diffusion coefficients respectively; r is the pore size; f is a correlation factor; k is the
Boltzmann constant; ds and d; are the densities in the solid or gas phase of the rate-controlling
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Table 14: sintering conditions applied to produce the four microstructures shown in Figure 62.
Before sintering the powder was pre-pressed at 17 MPa and every treatment was performed under
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1 CONTEXT OF THE STUDY

In this chapter, an overview about the context of the study is given. Section 1.1 provides a brief
description of the nuclear fuel cycle, contextualising the topics of the manuscript within the field of
nuclear energy production.

Section 1.2 focuses on the production of fresh nuclear fuel, describing the sintering process (Sub-
section 1.2.1), which constitutes a major step in the fabrication route for nuclear fuel and also the
one used in the present work. The phenomena driving this process are illustrated, with particular
attention to microstructural control, one of the challenges tackled in this study. Finally, a summary
on the properties of the most common nuclear fuels, UO, and MOX, is presented (Sub-section 1.2.2).

A supplementary effect in the fuel cycle is described in Section 1.3, where the irradiation
environment experienced by the nuclear fuel is outlined. The effects of radiation on matter, and in
particular on UO,, are overviewed together with the resulting modifications of the microstructure
and macroscopical properties of the material. The hazards and complexity of studying complicated
systems like spent nuclear fuels are pointed out.

Section 1.4 briefly describes some possible solutions for the study of material radiations response
and spent fuel characterization. The possibilities offered by SIMFUEL, a.-doping and ion implantation
were reviewed through a list of recent experiments.

Finally, section 1.5 summarises the content of the chapter and delineates the outline of the work.

1.1 Nuclear energy

32 countries worldwide rely on a total of 448 reactors to partially power up their economies. (1)
Consistently with the world energetic demands, these numbers, although subject to many factors,
are foreseen to steadily increase in the coming years. (2) Nuclear waste, which was already
amounting to about 3676000 tons as of December 2013 (3), will hence constitute an increasing issue
in the long term future. Nuclear energy production represents a very articulated topic, touching
different fields from nuclear physics to material science, as well as addressing increasingly advanced
engineering challenges.

1.1.1 Nuclear energy production

Nuclear reactors are based on several different designs and concepts, although they all share a
common and relatively simple working principle. The heat produced by nuclear fission is removed by
means of a fluid in a heat exchanger and (more or less directly) used to produce steam and drive
turbines for electricity generation. In order to result in energy production, the nuclear fission
reactions occurring in a reactor have to self-sustain.

The differences in the types of reactors lie in the fuel composition, the material used to moderate
the fission chain-reaction and the types of fluids used for heat removal from the fissioning fuel. In
Europe, the most popular concept (87 % of the installed reactors) is the Light Water Reactor (LWR)
where enriched uranium dioxide is used as fuel and normal water provides the functions of both
moderator and coolant.(4) Other concepts are the Heavy Water Reactors (HWR), Gas Cooled



Reactors (GCR), and Light Water Graphite Moderated Reactors (LWGR). Some reactors, like the
Pressurised Heavy Water Reactors (PHWR) CANDU, can operate using natural or low enriched UQ,.

1.1.2 Light Water Reactors (LWR)

LWRs are divided into two types: Boiling Water Reactors (BWRs) and Pressurised Water Reactors
(PWRs). These two concepts share fuel type, moderator and heat conversion into electricity, but
differ in the design of the heat exchanger circuit. In BWRs, the water moderating the fission chain
reaction is the same that boils to steam and is conveyed to drive the turbines; in PWRs instead, an
intermediate circuit is foreseen, so that the water used as a moderator transfers its heat to a
secondary water cycle, which is the one that becomes steam and leads the turbines to generate
power. A scheme of BWR and PWR is shown in Figure 1. (5)

Containment Structure Containment Structure

Pressurizer _Steam
Generat

Figure 1: scheme of a BWR (left) and PWR (right). While in the BWR the water used to cool down the core is directly used
for steam generation, in PWR the heat is transferred to a secondary loop. (5)

1.1.3 LWR fuel

As mentioned in the previous two sub-sections, the type of fuel used in BWRs and PWRs is the same.
Small cylinders (pellets, with 8.19 or 10.57 mm of diameter for PWR and BWR respectively) of UO,,
enriched up to 5 % of the fissile 3°U isotope, are piled up in metal rods which are then bundled
together in fuel rods assemblies. These assemblies altogether are the fuel elements which are placed
in the reactor pool/core. The enrichment from the natural value of 0.7 % %°U to 5 % is needed to
make the chain reaction self-sustaining with the use of light water as moderator.

1.1.4 UO: fuel fabrication

The way to go from the rough material to the final enriched UO, fuel pellet is quite long and
complex. Uranium is mainly present in nature as Pitchblende (U,0s-UQO3 or UsOg) or Uraninite (UO3)
minerals, and can be extracted by different routes: mining (in open pit or underground) and in-situ
leaching (also called solution mining). Around the world, the largest producers of U are Kazakhstan,
Canada, Australia and Namibia.(6) The product of mining and milling (a leaching step devoted to
separating the uranium from the rest of the ore) is a yellow powder commonly called "yellowcake".



In order to be enriched, uranium is converted to a gaseous form, such as UFs which is gaseous at
relatively low temperatures (but still solid at room temperature). The yellowcake is then first
converted into UO3, and then into UF; in dedicated conversion plants. Enrichment can be performed
in several ways, but the two generic commercial methods are gas diffusion and by gas centrifuges.
Enriched UFg is then stored in solid form inside steel cylinders and shipped to the fuel fabrication
facilities. The successive steps towards the final UO; product are schematised in Figure 2. (7)

Fuel f Uranium recovery Waste treatment
fabrication = o =
process l y =
) |
|
=1 @ ——— V)
Incoming UFg vaporization UO, powder Powder processing/ Fuel rod/ Transport to
UF; cylinders production pellet manufacturing  bundle assembly/ nuclear
quality check reactors

Figure 2: Scheme of the UO; fuel fabrication process from the enriched UF6. (7)

In order to be processed, uranium is converted from UFs back to UO,, in a process which involves
two main steps. First, UFg is vaporised and hydrolysed with steam to form UO,F, powder. Then, this
powder gets defluorinated with additional steam and reduced to UO; by using H; in a rotary kiln.

Before being used to press and sinter pellets, the powder undergoes a series of treatments to make
the process easier and grant a better final product, such as homogenization, blending,
precompaction and granulation, and spheroidization and lubrication. The optimised UO; powder is
pressed into green pellets and sintered in reducing atmosphere at temperatures around 1750 °C to
achieve high density. The sintered pellets (Figure 3 (7)) are then ground to match very precise
dimensional requirements, and carefully inspected before being moved to storage facilities.

Finally, pellets are placed inside fuel rods, which are filled up with 10 atm of He before being sealed
by welding. Fuel rods are then bundled together to form fuel rod assemblies, where every single rod
is traceable by means of a unique code permanently printed during fabrication, which allows
traceability even after reactor operations.

Figure 3: typical commercial fuel pellet. (6) 3



1.1.5 Spent Nuclear Fuel (SNF)

After reactor use, the spent fuel has very different composition and properties with respect to fresh
fuel. Although the majority of the Spent Nuclear Fuel (SNF) is still constituted of unfissioned U, a
significant quantity of fission products (FP) are embedded in the matrix, together with a smaller
quantity of transuranic elements (minor actinides, MA) produced by neutron capture and
subsequent B decay from U. The high activity of these FP and MA, together with the biological
compatibility of some, makes them represent the biggest hazard to life forms.

At the moment of writing, the most popular solution for the disposal of SNF foresees an interim
storage after reactor discharge followed by deep geological disposal. In the long term, due to the
long half-life of the a-emitting MA, the activity of SNF will be dominated by a-radiation (Figure 4 (8)),
which strongly affects the thermal and mechanical properties of the material. A deep and complete
understanding of the magnitude of these changes is crucial to predict the long term behaviour of the
SNF, and to license the proposed disposal options.
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Figure 4: left: long-term dominance of a-activity in SNF.(8) right: cumulated a-dose over time for different types of SNF (for
dpa definition see 1.3.1; for burnup definition see 1.3.3).

Another approach to lower the long-term impact of SNF is to reprocess the MA present in the UO,
matrix to produce new Mixed Oxide Fuel (MOX) to be used in the so-called Generation IV Fast
Reactors (Gen-IV FR). These reactors, which are still in the design phase, would be able to produce
energy and at the same time reduce the amount of nuclear waste, representing a big step towards a
closed nuclear fuel cycle. This strategy is currently the one adopted by most of the states with the
largest nuclear programmes, such as France, China, Japan, the Russian Federation and the United
Kingdom (3). Again, a comprehensive understanding of the behaviour of MOX fuel before, during,
and after irradiation is crucial for the licensing process of these new reactor designs.

1.1.6 Context of the study

The study of real SNF is hence very challenging, due to its hazardous nature and its complexity, as
microstructural, chemical and radiation-related effects overlap and compete. For these reasons,
separate-effect studies have been set up to decrease the complexity of the problem and decouple
these effects from each other. In the present work, the impact of internal interfaces on radiation
damage resistance and fission gases accumulation was investigated in a double approach. As it will
be shown in the following parts of the chapter, grain boundaries play a fundamental role in several
aspects of radiation resistance and fission gas retention in the NF matrix. This has important



practical implications, since during operation, at the rim of the NF, a structure characterised by sub-
micrometric grains develops (which will be explained more in detail in Section 1.3.3).

The modifications on the SNF behaviour were studied by accelerated ageing of natural UO; doped
with a-emitting 238Pu. In this way, we expect to be able to carry on a detailed study the effect of a-
radiation on the microstructure and the thermophysical properties of SNF matrix without the
complication of chemical composition (given by FP and MA), porosity and grain size.

In a second stage, we aimed to introduce the second variable in the system, by studying the grain-
size effect on the above-mentioned behaviour. Due to technical limitations, it was not possible to
synthesise 2*®Pu-doped UO, with very small grain sizes, so the a-damage was also induced by means
of He-implantation using ion beams on UO, samples of different microstructures.

Finally, a wrap-up and comparison of the observed phenomena provides valuable data for the
modelling of long-term behaviour of spent nuclear fuel. In some areas of common interest, results
were also contributing to the H2020 INSPYRE project for licensing of Gen-IV MOX fuel. (9,10)

1.2 Sintering of UO:

The fabrication of UO; pellets starting from powders is a process that has been developed and
optimised over several decades. Nowadays, the requirements for NF used in nuclear reactors are
very precise and tolerances are very strict. The industrial process has been optimised and is now
extremely reliable (less than 1 failure per 10000 fuel assemblies produced).(11) However, when
trying to synthesise innovative or out-of-ordinary UO, compounds, a deep knowledge of the
sintering mechanisms in general, and more in detail of UO, sintering behaviour, must be achieved
prior to the treatment execution.

1.2.1 Sintering

Sintering is a thermal treatment that has been used for thousands of years (12) to transform
powders of different nature, already formed at the required shape, into a useful dense body. In
more recent times, sintering has become an increasingly controlled process, resulting into the
development of theory and practice of sintering of metals and ceramics. Processing conditions can
now be tuned, based on experimental evidences and/or theoretical models, to achieve the desired
final microstructure of the densified material.

Given the nature of UO,, the focus in this chapter will be centred on the specific sintering behaviour
of ceramics, although most of the principles can be extended to metals.

1.2.1.1 Densification

The main effect taking place during sintering is densification. Thanks to this process, a porous
pressed powder compact (the green body) gradually transforms into a dense bulk solid. Theoretical
density (TD) is the density of the ideal compacted material without residual porosity, and the
densification degree of a sintering powder is commonly given in terms of relative density (% TD).

1.2.1.1.1 The driving force for sintering

Just like every other irreversible process, sintering is related with lowering of the Gibbs free energy
of the system. The Gibbs free energy of a powder system can be decreased by elimination of the
internal surfaces. That constitutes the driving force for sintering, and it can be achieved mainly



through three processes: the decrease of the particle surface curvature, the application of an
external pressure, and a chemical reaction. This last process is however very rarely used, as it does
not allow a good control on the microstructure of the final product.

In a very simple approach, considering only non-porous particles and no grain boundaries in the
densified material (such as in the case of glass), the energy Es of a fixed amount (1 mole) of material
as a function of the size of its constituent particles can be derived as: (13)

Where ysv is the specific surface energy of the particles (at the solid vapour interface), Vi, is the
molar volume of the material and a is the particles radius. Increasing the size of the particles (and
therefore decreasing their number) in the system leads to a decrease of the free energy. It is also
worth noting that a system constituted of smaller initial particles has a higher driving force for
sintering.

If an external pressure is applied during a considerable part of the heat treatment, it will provide
extra driving force for densification, that may be significantly higher than the one provided by the
reduction surface curvature. (14)

1.2.1.1.2 Diffusion in crystalline solids

The transition from powder to dense material is intrinsically related to the transport of atoms
whithin the material. (15) Diffusion is the process by which matter flows from one place to another
as a result of atomic motion in solids, driven by the gradient of chemical potential. (16)

A simple model for diffusion in a system without accounting for defects and crystal structure is the
one described by the first and the second Fick equations:

(2)
_ ¢
J= ox
ac _ 9% (3)
ot dx2

Where J is the atoms flux [1 / m?s], C is the concentration [mol / m3], x the space coordinate [m] and
D is the diffusivity (or diffusion coefficient) [m? / s], which depends on temperature and on chemical
composition. In the cases where D does not depend on x, analytic solutions of these equations can
be derived for simple geometries and boundary conditions.

At an atomic level, diffusion can be imagined as the random hopping of an atom from one position
to the next one. This process involves the overcoming of a higher energy barrier separating the two
more energetically favourable atomic sites. The diffusion coefficient can then be expressed as:
9, (4)

D = Doe RT
Where Q is the activation energy per mole [J / mol], R is the gas constant (N.'k, in J / K mol) and T is
the temperature [K]. This formulation evidences the exponential temperature-dependence of the



diffusivity, with Do = v:I? (v is the vibration frequency of the atoms constituting the lattice, and | is the
lattice interplanar distance).

In real solids however, the diffusion process is favoured by the presence of defects, resulting in
values of Do several orders of magnitude higher than in an ideal lattice. (17) Two factors enhancing
the diffusion in solids, and therefore favouring the sintering process, are then the temperature and
the concentration of defects in the lattice (which can be a function of the temperature, but also of
the surrounding atmosphere, and of the material composition).

1.2.1.1.3 Defects in crystalline solids
Defects are intrinsically present in crystals because of the non-ideal stacking of atoms in the lattice.
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Figure 5: Defects in crystalline solids: a) interstitial impurity; b) edge dislocation; c) self-iterstitial; d) vacancy; e)
precipitate; f) vacancy dislocation loop; g) interstitial dislocation loop; h) substitutional impurity. (18)

Figure 5 (18) shows a 2D representation of possible crystallographic defects.
Defects can be classified according to their dimension:

e Point defects (0 dimensions): they involve one lattice position and influence its immediate

vicinities. A missing atom from a lattice position is called vacancy, while an atom standing
outside lattice positions is called interstitial. These two types of point defects are called
intrinsic, and a small concentration of them is actually thermodynamically favoured in the
crystals at temperatures other than 0 K.
Foreign atoms can also be included in the lattice, constituting an extrinsic defect in the
matrix crystal. These impurities (or dopants, if introduced voluntarily) can be substitutional,
if they replace an atom of the original lattice, or interstitial, if they occupy intermediate
lattice spaces.



In ionic solids, point defects cannot be generated independently one from another. Mass,
electroneutrality and stoichiometry of the material are indeed conserved during defects
generation. For these reasons, vacancies and interstitials are organised in Frenkel or
Schottky defects, exemplified in Figure 6. Essentially, when a vacancy is compensated by an
analogue interstitial atom, the combination of the two defects is called a Frenkel pair; while
when the vacancy is balanced by one or more vacancies of the oppositely charged ion, the
assembly is labelled as Schottky defect. More complicated arrangements and interactions of
defects result into extended defects.

$920202¢

Schottky defect Frenkel defect

Figure 6: Schottky and Frenkel types of defects. In both cases, the charge neutrality of the solid is preserved: in the
first case, one ion vacancy is compensated by a vacancy of the opposite ion; in the second case, by a self-interstitial.

e Line defects (1 dimension): they are also called dislocations, and are displacement in the

periodic structure of the lattice in one direction, indicated by the Burger vector (Figure 7
(19)). Their movement plays a major role in plastic deformation of materials. Depending on
the relative orientation of the Burger vector and the dislocation, they can be edge
dislocations if they are perpendicular, or screw dislocations when they lie in the same
direction.
In real solids, the Burger vector of a dislocation is usually lying in an intermediate direction,
and the dislocation has hence a mixed character. Furthermore, these dislocations are
generally curved due to the interactions with the rest of the matrix, up to the formation of
dislocation loops. The clustering of interstitials or vacancies into loops is thermodynamically
more stable than the same amount of defects individually dispersed in the matrix.

Figure 7: edge (left) and screw (right) dislocations. The upper plane is shifted of a vector b, the Burger vector. (19)

e Planar defects (2 dimensions): they include the crystals free surfaces, stacking faults, shear
planes and the interfaces between different grains or different phases. Due to the different
interactions that atoms have on grain boundaries (such as on free surfaces), these
disordered regions have higher energy than the bulk of the material. As it will be shown in
the next sections, this has an impact on sintering, as grain boundaries constitute another
source of excess energy that the system tries to minimize.



e 3-dimensional defects: they are constituted of 3-D clusters of defects, and take their name
based on whether they are made of impurities or a vacancies. A second phase within a
crystal is not considered as a defect, regardless its size, but its interface with the main phase
constitutes indeed a planar defect.

1.2.1.1.4 Diffusion mechanisms

According to the different types of defects involved in the diffusion process, different diffusion paths
can be identified. The main diffusion path active in the system defines the preferential diffusion
mechanism taking place: lattice diffusion, grain boundary diffusion, or surface diffusion. (13,17)

e Lattice diffusion is the movement of atoms through the bulk of the sample. It can be
fostered by several types of defects, but vacancy mechanism and interstitial mechanism are
often the dominating two; other mechanisms are intersticialcy, ring, and change
mechanisms.

e Grain boundary diffusion is due to the fact that grain boundaries are highly defective regions
in polycrystalline solids. Assuming that the grain boundary width is constant, the grain
boundary contribution to the total diffusion, over a certain volume of solid, increases by
decreasing the grain size (hence increasing the density of grain boundaries in the given
volume).

e Surface diffusion takes place within a sub-surface layer of 0.5 — 1 nm of thickness below the
free surface of the material, thanks to the (facile) movement of adatoms and the migration
of vacancies (which are also present at the surface).

Due to the fewer mutual interactions of surface atoms, the activation energy for their diffusion is the
lowest, while the barrier for lattice diffusion is the highest. From this, the diffusion coefficients for
the three diffusion mechanisms increase, generally, in the following order: Ds > Dg, > Di. (13)

1.2.1.1.5 Ambipolar diffusion - atoms motion in ionic solids

Most of real solids differ from the model proposed earlier for several reasons, first of all because
atoms are not neutral particles. The migration of the ions in the lattice has then to fulfil both the
conditions of stoichiometry and electroneutrality locally. In addition to that, the application of an
external electric field, such as in Field Assisted Sintering Techniques (FAST), may also influence ion
migration, interfering with the concentration effect.

It can be easily demonstrated that the resulting rate of atomic transport is determined by the
slowest diffusing species. However, the faster motion of one of the two species (in oxides, generally
the oxygen anion) will generate a force in the same direction of the concentration gradient, which
will enhance the diffusion of the slower ion. Ambipolar diffusion is the name given to the coupled
diffusion of charged species.

Combining the two concepts that were just exposed, it results that the rate-limiting process is the
diffusion of the slowest species along the fastest diffusion path.



1.2.1.1.6 Sintering mechanisms

During the sintering of polycrystalline solids, atoms move along several types of paths, that define
the sintering mechanisms. Six main mechanisms (13) were identified as contributing to the sintering
process, although only three of them lead to densification. A summary of the six generally
considered sintering mechanisms is presented in Figure 8.

Mechanisms which do not lead to densification but to neck growth, reduction of the curvature

/ \\“

. Surface diffusion
2. Lattice diffusion (from the |
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. Lattice diffusion (from the |
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Figure 8: sintering mechanisms: 1) surface diffusion; 2) lattice diffusion from the surface; 3) vapour transport;
4) grain boundary diffusion; 5) lattice diffusion from the grain boundary; 6) plastic flow. Only mechanisms 4, 5
and 6 lead to densification, while 1, 2 and 3 lead to neck growth. (13)

radius, and specific surface energy are surface diffusion, lattice diffusion from the particle surfaces
to the neck, and vapour transport (1, 2 and 3 in Figure 8). They are generally referred to as
nondensifying mechanisms. Grain boundary diffusion and lattice diffusion from grain boundary to
the pore (4 and 5 in Figure 8) are the two main densifying mechanisms in ceramics, with the latter
contributing to both neck growth and densification, while plastic flow by dislocation motion is a
mechanism more characteristic of metals sintering. As mentioned earlier in Section 1.2.1.1.1, the
particle curvatures decrease is one of the driving forces of sintering, and since nondensifying
mechanisms reduce the curvature of the neck surface without contributing to densification, they are
substantially harmful for sintering.

1.2.1.1.7 Grain boundaries and porosity
Contrarily to the ideal case presented in Section 1.2.1.1.1, real solids are mostly polycrystalline, and
they contain grain boundaries and pores within the densified solid. A scheme of the balance of
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Figure 9: A) scheme of the forces balance around an ideal pore. B) Schematic densification of a powder system, with the
initial particles surfaces collapsing into grain boundaries. (13)



forces around an ideal pore is shown in Figure 9-A. Each one of these forces acts tangentially to the
related interface and arises from the energy increase that would be generated by an increase of the
surface area.

At the equilibrium, these forces are balanced as follows:

o = tcos(2) K

Where ys, is the surface tension in the solid-vapour interface at the pores, and yg is the one at the
grain boundary.

While polycrystalline materials densify, part of the free energy decrease achieved by the elimination
of free surfaces is taken over for the generation of grain boundaries. This makes the driving force for
sintering by decrease of particles curvature somewhat lower than theoretically predicted. In a
schematic case where two particle surfaces collapse into a single grain boundary, such as in the
example in Figure 9-B, the energy decrease coming from densification is:

Vg_b) (6)

AEp = —Ag (st T

Where As is the total surface area of the powder. The unavailable energy:

AE, = —A, Y90 (7)
2
is indeed driving the growth of the grains during densification and it represents another way by
which the powder system can decrease its free energy, competing with sintering. In general, grain

growth is accompanied by pore growth in a process called coarsening.

Due to the complexity of the whole evolution, a model which rigorously accounts for sintering, grain
growth, interactions among particles and their three-dimensional arrangement does not exist yet;
coarsening and sintering are therefore normally treated separately, with their interactions being
analysed only in a second moment.

1.2.1.1.8 Stages of sintering

Given the complexity of the evolution of the microstructure during sintering, the use of a
geometrical model for modelling the whole process allowing to relatively simply solve the mass
equations is impossible (13,20). In order to try to simplify the problem, three stages of sintering are
distinguished. Each one of them spans an interval of time or density where the geometry of the
powder particles can be assumed to be reasonably well defined and constant. An example of the
three stages, with their related geometries proposed by Coble (21), is shown in Figure 10.
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Figure 10: powder particles (a) and the three stages of sintering theorized by Coble: b) initial stage; c) intermediate
stage; d) final stage. (21)
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e |Initial stage: density up to 65 % of the material theoretical density (TD). Neck growth is quite
rapid, reaching values up to 0.4-0.5 the particles size.

e Intermediate stage: density up to 90 % TD. Pores have now reached their equilibrium shape
and still constitute a continuous array around the grains, but some of them can eventually
pinch off from the grain boundary and end up as isolated porosity.

e Final stage: density above 90 % TD. Progressive removal of the isolated porosity, which can
be more or less successful depending on the sintered material. During this stage,
microstructures may develop in a variety of different ways, so their influence on grain
growth has to be taken into account (see Section 1.2.1.2).

For each one of these stages, under certain assumptions (uniform shape, size, and packing of the
powders), a portion of the system can be isolated and analysed. Considering the whole powders
assembly as a continuum of these elemental units, mass transport equations can be written and
solved after setting the appropriate boundary conditions. However, due to the extreme
simplifications needed, all the derived sintering models fail to provide an accurate quantitative
description of the phenomenon; they can be used only to gain a qualitative overview of the process.

A summary of the mass transport equations reported in literature (13) for each stage is listed in
Table 1. The derivation of these equations can be found in the referenced publications.

Initial stage (22-24)

Equations Diffusion mechanism m|n|H
Neck growth Surface diffusion * 7 | 4 | 56Dy Q / kT
({)m = it Lattice diffusion from the surface * 4 | 3 | 20DyQ / kT
. a’ Vapor transport * 3 | 2| 3poysQ / (2mkT)Y2kT
Shrinkage Grain boundary diffusion 6 | 4 | 96Dgu0e0ysQ / kt
(%)m/z - _ H ¢+ | Lattice diffusion from the grain boundary 5 | 3 | 80mDly+Q / kT
Lo 2man Viscous flow 21| 3ys/2n

Intermediate and final stage (21)

With external pressure

No external pressure
DQ 1dp DQ \ oy,
p dt G™kT ( r pa<p)

1d
e~ Al )

Mechanism Diffusion coeff. Intermediate stage Final stage

Lattice diffusion D=D A=40/3;m=2;a=1 A=40/3;m=2;a=2

Grain boundary diffusion | D = Dg,8g A=95/2;m=3;a=1 A=15/2;m=3;a=2

Table 1: sintering equations as summarised by Rahaman (13) from the work of different authors.(21-24) In the initial
stage equations, * denotes nondensifying mechanism, i.e., shrinkage AL/L, = 0. The terms in the equations are: D, D,
Dgb, diffusion coefficients for surface, lattice, and grain boundary diffusion; &;, 6g, thickness for surface and grain
boundary diffusion; ys,, specific surface energy; po, vapor pressure over a flat surface; m, mass of atom; k, Boltzmann
constant; T, absolute temperature; n, viscosity; a, particle radius; X, neck radius. For the intermediate and final
stage(21): p,, the hydrostatic component of the applied stress; ¢, geometrical factor (stress intensification factor, for
round pores ¢ =1 / p); A, constant depending on the geometrical model; G, grain size; m, exponent depending on the
mechanism of diffusion; a, constant depending on the geometry of the pore.

1.2.1.2 Grain growth and coarsening
Coarsening, as mentioned earlier, is the term given to the process of grain growth coupled with
pores growth. With the name grain growth instead it is usually described the increase in the grain
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size of a single-phase solid, or in the matrix grain size of a solid containing a second phase (such as
indeed porosity can be). It takes place in dense and non-dense solids at high temperatures, and by
conservation of matter it occurs concomitantly with a decrease of the number of grains. (25)

It is worth noting that, densification is negatively affected by coarsening, as it is a second way by
which the system can lower its energy by decreasing the inner interfaces. Furthermore, a coarse
microstructure with larger grains and pores implies longer diffusion paths, and less sinks, for the
species migrating during densifying mechanisms. Limiting coarsening is hence a key point for
achieving densification with controlled microstructure.

1.2.1.2.1 The LSW model for coarsening

The coarsening of precipitated particles in a liquid or a solid is governed by the process called
Ostwald ripening. Due to the higher energy resulting by their higher curvature, smaller particles tend
to consume by transferring matter to the larger particles, which in turn grow bigger. Grain growth
and pore growth share many features with the Ostwald ripening process, which can then be used to
efficiently describe them, at least in a simplified model. Greenwood (26), Wagner (27), and Lifshitz
and Slyozov (28) developed independently their theories for coarsening from the work of Ostwald,
leading to the so-called LSW model. Under some assumptions, notably that the total volume (mass)
of the precipitates does not change, due to mass conservation, the model provides two equations
for particle coarsening based on the rate-limiting mechanism in place:

e Ostwald ripening controlled by interface reaction: when the slowest process in the mass
transport from the smaller to the bigger particles is matter dissolution from the precipitate
to the matrix, or matter deposition from the matrix onto the precipitate.

2
(@)? —(ap)* = <M) t (8)

kT
e Ostwald ripening controlled by diffusion: when the slowest process is the diffusion of the
precipitate atoms through the lattice.

(@)?® = (ap)® = <

8DC,yN>2
_V> (9)

OkT

Where a is the precipitate radius at time t, ap is the initial average precipitate radius, y is the
interface energy between precipitate and matrix, Q is the atomic volume, Cy is the precipitate
concentration in equilibrium with a flat surface (i.e. the solubility), k is the gas constant and T is the
temperature. ar, a transfer constant of the solute to/from the matrix, and D, the diffusion coefficient
of the solute in the matrix, are both strongly temperature-dependent.

1.2.1.2.2 The Brooke and Turnbull model for grain growth

A model for grain growth under the driving force of the pressure gradient across the grain boundary
was derived by Brooke and Turnbull. (29) In their assumptions, the grain boundary width ;5 was
considered constant and the grain boundary energy isotropic and independent from the
crystallographic orientation. The resulting grain size as a function of time was:

Where Gy is the initial grain size, and K is a temperature-dependent factor given by:
K = 2ayspMy (11)
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The temperature dependence is included in the factor M,, the boundary mobility, which also
depends on the diffusion coefficient D, (for T-dependence, see Section 1.2.1.1.2) of the atoms across
the grain boundary following the relation:

Dy Q
= a2 (12)
My kT((SGB)

Where Q is the atomic volume of the material and k the Boltzmann constant.
A more general form based on experimental observations is:
G™ -G =Kt (13)

With the exponent m ranging between 2 and 4 and also depending on the temperature. The most
typical value for ceramics is about 3, and its deviation from the theoretically predicted 2 was
explained by the dragging effect of solutes and impurities at the grain boundary. However, also the
measurements on extremely pure zone-refined metals show a deviation from this value. (13)

1.2.1.2.3 Solute drag and pores mobility

The presence of second phases in the matrix of the densifying solid has the effect of pinning the
grain boundaries during their migration. The boundary mobility in these cases is reduced by a
contribution depending on the solute mobility Ms:

M, = (i + i)_1 (14)

In the possible applications of this work, solution pinning is not a viable possibility, so we will
consider only the case of pore pinning of the grain boundaries. The presence of pores at the grain
boundary affects the grain mobility in a similar way to the solute drag:

M,M,

Mp= —2P 2 (15)
T NMy + M,

Where N, is the number of pores along the grain surface, and M, the pore mobility, which can be
calculated based on the assumed predominant diffusion mechanisms (Figure 11), resulting in the
equations proposed in Table 2. (30)

Grain
boundary

Transport paths:

1. Vapor transport
2. Surface diffusion
3. Lattice diffusion

3
Direction of
boundary
migration
Figure 11: diffusion mechanisms responsible for pore mobility.
(13)
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Equations Migration mechanism M,
Boundary mobility Surface diffusion Ds8sQ / kTmr?
= & i Lattice diffusion DQ /fkTmr?
b= kT \68,,
9 Vapor transport Ded;Q / 2kTd,mur?

Table 2: mobility of grain boundary and pores. (30) Ds, D, and D are the surface, lattice and vapour transport diffusion
coefficients respectively; r is the pore size; f is a correlation factor; k is the Boltzmann constant; ds and d; are the
densities in the solid or gas phase of the rate-controlling species and Q is their atomic volume.

1.2.1.3 Microstructure control

As seen up to now, both densification and microstructural evolution of a sintering ceramic are
strongly dependent on temperature, mostly through the diffusion coefficients of the different
species involved. The choice of an appropriate thermal treatment, together with a correct use of the
grain boundary pinning possibilities, can lead to very different final microstructures in equally dense
final products.

1.2.1.3.1 Densification and coarsening in ceramic materials

A typical trend of density and grain size for ceramic materials is the one shown in Figure 12 for
sintering of TiO, (31). During the early stages of sintering, grain growth is relatively limited. Some
coarsening can however take place, through processes such as surface diffusion or vapour transport,
which would in case affect the successive sintering stages. As the sintering body densifies, grain
growth slowly increases, but does not become pronounced until the final stage of sintering. In
general, a first region characterized by important densification with limited grain growth is followed
by a second region of reduced densification and significant grain growth.

100
e .
80 / 1=
z ' 1 s
& / 5
5 N
S 6o} ‘ ’ 16 &
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40 F : 1?
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1 1 L
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Temperature (°C)
Figure 12: density and grain size as a function of increasing T during

sintering of TiO, powders.(31)

1.2.1.3.2 Strategies for microstructural control

In the present work as in many other applications, the requirement is to achieve a high-density final
product while limiting as much as possible the grain size. Some solutions can be adopted to enhance
densification over grain growth during the sintering process: (13,25,31)
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Fast firing: in case of powders having significantly greater activation energy for densification
rather than grain growth, a quick heating to high temperatures can improve significantly the
final microstructure. An example is shown in Figure 13-A.

Applied pressure: an alternative strategy is to lower the activation energy for densification.
As discussed in Section 1.2.1.1.1, the driving force for sintering under an applied pressure is
much higher than the intrinsic one due to the particle curvature. However, the application of
an external pressure does not affect the grain boundary mobility. A sufficiently high applied
pressure during sintering can then allow reaching very high density without suffering from
excessive grain growth.

An example of the beneficial effect of fast firing and external pressure on MgO-doped Al,Os3 sintering
is shown in Figure 13-B. (13)
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8
A MgO - doped Al,O4 B
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Figure 13: advantage of fast firing and external pressure. A) at high temperatures, the densification rate can overtake the
coarsening rate; B) grain size as a function of the relative density during sintering of MgO-doped Al,03, showing the effect
of fast firing and external pressure. (13)

Other possible strategies for enhancing densification over grain growth during sintering involve the

use of dopants, fine inclusions, uniformly packed fine powders, and liquid-phase sintering.

Nevertheless, for the specificities of the present work, the use of dopants or second phases cannot

be taken into consideration. As it will be detailed in chapter 3, significant effort was put into

lowering the size of the starting powders to improve their intrinsic sintering potential, but the

optimisation of the packing factor was not tried.

In order to take advantage of fast firing and externally applied pressure, Spark Plasma Sintering was

used in the present work for the densification of UO, with limited grain growth. As it will be

discussed in the following Section, this technique involves other intrinsic advantages for the sintering

of UO; and grain growth control.
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1.2.1.4 Spark Plasma Sintering (SPS)

Spark Plasma Sintering (SPS) is a Field Assisted Sintering Technique (FAST) which involves electric
field, pressure and typically high heating rates, resulting into quick and early sintering of powders. In
this Section, a general description of the SPS functioning is provided, highlighting the advantages of
its use for the present work, while the description of the specific device used is reported in chapter
2.

A scheme of a standard SPS setup is shown in Figure 14.(32) The powder to be sintered is loaded and
pressed inside electrically conductive dies and pistons, generally made of graphite. Other materials,

Figure 14: SPS functioning scheme.(32) The graphite die serves
also as heating element, as pulsed current is fluxed through it
resulting in Joule heating.

such as SiC or WC may be chosen, if the desired pressure to be applied exceeds the strength of
graphite of about 100 MPa. An electric field is then applied, and heating is obtained by Joule effect
of the direct pulsed current through the die-sample assembly. Electrically conductive samples will
then possibly heat up also internally, but this happens only marginally in the case of semi conducting
U0,.

In a typical SPS treatment, four stages can be identified:

e Chamber evacuation
e Pressure application
e Heating
e Cooling

The four stages are schematized in Figure 15. During the pressing stage, powders packing and
porosity distribution are improved, and the constant application of pressure throughout the whole
treatment activates sintering mechanisms such as plastic deformation and grain boundary sliding
(33). The exact effects of the electric on the sintering process depend on the material to be sintered
and are still under investigation. As already mentioned in Section 1.2.1.1.1, the external pressure
plays a fundamental role in enhancing densification over grain growth during sintering.
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In SPS, the advantages of externally applied pressure are combined to those of fast firing, thanks to
the extremely high heating rates allowed by joule heating. The successful densification with limited
grain growth by SPS has been reported for several ceramic materials, such as ZrO; and CeO; (34),
Al;05 (35), Y,03(36), MgO (37) and also more recently UO; (38—41).
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Time
Figure 15: scheme of a typical SPS thermal treatment. 1) chamber
evacuation; 1) pressure application; 1ll) heating; IV) cooling.(32)

1.2.2 Sintered UO: for nuclear energy production

The sintered UO; pellets resulting from the fabrication process are carefully inspected to make sure
these pellets fit strict geometry and composition requirements. Indeed, some of the relevant
properties for reactor use of UO, strongly depend on a series of microstructural features. The
fulfilment of the geometry and composition requirements is fundamental to guarantee the good
performances of NF during irradiation, and therefore the safety of the reactor operation. (42,43)

The heat removal from the fuel assembly is crucial, both for power generation and for safety issues,
in order to avoid core meltdown. For this reason, particular attention is put on the fuel features that
affect the thermal conductivity propertied of the fuel itself and of the fuel assembly in general.

1.2.2.1 Requirements of NF

1.2.2.1.1 Density and porosity

Density and porosity are key parameters controlling many materials properties. In the case of UO»
pellets for power generation, complete densification to 100 % TD of the powders during sintering is
not desired. Some residual porosity is fundamental for fission gas retention. A high density is also
not ideal for radiation-induced swelling accommodation (explained more in detail in Section 1.3).
(11)

However, insufficient density negatively affects the thermal and mechanical properties of the fuel, in
particular the thermal conductivity, that is of crucial importance for the safety of the reactor. In
general, a density of 95 % TD is targeted, with the remaining 5 % of porosity being as
homogeneously distributed as possible. The use of pore-formers can be needed to achieve the
desired porosity fraction and size distribution after sintering.
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1.2.2.1.2 Stoichiometry

The O/M ratio of the UO, fuel also strongly affects the materials physicochemical properties. Again,
the focus is put on the thermal conductivity, which is heavily affected by even small deviations from
stoichiometry (as it will be more detailed in Section 1.2.2.3). Moreover, chemical interaction with
the cladding material is also strongly enhanced for hyperstoichiometric fuel.

Sintering of UO; is generally conducted under reducing Ar-H, atmosphere, yielding stoichiometric
UO..00 final products. One of the intrinsic advantages of SPS in UO, processing is the natural
reductive environment at temperatures above 600 °C, because of the graphite components. (44) An
appropriately designed SPS treatment therefore results in full reduction of hyperstoichiometric
powders to U030 during densification. (45)

1.2.2.1.3 Shape and roughness

Fuel pellets presenting evident damage, such as chip or cracks, cannot be used for fuel rods
fabrication. However, also the tolerances for the geometry and roughness of the pellets are very
strict, to avoid undesired and potentially harmful interactions with the cladding that could lead to
failure (shape) or hinder the heat transfer (roughness).

After sintering, centreless grinding is performed on the pellets, since the as-sintered material
generally does not fulfil the requirements. (7)

1.2.2.2 Properties of NF - Thermophysical properties of stoichiometric UO:

All the controls and inspections listed in the previous Section are needed to ensure the optimal state
of the sintered product, resulting in a safe and predictable behaviour during irradiation. A summary
of the most relevant properties of UO; is presented in this Section, followed by a quick discussion on
the harmful effects of porosity and stoichiometry in Section 1.2.2.3.

1.2.2.2.1 Crystal structure
As shown in Figure 16 UO; has a cubic crystal structure, with the uranium atoms in a face centred
array and the oxygen atoms occupying the tetrahedral holes. Each cation is surrounded by eight
anions, that in turn are shared among four equivalent cations. Such a structure is called "fluorite", by
analogy with the one of CaF,.

Uranium fcc sublattice  Oxygen cubic sublattice

Figure 16: UO; fluorite (CaF2) structure. The U lattice (black spheres) is face centred cubic, 19
while the O lattice (grey spheres) is primitive cubic.



The lattice constant of stoichiometric UO, at room temperature (293 K) is 547.07 + 0.08 pm,
resulting in a theoretical density of 10.9511 + 0.0005 g / cm?3. (46)

1.2.2.2.2 Thermal expansion and melting point
For thermal expansion, IAEA (47) recommends the equations derived by Martin et al (48):

e  For temperatures ranging from 273 to 923 K:

L
—— =0.9973+9.082 1076T — 2.705-10"1°T2 + 4.391 - 10~13T3 (16)
273

e For temperatures going from 923 up to the melting point:

L
1= 0.99672 + 1.179 - 107°T — 2.429-107°T? + 1.219 - 10~ 1273 (17)
273
The melting point was measured by Adamson et al (49) to be 3120 + 20 K. This value was confirmed

by more modern measurements and it is also the one recommended by the most recent reviews
(50,51) and IAEA (47).

1.2.2.2.3 Heat capacity

The heat capacity of UO; presents an anomalous behaviour at high temperatures (above 2000 K) due
to the formation of Frenkel-pairs in the anion sublattice, culminating in a lambda order-disorder
transition at a temperature around 2670 + 30 K. (52) Measurements of the heat capacity above this
transition were performed by Ronchi et al (53) and were found to follow with relative good
agreement the trend traced between room temperature and the transition temperature. The most
recent formulation was provided by Konings (54) and it is valid below and above the lambda
transition at 2670 + 30 K:

(18)
Cp = 66.7437 + 43.1393 - 1073T — 35.640 - 107°T? + 11.655- 107°T3 — 1.16863 - 10°T 2

Where T is the temperature in K and the resulting C, is expressed in [J/K-mol].

1.2.2.2.4 Thermal conductivity

As already mentioned earlier, thermal conductivity has a crucial importance in the efficiency and,
most importantly, the safety of a NR. Among the uranium compounds, UO; has a relatively poor
thermal conductivity, dominated at low temperatures by phonon transport. As shown in Figure
17(51), it decreases with temperature down to a minimum around 2000 K, above which the
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Figure 17: stoichiometric 95 % TD dense UO; thermal conductivity. The graph has
been taken from the work of Fink et al, the references cited in the table can be found
in the original publication. (51)



electronic contribution becomes significant.

The two different contributions in A = Apn + Ao were quantified schematically by the two following
equations:

P (19)
PR A+ BT

For the phonons contribution, where A is a factor representing the phonon scattering due to
imperfections (stoichiometry, burnup, impurities, pores, bubbles, defects..) and B is instead
responsible of the phonon-phonon interactions (Umklapp process), which are temperature-
dependent.

C w
o) 20

For the electrons contribution, where k is the Boltzmann constant (8.6144-10° eV/K), n is a constant
ranging between 2 and 3, and C and W are respectively 4.715-10° and 1.41, as found by Harding and
Martin (55).

These two formulations are helpful to discern the different temperature dependences of the phonon
and electronic contributions.

As already mentioned, pores negatively affect thermal conductivity, as they are generally filled with
gas that poorly conducts heat and therefore act as thermal barriers. The value of the intrinsic
thermal conductivity Ao of the 100 % dense material can be correct for fractional porosity P using the
Schultz formula:

1—pP (21)

A=2
°1+p8P

The value of the constant  being unity in case of spherical porosity, such as is generally the case in
UO,. In general, to rule out the porosity effect, in literature the thermal conductivity values are
reported already corrected for a porosity of 5% (95 % TD).

The following general formula for the thermal conductivity of 95 % dense stoichiometric UO, was
calculated by Fink (51), based on experimental data and previous models:

100 6400 -1635 (22)
A= + e t
7.5408 + 17.692t + 3.6142t2  t2/5

Where t is T/1000, with the temperature expressed in K.

1.2.2.3 Effect of stoichiometry

1.2.2.3.1 Crystal structure

Thanks to the wide range of oxidation states of uranium (+4, +5 and +6) and the capacity of the
fluorite structure to accommodate interstitial atoms, the phase UO..x can exist over an interval of
O/M ratios at room temperature (see phase diagram (56) in Figure 18). However, the introduction of
oxygen atoms affects the regularity of the structure and with it the material properties.

21



A direct effect of the inclusion of extra atoms is the modification of the atomic structure. As the O/M
increases, more and more cations are passing to the valence state +5 and +6, shrinking the reference

fluorite cell following the relation proposed by Teske et al (57):
a =5.4705—-0.132x (23)

Where x is the deviation from stoichiometry of O/M = 2+x (x £ 0.22).
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Figure 18: U-O phase diagram as proposed by Higgs et al (56) in the range O/M = 1.9 - 2.4. The references for the
experimental points can be found in the related publication.

1.2.2.3.2 Diffusion and sinterability

As mentioned in Section 1.2.1.1.2, the diffusion coefficients depend on the defects in the structure.
The presence of vacancies and interstitials enhances the number of atoms migrating, resulting in a
significant increase of the self-diffusion coefficients already for small deviations from stoichiometry.

The plot in Figure 19, derived by Matzke (58), shows the magnitude of the self-diffusion coeffiecients
variation in the range between UO; and UO..,. Recalling the importance of diffusion coefficients in
sintering (section 1.2.1.1.8), it is straightforward to understand the much higher sinterability of
hyperstoichiometric UO, powders. The figure suggests a massive failure of the point defect model.
The discrepancy between predictions and experimental values is 3 orders of magnitude, suggesting a
problem of entropy of the Schottky defects and the activation energy of the barriers. On the other
hand, the x dependence is correct.
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Figure 19: U and O self-diffusion coefficients in UO>.y
as a function of the deviation from stoichiometry.
(58) The references can be found in the original
publication.

1.2.2.3.3 Thermal properties

As discussed in Section 1.2.2.2.4, thermal conductivity is heavily dependent on defectivity of the
lattice. Indeed, the factor A (and to a minor extent B) in equation 18 indeed is representative of the
discontinuities in the lattice that hinder phonons transmission. Lucuta et al (59) found a linear

dependence of this parameter with the deviation from stoichiometry x, as shown in Figure 20.
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1.2.2.4 MOX fuel

Mixed Oxide (MOX) fuel is starting to be used in N