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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.
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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
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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
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Figure 50: pre-calcination (left) and calcination (right) treatments. Apart from the 2 h under
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Figure 51: comparison among the sintering behaviour of the four UO, powders tested. In Figure 51-A
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Figure 52: SPS behaviour of the ThO; powder. The small displacement ongoing during the dwell time
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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 59: higher magnification images of three different zones of the fracture surface of the 2.5 wt
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Figure 60: comparison of the four powders tested for the production of nanograined UO; pellets. A-B
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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)
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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)
SHOWING HE DUDDIES. ..ceiieiiie et e e e e e e st e e e e s bbe e e e e abaeeeenbaeeeanseeeeennsaeesennsens 123

XViii


file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675625
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675625
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675625
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675626
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675626
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675626
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675627
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675627
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675627
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675628
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675628
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675629
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675629
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675630
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675630
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675631
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675631
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675631
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675632
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675632
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675632
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675633
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675633
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675633
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675634
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675635
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675635
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675635
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675636
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675636
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675636
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675636
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675637
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675637
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675638
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675639
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675639
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675640
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675640
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675641
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675641
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675642
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675643
file:///C:/Users/Emanuele%20De%20Bona/Desktop/working%20forlder/thesis.docx%23_Toc20675643

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.

1.0E+19 5 -
'\ 10 MLALLL SR AL B L e ) e ) e
1.0E+18 § MOX (45% Pu) 60 GWadlt,, 1000
i 10 U0, 100 GWdt,, |
10E+17 4 " I UO, 40 GWdt,,
] _ 100
S 10E+164 'O 20 |
= i s 10
3 <1 >
o 1.0E+15 3 (0]
] i Q 19
= i o 10
S 1.0E+14 § ©
B E| i
g ] S
g 10E+13 4 S 10
i ©
1.0E+12 §
17
I 10
arge
DB 4711 o oo o om0 e 6
1.0E+10 0 1 2 3 % &
0.001 0.01 0.1 1 10 100 1000 10000 100000 1000000 10 10 10 10 10 105 10

Time (years) Storage timE, y

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.
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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
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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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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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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.
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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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(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 NR in some countries, both to foster a more
efficient use of the uranium resources and to decrease the plutonium stock. Although not being the
central point of the present work, which is focused on the UO; system, MOX has several contact
points with this study. In the first place, the strategy adopted for the investigation of self-irradiation
in the SNF UO; matrix practically foresees the preparation of low-Pu MOX samples (see Section 1.5).
For this reason, the behaviour of the UO,-PuO; system has to be known, at least for low Pu
concentrations. Secondarily, since self-irradiation is present in MOX fuels also prior to irradiation,
the results coming from this work can be used to increase the knowledge on post-fabrication
behaviour of fresh MOX fuel.

1.2.2.4.1 Crystal structure

Unlike U, which exists as U*, U>* and U®, Pu can have oxidation states from +3 to +7(60-62),
meaning that the U-O-Pu ternary phase diagram is even more complex. Indeed, also due to the lack
of experimental data, some regions of the phase diagram are still not completely assessed. However,
for our practical case, the analysis can be limited to the mixture of the two isostructural dioxides UO;
and PuO,. Stoichiometric PuO, has a lattice parameter of 539.54 + 0.04 at 298 K (63), and a
theoretical density of 11.46 g / cm3.

As it can be seen in the pseudo-binary phase diagram in Figure 21 (43), UO, and PuO, form a
continuous solid solution in the hyperstoichiometric range. The lattice parameter of the (U1.,Pu,)O>
mixture follows the ideal Vegard law.
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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 estimation based on the more recent melting
temperature values for PuO,. (66,67) The other references can be found in (43).
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1.2.2.4.2 Thermal expansion and melting point
The thermal expansion of PuO, is very similar to the one of UO; (64) and, within the solid solution
range with UO;, the same equations proposed in Section 1.2.2.2.2 can be used for (U,Pu)0,.(50,65)

As shown in Figure 21, the liquidus and solidus temperatures of the solid solution follow a nearly
ideal behaviour, leading to a decrease in the melting point with the increasing of the Pu content. The
recommended equations are those proposed initially by Adamson et al:(49,50)

Tisotiqus) = 3120 — 655.3y + 336.4y% — 99.9y° (24)

Tiquiaus) = 3120 — 388.1y — 30.4y? (25)

However, uncertainty is present around the melting temperature of PuO,, as recent measurements
(66,67) found higher values than in the previous literature (2701 + 35 K is the value considered by
Adamson et al(49)), pointing out the need for further investigation and a potential reassessment of
the above mentioned equations.

1.2.2.4.3 Heat capacity
PuO; heat capacity measurements were performed by several authors (68,69) up to 2715 K and an
equation was derived by Flotow et al (70):

Cp = 35.2952 + 0.15225 T — 127.255 - 107°T2 + 36.289 - 107°T3 — 3.47593 - 10°T 2 (26)

However, PuO, exhibits a rapid C, increase above 2370 K, similarly to what observed in UO;, and this
equation fails to accurately reproduce this trend in the 2470-2640 K range. (54)

Again, based on the ideal character of the solid solution, and on experimental data, Carbajo
(50)proposed that the heat capacity of (Ui.y,Pu,)O2 can be described by the Neumann-Kopp rule:

C, = (1 —=y)C,(T,U02) + yC, (T, Pu02) (27)

This equation proved to be accurate to predict with a good agreement (2 — 3 %) experimental results
on MOX containing up to 40 % Pu. (71,72)

1.2.2.4.4 Thermal conductivity

Unlike the other properties listed up to now, thermal conductivity does not follow the law of
mixtures between the two end members UO; and PuO.. In fact, each substitutional atom in the solid
solution acts as phonon-scattering centre and affects the thermal conductivity; the result is that the
mixed oxides conduct heat more poorly than the end members. The addition of a small amount of
PuO, lowers the thermal conductivity of UO,, but this effect is composition-independent for PuO,
contents between 3 and 15 %. (50,71)

An expression for the calculation of the thermal conductivity of a 95 % TD (U1.yPuy)O.:, valid for
y<0.15, x<0.05 and T between 700 and 3100 K, was proposed by Carbajo(50) based on the works of
Duriez (71)and Ronchi (53):

e 1 N 6400 -1635 (28)
T A(x) + Bt | 25 ¢
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With A(x) = 2.85 x + 0.035 [mK / W], B(x) = — (0.715 x + 0.286) [m / W], and t = T / 1000 (and T
expressed in K).

1.3 In-reactor life - irradiation of Nuclear Fuel

As mentioned in Section 1.1.5, after irradiation and discharge from the reactor the nuclear fuel is
significantly different from the fresh unirradiated UO,. Inside the reactor, NF undergoes nuclear
fission reactions which release the heat that is used for energy production. In order for the reactor
to actually produce energy, the fission reaction has to self-sustain (i.e. chain reaction). The isotopes
that can sustain a nuclear fission chain reaction are called fissile. A scheme of the nuclear fission
reaction taking place in an LWR is shown in in Figure 22. (73)
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Figure 22: fission reaction of a 235U atom. The capture of a neutron brings the nucleus into an
excited state, and the unstable 236U fissions soon after producing a y particle, two to three
neutrons and two fission product, releasing in total about 200 MeV. (73)

To start the fission reaction, a fissile isotope has to get hit by a low energy neutron (also called a
thermal neutron). This neutron compounds with the fissile nucleus, resulting in an excited state,
such as the excited 236U, Figure 22 shows the result of neutron absorption by the fissile 2°U nucleus.
After a short time, the excited 2*°U nucleus fissions, splitting itself into two high energy lighter
isotopes and two or three free neutrons, with an overall released energy of about 200 MeV.

The fission reaction becomes self-sustaining when the two/three neutrons emitted from a fission
event serve as initiators for further fission reactions. This is possible when:

1. There is a sufficient density of fissile material surrounding the fission event (i.e. natural
uranium has to be enriched)

and

2. The very fast emitted neutrons are moderated (i.e. their energy is lowered) to be slow
enough to be captured by the surrounding fissile material. In BWR, the moderator is the
same water that is used for steam, while in PWR an intermediate circuit is foreseen.

The ratio between the neutrons produced and consumed by the chain reaction can be adjusted by
changing the configuration of the fuel and by using neutron absorbers (control bars and neutron
poisons, e.g. cadmium). When the population of neutrons is constant generation after generation of
fission events, the system is critical. Delayed neutrons produced during the beta process allow
controlling the chain reaction; since Pu fission results into more prompt neutrons than in the case of
U, MOX chain reactions are more delicate to control.
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1.3.1 Materials response to radiation

In the extreme environment of a nuclear reactor core, UO; is subject to very severe conditions that
modify significantly its composition and microstructure. The extremely high energy released by the
fission reaction is mainly transferred as kinetic energy to the emitted particles. These particles slow
down by transferring their energy to the fuel matrix that results into heat production but also into
significant damage to the crystal lattice.

Moreover, more radiation (and more heat) is emitted by the radioactive decays of the fission
products that are generated during the chain reaction. Most of these atoms originated from the
splitting of the 233U nuclei are unstable, and undergo several other decays before transforming into a
stable isotope. In the course of their decay, fission products can form metallic phases, gas elements,
but also ceramic phases. Some are soluble in the UO;, crystal, like the lanthanides; insoluble
elements precipitate as gas bubbles (Xe, Kr) or as metallic inclusions (Mo, Tc, Ru, Rh, Pd).

Minor Actinides (MA), such as Np, Am, and Cm, are also formed during irradiation by successive
neutron captures and contribute to the fuel damage by their intense a-emission.

Finally, the intense neutron flux needed for the self-sustainment of the chain reaction also induce
radiation damage in the nuclear fuel.

Depending on the nature and on the energy of the impinging particle, different interactions with the
matrix can take place. Collisions with the atoms can be either elastic or inelastic, and involve the
nucleus and the electrons of the target atoms.

1.3.1.1 Stopping power
The stopping power is defined as the energy loss of a particle as a function of the depth of
penetration in a material:
S(E) dE (29)
T dx
and its plot is called Bragg curve. Figure 23 shows the Bragg curve for an a-particle of 5.5 MeV
travelling in air.
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Figure 23: Energy loss of a 5.5 MeV particle in air (or stopping power of air for a-

particles of 5.5 MeV). 27



By losing energy, most of the particles increase their cross section, and hence the interactions with
the matrix. For this reason, the stopping power raises (Bragg peak in Figure 23) right before the
particle comes to rest.

1.3.1.2 Nuclear energy losses - low-energy particles

When the incoming particle has a sufficiently low energy, elastic scattering with the matrix atoms
nuclei can take place. Kinetic energy is transferred during the collision to the target atom which is
then knocked out of its original lattice position, if the transferred energy is high enough. The energy
needed to displace U and O atoms in UO; is 40 and 20 eV respectively (74). If the displaced atom has
sufficient energy, its collision with the other matrix atoms will generate further displacements,
resulting in collision cascades and sub cascades (see Figure 24).

10

nm

0 initial recoil

im
Figure 24: SRIM simulation of the displacement cascade generated by a recoil nucleus produced during an a-decay (100 keV).
(73)

The displacement cascade in Figure 24 was calculated using SRIM (75) for a recoil nucleus generated
from an a-decay, whose typical energy is a 100keV. The energy transferred to each knock-out atom
can range from 50 eV to several keV, generating the sub cascades. This is represented by the blue
circles (oxygen atoms) and green circles (uranium atoms) whose diameter is equivalent to their
energy (after collosion). The (heavy) uranium atoms evidently can absorb energy from the primary
knock-on atom (pka) generating further sub-cascades. As a result, a number of defects is generated

in the lattice (vacancies and interstitials), that can partially recombine shortly afterwards. A common
way to quantify the dose of radiation received in the nuclear energy loss regime is the number of
displacements per atom (dpa), by taking into account the average amount of displacements per
decay calculated using software like SRIM.
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Where a is the specific activity of the a-emitter, my is its mass, t is the time, N, is the Avogadro
number and molyo, are the total moles of the material for which the dpa are calculated.

The recombination of the generated defects depends on several factors, such as the properties of
the material and the temperature, but also the interactions (overlap) among different cascades (and
hence the activity), and it is not taken into account in the quantification of the dpa. This last aspect
in particular constitutes a possible weak point of the usage of dpa as a measure of the damage
introduced in the material, as it disregards the influence of the dose rate. It must be always kept in
mind that dpa is a measure that allows comparing equal amounts of damage injected by different
sources, but depending on the rate of this damage deposition it might not be reflected in the
damage actually remaining/surviving.

1.3.1.3 Electronic energy losses - high-energy particles

In the case of highly energetic particles, interactions with the nuclei of the matrix atoms become
very unlikely. Rather, the particle will be slowed down by inelastic collisions with the bound
electrons, depositing energy and ionizing the atoms along its path (ionizing radiation). The response
to such a radiation depends on the electronic structure of the material, with insulators being much
more sensitive due to the lack of conduction electrons. In the case of UO; the result is the creation
of ion tracks, such as those shown in Figure 25-A.(76) Seitz and Koehler (77) proposed a thermal-
spike model for the creation of ion tracks, based on the assumption of the formation of a high
temperature region around the trajectory of the high energy particle. Depending on the thermal
conductivity of the material, the temperature in this region can exceed the melting point, such as in
the case of UO,. Toulemonde (78) later revisited this model to include thermodynamical parameters
and was used by Wiss et al (79) calculate the observed radius of ion tracks in UO,. Figure 25-B shows
the lattice temperature as a function of time and radial distance from the ion path for a U ion of
11.4MeVu™in UO,.

This result adds up to the previous evidences of some thermal-spike effects caused by FP passage in
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Figure 25: A) ion tracks generated by 310 MeV Au?* ions passing through UO,. (76) B) calculation of the
lattice temperature around the trajectory of a 11.4 MeV U ion in UO,. (79)
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UO,, which could be explained with the temperature and pressure conditions predicted by the
model:

- Phase change from UO. to U409 needles, which occurs normally at 1150 °C (80)
- Enhanced U diffusion in UO, (81)
- Fission gases bubbles destruction and resolution (82)

1.3.2 Defects formation in UO: (effects of radiation damage)

As mentioned in 1.3.1, UO; is targeted by many different types of radiation inside the reactor, which
are slowed down due to both electronic and nuclear interactions depending on the nature and
energy of the radiation.

1.3.2.1 f- and y- decays
The energy distribution for 3-decays of the FPs in NF covers the range between 2.6 keV and 10.4
MeV, with the emitted e” and e* ionizing the matrix. These particles have also a large cross section
for Rutherford scattering. However, the energy transferred to the target atom depends also on the
ratio between its mass and the one of the impinging particle, and therefore very few point defects
are generated from -decays.

The displacement damage by photons, X and y rays can be neglected in comparison to the effects of
the other radiation damage sources present during irradiation conditions.

1.3.2.2 Neutrons

In the reactor core, the neutron energy spectrum can be broad, and they can be divided in three
groups: thermal (E < 1eV), epithermal (1 eV < E < 10 keV) and fast neutrons (E > 10 keV).
Thermalisation of a sufficient number of neutrons is of course a necessary condition for the self-
sustainment of the fission chain reaction, to which also epithermal neutrons contribute. Fast
neutrons instead generate almost only damage in the fuel matrix. In this range of energies, capture
can take place and only nuclear losses should be considered. The maximum energy transferred by a
neutron of mass m and energy E, to the material atoms of mass M can be written as:

4mM (31)
Emax = WEn

Which becomes Enax = 4E,/M for M >> m, such as in the case of UO,. Again considering 20 and 40 eV
as displacement energies for O and U atoms respectively in UO; (74), it results that neutrons with
energies lower than E, = 0.1 keV cannot produce direct displacements.

1.3.2.3 «a-decays
Each a-decay process, such as the one shown in Figure 26 for a 22U atom, produces two very
different damage sources:

- the emitted a-particle (i.e. a He ion) at about 5.5 MeV, undergoes mainly electronic energy
losses in around 200 collisions along its penetration depth (typically between 10 and 20 pum)
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Figure 26: a-decay of a 228U nucleus, resulting in a 5.5 MeV He ion and a 100 keV 234Th recoil nucleus. (73)

- the heavy recoil nucleus (¥*Th in the case of a #%U a-decay) with E = 100 keV (by
conservation of the momentum Ey M = E, m) undergoes binary nuclear collisions, generating
a dense cascade of about 1500 displacements within a radius of 20 nm. As discussed
previously, these defects can partially recombine, or form clusters.

Therefore, in the case of a-self-irradiation damage is simultaneously introduced in the structure by
both electronic (a-particle) and nuclear (recoil nucleus) stopping power. The interaction between
the two energy losses regimes, especially when simultaneous, is not yet fully understood and still
under investigation. As it will be detailed in Section 1.4.2.2, ion implantations are typically used for
single effect studies to assess the behaviour of UO, against damage formation. In multiple
irradiation, depending on the sequence between different ions with different properties e.g. energy
loss) or even simultaneity of irradiations the effects can vary substantially. The synergetic effect of
irradiation in two energy loss regimes (nuclear, electronic) has been named SNEEL as described for
example for SiC Thomé et al.(83) More recently Gutierrez et al (84) performed a study on the
synergetic effect on the irradiation response of UQ,. It could be shown that strain and stress levels in
a UO; polycrystal irradiated in the S,&S. regime (i.e. simultaneously with two ion beams) were lower
when compared to irradiation performed by S, alone. This result is a direct evidence of an
interactive effect of nuclear and electronic energy depositions in UO,. It proves that ionization can
modify the structure and density of the defects generated by nuclear collisions.

1.3.2.4 Fission products

As already introduced, in each fission event the #°U nucleus splits into two fission products, and two
or three neutrons. The generated fission products fall into two groups, as shown in Figure 27(85),
with the heavier atoms (mostly Ba or |) having around 70 MeV, and the lighter ones (mainly Mo or
Kr) with about 100 MeV of kinetic energy.

Fission products interact with UO, mainly by electronic stopping, with very high energy deposition
rates of 20 — 30 keV / nm generating fission spikes. Other effects of the passage of a FP are the
formation of defects and the rearrangement of pre-existing ones thanks to the high temperature
reached, and the destruction of fission gas bubbles. In reactor operation, the production of FP is very
homogeneous, generating high levels of damage already within the first hours of presence in the
reactor and leading to significant fission-enhanced diffusion, creep and gas bubbles resolution.
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Figure 27: fission products fractional cumulative fission yield for 235U and 23°Pu. (85)

1.3.2.5 Radiations in UO:

Figure 28 show the comparison between the nuclear and electronic losses of an a-particle and a
median heavy FP in UO,. Both graphs show a much stronger electronic component, with the nuclear
losses becoming significant only where implantation occurs

It is worth noting that the example shown in Figure 28 only takes into account the a-particle but not
the recoil nucleus generated during an a-decay. The recoil nucleus has a very short range (10 — 20
nm), which makes it hard to represent by using the same scale.
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Figure 28: comparison between the energy losses regimes of an a-particle and a fission product in UO. (73)
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Another way of visualising the interactions of a particle with the medium through which it is
projected is shown in Figure 29. It plots the energy loss as a function of the ion energy, showing that
different type of stopping mechanisms can occur at different energies of the same particle. The
description of the displacements generated by the nuclear stopping is relatively straightforward
(although the quantification of the recombining defects is not), while the consequences of electronic
energy losses are generally less quantifiable. Remarkably, at very high ion energy (above the fission
energy) the electronic losses decrease again, due to the extremely high ion speed that reduces the
energy deposited per unit distance.
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Figure 29: total losses of a ®5Zr nucleus travelling into UO; as function of the ion
energy. (73)

Based on their energy, particles will have more or less interactions with the medium per unit
distance. The travelled distance and the trajectory depend on the collision that the particle
experiences while being slowed down. Highly energetic particles incur into very few scattering
events, having mainly electronic losses along their path, thus almost do not deviate from their initial
direction and have very long penetration. Only at the end of their penetration these particles will
finally experience some high-angle scattering events, which instead are characteristic of the
trajectory of a low energy particle. Figure 30 (86) shows the almost straight paths of an a-particle
and two FP in UO;, in contrast with the broad but short cascades generated by the recoil atom
presented in earlier in Figure 24. The lower part of Figure 30 plots the energy losses of the particles
in the medium and the corresponding deposition range, i.e. the depth at which the penetrating

particles implants.
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Figure 30: upper part: calculated displacement cascades for a light and a heavy fission product, and for an a-particle in
UO,; lower part: energy losses and deposition range for the same particles. (86)

1.3.2.6 Radiation damage and defects creation

By recalling the defects classification presented in Section 1.2.1.1.3, a summary of the consequences
of the passing of low energy particles in UO; is attempted.

1.3.2.6.1 Point defects

Whenever a recoil nucleus or a neutron passes through UO,, atoms are knocked out from their
original sites and possibly start colliding with other matrix atoms giving rise to displacement
cascades. Each displacement involves the formation of two point defects, a vacancy and a self-
interstitial. Some of these defects recombine shortly after, while the others might remain in the
lattice or cluster with other defects thanks to favourable temperature conditions, minimising their
overall energy. In addition to that, the recoil nucleus will come to rest as an extrinsic defect in the
matrix. This is valid also for the highly energetic a-particles or FPs ending up as interstitials.

1.3.2.6.2 Extended defects

As defects diffuse through the solid, they can combine to form larger clusters that lower the overall

energy. The two main types of extended defects caused by radiation damage in UO; are dislocation
loops and voids.

e Dislocation loops can be of two types: single loops or prismatic loops. Single loops include
those described in Section 1.2.1.1.3 and are formed by plastic deformation of the lattice,
hence are not a direct consequence of irradiation. Prismatic loops instead are the result of
the diffusion and clustering of self-interstitials or vacancies, stacked as platelets between
two lattice planes. These loops grow by absorbing defect of the same type, and shrink by

emitting them or absorbing defects of the opposite type. Vacancy prismatic loops are
actually intrinsically unstable at all temperatures.
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e Voids are three dimensional clusters, which are indeed the most favourable extended
defects configuration for vacancies.

For both extended defects, two different and subsequent steps are generally identified: nucleation
and growth. During nucleation, loops/voids increase in number without increasing significantly their
average size, and their formation can occur by clustering of randomly-diffusing interstitials or
vacancies in the matrix (homogeneous nucleation), or on some specific discontinuities of the lattice
(heterogeneous nucleation) such as pre-existing bubbles, incoherent precipitates or even
dislocations or collision cascades depleted zones. In the growth phase, diffusion of defects results in
the increase of the size of the existing voids and loops. Overlapping of growing dislocation loops
results in dislocation lines and tangles.

Voids themselves can then serve as heterogeneous nucleation sites for gas bubbles, by trapping the
diffusing gas atoms, in a process that in turn stabilises the void against collapse.

1.3.3 Irradiated UO:

During reactor operation, UO; is subject to all the radiation and damage sources listed up to now, for
a period of about 5 years (87). As a result, the microstructure is dramatically changed, which leads to
changes in the macroscopical properties. Moreover, the chemical composition is constantly changing
during irradiation as a result of the inclusion of FPs and oa-decays recoil nuclei, as well as the new
elements generated by B-decays. This also leads to changes in the chemical and physical properties
of the fuel.

Burnup is the measure of the energy extracted from the nuclear fuel during irradiation, expressed in
GWd per tons of fissile material (GWd / tU). It is a very useful quantity which allows to scale the
changes of the fuel properties based on how much of the fuel was used, as the radiation dose
absorbed by the fuel and its effects, but also the amount of MA and FP included in the matrix, are in
general proportional to the fuel burnup. Due to the different temperature and radiation conditions
at the different radial positions of the NF, SNF is a very heterogeneous system, and its properties
changes must be evaluated as a function of the burnup but also of the radial position within the fuel
matrix.

After discharge, SNF is still subject to high radiation fluxes due to the extremely active MA products
present in the matrix. The long half-life of these elements results in a-damage accumulation that can
last up to some million years after discharge, depending on the burnup of the fuel. Figure 4 in
Section 1.1.5 shows the a-dose accumulated by some fuels with different burnup as a function of
the storage time. This, together with the chemical changes concurrently ongoing, results into
microstructural and properties evolution for long time after discharge of NF from the reactor.

1.3.3.1 Change of properties

All of the above-mentioned phenomena lead to macroscopical changes in the thermal ad physical
properties of NF, which are extremely different in the case of SNF with respect to fresh fuel. Some of
these properties are crucial for modelling of fuel performance during operation, while other ones
are more significant for SNF treatment. Also, different types and sizes of defects affect in different
way the change of the different properties of the NF.
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In many cases, the analysis of real SNF is too hazardous (due to the radiotoxicity of the material) and
complicated (due to the complexity of the system, involving many concurrent effects). As it will be
detailed in the following Section (1.4), a good strategy to understand radiation damage is to study its
effects on simpler and less dangerous systems such as UO; doped with a-emitters or implanted in
ion-beams.

1.3.3.1.1 Swelling and fission gases retention

Volume change in NF during and after irradiation is dictated by several factors. Point defect
accumulation leads to a lattice parameter increase up to a saturation value when defect creation
and recombination rates compensate, as was also assessed using a-doped (88,89) or He-implanted
(90) UO..
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Figure 31: relative lattice swelling as function of the cumulated dose (dpa) in a
UO; single crystal irradiated with 5.5 MeV a-particles. [66]

However, Fission Gases (FG) contributes the most to macroscopic swelling of the fuel. Each fission
produces on average 0.3 Xe and Kr atoms, that are insoluble in the fuel matrix and can either remain
in the fuel pellet contributing to the swelling or be released in the rod, after bubble formation,
resolution and atom diffusion through the lattice. In both cases, the integrity and thermal properties
of the fuel rod are affected, so the understanding of the FG behaviour is crucial for the safety of the
reactor.

FG diffusion through the matrix is enhanced by the lattice defects and deviation from stoichiometry,
but also by the generation of fission tracks (Section 1.3.1.3). Fission-enhanced diffusion is indeed an
athermal process and dominates for temperatures below 1000 °C, hence in the outer rim of the NF.
The migrating FG atoms can then be trapped on crystalline imperfections (impurities, pores, voids,
precipitates, bubbles...) or at grain boundaries producing bubbles. Grain boundaries start acting as
traps rather than fast diffusion paths at rather low burnups. (91) These bubbles cannot be thermally
resoluted, but instead can be dissolved by interaction with a FP, in a process called irradiation-
induced resolution that keeps the average bubble size relatively small.(92) For specific burnup and
temperature conditions, the bubbles population along grain boundary can be sufficient to have
bubbles interconnection, which leads to burst FG release but also potentially to cracking of the fuel
pellet.

36



1.3.3.1.2 Mechanical properties

SNF mechanical properties change can be related to the microstructure in terms of porosity/density
changes as well as grain polygonization. Some properties are affected by the radiation environment,
such as fission-enhanced in-pile creep (or self-diffusion), leading to very different behaviour in and
outside operating conditions. Some other properties instead suffer from the damage cumulation,
and remain altered even after the radiation source has ceased.

An example is the change in the hardness or elastic modulus of nuclear fuel. Cappia et al (93) and
Spino et al (94) analysed SNF as a function of the burnup and radial position, finding a general
hardness increase for increasing fuel burnup. Figure 32 shows the evolution of the hardness of the
centre of the pellet as a function of the burnup.(94) As it will be shown in Section 1.3.3.2, the
development of a particularly porous microstructure at the rim of the fuel under irradiation affects
mechanical properties in that region. Hardness increase has also been reported by Wiss et al (88) as
a consequence of a-decay in SNF UO; surrogates (see Section 1.4.2.1).

13
“@..LWR fuels ( r/r,< 0.8 ) (transversal section)
o A LWRfuel (rir,<0.5) (longitudinal section)
& O Unirradiated UO, sample (> 95 % dense)
1k & P ¥ - © Simfuel (AECL); O Simulated fuel (ITU)

HoH

Average fuel centre hardness, Hy ,, (GPa)

microstructure independent results
(porosity < 5 %)

indentation load 0.5 N

1 " " " 1 " " ™ " 1

0 50 100 150 200
Average burn-up (GWd/t M)

Figure 32: hardness increase as function of the fuel burnup, as measured on real and
simulated spent fuel. (94)

1.3.3.1.3 Thermal properties

Thermal conductivity is probably the most important parameter in fuel performance codes for the
prediction of fuel behaviour in reactor operations. It depends on many parameters, such as
composition, atomic structure, and microstructure, all of which are constantly changing during
irradiation. An example of the thermal conductivity variation in SNF for increasing burnup levels is
shown in Figure 33 by Ronchi et al (95).

As discussed already in Section 1.2.2.3.3, thermal conductivity is strongly affected by point defects.
In SNF, where the a-activity is still very high but the temperature conditions for defects
recombination and annealing are basically absent, thermal conductivity is also decreasing as a
function of the dose. Thermal property degradation was already reported by several authors in UO;
doped with a-emitters as SNF simulant. (88,96)
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Figure 33: thermal conductivity of SNF for increasing burnup at fuel discharge, or End Of Life
(EOL) burnup (bu). (95)

1.3.3.2 HBS formation

Another effect of radiation on the microstructure is the restructuring of the initial microstructure
into a pattern of smaller grain called polygonization. This term describes the rearrangement of
those dislocations formed in the earlier stage of irradiation that do not annihilate one another into
walls of dislocations, forming low-energy sub-boundaries and perfect but slightly misaligned sub-
grains.

In its periphery, NF experiences higher neutron fluxes than in the bulk, resulting in an increased
capture rate by 23U in the resonance range, with the consequent production of 2°Np and 23°Pu.(97)
This leads to a rim region of about 200 um of thickness (around 8 % of the total fuel volume) of
higher fissile material density, and therefore higher local burnup. In this region, the original 10 — 15
um grains are subdivided into 100 — 300 nm grains (meaning roughly 10* new grains per initial grain),
and increased porosity is also observed. This very peculiar microstructure is shown in Figure 34 and
it is labelled High Burnup Structure (HBS).

In the case of heterogeneous MOX fuels, HBS develops also locally around Pu-rich zones throughout
the whole pellet diameter, and the same is true for UO; fuels with heterogeneous #°U distributions.
(98,99)
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Figure 34: High Burnup Structure (HBS) observed in a spent UO; fuel with local burnup of
200 Gwd / tU.

The mechanisms leading to the HBS formation are still under investigation, but increasing evidence
seems to relate it to the polygonization process. In a dedicated investigation campaign denominated
Rim High Burnup Project (100), TEM observations performed by Sonoda et al (101) showed that in
the HBS the initial grains are subdivided rather than recrystallized, a phenomenon that seems to
proceed further with increasing fuel burnup (102). More recent investigations performed by Gerczak
(103) on the cross section of high-burnup commercial UO; fuel showed Low Angle Grain Boundaries
(LAGBs) in the rim zone at the onset of HBS, typical of polygonization. Only after complete
restructuring of the microstructure, high angle GB can be found. This interpretations are backed up
by evidence of ongoing polygonization in 84 MeV Xe irradiated UO, as observed by Miao et al.(104)
Grain subdivision was recently found to take place also in intermediate radial positions, and it was
explained as a possible extension of the rim HBS (105) or as local domain around lattice
imperfections due to rare earths or transuranic elements in solid solution (98), but more
investigation is needed to reach an univocal interpretation.

Whatever the formation mechanism, it is instead quite commonly accepted that the HBS structure
has remarkable gas retention properties (106,107) as it does not evolve into open porosity up to
very high levels (35 %).(98) Moreover, due to some partial matrix recovery and gas trapping in the
pores, a slight beneficial effect of the HBS was found also on the thermal conductivity (100), leading
to enhanced fission gas retention. Figure 35 shows the beneficial HBS effects: on the left plot, the Xe
radial profile comparison by EPMA and SIMS highlights the trapping effect of the HBS porosity(108);
on the right graph, thermal conductivity increase for high burnup (occurrence of the HBS) and
moderate irradiation temperatures.(95) Better HBS oxidation resistance was proved by Raman (109)
and attributed to the stabilising effect on the fluorite structure given by the presence of Pu and FPs.

39



2.0

i
{=)

o EPMA, matrix Xe only

T
| s~
® SIMS, total Xe (matrix + pores) : N4 351
1.5 | '
Burnup profile =
ce o \ Ll
> ’ / ¥ 3.0
t | o
g€ 1.0 | . S
8 ° ) ‘OQ; =
e [ o—o0—0o o—0—<e —0—ec" o %‘9%0 T 25
¢ I 2
05 I &
| B 2,04
S G c
Limit of high bumup structure | a4 8
|
0 L 15 T T T T
0.70 0.75 0.80 0.85 0.90 0.95 1.00 0 20 40 80 80 100
Relative radius, r/r, Fuel surface Burnup (GWd IJ)

Figure 35: left) EPMA and SIMS Xe radial profile. In the HBS, significant amount of Xe is trapped in the pores
instead of in the lattice(108); right) thermal diffusivity as function of the burnup, showing an increase due
to the occurrence of the HBS for high burnup(95).

The study of the properties of HBS as a potentially helpful microstructure is currently ongoing, and
part of the work in this study is aimed at understanding grain size effects on radiation damage
resistance.

1.3.3.3 UO: radiation resistance - polarons effect?

Taking into account all the effects mentioned until now, UO; still results as a fairly radiation tolerant
material. Its fluorite structure is conserved over a broad range of deviation from stoichiometry and it
allows the inclusion of high amounts of foreign atoms as interstitials. Even more important, UO;
does not amorphize under ionising radiations even for energies exceeding the calculated energy
losses threshold for amorphization. (79,110,111)

Recent studies focused their attention on the existence and behaviour of polarons in U0,.(112)
Polarons are quasiparticles composed by and electronic carrier (holes in UO,) together with the
strain field they generate on the lattice. The passage of an electron in an ionic solid such as UO; in
fact results in some attractive and repulsive forces on the surrounding atoms, which themselves
counter act on the electron and increase its effective mass. Remarkably, UO, presents a high
concentration of polarons at high temperatures.

A reassessment of the thermodynamic properties of UO; taking into account the polaron effect was
performed and the inclusion of these quasi-particles in the models allowed reproducing some
anomalies with better accuracy. (113) In particular, the higher values of the heat capacity with
respect to the previous models were explained by the presence of polarons.

Recalling the thermal-spike model presented in Section 1.3.1.3, the importance of the material
thermal properties on its ionising radiation resistance is quite clear. Both the experimental evidences
and the theoretical calculations hint for a reformulation of the thermal-spike model that takes into
account the occurrence of polarons. This model would explain in a more consistent way the non-
amorphization of UO; for energy loss values above its amorphization threshold, as well as provide a
criterion for the identification of other highly radiation resistant materials. (114,115)

1.4 Studies on SIMFUEL and separate effect studies

As already mentioned, the study of SNF necessitates stringent radioprotection measures, due to its
high radioactivity and radiotoxicity. Furthermore, SNF represents a very complex system in which
several effects coexist and interact among each other: radiation damage, chemical composition
changes, porosity build up, microstructural reorganisation... In order to better understand the
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influence of each one of these parameters, and to lower the risks connected with working with such
a hazardous material, separate effect studies have been set up. In these studies, simple materials
such as natural UO; are employed, and the effect of one single phenomenon is studied at each time.
This led to the application of several innovative techniques to UO; production, aimed at reproducing
very specific features that have been observed in SNF. Thin films have been also widely employed
thanks to the ease of preparation of very exotic structures while at the same time probing extremely
low amount of material, hence minimising any radiological hazard. (116)

SIMFUEL is the name used to define UO;-based materials produced with the inclusion of fission
products (such as Cs, Mo, Ba...) in accurately calculated concentrations to reproduce the chemical
composition of SNF (excluding the MA). UO, or other materials synthesised with a controlled
microstructure mimicking the HBS are also labelled as SIMFUELs.

In the frame of separate effect studies, but not strictly falling into the SIMFUEL group, are natural
U0, samples doped with a-emitters, or implanted with He ions by ion beams, which are used for the
study of a-damage. lon beams indeed allow introducing high amount of damage in a limited time
and without activation of the sample. Other ions (Xe, Kr...) are implanted to study FGs behaviour and
interaction with radiation damage, which can be generated from the same ion or by concurrent or
sequential implantation by other ions, especially in the case of chemical compatibility between the
elements.

Some examples were already introduced in this chapter to illustrate some specific features of
radiation damage or irradiated UO.. In the following Sections, a brief overview of some of the latest
innovations introduced in the fabrication of SIMFUEL or UO; for separate effect studies are
presented, together with some of their applications and the respective findings.

1.4.1 SIMFUEL studies

Besides a more conventional production route (powders milling/mixing followed by conventional
sintering as described in Section 1.1.4) and fostered by the need of producing completely new
microstructures, the synthesis of UO, for SIMFUEL had been exploring several techniques that do not
have necessarily direct industrial applications, but allow to tune some microstructural features
otherwise inaccessible. Powders preparation was optimised to produce nanograined fuels(117,118)
or to include in the material other elements that would be otherwise insoluble.(119) The application
of different sintering techniques such as hot pressing and FAST helped the densification of these
materials allowing a broader range of final microstructures(120), as well as the inclusion of volatile
species.

1.4.1.1 Fission products inclusion

1.4.1.1.1 Solid fission products

Although the chemical composition and microstructure of real SNF is not homogeneous, big effort
was put since the beginning in optimising the homogeneity of SIMFUEL. The removal of gradients in
the structure allows analysing a simpler system in a more proficient way, decoupling the different
effects of burnup (density/porosity and microstructure), chemical composition or stoichiometry. Dry
mixing, high-energy wet milling and conventional sintering guaranteed homogeneous final products
reproducing SNF (121,122), that were used to study thermal conductivity (123), specific heat
(124,125), gas release (126), and mechanical properties (127,128). SIMFUEL were also broadly
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employed in the study of leaching behaviour of SNF in repository conditions (129,130), also in
combination with radiation effects (131), and these data were validated against real SNF
benchmarks (132,133). In general, despite their differences with the real SNF, SIMFUEL studies have
contributed to the advancement of the understanding of SNF properties and behaviour. (133-135)

1.4.1.1.2 Volatile fission products

Some fission products, such as Cs, are volatile at the temperatures required for conventional
sintering (1650 °C or more), making impossible to efficiently include them in a sintered UO, matrix.
(136) lon beams were used extensively to overtake this issue (see Section 1.4.2.2.2) but the result is
localised and very far from homogeneous. The use of FAST, and SPS in particular, helped significantly
reduce time and most importantly temperature needed for densification. This paved the way for the
inclusion of Cs ad Csl (137) and to study its interaction with other FP (138).

1.4.1.2 HBS simulation

Besides the efforts in mimicking the chemical composition of SNF, the microstructure of the HBS
represents an even more complicated challenge. The peculiar configuration of micrometric pores
surrounded by sub-micrometric grains is particularly difficult to be obtained via sintering of powders.
The use of pore formers in the sintering of Y-PSZ (yttria-partially-stabilised zirconia) resulted in
excellent final products in terms of grains and pores size, but involved a long and troublesome
powder processing step which prevented scaling-up of the procedure. (106,139) Other attempts
have been made by combining SIMFUEL and ion implantation to induce polygonization similarly to
what happens in operation, which were only partially successful but provided further evidence of
the correlation between grains subdivision and heavy ions irradiation. (140)

Recent works show the capability of FAST, in particular SPS, to reduce significantly the grain size in
the densified material down to approximately the one observed in HBS (40,41) although so far no
optimisation of the process has been done to include controlled porosity.

1.4.2 Separate effect studies

1.4.2.1 a-doped UO:

The study of UO, systems doped with a-emitters proved to be extremely helpful for the
understanding of SNF evolution. A clear advantage of this strategy is the complete uniformity of the
radiation damage within the matrix, proven that the a-emitter is homogeneously distributed, which
is not a difficult achievement when using affine elements such as 2%Pu or even better 223U(141).
Novel synthesis techniques were developed in the last decades to improve the homogeneity of the
dopant distribution in the final product. (119,142)

Extensive study of the long-term behaviour of SNF was performed using *3Pu doped UO, by
Rondinella (143,144), Wiss (88), Staicu (96), Jonnet (145), Roudil (89,146) by monitoring with several
techniques the evolution of the material as a function of the cumulated dose, up to values
representative of several millennia of storage. In particular, the works by Rodinella et al (144) and
Wiss at al (88), investigated also the effect of dose rate by using different dopant concentrations,
and found independence of the macroscopic effects measured, at least for low 2%Pu contents (up to
10 wt %). This aspect is particularly relevant for the present work, and will be discussed further in
Section 4.1.1.
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The migration of radiogenic He atoms resulting from a-self-irradiation was studied on similar
samples by Ronchi (147), Nakajima (148), Maugeri (149) and Talip (150), who also observed grain
boundary opening and significant He accumulation after prolonged storage (more than 30 years on
10 wt % doped samples) as also seen by Ferry (151). The effect of a-damage on oxidation and/or
dissolution kinetics of UO; in different conditions was also subject of study from several authors.
(152-156)

1.4.2.2 Ion-implanted UO:

lon irradiations played a major role in understanding radiation effects in UO; (and in materials in
general). The main advantage of this approach is the possibility to reach extremely high doses in a
short time without activating the sample. Moreover, several ion beam facilities allow the
simultaneous or sequential implantation of different ions, also in combination with in-situ
characterization techniques that allow following the response of the irradiated material during the
experiments.

An evident drawback is the complete loss of homogeneity of the damage deposition, which results in
a modified shallow portion of the material and the related analyses must be limited to those regions.
Damage and implantation profiles can be calculated using software programs like SRIM. (75)

1.4.2.2.1 o-damage and He migration
In a complementary way to what seen in Section 1.4.2.1, a-damage and He-migration were studied
by irradiating natural UO; in ion beam facilities.

Lattice swelling due to a-particles was found to be larger than the one produced by a-self-irradiation
both on single crystal (90,157) and polycrystalline (158,159) samples. Moreover, higher lattice
expansion saturation values as well as different thermal annealing mechanisms were found for UO;
single crystal samples.

Raman characterization was proficiently used both in-situ(160) and ex-situ(161) experiments and
highlighted very precise features (162,163) indicating an increase of strain and defect concentrations
as a consequence of increasing fluence. Annealing studies and benchmarks with literature data
helped identifying the (Magneli type) nature of the defects which affect Raman spectra in radiation
damaged UQO,. (164,165)

TEM post-mortem observations were conducted to investigate the fluence effect on the introduced
damage, showing no variation in the damaged plateau zone before the implantation depth, where
the higher damage level induced blistering initiation. (166)

In parallel, other studies were devoted to the investigation of He bubbles formation and thermal
migration in implanted samples. (167-173) Temperatures for intergranular precipitation and thermal
resolution of He bubbles found on a-irradiated samples were in good agreement with analogue
studies on a-doped materials. (170,174) In pPNRA analysis before and after annealing, grain
boundaries were found to play a key role in He migration and release. (168,169,173-175)

1.4.2.2.2 Fission gases and swift heavy ions

As mentioned already in Section 1.4.1.1.2, ion beams were used to introduce in SIMFUEL volatile
fission products (Cs, Te...) as well as fission gases (Xe, Kr...) and to study their precipitation and
thermal migration; Swift Heavy lons (SHI) allowed the study of ion tracks formation. Kr-implanted
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UO, experiments shed light on the bubbles nucleation mechanism already visible at room
temperature (176), and proved to be a suitable technique to reproduce microstructural damage
(dislocation loops and lines) as obtained in in-pile irradiation. (177) Xe implantations were used to
understand the fission gas behaviour and its thermal migration (178-181), highlighting the
importance of the fission-induced resolution on otherwise thermally stable bubbles. (182) Xe
implanted atoms in the lattice were also found to delay the microstructural damage evolution in a
comparison study with Au implanted UO; without exogenous Xe incorporated. (183-185) The
behaviour of Xe was compared to the one of He under similar implantation and annealing
conditions, showing very different macroscopic damage of the sample (186), as well as different
bubble sizes and nucleation temperatures.(187)

The defects formation(185), microstructural evolution(188) and amorphisation (189) of UO, under
different irradiation conditions was followed by in-situ characterisation techniques combined with
the ion beam. As already anticipated in 1.3.2.3, simultaneous multi beam implantations followed by
XRD characterization highlighted the synergetic effects of nuclear and electronic losses (S.&Sn
regime) which result in lower stress and strain than in the sole S, experiment. This finding is
particularly interesting for the present study as interaction between electronic and nuclear losses is
also present in a-self-irradiation, especially when overlapping of decay events takes place.

1.5 Chapter conclusions and thesis organisation

In this chapter, the background of the study was described, stressing the principal challenges that
were faced during the experimental parts. The goal of the work is to contribute pushing the limits of
our knowledge about SNF to help predicting its long-term behaviour and thus choosing the best
repository option, as well as improving the databases for NF modelling.

A first brief general introduction on nuclear reactors and nuclear fuel was given, and the strategy of
the study is outlined. The present work focuses on the interaction between microstructural
interfaces and radiation effects in UO,: grain boundaries play a key role as sources and sinks of
defects, as well as recombination sites, dopant and gas traps and fast diffusion paths. However,
studying this effect on real SNF is hardly viable, both because of the extreme hazard of handling such
a highly radiotoxic material, and because of the high complexity of the system, in which several
effects coexist and compete. In this work, the effect of the grain size was studied by producing
samples with controlled microstructures and studying their response to the same irradiation
conditions. In parallel, the influence of a-self-irradiation in SNF was reproduced in a separate effect
study using natural UO, (which constitutes still about 95 % of the SNF matrix) doped with a-emitters
(238pu).

Considering the importance of the synthesis aspects in the present study, the phenomena related to
the synthesis of such materials are then described. UO; is produced by powder sintering, so the
process is described first in its basic principles and later with more attention to microstructural
control. The temperature sequence is crucial, as it controls both densification and coarsening of the
powder, the two competing processes that lower the free energy of a powder system and are
essentially based on diffusion.

More insight was given on the sintering of UO,, explaining especially the very strict dimensional and
chemical requirements that the final product has to match. Many properties indeed strongly depend
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on the stoichiometry of the material, while geometrical parameters are more crucial for safety
related matters. Given the importance it has in the work, MOX is also briefly described.

In the second part of the chapter, the effects of radiations on matter, and more in detail on UO,,
were described. Defects of increasing complexity are generated within the matrix, and their
formation mechanisms are not completely clear yet for each one of them. The interconnection
between the generated defects and the macroscopical properties changes are also not fully
understood yet. An overview on the state of the art on the knowledge about radiation damage was
given.

Finally, an overview of some of the similar experiments conducted in the past was attempted.
Significant advancements in understanding radiation damage and SNF behaviour was reached thanks
to SIMFUEL, a-doped and ion-implanted UO.. In particular, the flexibility given by ion beam facilities
allows the study the effect of different damage sources, also in combination with each other both
sequentially or simultaneously.

In an attempt of shedding light on the influence of grain boundaries on radiation-induced effects,
the thesis work described in this dissertation was carried on along two main research axes:

- lon-implantation study of UO, with controlled microstructure, where the effect of the grain
size is studied on the radiation resistance towards He (and Xe) irradiations, but also on the
retention/release mechanisms of the implanted gases atoms.

- Self-irradiation study of 23Pu-doped UO,, where the samples are monitored periodically by
different characterization techniques to assess the microstructural as well as the
macroscopic property evolutions due to a-self-irradiation and radiogenic He accumulation.
Finally, annealing studies are performed to quantify the defects concentration and identify
the He release mechanisms.

Considerable effort was devoted to the synthesis of the starting materials, as each facet of the study
presents specific requirements. The homogeneity of the (U,Pu)O, samples was crucial in order to
constitute an acceptable SNF surrogate for the study of a-self-irradiation. The study of the impact of
interfaces implied the synthesis of materials with a desired and well-characterized density of grain
boundaries. Microstructural control in the UO, samples for ion irradiation was therefore absolutely
vital, and also constituted a big innovation introduced by this study. The preparation of the samples
is exhaustively described in the corresponding section (chapter 3). Chapter 2 provides an overview
on the materials and devices used throughout the whole work, with particular attention to the
nuclearized experimental setups which allowed studying hazardous materials such as Pu-doped UO..

Careful characterization was performed on the as sintered material, since that constitutes the main
starting reference material for characterizing the radiation effects. During the production of UO, for
ion irradiation, close interaction between production and characterization was needed to select the
best processing parameters, both in the powders synthesis and sintering parts. The characterization
of the samples used in this work is presented in chapter 4.

The self-irradiating (U,Pu)O, samples were monitored over almost two years of damage
accumulation by several characterization techniques, among which SEM, XRD, Raman, TEM, LAF and
DSC. The effect of the grain size on irradiation damage and gas precipitation/release was
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investigated by means of TEM on sample lamellas prepared by FIB. Each characterization technique
provided insight on different aspects of a-damage. A summary and comparison among the gathered
data was made in order to relate the accumulated dose, its microscopical effects in terms of defects
creation inside the lattice, and the macroscopical consequences on the thermophysical properties of
SNF. Results and final conclusions are reported in chapters 5 and 6 respectively.

46



2 GENERAL EXPERIMENTAL PART

In this chapter, the devices used throughout the whole work are described. The first section (2.1)
briefly presents the more standard machines and procedures, which do not differ significantly from
their applications in other works or in non-nuclear fields. The second section (2.2) instead includes
some deeper insights on the site-specific devices, which were partially modified, or in some cases
entirely developed, at the institute to perform otherwise impossible experiments on actinide
materials.

The work described in the manuscript was entirely carried out at the JRC-Karlsruhe, except for the
ion implantation on UO, and ThO; (Section 2.1.2.4). In order to perform experiments on radioactive
and radiotoxic materials, the research centre is equipped with gloveboxes which are shielded
differently according to the activity of the materials they contain. Thorium and natural or depleted
Uranium are handled in gloveboxes mainly to rule out any possible risk of incorporation, while the
gloveboxes hosting also transuranic elements or enriched uranium have additional dedicated lead
shieldings to protect the operators against gamma radiations.

Small amounts of sintered UO; or ThO; are allowed to be handled in fume hoods, yielding a much
lower incorporation risk than powders. For this reason, the characterization of these materials was
often significantly quicker than in the case of (U,Pu)O,.

All the gloveboxes involved in the work are under N, atmosphere, whose purity is kept at few ppm of
0, by purification systems. However, due to the unavoidable failures and/or maintenance periods of
the institute N, plant over such a long time span (about 3 years), the O; level in the gloveboxes was
occasionally found to be higher.

2.1 Standard techniques

The machines listed in this section did not undergo any special design step or modification, but they
are in most cases completely included in a glovebox. Besides the nuclearisation of the devices, they
do not present any major difference from the analogue machines employed in other fields.

2.1.1 Samples preparation - powders synthesis and sintering

All the devices used in the samples preparation were standard devices, with the exception of the SPS
used to sinter the UO; powders which will be treated in section 2.2.1. All of the furnaces listed in the
present section are connected to high-purity gas bottles and can be operated with oxidising, inert
and reducing atmospheres.

Pre-calcination of (U,Pu)O, powders was performed in a Pilz tubular furnace, while for calcination
they were moved to a tubular Linn FRO-H-2-120/250.

Calcination of UO; powders was performed also in a Linn FRO-H-2-120/250 alumina tubular furnace
dedicated solely to Uranium and Thorium bearing compounds. This same furnace was also used for
the final annealing of the HP — SPS samples described in 4.2.3.9.

(U,Pu)O, powders were pressed using a Lauffer VIUG16 press and then successively sintered in a
Degussa VSL 10/18 cold wall furnace.
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2.1.2 Samples characterization

2.1.2.1 XRD - X-ray diffraction

Important information about the structure of a crystalline solid are extracted from its interaction
with an incoming monochromatic X-ray. Max von Laue was the first to theorize that crystalline
lattice could act as 3-D diffraction gratings for X-ray wavelengths similar to the spacing of planes,
and was awarded the Nobel Prize in Physics in 1914 for his finding. X-rays Diffraction (XRD) is based
on the constructive interferences of the monochromatic X-ray diffracted by the crystal.

Before describing the principles of XRD, it might be useful to recall the concept of reciprocal lattice,
which is the Fourier transform of the direct lattice. In crystallography, the direct lattice is the Bravais
lattice, and its Fourier transform is composed by the Miller indexes associated to the families of
parallel planes in the direct space. In other words, each family of planes hkl of the direct lattice is
represented by a point of coordinates (h,k,l) in the reciprocal lattice.

When a crystalline material is illuminated by an X-ray beam, its atoms act as scattering centres and
diffract the radiation in every direction. Only for very specific angles (configurations), however, the
interference among the diffracted beams will be constructive, and hence the signal clearly
detectable. The condition to have constructive interference was formulated by von Laue considering
a crystal of identical microscopic objects positioned at Bravais lattice sites specified by the vector R =
nia; + nya; +nsas. Constructive interference occurs only when the scalar product of the scattering
vector Q (i.e. the difference between incoming and outcoming wave vectors) and the crystal lattice R
fulfils the condition:

QR =2m X integer (32)

Which is fulfilled by vectors like G = ha:* + ka,* + las*, the vector specifying the reciprocal lattice
positions, hence for Q = G, all the scattering vectors that are vectors of the reciprocal lattice. This
condition can be demonstrated to be equivalent to the more popular Bragg Law, which was
formulated taking into account reflections on a 2-D stack of crystalline planes.

The practical outcome is presented in Figure 36-a: when an X-ray beam impinges a crystal with the
correct angle, it will be diffracted in the so-called Laue spots, each one corresponding to a particular
reciprocal lattice vector of the crystal. Information about the size and symmetry of the unit cell can
be extracted by the spots positions, while nature and lattice positions of the atoms can be derived
from the spots intensities.

In most practical cases however materials are polycrystalline, which means that the impinging X-ray
beam is diffracted by every crystal constituting the sample in a different direction according to its
relative orientation. As a result, the recorded pattern is not constituted by the Laue spots but by
smooth diffraction rings around the beam axis (Debye-Scherrer rings — Figure 36-b). Moreover, for
every family of planes there will be some crystals correctly oriented to diffract, hence the rings of all
the families will be visible.
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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)

These diffracted patterns can be recorded either on a film detector (Debye-Scherrer film chamber)
or using a scintillator detector mounted on a goniometer (Bragg-Brentano diffractometer). In
diffractometers, the detector is rotating around the sample, while also the angle between the
impinging X-ray and the sample is varied. The output diffraction pattern is then given by the signal
intensity as a function of the detection angle, with peaks at the angles resulting in constructing
diffraction interferences (Bragg peaks — Figure 36-c). Depending whether the X-ray source or the
sample is moving (in addition to the detector), the configuration of the diffractometer is labelled as
0-0 or B8-20 respectively (Figure 37).

detector
tube detector

fixed sample

theta-theta configuration theta-2theta configuration

Figure 37: scheme of the two possible Bragg - Brentano configurations. In the 0-0 configuration, the sample is
stationary and the X-ray source is rotating, while in the 6-20 it is the reverse. 8-0 configuration is preferred in case of

loose samples, such as powders. (241)

XRD patterns can then be analysed to extract important information about the crystal structure.
Detailed analyses are generally performed using the so-called Rietveld refinement, from the name of
its theorizer (190). This technique calculates the theoretical diffractogram of the expected structure
based on data libraries, and then uses it to fit the experimental by least-square optimisation. Data
such as the size and symmetry of the cell (hence the peak indexes h,k,l), have to be inserted by the
operator and are then refined during the fit.

The breadth of the Bragg peaks also carries some information about the microstructure, since both
reduced crystallite size and local variations in the lattice cell (microstrain) decrease the coherence of
the diffracting domains, resulting into diffused peaks rather than sharp lines. After subtracting the
possible device contribution (instrumental broadening) to the peaks breadth, the contribution of
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crystalline domain size and microstrain can be decoupled, based on their different dependence on
the Bragg angle, as first demonstrated by Williamson and Hall.(191)

XRD devices

(U,Pu)O; powders and disks were analysed using a Bruker D8 diffractometer mounted in a © — 20
Bragg—Brentano geometry with a curved Ge (1,1,1) monochromator and a ceramic copper tube (40
kV, 40 mA), and supplied with a LinxEye position sensitive detector. Samples were dispersed in
isopropanol and mechanical ground, then poured onto flat Si(911) specimen holders which provide a
very low background. Data were acquired in the 20 — 120 ° range with steps of 0.0132 ° and a
counting time of 2 s.

UO; and ThO,; samples were probed using a Rigaku Miniflex 600 also in Bragg — Brentano
configuration, with a ceramic copper source (40 kV, 15 mA) but without monochromator (Ko =
1.5406 A, Koz = 1.5444 R), supplied with a Hy-Pix 400MF 2D HPAD detector. Just like for (U,Pu)O,,
samples were prepared by mechanical grinding but dispersed in paraffin to be poured onto the Si
holders. This device is installed in a fume hood at the JRC-KA, which was fundamental to have quick
feedback on the effectiveness of the production routes adopted, but required additional care while
handling and crashing the material. For sake of quickness, analyses were sometimes performed on
smaller 20 ranges and with lower acquisition times.

Both devices were calibrated using LaBg as reference material.

Analysis of the diffraction patterns were performed using the software Jana2006 (192) using Pseudo
— Voigt functions for fitting the peaks shape. Rietveld refinement was performed for lattice
parameter evaluation, while microstrain and crystallite size were estimated by applying the
Williamson — Hall approach. (191)

2.1.2.2 Scanning Electron Microscopy - SEM

Microstructural characterization of UO,, ThO; and (U,Pu)O, samples was performed by means of
electron microscopy. This non-destructive technique employs electrons instead of light to image the
surface of the sample to be analysed, and furthermore allows gathering information about the
chemical composition through the emitted X-rays. The principle behind electron microscopy relies
on the acceleration of electrons to high energy, thus having much shorter wavelengths than the
visible light, providing hence a better resolution, as described by the Rayleigh equation:

R 0.611, (33)
~ psina
Where n is the refraction index of the medium through which radiation passes, a is half of the

maximum solid angle captured by the electron lens and A is the wavelength of the e’, given by:

h

1 =
e Mv, (34)

In which h is the Planck constant and m. and v, are the mass and the velocity of the e, respectively,
which can be accelerated by increasing its momentum through the application of an acceleration
potential IV as follows:
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v, = ./2Vem, (35)
With e being the charge of the electron.

Depending on the type of interaction (reflexion, emission, diffraction, transmission), different
analyses can be performed. In Scanning Electron Microscopy (SEM), Secondary Electrons (SE) and
Back Scattered Electrons (BSE) are collected for imaging. SE are the excited electrons coming from
the atoms down to several nanometers under the sample surface, providing high resolution images
of its topology. BSE instead are primary e from the beam that undergo high angle scattering, which
is an event strongly dependent on the atomic number Z of the hit atom. BSE provide very good
elemental contrast, with the disadvantage of carrying lower energy and hence yielding a worse
resolution.

The e beam also knocks out a small fraction of e from the inner shells of the sample atoms (inner
shell ionization), which are quickly replaced by outer shell e with the emission of a characteristic X-
ray. The energy needed for the inner shell ionization to take place depends on the atomic number,
making the emitted X-ray a very useful fingerprint for elemental mapping of the sample surface,
although with low resolution (0.5 um) due to the large volume of material probed. This phenomenon
is exploited in Energy-dispersive X-ray spectroscopy (EDX, EDS).

When the sample to be characterized on a SEM is non-conductive, the region being studied gets
charged with the electrons from the beam that cannot escape the material, leading to a large
brightness spot which impedes the production of good images; this is the so-called charging-effect.
In order to avoid such problem samples need to be coated with some conducting element, typically
Carbon or Gold.

Figure 38 (193) shows the volume of sample interacting with the e beam and the depth of origin of
the different detectable signals.
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Figure 38: scheme of the volume of sample interacting with the electron beam, and corresponding depths probed by SE, BSE
and EDS characterizations. (193)
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SEM characterization at the JRC - Karlsruhe

Images of (U,Pu)O, samples were obtained in a Philips/FEI™ XL40 SEM operated at 25 kV, equipped
with a SAMx Energy Dispersive X-ray analysis system (EDX). This microscope (high-voltage unit,
column, chamber, and turbomolecular pump) is placed inside a glovebox, while the components
which are not getting in contact with the active materials (primary vacuum system, the water-
cooling circuit, and the acquisition electronic) are outside.

UO; and ThO; samples were observed using a dual-beam Focused lon Beam (FIB) ThermoFisher
Scientific (ex FEI™) Versa 3D SEM with Field Emission Gun (FEG) operated at 30 KeV, and also
equipped with an XFLASH Detector 410M EDX. The grain size was evaluated with the intercept
method according to the standard ASTM E112 — 12. (194)

This last microscope is capable of operating as Environmental SEM (ESEM), reducing the charging-
effect on the samples and therefore no coating was required.

Initially, the FEG-SEM was not available yet, so during the development of the process for the
achievement of nanograined dense samples, characterization was performed on a Vega Tescan
TS5130LSH operated at 20 kV. This microscope was also equipped with an Oxford EDX for the
elemental analysis. In this case gold coating was necessary to obtain good quality images.

These last two devices are not inside a glovebox, and the vacuum pumps are provided with filters to
purify the exhaust gas of the chamber from any particle coming from the samples.

2.1.2.3 Differential Scan Calorimetry

Important data about a material can be extracted from calorimetry measurements, such as phase
equilibria, enthalpy of formation or mixing, melting point or heat capacity. In this work, Differential
Scanning Calorimetry (DSC) was used to measure the changes induced by self-irradiation on the
apparent heat capacity C,* of the a-doped (U,Pu)O; samples.

DSC is based on measuring the heat flow needed to impose a certain temperature schedule to two
crucibles, one containing a reference and the other the sample to be measured. Both heat flows are
evaluated by difference with a previously performed blank run with the empty crucible. The heating
schedule can be constant (continuous method), or proceed stepwise (step method). When
performing the DSC measurement with the continuous method, the heat capacity can be calculated
for each point using this relation:

Myey. * (Q)sample — Dpiank) (36)

Cp(sample) = Cy(ref.) - 0. —0
sample ( ref. blank)

Where mres and msample are the masses of the reference and sample respectively, and @ are the heat
fluxes of the corresponding runs. In the step method, the integral flow over each temperature step is
compared, providing hence an average value assigned to the mean temperature of the incremental
step.

DSC characterization at the JRC - Karlsruhe

The apparent heat capacity C,*of the (U,Pu)O, samples was measured using a NETZSCH Thermal
Analyser STA 409 C. All the measurements were performed on samples of minimum 100 mg in the
range 400 — 1500 K with a 15 K/min heating and cooling rate, under an Ar flow of 100 mL/min as

52



cover gas. In the present work, each measurement constituted of 5 heating-cooling cycles: a first run
with empty crucibles to crate the baseline, then a second run with a known calibration material
(sapphire disk), successively two runs with the sample to be analysed (the need of repeating the
experiment is soon explained) and finally another calibration run with the same material as before.

In our case, due to the isotopic composition of the samples to be analysed, self-heating effect had to
be considered. The heat produced by the 2®Pu present in the samples is indeed non-negligible, and
if not taken into account can lead to misinterpretation of the acquired data.

In order to discern and isolate the self-heating contribution to the measurement, a second cycle is
repeated after the first measurement (which is, by definition, perturbed by the presence of defects).
While heating up the annealed sample, the ascending curve results shifted downwards by effect of
the radiogenic heat, meanwhile in the cooling the descending curve is symmetrically shifted upwards
for the same reason. The average of the two ascending and descending curves gives indeed exactly
the theoretic (U,Pu)O; C,. (71)

Moreover, the ascending curve of the second cycle serves as baseline for the quantification of the
defects effect on the ascending curve of the first cycle (as the subtraction from the first cycle
descending curve would be hugely perturbed by the self-heating effect).

Finally, the self-heating effect can be exploited as calibration method to estimate the recovery of the
latent heat of the lattice defects during thermal healing. The difference in the first and second
ascending curves is indeed the net contribution to C,* of defects healing during the annealing of the
sample. Once this effect on the C,* has been quantified, it can be converted into released heat by
using the self-heating effect on Cy* as a reference, since the heat generated by the sample can be
indeed easily calculated from its chemical and isotopic composition.

2.1.2.4 ThO:irradiation

As mentioned in section 1.4.2.2, He implantation has been widely used to simulate a-damage on
UO; (158,163) as well as to understand its atomic and gaseous behaviour in the matrix
(172,173,175); similar studies were performed on Xe.(182,187) In the present work, a first
experiment was performed through a Rapid Turnaround Experiment (RTE) proposal to the Nuclear
Science User Facilities (NSUF) network, in the framework of the collaboration between Idaho
National Lab (INL) and JRC in the International Nuclear Energy Research Initiative (INERI). The main
focus of the project was the investigation of the effect of the grain size on the rare gases
retention/release, by implanting He and Xe in UO; and ThO, of different microstructures. The energy
of the ions was kept low to assess also the ballistic damage induced as a function of the grain
boundaries density, but at the time of writing characterization has been performed only to
investigate bubbles precipitation. The irradiation conditions are summarised in Table 3.

lons Energy (keV) Dose [ions/cm?] T[°C] Duration [min]
He 16 10%° RT —300 - 600 30 min
Xe 300 10%° 300 - 600 30 min

Table 3: irradiation conditions of the Xe and He ion implantations on UO; and ThO..

The ion implantations were performed on FIB lamellas of 100 nm of thickness. Fragments of pellets
of different grain sizes (already extensively characterized at the JRC) were shipped to INL for FIB
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preparation. The UO; and ThO; lamellas were then transported to Argonne National Lab (ANL) to be
implanted and in-situ characterized by TEM at the Intermediate Voltage Electron Microscopy (IVEM)
— Tandem facility. The TEM available at IVEM — Tandem is a Hitachi-9000 with LaBe filament,
equipped with a GATAN OneView digital camera (4k x 4k pixels, 16-bit dynamic range) and GATAN
double-tilt heating stage. The microscope was operated at 300 keV while used for microstructure
characterization, and the electron beam was turned off during irradiation experiment.
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Figure 39: SRIM (75) simulation of the implanted He profile and ballistic damage introduced in the matrix.

The implantations were performed with an incidence angle of 15 ° with respect to the normal
direction of the lamellas, resulting from the imposed 30 ° angle due to the TEM and ion beam
configuration and appropriate tilting of the sample stage. Figure 39 shows that the calculated SRIM
(75) He deposition profile, for such an incidence angle and ion energy (16 keV), entirely falls within
the thickness of the lamella, allowing ideal observation of bubble formation. The ballistic damage
introduced in the matrix is also plotted.

It is worth noting that SRIM does not include the temperature as a parameter in the simulation. For
this reason, the graph presented Figure 39 does not take into account flattening of the deposited
ions profile (169) nor damage healing.
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2.2 Innovative techniques

Contrarily to the devices descripted in section 2.1, those that will be described here present
significant modifications with respect to commercially available machines. In some cases (SPS, TEM)
the modified machines were adapted according to the requirements of the institute by the supplying
company, and then were entirely or partially included in a glovebox. Other devices instead represent
a complete innovation as the setup was entirely developed at the JRC. The Raman spectrometer
instead was not nuclearized at all, but the innovative JRC-developed encapsulation system allows
the analyses of highly active samples.

2.2.1 SPS

UO; and ThO; powders were sintered into dense disks using an FCT Systeme GmbH SPS modified for
inclusionina 1l x 1x 1.5 m glovebox. At the time of writing, the glovebox has not been contaminated
with transuranic elements yet, hindering the possibility to produce nanostructured (U,Pu)O,
samples. Some pictures of the SPS device and its components are shown in Figure 40 A-C.

Figure 40: (A) - nuclearized small scale SPS at the JRC-KA; (B) - SPS water-cooled chamber; (C) - SPS graphite die and punch.
(195)

In order to fit the machine into a glovebox, the main modification to be done was a significant
dimensional downscaling of a standard FCT Systeme GmbH SPS. This downscaling did also make
sense for the fact that the dimensions of conventional nuclear fuels are smaller than the size of the
pieces commonly pressed by SPS. The small scale SPS inside the glovebox is shown in Figure 40-A.

Thanks to the reduced diameter of the samples to be pressed, high pressures could be reached with
the use of an electromechanical spindle instead of a hydraulic pump, reducing enormously the
components to be included in the glovebox. Cables could replace the oil lines, resulting in a much
more compact system, with fewer components that would eventually become contaminated
(including the organic waste constituted by the oil itself).

Directly linked to the smaller dimensions of samples and dies (Figure 40-C), is the reduced size of the
water-cooled chamber (Figure 40-B), which was kept anyways relatively large in order not to make
the sample loading-unloading procedures too troublesome. As a drawback, the accurate
measurement of the temperature via pyrometer on such small samples was very complicated,
making it extremely more suitable and accurate to use instead a thermocouple located in the fixed

55



lower punch of the compaction unit. The complete nuclearization of the machine, together with the
first applications of the newly nuclearized device, was described by Tyrpekl et al. (195)

2.2.2 Transmission Electron Microscopy

Very important information about the microstructure of the materials can be extracted by
Transmission Electron Microscopy (TEM), which takes advantage of the same principles described in
2.1.2.2 but exploiting different interactions of the e” with the sample. In TEM, a collimated e beam is
passing through the sample and electrons are collected afterwards, either to obtain images or
diffraction patterns depending on the focal length of the camera.

Electron diffractions are obtained by recording the e- scattered by the atoms of a small region in the
sample (Selected Area Electrons Diffraction — SAED), setting the focal length of the electronic lenses
exactly on the camera CCD, obtaining the diffraction pattern of the crystal. This tool is very useful for
identifying crystalline phases and orientations.

Imaging instead can be performed either by looking at the transmitted (Bright Field — BF) or
scattered e’(Dark Field — DF). In BF images, only the unscattered e are collected, and hence the
sample parts which are thicker, denser or include heavier atoms are pictured in dark due to the
greater e scattering in the region. DF images instead are acquired by focusing on the scattered e’,
hence the contrast is opposite, and the sample appears light on a dark background (where there is
no matter to scatter ). The most interesting feature of DF imaging is that intensity of the collected
signal changes with the relative orientation of the sample crystals with the beam. With this tool,
either one selected crystal can be imaged by focusing on the corresponding diffracted point, or the
combination of different diffractions can be imaged altogether resulting in different contrast for the
different crystal orientations.

Scanning Electron Transmission Microscopy (STEM) is another imaging capability of a TEM, in which
the e beam is focused and then rastered along the material. The image is then reconstructed from
the information recorded point-by-point. Also STEM can be performed in BF or DF or DF depending
of the type of detector used for the collection of e".

Elemental analysis can be performed by EDX in TEM in the same way as for SEM (2.1.2.2), but
Electron Energy Loss Spectroscopy (EELS) offers a broader range of capabilities. It relies on studying
the amount of electrons reaching the camera as function of the energy they lost on the interaction
with the electrons from the sample. The energy that can be shared between beam electrons and
core shell electrons is element-specific, and thus can be used for identifying the composition of the
sample, as peaks will appear for those energies. Moreover, the shape of these peaks is sensitive to
the oxidation state and chemical environment of the atoms in the sample, yielding then more
information with respect to EDX. The thickness of the sample can also be probed by means of EELS
provided the mean free path on the material can be known or estimated for electrons.

TEM characterization at the JRC - Karlsruhe

TEM analyses of all samples were performed using a FEI™ Tecnai G2, equipped with a field emission
gun, a GATAN Tridiem GIF camera for EELS analyses, an Oxford EDX system, and a high-angle annular
dark field (HAADF) detector for the scanning transmission electron microscopy (STEM) imaging.
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This device was not included entirely in a glovebox, but rather modified during its fabrication in
order to allow the use of highly active or irradiated materials. As shown in Figure 41, a small
glovebox was attached to the microscope by means of a flange. This flange has been inserted in the
octagon hosting the objective lenses, and allowed the mounting of the glovebox around the
compustage. The insertion of materials in the microscope glovebox is done thanks to a double door
allowing confinement of contamination (La Calhéne DPTE transfer system, Getinge, Rush City, MN).

Figure 41: TEM available at the JRC-KA. The picture on the right shows a detail of the glovebox attached to the
compustage of the microscope.

Samples were indeed prepared in a separated glovebox (equipped with dimpler, ultrasonic disk
cutter, ion-milling, electrochemical etching devices and plasma cleaner) and subsequently moved to
the microscope. The samples preparation was done by crushing few milligrams of material in
methanol in an agate mortar and then, after decanting, dripped over a 400 mesh copper grid coated
with carbon.

2.2.3 Raman spectroscopy

Insight about atomic bonds and microstructural disorder can be acquired using Raman, a very useful
non-destructive technique which exploits the interaction of the samples with incoming
monochromatic electromagnetic radiation, and requires no sample preparation.

Raman spectroscopy is based on the inelastic scattering of photons from a crystal, an effect which
was first observed by V. C. Raman, who was awarded the Nobel Prize for his findings and gave the
name both to the phenomenon (Raman effect/scattering) and the technique.

Raman scattering takes place when visible light photons impinging a crystal are emitted at different
optical frequencies. Due to the polarizability of the molecules constituting the crystal, an oscillating
polarisation is induced by the incoming photons. If this oscillating polarisation can couple with one
allowed vibrational mode of the crystal, the molecule will be excited to another vibrational state. As
a result, a phonon is created in the lattice, and the photon is scattered at lower frequencies, the
difference (Stokes shift) in energy being the one needed for the change in the vibrational energy. A
similar but opposite effect (anti-Stokes shift) can also take place, when the final state of the
molecule has a lower energy than the starting one, and a more energetic photon is emitted by
annihilation of a phonon in the crystal. However, Stokes mechanism is much stronger than anti-
Stokes at room T. Raman spectroscopy measures the Stokes shift of the emitted photons, hence
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provides information about the crystal bonds by exploring the allowed vibrational modes in the
lattice.

Recalling the notion of reciprocal space quickly illustrated in Section 2.1.2.1, it is now time to
introduce the Brilloiun zone, i.e. the primitive cell of the reciprocal lattice, or, in other words, a
representation of the allowed energetic regions in the crystal. In an ideal lattice, Raman scattering
takes place at the centre of the Brillouin zone, which is the zone of most symmetry.

It can be demonstrated that to be active in Raman spectroscopy, a vibrational mode has to produce
a change in the polarizability of the molecule, while it is going to be active in infrared (IR)
spectroscopy when it produces a change in the dipole moment. This is called the selection rule, and
it implies that no mode can be active in both Raman and IR spectroscopies in a symmetric molecule.

Fluorite structures with MO, formula unit have 3 triple-degenerate frequencies of vibration at the
centre of the Brillouin zone. One is the acoustic mode of the Ty, representation and it is measured in
Brillouin scattering. The other two are the triple-degenerate optical modes of the T1y, and T, and are
active in IR and Raman respectively. Ti, (ungerade) is related to the oscillation of the metal and O
atoms in antiphase with each other, and it splits into a longitudinal and a transversal optical
component (LO and TO respectively). The Raman-active T, (gerade) instead arises from the
antiphase oscillation of the O atoms around the metal atom which is at rest.

Raman characterization at the JRC - Karlsruhe

Raman spectra of the (U,Pu)O, samples were acquired using a Horiba Jobin-Yvon T 64000
spectrometer equipped with a 1800 grooves/mm grating, a low noise LN, cooled CCD detector and
an edge filter blocking the laser elastic scattering coming from the sample. On the device is mounted
a long working distance (10.6 mm) objective which offers a 0.5 numerical aperture with a X50
maghnification. Acquisitions were performed from 200 to 1300 cm™ using a 647 nm Kr* excitation
laser. The spectrograph is calibrated with the T, excitation of a Si single crystal (520.5 cm™).

Contrarily to the other devices described in this section, this machine is never in direct contact with
the active sample and hence it is completely outside of a glovebox and non-contaminated. This is
possible thanks to an innovative setup designed at the JRC-KA, which limits the confinement to the
active sample.
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Figure 42: scheme (left) and picture (right) of the Plexiglas sample holder designed at the JRC-KA for Raman
characterization of nuclear materials. (196) 58



A scheme of the sample holder is shown in Figure 42 (left) and some of its components are pictured
in Figure 42 (right). The sample holder assembly is constituted of a Plexiglas hollow cylinder closed
on one side by a one wave optically polished fused silicate window, which is tested for tightness
after gluing. From the other side, the sample, mounted on a standard aluminium pin stub, is placed
right below the quartz window by means of a Plexiglas rod. On the rod, an O-ring preserves the
tightness of the assembly while a lock ring prevents the contact between the sample and the silica. A

screw is fixed at the end of the rod to allow controlling the distance between the window and the

Figure 43: sample holder connected to the bag (left) and bag-out operation of a loaded sample holder from a glovebox
at JRC-KA. (196)

sample.

This sample holder is then hermetically fixed onto a bag of those used for the transfer of materials
between gloveboxes, as shown in Figure 43 (left), and then tested again for tightness. Such a bag can
then be attached to a glovebox, where the sample is prepared and placed in the cylinder, and then
detached after welding as in a regular bag-out operation (Figure 43 —right).

Raman analyses are then performed through the quartz window as shown in Figure 44. A more
detailed description of the design and applications of the setup can be found in the work of Naji et
al. (196)

W

Figure 44: Raman acquisition from a highly active sample confined inside the Plexiglas sample holder through the quartz
window.
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2.2.4 LAser Flash method

The thermal conductivity degradation of the (U,Pu)O, samples was followed by measuring the
thermal diffusivity by LAser Flash method. (197) Thermal conductivity k [W/m-K] and thermal
diffusivity o [m?2/s] are related by the following law:

k = apc, (37)

Where p and ¢, are the density [kg/m3] and the specific heat capacity [J/kg-K] of the measured
sample.

In LAF, thermal diffusivity is evaluated by recording the temperature perturbation profile on one
face of a sample of well-defined geometry after a laser heat pulse is deposited on the opposite face.
The temperature of the sample before the application of the pulse has to be steady and very
accurately controlled. Generally, the sample is heated up externally by a furnace, and is held in place
by thermally insulating holders to minimize the heat losses.

The output thermogram is then analysed using realistic heat transfer models, which calculates
thermal diffusivity and the various possible heat losses. The geometry of the sample and the
temperature of the experiment have extreme importance in the model, and hence have to be
guantified as accurately as possible.

LAF characterization at the JRC - Karlsruhe

Thermal diffusivity measurements were performed in a machine developed in the past at the JRC-
KA. (198) This unique setup allows the simultaneous measurement of thermal diffusivity and heat
capacity of the sample, and can be used also to detect phase transitions. In the present work
however, only the thermal diffusivity was measured, and for the calculation of the thermal
conductivity the heat capacity predicted by Duriez et al (71,199) was used. A scheme of the
apparatus is shown in Figure 45.

In the setup available at JRC — KA, the sample is positioned on a sapphire glass inside a graphite tube,
which is heated up by high frequency induction coils under vacuum (10 — 107 mbar). The vacuum
chamber is water cooled and, thanks to this setup, measurements can be performed from 500 to
1600 K. This part of the LAF device is placed inside a shielded glovebox, allowing to measure highly
contaminated samples.

Once a steady temperature is reached, a Nd:YAG laser applies a pulse on the lower side of the
sample (front face). The thermal radiation emitted from the upper side of the sample (rear face) is
focused with lenses and conveyed through glass fibres to an InGaAs or Si photodetector, for low or
high T respectively. A fast-transient recorder acquires the amplified signal and converts it into a
temperature profile, and the same signal is also used to determine the absolute reference
temperature of the sample.

The resulting thermogram is fitted with the axial temperature equation derived from the analytical
solution of the heat flow equation in the sample. A combination of Newton-Raphson, Levenberg-
Marquardt and Steepest Descent methods (200) is used and the thermal diffusivity is extracted.
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Figure 45: detailed scheme of the LAF system developed at the JRC-KA. (200)

Given the complexity of the model, sample-related parameters, as well as experimental conditions
(laser pulse parameters), have to be determined as accurately as possible. For this reason, a sample
with a very regular geometry is normally required, and thus specimens for LAF analyses were
prepared on purpose with different specifications from the rest. In general, a disk thickness of at
least 1 mm is targeted to have relatively low uncertainties, and the faces of the sample have to be
parallel. More details on the LAF history and theoretical background, equations solution and data
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fitting strategy can be found in the work of Sheindlin et al (198), which describes the design and
setup of the machine at the JRC-KA.

2.2.5 Knudsen Effusion Mass Spectrometry

Quantification of the radiogenic He accumulated in the (U,Pu)O, samples due to a-decays was done
by means of Knudsen Effusion Mass Spectrometry (KEMS). Mass Spectrometry (MS) is an analytical
technique in which ionised species are sorted according to their mass/charge ratio, allowing
guantification of the chemical species composing the sample. Generally, the sample is ionised by e
bombardment, and its charged fragments are accelerated and then deflected thanks to an electric or
magnetic field onto the detector. Different mass/charge ratio result in different deflections, so ions
can be identified and counted as a function of their mass/charge ratio.

KEMS combines the MS with a Knudsen Cell, an effusion cell whose orifice is dimensioned in order to
fulfil the Knudsen condition, hence having diameter lower than the mean free path of the gas
molecules developed inside the cell. The flux of molecules escaping the cell is thus proportional to
the partial pressure of the said molecules inside the cell. (201) This allows also the measurement of
other thermodynamic properties such as sublimation enthalpies, ionisation energies of gaseous
species, enthalpies of formation and activity coefficients.

However, in the present work, this device was used only to study the kinetics of gas release, by
qguantifying the He released from the samples as a function of the annealing temperature. Since the
KEMS allows quantitative determination only of condensable vapours, it was operated in
combination with a second device entirely developed at the JRC — Karlsruhe (while the KEMS can be
considered as a nuclearized version of a more standard machine) called Quantitative GAs
MEasurement Setup (Q-GAMES).

KEMS characterization at the JRC - Karlsruhe

KEMS Q-Games

Figure 46: Knudsen Effusion Mass Spectrometry (KEMS) and Quantitative Gas Measurement Setup (Q-GAMES) schematic
setup.
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The setup used for Helium desorption from (U,Pu)O. samples consisting of a high temperature KEMS
and the Q-GAMES was developed at JRC-KA to allow measurements at temperatures up to 2800 K on
highly active materials. A sketch of the two devices connected to each other is presented in Figure
46.

Figure 47 shows a scheme of the KEMS instrument, whose design and setup were explained in detail
by Hiernaut et al (202) and Colle et al (203). The cell (humber 1 the figure) is made of a refractory
material (BN, W, ZrO; or Al,0s) and has an inside diameter of 7 mm and an effusion hole of around
0.5 mm. The temperature is measured with a pyrometer through a horizontal blackbody hole. A gas
inlet at the bottom of the cell allows a small quantity of gas to be introduced into the cell during the
measurement. The mass spectrometer (a Pfeiffer Vacuum QMG422 quadrupole mass spectrometer
equipped with a crossbeam electron bombardment ionization source and 90° secondary electron
multiplier) is placed in a chamber above the furnace. The cell is heated in a vacuum by a tungsten
coil surrounded by seven thermal shields ensuring temperature homogeneity in the cell. Our
measurements were performed with a heating rate of 10 K/min in a W cell.

The Q-GAMES is pictured in Figure 48 and described more extensively in the works of Maugeri et al
(149) and Colle et al (204). As shown in Figure 46, the machine is connected to the KEMS, from which
it collects the gas coming from the annealed sample into a high-pressure chamber. Here, the gas is
purified from gaseous species (such as N,, O,, CO,, CO, H,0, C,Hn, Hz, DH, DD...) which can perturb
the measurement by a combination of a liquid nitrogen (LN>) cold trap, a getter pump (SAES Getters
GP50) and/or a plasma discharge. After purification, the gas is sampled through an inlet and
microvalve to a low pressure chamber, and the system quantifies the gas with its own independent
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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:
thermocouple. (203) 63



MS (Pfeiffer-vacuum QMG 422 quadrupole) by comparison with a spike of the same element. The
spike is generated with temperature controlled calibrated volumes. The measurement possibilities
range between 10?and 10 mol with a relative error below 2%. (150)

The pumping system works in closed circuit for the whole duration of the experiment, meaning that
the gas is pumped back through the feedback to the HP sample chamber. This yields several
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Figure 48: scheme of the Q-GAMES developed at JRC-KA. All components mentioned in the text are labelled in the
picture. (204)

advantages:

e Increases the sensitivity of the measurement (allows sampling a big amount of gas without
depleting the total quantity)

o Allows kinetic and long measurements (the measurement can be done continuously during
the release cycle since the gas is never depleted)

e Results in the integral of the gas released

e Retains the total inventory of the released gas for further analyses

Quantification of the measured gas by comparison with the spike is done using the following
formula:

Ny S, —BG (38)

Ns, S;—5;
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Where N; and Ns, are the number of atoms in the measured sample and in the spike respectively, BG
is the background signal, S; is the mass spectrometer signal to be analysed before the introduction
of the spike, and S; the signal intensity after the spike. (204)

2.2.6 Low T calorimetry

Heat capacity measurements at low T were performed using a PPMS-9 (Physical Property
Measurement System, Quantum Design) and its determination was done by a relaxation method,
which allows to measure relatively small samples with a mass of a few mg. (205) This device can be
used to measure electric resistivity and heat capacity the temperature range between 0.4 K and 380
K. However, due to #®Pu self-heating, the minimum T probed in this work was 5 K.

The device is not included in a glovebox, so samples containing transuranic elements have to be
encapsulated before the measurement. Encapsulation was done in a clean glovebox and was
followed by decontamination. The samples were also tested for contamination after the
measurement. Stycast 2580 FT glue was used in this work to embed the samples, and its
contribution on heat capacity was first measured on inactive standards and then subtracted from
the real measurement. The encapsulation increased the uncertainty of the measurement up to 5 %.
The setup of the machine as well as the encapsulation of the samples and its effects on the
measurement accuracy have been published in detail by Javorsky et al. (205,206)
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3 SAMPLES PREPARATION

In this chapter, the preparation of the samples used during the whole PhD work is described. The
chapter is structured in two main blocks describing the production of the UO,-based pellets and a
third smaller section on the production of nanograined ThO,. In each part, the design of the
concerned samples is discussed, the starting materials are described and the samples preparation is
reported.

The preparation of the Pu-doped samples is treated separately than the other UO,-based samples as
the involvement of such a highly radioactive element implied in most cases the use of different
devices and techniques.

3.1 238Pu-doped UO:z samples for accelerated spent nuclear

fuel ageing study through o-self-irradiation
As described in Section 1.3.1, the degradation of the spent nuclear fuel during repository time is
driven by a combination of several factors of different nature, mostly interconnected among each
other. Since it will be the dominating activity in spent nuclear fuel in the long term, the focus of this
work is to study the a-radiation effect, to be later extended to its interaction with the spent fuel
microstructure (as will be described in section 3.2).

In order for the study to successfully decouple the effect of a-radiation from all the other
phenomena ongoing in spent nuclear fuel, few key points were selected as prerequisites for the
good outcome of the work, in particular the homogeneity of:

1) the chemical composition
2) the microstructure
3) the damage distribution within the matrix

To match these requirements, a material with tailored characteristics has to be designed and
synthesised. A good preliminary insight on the ageing effect and a careful samples design were
fundamental requirements for the success of the study. The preparation of a material with uniform
microstructure and chemical composition would allow to separate and study only the specific effects
of the homogeneous a-radiation onto the crystalline matrix.

In the present chapter, the production of UO, doped with *®Pu as a-emitter is described. The
procedure involved intensive bibliographic research and samples design phases, in order to be able
to later study a significant extent of damage accumulation with the most appropriate techniques and
over a short time. The powder synthesis, pressing and sintering are described. The systematic study
of the degradation of the samples thermophysical, microstructural and thermodynamic properties as
a function of the damage accumulation will be discussed instead in a dedicated section.

3.1.1 Sample’s elaboration

Different properties of the spent nuclear fuel evolve following very different kinetics. This behaviour
is due to the different sensitivity of each thermo-physical property to different type/order of
defects. As the damage builds up in the lattice, defects of increasing complexity are formed, from
point defects towards extended defects (which can be linear, planar or three-dimensional).
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Imperfections in the lattice such as interstitials or vacancies might dramatically affect some
properties which are particularly sensitive to the regularity of the crystal, but might result almost
completely neutral to some other material characteristic.

As already discussed in section 1.3.3.1.3, the thermal diffusivity (and conductivity) is one of the
properties that shows the quickest degradation as a function of the cumulated damage. A small
irregularity of the periodic lattice, such as a vacancy or a substitutional atom, introduces a strain in
the crystal lattice, that increases phonon scattering processes detrimental to the thermal diffusivity
especially at lower temperatures.(96)

On the other hand, the lattice constant keeps increasing on a very long damage scale (88,89) since it
is affected not only by point defects but also by the incorporation of He atoms in the lattice

Lattice parameter swelling and thermal diffusivity (or conductivity) degradation are two examples of
very important properties that are both closely related to the lattice, but then show different
degradation kinetics as function of the damage build-up. By comparing their evolution as a function
of a measure of the damage injected in the matrix, such as dpa (as introduced in chapter 1), it is
immediately clear that they differ by orders of magnitude in reaching the saturation values (Figure
49). Transposing this onto a laboratory timescale, ad considering that dpa increases linearly with
time, a crucial issue is self-evident: how to accurately follow the evolution of thermo-physical
properties that differ by orders of magnitude in their time dependence?

1.0

———th. diff. | [Staicu etal]
—HV [Rondinella et al.]
— latt. par.| [Wiss etal]

0.5

relative variation

0 dpa
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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 assessment. 68




On the other hand, past studies on a-doped fuels (88,144) report the independence of the
properties evolution on the kinetics of the damaging of the matrix, even in the case of two orders of
magnitude of difference in the activities of the samples involved. In these studies, properties such as
Vickers hardness and lattice parameter swelling were monitored on a-doped UO, samples, and
showed no dependence on the samples activity nor composition. The conclusion of the authors is
that, within limited ranges of dopant concentrations (i.e. up to 10 wt % Pu in UO,, the evolution of
microstructural defect populations and macroscopic properties is not affected by the rate at which
the corresponding levels of damage are injected.

Based on these very promising results, in this study it was chosen to produce samples with two
different activities, tuned in such a way to have a relatively smooth evolution of the concerned
properties over the timeframe of the PhD project. Moreover, this approach allows us to monitor
more accurately the initial part of the ageing of the samples, which is when the change is more
abrupt in any case. In fact, most of the properties age tracing a sigmoid curve on the logarithmic
time scale. Finally, this study proposes a more accurate re-assessment of the non-dependence of the
ageing from the kinetic of damage generation, by comparing the two different compositions
evolutions in several techniques with an improved accuracy with respect to past works.

To adapt the samples activities, a plot grouping the relative variation of the different measurable
parameters as a function of the dpa was created. The literature data and the activities of our
samples were converted to dpa with the following formula (already introduced in chapter 1):

displacements 1650-a-t-m 1650-a-t-mm
dpa = p _ — Pu _ Uo, (Pu%) (39)
atoms . Lo, 3N
3-Na - —= a
mmuoz

Where a is the specific activity [1/s-g], t is time [s], mmuyo, is the molar mass of our samples [g/mol],
N, is the Avogadro number [1/mol] and the factor 1650 is the number of displacement per decay
event, as calculated using SRIM code (75) and assuming 40 eV displacement energy for U and Pu
atoms and 20 eV for O atoms. Note that dpa is a dimensionless unit and depends linearly on the
dopant fraction (Pu%).

The use of dpa allows representing on the same scale the data coming from samples of very
different activities, although it must be kept in mind that samples with very different compositions
might respond differently to the same amount of damage. The values of dpa to be targeted in the
PhD timeframe were around 0.5 and 0.12 dpa, meaning to have a dopant concentration four times
higher in the samples intended for the monitoring of the slowly-evolving properties.

These two values were selected to cover, with reasonably slow kinetics, the whole evolution of the
properties measurable with the instrumentation available at the institute. The only exception was
the lattice parameter swelling, which is the most reported in literature and whose dpa saturation
values appear to be very spread. In particular, the lattice constant relative increase seems to
proceed in very different ways depending on the different actinide compounds, and much higher
dpa saturation values are reported for mixed U-Pu oxides than for pure compounds or Am-
containing solid solutions (158,207—209). The value of 0.5 dpa should be sufficient to cover the main
part of the lattice parameter relative increase, especially considering that most of the variation takes
place in the initial part of the damage accumulation. Moreover, since the data collection of this work
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has been more exhaustive than those available in the literature, it potentially paves the way for a re-
assessment of the saturation value and dpa for the lattice constant expansion, at least in UO,-based
compouns, as well as to provide a precise kinetic evolution model.

Microstrain data are instead less abundant in literature, and it is reported to reach a plateau already
for low values of dpa (207), although in this case data on UO; or UO,-PuO; solid solutions are almost
completely unavailable. An accurate monitoring of the microstrain evolution in our samples was an
additional reason to analyse by means of XRD both the samples compositions throughout the whole
PhD timeframe.

Once chosen the desired compositions tuned on the desired damage accumulation during a fixed
time, the next issue was the determination of the target chemical composition based on the
compounds available at the institute. For this reason, there could be a significant difference in the
nominal and actual compositions of the samples, while the final overall samples activities are the
targeted ones.

In addition to this, the number of samples for each composition had to be carefully evaluated in
order to have enough material to perform all the characterizations foreseen until the end of the
study. Some techniques in fact are destructive, while others perturb the sample in such a way that
its ageing would be different after the characterization (for example while grinding the sample) or
completely anneal all the accumulated damage (DSC, KEMS). Furthermore, some characterization
techniques have some size limitations, implying that the geometry for at least some of the samples
was fixed in terms of minimum diameter (LAF, for modelling reasons) or height (indentation, for
guaranteeing the integrity of the samples even after polishing).

It is worth mentioning that the Pu content affects some of the thermophysical properties that were
studied in this work. While for some properties, as it will be discussed more in detail in the
appropriate sections of chapter 4, the low Pu content does not alter significantly the UO, matrix
behaviour, for some others the change is more marked. Moreover, the difference between the two
compositions involved also yields some differences in the response of the materials. (50)

However, the present study puts its focus on the degradation of the properties as a function of the
damage build up. The relative change of the properties was monitored, more than their absolute
variations, in order to study the response of a UO,-based material to the self-irradiation effect. As
the UO; radiation resistance is not reported to be affected by the Pu doping, the goal of the study
was preserved.

3.1.2 Materials and methods

Due to the high radiotoxicity of Pu, all of the experiments and procedures described in this section
were performed in shielded gloveboxes at the JRC-KA. All of the materials and devices (described in
chapter 2) used in the work were already available at the institute at the beginning of the project.

The goal of the samples preparation was to achieve a homogeneous PuO,-UQ, solid solution in the
final pellets, so to have uniform a-damage within the matrix. The Pu-dopant was provided in form of
powder, while the U was available as uranyl nitrate solution. Solution mixing and co-hydrolysis had
already proven to be a reliable method for the synthesis of mixed oxide precursor powders with a
high degree of homogeneity(119), suitable for densification in conventional sintering.(142) Following
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this procedure, the Pu powder was dissolved, the solutions were mixed in stoichiometric amounts
and co-precipitated, and the resulting precipitates were washed, dried, calcined, pressed and
sintered.

3.1.2.1 a-dopant powder

The powder used as a-emitter dopant in this study was already present at JRC-KA and was
purchased several decades ago. The powder was composed of 13 wt% U isotopes and 73.6 wt% Pu
isotopes, with the first being mainly oxidized to UsOs and the latter to PuO,. Initially it was
constituted of mostly 2¥Pu, whose half-life is 87.75 years, with the result that the #%Pu
concentration was 54 % at the time of the synthesis of the samples.

The availability, for this study, was limited to 250 mg of Pu, equivalent to a total amount of dioxide
dopant powder of 348 mg.

As mentioned earlier in the introduction to this chapter, the discriminant of this study was the target
activity of the samples. This reason, combined with the high amount of U and Pu isotopes present in
the powder in addition to 2*Pu, makes the nominal and actual compositions of the o-dopant very
different.

Throughout the rest of the thesis the samples will be referred at by using their nominal composition,
which is related to the weight fraction of the overall dopant material. The actual composition of the
238py doping is roughly half this value, while the actual overall Pu dopant concentration is between
these two values.

Considering the specific activity of the dopant powder, which was 342 GBq/g, the desired dpa level
after two years could be achieved with 2.5 and 10 wt% dopant material in the UO..

3.1.2.2 Uranium solution

The uranium used in this work was also belonging to the JRC-KA stock. All the uranium involved is
natural and is available at the facility as uranyl nitrate solution, in our specific case the concentration
was 494.19 g/L.

3.1.3 Samples preparation

3.1.3.1 Pudissolution and mixing

The dopant powder was dissolved using HNOs and a dropwise addition of HF during 24 hours. The
solution was then diluted with H,0 to bring the overall volume to 20 mL, resulting in a solution of
concentration 15.35 g/L.

The dopant solution was then divided into two solutions of 8 and 12 mL, and each one was added to
a separate volume of U solution in the appropriate ratio (respectively, 9.65 and 3.35 mL).

3.1.3.2 Precipitation and filtration

The solutions were then added with 70 mL of ammonia solution (10 vol%) to achieve the
precipitation. The precipitates were collected by filtering the solution with paper filters, and were
then washed with distilled water.

The material obtained was an U,Pu hydroxide as characterized by means of XRD.
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3.1.3.3 Pre-calcination and calcination

To limit the material losses, the precipitates were pre-calcined together with the paper filters under
air, in order to burn the filters away. A successive calcination step was performed to obtain the final
powder.

The pre-calcination treatment is summarized in Figure 50-(left) and consisted in a dwell at 400°C
during which the atmosphere was switched from inert (Ar) to simulated air (N> with 20% O,) for two
hours and then back to inert.

After the treatment it appeared clear that the paper filters were not completely removed. Part of
the original filter shape could be seen in a crumbly black layer underneath the powder. For this
reason, the calcination process was modified with the addition of another step under simulated air.
The profile of the calcination treatment can be found in Figure 50-(right). The dwell temperature was
700°C, with the first 2 h under simulated air and the remaining 2 under Ar-4%H,.
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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 (Ar-4%H,) atmospheres.

The resulting powder consisted of a mixture of a cubic Pu-rich phase and a more oxidized U-rich
UsOg phase due to the local composition variations. This inhomogeneity is usual when performing a
calcination under air for burning away the organic impurities inherited from the powder synthesis. In
our case, the final part of the treatment in reducing atmosphere was obviously too short, and thus
the reduction to a dioxide solid solution was incomplete.

3.1.3.4 Pressing and sintering

The powder was pressed in disks of 5 mm of diameter using 14.5 kN of force, resulting in a pressure
of 738 MPa. Samples of different masses were produced, in order to achieve the geometrical
requirements foreseen by the different characterization techniques. Table 4 summarizes the
different batches of samples that were produced.

Samples amount Mass [mg] Targeted height [mm] Nominal Pu [wt%]
3 170 1 2.5
10 130 0.8 2.5
36 100 0.6 2.5
24 90 0.55 10

Table 4: batches of samples produced for each composition.

The samples were sintered following the standard sintering treatment for MOX fuel with a dwell

time of 6 h at the nominal temperature of 1650 °C under Ar-4%H..
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3.1.4 Summary

In this section, the production of a-emitting 2*Pu-doped UO, samples for self-irradiation studies was
described. The process involved an extensive literature review and design phase for carefully tuning
the final samples compositions. Two different compositions were selected that would allow a
complete and systematic study of the samples ageing under a-self-irradiation within a PhD
timeframe. Solution mixing and co-hydrolysis resulted in intimately mixed U-Pu powders that were
densified in highly homogeneous (U,Pu)O; disks via conventional sintering for 6 h at 1650 °C under
Ar-H, atmosphere.

3.2 Nanograined UO: for grain size effect study on radiation

resistance
As described in section 1.2.1.3, the application of FAST to ceramic powders allows to strongly
decrease the grain size of the sintered material with respect to what achievable through
conventional sintering.(37,210,211) The most straightforward route to study the grain size effect on
radiation damage would then be the synthesis of a-doped UO; with various grain sizes applying FAST
to the powders already used in section 3.1.

However, at the time of writing, only few FAST devices have been nuclearized all around the world,
and none of them are able to process Pu-containing compounds. For this reason, the synthesis of
nanograined a-doped sintered materials has never been achieved yet.

The approach used in the present study foresaw the synthesis of non-doped UO; samples of uniform
composition and density, in which the radiation damage would then be reproduced by successive
ion implantation in dedicated ion beam facilities.

In the present chapter, the production of UO, samples with grain size down to ~50-100nm is
reported. The work described here is the result of the optimisation of previously reported
studies.(38,40,41,212)

To limit the grain growth during the UO; sintering, several starting powders were tested, and
different sintering treatments were applied. The explored powder synthesis routes are described,
together with their sintering behaviour, and the design and application of different sintering
treatments is also illustrated and discussed. The ion implantations on the samples with the different
grain sizes will be instead reported in a dedicated section.

3.2.1 Samples design/elaboration

As introduced in section 1.2.1.3, when trying to limit the grain size of the final sintered product,
several precautions can be adopted in different stages of the samples preparation. Coarsening
during sintering must be avoided since it has the double negative effect of increasing the final grain
size and competing with the densification process. Grain growth takes place predominantly once
reached high densities at high temperatures, so the main objective is to limit as much as possible the
maximum temperature undergone by the samples but also the time spent at this temperature.

However, during sintering, the achieved density increases as function of the sintering temperature
and time. It is crucial then to select accurately the maximum sintering temperature and the dwell
time in order to reach high density (95%TD) while limiting the growth of the grains.(45)
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The use of Spark Plasma Sintering (introduced in 2.2.1 and 3.2.3), where the powder is subject to
uniaxial pressure, electric field and high heating rates, allows lowering significantly both sintering
temperatures and times. Furthermore, the applied pressure and the heating rate are two additional
factors which can affect the sintering of the powder and eventually lower temperature and shorter
dwell-time when properly chosen.

Another significant decrease in the sintering temperature of the UO, powders can be achieved by
synthesising very sinteractive powders. Fine powders have a much higher sintering potential, as it is
proportional to their specific surface, and will then sinter at lower temperature. Nonetheless, the
size of the starting powders particles has a larger effect on the incipit of the sintering, while the final
part of the densification process is more affected by the agglomerates size and shape.(213) Since
most of the grain growth will occur in this last stage, as the temperature is high but most
importantly as the material has already reached a relatively high density, the agglomeration of the
powders plays a role at least as important as the one of the particle size.

An additional factor influencing the sinterability of the UO, powders is their deviation from
stoichiometry. The increased disorder of the crystal lattice brought by the excess oxygen atoms
enhances the self-diffusion coefficient of both anions and cations of up to three orders of
magnitude.(214) Being the sintering process diffusion-driven, this means that oxidised powders will
sinter at much lower temperatures than stoichiometric UO, powders.

It is worth noting that nanograined sinteractive powders, due to their extremely high specific
surface, have also a high tendency to oxidize, even at very low oxygen potentials. The two effects of
non-stoichiometry and nanosize of the particles are then usually coupled while sintering such
powders.

As mentioned in section 1.2.2.1.2, the SPS graphite environment ensures a complete reduction to
stoichiometric UO,.00 when sintering commercial hyperstoichiometric powders.(45) However, the
reaction between the carbon of the graphite die and the oxygen present in the sample to form the
CO reductive atmosphere starts occurring at temperatures not below 600 °C.(33) In case of sintering
around this temperature, especially for short times, the reduction of a very oxidised powder would
be incomplete. For this reason, and to avoid further reduction treatments which could lead to grain
growth, the deviation from stoichiometry of the starting powder has to be kept within a controlled
range.

At the moment of the synthesis of the powders, several methods were employed for the production
of nanocrystalline UO, powders. Some tests were conducted on powders of different particle size
and agglomeration to assess their response to spark plasma sintering. The combination of final grain
size and stoichiometry of the resulting disks were taken into account, together with the temperature
of sintering, which then limits the maximum temperature of any additional thermal treatment.

Some modifications were then applied to the regular SPS treatment to limit as much as possible the
grain growth during sintering, mainly by further lowering the sintering temperature. This was
achieved by increasing the applied pressure using the High Pressure (HP — SPS) setup, or by limiting
the time spent at high temperature to just few seconds and then completing the densification at
lower temperature in a two-step (2S — SPS) sintering process.
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3.2.2 Materials and methods

For the preparation of the nanograined UO, samples, two precursors already available at the
institute were used. Also in this case, despite the relatively limited radioactivity of the compounds
involved, all the work was done in shielded gloveboxes at the JRC-KA to cope with the risks of
incorporation while handling volatile materials.

With the final goal of controlling the grain growth by limiting the maximum temperature during the
sintering, the preparation of the UO, powders from these two precursors aimed to achieve highly
sinterable powders.

Two different processes were applied to each of the two precursors to obtain four UO, powders. The
particles and agglomerate sizes were kept as low as possible by lowering the temperature of the
conversion of the precipitates into oxides. Their behaviour was then tested in SPS, the resulting disks
were characterized (as it will be reported in the dedicated chapter) and one powder was selected
based on grain size and final stoichiometry and was used for the sintering in 2S5 — SPS and HP — SPS.

3.2.2.1 Uranyl nitrate solution

The first precursor was the same uranyl nitrate solution mentioned in 4.1.1.2. At the same way as
the (U,Pu)O; starting powder was produced, UO, powder was synthesised through hydrolysis and
successive calcination.

However, with this solution also the so called "sol-gel" process was applied, in order to achieve
monodispersed spherical particles (beads). As reported in 2.2.2 and 4.1.3, this process was already
employed for the synthesis of mixed oxides compound which required a very good homogeneity.
Nonetheless, the size of the resulting particles remained also quite small, allowing the use of such
obtained powders also for the compaction of sub-micrometric dense UO,.(40) For this reason, it was
logical and straightforward to start the testing from this well-known synthesis route.

This process differs from the simple hydrolysis precipitation for some additional steps which aim to
normalize the final shape and size of the agglomerates. The uranyl nitrate solution is added with
complex formers, organic thickeners (to increase the viscosity), and then dropped into an ammonia
bath by mean of a rotating cup atomizer, which allows tuning the size of the resulting spherical
droplets by changing the rotational speed. The high viscosity of the uranyl nitrate solution helps the
droplets keep their shape and integrity. Surfactants are added to the ammonia bath to lower the
surface tension, and this allows the droplets to penetrate the surface without losing their round
shape.

3.2.2.2 Uranium oxalate powder

In order to start from particles of even smaller size, a batch of uranium oxalate powder previously
produced was also used. This precursor is known to result into nanocrystalline UO, powder after
thermal decomposition(215), suitable for the production of nanostructured U0,.(41) As reported in
previous studies, U oxalate first dehydrates below 250°C and then amorphises and finally fully
decomposes at around 450°C. At the same time, UO; starts crystallising around 400°C and undergoes
grain growth upon rising the temperature of the treatment, although with a very slow kinetic at least
for temperatures up to 800°C.(215)
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In the oxalate powder production, firstly the starting uranyl nitrate solution has to be electroreduced
to U(IV). Oxalic precipitation results in fact ineffective on U(VI), as it is still fairly soluble in these
conditions, as opposed to U(IV). The electroreduction is done with the addition of hydrazinium,
which takes part in the reaction and stabilizes the final U(IV) oxidation state in the solution.

The precipitation is then achieved by dropping the U(IV) solution in a mixture of oxalic acid, nitric
acid and hydrazinium (in excess), following reaction (2), and the resulting precipitates are filtered,
washed with water and dried at room temperature in the nitrogen glovebox atmosphere.

2U% + 2N, HE + 5H,C,0, + (n + 10)H,0 — (NyHs),Uy(C,04)s - (H,0) L +10H;0+ (40)

The stability of U(IV) in oxalate made possible to obtain near-stoichiometric final UO, powders, as
opposed to the highly oxidised final product of the hydrolysis-based processes.

As mentioned in 4.2.1, the shape and size of the agglomerates affects the sintering behaviour as
efficiently as the particles size. The morphology of the uranium oxalate powders particles is
constituted of mostly cuboids of stacked platelets, which are fully preserved as agglomerates while
the UO; nanocrystals start nucleating and growing during the conversion to oxide. In the sintering
step, the beneficial effect of the nanosized crystals is partially hindered by the low sinterability of
such squared agglomerates, resulting in a high density only at relatively high temperatures. For this
reason, a second conversion route was tried, in order to obtain oxide nanocrystalline powders
without the characteristic stacked platelets agglomerates.

The hydrothermal decomposition was recently proved to be a suitable route for the conversion of
actinide oxalates to oxides(117,118,216), resulting in completely destructured agglomerates and
even smaller crystallite size due to the lower treatment temperature. The addition of hydrazinium is
needed to preserve the U(IV) oxidation state after the conversion.

3.2.2.3 Sintering of the powders
Each one of the four produced powders, after being characterized by means of XRD and SEM, was
tested in SPS. The response of the different powders to similar sintering conditions was evaluated.

However, by following the parameters that the machine records during the treatment, such as
piston displacement and speed, it was possible to stop the treatment as soon as the densification
was completed, to limit further grain growth in the dense material. All the samples were then
compared having undergone the same sintering conditions except for the maximum sintering
temperature, as the different powders reached full densification at different temperatures.

The best performing powder was selected based on the final microstructure and stoichiometry and,
to limit further the grain growth, different types of thermal treatments were explored.

The application of a two-step approach to conventional sintering was successful in the realisation of
nanograined ceramics(217-220), but was rarely tried in combination with any field assisted sintering
technique (FAST).

In the two-step sintering the sample is quickly fired to a temperature (T:) to reach about 80 % TD,
and then sintered for very long time at a lower temperature (T,) where densification occurs with
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limited grain growth. Each one of the two temperatures has to be chosen appropriately, otherwise
either the densification or the hindering of the grain growth would not take place.

A second approach that was adopted to limit the grain growth during sintering was to raise the
pressure applied to the powder, as this is reported to lower the sintering temperature.(36,221) As
mentioned in section 1.2.1.4, the insertion of some SiC components within the graphite die allows to
raise the applied pressure from 70-100 MPa to 500 MPa. An additional decrease in the sintering
temperature was achieved by testing different heating rates, as this also affects the onset of the
sintering.(213)

However, as mentioned in the design section, the lowering of the sintering temperature is
detrimental to the reductive capacity of the SPS treatment. For temperatures as low as 600°C and
short dwell times, the reduction of the hyperstoichiometric UO, powder might be incomplete. In the
same way, a short-timed sintering at low temperature in the SiC inner die of the HP — SPS setup also
does not guarantee the full reduction of the sample. On the other hand, diffusion coefficients
increase abruptly with x in UO.. (see section 1.2.2.3), meaning that incomplete sample reduction
during sintering could have been another factor helping to further lower the sintering temperature.

In order to bring the O/M ratio of the still-oxidised samples, a final calcination treatment under Ar-H,
was necessary. All of the samples were calcined together, in order to end up with the same lattice
parameter in each sample regardless the differences in grain size.

3.2.3 Samples preparation

As introduced in 4.2.2, four main synthesis routes were applied to the two precursors to obtain UO;
powders. In the following processes description, the heating rate for calcinations were always kept
at 300°C/h and the furnace was flushed with the appropriate gas (Ar or Ar-H,) for 1h before the
beginning of each treatment.

3.2.3.1 Hydrolysis

As applied to the Pu-doped powder, also in this case the precipitation of the hydroxides was
achieved by pouring the solution into an ammonia bath. Two different batches were then prepared,
by washing the resulting precipitates in one case with water and in the other one with acetone and
ethanol.

In both cases, the conversion to oxide was obtained by calcining the powders for 4h at 650°C under
Ar-H; mixture.

3.2.3.2 Sol-gel

In the present work, the additives used were Triton X-100 (Merk) as a surfactant, Methocel
(cellulose) as a thickener and THFA as a complex former. After preparation, the solution was
pumped into the rotating cup atomizer which was spun with a constant angular velocity. For the
integrity of the machine and the good outcome of the process, N, was fluxed through the rotating
cup downwards to prevent gelation inside the rotating cup due to ammonia vapours.

The precipitates were sucked from the bath and left to rest overnight to achieve complete gelation,
and then washed repeatedly with water to remove the residual ammonia and organics.
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For the drying of the precipitates, tetrachloroethylene was added to remove all the water by
azeotropic distillation. The azeotrope was carefully heated up to a temperature around 180°C and
then further to about 220°C to avoid re-condensation in this part of the column. Once all of the
water was removed, the initially floating beads precipitated at the bottom, and the leftover
tetrachloroethylene was removed after cooling down. Any residual tetrachloroethylene left in the
agglomerates was left to evaporate at room temperature. The use of azeotropic drying of the
powder yields results in more porous and softer beads, enhancing their sinterability.

Finally, the conversion to oxide was achieved in a calcination treatment for 4h at 600°C under Ar-H,.

3.2.3.3 Oxalate thermal conversion

For the thermal decomposition, roughly 2g of oxalate powder was placed in a glass crucible and
calcined for 2h under Ar at 600°C. This temperature was chosen to achieve sure and full
decomposition of the oxalate while limiting the growth of crystallites.

3.2.3.4 Oxalate hydrothermal decomposition

As for the thermal decomposition, also in this case roughly 2g of oxalate powder were used: they
were placed in an autoclave in presence of 5mL of water and 0.5mL of hydrazinium, and then heated
up to 170°C for 5h. The resulting powder precipitates were then sucked from the autoclave and
washed in order with water, ethanol and acetone. Drying was achieved by letting the powder rest
over two nights in a dessiccator under low pressure and Ar flux.

3.2.3.5 Overview of the synthesised powders

Table 5 summarizes some characteristics of the different powders produced. The two different
washing procedures applied to the hydrolysis derived powders had no significant effect on the
particles size and agglomeration, but resulted in two slightly different O/M ratios.

Crystallite size O/M ratio

(with Williamson- | (from cell | Synthesis T
Synthesis route Hall approach) parameter) [°C]
Hydrolysis 50 2.05 W —2,08 @ 650
Sol-gel 35 2.24 600
Oxalate thermal decomposition 10 2.01 600
Oxalate hydrothermal decomposition | 5 2.04 170

Table 5: summary of the powders produced and their key features: crystallite size and deviation from stoichiometry. The
shape and size of the agglomerates will be discussed in chapter 4. W) and (© in the hydrolysis powder line indicate the
powder washed respectively with water and acetone-ethanol.

It is worth mentioning that the high reactivity of these powders due to their high specific surface
resulted in a quick oxidation even with the low oxygen partial pressure present in the N, gloveboxes.
Despite starting from a near-stoichiometric powder then, due to some practical limitations, most of
the tests were conducted on over-stoichiometric powders.

3.2.3.6 Spark plasma sintering

The sintering conditions are summarised in Table 6, and the different sintering curves are shown in
Figure 51 A-B. Between the two hydrolysis-derived powders, only the one washed with acetone and
ethanol is reported here and will be considered in the following discussion, as it was the one
sintering at lower temperatures.
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Powder Hydrolysis Sol-gel Ox. Th. Dec. Ox. Hyd. Dec.

Max T [°C] 900 850 1200 700

Table 6: sintering conditions applied to each powder. 250-300 mg of powder were placed in a 6 mm diameter die and
pre-pressed with 0.5 kN (17 MPa). Before the start of the thermal treatment, the force was raised to 2 kN (70 MPa) and
held until the end of the cooling. Every treatment was done entirely under vacuum and with a 200 °C/min rate for
heating and cooling.

Before going to the microstructural characterization of the final pellets, the sintering curves already
highlight some differences among the powders. It is remarkable in particular how differently the two
oxalate-derived powders behave. The decrease of the crystallite size thanks to the application of the
hydrothermal decomposition lowered the temperature of the incipit of the sintering by about 100
°C. The biggest effect is anyways evident in the final part of the sintering, where the flat elongated
shape of the thermally decomposed oxalates agglomerates resulted in a residual slow densification
at temperatures as high as 1200°C, which means several hundreds of °C above any other powder,

including those formed by significantly larger crystallites.

Considering the sintering behaviour and the final disks microstructural features, all the successive
sintering treatments were performed using the powder derived by the hydrothermal decomposition
of oxalates. The amounts needed throughout the development of the work were not possible to be
converted all at the same time, and for this reason several nominally-identical batches were used.
Each one of them was characterized by means of XRD but not as extensively through microscopy as

the one used in the pre-tests.
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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 speed is plotted.

3.2.3.7 Two-step spark plasma sintering

A range of different T1 and T, were tested (Table 7), and the final samples were analysed by means
of SEM and XRD. A further limitation to the choice of T, in our case was the reduction of the
hyperstoichiometric powders during sintering. Some samples synthesized at extremely low
temperatures were presenting a satisfying density and microstructure, but showed incomplete
reduction and rather phase separation. In the range resulting in a full reduction of the samples,
complete grain growth suppression was not achieved, but the grain size was kept significantly

smaller than in regular SPS.
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NAE 650°C 600°C 550°C 500°C 450°C
700°C
650°C
600°C
550°C
500°C
Table 7: 2S — SPS temperatures tested. Each sintering was done under vacuum, in 6 mm diameter dies with an applied
pressure of 70 MPa, with a dwell time of 3 s at T; and 100 min at T,. Heating and cooling were done at 200 °C/min, and

the pressure was loaded and unloaded at room temperature.

| 7>

biphasic biphasic

3.2.3.8 High pressure spark plasma sintering

The adoption of this setup involves some drawbacks, first of all the reduced size of the samples,
which affected the accuracy of the geometrical density measurements as well as limiting the
possible use of these samples when the geometric requirements could not be matched (for example
thermal diffusivity measurements). Also the shape of the disks was much more irregular than for
those obtained in regular SPS, since at these high pressures some powder always was pushed
between piston and die and sintered there, giving final disks with a marked rim. Finally, the
extremely high loads applied, in addition to the already high thermal stresses to which the samples
are subject in FAST, resulted often in extremely fragile disks. However, despite these limitations, the
treatment successfully produced near-stoichiometric UO, dense disks with extremely fine grain size,
which were then annealed without alteration of the microstructure.

The sintering conditions used in this work are summarised in Table 8.

Max T [°C] Rate [°C/min] | Dwell [s] Success
800 200 10 X

750 200 10 X

750 100 10 X

700 200 10

700 100 10 X

650 100 10

650 50 10 X

Table 8: HP — SPS temperatures, heating rates and dwell times tried. Each treatment was performed under vacuum and
with an applied pressure of 500 MPa, loaded and unloaded during a 4 min dwell at 250 °C.

3.2.3.9 Calcination

Since all of the samples experienced already for at least few seconds a temperature of 600°C, this
was chosen as starting temperature for the reduction treatment to avoid grain growth. Different
dwell times were tested, down to 2h, and all resulted in a successful reduction to U0, of each one
of the still not reduced samples, together with no detectable grain growth or loss of integrity. All of
the treatments applied are summarised in Table 9.

Dwell T [°C] Dwell t [h] Rate [°C/h] Reduction [y/n]
600 12 300 y
600 6 300 y
600 2 300 y
570 12 300 y

Table 9: calcination conditions tried on the UO2+x samples resulting from incomplete reduction of the powders during
2S — SPS and HP — SPS treatments.
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3.2.4 Summary

In this section, the process that led to the synthesis and production of dense nanograined UO; was
described. Four different powders were synthesised starting from two precursors, and they were
sintered in Spark Plasma Sintering. The best performing powder was then used in two modified SPS
setups in order to lower as much as possible the sintering temperature to hinder grain growth during
densification.

To obtain a dense disk with grains down to 100 nm, UO; powder was synthesised by converting U(IV)
oxalate under hydrothermal conditions at 170 °C for 5 h, and it was then sintered under vacuum
under an applied pressure of 500 MPa at 700 °C, with a dwell time of few seconds and a 100°C/min
heating and cooling rate. The resulting sample was overstoichiometric UO; and was then annealed at
600 °C for 2 h under Ar-H..

3.3 Nanograined ThO: for grain size effect study on radiation

resistance
During the time of the preparation of the nanograined UO; samples, intensive research was ongoing
at the institute on the synthesis of other actinides highly reactive nanopowders. Given the vicinity of
the topics, it was decided to try to apply the same treatment that was successful for UO; to the most
recently developed ThO, sinteractive powders. Given the novelty of the result, the preparation of
nanograined ThO2 disks has been described carefully in a dedicated publication. (222)

3.3.1 Interest in ThO:

The opportunity of having such interesting material available and ready to be tested paired very well
with some of the issues that could be faced during ion implantation on nanograined UO,.

One major difference between the UO; and the ThO, systems is that the latter exists in only one
valence state. Due to its electronic configuration indeed, Th only has its 4+ oxidation state. For this
reason, a ThO,sample could be used as a benchmark in case of experiments in which some oxidation
of the UO; takes place during ion implantation.

Moreover, due to its perfect stoichiometry, the self-diffusion coefficients of both ions in ThO, are
relatively low. This is reflected in the much higher sintering temperatures needed for ThO; than for
UO,, but also results into much slower grain growth kinetics. As the ion beam could result in non-
negligible sample overheating during irradiation, a ThO, sample could be used a very useful
benchmark also in case of grain growth in UO, during ion implantation.

3.3.2 Materials and methods

The thoria nanopowder used for this work was produced by hydrothermal decomposition of Th
hydroxide under hydrothermal conditions.

The Th(OH), starting powder was produced by direct precipitation from a Th nitrate solution by
ammonia addition. The conversion to oxide was achieved after 22h at 200-320°C in an autoclave in
the presence of 10mL of water under continuous stirring and autogenic pressure. The obtained
powder was washed several times with ethanol and acetone to remove the possible water absorbed
on the surface and then dried in air. Such as in the case of UO2, hydrothermal decomposition
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resulted in single-phased powder with extremely small starting crystallites (5 — 10 nm from XRD and
TEM characterisation).

3.3.3 Sample preparation

Such as for UO,, the powder was first tested in a regular SPS treatment to obtain the characteristic
sintering curve (Figure 52). Based on this, a high pressure treatment was applied in order to limit as
much as possible the grain growth. Finally, a HP SPS treatment at higher temperatures was applied
to sinter a disk with analogue characteristic but micrometric grain size.

3.3.3.1 Spark plasma sintering

The preliminary SPS treatment was done based on those performed on UO;: approximately 250 mg
of powder were loaded in a 6mm large die and pre-pressed at 0.5 kN (17 MPa), then the force was
raised to 2 kN (70 MPa) and the sample heated up to 1600 °C and kept there for 10 minutes, under
vacuum and with a heating and cooling rate of 200 °C/min.
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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.

In agreement with the literature data, the sintering of ThO, requires much higher temperatures than
UO,. Indeed, as it will be confirmed later by the density measurements, the sintering seems to be
incomplete and still ongoing during the dwell at the maximum temperature, implying that a
complete sintering curve as function of temperature is out of the range of possibility of the available
SPS device.

3.3.3.2 High pressure spark plasma sintering
For the HP treatment, the chosen solution was to stop the sintering after the densification derived
from the piston displacement had stopped, as shown in Figure 53. The resulting pellet was dense
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and nanograined, as it will be shown in chapter 4. Later on, a second pellet was pressed at a higher

temperature and with a dwell time, and the conditions of sintering of both are reported in Table 10.

In the case of the nanograined sample, some loading and unloading steps were designed before the

final heating in order to try to break the agglomerates and achieve a higher green density. The effect

was non-negligible and likely helped in the achievement of such a fine microstructure, but was not

repeated in the high temperature sintering treatment (Figure 54) as there was no need to lower the

sintering temperature in this case. In an attempt to improve the mechanical stability of the disk, in

this case the force was released at high temperature (1200°C).

Max T [°C] Applied p [MPa] Dwell t [s] F load/unload [°C] | atmosphere
915 500 3 250/250 vacuum
1600 500 600 250/1200 vacuum
Table 10: sintering conditions of the ThO, samples produced in HP — SPS.
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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.
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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 the release of the pressure, which was
done at 1200°C in an attempt to improve the mechanical stability of the final disk. Notably, the sintering is exhausted
around 900°C also in this case, followed by a long part of thermal expansion.

3.3.4 Summary

In this section, the application to ThO; of the same procedure used to obtain nanograined dense UO>
was described. No systematic study on ThO, was done. The powder was synthesised by
hydrothermal decomposition of Th hydroxide at 200-320°C for 22h, and it was sintered in HP SPS
under vacuum with an applied pressure of 500 MPa at a maximum nominal temperature of 915°C
with a dwell time of few seconds and 200°C/min rate during heating and cooling.(222)
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4 SAMPLES CHARACTERIZATION

In this chapter, the characterization of the samples used in the work is presented. While for the SPS
UO; samples the characterization was fundamental during the development of the procedure for
achieving the different microstructures, in the case of the (U,Pu)O, samples the applied production
route was more standard, thus most of the effort was put in the characterization of the final
products. In the end of the chapter, a separate, smaller section reports the characterization of the
ThO; samples.

The characterization of the as-produced material has a key role in the study, as the main goal of the
work is to assess the successive damage produced by self-irradiation or ion implantation. However,
in the case of the a-doped samples, due to the intrinsic difficulties of working with such hazardous
substances, any process took additional time and the characterization of the as-produced samples
was sometimes troublesome.

For different practical reasons, some hours or days had to pass between the samples production and
their characterization and, as mentioned chapter 1 and 3, for some properties the variation in the
initial stages of ageing can be very quick. An assessment of the quality of the sintered materials was
performed as soon as possible after the samples production and was concluded after maximum two
weeks. When possible, the samples were prepared for characterization right after the production,
limiting thus the damage accumulation between the sintering and the actual characterization that
took place only some days later. In the other cases, a successive dedicated annealing was performed
before the characterization to obtain data on the non-damaged samples.

The annealing treatments were performed at 1250°C for 2 h under Ar-H; to achieve a full recovery of
the cumulated damage. (88,96)

The characterization of the UO, nanograined samples was less problematic, but due to the high
number of samples produced was more limited in the number of techniques adopted. The
production of these samples was indeed a very iterative process between synthesis and
characterization, and SEM and XRD were used to quickly assess the effectiveness of the applied
treatments towards the goal of minimising the final grain size of the sintered samples.

4.1 Density determination

4.1.1 238Pu-doped UO: samples for accelerated spent nuclear fuel
ageing study through a-self-irradiation
The resulting (U,Pu)O, disks had very regular shapes and smooth and clean surfaces. Some of the

samples were damaged during handling, but the broad majority of the two batches conserved a
regular disk shape.

The geometrical density was measured on all the samples which did not exhibit evident damage, and
it showed a very low dispersion. A summary of geometrical densities of samples belonging to the
different batches is presented in Table 11.

Also, no trend relatable to the different compositions was found.

85



Pu m ) h p p
[%] [mg] [mm] [mm] [mg/mm?] [%TD]
2.5 119 4,483 0.716 10.51 95.7
2.5 128 4.46 0.796 10.28 93.6
2.5 121 4.45 0.735 10.57 96.2
2.5 136 4.459 0.835 10.43 95.0
2.5 122 4,473 0.742 10.45 95.1
2.5 164 4.475 1.014 10.31 93.9
2.5 95 4,496 0.575 10.45 95.2
2.5 97 4.487 0.581 10.61 96.6
10 85 4.474 0.532 10.19 92.5
10 90 4,446 0.549 10.60 96.2
10 85 4,388 0.54 10.44 94.7
10 78 4.45 0.495 10.15 92.1
Average density 94.7 % TD Standard deviation 0.7

Table 11: examples of geometrical densities of some of the produced samples. Geometrical density was measured on
the samples which exhibited a regular geometry. Average =94.7 + 0.7 % TD.

Given the high importance of the density in the thermal conductivity measurement with LAF, the
sample dedicated to it was measured also with the Archimedes method. As expected, this resulted
in a slightly higher density of 97.5 % TD, while the average of the geometrical densities is 94.7 + 0.7
% TD.

4.1.2 Nanograined UO: for grain size effect study on radiation

resistance
The measurement of the density of the SPS-produced samples was more complex due to their less
regular shapes and their low mechanical stability. Many samples in fact crumbled during the post-
production handling.

However, some estimations were always possible based on the overall height and mass of the die
and sample assembly, helped by the constant 6 mm diameter, which does not change during the
treatment as the shrinkage is purely axial thanks to the applied pressure. Known the height and
mass of the empty die and piston assembly, it is straightforward to derive volume and mass of the
sample by weighing and measuring the assembly with still the sample inside.

In general, as it will be shown in the next section, the samples full densification was also double
checked under the scanning electron microscope.

The large number of samples to be measured, together with the necessity for a quick assessment of
the achieved density during the development of the SPS treatments, made it not practical to apply
the Archimedes measurement to each one of the produced samples. Only those which satisfied the
requirements of geometrical density, stoichiometry and microstructure were eventually measured
with the Archimedes method. Throughout the whole work a precise value of the density will not be
reported for each sample, but only samples that reached 95 % TD were considered sufficiently dense
and hence employed in the successive experiments.
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A summary of the conditions to achieve a high degree of densification (> 95 % TD) with the smallest

grain size achievable in each of the three different SPS treatments applied to the powder obtained

by oxalate hydrothermal decomposition is reported in Table 12.

Treatment Pressure Temperature Heating rate Dwell time
[MPa] [°C] [°C/min]

SPS 70 700 200 3s

25— SPS 70 650 — 550 200 35s—100 min

HP — SPS 500 700 100 3s

Table 12: sintering conditions for having dense (2 95 %TD) UO; disks while minimising the grain growth. HP — SPS at 650
°C with 50 °C/min heating rate is also effective but does not reduce further the final grain size. All treatments were
performed under vacuum.

4.2 Microstructure - Scanning Electron Microscopy

4.2.1 238Pu-doped UO: samples for accelerated spent nuclear fuel

ageing study through a-self-irradiation
Scanning electron microscopy (SEM) inspection was conducted on the fracture surfaces of two disks
of the two different compositions. The samples for microscopy were broken immediately after the
production, meaning that the observed fracture surfaces did not undergo any bulk self-irradiation
phenomenon few hours after the sintering was finished, and thus preserving as much as possible the
as-sintered internal microstructure. As it will be shown in the dedicated chapter, the damage
accumulation has no effect on the free surfaces of the samples at the SEM-measurable scale and for
this range of time (or dpa).

Figure 55: SE overview on the fracture surface of the 10 wt % Pu sample.
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Figure 55 and Figure 56 show an overview of the fractured disks of both compositions. In both
samples few small cracks are observed, in the 10 % appearing larger in number and dimension.
However, this characteristic is present only in a very peripheral region of the disk and the size of the
mentioned crack is far from being harmful to the overall disk density or measured bulk properties.

Figure 56: SE overview on the fracture surface of the 2.5 wt % Pu sample

The homogeneity of the samples was probed via EDX with line and spot analysis. Figure 57 shows
the position of four different scans with the obtained U and Pu atomic and weight percent on the 10
wt % Pu-doped UO,. Each scan was performed at a much higher magnification, such as can be seen

Elt Line Int W% A%
] Ma 247.8 89.54 89.77
Pu Ma 30.3 10.46 10.23
100.00 100.00
Elt Line Int W% A%
U Ma 327.3 88.70 88.95
Pu Ma 43.7 11.30 11.05
100.00 100.00
Elt Line Int W% A%
U Ma 281.7 89.07 89.31

Pu Ma 36.2 10.93 10.69
100.00 100.00

Elt Line Int W% A%
(U} Ma 261.3 88.29 88.55
Pu Ma 36.3 1.71 11.45

100.00 100.00

Figure 57: EDX in four different points of the fracture surface of the 10 wt % Pu sample observed at the SEM
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in Figure 58, as the non-flat geometry of the fracture surface would have affected significantly the
accuracy of the method. The same procedure, although not reported here, was applied to the 2.5 wt
% Pu-doped UO, and gave similar results.

Figure 58: detail of the regions of interest of the EDX scanning in the 10 wt % Pu-doped sample.

Within the uncertainty of the technique, no inhomogeneity was detected, and no trend was seen
either in radial or axial direction.

At higher magnification, as shown in Figure 58 and Figure 59, the microstructure appears to be the
one typical of a sintered ceramic. The grains are well-faceted and porosity is very limited. The size of
the pores ranges from 0.1 to few um, both for inter and intra granular porosity. As the fracture is
not entirely intergranular, an estimation of the grain size cannot be accurately made, but the visible
grains measure between 5 and 20 pm. Slight local variations in the pores size and number are
present in both samples observed and do not seem to have any dependence on the composition. At
this magnification also more un-sintered regions become visible at the periphery of the disk, with

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 C in Figure 56.
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pore channels running along one or more grains. It is important to identify these types of
inhomogeneity to be able later to correctly attribute the variation of the thermophysical properties
of the material to the damage or the porosity effect.

4.2.2 Nanograined UO: for grain size effect study on radiation

resistance

As mentioned in the previous section, SEM observations on the fracture surfaces were crucial to
qualitatively estimate the density of the samples. Moreover, they constituted the main source of
data for grain size evaluations. Finally, the homogeneity of the microstructure was assessed, in terms
of densification/porosity, grain size, shape and possible orientation. A very small variation in the
temperature, pressure (and hence green density) or chemical composition (due to contaminations)
during the thermal treatment can result in an abrupt change in the final grain size. In this section,
only some images are shown as examples of the achieved microstructures, but samples were
carefully mapped for density and homogeneity evaluations. All the samples shown have been
previously proven to be dense and homogeneous.

The four powders used to press the disks were also characterized by means of SEM. Although the
powders particles were too small to be observed, the agglomerates size and shape could be
analysed and compared.

4.2.2.1 UO:z nanopowders

As discussed in section 3.2.1, the powders sintering behaviour is dictated by their particle size as well
as by their agglomeration. Namely, the size of the primary particles affects more the initial stages of
sintering, while the effect of the size of the agglomerates is more evident in the final part of the
densification (agglomerates and primary/secondary particles are defined in Figure 60 — last
row).(41,213) A summary of the powders produced is given in Figure 60(A-H), and as expected the
size of the agglomerates reflects the same trend of the maximum sintering temperatures.

The beneficial effect of the application of the sol-gel process with respect to the simple hydrolisis of
the uranyl nitrate solution is evident. The addition of organics results in almost spherical beads,
opposed to the very irregular shapes of the precipitates without any additives. Furthermore, thanks
to the employ of the rotating cup atomizer, the beads are monodisperse. This regolarization of the
shape and size of the agglomerates results in better flowability and packing density and an easier
sintering among them in the last stages of the process, when densification within the agglomerates
has completed already.

It is worth noting that, for the two oxalate-derived powders, the nanocrystalline primary particles
cannot be seen in the SEM images. During the oxalate thermal decomposition, UO, nanocrystals
start growing and ordering inside the original oxalates microcrystals.(215) This morphology (shown
in the insert of Figure 60-F) is retained after conversion as polycristalline primary particles, which are
those visible in Figure 60-F. These stacked-platelets structures are destroyed during the
hydrothermal decompostion (117), resulting into smaller, round particles (Figure 60-H). Also for this
powder, XRD results (which will be presented in section 4.3.2.1) indicate that the visible particles are
polycristalline, resulting in this case from the destructuring of the orginal oxalate platelets. These
primary particles are then grouped to form different types of larger secondary particles, which are
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bigger in the case of the hydrothermal decomposition, and in both cases are much smaller than for
the hydrolisis-related powders (left column of Figure 60). Bigger agglomerates are also visible.

Secondary
particles

agglomerate

: chbndary particig’

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 last row of pictures
defines what has been labelled as agglomerate and primary/secondary particle in the text.




On the contrary, the particles visible in Figure 60-B and Figure 60-D match with the crystallite size
derived from XRD for these two powders.

4.2.2.2 UO:z SPS disks

As explained in Section 3.2.3, each produced powder was tested in SPS in a standard treatment that
was interrupted every time as soon as the densification rate decreased to zero, in an attempt to
minimize the grain growth. These conditions are summarised in Table 13, and the final
microstructures obtained are presented in Figure 61.
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Figure 61: SE images of the fracture surfaces of the four disks obtained by sintering the powders shown in 4.2.2.1 under
the same conditions (70 MPa, vacuum, 200°C/min) and interrupting the treatment as soon as densification was
achieved.

Crystallite size Synthesis T Sintering T
Synthesis route [nm] O/M ratio [°C] [°C]
Hydrolysis 50 2.08 650 900
Sol-gel 35 2.24 600 850
Oxalate thermal decomposition 10 2.01 600 1200
Oxalate hydrothermal decomposition | 5 2.04 170 700

Table 13: main characteristics of the powders tested in SPS. Before sintering the powders were pre-pressed
at 17 MPa and thermal treatments were performed in vacuum, with an applied pressure of 70 MPa and
heating and cooling rate of 200 °C/min.

As expected, the samples sintered at higher temperatures exhibit a larger grain size. Remarkably, the
grain size of the sol gel powder remained quite low with respect to the precipitated powder, despite
a minimal difference in the maximum sintering temperatures. A similar microstructure is obtained
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with the oxalate hydrothermal decomposition powder, despite being the sintering temperature
almost 200 °C lower.

However, as it will be explained more in detail in 5.3.2, joint considerations on the final O/M ratio
and microstructure, led to the adoption of the oxalate hydrothermal decomposition synthesis route
for the preparation of the powder to be used in the further tests.

4.2.2.3 Nanograined UOZ2 disks and successive annealing

The application of 2S — SPS and HP — SPS led to further lowering of the maximum sintering
temperature and hence of the final grain size. Figure 62(A-H) shows the response of the powder to 4
different thermal treatments, which are summarized in Table 14.

The integrity of the samples and the regularity of their shape were also affected by the different
sintering conditions applied, with the HP — SPS disks crumbling in most of the cases before any direct
height or diameter measurement on the disk could take place.

It is worth mentioning that the pores diameter scales with the grain size of the sintered material. For
this reason, samples of finer grain size seem to exhibit a higher porosity at high magnifications,
despite having the same overall density as their analogue with larger grains. This is due to the fact
that, by decreasing the grain size of a factor x, a similar decrease is achieved on the pores diameter,
resulting in having approximately x> more pores (and x> more grain boundaries) for the same
fractional porosity.

Treatment Heating rate Temperature Dwell time Pressure Grain size
[°C/min] [°C] [MPa]

HT — SPS 200 1600 60s 70 3.08 um

LT —SPS 200 700 3s 70 863 nm

2s—SPS 200 650 - 550 35s—100 min 70 467 nm

HP — SPS 100 700 3s 500 163 nm

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 vacuum. LT — SPS are the same sintering
conditions used during the powders

After annealing, a second SEM inspection was performed to make sure that the microstructure was
not altered during the thermal treatment. Figure 63 shows the microstructure of the HP — SPS pellet
before (A) and after (B) annealing thermal treatment. No grain growth could be detected, as well as
any detrimental effect on the porosity and integrity of the sample. The samples with larger grains
also did not exhibit any change after annealing, but the micrographs are not reported here for sake
of brevity and can be consulted in the annexes.
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Figure 62: SE images of the fracture surfaces of the UO, samples sintered with different SPS treatments. A-B high
temperature (70 MPa - 1600°C) SPS, C-D low temperature (70 MPa - 700°C) SPS, E-F two-step (70 MPa - 650-550°C) SPS,
G-H high pressure (500 MPa - 700°C) SPS.




Figure 63: SE images of the fracture surfaces of the HP — SPS sample before (A) and after (B) annealing at 600 °C under
Ar-H; for 2h.

4.3 Crystal structure - X-ray diffraction

4.3.1 238Pu-doped UO: samples for accelerated spent nuclear fuel
ageing study through a-self-irradiation

XRD analysis of samples belonging to the different batches was performed in the days immediately

after the production. However, as it will be shown in the dedicated chapter, few days of damage

accumulation with the activity involved can already significantly alter the XRD response of the

material. In order to minimize this effect, the samples were ground right after the sintering, and

their characterization was then carried on in the shortest possible time in the following days.

For both compositions, as can be seen in Figure 64, the diffraction pattern highlights the presence of
a single fluorite structure, meaning that the solid solution of UO, and PuO, was successfully
achieved.
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Figure 64: XRD patterns of the 2.5 and 10 wt % Pu samples

The lattice parameters of the resulting solid solutions were calculated with a Rietveld refinement
and the obtained values are reported in Table 15. As shown in Figure 65, their values are in good
agreement with the Vegard law, considering the initial composition of the dopant powder. Data
from Elorrieta et al (223) and Lyon and Baily (224) are shown for comparison.
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Nominal Pu [%] Refined a [A] Vegard law a [A] Microstrain [107]

2.5 5.468(1) 5.46863 2.5

10 5.463(1) 5.46303 2.7

Table 15: refined lattice parameters, values predicted by the Vegard, and microstrain of the samples.

Values of the microstrain are also reported as calculated with the Williamson-Hall approach (191),
and they are quite small for both compositions with a slight increase with the Pu content.
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Figure 65: Vegard law for the lattice parameter of solid solutions (such as UO,-Pu0;) and experimental points from this
work, Elorrieta et al (223) and Lyon and Baily (224).

4.3.2 Nanograined UO: for grain size effect study on radiation

resistance
Contrarily to the (U,Pu)O, case, here any variation of the lattice parameter from the literature data
can be attributed only to the deviation from the stoichiometric O/M ratio equal to 2.00. XRD was
systematically used throughout the work to assess the stoichiometry of the compounds in different
stages of the nanograined UO; pellets preparation.

Furthermore, mictostrain and, when possible, crystallite sizes were also determined by XRD with the
Williamson-Hall approach. In particular, for the powders the crystallites were too small to be clearly
discerned with SEM so their size was determined mainly from XRD refinements. On the contrary, for
the sintered material the crystallite size was already too high to be measured with the available XRD
equipment. The microstrain was instead of major interest, to assess the homogeneity of the samples
and its possible dependency on the crystallite size (as evaluated from SEM micrographs).
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4.3.2.1 UO:z2 nanopowders

Just like it was done with the SEM observations of the powders, where it was possible to correlate
the size and shape of the agglomerates with their effect on the sintering behaviour, also XRD results
help explaining some features of the sintering curves. The main features of each one of the
produced powders were already presented in Section 3.2.3.5. As anticipated in Chapter 3, the
nanosized powders obtained by conversion of oxalates were oxidising very quickly even under the
gloveboxes N, or Ar atmosphere, due to hardly avoidable oxygen or moisture impurities. Analysis
performed after one month of storage on leftover nanopowders showed already complete oxidation
to U404, which in such small domains can be detected from the change in intensity ratio of the 002
and 202 reflections (225). This explains why, in the following sections, the O/M ratio of some
sintered pellets is higher than the initial value for the starting powder, as these disks were sintered
some days after the powder synthesis and hence starting from O/M > 2.04.

4.3.2.2 UO:disks

When testing the four produced powders in SPS, the time and temperature of the treatment were
kept as low as possible to avoid any grain growth. The lattice parameter and O/M ratio of the
sintered material is reported in Table 16, together with the initial powder O/M ratio and the
treatment temperature.

Powder Powder O/M Sintering T Sintered O/M
[°C]

Hydrolysis 2.08 900 2.00

Sol-gel 2.24 850 2.06

Oxalate Thermal Conversion 2.01 1200 2.00

Oxalate Hydrothermal Conversion 2.04 700 2.00

Table 16: O/M of the powders sintered in SPS, sintering temperature and O/M of the resulting final pellet. In every
treatment the powder was pre-pressed at 17 MPa and sintered with an applied pressure of 70 MPa, under vacuum. The
treatments were all stopped as soon as densification was completed, to avoid grain growth.

As shown in section 4.2.2, the finest grain size was obtained from the powders produced by sol gel
and oxalate hydrothermal decomposition. However, the final O/M ratio of the sintered sol gel
powder was still considerably higher than the other sintered powders, leading to the choice of the
oxalate hydrothermal decomposition as preferred synthesis route.

4.3.2.3 Nanograined UO: disks and successive annealing

Due to the very low sintering temperatures and dwell times, the HP — SPS treatment was not
resulting in complete reduction to O/M = 2.00 of the starting powder. As mentioned in Section
3.2.3.7, 2s =SPS treatments with T, below 550 °C also resulted into slightly hyperstoichiometric
samples but without bringing any improvement to the final microstructure, and were hence
discarded.

As shown in Table 17, the progressive oxidation of the nanopowders in the days immediately after
production was reflected in an increasing O/M ratio also in the final HP — SPS disks.
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Treatment Powder | Sintering T | Sinteringt Disk Microstrain
o/M [°C] Oo/M [107]

HT — SPS 2.04 1600 60 s 2.00 3

LT —SPS 2.04 700 3s 2.00 5

2s —SPS 2.04 650 — 550 3s-100min | 2.00 4

HP — SPS 2.04 700 3s 2.05 18

HP — SPS — 2 weeks old powder | 2.16 700 3s 2.09 29

Table 17: initial O/M of the powders, sintering conditions, and final 0/M and microstrain of the sintered material. All
the samples were sintered in vacuum. The powders were pre-pressed with 17 MPa and then sintered under 70 MPa in
HT, LT and 2s — SPS, and 500 MPa in HP — SPS.

It is worth noting that the temperature and dwell time of sintering of HP — SPS and LT — SPS
treatments are the same, but the latter results in full reduction of the samples. The difference in the
final O/M of the sintered disks can be attributed to the SiC inserts, which make the environment
around the sample more inert and at the same time decrease the accuracy of the temperature
measurement.

The higher final oxidation of the HP — SPS samples is accompanied by a larger microstrain. The
application of the Williamson-Hall approach shows no dependence of the microstrain on the probed
depth (i.e. Bragg angle). In addition to a higher overall oxidation, the HP — SPS samples hence
present also lattice parameter (and thus O/M) gradients from boundary to centre of the grains,
hinting that reduction was occurring during sintering at the particles surfaces but was not completed
in the core. For the other samples, despite having no contribution of the crystallite size, its
evaluation was less accurate as the breadth of the peaks is constituted almost entirely by
instrumental broadening.

The application of the successive reduction treatment had the effect of homogenising the O/M and
microstrain of the samples. Table 18 shows the effect of the same annealing treatment on the
different samples.

Sintered Annealing T | Annealingt | Annealed | Microstrain
Sintering treatment 0o/M [°C] [h] 0o/M [104]
HT — SPS 2.00 600 2 2.00 4
LT —SPS 2.00 600 2 2.00 3
2S5 - SPS 2.00 600 2 2.00 2
HP — SPS 2.05 600 2 2.00 8
HP — SPS — 2 weeks old powder 2.09 600 2 2.00 7

Table 18: O/M of the sintered samples, annealing conditions, and final O/M and microstrain of the annealed samples.

As expected, the reduction of the hyperstoichiometric samples to UO2.q0 resulted also in a decrease
of the microstrain, meaning that full reduction occurred uniformly throughout the whole sample
depth and from the grains surface to the centre.
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Figure 66 shows the comparison of the XRD spectra of HT and HP SPS samples before and after
annealing. The thermal treatment had substantially no effect on the already homogeneous samples
(HT, LT and 2S — SPS), with little-to-no decrease in the peak breadth (the slight broadening seen in
Figure 66-B can be attributed to the lower signal-to-noise ratio of the annealed pattern). On the
contrary, on the HP — SPS samples the effect was remarkable, leading to a significant shrinking of the
peaks while the grain size was unmodified, as confirmed by SEM micrographs.
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Figure 66: effect of the annealing treatment on the HP — SPS sample (A), and on the HT — SPS sample (B) for comparison.
The HP — SPS sample undergoes significant reduction (peak shift) and microstrain relaxation (peak breadth decrease).

4.4 Transmission electron microscopy

4.4.1 238Pu-doped UO: samples for accelerated spent nuclear fuel
ageing study through a-self-irradiation

TEM samples preparation of Pu-bearing compounds can take up to some days of time, during which

already a significant damage can arise. For this reason the TEM analysis was conducted on a piece of

10%-Pu-doped UO, after a dedicated annealing, with careful planning of the activities in order to

minimise the time between the treatment and the analysis. In addition to that, the sample was

crushed already immediately after the annealing, limiting the possible successive damage
accumulation.

Figure 67: TEM image (A) and diffraction pattern (B) of a freshly annealed 10 wt % Pu-doped UO, sample. The annealing

of the sample resulted in a damage-free sample.
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As can be seen in Figure 67, the precautions taken during the sample preparation made it possible to
observe a completely undamaged sample. The diffraction pattern (Figure 67-B) confirms the
existence of only one phase, as determined already by XRD, meaning the achievement of a uniform
(U,Pu)O; solid solution.

4.4.2 Nanograined UO: for grain size effect study on radiation

resistance
UO; samples produced by HP — SPS were also observed by mean of TEM. The preparation was done
by cutting and polishing a FIB lamella. Due to the fine and diffused porosity, grain pull-out could not
be completely avoided, frustrating the possibility to have good images of the cut surface during the
FIB lamella preparation.

Figure 68: nanograined UO, FIB lamella STEM overview (A), microstructure as seen from TEM (B — C) and diffraction
pattern (D).

As can be seen in Figure 68, TEM observations confirm what already highlighted from the SEM
analysis, with grain size of about 160 nm and pores of few tenths of nm. As for the SEM images, also
here it is worth remembering that the apparently high amount of porosity is due to the reduced
diameter of the pores, which scales together with the grain size. During coarsening in fact grain
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growth is accompanied by pores growth (see Section 1.2.1.2). For this reason, pores appear to be
much more numerous, in samples where grain growth was avoided (i.e. the HP — SPS disks), at
higher magnifications, while the overall porosity is the same for all samples. Moreover, in TEM this
effect is highlighted as the pores present in different layers throughout the thickness of the lamella
are all visible at the same time.

4.5 Other fresh MOX properties

Since for the (U,Pu)O; the periodical monitoring of the evolution of many thermophysical properties
was foreseen, the determination of the initial state of the samples involved more characterization
techniques. Moreover, due to the higher complexity of the system, a more exhaustive comparison
with literature values was conducted, in order to assess the quality of the produced samples, and
back-up the conclusions drawn from EDX and XRD results on the composition of the samples.

4.5.1 Crystal structure - Raman

Due to the complexity of the setup available at the JRC-KA, the Raman measurement could not take
place immediately after the samples sintering, since the procedure involves several steps which
would delay the other characterizations. However, with a dedicated sample annealing, it was
possible to have the measurement done just few hours after the end of the thermal treatment.
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Figure 69: T,z and defect bands of the two different compositions.

The spectra of both samples are presented in Figure 69. As introduced in Section 2.2.3, the peaks
with the highest intensities are associated to the T, vibrational mode. Its position depends on the
strength of the anion-cation bond, as this mode is generated by the anti-phase oscillation of the two
oxygen sublattices while the cation is at rest. Considering the very simple model of the atom
harmonic oscillator, the frequency of the atoms vibrations w depends on \/K/—M, with M being the
mass of the oscillating atom (O in this case) and K the stiffness of the bond. The substitution of U by
Pu has the consequence of hardening the M-O bond(226), and as can be seen in Figure 70 this effect
is linear with the Pu fraction (at least up to 20 % Pu), providing further evidence for the achievement
of a solid solution between UO, and PuO,. Data of Elorrieta et al (223) and Talip et al (227) are used
for comparison and they show the same trend up to the considered dopants concentrations.
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Figure 70: linear dependence of the w? of the T, mode on the Pu content. Considering the harmonic oscillator
approximation, the oxygen oscillation frequency is related to the M-O bond stiffness as w? = K/M. The elastic
constant K, i.e. the bond stiffness, increases linearly with the Pu content. Data from Elorrieta et al (223) and Talip et
al (227) are shown for comparison.

A second peak is also present at higher wavenumbers, corresponding to the LO component of the
triple degenerate ungerade Ty, optic mode around 575 cm™.(228) This mode, originally only infrared-
active, becomes also Raman-active due to the loss of selection rules by symmetry breaking, caused
by a substitutional atom in the cation sublattice. In fact, its relative intensity increases with the Pu
content, although a precise estimation is heavily affected by the higher noise in the 10 % spectrum.

4.5.2 Thermal diffusivity and conductivity - LAser Flash

The thermal diffusivity measurement was also not practically feasible immediately after the samples
production. However, the annealing of the concerned sample under inert atmosphere is possible in
the machine itself, so it was straightforward to derive a value for the undamaged (U,Pu)O,. For sake
of benchmarking, it is much more convenient to calculate the thermal conductivity and correct it for
a 95 % TD dense material, as this is the thermal property that is most commonly reported in
literature. Since our measurements took place at 550 K, some further corrections had to be taken
into account.

Thermal diffusivity and thermal conductivity are related by the following equation:

k (41)

Where « is the thermal diffusivity [m?/s], k is the thermal conductivity [W/m-K], pis the density
[kg/m?3] and ¢, is the specific heat capacity [J/kg-K].

The ¢, values used in our calculation were taken from the work of Duriez et al. (71), while corrections
on the density and dilatation of the sample at 550 K were done accordingly to the recommendations
of Fink et al. (51) as they do not differ significantly from the values for UO..

The measured value, reported in Table 19, is in relatively good agreement with the literature data
for low-Pu MOX fuel (71) and is representative also of a fresh UO, fuel (200), since for such low Pu
content the effect on the thermal properties is negligible(199).
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On the contrary, there is some disagreement on the effect of increasing the Pu content on the
thermal conductivity. In the range between our two compositions, the models foresee a slight
decrease as the Pu content increases (229), in particular at low temperatures, but this is not
reported in experimental data (71), suggesting that the variation could be within the uncertainties of
the measurement. Nonetheless, in this study no sample with 10 % Pu was dedicated to the thermal
conductivity periodic study, since the degradation would have been too abrupt to be followed, and
so also the value for the undamaged material was not measured.

T a Cp P kossto
(K] [m?/s] [J/keg-K] [kg/m?] [W/m-K]
543.78 2.04E-06 287.75 10650 5.83
544.04 2.04E-06 287.78 10650 5.83
544.47 2.03E-06 287.83 10650 5.81
544.87 2.03E-06 287.87 10649 5.79
545.17 2.03E-06 287.91 10649 5.82

Table 19: measured values of the thermal diffusivity B at the reported temperatures and with the calculated values for
specific heat capacity, real measured density corrected for 550 K, and thermal conductivity corrected for 5 % porosity.

It is worth mentioning that precision of the measurement of the thermal diffusivity itself is very
reliable, yielding an uncertainty below 1 %. However, the accuracy of the measurement is lowered
by the uncertainties on the thickness of the samples as well as on the measured temperature ( 5 K).
Within these ranges, our data are in excellent agreement with the published literature data.

4.6 Nanograined ThOz: for grain size effect study on radiation
resistance
4.6.1 Microstructure - SEM

In a similar way as it was done for UO,, each stage of the production of the SPS ThO, samples was
accompanied by SEM characterization. However, as the process for sintering nanograined dense
disks was already designed for the UO,;, and then directly applied to ThO,, in this case no
intermediate grain size samples were produced.

S

Figure 71: SEM images of the ThO, powders derived by hydroxide hydrothermal decomposition.
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Figure 71 shows the ThO, starting powder. Also in this case, the crystallite size of the powder

derived from XRD is much lower than the size of the smallest particles visible by SEM, which appear
to be first-order agglomerates.

Figure 72: SE images of the fracture surfaces of the two HP — SPS ThO, samples produced at 915 °C (A) and 1600 °C (B).

The microstructure of the two samples produced in HP — SPS is shown in Figure 72. The grain size of
the sample shown in Figure 72-A is so small that no porosity is visible at this magnification, while for
higher magnifications (Figure 73) some small pores start to appear. The increase of the sintering
temperature from 915 to 1600 °C in HP — SPS conditions brought the grain size to increase of several
orders of magnitude, from roughly 50 nm to more than 5 um.

Figure 73: SE higher magnification images of the fracture surface of the ThO, HP — SPS samples sintered at 915 °C.

4.6.2 Crystal structure - XRD

In comparison with the UO; and (U,Pu)O; systems, ThO, behaves in a much simpler way, as in this
case also no hypo or hyper-stoichiometry effect is present. However, small variations of the lattice
parameter were detected, together with increasing values of microstrain as the crystallite size
decreases. The summary of the values measured on the disks and powder is reported in Table 20,
while a comparison of the pattern of the two disks is shown in Figure 74 A-B.
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Sintering Lattice Grain size Crystallite size
temperature Dwell time parameter Microstrain (intercept (Williamson
[°C] [s] [A] [104 method) Hall)

Powder / 5.6121 42 / 4 nm

915 3 5.5988 6 50 nm 45 nm

1600 600 5.5981 1 8.3 um /

Table 20: main sintering parameters of the ThO, HP — SPS samples and resulting disks lattice parameter, micrstrain and
grain size. Powder data are also shown for comparison.

The grain growth was so limited in the sample sintered at 915 °C that the crystallite size was
measurable by XRD, and matches quite well the size of the grains evaluated with the intercept
method on the SEM of the fracture surfaces.
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Figure 74: comparison of the XRD patterns of the two HP — SPS ThO, samples produced at 915 °C and 1600 °C for low (A)
and high (B) angles.

4.6.3 TEM

Contrarily from the UO, case, for the ThO, samples no FIB lamella preparation was performed. On
the other hand, TEM was performed on the ThO; nanopowders (Figure 75) as well as on both the HP
— SPS samples (Figure 76), for a better comparison.

TEM performed on the nano powders (Figure 75) confirmed the crystallite size derived from the
Williamson Hall approach on the XRD data. The grain size visible in Figure 76-B is also in good
agreement with what can be observed in the SEM images and also with the calculated crystallite size
from XRD data.

Figure 75: TEM images of the ThO, nanopowders produced by hydroxide hydrothermal decomposition 105



Figure 76: TEM images of the of the two HP — SPS ThO, samples produced at 1600 °C (A) and 915 °C (B).

4.6.4 Ion implantation at 600 °C

The characterization of the experiment described in Section 2.1.2.4 is currently ongoing, hence the
results presented here should be considered as preliminary and a final interpretation will be
provided once all the samples will have been examined.

Due to some logistic aspects, the first beam time was dedicated to ThO, samples. The literature
about ion implantation in ThO; is not as abundant as for UO;, consisting only in some studies
performed to assess the damage induced in electronic stopping regime (230-232), rather than rare
gases behaviour, for which this work represents the first systematic investigation. The results were
hence benchmarked against UO; literature data, given the vicinity of the two systems as well as the
final goal of the work, which is the study of UO,-based SNF.

4.6.4.1 Samples before implantation

Samples were carefully characterised by TEM prior to implantation to be able to discern the
implantation-induced features from those arising from FIB preparation. Samples were relatively
damage-free, as shown in Figure 77, providing an ideal starting material for gas bubbles
identification. Once again, the grain size was confirmed to be orders of magnitude different between
the two samples.

Figure 77: TEM images of lamellas produced from nanograined (left) and micrograined (right) ThO, samples. 106



4.6.4.2 300 keV Xe

Characterization on Xe-implanted samples revealed interactions between nanograined ThO; and the
Pt holder, whose causes are currently under investigation. The presence of large islands of reacted
material prevented any reliable bubble or loops size study.

Micrograined samples instead did not present any alteration imputable to Pt contamination during
irradiation. The sequence in Figure 78 shows under and over focused images of the same region

2.5E15 ions /ecm? 5E15 ions /cm? 1E16 ions /cm?

Figure 78: micrograined ThO, irradiated at 600 °C with 300 keV Xe ions at increasing fluences. Bubbles start being
visible at 1016 Xe/cm?.

pictured in Figure 77 as a function of increasing fluence, where Xe bubbles started being visible for
10%® at/cm?. This result is in quite good agreement with the literature data reported for UO,, where
Xe was reported to form nanosized bubbles at 600 °C for fluencies as low as 8-10° at/cm?2.(181,187)

As mentioned in Section 2.1.2.4, characterization on the response of ThO; in the ballistic regime was
also foreseen and is currently ongoing.

4.6.4.3 16 keV He

For samples implanted with He at 600 °C, no interaction with sample holders was triggered. A direct
comparison of the response of the two microstructures was then possible. Figure 79 shows bubbles
formation in both nano and micrograined samples for a fluence of 10'® at/cm?, as expected from
what seen in other experiments with U0O,.(186,187)

The grain size had a major effect on the He behaviour within the matrix: bubbles appeared to be
smaller and more randomly distributed in the micrograined material, while in the nanograined
sample they seemed larger and, partially, lined up (those marked in red in Figure 80). This effect is
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Figure 79: 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 1016 cm.

attributed to the shortening of the diffusion path to sinks (grain boundaries) with decreasing grain
size. In this way, in nanograined samples less nucleation sites are available and growth dominates
over nucleation of new bubbles.

Figure 80: same regions of the He-implanted nanograined ThO, sample shown in Figure 79, with part of the lined- 108
up He bubbles highlighted in red, while in blue and yellow some of the more isolated ones.



More accurate statistic on bubbles size and density are currently being performed by the research
group which carried on the implantation and characterization. Once more reliable data on bubbles
population are available, an estimation of the diffusion coefficient can be attempted.

4.7 Conclusions

In this chapter, the characterization of the samples used in this work, in their initial state, was
presented. Due to the very different nature of the samples and of the studies to be performed on
them, different techniques and different devices were used for the characterization of the (U,Pu)O;
and SPS UO; and ThO; samples.

The a-doped samples were extensively characterised in order to assess their initial state before self-
irradiation damage took place. XRD, SEM, EDX, Raman and LAF and did not highlight any
microstructural difference imputable to the chemical composition. The values of lattice parameter,
thermal conductivity and Raman shift of the T, band are in good agreement with the available
literature data. The obtained compositions of the prepared samples should recreate, in few years, a
damage build-up within the matrix representative of a spent nuclear fuel after up to 10.000 years of
repository.

SPS UO; samples were characterized by XRD and SEM in all the steps of the samples preparation, in
order to be able to quickly design modifications of the SPS treatments and setups to further lower
the final grain size of the sintered samples. Different SPS treatments applied on UO, nanopowders
resulted in samples of fixed density and composition (O/M ratio), with grain size down to around
100 nm. A small influence on the grain size on the microstrain of the final samples was also detected.
TEM was performed on FIB lamellas of the nanograined UO, samples and confirmed what deducted
from SEM observations.

Less extensive characterization was performed on the SPS ThO, samples, since no process was
developed on purpose for their production, limiting the use of XRD, SEM and TEM to the starting
powder and the final dense pellets. The application of low temperature HP — SPS to ThO;
nanopowders lowered the grain size of the dense material down to about 50 nm. Also in this case,
the microstrain of the samples seems to increase by decreasing the grain size.

ThO, samples were implanted with 300 keV Xe and 16 keV He ions at 600 °C to study the
microstructural effect on the gas bubbles formation. This represented the first systematic study of
this type on ThO,. Fluences (10'® at/cm?) and temperatures for bubbles formation are in excellent
agreement with the values reported in literature for UO,.

Grain size effect could be observed only on the He-implanted sample, since Xe-implanted
nanograined ThO, reacted with the Pt sample holders, preventing any possible bubble study. He
bubbles appeared to be smaller and randomly distributed throughout the micrograined ThO;
lamella, while in they were bigger and partially lined up in the nanograined one. The higher density
of sinks (grain boundaries) with decreasing the grain size favours bubbles growth over nucleation
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5 STORAGE - SELF IRRADIATION

In this chapter, the characterization of the effects of a-self-irradiation in our (U,Pu)O, samples are
described. The ageing of the two batches of 2.5 and 10 wt % Pu-doped UO; was followed by means
of several techniques through a periodical characterization.

During the production phase, described in Section 3.1, the samples number was optimised taking
into consideration all the different techniques to be employed as well as the specific material needs
for each of them, in terms of quantity and geometry.

For non-destructive techniques, dedicated samples were produced and then stored directly at the
characterization device, monitoring periodically always exactly the same points/areas of the sample
(for example, in the case of Raman, LAF and SEM).

In the case of destructive techniques instead, dedicated sets of samples (DSC, indentation), or
fragments of samples (TEM, XRD), were prepared in advance and then stored at the characterization
device. In this way, despite not analysing periodically always the same exact sample, any effect of
different storing conditions could be ruled out.

A second, smaller, batch of samples was dedicated to storage at 200 °C under inert Ar atmosphere.
This temperature was chosen as representative of wet storage conditions in order to shed some light
on possible annealing effects already at this relatively low temperature, especially for long storage
times. Due to practical reasons, the samples stored at 200 °C were analysed only by XRD.

5.1 Room T ageing
5.1.1 Crystal structure - XRD

As seen in Section 4.3.1, samples were constituted of a (U,Pu)O2 solid solution, and hence their
evolution could be accurately monitored by XRD. The lattice parameter swelling was monitored over
a time span of more than 550 days, resulting in 0.411 and 0.102 dpa in the 10 and 2.5 wt % samples
respectively. The increase of the cell volume results in a shift of the XRD peaks, as shown for the first
peak in Figure 81, while Figure 82 displays the calculated relative increase of the lattice constant for
both compositions as function of the dpa.

259 day564 day150 —4ay 4 10% day 564 day 44 day 1
0.102 dpa 0-027 dpa ¢ 00018 dpa 0.411 dpa 0.032dpa 0.0007 dpa
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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 dpa.
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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.

Within the uncertainties of the measurement, the two curves in Figure 82 follow the same trend,
excluding any dependence of the cell swelling on the samples activity, at least at these dopant

concentrations.(144)

Comparing the lattice parameter evolution measured in this work with data coming from Pu-doped
UO; previously measured at JRC — Karlsruhe (88) (Figure 83), relatively good agreement is found with
the reported data up to the current cumulated dose, although the previous data appear more
scattered. The dpa level targeted for reaching saturation was 0.6, and the 10 wt % samples in this
work appear close to reaching a plateau for 0.411 dpa. On the contrary, the saturation value of the
lattice parameter relative increase appears lower than what expected from the previously measured
samples, but is in good agreement with the 0.3 % threshold found in literature for self-irradiating

(U,Pu)02(233), 228Pu0; (234) or **Am-doped U0, (207).
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Figure 83: comparison of the data found in the present work with some samples previously measured at the JRC 112
— 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).



Microstrain was also periodically evaluated with the Williamson-Hall approach, and its evolution is
plotted in Figure 84. The values are in general quite low and scattered, but an overall decrease can
be noticed. Remarkably, the decrease seems to be more pronounced in the early stages of self-
irradiation, up to about 0.05 dpa, where the lattice parameter increase is not yet pronounced. For
0.1 dpa a plateau could be approached, similarly to what was measured for the lattice constant
evolution. No effect of the composition was detected in the starting microstrain nor in its evolution.
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Figure 84: microstrain calculated with the Williamson-Hall approach for the samples of both compositions, plotted as
function of the dpa.

5.1.2 Microstructure - SEM

The periodical SEM characterization was conducted on the two samples that were already presented
in section 4.2.1, using some microstructural features such as pores or cracks as references to track
back every time the same positions. Figure 85 and Figure 86 show the same area of the 10 and 2.5
wt % samples respectively, over a storage time of 550 days, resulting in 0.1 and 0.4 dpa in the two
compositions. In none of the two cases any appreciable differences can be noticed, even at higher
magnifications (not reported here for sake of brevity). After long storage (550 days — 0.4 dpa) the 10
wt % sample was broken and the new fracture surface was also analysed and compared to the
previously observed one. Some images of the "fresh" fracture surface are reported in Figure 87, and
they do not exhibit any substantial difference with the as-sintered fracture surfaces shown in section
4.2.1, nor with any of the figures shown in this section.
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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.
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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.
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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 detected.

5.1.3 Raman

Similarly to what was done for the SEM inspections described in 5.1.2, also the Raman spectra were
acquired periodically on exactly the same sample pieces characterized after the synthesis (results
were presented in section 4.5.1). Figure 88 shows the evolution of the measured spectra from day 1
up to day 583 of storage (0.106 and 0. 425 dpa for 2.5 and 10 wt %). For both compositions, the T
becomes asymmetric with increasing dpa, while the defects triple band broadens and grows in
intensity.

25% ——day 1 0.0002 dpa 10 % ——day 1 0.0007 dpa
1.0+ | ——day61 0.011 dpa 1.04 ——day44 0.032 dpa
——day583 0.106 dpa i ——day 583 0.425 dpa

counts [a.u.]
counts [a.u.]

300 400 500 600 700 300 400 500 600 700
wavenumber [cm™'] wavenumber [cm™']

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.

The asymmetric broadening of the T,; peak leads the peak position to slightly shift to lower
wavenumbers. In literature, the T, shift is systematically reported for a- or self-irradiated UO, (161).
Figure 89-A shows the relative T, peak shift for both compositions as function of the damage, which
seems to evolve independently from the samples activity, like the lattice parameter increase
measured by XRD. However, this apparent shift is not due to a change in the T, frequency given by
the swelling of the lattice. The reason is instead to be searched in the gradual loss of order of the
lattice, which leads the material not to behave like a perfect crystal anymore and to the subsequent
loss of the selection rules.(165) Considering the dispersion curves derived by Dolling et al (228),
outside the centre of the first Brillouin zone the T,; mode starts to have disperse components at
higher and lower wavenumbers. In parallel to Figure 89-A, Figure 89-B shows the relative increase of
the low-wavenumber dispersed T,; mode as a function of dpa.
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Figure 89: A: T, 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.

Figure 90 A-B shows instead the T,z broadening, in terms of integrated area increase, as function of
dpa and days respectively. Contrarily to the others effects observed so far, in this case the
phenomenon seems to be at least partially kinetically driven. Indeed, the points given by the two
different compositions are in much better agreement with each other when plotted against time

rather than dpa.
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Figure 90: Ty, integrated area increase as function of dpa (A) and days (B)

Considering the Raman triplet defects band, the radiation-induced loss of order is reported to
produce an overall broadening and intensity increase of the peak located around 570 cm™.(160,165)
This is due to the appearance of the v; (530 cm™) and v; (630 cm™) band together with the increase
of the already present v, (575 cm™). In our case a relative intensity increase can clearly be noticed
(Figure 88), but it is hard to deconvolute the contribution of the three individual bands. In particular,
the presence of v; and vs is hardly detectable for dpa levels below 0.077, and even at this point a

guantitative analysis is not easy.

It is worth mentioning in fact that the overall quality of the measurement degraded with the damage
accumulation. Fluorescence increased with storage time, decreasing the signal-to-noise ratio of the
latest measurements. The a-activity of the sample significantly damaged the carbon glue of the
sample holder as well, which also harmed the quality of the data.
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It is hence hard to distinguish the individual defects contribution to the triplet defects band up to
now, although a general broadening and increase could be detected, consistently with the reported
damage-induced loss of order of the structure.

5.1.4 Thermal diffusivity - LAF

Thermal diffusivity was measured only on a 2.5 wt % sample, as its degradation would have been too
fast in a sample with higher activity. As expected indeed, the thermal diffusivity decreases of about
40 % already in the first 150 days, which correspond to a cumulated damage of 0.03 dpa, in good
agreement with the literature data. (96)
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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 literature.

Figure 91 shows the relative decrease of the calculated thermal conductivity (measured on the
sample at 550 K and corrected for 95 % TD) and the derived phonon mean free path. The mean free
path was calculated from the measured data using the formula:

_1 _3k (42)
k—gcvvl - l_CV_U

Where k is the thermal conductivity [W m™ K], cv is the volumetric heat capacity [J K1 m3], vis the
speed of sound in UO; [m s] and / is the mean free path [m]. The measurements were performed
considerably above the Debye temperature for UO; (377 K), and hence the heat capacity can be
considered independent from T.
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In UO,, the thermal conductivity is dominated by the phonon heat transport mechanism. Any
irregularity in the lattice resulting in a displacement of anions or cations from their original lattice
position, such as radiation-induced point defects, acts like a phonon scattering centre. As the
samples self-irradiation proceeds, more defects are introduced in the lattice and hence the phonons
mean free path between two scattering centres becomes shorter. This directly affects the thermal
conductivity of the material.

Extended defects contribute much less to the local strain on the lattice, inducing only very limited
additional scattering on the phonons, and hence do not affect the phonon mean free path. For this
reason, the decrease of the thermal conductivity occurs at the very initial stages of self-irradiation,
when the point defects are generated, and becomes almost insignificant when point defects start
clustering to form extended defects.

Taking a closer look at the descending part of the thermal conductivity curve, it appears to proceed
following two different stages, with a quite marked slope change around 0.0025 dpa. As shown in
Figure 92, this change of slope occurs roughly at the same dose as for the microstrain decrease.
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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.
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The relaxation of the microstrain occurring in this early stage, implying a more uniform lattice
parameter throughout the structure, hints that at about 0.0025 dpa the structure is already
relatively "uniformly damaged". From this point on, the contribution of any additional point defect
to the lattice strain and scattering process is lower, up to the value of 0.03 dpa when the thermal
conductivity stops decreasing.

5.1.5 TEM

Due to the complexity of the testing of such radioactive material, and the high demand of the
device, TEM analysis could not be as systematic as other techniques. Figure 94 shows a 2.5 % wt

sample analysed roughly at the same ageing time for which thermal conductivity has completely
degraded.

Figure 94: 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.

The sample is substantially free of abservable defects with the exception of some black dots that
were partially already visible in the as-sintered material (see Figure 67 in section 4.4.1). At higher
magnification, the larger ones reveal to be small (< 10 nm) dislocation loops, while the smaller ones
remain unclear (defect clusters or very small loops). The point defects which led to the degradation
of the thermal conductivity cannot be seen, but, as anticipated in the previous Section (5.1.4),
extended defects start to be visible around this dose level.

Day 100
0.073 dpa

Figure 93: TEM picture of a 10 wt % sample aged 100 days (0.073 dpa). 120



Timewise, the first characterization campaign was performed after 100 days of ageing, on a 10 wt %
sample which would have accumulated 0.073 dpa by the time. As shown in Figure 93, the sample is

already populated with dislocation loops of various sizes, up to about 50 nm. Helium bubbles could
not be clearly seen at this stage.

Figure 96: the same sample pictured in Figure 93, 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.

Due to some technical issues, it was not possible to prepare a sample for successive
characterizations over some months, thus the same sample already observed was re-inspected after
50 and 150 days (reaching hence 0.109 and 0.182 dpa). The results are shown in Figure 96.

-

Figure 95: dislocation loops families visible on the 10 wt % doped sample after 100 days (0.73 dpa) for different tilting
angles.
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In these two further observations, no clear increase of the dislocation loops number or size could be
detected. However, dislocation loops nucleate and growth preferentially in some specific
crystallographic directions,(183) so this effect could be due to the different tilting of the sample.
Figure 95 shows the effect of stage tilting on the apparent density and size of the detectable
dislocation loops.

For small loops, annealing to free surfaces can be induced by the electron beam of the TEM, as
shown by the micrograph sequence in Figure 97. In the observation interval of a few seconds one

can see the glide of a dislocation loop toward the grain surface until fully released.

Figure 97: dislocation loop annealing under the TEM beam, observed in a 10 wt % sample aged 100 days (0.073 dpa).

A second bulk sample was crashed after additional 200 days, summing a total of 0.328 dpa (450 days
of storage). As shown in Figure 98, this time the concentration of dislocation loops appears to have
increased significantly, while the size of the loops also seems slightly larger.

Figure 98: 10 wt % sample crashed after 450 days of ageing, and 0.328 dpa accumulated.
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Figure 99: Over and under focused images of the 10 wt % sample stored 450 days (0.328 dpa) showing He bubbles.
At this stage, a significant amount of radiogenic He had been already produced in the lattice, which
was quantified based on the starting sample activity to be about 1.2:10'® He/g. Consistently with
what reported in the literature (88,150), no grain boundary opening or embrittlement was observed
in the SEM for this level of dpa, and the totality of the He can be assumed to be retained in the UO;
matrix. As evidenced by an overfocused and underfocused image in Figure 99, intragranular He
bubbles were now visible in the sample. The size is homogeneous around 2nm.

5.1.6 Helium release - KEMS

As shown in the previous Section (5.1.5), at 0.328 dpa the amount of radiogenic He is enough to
form nanometric bubbles within the UO, matrix. A thermal desorption study was conducted to
assess the amount of He included in the matrix as well as its release kinetics. A 10 wt % sample was
heated at the constant rate of 30 K/min up to 2300 K, a temperature which should guarantee full
release of the accumulated He in polycrystalline samples.(147,150,235) TEM and SEM analyses were
performed after the thermal treatment and the microstructure was compared to the one of
damaged samples of comparable dose.
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Figure 100: He release while heating a 10 wt % sample up to 2300 K as measured by KEMS (left) and Q-GAMES (right).

Figure 100 shows the KEMS and Q-GAMES measurements, as a function of temperature and time
respectively. In the latter, time is used to be able to represent the calibration spike on the same plot
with the gas to be quantified. Consistently with what reported in the literature for 2*®Pu-doped
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(147,150) and He-infused polycrystalline (149,235) UO,, two stage of He desorption were detected,
corresponding to two very different release kinetics and attributed to two separate mechanisms.

The first step, starting around 1100 K, is associated with He atoms diffusion to the grain boundaries,
which act as shortcut to the free surface (168,173,236), and simultaneous trapping in bubbles. The
two processes are assumed to be controlled by the same diffusion mechanism, but their magnitude
is determined by the morphology of the traps (bubbles and pores) in relation with the diffusion
length. (147) During this first stage, roughly 10 % of the total He is slowly released. As the
temperature increases, bubbles start growing and the trapping effect overtakes the release, so the
release rate gradually decreases.

A second step starts abruptly around 1800 K and results in the massive release of the total remaining
He, at a rate roughly four times higher than in the first stage. This second step is attributed to the
bubbles migration to the grain boundary and then to the surface, possibly with the formation of
tunnels. (149,237) In literature, the onset temperatures reported for this stage are more scattered,
ranging from 1600 K (150) to above 1800 K (149), but anyways in line with what observed in this
work. It is possible that the onset for the release was somehow delayed, resulting in pressure build-
up leading to the subsequent abrupt blowout initiating the second stage.

The smaller bursts which can be seen throughout the whole treatment can be considered as a third
concurrent stage and are associated with the sporadic release of intergranular bubbles, or groups of
bubbles, possibly through interconnection. Evidences are given by the complete absence of these
bursts in experiments performed on UO; single crystal. (149,235)
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Figure 101: He release obtained in this work compared with the KEMS curves of infused polycrystalline UO; (149,235),
238pu-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.
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The literature data from references (149,150,235) and from a MOX fuel with 100 Gwd/t of burnup
(238) are plotted in Figure 101 (left) for comparison. Polycrystalline samples (149,235) were infused
for 15 minutes, so He was introduced by diffusion in absence of defects and hence occupied stable
lattice sites. In such conditions, He was found to settle in the octahedral sites of the fluorite
structure. (172,239) For the #*3Pu-doped UOQ,, let aside the different signal intensities, which depend
on the samples masses, the release profile compares excellently with the one obtained in the
present work.

While the second part of the curve (1900 — 2100 K) is shared by all samples, the onset of the release
is more variable. Irradiated MOX already starts releasing He at about 800 K, attributed to desorption
from vacancies, thanks also to DSC evaluations.(238) For less defected samples, like the a-doped
UO,, the onset is around 1100 K, while for the defect-free infused UQ; it shifts to 1300 K. In damaged
samples, He is easily trapped and released by radiation-induced defects; on the contrary, in damage-
free samples He occupies stable lattice positions and is then released only at higher temperatures.

As anticipated in Section 5.1.5, the calculated radiogenic He generated in the sample by a-decays
amounts to about 1.9-107 mol, which is in excellent agreement with what measured by the Q-
GAMES by comparison with a 1.59-:107 mol spike. As reported in literature (147,150), for this low
dpa no grain boundary opening is expected, and the totality of the a-He is retained.

Post-treatment microscopy characterization was performed to assess the microstructural
modifications correlated with He thermal desorption. As shown in Figure 102, TEM inspection

revealed a complete damage-free sample (see Figure 67 in Section 4.4.1) and the absence of residual
He bubbles.

Figure 102: A) and B) post-treatment TEM; C) annealed 10 wt % from Section 4.4.1.

5.1.7 Apparent specific heat - DSC

Contrarily to what was done for the other characterization reported in this chapter, the DSC
campaign was not periodic, since the initial stages of self-irradiation would have given a signal too
weak to be correctly analysed and interpreted. Initially, several intermediate measurements were
foreseen, but then it was decided to preserve the majority of the samples for characterization of the
late stages of self-irradiation.

Figure 103 shows the DSC result of the measurement done on samples of both compositions after
450 days of self-irradiation, corresponding to 0.082 and 0.326 dpa respectively. The curve presented
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in the picture is the difference between the descending and ascending curve of the treatment that,

subtracted the self-heating effect due to 2*Pu radioactive decay, have the same slope. The energy
released was around 35 J/g for the 2.5 and 43 J/g for the 10 wt % sample.
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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) have the same slope.

Similarly to the work of Staicu et al (96), the peaks characteristic for each defects family can be
distinguished. Also in the case of our samples, the annealing of the defects is an exothermic process
and the total energy released can be correlated to different types of defects. The temperature range
was between 550 and 1350 K for the 2.5 wt % sample, and between 450 and 1400 K for the 10 wt %
one. In both plots, the presence of four main peaks could be detected; again referring to the work of
Staicu et al, peaks centred around 650, 850, 950 and 1150 K were identified. In addition to this, the
10 wt % sample exhibit two additional features, one small peak at 450 K and a second, more marked
peak, around 1350 K that could be attributed to the He release thanks to the KEMS measurement
(5.1.6). However, the presence of several shoulders hints towards the existence of possibly more
phenomena. Table 21 summarises the defects annealing stages associated with each peak. It is
worth remembering that the peak centre is a good feature for peak identification purposes, but the

most physically meaningful temperature is the one of the flex, which corresponds to the maximum
reaction (for example, defects recombination) rate.
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Stage | T [K] Involved process

| 450 O interstitials/vacancies recombination

Il 650 U interstitials/vacancies recombination

11 850 Pu interstitials/vacancies recombination
v 950 Dislocation loops annealing

Vv 1150 | Voids precipitation

\ 1350 He desorption

Table 21: 6 main peaks were identified on the apparent Cy* curve and attributed to different defects
recombination, based on the interpretation given by Staicu et al. (96)

The relative intensity of the peaks in the two plots shown in Figure 103 is very different between the
two samples. This effect can be imputed to the clustering of defects and to the different
compositions. Initially, most of the generated point defects remain as individual defects, and the
contribution of interstitial/vacancies grows quicker than the one of extended defects. After a certain
threshold, reorganisation of defects into loops and voids becomes more and more significant,
leading the contribution of extended defects to grow, and the one of point defects to stabilise and
eventually decrease. This possibly takes place with different kinetics depending on the composition:
in the case of the 10 wt % sample, the self-heating effect largely exceeds the overall defect
contribution, while for the 2.5 wt % it is the reverse. It is expectable that the defects mobility in the
two systems is quite different, meaning that the samples with higher activity could experience easier
and quicker defect recombination, and hence a more marked contribution of extended defects. Also
radiogenic helium shown to diffuse starting at 1100 K (but becoming intense around 1300 K — see
Section 5.1.6) produces an exothermic effect which supports the hypothesis that He atoms are

0.00 4=

L
g, 0.005 dpa

-0.02
1 ] * .
e - 98.016 dp;:;)km A
‘I_o) ) & .- ﬁ'}% Wey % . q 1
Cas e ¥ @%@ R o @ W
=2 'O 04 =l qui eeef%\ % - - X T
‘-k_‘ = « ‘te gﬁ;a _“3 5‘PA-M‘~ « ‘44 . of
o> W o, 0.104 dpaic =R~ ¢
P 3 &
' “%2% 0104 dpa s &
2 e ¢

L

© L e «
i ;

Apparent
o
o
(e}
1

e

o V'

¢ <
-0.08 L0 S “ 0.328 dpa

T T T
1000 1200 1400
Temperature [K]
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associated to defects (vacancy type).

Some other 28Pu-doped UO, samples of similar composition (around 10 wt %) were analysed at the
JRC throughout the years, and they are plotted together with the 10 wt % sample of this work in
Figure 104. Remarkably, the sample used in the present study released a significantly higher energy
with respect to the others, mostly in the 1000 to 1300 K range. This discrepancy can be due to the
subtraction of the self-heating effect, which is performed manually by the operator during the data
analysis phase. A small change in the slope of the real C, (obtained by average of the ascending and
descending curves of the annealed, undamaged sample) can result in such an artefact as the one
observed in Figure 104. In general, a qualitative trend can be observed, with the point defects effect
increasing up to about 0.125 dpa and then saturating, going then to contribute to the extended
defects signal.

5.1.8 Summary

Periodic XRD characterization of the self-irradiating samples showed very good scalability for the
lattice parameter increase for the two different compositions. The samples reached 0.411 and 0.102
dpa for the 10 and 2.5 wt %, with a relative cell parameter increase of 0.31 and 0.27 %. The lattice
swelling does not seem to be a kinetically driven process, depending solely on the dpa and not on
the activity of the samples.

Microstrain was found to be decreasing with dpa, but with a different dependence with respect to
the lattice constant increase. The microstrain values indeed decrease more steeply in the early
stages of self-irradiation, up to 0.05. Consistently with the lattice parameter swelling instead, the
microstrain evolution approaches a plateau for dpa values above 0.1.

SEM periodic characterization of the samples evidenced no significant change after 550 days, for a
maximum of 0.4 dpa reached in the 10 wt % samples. The inspection of a new fracture surface,
created by cracking the sample after the characterization of day 550, also showed no alteration of
the original microstructure.

Raman periodic characterization evidenced an apparent broadening and shift of the T, peak to
lower wavenumbers. This is due to the loss of order of the structure, which leads the T,; mode to
disperse to lower and, less markedly, higher wavenumbers. These two disperse modes increase in
intensity up to 0.1 dpa to remain then fairly constant up to 0.4 dpa. The broadening of the same Ty
peak, quantified in terms of integrated area increase, seems to be at least partially kinetically driven,
since the two compositions follow the same trend over time rather than over dpa. The broadening
and increasing of the intensity of the defects triplet band was also detected, but could not be
guantified.

LAF periodic characterization was performed only on a 2.5 wt % sample, as the degradation of the
thermal conductivity was expected to be very quick. Indeed, a loss of 40 % of the thermal diffusivity
takes place within the first 0.03 dpa, after which the value becomes almost constant. The phonon
mean free path was also derived.

Remarkably, the thermal conductivity drops more abruptly in the first 0.0025 dpa, the same dose
value for which also the microstrain relaxation seems to become less intense. It was proposed that
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around this value the new point defects start interacting with those previously existing, inducing less
additional lattice distortion and hence contribute less to the phonon scattering process.

TEM observations were performed less systematically than the SEM inspections due to the higher
complexity of the sample preparation and the partial availability of the device.

A 2.5 wt % sample was examined after 170 days, having cumulated 0.031 dpa, and only some black
dots were visible, the biggest of those appearing to be very small dislocation loops. This observation
seems to confirm what was expected from the LAF results, where it was speculated that around 0.03
dpa point defects (not visible at the TEM) start to cluster into extended defects, resulting into a
reduced degradation of the thermal conductivity.

A 10 wt % sample was examined first after 100 days (0.073 dpa), showing numerous and large
(about 50 nm) dislocation loops, and then again re-observed at 150 and 250 days (0.109 and 0.182
dpa respectively) showing no significant increase in size or number of the dislocation loops. A second
identical sample was examined after 450 days (0.328 dpa) and showed a marked increase in the
number and size of the dislocation loops (up to 100 nm) together with the presence of He bubbles.

He release was measured on a 10 wt % sample aged 570 days (0.41 dpa). As seen in Section 5.1.5,
already after 450 days (0.33 dpa) the radiogenic He quantity in the sample was enough to form
visible bubbles. The amount of a-He in the sample was calculated to be 1.9:107 mol, which is in
excellent agreement with the released measured quantity. Consistently with what reported for
polycrystalline UO, and (U,Pu)O,, grain boundaries acted as shortcut to surface desorption, and
three main release mechanisms were detected:

® T>1100 K — He atomic diffusion to grain boundaries and release, with concomitant trapping
in bubbles

® T>1800K-—intragranular He bubbles diffusion to grain boundaries and release

® Sporadic intergranular He bubbles release throughout the whole treatment, possibly
involving interconnection

Post-treatment TEM inspection revealed undamaged bubble-free microstructure.

DSC characterization was conducted after the samples cumulated a significant dose, so that to have
a clear signal during the measurement. Samples of both compositions were analysed after 450 days,
corresponding to 0.082 and 0.326 dpa, and released in total 35 and 43 J/g respectively.
Characteristic peaks for the recombination of different defects families could be identified for
compositions, allowing drawing some qualitative interpretation of the defects evolution and
clustering. Development of dislocation loops and voids from point defects was observed by
comparing the new data with literature and previously measured samples. A difference between the
two compositions was also found and attributed to the self-heating effect enhancing defects
mobility in the sample with higher activity.
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5.2 Low T Cp, measurement

5.2.1 Results

Such as in the LAF case, the quick degradation of a thermophysical property like heat capacity could
be accurately studied only on the low concentration samples. A periodic measurement of the sample
specific heat in the 5 — 50 K temperature interval was performed. The antiferromagnetic transition at
the Neel temperature typical of UO,-based compounds was found also in the examined 2.5 wt %
sample, influenced by the disorder brought by the substitutional Pu atoms in the U lattice. As
expected, excess heat capacity due to the substitutional-induced strain of the lattice was also
measured.

Figure 105 shows the measured C, curves as function of T for different ageing times, together with
the curves for the two end members as references.
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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.

As the disorder in the lattice increased as consequence of a-self-irradiation, the UO, magnetic
transition peak broadened and decreased its maximum intensity. At the same way, the peak
maximum (or the Neel temperature) shifted towards lower temperatures. While the excess entropy
at the Neel temperature also decreased with disorder, the overall total excess entropy in the 5 — 50
K temperature range slowly increased. Figure 106 shows an overview on these variations, plotted as
function of time and dpa.
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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.

5.2.2 Summary

The a-self-irradiation induces significant disorder in the cation lattice already from the early stages
of damage accumulation. This results in a quick deterioration of the phonon transmission in the
matrix, leading to significant decrease of the thermal properties of the material. The effect of the
increasing disorder leads also the UO; C, antiferromagnetic sharp transition to become a broader
anomaly, with the peak decreasing in intensity, broadening and shifting to lower T, and the excess
entropy being then redistributed over the whole T interval. As expected, and as seen for other
thermal properties, the impact of self-irradiation is significant already for a moderate cumulated
dose. A detailed description of the experiment can be found the in the publication by Valu et al.(243)
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6 CONCLUSIONS AND OUTLOOK

Interfaces represent one of the most important microstructural elements for determining the
properties of nuclear fuels. They serve as sources and sinks of dislocations, recombination sites for
vacancies and interstitials, traps for dopants or fission gases, fast diffusion paths, crack initiation
sites, and more. Also, they play a very important role in reducing the concentrations of point defects
produced by irradiation: vacancies and interstitials migrate to the interfaces, where they recombine.
Close to equilibrium conditions, the migration of defects is also responsible for the elementary
redistribution of species at the interface, which causes either the enrichment or the depletion of
guest species.

During irradiation, the original microstructure of the nuclear fuel is reorganised into the so-called
high burnup structure, characterized by grains down to 100 nm in size and therefore a significantly
higher density of interfaces. This structure was found to exhibit better properties than initially
thought, at the point that it could be taken into consideration as a potential accident tolerant fuel.
Moreover, the high burnup structure will represent the spent fuels first interface facing the external
environment (water in most cases), meaning that these interfaces-rich regions will play a key role in
determining the safety of spent fuel repository solutions. Understanding the phenomena taking
place at grain boundaries, and their impact on the material interactions with radiation and/or the
external environment, is then fundamental to predict the fuel behaviour in operation and afterwards
during the repository. Ideally, this basic knowledge would serve in the future for designing materials
with stable structures and microstructures, or even better, able to evolve under irradiation to even
more radiation-resistant states.

The control of material process conditions is therefore essential for understanding the response of
these systems to structural and chemical modifications: this is an essential step in understanding the
global response of the fuels submitted to irradiation, temperature transients, and various
environments (oxygen potential of the surrounding atmosphere...). To minimize (and sometimes
eliminate) these heterogeneities in doped samples, samples with crystallites of nanometric size can
be produced where the interface properties of these crystallites can be measured and sometimes
controlled.

In order to address these challenges, this dissertation was developed along two main directions:

- Afirst axis relying on parametric studies of nuclear ceramics synthesised with different grain
sizes. The focus was on the study of the correlations between the characteristics of the
particles constituting the pellets and the physical characteristics measured on these
samples. The aim is to ultimately deduce the impact of those changes for the technological
properties and then mitigate the eventual adverse features, potentially improving the
operating and long-term behaviour of those ceramics.

- A second axis addressing self-irradiated materials. This work programme completes and
extends a large number of parametric studies on simulated fuels where the key ingredient of
self-irradiation was missing. We show that this ingredient has essential consequences and
therefore this supports the need of this kind of studies.
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In both cases, considerable effort was dedicated to the sample preparation. For self-irradiating
samples, the dopant concentrations had to be accurately chosen and then successfully obtained to
have some measurable effects within the project timeframe. The number of samples to be produced
was also carefully designed, in order to allow monitoring the self-irradiation effect on different
facets of the material by means of a broad set of techniques. The process to obtain simulated fuels
with different grain sizes instead involved a long optimisation phase, to control the microstructure of
the final product. Different features, from the powders synthesis routes to the sintering treatment
parameters were adjusted and improved.

For the first time, dense (95 % of the theoretical density) and stoichiometric UO, with grain size
down to 50-100 nm was successfully produced. Samples were prepared by powder sintering using
spark plasma sintering (SPS). Different powders synthesis routes were explored and the final
products were carefully characterized, before being tested in SPS, and the influence of the synthesis
route on the sintering behaviour of the powders was qualitatively assessed. The best results were
obtained using a powder synthesised from U(IV) oxalate by hydrothermal decomposition, resulting
in near-stoichiometric highly-sinterable nanoparticles. The adoption of hydrothermal decomposition
replacing a thermal process improved the morphology of the powder particles and agglomerates,
leading to a sintering enhancement. Different variations of the standard SPS sintering treatments
were also explored to improve the control of the final microstructure: a two-step method, exploiting
the benefits of fast firing of the powders, and a high pressure setup, to provide extra driving force to
the sintering. High-pressure SPS was found to be the optimal solution and its parameters were
further optimised to achieve densification with limited grain growth, whereas a final annealing
treatment was designed to homogenise the stoichiometry of all the produced samples. Extensive
characterization of the final products by XRD, SEM and TEM proved that identical UO, samples
differing only by the grain size were successfully produced.

Due to the resemblance of the topic and availability of high-quality starting materials, the same
strategy was then applied for the preparation of ThO, with different microstructures. ThO, presents
interesting similarities with UO,, with the advantage of existing only in a stoichiometric form with a
unique oxidation state of Th, representing a simplified system useful for benchmark studies. In this
case, the powder was produced by hydrothermal decomposition of Th hydroxide. Sintering
conditions for densification with limited grain growth were also optimised for ThO,, resulting in
samples with grain size smaller than 50 nm. These samples were also characterized by means of
XRD, SEM and TEM.

The production route developed in the present work represents a solid basis for grain boundary
studies on UO; or ThO, based systems. Submitting an ensemble of such-produced samples to the
same conditions (irradiation, oxidation, dissolution...) will pave the way for a better understanding of
the role played by interfaces in the material response.

Sets of ThO, and UO; lamellas coming from samples of different microstructures were prepared to
be implanted with He and Xe ions, to study their response to ballistic damage as well as their gas-
retention behaviour. Due to logistic reasons, implantations could be performed only on ThO;
samples within the timespan of this thesis work. Results for micrograined ThO, were in good
agreement with the already reported UO; behaviour in literature, which was the only comparison
because, to our knowledge, this study represents the very first systematic He and Xe irradiation
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study on ThO.. In-situ TEM after irradiation with 16 keV He at 600 °C revealed an extremely different
response of the two different microstructures: in micrograined (~10 um) ThO, bubbles were small
and randomly distributed, while in nanograined (¥50 nm) ThO, they were lined up at grain
boundaries and larger in size. These differences were attributed to the much shorter diffusion path
to reach sinks in nanograined ThO,, resulting into fewer nucleation sites and consequently a
predominance of the bubbles growth mechanism over nucleation. These first results confirm the
leading role played by interfaces in gas retention, highlighting the need for further investigation. The
materials synthesised in this work resort to be excellent systems for a separate effect study of the
influence of interfaces on the behaviour of otherwise identical samples. The production route
presented in this dissertation can serve as a paradigm for further experiments, which will help
understanding the importance of grain boundaries on rare gases retention and radiation damage
resistance.

(U,Pu)O; samples were synthesised with desired dopant concentrations to study the full evolution of
their microstructural and thermophysical properties during 2 years of accelerated ageing under self-
irradiation. The Pu powder used as a dopant consisted of about 53 % of the short-lived a-emitting
238py, Considering the very different kinetics at which properties evolve, two compositions were
chosen, allowing accurate measurement of fast transients and, at the same time, ensuring reaching
saturation for most of the properties evolution. Moreover, with this approach, the independence on
the samples activities of the radiation-induced macroscopic changes could be reassessed, at least in
the low dopant concentration range taken into account.

Liquid phase mixing and co-hydrolysis ensured intimate mixing of U and Pu in the starting powder,
and conventional sintering was performed to densify homogeneous, stoichiometric (Ug.975,PU0.025)02
and (Uos,Puo.1)0; disks. SEM and TEM observations did not show any difference between the two
batches of produced samples, while XRD characterization confirmed the achievement of solid
solutions for both the desired compositions.

The amount of identical samples to be produced was calculated based on the foreseen
characterization techniques, and geometries of certain samples were optimised for technique-
specific needs. This constituted an unprecedented set of specimens, ideal for isochronal and
isothermal systematic studies of thermophysical and microstructural evolutions of the properties as
a function of the cumulated dose.

Periodic measurements were performed up to a cumulated dose of 0.41 dpa, comparable to those
of a 40 GWd/t UO; spent nuclear fuel after 300 years of storage, or of a 65 GWd/t spent MOX fuel
(45 % Pu) after 25 years of storage.

XRD characterization confirmed the lattice swelling behaviour already reported in literature, re-
assessing it with improved accuracy and showing for the first time that it is accompanied by a
decrease of the microstrain. Consistently with what already reported for a-self-irradiating samples,
saturation of the lattice swelling was approached for 0.41 dpa, at a value reaching a 0.3 % increase.
Comparison of the data obtained from the two compositions resulted in almost perfect overlapping
of the two trends as a function of the dose, confirming the independence of the analysed effect on
the initial samples activity, for those different compositions.
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The thermal conductivity, as calculated from laser flash method (LAF) data, was also in excellent
agreement with previous literature data, and it also constitutes an improved data set for future
modelling purposes. Already at 0.03 dpa, the density of radiation-induced point defects reduced the
thermal conductivity of 40 %, but no further significant effect when further increasing the dose. XRD
microstrain also was found to evolve more slowly after 0.03 dpa.

Taking advantage of the innovative device setup available at the JRC — Karlsruhe, Raman
characterization as a function of the dose was also performed for the very first time on (U,Pu)O,
samples. In agreement with what already reported in literature for a-implanted UO,, it evidenced
the progressive loss of crystalline long-range order of the structure, which also proceeded
independently from the initial samples activities.

Periodic SEM and TEM inspection provided an overview on the microstructural evolution of the
material at different scales. By SEM, it was possible to trace back and observe always the same
positions on the sample fracture surfaces, which exhibited no grain boundary opening or cracking.
Freshly-created fracture surfaces at 0.41 dpa did not show any difference compared to those
monitored up to that point, ruling out any difference between the bulk and the surface. By TEM it
was also possible to follow the ingrowth of dislocation loops and He bubbles throughout the lattice.
At 0.03 dpa, when thermal conductivity had already decreased to a plateau, only tiny (£ 10 nm)
dislocation loops could be detected, confirming the negligible adverse effect of extended defects
compared with more prominent point defects on the thermal conductivity. Beyond that point, the
dislocation loop population increased in size and concentration with increasing dpa, and at 0.33 dpa
He bubbles were first detected. Annealing of dislocation loops under the TEM beam was also
observed.

In the latest stages of the storage, He release and calorimetry measurements were also performed.
As measured by Knudsen effusion mass spectrometry (KEMS), up to 0.41 dpa, the totality of the
radiogenic He is retained within the matrix. Post-mortem TEM characterization revealed a complete
damage and bubble free microstructure. In agreement with literature data on irradiated fuel and a-
doped UO,, two main release stages were observed and attributed to atomic He migration to free
surfaces and concomitant trapping (T > 1100 K), or bubbles migration to free surfaces (T > 1800 K).
Burst releases from intergranular bubbles migration were also observed throughout the whole
treatment, similarly to what reported for polycrystalline doped or infused UO, samples. Comparison
with undamaged He-infused UO; highlighted the importance of radiation-induced defects over He
mobility.

Differential scanning calorimetry (DSC) annealing treatments allowed distinguishing the
contributions of different defects recovery stages on the apparent sample heat capacity.
Recombination of point defects was measured for temperatures as low as 450 K, while effects
attributed to extended defects arose around 950 K. Comparison of the relative intensities of the
signals between the two compositions and with literature data qualitatively revealed point defects
clustering and reorganisation into extended defects. Cross-checking with He release data helped
identifying the increasing contribution of He migration and precipitation in bubbles for increasing
dpa.

Based on this sound and comprehensive data collection, obtained through a quite exhaustive set of
techniques, some preliminary estimation on the state of spent fuel after some centuries of storage
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was attempted. As mentioned already, the 0.41 dpa reached by the samples involved in the present
study are comparable to what cumulated by a 40 GWd/t UO; spent nuclear fuel after 300 years of
storage. At this stage, as a result of a-self-irradiation:

e The thermal conductivity of spent nuclear fuel will decrease by 40 %, and will not be
decreasing significantly further. This of course has implications on the temperature of the
spent fuel, as it will generate internal heat throughout the whole disposal time.

e Lattice swelling also will be approaching its saturation at 0.3 %, implying potential interactions
and stress generation with the cladding material.

e The totality of the He generated within the spent fuel matrix will still be retained, and will not
be released unless the storage temperature raises of several hundred degrees. This will also
have to be taken into account as contributing to fuel swelling, but allows ruling out
overpressurization of the fuel pin.

e Spent fuel will be completely integer, no crack of grain boundary opening has taken place.

Moreover, at the temperature reached in wet storage conditions (~200 °C), defects which do not
immediately recombine will not anneal but rather cluster and organise into extended defects.

After this accurate and comprehensive re-assessment of the influence of a-self-irradiation on the
fuel evolution, it is evident the need for a complete understanding of the role of interfaces is relation
with radiation resistance and rare gases retention of the material. Most of the measured effects,
such as defects recombination and He precipitation, and less directly fuel swelling, integrity or even
thermal conductivity decrease, are affected by the presence of grain boundaries in the system, and
the preliminary results obtained on ThO, suggest very different behaviours between nano and micro
grained samples. He and Xe implantation experiments on UO,; which will be performed on the
already prepared samples should give further qualitative insight on the responses of microstructures
with very different interfaces densities.

However, a more systematic study of grain size effect on spent nuclear fuel ageing (radiation
damage resistance and rare gases retention) should foresee ion implantations at increasing fluences
and at different temperatures. Ideally, the same situations reproduced in the self-irradiation study
could be targeted in terms of dpa and thermal history. In-situ characterizations like the ones
available at ANL (TEM), JANNUS-Orsay (TEM) or JANNUS-Saclay (Raman) would simplify the
experimental setup and provide quick feedback on analogies/differences with the a-doped systems.
Post-mortem annealing studies and characterizations should complete the study, giving insight on
the influence of grain boundaries density on defect annealing temperatures. Moreover, grain growth
can be triggered in nanograined samples already at moderate temperatures, allowing studying more
easily the effects of grain boundaries migration on defects and rare gases.

A more faithful reproduction of a-decay would involve multi-beam implantations, to simulate
concomitantly the electronic and nuclear stoppage of the a-particle and recoil nucleus generated in
the a-decay.

Finally, once the appropriate devices are installed, the synthesis of nanograined 2*Pu-doped UO,
would represent the junction point between the two branches of the work. It is worth remembering
that no SPS device is available for Pu sintering around the world at the time of writing. Self-
irradiating (U,Pu)O; of different grain sizes would clarify the role of grain boundaries on radiation-
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damage resistance and rare gases accumulation and retention. This should shed light on the
potentially beneficial implications of the HBS in SNF during long-term storage.

As a last remark, self-irradiation studies at higher temperatures, namely the one of dry storage
conditions, are also advised. The poor sensitivity of some of the devices used in the present work
between room temperature and about 400 °C leaves behind a knowledge gap on the effects ongoing
in this temperature range. It is possible that, for systems with a high density of grain boundaries
which can act as defects sinks, some defects annealing already could already take place at relatively
low temperatures.
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Résumé : DO a I'environnement extréme dans
lequel il est exploité, le combustible nucléaire
présente  des modifications des  propriétés
thermophysiques ainsi que microstructurales. En
particulier se forme en périphérie de I’élément de
combustible une structure appelée Structure Haut
Burnup (HBS) caractérisée par la subdivision des
grains originaux en grains d’environ 100 nm. Dans
ce travail, la synthése d’échantillons denses de UO,
et ThO, avec des grains d’environ 100 nm a été
réalisée. De tels matériaux permettront de faire des
études a effets séparés sur I'impact de la HBS sur le
comportement du combustible en conditions
normales et accidentelles.

UO, dopé avec **Pu a également été synthétisé et ce
dans le but d’étudier en accélére Pimpact de
’activité alpha sur I’évolution de la microstructure et
des propriétés thermophysiques du combustible tel
qu’en situation de stockage ol ce type de
décroissance prédomine pendantdes millénaires.

L’UO, auto-irradié jusqu’a 0.41 dpa, correspondant &
un combustible usagé standard de 300 ans, a été
caractérisé périodiquement par un ensemble de
techniques. La DRX a mis en évidence une
saturation du parameétre de maille & 0.3% tandis que
la désorption thermique d’hélium a montré une
rétention compléte du gaz. Le MEB a montré que
I'intégrité de la structure est préservée ; en MET la
formation de boucles de dislocations et de bulles
d’hélium a ét¢ mis en évidence. La conductivité
thermique mesurée par flash laser décroit de 40%
dés 0.03 dpa et aucune restauration de défauts n’a été
observée par calorimétrie  différentielle  aux
températures caractéristiques de I’entreposage. Des
spectres RAMAN ont été obtenus pour la premiére
fois sur (U, Pu)O, en fonction de la dose d’auto-
irradiation. Cette étude a permis d’évaluer certains
aspects du comportement du combustible usagé en
conditions d’entreposage pendant 300ans.
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Abstract: Due to the extreme environment in
which it is operated, nuclear fuel shows changes of
its microstructure and thermophysical properties. In
particular it develops a rim structure also named
high burnup structure characterized by the
subdivision of the original micrometer sized grains
into 100 nm grains.

In this work, the synthesis of dense UO, and ThO,
with grains size down to 100 nm was designed.
Such material would allow studying through single
effect studies the impact of the high bumup
structure on the fuel behavior in and out of normal
operation.

UO, doped with **Pu was also synthesised to study
the accelerated effect of alpha-decays on fuel
microstructure and thermophysical properties since
alpha activity will be dominating in spent nuclear
fuels for millenaries.

Self-irradiated UO, cumulating up to0.41dpa, the

same reached by a LWR spent fuel after few
centuries, was characterized periodically with a
broad set of techniques. XRD showed a saturation
of the lattice parameter increase around 0.3 %,
while thermal desorption spectroscopy proved that
the totality of the radiogenic He i still retained.
SEM observations highlighted the integrity of the
fuel & preserved, while TEM evidenced the
ingrowth of dislocation loops and He bubbles within
the matrix. Thermal conductivity as measured by
laser flash had already decreased by 40 % at 0.03
dpa, and no defects annealing was detected by
differential scanning calorimetry at the temperatures
foreseen for spent fuel storage. Raman spectra were
acquired for the first time on (U,Pu)O, as a function
of the self-irradiationdose.

This study allowed assessing some aspects of the
behaviour of LWR spent nuclear fuel during the
first 300 years of storagetime.
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