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RAPPORT CEA-R-6379 – Jacques LÉCHELLE

«Physico-chimie et modélisation du frittage des combustibles d'oxydes d'actinides»

Résumé - Ce document synthétise les travaux que j'ai menés ou auxquels j'ai contribué en tant que
support numérique entre 1996 et 2012 au Service Plutonium Uranium et Actinides mineurs du CEA

Cadarache. Ces travaux sont essentiellement orientés vers l'étude et la modélisation du frittage du

combustible nucléaire qui servent de fil conducteur au mémoire. La modélisation du frittage a été

abordée à une échelle sub-granulaire afin d'une part de prendre en compte les spécificités physico-

chimiques des oxydes d'actinides qui constituent le matériau et d'autre part de pouvoir combiner les

divers phénomènes de transport à l'origine du frittage. Le modèle se limite actuellement au cas d'une

composition chimique constante à l'échelle sub-granulaire, sans échanges avec la phase gaz. Son

extension à une composition variable est prévue. Des travaux sont en cours vers une simulation à

l’échelle d'un volume représentatif de la pastille. Des moyens de validation à l'échelle de la pastille

(Diffusion de Neutrons aux Petits angles), à l'échelle des granulés de poudre (microtomographie X Haute

Résolution) ont été testés sur l'oxyde (U,Pu)O2 ; d'autres sont en cours d'étude à l'Institut de Chimie

Séparative de Marcoule à l'échelle du grain monocristallin sur CeO2 (Microscopie Electronique à

Balayage Environnemental). L'homogénéité requise pour la microstructure du combustible a amené à

étudier expérimentalement le mode d'action de certains adjuvants de frittage tels que Cr2O3. L'ensemble

des travaux permet d'améliorer la compréhension que l'on peut avoir du frittage et, de là, à pouvoir en

assurer une meilleure maîtrise.

Mots clés : frittage, actinides, modèle, échelle sub-granulaire, élasticité 3D, transport de matière,
diffusion aux joints de grains, diffusion en surface, diffusion en volume, méthode des éléments finis,

méthode des volumes finis, évolution du maillage.
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RAPPORT CEA-R-6379 – Jacques LÉCHELLE

« Physical chemistry and modelling of the sintering of actinide oxides »

Abstract - This report gives a synthesis of the work I have carried out or to which I have numerically
contributed to from 1996 up to 2012 in the Department of Plutonium Uranium and minor Actinides in

Cadarache CEA Center. Their main goal is the study and the modeling of the sintering process of nuclear

fuels which is the unifying thread of this document. Both in order to take into account the physical and

chemical features of the actinide bearing oxide material and in order to combine the different transport

phenomena leading to sintering, a sub-granular scale model is under development. Extension to a varying

chemical composition as well as exchanges with the gaseous phase are foreseen. A simulation on a larger

scale (pellet scale) is ongoing in the framework of a PhD thesis. Validation means have been tested with

(U,Pu) O2 material on the scale of the pellet (Small Angle Neutron Diffusion), on the scale of powder

granules (X-Ray High Resolution Micro-Tomography) and with CeO2 at the 'Institut de Chimie

Séparative' in Marcoule on a single crystal scale (Environmental Scanning Electron Microscope). The

required microstructure homogeneity for nuclear fuels has led to a campaign of experimental studies

about the role of Cr2O3 as a sintering aid. Whole of these studies improve our understanding of fuel

sintering and hence leads to an improved mastering of this process.

Keywords: sintering, actinides, model, sub-granular scale, 3D-Elasticity, mass transport, grain boundary
diffusion, surface diffusion, bulk diffusion, finite element method, finite-volume method, mesh

evolution.
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Physico-chimie et modélisation du

frittage des combustibles d’oxydes

d’actinides
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Composition du jury

Président : Jean-Marc HEINTZ Professeur Université de Bordeaux I

Rapporteurs : Sylvie BORDÈRE Chargée de Recherche - Dr - HDR ICMCB
Didier BOUVARD Professeur Grenoble INP
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✷✳✷ ▲♦✐s ❞✉ ♣r❡♠✐❡r st❛❞❡ ❞✉ ❢r✐tt❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✷✳✷✳✶ ▲♦✐ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❝♦✉s ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ r❡tr❛✐t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷✳✷✳✷ ▲♦✐ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❝♦✉s ❛✈❡❝ r❡tr❛✐t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✸ ▲♦✐s ❞✉ s❡❝♦♥❞ st❛❞❡ ❞✉ ❢r✐tt❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✸✳✶ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✸✳✷ ❉✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✸✳✸ ▲♦✐s ❞❡ ❞❡♥s✐✜❝❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✈



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

✷✳✹ ▲♦✐s ❞✉ tr♦✐s✐è♠❡ st❛❞❡ ❞✉ ❢r✐tt❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✺ ▲✐♠✐t❡s ❞❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✷✳✻ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

❈❤❛♣✐tr❡ ✸

▼❛îtr✐s❡ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ✲ ❈❛rt❡s ❞❡ ♠✐❝r♦str✉❝t✉r❡ ✷✸

✸✳✶ ❉é✜♥✐t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✸✳✷ ❊①❡♠♣❧❡ ❞✬✉t✐❧✐s❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✸✳✸ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

❈❤❛♣✐tr❡ ✹

▲❡ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

✹✳✶ ◆♦t✐♦♥ ❞❡ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r✐tt❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✹✳✷ ❈❛s ❞✬✉♥ ♠❛tér✐❛✉ ❜✐♣❤❛sé ✲ ❝♦♥tr❛✐♥t❡ ❞✐✛ér❡♥t✐❡❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✹✳✸ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

❈❤❛♣✐tr❡ ✺

❈♦♥❧✉s✐♦♥

P❛rt✐❡ ■■ ▲❡s s♣é❝✐✜❝✐tés ❞❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡s

❈❤❛♣✐tr❡ ✶

▲❡ ❝❛r❛❝tèr❡ r❛❞✐♦❛❝t✐❢

✶✳✶ ▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡s é❧é♠❡♥ts ♠❛❥♦r✐t❛✐r❡s ❯ ❡t P✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✶✳✶✳✶ ❱❡❝t❡✉r ✐s♦t♦♣✐q✉❡ t②♣✐q✉❡ ❞✉ ❝♦♠❜✉st✐❜❧❡ ✈✐❡r❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✶✳✶✳✷ ■s♦t♦♣❡s ❞❡ ❯ ❞❛♥s ❧❡s ❝♦♠❜✉st✐❜❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✶✳✶✳✸ ■s♦t♦♣❡s ❞❡ P✉ ❞❛♥s ❧❡s ❝♦♠❜✉st✐❜❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✶✳✷ ▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡s ❛❝t✐♥✐❞❡s ♠✐♥❡✉rs ❆♠✱ ◆♣ ❡t ❈♠ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✶✳✸ ▲❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ♣♦✉r ❧❡s ✐s♦t♦♣❡s r❛❞✐♦❛❝t✐❢s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✶✳✸✳✶ ▲❡s ❢♦♥❝t✐♦♥s ❞✬ét❛t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✶✳✸✳✷ 1er ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✶✳✸✳✸ 2nd ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✶✳✸✳✹ 3eme ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✶✳✸✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

❈❤❛♣✐tr❡ ✷

Pr♦♣r✐étés ❝❤✐♠✐q✉❡s ❞❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡

✈✐



✷✳✶ ❱❛r✐❛t✐♦♥s ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❞❛♥s ❧❛ sér✐❡ ❞❡s ❛❝t✐♥✐❞❡s ✹✸

✷✳✷ ➱❝❛rts à ❧❛ st÷❝❤✐♦♠étr✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✷✳✸ ❱♦✐s✐♥❛❣❡ ❞❡ ❧❛ st♦❡❝❤✐♦♠étr✐❡ ✲ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✷✳✸✳✶ ➱q✉❛t✐♦♥s ❞❡ ❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ♣♦✉r ❧❡s ♦①②❞❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✷✳✸✳✷ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧✬✐♥t❡r❞✐✛✉s✐♦♥ ❧♦rs ❞✉ ❢r✐tt❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

❈❤❛♣✐tr❡ ✸

❙♣é❝✐✜❝✐tés ❧✐é❡s à ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❞✉ ♠❛tér✐❛✉

✸✳✶ ❙tr✉❝t✉r❡ ❝r✐st❛❧❧✐♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✸✳✷ ❙②♠étr✐❡ ❞❡s ♣r♦♣r✐étés é❧❛st✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✸✳✸ ❙②♠étr✐❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✹ ❙②♠étr✐❡ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✺ ▲❡ ❢❛❝❡tt❛❣❡ ❞❡s ❣r❛✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✻ ❈♦♥séq✉❡♥❝❡s s✉r ❧❡s éq✉❛t✐♦♥s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ✲ s♣é❝✐✜❝✐té ❞❡s ❝r✐st❛✉① ✐♦✲

♥✐q✉❡s ❡t ❞❡ ❧❛ s②♠étr✐❡ ❝✉❜✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

❈❤❛♣✐tr❡ ✹

❈♦♥❝❧✉s✐♦♥

P❛rt✐❡ ■■■ ▼♦❞è❧❡ ❞é✈❡❧♦♣♣é à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡

❈❤❛♣✐tr❡ ✶

❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

✶✳✶ ❈❤♦✐① ❞✉ ♠♦❞è❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✶✳✷ ❍②♣♦t❤ès❡s ❞✉ ♠♦❞è❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✶✳✸ ❊✛❡ts ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✶✳✸✳✶ ❈❛❧❝✉❧ ♥✉♠ér✐q✉❡ ❞❡ ❧❛ ❝♦✉r❜✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✶✳✸✳✷ ❊✛❡t ♠é❝❛♥✐q✉❡ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✶✳✸✳✸ ❈♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❞❡ t②♣❡ ◆❡✉♠❛♥♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✶✳✸✳✹ ❈♦♥❞✐t✐♦♥s ❛❧❣é❜r✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✶✳✸✳✺ ❘és♦❧✉t✐♦♥ ♥✉♠ér✐q✉❡ ❞✉ ♣r♦❜❧è♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✶✳✸✳✻ ❈♦♠♣♦rt❡♠❡♥t é❧❛st✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✶✳✹ P♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✶✳✺ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❡♥tr❡ s♦✉s✲❞♦♠❛✐♥❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✶✳✺✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ✢✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✶✳✺✳✷ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❣r❛✐♥✴❣❛③ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✶✳✺✳✸ ➱✈♦❧✉t✐♦♥ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✈✐✐



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

✶✳✺✳✹ ❈❛❧❝✉❧ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✬✐♥t❡r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✶✳✺✳✺ Pr♦❜❧è♠❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✶✳✺✳✻ Pr♦❜❧è♠❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✐è❞r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✶✳✺✳✼ ◗✉❛❧✐té ❞✉ ♠❛✐❧❧❛❣❡ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✶✳✻ ❈❤♦✐① ❞✉ ♣❛s ❞❡ t❡♠♣s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✶✳✼ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

❈❤❛♣✐tr❡ ✷

❘és✉❧t❛ts ❞✉ ♠♦❞è❧❡ ✲ ❝♦♠♣♦s✐t✐♦♥ ❝♦♥st❛♥t❡

✷✳✶ ❘❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ♣r✐♥❝✐♣❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✷✳✷ ❈❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✷✳✸ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ❝♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✷✳✸✳✶ ❉✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ❡t ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

✷✳✸✳✷ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✷✳✹ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

❈❤❛♣✐tr❡ ✸

❈♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ✈❛r✐❛❜❧❡ ✲ ✐♥t❡r❞✐✛✉s✐♦♥

✸✳✶ ❙♣é❝✐✜❝✐tés ❞✉ ❝♦♠❜✉st✐❜❧❡ ♣U,PuqO2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✸✳✷ ■♥t❡r❞✐✛✉s✐♦♥ ❡t ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✸✳✸ ➱t✉❞❡s ✈✐s❛♥t à r❡♥❞r❡ ❧❡ ♣U,PuqO2 ♣❧✉s ❤♦♠♦❣è♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

❈❤❛♣✐tr❡ ✹

❈♦♥❝❧✉s✐♦♥

P❛rt✐❡ ■❱ ❆❝q✉✐s✐t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞✬❡♥tré❡ ❞✉ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲

❣r❛♥✉❧❛✐r❡

❈❤❛♣✐tr❡ ✶

❚❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡

❈❤❛♣✐tr❡ ✷

❈♦♥st❛♥t❡s é❧❛st✐q✉❡s ✐s♦t❤❡r♠❡s

❈❤❛♣✐tr❡ ✸

❈♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥

✸✳✶ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✈✐✐✐



❈❤❛♣✐tr❡ ✹

❈♦♥❝❧✉s✐♦♥

P❛rt✐❡ ❱ ➱t✉❞❡ ❞❡ ♠♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡

❈❤❛♣✐tr❡ ✶

▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡

✶✳✶ µ✲❳❆◆❊❙ ❡t µ✲t♦♠♦❣r❛♣❤✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

✶✳✷ ▼❊❇ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✶✳✸ ❆✉tr❡s ♣✐st❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷

❈❤❛♣✐tr❡ ✷

▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

✷✳✶ ■♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ✲ ❛✐r❡ ❡t ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸

✷✳✶✳✶ ▲❡s ♠✐❝r♦s❝♦♣✐❡s ♦♣t✐q✉❡ ❡t é❧❡❝tr♦♥✐q✉❡ à ❜❛❧❛②❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸

✷✳✶✳✷ ▲❛ ❞✐✛✉s✐♦♥ ❞❡ ♥❡✉tr♦♥s ❛✉① ♣❡t✐ts ❛♥❣❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

✷✳✷ ❚❡①t✉r❡ ✸❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✷✳✸ ❆✉tr❡s t❡❝❤♥✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

❈❤❛♣✐tr❡ ✸

❈♦♥❝❧✉s✐♦♥

❈♦♥❝❧✉s✐♦♥ ✲ ♣❡rs♣❡❝t✐✈❡s ✶✷✸

❆♥♥❡①❡s ✶✷✺

❆♥♥❡①❡ ❆

▲✐st❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s

❆✳✶ ▲✐st❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

❆✳✷ P❛rt✐❝✐♣❛t✐♦♥ à ❝♦❧❧♦q✉❡s✱ ❝♦♥❣rés ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✼

❆♥♥❡①❡ ❇

❇r❡✈❡ts

❆♥♥❡①❡ ❈

❊♥❝❛❞r❡♠❡♥t ✲ ❥✉r② ❞❡ t❤ès❡s ❞✬❯♥✐✈❡rs✐té

✐①



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

❆♥♥❡①❡ ❉

❊♥s❡✐❣♥❡♠❡♥t ✲ ❆♥✐♠❛t✐♦♥ ❙❝✐❡♥t✐✜q✉❡

❉✳✶ ❊♥s❡✐❣♥❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

❉✳✷ ❆♥✐♠❛t✐♦♥ ❙❝✐❡♥t✐✜q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

❆♥♥❡①❡ ❊

❘❛♣♣♦rt ❞❡ s♦✉t❡♥❛♥❝❡ ❞❡ t❤ès❡

❆♥♥❡①❡ ❋

❙é❧❡❝t✐♦♥ ❞❡ tr♦✐s ❛rt✐❝❧❡s r❡♣rés❡♥t❛t✐❢s ❞❡ ❧✬ét✉❞❡

❋✳✶ ➱❝r✐t✉r❡ ❞✉ ♠♦❞è❧❡ ✐♥✐t✐❛❧ ✲ ❞✐s❝rét✐s❛t✐♦♥ ❛ss♦❝✐é❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

❋✳✷ ➱t✉❞❡ ❞❡ ♠♦②❡♥s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✶

❋✳✸ ❆❝q✉✐s✐t✐♦♥ ❞❡ ❞♦♥♥é❡s ❞❡ ❜❛s❡ ♣♦✉r ❧❡ ♠♦❞è❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✼

❆♥♥❡①❡ ●

❙❝❤é♠❛s ❞❡ ❞é❝r♦✐ss❛♥❝❡ r❛❞✐♦❛❝t✐✈❡ ❞❡s ✐s♦t♦♣❡s ❞❡ ❯✱ P✉ ❡t ❆♠

■♥❞❡① ✷✵✾

❇✐❜❧✐♦❣r❛♣❤✐❡ ✷✶✶

①



■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

▲❡ ❝♦♠❜✉st✐❜❧❡ ♥✉❝❧é❛✐r❡ ❡st ❢❛❜r✐q✉é✱ ❡♥ ❋r❛♥❝❡✱ ♣❛r ♠ét❛❧❧✉r❣✐❡ ❞❡s ♣♦✉❞r❡s✱ ❛✈❡❝✱ ♣❛r♠✐ ❧❡s
ét❛♣❡s ❝❧és ❞✉ ♣r♦❝é❞é✱ ✉♥❡ ét❛♣❡ ❞✐t❡ ❞❡ ❢r✐tt❛❣❡✳ ❊❧❧❡ ❝♦♥s✐st❡ ❡♥ ❧❛ ❝♦♥s♦❧✐❞❛t✐♦♥ ❞✬✉♥❡ ♣❛st✐❧❧❡
❞❡ ♣♦✉❞r❡ s♦✉s ❧✬❡✛❡t ❞❡ ❧❛ ❝❤❛❧❡✉r ❡♥ ❞❡ss♦✉s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❢✉s✐♦♥ ❞❡ s❡s ❝♦♥st✐t✉❛♥ts✳
▲❛ ♣rés❡♥t❡ ét✉❞❡ ✈✐s❡ à ❛♣♣♦rt❡r ❞❡s ♦✉t✐❧s ❞❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ rô❧❡ ❞❡s ♣❤é♥♦♠è♥❡s ♣❤②s✐❝♦✲
❝❤✐♠✐q✉❡s q✉✐ ♦♥t ❧✐❡✉ ❞✉r❛♥t ❧❡ ❢r✐tt❛❣❡ ❞✉ ❝♦♠❜✉st✐❜❧❡ à ❜❛s❡ ❞❡ UO2 ❡t ❞❡ PuO2 ❡♥ ✈✉❡
❞❡ ♣♦✉✈♦✐r ❛❣✐r s✉r ❝❡tt❡ ét❛♣❡ ❞❡ ❢❛❜r✐❝❛t✐♦♥ q✉❡ ❝❡ s♦✐t ♣❛r ✉♥ ❝❤♦✐① ❛♣♣r♦♣r✐é ❞✬❛❞❞✐t✐❢s✱ ❞❡
♠♦❞❡ ❞✬✐♥tr♦❞✉❝t✐♦♥✱ ❞✬❛t♠♦s♣❤èr❡✱ ❞❡ ❝②❝❧❡ t❤❡r♠✐q✉❡ ✈♦✐r❡ ❞❡ ♠♦r♣❤♦❧♦❣✐❡ ♦✉ ❞❡ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ ❞✬❛❣❣❧♦♠ér❛ts ❞❡ ♣♦✉❞r❡✳ ❊❧❧❡ ❝♦rr❡s♣♦♥❞ ❛✉ tr❛✈❛✐❧ ❡✛❡❝t✉é ❞❡ ✶✾✾✻ à ✷✵✶✷ ❛✉ ❈❊❆
❞❡ ❈❛❞❛r❛❝❤❡ à ❧❛ ❉✐r❡❝t✐♦♥ ❞❡ ❧✬➱♥❡r❣✐❡ ◆✉❝❧é❛✐r❡ ❛✉ ❉é♣❛rt❡♠❡♥t ❞✬➱t✉❞❡ ❞❡s ❈♦♠❜✉st✐❜❧❡s✱
❙❡r✈✐❝❡ P❧✉t♦♥✐✉♠ ❯r❛♥✐✉♠ ❡t ❆❝t✐♥✐❞❡s ▼✐♥❡✉rs✱ ▲❛❜♦r❛t♦✐r❡ ❞❡s ▼✐❝r♦str✉❝t✉r❡s ❡t Pr♦♣r✐étés
❞❡s ❈♦♠❜✉st✐❜❧❡s✳

▲❡ ❞♦❝✉♠❡♥t ❡st ❞é❝♦✉♣é ❡♥ ❝✐♥q ♣❛rt✐❡s ❡t ♣❧✉s✐❡✉rs ❛♥♥❡①❡s ✿
✲ ❯♥❡ ❞❡s❝r✐♣t✐♦♥ ❝❧❛ss✐q✉❡ ❞✉ ❢r✐tt❛❣❡ ❡st ❞♦♥♥é❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡✱ ❛✈❡❝ ❧❡s ♣❤é✲

♥♦♠è♥❡s q✉✐ ✐♥t❡r✈✐❡♥♥❡♥t à ❧✬é❝❤❡❧❧❡ ❛t♦♠✐q✉❡ ✭❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡✱ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s✱ ❡♥
✈♦❧✉♠❡✱ é✈❛♣♦r❛t✐♦♥✴❝♦♥❞❡♥s❛t✐♦♥✮ ❡t ❧❡✉rs ❝♦♥séq✉❡♥❝❡s à ❧✬é❝❤❡❧❧❡ ♠✐❝r♦♠étr✐q✉❡ ✿ ❣r♦ss✐ss❡✲
♠❡♥t ❞❡s ❣r❛✐♥s✱ é❧✐♠✐♥❛t✐♦♥ ❞❡s ♠❛❝r♦ ❡t ♠és♦ ♣♦r♦s✐tés✱ ❛✐♥s✐ q✉✬à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛st✐❧❧❡ ✿
r❡tr❛✐t✱ é❧✐♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♣♦r♦s✐té ♦✉✈❡rt❡✱ é❧✐♠✐♥❛t✐♦♥ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛ ♣♦r♦s✐té ❢❡r♠é❡✳

✲ ❯♥❡ ❛♥❛❧②s❡ ❡st ❢❛✐t❡ ❞❡s s♣é❝✐✜❝✐tés ❞❡s ♠❛tér✐❛✉① ♠✐s ❡♥ ❥❡✉✳ ▲❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡s
♣rés❡♥t❡♥t ✉♥ ❝❛r❛❝tèr❡ r❛❞✐♦❛❝t✐❢ ❛✈❡❝ ❞❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞❡ ❧❛ t❤❡r♠♦❞②✲
♥❛♠✐q✉❡✳ ▲❡✉rs é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ✻❞✴✺❢ ♣rés❡♥t❡♥t ✉♥❡ ✈❛r✐❛t✐♦♥ ❞✉ ❝❛r❛❝tèr❡ ✐♦♥✐q✉❡ ❧❡ ❧♦♥❣
❞❡ ❧❛ sér✐❡ ❞❡s ❛❝t✐♥✐❞❡s✳ ❈❡s ♦①②❞❡s s♦♥t ❛✐♥s✐ s❡♥s✐❜❧❡s à ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡ ❡t s♦♥t
♥♦♥✲st÷❝❤✐♦♠étr✐q✉❡s✳ ▲❛ str✉❝t✉r❡ ❝r✐st❛❧❧✐♥❡ ❞❛♥s ❧❛q✉❡❧❧❡ ✐❧s s✬♦r❣❛♥✐s❡♥t ❛ ❞❡s ❝♦♥séq✉❡♥❝❡s
s✉r ❧❛ s②♠étr✐❡ ❞❡s ♣r♦♣r✐étés ✭é❧❛st✐q✉❡s✱ ❞✐✛✉s✐♦♥♥❡❧❧❡s✱ ❞❡ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡✮ q✉✐ s❡ r❡✢èt❡
❞❛♥s ❧❡ ❢❛❝❡tt❛❣❡ ❞❡s ❣r❛✐♥s ❞✬♦①②❞❡ ❧♦rs ❞❡ ❧❡✉r ❝r♦✐ss❛♥❝❡✱ ❛✐♥s✐ q✉❡ s✉r ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ♠❛✲
t❤é♠❛t✐q✉❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❧♦rs ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ ❞✐✛✉s✐♦♥ ✭❝♦♥s❡r✈❛t✐♦♥ ❞❡s
s✐t❡s ♣❛r ✉♥✐té ❞❡ ♠❛ss❡ ♦✉ ❞❡ ✈♦❧✉♠❡ ❞❡ ♠❛tér✐❛✉ s✉✐✈❛♥t q✉❡ ❧❡ ♠❛tér✐❛✉ s♦✐t ♦✉ ♣❛s ❝♦♥s✐❞éré
❝♦♠♠❡ ❝♦♠♣r❡ss✐❜❧❡✮✳

✲ ▲❡s ❞❡✉① ❛s♣❡❝ts ♣ré❝é❞❡♥ts ❛②❛♥t été ♣r✐s ❡♥ ❝♦♥s✐❞ér❛t✐♦♥✱ ✉♥ ♠♦❞è❧❡ ♥✉♠ér✐q✉❡✱ à ❧✬é❝❤❡❧❧❡
s✉❜✲❣r❛♥✉❧❛✐r❡✱ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ q✉❡❧q✉❡s ❣r❛✐♥s ❛✉ ❝♦♥t❛❝t ❛ été ❞é✈❡❧♦♣♣é✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❡
r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡s ❣r❛✐♥s ✐♥❞✉✐t ✉♥ ❝❤❛♠♣ ❞❡ ❝♦♥tr❛✐♥t❡s ❞❛♥s ❧❡ ❣r❛✐♥
q✉✐ ✈❛ ❡♥❣❡♥❞r❡r ❞❡s ✈❛r✐❛t✐♦♥s ❧♦❝❛❧❡s ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡✱ ♣✉✐s ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡✳ ❈❡s ✢✉①
✈♦♥t ❞é❢♦r♠❡r ❧❡s s✉r❢❛❝❡s ❞❡s ❣r❛✐♥s ✭s✉r❢❛❝❡s ❧✐❜r❡s ❡t ❥♦✐♥ts ❞❡ ❣r❛✐♥s✮ ❡t ♠♦❞✐✜❡r ❧❡✉r ✈♦❧✉♠❡✳
❈❡ ♠♦❞è❧❡ ❡st ✐❧❧✉stré ❞❛♥s ❧❡ ❝❛s ❞❡ ❞❡✉① ❣r❛✐♥s ❡t ❛ été t❡sté ♣♦✉r ❝❡ ❝❛s ❞❡ ✜❣✉r❡ ❛✈❡❝ ❞❡s
❣r❛✐♥s ❞❡ ♠ê♠❡ t❛✐❧❧❡ ♦✉ ❞❡ t❛✐❧❧❡ ❞✐✛ér❡♥t❡ ❡t ✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡✳

✲ ▲❡s ♠♦②❡♥s ❞✬❛❝q✉✐s✐t✐♦♥ ❞❡s ❞♦♥♥é❡s ✉t✐❧✐sé❡s ♣❛r ❧❡ ♠♦❞è❧❡✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❧❡s ❝♦❡✣❝✐❡♥ts
❞❡ ❞✐✛✉s✐♦♥✱ ♦♥t été ét✉❞✐és ❡t ♠✐s ❡♥ ÷✉✈r❡ ♣❛r ❞✬❛✉tr❡s éq✉✐♣❡s ❞✉ ❧❛❜♦r❛t♦✐r❡ ♣♦✉r ✉♥ ♥♦♠❜r❡
r❡str❡✐♥t ❞❡ ❝♦♥❞✐t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s✳ ❯♥❡ ❞❡s s♣é❝✐✜❝✐tés ❞❡ ❝❡s ♠❛tér✐❛✉① ét❛♥t ❧❡✉rs
❢❛✐❜❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥✱ ✉♥❡ ♠ét❤♦❞❡ ♥✉♠ér✐q✉❡ s♣é❝✐✜q✉❡ ❛ été ❞é✈❡❧♦♣♣é❡ ❡t ❛♣♣❧✐q✉é❡

✶



■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

♣♦✉r ❧❡ ❞é♣♦✉✐❧❧❡♠❡♥t ❞❡ ♣r♦✜❧s ❞✬✐♥t❡r❞✐✛✉s✐♦♥✳ ❆✜♥ ❞❡ ♣♦✉✈♦✐r ❛❥✉st❡r ❧❡✉r ✈❛❧❡✉r ♣❛r ❧❡ ❜✐❛✐s
❞✬❛❞❞✐t✐❢s ♦✉ ❡♥ ❝♦♥trô❧❛♥t ❧✬❛t♠♦s♣❤èr❡ ❞❡ ❢r✐tt❛❣❡✱ ✉♥ ❞✐s♣♦s✐t✐❢ ❞❡ ♠❡s✉r❡ ❞❡ ❧❛ ❝♦♥❞✉❝t✐✈✐té
é❧❡❝tr✐q✉❡ ♥✉❝❧é❛r✐s❛❜❧❡ ❛ été ❞é✈❡❧♦♣♣é✱ ❡t ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ♦♥t ♣❡r♠✐s ❞✬❛❞❛♣t❡r
❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ♠❡s✉r❡ à ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧❛ ♣❛st✐❧❧❡ ❡t à ❝❡❧❧❡ ❞❡s é❧❡❝tr♦❞❡s✳
❈❡t ♦✉t✐❧ ♣❡r♠❡ttr❛ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ♥❛t✉r❡ ❞❡s ♣♦rt❡✉rs ❞❡ ❝❤❛r❣❡✱ ❛✐♥s✐ q✉❡ ❧❡✉r ❝♦♥❝❡♥tr❛t✐♦♥
❡t✱ é✈❡♥t✉❡❧❧❡♠❡♥t✱ à t❡r♠❡✱ ❞❡ r❡❧✐❡r ❧❡s ❝♦❡✣❝✐❡♥ts ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ❛✉① ❝♦♥❝❡♥tr❛t✐♦♥s ❡♥ ❞é❢❛✉ts
♣♦♥❝t✉❡❧s✳

✲ ❊♥✜♥✱ ❧❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡ ❞♦❝✉♠❡♥t ✈✐s❡ à ❞é✜♥✐r ❧❡s ♠♦②❡♥s ♥é❝❡ss❛✐r❡s à ❧❛ ✈❛❧✐❞❛t✐♦♥
❞✉ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡✳ ❈✬❡st✱ ♥♦t❛♠♠❡♥t✱ ❧❛ t♦♠♦❣r❛♣❤✐❡ ❤❛✉t❡ rés♦❧✉t✐♦♥✱ q✉✐✱
❣râ❝❡ à ❧✬é♥❡r❣✐❡ ❞❡s ❳ ❞❡s s♦✉r❝❡s s②♥❝❤r♦tr♦♥s✱ ♣❡✉✈❡♥t tr❛✈❡rs❡r ❥✉sq✉✬à ✷✵✵µm ❞❡ UO2 ♣ré❧❡✲
✈és s✉r ✉♥ ♠❛tér✐❛✉ ❢r✐tté à ❞✐✛ér❡♥ts st❛❞❡s ❞✉ ❢r✐tt❛❣❡ ♣♦✉r ❝❛rt♦❣r❛♣❤✐❡r ❡♥ ✸❉ ❧❛ ♣♦r♦s✐té ❡♥
♠♦❞❡ tr❛♥s♠✐ss✐♦♥ ♦✉ ❧❡ rés❡❛✉ ❞❡ ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❡♥ ❝♦♥tr❛st❡ ❞❡ ♣❤❛s❡✳ ❈✬❡st ❛✉ss✐ ❧❛ ♠✐❝r♦s❝♦✲
♣✐❡ é❧❡❝tr♦♥✐q✉❡ à ❜❛❧❛②❛❣❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ❡♥ ✷❉ q✉✐ ♣❡r♠❡t ❞❡ s✉✐✈r❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡
❡①tér✐❡✉r❡ ❞❡ ❞❡✉① ❣r❛✐♥s ❛✉ ❝♦♥t❛❝t ✭♦❜s❡r✈❛t✐♦♥ ❞❛♥s ❧❡ ♣❧❛♥ ❞❡ ❢♦❝❛❧✐s❛t✐♦♥ ❞✉ ▼❊❇✮✳ P♦✉r
❞❡s é❝❤❡❧❧❡s ♠❛❝r♦s❝♦♣✐q✉❡s ❞❡ ♠♦❞è❧❡s ❞❡ ❢r✐tt❛❣❡✱ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ♥❡✉tr♦♥s ❛✉① ♣❡t✐ts ❛♥❣❧❡s
♣❡r♠❡t ❞❡ tr❛✈❡rs❡r ✉♥❡ ♣❛st✐❧❧❡ ❝❡♥t✐♠étr✐q✉❡ ❞❡ ❝❡s ♠❛tér✐❛✉① ❡♥ r❡♥s❡✐❣♥❛♥t ❞❡ ♠❛♥✐èr❡ ♥♦♥
❞❡str✉❝t✐✈❡ s✉r ❧✬❛✐r❡ t♦t❛❧❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ❛✐♥s✐ q✉❡ s✉r ❧❡s r❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ❞❡s ♣♦r❡s
❧♦rsq✉❡ ❝❡s ❞❡r♥✐❡rs s♦♥t ♥❛♥♦♠étr✐q✉❡s✳
▲❡s ❛♥♥❡①❡s ♣rés❡♥t❡♥t ❧❛ ❧✐st❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s ❡t ❞❡s ❜r❡✈❡ts✱ ❧❡s t❤ès❡s ❡t st❛❣❡s ❡♥❝❛❞rés✱ ❧❡s
❛❝t✐✈✐tés ❞✬❡♥s❡✐❣♥❡♠❡♥t ❡t ❞✬❛♥✐♠❛t✐♦♥ s❝✐❡♥t✐✜q✉❡✱ tr♦✐s ❛rt✐❝❧❡s r❡♣rés❡♥t❛t✐❢s ❞❡ ❧✬ét✉❞❡✱ ❧❡
r❛♣♣♦rt ❞❡ s♦✉t❡♥❛♥❝❡ ❞❡ t❤ès❡ ❡t ❧❡s ❞✐❛❣r❛♠♠❡s ❞❡ ❞é❝r♦✐ss❛♥❝❡ r❛❞✐♦❛❝t✐✈❡ ❞❡s ✐s♦t♦♣❡s ❞❡ ❯✱
P✉ ❡t ❆♠✳

✷



Pr❡♠✐èr❡ ♣❛rt✐❡

❉❡s❝r✐♣t✐♦♥ ❝❧❛ss✐q✉❡ ❞✉ ❢r✐tt❛❣❡ ❡♥
♣❤❛s❡ s♦❧✐❞❡

✸





■♥tr♦❞✉❝t✐♦♥ ✲ ❧❡ ❢r✐tt❛❣❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡

✺





▲❡ ❢r✐tt❛❣❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡ ❡st ❧❛ ❞❡♥s✐✜❝❛t✐♦♥ ❞✬✉♥ ♠❛tér✐❛✉ ✐♥✐t✐❛❧❡♠❡♥t ♣✉❧✈ér✉❧❡♥t s♦✉s
❧✬❡✛❡t ❞❡ ❧❛ ❝❤❛❧❡✉r à ✉♥❡ t❡♠♣ér❛t✉r❡ ✐♥❢ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡ s♦♥ ♣♦✐♥t ❞❡ ❢✉s✐♦♥✳ ❖♥ s❡ ❧✐♠✐t❡ ✐❝✐✱
♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t✱ ❛✉ ❝❛s ♦ù ❧❡ ♠❛tér✐❛✉ ❡st ❝r✐st❛❧❧✐sé✱ ❝❡ q✉✐ ❡st ❧❡ ❝❛s ❞❡s ♦①②❞❡s ❞✬✉r❛♥✐✉♠
❡t ❞❡ ♣❧✉t♦♥✐✉♠✳

▲❛ ✈✐s✐♦♥ ❞❡s ❝❤✐♠✐st❡s

P♦✉r ❧❡s ♠❛tér✐❛✉① ❝♦♥s✐❞érés✱ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❡t ❞❡ ♣r❡ss✐♦♥ ❞✬✉s❛❣❡✱
❧✬❡♥s❡♠❜❧❡ ❞❡s ✐♦♥s ❧❡s ❝♦♥st✐t✉❛♥t✱ à ❧❡✉r ♣♦s✐t✐♦♥ ❞✬éq✉✐❧✐❜r❡ ❞❛♥s ❧❡ ❝r✐st❛❧✱ s♦♥t ♣❧✉s st❛❜❧❡s
q✉❡ ❧❡s ❛t♦♠❡s ❝♦rr❡s♣♦♥❞❛♥ts à ❧✬✐♥✜♥✐ ❧❡s ✉♥s ❞❡s ❛✉tr❡s ✭❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❡st ♣❧✉s
❢❛✐❜❧❡✮✳ ▲❡s ✐♦♥s ❞❡ s✉r❢❛❝❡ ♥❡ ♣r♦✜t❡♥t ♣❛s ❞❡ ❝❡ ❣❛✐♥ ❞❡ st❛❜✐❧✐té ❝❛r ✐❧ ❧❡✉r ♠❛♥q✉❡ ❞❡s ✐♦♥s
✈♦✐s✐♥s✳ ▲❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❧✐❜r❡ ❡♥tr❡ ❧❡ s♦❧✐❞❡ ❞❡ ❞✐♠❡♥s✐♦♥s ✜♥✐❡s ✐s♦❧é ❡t ❧❡ ♠ê♠❡ s♦❧✐❞❡
❝♦♥s✐❞éré à ❧✬✐♥tér✐❡✉r ❞✬✉♥ ♠✐❧✐❡✉ ✐♥✜♥✐ ❝♦♥st✐t✉é ❞❡ ❝❡ ♠ê♠❡ ♠❛tér✐❛✉✱ r❛♣♣♦rté❡ à ❧❛ s✉r❢❛❝❡
❞✉ s♦❧✐❞❡ ❡st ❧✬é♥❡r❣✐❡ ❞❡ s✉r❢❛❝❡ ✳ ▲❡s ✐♦♥s ❡♥ s✉r❢❛❝❡✱ s❡❧♦♥ ❧❛ ❝♦✉r❜✉r❡ ❞❡ ❧❛ s✉r❢❛❝❡ ✭❡♥ ♠❛r❝❤❡s
❞✬❡s❝❛❧✐❡r à ❧✬é❝❤❡❧❧❡ ❞❡s ✐♦♥s ✈♦♥t êtr❡ ❞❛♥s ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞✐✛ér❡♥ts ❡t ❛✈♦✐r ✉♥ ♣♦t❡♥t✐❡❧
❝❤✐♠✐q✉❡ ✈❛r✐❛❜❧❡ ❧❡ ❧♦♥❣ ❞❡ ❝❡tt❡ s✉r❢❛❝❡✳ ■❧s ✈♦♥t ❛❧♦rs ❞✐✛✉s❡r ♣♦✉r ✉♥✐❢♦r♠✐s❡r ❧❡ ♣♦t❡♥t✐❡❧
❝❤✐♠✐q✉❡✳

▲❛ ✈✐s✐♦♥ ❞❡s ♠é❝❛♥✐❝✐❡♥s

❚♦✉t s❡ ♣❛ss❡ ❝♦♠♠❡ s✐ ❧❡ s♦❧✐❞❡✱ ❞❡ ♣❡t✐t❡s ❞✐♠❡♥s✐♦♥s✱ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥ ♠✐❧✐❡✉ ❝♦♥t✐♥✉
ét❛✐t r❡❝♦✉✈❡rt ❞✬✉♥❡ ♠❡♠❜r❛♥❡✳ ❈❡tt❡ ❞❡r♥✐èr❡ ♠❡t ❡♥ ❝♦♠♣r❡ss✐♦♥ ❧❡ s♦❧✐❞❡ ❧à ♦ù ❧❛ s✉r❢❛❝❡ ❡st
❝♦♥✈❡①❡ ❡t ❡♥ t❡♥s✐♦♥ ❧❡s ③♦♥❡s ❝♦♥❝❛✈❡s✳ ❙✐ ❧✬♦♥ ❝♦✉♣❡ s✉r ✉♥❡ ♣❡t✐t❡ ❧♦♥❣✉❡✉r ❝❡tt❡ ♠❡♠❜r❛♥❡✱
❧❡s ❜♦r❞s ❞❡ ❧❛ ❝♦✉♣✉r❡ ✈♦♥t s✬é❝❛rt❡r ❞✉ ❢❛✐t ❞❡ ❧❛ ❢♦r❝❡ ❡①❡r❝é❡ ♣❛r ❧❡ r❡st❡ ❞❡ ❧❛ ♠❡♠❜r❛♥❡ s✉r
❧❛ ❝♦✉♣✉r❡✳ ❈❡tt❡ ❢♦r❝❡ s❡r❛ t❛♥❣❡♥t❡ à ❧❛ s✉r❢❛❝❡ ❡t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ❝♦✉♣✉r❡✳ ▲❛ t❡♥s✐♦♥ ❞❡
s✉r❢❛❝❡ ❡st ❛❧♦rs ❧❛ ♥♦r♠❡ ❞❡ ❝❡tt❡ ❢♦r❝❡ r❛♣♣♦rté❡ à ❧✬✉♥✐té ❞❡ ❧♦♥❣✉❡✉r ❞❡ ❝♦✉♣✉r❡✳ ▲✬é♥❡r❣✐❡
❧✐❜r❡ ❡♠♠❛❣❛s✐♥é❡ ❞❛♥s ❧❡ s♦❧✐❞❡ ❞✉ ❢❛✐t ❞❡ ❝❡s ❝♦♥tr❛✐♥t❡s ❧♦❝❛❧❡s ❡♥ s✉r❢❛❝❡ ✈❛ ✐♥❞✉✐r❡ ❞❡s
✈❛r✐❛t✐♦♥s ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé q✉❡ ❧❛ ❞✐✛✉s✐♦♥ ✈❛ t❡♥❞r❡ à ❢❛✐r❡ ❞✐s♣❛r❛îtr❡✳

▲❛ ✈✐s✐♦♥ ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ✿ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❧✐♥é❛✐r❡ ❞❡s ♣r♦❝❡ss✉s ✐r✲
ré✈❡rs✐❜❧❡s

❆✉t❛♥t ❧❛ ✈✐s✐♦♥ ❞❡ ❧❛ ❝❤✐♠✐❡ ❞✉ ♠❛tér✐❛✉ ♣❡r♠❡t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣❤é♥♦♠è♥❡s✱ ❛✉t❛♥t
❡❧❧❡ ❡st ✐♥❛❞❛♣té❡ à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡ ❣r❛✐♥ ❡t ❞❡ ❧✬é❧✐♠✐♥❛t✐♦♥ ❞❡ ❧❛
♣♦r♦s✐té ❞✉ ❢❛✐t ❞❡ s♦♥ é❝❤❡❧❧❡ tr♦♣ ♣❡t✐t❡✳ ▲❛ ✈✐s✐♦♥ ♠é❝❛♥✐❝✐❡♥♥❡ ❞✉ ♠❛tér✐❛✉ ♣❡r♠❡t ❞❡ tr❛✐t❡r
✉♥ ❣r❛✐♥ ❝♦♠♠❡ ✉♥ ♠✐❧✐❡✉ ❝♦♥t✐♥✉ ❡t ❡st ♣❧✉s ❛❞❛♣té❡✳ ❊❧❧❡ ✐♥❞✉✐t✱ ❝❡♣❡♥❞❛♥t✱ ❞❡s ❧✐♠✐t❛t✐♦♥s ♦✉
❞❡s ❞✐✣❝✉❧tés✳ ▲❛ ♣r❡♠✐èr❡ ❧✐♠✐t❛t✐♦♥ ❡st q✉❡ ❧❡ t♦✉t ❞é❜✉t ❞✬✉♥ ❝♦♥t❛❝t ❡♥tr❡ ❞❡✉① ❣r❛✐♥s q✉✐ ♥❡
❧✬ét❛✐❡♥t ♣❛s ♣ré❛❧❛❜❧❡♠❡♥t ❛✉ ❢r✐tt❛❣❡ ♥❡ ♣❡✉t ♣❛s êtr❡ tr❛✐té s✐♠♣❧❡♠❡♥t ✿ ❧❡ ❝♦♥t❛❝t ♣♦♥❝t✉❡❧
s❡r❛ ❞✐✣❝✐❧❡ à ❣ér❡r ♥✉♠ér✐q✉❡♠❡♥t✳ ❯♥ ❛✉tr❡ ❛s♣❡❝t ❡st q✉❡ ❧❛ ♥♦t✐♦♥ ❞❡ ❥♦✐♥t ❞❡ ❣r❛✐♥s ❡st
❧✐é❡ à ❧✬♦r❣❛♥✐s❛t✐♦♥ ❝r✐st❛❧❧✐♥❡ q✉✐ ♥✬❡①✐st❡ ♣❛s ❡①♣❧✐❝✐t❡♠❡♥t ❡♥ ♠é❝❛♥✐q✉❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s✳
❖♥ ❞♦♥♥❡ ❛❧♦rs ❛✉① ❣r❛✐♥s✱ à ❧✬✐♥st❛♥t ✐♥✐t✐❛❧✱ ❝❤❛❝✉♥ ✉♥❡ ♦r✐❡♥t❛t✐♦♥ q✉✬✐❧s ❣❛r❞❡♥t t❛♥t q✉✬✐❧s
❡①✐st❡♥t ✭✐✳❡✳ t❛♥t q✉✬✐❧s ♥✬♦♥t ♣❛s été ❝♦♥s♦♠♠és ♣❛r ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ❧❡✉r ♠❛t✐èr❡ ❝♦♥st✐t✉t✐✈❡
✈❡rs ❧❡s ❣r❛✐♥s ❛❞❥❛❝❡♥ts✮✳ ▲❛ ♠❛t✐èr❡ q✉✐ s❡ ❞é♣♦s❡ s✉r ✉♥ ❣r❛✐♥ ❞✉ ❢❛✐t ❞❡s ✢✉① ❞❡ ❞✐✛✉s✐♦♥ ✈❛
s❡ ❞é♣♦s❡r s✉r ❧❡ ❣r❛✐♥ ❡♥ s✬❛❧✐❣♥❛♥t s✉r ❧❡s ♣♦s✐t✐♦♥s ❝r✐st❛❧❧✐♥❡s ❞❡s ❛t♦♠❡s ✈♦✐s✐♥s ❞é❥à ♣rés❡♥ts
✭é♣✐t❛①✐❡✮✳ ▲❡ s②stè♠❡ ét✉❞✐é ét❛♥t ❤♦rs éq✉✐❧✐❜r❡✱ ❧❡s ♣r♦❝❡ss✉s ❞✐✛✉s✐♦♥♥❡❧s s♦♥t ♣r✐s ❡♥ ❝♦♠♣t❡
❡t ❞é❝r✐ts ♣❛r ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❧✐♥é❛✐r❡ ❞❡s ♣r♦❝❡ss✉s ✐rré✈❡rs✐❜❧❡s✳

✼



✽



✶

P❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt ❧♦rs ❞✉
❢r✐tt❛❣❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡

❊♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ✭❡t é✈❡♥t✉❡❧❧❡♠❡♥t ♣♦✉r ❧❡s ♦①②❞❡s✱ ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡✲
s✉r❡✱ ❞❡ ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✮ ❧❛ ❞✐✛✉s✐♦♥ ♣❡✉t ♥❡ ♣❛s êtr❡ ❧❡ s❡✉❧ ♠♦②❡♥ ❞❡ tr❛♥s♣♦rt
♣❡r♠❡tt❛♥t ❞✬✉♥✐❢♦r♠✐s❡r ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡✱ ❡♥ ❡✛❡t✱ ❧❡ tr❛♥s♣♦rt ❞❡ ♠❛t✐èr❡ ♣❡✉t ❛✉ss✐ s❡
♣r♦❞✉✐r❡ ✈✐❛ ❧❡s ♣❤é♥♦♠è♥❡s ❞✬é✈❛♣♦r❛t✐♦♥✴❝♦♥❞❡♥s❛t✐♦♥✳

❈❡tt❡ ❞✐✛✉s✐♦♥ ❡st t❤❡r♠✐q✉❡♠❡♥t ❛❝t✐✈é❡ ❡t très ❧❡♥t❡ ❞❛♥s ❧❡s ❞✐♦①②❞❡s ❞✬❛❝t✐♥✐❞❡s✳ ❙✉r ❞❡s
❞✉ré❡s ❛✉ss✐ ❧✐♠✐té❡s q✉❡ ❝❡❧❧❡s ♠✐s❡s ❡♥ ❥❡✉ ❞❛♥s ❧❡ ❢r✐tt❛❣❡ ✭s❡✉❧❡♠❡♥t q✉❡❧q✉❡s ❤❡✉r❡s ♣♦✉r ✉♥
❢r✐tt❛❣❡ ❝❧❛ss✐q✉❡ ❞❡ ♣U,PuqO2✮✱ ❡❧❧❡ ♥❡ ♣❡✉t ✐♥t❡r✈❡♥✐r ❞❡ ❢❛ç♦♥ ♥♦t❛❜❧❡ q✉✬à ❤❛✉t❡ t❡♠♣ér❛t✉r❡
✭❛✉ ❞❡❧à ❞✬❡♥✈✐r♦♥ 1200✆C✮✳ ❊♥ ❞❡ss♦✉s ❞❡ ❝❡tt❡ t❡♠♣ér❛t✉r❡ ❧✬é✈❛♣♦r❛t✐♦♥✴❝♦♥❞❡♥s❛t✐♦♥ ✭q✉❡
❧✬♦♥ ❞❡✈r❛✐t ♣❧✉tôt ❛♣♣❡❧❡r s✉❜❧✐♠❛t✐♦♥✴❝♦♥❞❡♥s❛t✐♦♥✮ ♣❡r♠❡t✱ ✈✐❛ ❧❛ ♣❤❛s❡ ❣❛③❡✉s❡✱ ❞❡ tr❛♥s✲
♣♦rt❡r ❧❡s ✐♦♥s s♦✉s ❢♦r♠❡ ♠♦❧é❝✉❧❛✐r❡ ❞❡s ③♦♥❡s ❡♥ ❝♦♠♣r❡ss✐♦♥ ♣♦✉r ❧❡s ❞é♣♦s❡r ❞❛♥s ❧❡s ③♦♥❡s
❡♥ tr❛❝t✐♦♥✱ ❡♥ ❝♦♥st✐t✉❛♥t ❞❡ ♥♦✉✈❡❧❧❡s ♠❛✐❧❧❡s ❝r✐st❛❧❧✐♥❡s ❡♥ ❧✐ss❛♥t ❧❛ s✉r❢❛❝❡✳ ❈❡ ♣❤é♥♦♠è♥❡
♥é❝❡ss✐t❡ q✉❡ ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞❡s ❡s♣è❝❡s ❡♥ ♣❤❛s❡ ❣❛③ s♦✐t ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❡t ✐♥t❡r✈✐❡♥t✱
t②♣✐q✉❡♠❡♥t✱ ❡♥tr❡ 800✆C ❡t 1200✆C✳ ❊♥ ❞❡ss♦✉s ❞❡ 800✆C ❧❡s ♣r❡ss✐♦♥s ♣❛rt✐❡❧❧❡s ❞✬❡s♣è❝❡s
❝♦♥t❡♥❛♥t ❧❡s é❧é♠❡♥ts ❝♦♥st✐t✉t✐❢s ❞✉ s♦❧✐❞❡ ❡st ♥é❣❧✐❣❡❛❜❧❡✱ ❛✉ ❞❡ss✉s ❞❡ 1200✆C ❧✬❛✐r❡ ❞❡ ❧✬✐♥✲
t❡r❢❛❝❡ s♦❧✐❞❡✴❣❛③ ❞❡✈✐❡♥t ♣❧✉s ♣❡t✐t❡ ❝❡ q✉✐ ❞✐♠✐♥✉❡ ❧❡s é❝❤❛♥❣❡s ❡♥tr❡ ♣❤❛s❡s s♦❧✐❞❡ ❡t ❣❛③❡✉s❡✱
❡t ❧❛ ❢❡r♠❡t✉r❡ ❞❡ ❧❛ ♣♦r♦s✐té ❧✐♠✐t❡ ❧❛ ❞✐st❛♥❝❡ s✉r ❧❛q✉❡❧❧❡ ❧❡ tr❛♥s♣♦rt ❡♥ ♣❤❛s❡ ❣❛③ ♣❡✉t ❛✈♦✐r
❧✐❡✉✳ ▲❛ ♣❤❛s❡ ❞✉ ❝②❝❧❡ t❤❡r♠✐q✉❡ ❞❡ ❢r✐tt❛❣❡ ❞❛♥s ❧❛q✉❡❧❧❡ ✐❧ ✐♥t❡r✈✐❡♥t ❡st très ❧✐♠✐té❡ ❞❛♥s ❧❡
t❡♠♣s ♣♦✉r ❧❡ ❢r✐tt❛❣❡ st❛♥❞❛r❞ ❞✉ ❝♦♠❜✉st✐❜❧❡ ❛✉ ❧❛❜♦r❛t♦✐r❡✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ✜❣✉r❡ ✶✳✶
✭✷❤✹✵✬ ♣♦✉r ✉♥❡ ❞✉ré❡ t♦t❛❧❡✱ ❛✉ ❞❡ss✉s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ 800✆C✱ ❞❡ ✶✻❤✮✱ ♠❛✐s ♣♦✉rr❛✐t ♥❡
♣❛s ❧✬êtr❡ ♣♦✉r ❞✬❛✉tr❡s ❝②❝❧❡s t❤❡r♠✐q✉❡s✳

❖♥ tr❛✐t❡✱ ♣❛r ❧❛ s✉✐t❡✱ ❞❡s s❡✉❧s ♣❤é♥♦♠è♥❡s ❞❡ ❞✐✛✉s✐♦♥ à ❧✬ét❛t s♦❧✐❞❡✳

✶✳✶ ❉✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡

✶✳✶✳✶ ❉é✜♥✐t✐♦♥

❊♥ ♠✐❝r♦s❝♦♣✐❡ t✉♥♥❡❧ à ❜❛❧❛②❛❣❡✱ ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❞❡s t❡rr❛ss❡s ❞✬❛✉t❛♥t ♣❧✉s ❧❛r❣❡s q✉❡ ❧❛
s✉r❢❛❝❡ s❡ r❛♣♣r♦❝❤❡ ❞✬✉♥ ♣❧❛♥ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❞❡ ❤❛✉t❡ s②♠étr✐❡✱ sé♣❛ré❡s ♣❛r ❞❡s ♠❛r❝❤❡s ❞❡
❤❛✉t❡✉r ❛t♦♠✐q✉❡✳ ❊❧❧❡s ♥❡ s✉✐✈❡♥t ❡❧❧❡s✲♠ê♠❡s ♣❛s ✉♥❡ ❞✐r❡❝t✐♦♥ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❡t ♣rés❡♥t❡♥t
❞❡s ❝r❛♥s✳ ❖♥ ♦❜s❡r✈❡✱ s✉r ❝❡s t❡rr❛ss❡s✱ ❞❡s ❧❛❝✉♥❡s q✉✐ ♣❡r♠❡tt❡♥t ❞❡ ✈♦✐r ❧❛ t❡rr❛ss❡ s♦✉s✲❥❛❝❡♥t❡
❛♣♣❡❧é❡s ❛❞✲❧❛❝✉♥❡s ❛✐♥s✐ q✉❡ ❞❡s ❛t♦♠❡s ✐s♦❧és ♣♦s✐t✐♦♥♥és s✉r ❝❡s t❡rr❛ss❡s✱ ❛♣♣❡❧és ❛❞✲❛t♦♠❡s✳

✾



❈❤❛♣✐tr❡ ✶✳ P❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡

✻

temps♣hq✲

Temperature♣ ✆Cq

✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁
✁

�150✆Ch✁1

❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈
❈

✁300✆Ch✁1

1700♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣800

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣1200

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣

♣
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♣
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♣

♣

♣
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∆t ✏ 4h
∆t ✏ 2h40✶

❋✐❣✉r❡ ✶✳✶ ✕ ❝②❝❧❡ t❤❡r♠✐q✉❡ t②♣✐q✉❡ ❞✬✉♥ ❢r✐tt❛❣❡ ❞❡ ♣U,PuqO2 ❛✉ ❧❛❜♦r❛t♦✐r❡

❖♥ ♣❡✉t ❞é✜♥✐r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ DS ❞✬✉♥ ❛❞✲❛t♦♠❡ à ♣❛rt✐r ❞✉ ❝❛rré ❞❡ ❧❛ ❞✐st❛♥❝❡
♠♦②❡♥♥❡ q✉✬✐❧ ♣❛r❝♦✉rt s✉r ✉♥❡ ❞✉ré❡ t✱ ❧❛ ♠♦②❡♥♥❡ ét❛♥t ♦❜t❡♥✉❡ ❡♥ ❝❤♦✐s✐ss❛♥t ❞❡s ✐♥st❛♥ts
✐♥✐t✐❛✉① ❞✐✛ér❡♥ts t✶✳ ❙♦✐t ~r♣tq s❛ ♣♦s✐t✐♦♥ à ❧✬✐♥st❛♥t t✱ d ❧❛ ❞✐♠❡♥s✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❞❛♥s ❧❛q✉❡❧❧❡
❧❛ ❞✐✛✉s✐♦♥ ❛ ❧✐❡✉ ✭✐❝✐ d ✏ 2✮ ✿ ❆✏

~r♣t✶ � tq ✁ ~r♣t✶q
✘2❊

✏ 2dDSt ✭✶✳✶✮

DS ♣❡✉t êtr❡ ♠❡s✉ré ❡♥ ❞é♣♦s❛♥t ✉♥❡ ♠♦♥♦✲❝♦✉❝❤❡ ❞❡ tr❛❝❡✉r s✉r ✉♥❡ ♠♦✐t✐é ❞❡ s✉r❢❛❝❡ ❡t ❡♥
♠❡s✉r❛♥t s♦♥ ét❛❧❡♠❡♥t ❛♣rès ❞✐✛✉s✐♦♥✳ ❉❡ ♠ê♠❡✱ ♦♥ ♣❡✉t ❞é✜♥✐r ✉♥ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥
❡♥ s✉r❢❛❝❡ ♣♦✉r ✉♥❡ ❛❞✲❧❛❝✉♥❡✳ ❈❡❧✉✐✲❝✐ ❡st ♥♦té ΛS ✳ ❖♥ ♠♦♥tr❡✱ ❬❏❱✶✾✾✺❪✱ q✉❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡
❞✐✛✉s✐♦♥ ❞❡ ❧❛ ❧♦✐ ❞❡ ❋✐❝❦ ✭✢✉① ❝❛✉sés ♣❛r ❞❡s ❣r❛❞✐❡♥ts ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❡t ♥♦♥ ♣❛s ❞❡s
❣r❛❞✐❡♥ts ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✮ ❡♥ s✉r❢❛❝❡ rD ❡st r❡❧✐é ❛✉① ❝♦❡✣❝✐❡♥ts ♣ré❝é❞❡♥ts ♣❛r ✿

rDS ✏ ΛS σ �DS ρ ✭✶✳✷✮

♦ù σ ❡t ρ ❞és✐❣♥❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❝♦♥❝❡♥tr❛t✐♦♥s ❡♥ ❛❞✲❧❛❝✉♥❡s ❡t ❛❞✲❛t♦♠❡s✳
❖♥ ✈♦✐t q✉❡ ❝❡ ❝♦❡✣❝✐❡♥t ✈❛ ❞é♣❡♥❞r❡✱ ❛ ♣r✐♦r✐✱ ❞❡ ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡✳

✶✳✶✳✷ ❖r❞r❡ ❞❡ ❣r❛♥❞❡✉r

❍❡♥♥❡② ❬❏❍✶✾✻✽❪ ❛ ét✉❞✐é ❧❛ ❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ❞❡ ❯ s✉r UO2 à ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ❞❡
♠❛♥✐èr❡ ✐♥❞✐r❡❝t❡ à ♣❛rt✐r ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❞✬✉♥ ❥♦✐♥t ❞❡ ❣r❛✐♥s ♠❡s✉ré❡ ♣❛r ✐♥t❡r✲
❢ér♦♠étr✐❡ ♦♣t✐q✉❡ ❛✐♥s✐ q✉❡ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ t②♣❡ ▼✉❧❧✐♥s ❬❲▼✶✾✺✼❪ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❞✉ ❥♦✐♥t
❞❡ ❣r❛✐♥✳ ▲✬ét✉❞❡ ❞❡ ❩❤♦✉ ❡t ❖❧❛♥❞❡r ❞❡ ✶✾✽✸ ❬❙❨❩✶✾✽✸❪ ❡st ❧❛ ♣❧✉s ré❝❡♥t❡ tr♦✉✈é❡ ❞❛♥s ❧❛
❧✐ttér❛t✉r❡ ♣♦✉r ❞ét❡r♠✐♥❡r ✉♥ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ♣♦✉r UO2✱ ❡❧❧❡ ❛ été ♠❡♥é❡ ❡♥

✶✵



✶✳✷✳ ❉✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s

✉t✐❧✐s❛♥t ❧✬✐s♦t♦♣❡ 234U ✳ ▲❛ ✜❣✉r❡ ✶✳✷ ♠♦♥tr❡ q✉❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ❞❡ U ✈❛✉t
0,1 cm2s✁1 à 1700✆C t❛♥❞✐s q✉✬✐❧ ❡st ♣r♦❝❤❡ ❞❡ 1 cm2s✁1 à 2100✆C✳

❋✐❣✉r❡ ✶✳✷ ✕ ❈♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ❞❡ ❯ s✉r UO2

▲❡s ✈❛❧❡✉rs ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞❡ O2✁ q✉✐ ❞✐✛✉s❡ ❜✐❡♥ ♣❧✉s r❛♣✐❞❡♠❡♥t q✉❡ Un� ❡t
q✉✐ ♥✬❡st ♣❛s ❧✐♠✐t❛♥t ❞❛♥s ❧❛ ❝✐♥ét✐q✉❡ ❞✉ ❢r✐tt❛❣❡ ♥❡ s♦♥t ♣❛s ❞✐s❝✉té❡s✳

✶✳✷ ❉✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s

✶✳✷✳✶ ❉é✜♥✐t✐♦♥ ✲ ❧❡ ❥♦✐♥t ❞❡ ❣r❛✐♥

▲❡ ❥♦✐♥t ❞❡ ❣r❛✐♥ ❡st ✉♥❡ ③♦♥❡ ❞✬❛❝❝♦♠♠♦❞❛t✐♦♥ ❞❡s ❞❡✉① rés❡❛✉① ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ❞❡s
❣r❛✐♥s q✉✬✐❧ sé♣❛r❡✳ ▲❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❞❛♥s ❧❡
❝❛s ❞❡s ♠ét❛✉①✱ ❧❡✉r ♥♦♠❡♥❝❧❛t✉r❡ ❡t ❧✬ét✉❞❡ ❞❡ ❧❡✉rs ♣r♦♣r✐étés ❞❛t❡ ❞✉ ❞é❜✉t ❞❡ ❧❛ ♠✐❝r♦s❝♦♣✐❡
é❧❡❝tr♦♥✐q✉❡ ❬▼❇✶✾✼✺❪✳ ▲❡s s✐♠✉❧❛t✐♦♥s ré❝❡♥t❡s ♦♥t ❛✉ss✐ ❢❛✐t ♣r♦❣r❡ss❡r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s
❥♦✐♥ts ❞❡ ❣r❛✐♥s ❞❡s ❝ér❛♠✐q✉❡s ✭❧❛ ✜❣✉r❡ ✶✳✸ ♠♦♥tr❡ ❧✬❛❣❡♥❝❡♠❡♥t ❞❡s ✐♦♥s ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡
❞✬✉♥ ❥♦✐♥t ❞❡ ❣r❛✐♥ ❞❡ UO2 ♣♦✉r ❧❡q✉❡❧ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ♦♥t été ❝❛❧❝✉❧és✮✳

❖♥ ❞♦♥♥❡✱ à t✐tr❡ ❞✬❡①❡♠♣❧❡✱ ❡♥ ✜❣✉r❡ ✶✳✹✱ ❧✬é♥❡r❣✐❡ ❞❡ ❥♦✐♥t ❞❡ ❣r❛✐♥ ❝❛❧❝✉❧é❡ ♣♦✉r ❧✬❛❧✉♠✐♥✐✉♠
❧♦rsq✉✬♦♥ ❢❛✐t ✈❛r✐❡r ❧✬❛♥❣❧❡ ❞❡ r♦t❛t✐♦♥ ❛✉t♦✉r ❞✬✉♥ ❛①❡ ❬✵✶✶❪✳ ❙✉r ❝❡t ❡①❡♠♣❧❡✱ ♣❛r♠✐ ❧❡s ❥♦✐♥ts
❞❡ ❢♦rt❡ ❞és♦r✐❡♥t❛t✐♦♥✱ ❧❡s ♠❛❝❧❡s ✭✶✶✶✮ ❡t ✭✶✶✸✮ ♣rés❡♥t❡♥t ❞❡s ♠✐♥✐♠❛ ❞✬é♥❡r❣✐❡ très ♠❛rq✉és✱
♠ê♠❡ à ❤❛✉t❡ t❡♠♣ér❛t✉r❡✱ ❛❧♦rs q✉❡ ❧❛ ♠❛❝❧❡ ✭✶✶✷✮✱ ❞❡ ❢❛✐❜❧❡ ✐♥❞✐❝❡ ❡❧❧❡ ❛✉ss✐✱ s❡ ❝♦♠♣♦rt❡
❝♦♠♠❡ ✉♥ ❥♦✐♥t q✉❡❧❝♦♥q✉❡✳ ❖♥ ✈♦✐t q✉❡ ❧✬é♥❡r❣✐❡ ❡t ❧❡s ♣r♦♣r✐étés ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✈❛r✐❡♥t

✶✶



❈❤❛♣✐tr❡ ✶✳ P❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡

❋✐❣✉r❡ ✶✳✸ ✕ Pr♦❥❡❝t✐♦♥ s❡❧♦♥ ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ t✐❧t ❬✵✵✶❪ ❞✬✉♥ ❥♦✐♥t ❞❡ ❣r❛✐♥ s②♠étr✐q✉❡
✭✸✶✵✮✴❬✵✵✶❪Σ5 ♣♦✉r UO2✳ ▲✬✐♥t❡r❢❛❝❡ ❡st ❡♥ ♣♦✐♥t✐❧❧és✳ ▲❡s ❣r♦ss❡s s♣❤èr❡s r❡♣rés❡♥t❡♥t ❧❡s ✐♦♥s
✉r❛♥✐✉♠✱ ❧❡s ♣❡t✐t❡s ❧❡s ✐♦♥s ♦①②❞❡s ❬❊❱❆✷✵✵✾❪✳

❋✐❣✉r❡ ✶✳✹ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s é♥❡r❣✐❡s ❝❛❧❝✉❧é❡s ❡t ♠❡s✉ré❡s✱ ❞❛♥s ❧❡ ❝❛s ❞❡s ❥♦✐♥ts ❞❡ ✢❡①✐♦♥
❞✬❛①❡ ❁ ✶✶✵ ❃✱ ❞❛♥s ❧✬❛❧✉♠✐♥✐✉♠ ❞✬❛♣rès ❬▼❇✶✾✼✺❪

❢♦rt❡♠❡♥t ❛✈❡❝ ❧❛ ❞és♦r✐❡♥t❛t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① s♦✉s✲rés❡❛✉①✳

✶✳✷✳✷ ❖r❞r❡ ❞❡ ❣r❛♥❞❡✉r

▲❡s ✐♦♥s q✉✐ ❞✐✛✉s❡♥t ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s s♦♥t ❢r❡✐♥és ♣❛r ❧❡s rés❡❛✉① ❝r✐st❛❧❧✐♥s ❞❡s ❞❡✉①
❣r❛✐♥s ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞✉ ❥♦✐♥t✳ ❈❡tt❡ ❞✐✛✉s✐♦♥✱ ♣❧✉s ❧❡♥t❡ q✉❡ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ❡st s♦✉✈❡♥t
ét✉❞✐é❡ à ❤❛✉t❡ t❡♠♣ér❛t✉r❡✳ ❨❛❥✐♠❛ ❬❙❨✶✾✻✻❪ ❛ ét✉❞✐é ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❡t ❛✉① ❥♦✐♥ts ❞❡
❣r❛✐♥s ❞❡s ✐♦♥s ✉r❛♥✐✉♠ ❞❛♥s UO2 ♣♦❧②❝r✐st❛❧❧✐♥ ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣ér❛t✉r❡ 1900✁2150✆C ❡♥
✉t✐❧✐s❛♥t ❝♦♠♠❡ tr❛❝❡✉r ❧✬✐s♦t♦♣❡ 237U ❡t ❧❛ ♠ét❤♦❞❡ ❞❡ s❡❝t✐♦♥♥❡♠❡♥t✳ ▲❛ ❝♦✉r❜❡ ❞❡ ♣é♥étr❛t✐♦♥
ét❛✐t ❝♦♥st✐t✉é❡ ❞❡ ❞❡✉① ♣❛rt✐❡s✳ ❉❛♥s ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡✱ ♣r♦❝❤❡ ❞❡ ❧❛ s✉r❢❛❝❡✱ ❧❛ ❞✐✛✉s✐♦♥ ❡♥
✈♦❧✉♠❡ ❡t ❧❛ ❞✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❝♦♥tr✐❜✉❡♥t t♦✉t❡s ❞❡✉① à ❧❛ ♣é♥étr❛t✐♦♥ ❞❡s ✐♦♥s
✉r❛♥✐✉♠ ❞✐✛✉s❛♥ts✳ ❉❛♥s ❧❛ s❡❝♦♥❞❡ ♣❛rt✐❡✱ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ♣r♦❢♦♥❞❡✉r ❞❡ ♣é♥étr❛t✐♦♥ ♣❧✉s

✶✷



✶✳✸✳ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡

❣r❛♥❞❡✱ ❧❛ ❞✐✛✉s✐♦♥ ✐♥t❡r❣r❛♥✉❧❛✐r❡ ❞❡✈✐❡♥t ♣ré♣♦♥❞ér❛♥t❡ ❡t ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❡st ♥é❣❧✐❣❡❛❜❧❡
❝♦♠♣❛ré❡ à ❧❛ ♣r❡♠✐èr❡✳ ▲❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s s♦♥t ❛♥❛❧②sé❡s à ❧✬❛✐❞❡ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ s♦✉r❝❡
✐♥st❛♥t❛♥é❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ❡♥ ❛♣♣❡❧❛♥t a ❧❛ ❞❡♠✐✲❧❛r❣❡✉r ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥✱ ❧❡ ♣r♦❞✉✐t D✶ ☎ 2a✱ ♦ù
D✶ ❡st ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s✱ s✉✐t ✉♥❡ ❧♦✐ ❞❡ ✈❛r✐❛t✐♦♥ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡
D✶ ☎ 2a ✏ 5,19 ☎ 10✁9e

✁47200
RT cm3sec✁1✳ P♦✉r ✉♥ ❥♦✐♥t ❞❡ ❣r❛✐♥ ❞✬✉♥❡ é♣❛✐ss❡✉r ❞❡ 10 ➴ ♦♥ ♦❜t✐❡♥t

D✶ ✏ 0,474cm2s✁1 à 2100✆C✳
▲à ❡♥❝♦r❡✱ ❧❛ s✐♠✉❧❛t✐♦♥ à ♣❛rt✐r ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❛✈❡❝ ✉♥❡

❜♦♥♥❡ ♣ré❝✐s✐♦♥ ❧❡s ✈❛❧❡✉rs ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ❯ ❛✉ss✐ ❜✐❡♥ q✉❡ ❞❡ ❖ ❛✉① ❥♦✐♥ts ❞❡
❣r❛✐♥s ❞❡ UO2 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ✭❞❡ ✸✵✵ ❑ à ✷✶✵✵ ❑ ❞❛♥s ❧✬ét✉❞❡ ❝✐té❡✮✳ ❱✐♥❝❡♥t✲
❆✉❜❧❛♥t ❡t ❛❧✳ ❬❊❱❆✷✵✵✾❪ ♦♥t ❛✐♥s✐ ét✉❞✐é ❞❡✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ♣❛rt✐❝✉❧✐❡rs ✿ Σ5 ❡t Σ41 ■❧s
♦♥t ♠♦♥tré q✉❡ ❧✬❛✉t♦❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❞❡ ❯ ❡t ❞❡ ❖ ❡st ❛✉❣♠❡♥té❡ ❞❡ ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡
❣r❛♥❞❡✉rs ♣❛r r❛♣♣♦rt ❛✉ ✈♦❧✉♠❡ ❞✉ ❣r❛✐♥ ❡t ❝❡ s✉r q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s ❞❡ ❞✐st❛♥❝❡ ❞✉ ❥♦✐♥t✳
▲❡s ♠é❝❛♥✐s♠❡s ❞❡ s❛✉t ♦♥t été ✐❞❡♥t✐✜és ♣♦✉r ❧❡ ❥♦✐♥t Σ41 ❞❛♥s t♦✉t❡s ❧❡s ❞✐r❡❝t✐♦♥s ❡t ✐❧ ❛ été
♠♦♥tré q✉❡ ♣♦✉r ✉♥ ❥♦✐♥t Σ5 ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ s❛✉t ♥✬❛ ❧✐❡✉ q✉❡ ❧❡ ❧♦♥❣ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥✳ ▲❡s
✈❛❧❡✉rs ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ s♦♥t ❞♦♥♥és s✉r ❧❛ ✜❣✉r❡ ✶✳✺✳

❋✐❣✉r❡ ✶✳✺ ✕ ❈♦❡✣❝✐❡♥ts ❞✬❛✉t♦❞✐✛✉s✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠ ❡t ❞❡ ❧✬♦①②❣è♥❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ 1
kBT

❝❛❧❝✉❧és
♣♦✉r ❞❡s ❛t♦♠❡s ❞❡ ❝♦❡✉r ❞❡ ❥♦✐♥t ❞❡ ❣r❛✐♥s Σ5 ❡t Σ41

▼❡♥❞❡③ ❬❙▼✶✾✾✺✲✷❪✱❬❙▼✶✾✾✺❪✱ ♣✉✐s ♣❧✉s ré❝❡♠♠❡♥t ◆♦②❛✉ ❬❙◆✷✵✶✷❪ ♦♥t ♠❡s✉ré s✉r ♣U,PuqO2✁x

❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❡♥tr❡ 1500✆C ❡t 1700✆C ♣♦✉r ✉♥ ♣♦t❡♥t✐❡❧ ❞✬♦①②✲
❣è♥❡ ✜①é✳ ▼❡♥❞❡③ ❛✈❛✐t ✉t✐❧✐sé ❝♦♠♠❡ t❡❝❤♥✐q✉❡ ❡①♣ér✐♠❡♥t❛❧❡ ❧❛ s❡✉❧❡ ♠✐❝r♦s♦♥❞❡ é❧❡❝tr♦♥✐q✉❡✱
t❛♥❞✐s q✉❡ ◆♦②❛✉ ❛✈❛✐t ✉t✐❧✐sé ❧❛ s♣❡❝tr♦♠étr✐❡ ❞❡ ♠❛ss❡ à ✐♦♥✐s❛t✐♦♥ s❡❝♦♥❞❛✐r❡ ✭❙■▼❙✮ ❛✈❡❝ ✉♥
❞é♣ôt ♣ré❛❧❛❜❧❡ ❞✬✉♥ tr❛❝❡✉r ❞❡ P✉ ❛✐♥s✐ q✉❡ ❧❛ ♠✐❝r♦s♦♥❞❡ é❧❡❝tr♦♥✐q✉❡ s✉r ❞❡s ♣r♦✜❧s ♦❜❧✐q✉❡s✳

✶✳✸ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡

▲✬❡①♣ér✐❡♥❝❡ ❞❡ ❨❛❥✐♠❛ ❬❙❨✶✾✻✻❪ ❞♦♥♥❡✱ ♣♦✉r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ DV ❞❡
❧✬✉r❛♥✐✉♠✱ DV ✏ 5,82 ☎10✁5e

✁72700
RT cm2sec✁1✱ s♦✐t à 1750✆C 7,72 10✁7cm2s✁1 ✏ 7,72 10✁11m2s✁1✳

▼❡♥❞❡③ ❬❙▼✶✾✾✺✲✷❪✱❬❙▼✶✾✾✺❪ ❛ ♠❡s✉ré ❞❡s ❝♦❡✣❝✐❡♥ts ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ❣❧♦❜❛✉① ✭✈♦❧✉♠❡ ❡t ❥♦✐♥ts
❞❡ ❣r❛✐♥s✮ à ♣❛rt✐r ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ à ❧❛ ♠✐❝r♦s♦♥❞❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ ❧✬é❧é♠❡♥t Pu ❞❛♥s ❞❡s ❝♦✉♣❧❡s
❞✬✐♥t❡r❞✐✛✉s✐♦♥ UO2④PuO2✱ ♣♦✉r ❡♥ ❞é❞✉✐r❡✱ ♣❛r ✉♥❡ ♠ét❤♦❞❡ ❞❡ ❞é♣♦✉✐❧❧❡♠❡♥t ❛❞❛♣té❡✱ ❧❡
❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡✳ ❊❧❧❡ ♦❜t✐❡♥t ✿rDV ✏ 6.2 10✁14 e

✁130000
R ♣ 1

T
✁ 1

2023qcm2☎✁1 ✭✶✳✸✮

✶✸



❈❤❛♣✐tr❡ ✶✳ P❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡

◆♦②❛✉ ❬❙◆✷✵✶✷❪ ❛✱ ❞❡ ♣❧✉s✱ ♠❡s✉ré ❞❡s ❝♦❡✣❝✐❡♥ts ❞✬❛✉t♦❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ à ❧✬❛✐❞❡ ❞✉ ❙■▼❙
❡♥ ❞é❝♦♥✈♦❧✉❛♥t ❞❛♥s s❡s ♣r♦✜❧s ❧❛ ♣❛rt ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❞❡ ❝❡❧❧❡ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s✳
❈❡ ❝♦❡✣❝✐❡♥t✱ très ❢❛✐❜❧❡✱ ❡st très s❡♥s✐❜❧❡ à ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s ✐♥tr✐♥sèq✉❡s
❞✉ ♠❛tér✐❛✉ ❡t ❞♦♥❝ à ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✳

✶✳✹ ➱✈❛♣♦r❛t✐♦♥✴❝♦♥❞❡♥s❛t✐♦♥

▲❛ t❡♠♣ér❛t✉r❡ ❞❡ ❢r✐tt❛❣❡ ❞✉ ❝♦♠❜✉st✐❜❧❡ ❡st ❝❤♦✐s✐❡ à ♣❛rt✐r ❞❡ ❧✬♦①②❞❡ ♠❛❥♦r✐t❛✐r❡ ❀ ❝❡❧✉✐
❞❡ UO2 ❞♦♥t ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❢r✐tt❛❣❡ ❡st ♣r✐s❡ ♣r♦❝❤❡ ❞❡s ❞❡✉① t✐❡rs ❞❡ s♦♥ ♣♦✐♥t ❞❡ ❢✉s✐♦♥
s♦✐t Tfrittage ✏ 2

3TF ✏ 2
33120 ✏ 2080K ✏ 1807 ✆ C✳ ❉❛♥s ❧❛ ♣r❛t✐q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❝❤♦✐s✐❡ ❡st

❞❡ 1750 ✆ C✳ ▼❛✐s à ❝❡tt❡ t❡♠♣ér❛t✉r❡ ❧❡s ❛✉tr❡s ♦①②❞❡s ❞✉ ❝♦♠❜✉st✐❜❧❡s ♦♥t ✉♥❡ ♣r❡ss✐♦♥ ❞❡
✈❛♣❡✉r s❛t✉r❛♥t❡ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❝❛r ❧❡✉r ♣♦✐♥t ❞❡ ❢✉s✐♦♥ ❡st ✐♥❢ér✐❡✉r à ❝❡❧✉✐ ❞❡ UO2 ❝♦♠♠❡ ♦♥
❧❡ ✈♦✐t ❞❛♥s ❧❛ t❛❜❧❡❛✉ ✶✳✶✳

❖①②❞❡ ∆H0
formationkJ ☎mol✁1 TFusion♣Kq

UO2 ✲✶✵✽✺ ✸✶✷✵
NpO2 ✲✶✵✼✹ ✷✽✷✵
PuO2 ✲✶✵✺✺✱✽ ✷✻✾✶
AmO2 ✲✾✸✷✱✸ ✷✹✺✵

❚❛❜❧❡ ✶✳✶ ✕ ❚❡♠♣ér❛t✉r❡ ❞❡ ❢✉s✐♦♥ ❞❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡s ❝♦♠♣♦s❛♥t ❧❡ ❝♦♠❜✉st✐❜❧❡

▲❛ ❧♦✐ r❡❝♦♠♠❛♥❞é❡ ♣♦✉r ❧❡s ét✉❞❡s ❞❡ ré❛❝t❡✉rs ♣♦✉r ❧❛ ♣r❡ss✐♦♥ ❞❡ ✈❛♣❡✉r ❞❡ UO2♣gq ❡♥
éq✉✐❧✐❜r❡ ❛✈❡❝ UO2 s♦❧✐❞❡ r❡♣♦s❡ s✉r ❧❡s ♠❡s✉r❡s ❞✬❆❝❦❡r♠❛♥♥✱ ❘❛✉❤✱ ❡t ❘❛♥❞ ❞❛♥s ❧❛ ❣❛♠♠❡
✶✽✵✵ à ✷✻✵✵ ❑ ❬■❆❊❆✷✵✵✻❪✳ ▲✬éq✉❛t✐♦♥ ❞❡ ♣r❡ss✐♦♥ ❞✬éq✉✐❧✐❜r❡ ❞❡ UO2 q✉✬✐❧s ❞♦♥♥❡♥t ❡st ❧❛
s✉✐✈❛♥t❡ ✿

log10♣P q ✏ 66,53672� 4,382 10✁3T ✁ 4,411 10✁7T 2 ✁
37090

T
✁ 19,070 log10♣T q ✭✶✳✹✮

♦ù T ❡st ❧❛ t❡♠♣ér❛t✉r❡ ❡♥ ❑❡❧✈✐♥✳ ▼❛✐s✱ ❞✉ ❢❛✐t ❞❡ ❧✬❡①✐st❡♥❝❡ ❞✬❛✉tr❡s ❡s♣è❝❡s ❝♦♥t❡♥❛♥t ❞❡
❧✬✉r❛♥✐✉♠ ❡♥ ♣❤❛s❡ ❣❛③✱ ❧❛ ♣r❡ss✐♦♥ t♦t❛❧❡ ❞❡s ❡s♣è❝❡s ✉r❛♥✐❢èr❡s ❡st ♣❧✉s é❧❡✈é❡ q✉❡ ❝❡❧❧❡ ❞♦♥♥é❡
♣❛r ✶✳✹✳ P❧✉s ❣é♥ér❛❧❡♠❡♥t✱ ♣♦✉r ♣U,PuqO2 ❧❛ s✉❜❧✐♠❛t✐♦♥ ❡st ♥♦♥✲❝♦♥❣r✉❡♥t❡ ❡t ❧❛ ♣❤❛s❡ ✈❛♣❡✉r
❛ ✉♥ Pu

U�Pu
❞✐✛ér❡♥t ❞❡ ❝❡❧✉✐ ❞❡ ❧❛ ♣❤❛s❡ s♦❧✐❞❡✳ ❯♥ ♠♦❞è❧❡ ❝❧❛ss✐q✉❡♠❡♥t ✉t✐❧✐sé ♣♦✉r ❞é❝r✐r❡

❝❡tt❡ ✈❛♣♦r✐s❛t✐♦♥ ❡st ❝❡❧✉✐ ❞❡ ❘❛♥❞ ❡t ▼❛r❦✐♥ ❬❍❘✶✾✻✽❪✳ ▲❡s ❡s♣è❝❡s ♣r✐s❡s ❡♥ ❝♦♠♣t❡ s♦♥t ✿ O✱
O2✱ U ✱ UO✱ UO2✱ UO3✱ Pu✱ PuO✱ PuO2 ✿

✩✬✬✬✬✬✬✬✫✬✬✬✬✬✬✬✪

1
2 O2♣gq Õ O♣gq
U♣gq � 1

2 O2♣gq Õ UO♣gq
UO♣gq � 1

2 O2♣gq Õ UO2♣gq
UO2♣gq �

1
2 O2♣gqq Õ UO3♣gq

Pu♣gq � 1
2 O2♣gq Õ PuO♣gq

PuO♣gq � 1
2 O2♣gq Õ PuO2♣gq

✭✶✳✺✮

▲❛ ✜❣✉r❡ ✶✳✻ ♠♦♥tr❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡s ♣r❡ss✐♦♥s ♣❛rt✐❡❧❧❡s ❞❡ ❝❡s ❡s♣è❝❡s✱ à 1970K✱ ❡♥ éq✉✐✲
❧✐❜r❡ ❛✈❡❝ ❧❛ ♣❤❛s❡ s♦❧✐❞❡ PuO2✁x✱ s✉r ❧❛ ❜❛s❡ ❞✬❛❥✉st❡♠❡♥ts ♣❧✉s ré❝❡♥ts ❞❡ ❞♦♥♥é❡s t❤❡r♠♦❞②✲
♥❛♠✐q✉❡s ✭❈✳ ●✉é♥❡❛✉ ❬❈●✷✵✵✽❪✮✳

✶✹



✶✳✺✳ ❈♦♥❝❧✉s✐♦♥

❋✐❣✉r❡ ✶✳✻ ✕ ❱❛r✐❛t✐♦♥s ❞❡s ♣r❡ss✐♦♥s t♦t❛❧❡ ❡t ♣❛rt✐❡❧❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❖✴P✉ à ✶✾✼✵ ❑ ♣♦✉r
✉♥ s②stè♠❡ ❢❡r♠é ✲ ▲❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ❇❛tt❧❡s ❡t ❆❝❦❡r♠❛♥♥ s♦♥t r❡♣♦rté❡s ❞❛♥s ❧❡
❞♦♠❛✐♥❡ ❜✐✲♣❤❛sé ❬❈●✷✵✵✽❪

▲❡ ♠♦❞è❧❡ ❞❡ ❢r✐tt❛❣❡ ❞é✈❡❧♦♣♣é à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ✐♥❝❧✉❛✐t ✐♥✐t✐❛❧❡♠❡♥t ❧✬✐♥t❡r✲
❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡ ❛✐♥s✐ q✉❡ ❧❡s é❝❤❛♥❣❡s ❛✈❡❝ ❧❛ ♣❤❛s❡ ❣❛③❡✉s❡ ❬❏▲✷✵✵✶❪✳
❊♥ ✷✵✵✸✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ▼♦✉♥✐❛ ❆❥❞♦✉r ❬▼❆✷✵✵✻❪✱ ✐❧ ❛ été ❞é❝✐❞é ❞❡ ♣r♦✲
❣r❡ss❡r✱ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♣❧✉s s♣é❝✐✜q✉❡♠❡♥t s✉r ❧❡ ❢r✐tt❛❣❡ ❧✉✐✲♠ê♠❡ ❛✈❡❝ ✉♥❡
❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡✳ ▲❡s é❝❤❛♥❣❡s ❛✈❡❝ ❧❛ ♣❤❛s❡ ❣❛③ ♦♥t ❛✐♥s✐✱ ❡✉① ❛✉ss✐✱
été ♣r♦✈✐s♦✐r❡♠❡♥t s✉♣♣r✐♠és ❞❡ ❝❡ ♠♦❞è❧❡ s✐♠♣❧✐✜é✳ ▲❡s ❞é✈❡❧♦♣♣❡♠❡♥ts ❧✐és à ✉♥❡
❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ✈❛r✐❛❜❧❡ ❡t à ❞❡s é❝❤❛♥❣❡s ❛✈❡❝ ❧❛ ♣❤❛s❡ ❣❛③❡✉s❡ ♣♦✉rr♦♥t êtr❡
r❡♣r✐s ✉♥❡ ❢♦✐s ❧❡ ♠♦❞è❧❡ s✐♠♣❧✐✜é ✈❛❧✐❞é ❛✜♥ ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ♣❤é♥♦♠è♥❡s
❞✬é✈❛♣♦r❛t✐♦♥✴❝♦♥❞❡♥s❛t✐♦♥✳

✶✳✺ ❈♦♥❝❧✉s✐♦♥

▲❡s ♣❤é♥♦♠è♥❡s é❧é♠❡♥t❛✐r❡s ✐♥t❡r✈❡♥❛♥t ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❞❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡s ❝♦♥st✐t✉❛♥t
❧❡s ❝♦♠❜✉st✐❜❧❡s ♥✉❝❧é❛✐r❡s ♦♥t été ét✉❞✐és ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❡t q✉❛♥t✐✜és ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ♦✉
❞❛♥s ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡✳ ❈❡❧❛ ♣❡r♠❡t ❞❡ ❧❡s ♠❡ttr❡ ❡♥ ÷✉✈r❡✱ ❛✉ ♠♦✐♥s ❞❛♥s ✉♥ ❝❡rt❛✐♥ ❞♦♠❛✐♥❡
❞❡ t❡♠♣ér❛t✉r❡ ❡t ❞❡ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✱ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲
❣r❛♥✉❧❛✐r❡ q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é✳

✶✺



❈❤❛♣✐tr❡ ✶✳ P❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡

✶✻



✷

❈♦♥séq✉❡♥❝❡s ♠✐❝r♦str✉❝t✉r❛❧❡s ❞❡s
♣❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt

✷✳✶ ▲❡s ❞✐✛ér❡♥ts st❛❞❡s ❞✉ ❢r✐tt❛❣❡

❖♥ ❞✐st✐♥❣✉❡ ❝❧❛ss✐q✉❡♠❡♥t ❬❉❇❆✷✵✵✺❪ tr♦✐s st❛❞❡s ♣♦✉r ❞é❝r✐r❡ ❧❡ ❢r✐tt❛❣❡ s✉r ❧❛ ❜❛s❡ ❞❡
❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ❞✉ ♠❛tér✐❛✉ ✿
✲ ❧❡ ♣r❡♠✐❡r st❛❞❡ ♣❡♥❞❛♥t ❧❡q✉❡❧ ❧❡s ✧♣❛rt✐❝✉❧❡s✧ ✐♥✐t✐❛❧❡s ✭❝r✐st❛❧❧✐t❡s ♠♦♥♦❝r✐st❛❧❧✐♥❡s ❞❡ 0,1 à
0,3µm ❞❛♥s ❧❡ ❝❛s ❞❡ UO2 ❡t PuO2 q✉✐ ❧❛✐ss❡r♦♥t ♣❧❛❝❡ ❛✉ t❡r♠❡ ❞✉ ❢r✐tt❛❣❡ à ❞❡s ❣r❛✐♥s ❛✉ s❡♥s
♠ét❛❧❧✉r❣✐q✉❡✮ ❡♥ ❝♦♥t❛❝t s❡ s♦✉❞❡♥t ❧❡s ✉♥❡s ❛✉① ❛✉tr❡s✳ ❖♥ ♦❜s❡r✈❡ ✉♥❡ ❢♦r♠❛t✐♦♥ ❞❡ ✧♣♦♥ts✧
♦✉ ❞❡ ✧❝♦✉s✧ ❡♥tr❡ ♣❛rt✐❝✉❧❡s✳ ❯♥ ❞❡s r❛②♦♥s ❞❡ ❝♦✉r❜✉r❡s ♣r✐♥❝✐♣❛✉① ❞❡s ❝♦✉s ét❛♥t ♥é❣❛t✐❢ ❧❛
♠❛t✐èr❡ ✈❛ ❞✐✛✉s❡r ✈❡rs ❝❡s ❝♦✉s ❛✈❡❝ ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥❡ ♣❤❛s❡ ♣♦r❡✉s❡ ✐♥t❡r❝♦♥♥❡❝té❡✳ ▲❡ ❥♦✐♥t
❞❡ ❣r❛✐♥ s✬ét❡♥❞ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦✉✱ t❛♥❞✐s q✉✬❡♥ s✉r❢❛❝❡ ❧❡ r❛②♦♥ ❞❡s ❝♦✉s ❛✉❣♠❡♥t❡ ❡♥ ✈❛❧❡✉r
❛❜s♦❧✉❡✳
✲ ❧❡ s❡❝♦♥❞ st❛❞❡ ❞✉ ❢r✐tt❛❣❡ ♠♦♥tr❡ ❞❡s ❣r❛✐♥s ♣♦❧②é❞r✐q✉❡s ❡t ❝♦♥st✐t✉❡ ❧✬ét❛♣❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❛
♣♦r♦s✐té ✈❛ ❞✐♠✐♥✉❡r✳ ▲❡s ❣r❛✐♥s ❣r♦ss✐ss❡♥t ♣♦✉r ❛tt❡✐♥❞r❡ ✺ à ✶✵ ❢♦✐s ❧❡✉r t❛✐❧❧❡ ✐♥✐t✐❛❧❡✳ ❈❡ st❛❞❡
❝♦♥t✐♥✉❡ ❥✉sq✉✬à ❛tt❡✐♥❞r❡ ✉♥❡ ❞❡♥s✐té t❤é♦r✐q✉❡ ❞❡ ✾✺✪ ❛❧♦rs q✉❡ t②♣✐q✉❡♠❡♥t ❧❡s ♠❛tér✐❛✉①
♣♦✉r ❧❡ ❝♦♠❜✉st✐❜❧❡ ♥✉❝❧é❛✐r❡ ❧♦rsq✉✬✐❧s s♦♥t ✧❝r✉s✧✱ ✐✳❡✳ ♥♦♥✲❢r✐ttés✱ ♣rés❡♥t❡♥t ✉♥❡ ❞❡♥s✐té ✐♥✐t✐❛❧❡
✭à ❧✬✐ss✉❡ ❞✉ ♣r❡ss❛❣❡✮ ❞❡ ✻✵✪ ❞❡ ❧❛ ❞❡♥s✐té t❤é♦r✐q✉❡✳
✲ ❧❡ tr♦✐s✐è♠❡ st❛❞❡ ♣❡r♠❡t ❧✬é❧✐♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♠❛❥❡✉r❡ ♣❛rt✐❡ ❞❡s ♣♦r❡s ✐s♦❧és ✐♥tr❛ ❡t ✐♥t❡r❣r❛✲
♥✉❧❛✐r❡s ❛✐♥s✐ q✉✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s✳

❉❛♥s ❧❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ❞❡ ❢r✐tt❛❣❡✱ ❧❡s ❝r✐st❛❧❧✐t❡s ✭♦♥ ♥✬✉t✐❧✐s❡ ♣❛s ❧❡ t❡r♠❡ ✧❣r❛✐♥s✧ ❝❛r
à ❝❡ st❛❞❡ ❧❛ t❛✐❧❧❡ ❞❡ ❝❡s ♣❛rt✐❝✉❧❡s ♠♦♥♦❝r✐st❛❧❧✐♥❡s ❡st ♣❡t✐t❡✮ s♦♥t r❡♣rés❡♥té❡s ♣❛r ❞❡s ♦❜❥❡ts
❣é♦♠étr✐q✉❡s s✐♠♣❧❡s ♠♦♥♦❞✐s♣❡rs❡s ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡ ❡t ❞♦♥t ❧❛ ❢♦r♠❡ ✈❛r✐❡
s❡❧♦♥ ❧❡ st❛❞❡ ❝♦♥s✐❞éré ❞❡ ❢r✐tt❛❣❡✳ ▲❡s ❡♥t✐tés q✉✐ ❢r✐tt❡♥t s♦♥t ❜✐❡♥ s✉♣♣♦sé❡s ♠♦♥♦❝r✐st❛❧❧✐♥❡s
♣✉✐sq✉❡ ❝❡s ♠♦❞è❧❡s ❞✐st✐♥❣✉❡♥t ♣♦✉r ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ♠✐s ❡♥ ❥❡✉ ❝❡✉① ❛✉① ❥♦✐♥ts ❞❡
❣r❛✐♥s✱ ❡♥ ✈♦❧✉♠❡ ❡t ❡♥ s✉r❢❛❝❡✳

✷✳✷ ▲♦✐s ❞✉ ♣r❡♠✐❡r st❛❞❡ ❞✉ ❢r✐tt❛❣❡

▲❛ ✜❣✉r❡ ✷✳✶ ♠♦♥tr❡ ❧❛ ❣é♦♠étr✐❡ s♣❤ér✐q✉❡ ✉t✐❧✐sé❡ ♣♦✉r r❡♣rés❡♥t❡r ❧❡s ❣r❛✐♥s ✭q✉✐ s♦♥t ♣❧✉tôt
❞❡s ❝r✐st❛❧❧✐t❡s à ❝❡ st❛❞❡✮ ❧♦rs ❞✉ ♣r❡♠✐❡r st❛❞❡ ❞❡ ❢r✐tt❛❣❡✳ ❈❡ s♦♥t ❞❡s s♣❤èr❡s ♠♦♥♦❞✐s♣❡rs❡s
❞❡ r❛②♦♥ r q✉✐ s♦♥t ✐♥✐t✐❛❧❡♠❡♥t t❛♥❣❡♥t❡s ❧❡s ✉♥❡s ❛✉① ❛✉tr❡s ❡t q✉✐ é✈♦❧✉❡♥t s♦✐t ✿
✲ ❡♥ r❡st❛♥t t❛♥❣❡♥t❡s s✐ ❧❡s ❝♦✉s ✭❞❡ r❛②♦♥ x✮ ❝r♦✐ss❡♥t s❛♥s r❡tr❛✐t ❞❡s ❝r✐st❛❧❧✐t❡s✱

✶✼



❈❤❛♣✐tr❡ ✷✳ ❈♦♥séq✉❡♥❝❡s ♠✐❝r♦str✉❝t✉r❛❧❡s ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt

✲ ❡♥ ét❛♥t sé❝❛♥t❡s s✐ ✉♥ r❡tr❛✐t ✭∆L
L0

✮ ❛♣♣❛r❛ît✳

❋✐❣✉r❡ ✷✳✶ ✕ Pr❡♠✐❡r st❛❞❡ ❞✉ ❢r✐tt❛❣❡ ✲ ●é♦♠étr✐❡ ❞❡s ❝r✐st❛❧❧✐t❡s ✭q✉❛❧✐✜é❡s ❞❡ ✧❣r❛✐♥s✧ ❞❛♥s
❬❉❇❆✷✵✵✺❪✮ ❡t ♠é❝❛♥✐s♠❡s ❞❡ ❞✐✛✉s✐♦♥ ❬❉❇❆✷✵✵✺❪

▲❡s ♠é❝❛♥✐s♠❡s ♠✐s ❡♥ ❥❡✉ s♦♥t ♥✉♠ér♦tés s✉r ❧❛ ✜❣✉r❡ ✷✳✶✱ ❛✈❡❝✱ à ❣❛✉❝❤❡✱ ❝❡✉① ♥❡ ❞♦♥♥❛♥t ♣❛s
❧✐❡✉ à ✉♥ r❡tr❛✐t ❡t à ❞r♦✐t❡ ❝❡✉① ❝♦♥❞✉✐s❛♥t ❛✉ r❡tr❛✐t ✿
✲ ❧✬é✈❛♣♦r❛t✐♦♥✴❝♦♥❞❡♥s❛t✐♦♥ ✭✶✮ q✉✐ ♥❡ s❡r❛ ♣❛s ❝♦♥s✐❞éré ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞é✈❡❧♦♣♣é✱
✲ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ✭✷✮✱
✲ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ✭❞❡ ❧❛ s✉r❢❛❝❡ ❞❡s ❣r❛✐♥s ✈❡rs ❧❡ ♣♦♥t ✿ ✸ ❡t ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥s ✈❡rs ❧❡
♣♦♥t ✿ ✹✮✱
✲ ❧❛ ❞✐✛✉s✐♦♥ ✐♥t❡r❣r❛♥✉❧❛✐r❡ ✭✺✮✳
✲ ❧❛ ❞é❢♦r♠❛t✐♦♥ ♣❧❛st✐q✉❡ q✉✐ ♥✬❡st ♣❛s ❝♦♥s✐❞éré❡ ❞❛♥s ♥♦tr❡ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ ❧✐❜r❡ ❡t
q✉✐ ❛♠è♥❡ ❧❛ ♠❛t✐èr❡ ❞✉ s♦❧✉♠❡ ✈❡rs ❧❡ ♣♦♥t ✭✻✮✳

✷✳✷✳✶ ▲♦✐ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❝♦✉s ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ r❡tr❛✐t

❉❡s ❧❛❝✉♥❡s ❡♥ s✉r✲❝♦♥❝❡♥tr❛t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦✉s ✈♦♥t ♠✐❣r❡r ❡♥ s✉r❢❛❝❡ ✈❡rs ❧❡s ③♦♥❡s
❡♥ ❝♦♠♣r❡ss✐♦♥✱ ❡t ✐♥✈❡rs❡♠❡♥t ❞❡s ❛t♦♠❡s ✈♦♥t ✈❡♥✐r ❢❛✐r❡ ❝r♦îtr❡ ❧❡s ❝♦✉s✳ ❖♥ s✉♣♣♦s❡ q✉❡ ❧❡s
❝r✐st❛❧❧✐t❡s r❡st❡♥t s♣❤ér✐q✉❡s✳ ❊♥ ♥♦t❛♥t δs ❧✬é♣❛✐ss❡✉r✱ ❞❡ q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s✱ ❞❡ ❧❛ ❝♦✉❝❤❡ ❞❡
s✉r❢❛❝❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❛ ❞✐✛✉s✐♦♥ ❛ ❧✐❡✉✱ ♦♥ ♦❜t✐❡♥t ❛❧♦rs ❧❛ ❧♦✐ s✉✐✈❛♥t❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡s ❝♦✉s
❬▲❖◆✷✵✵✾❪ ✿

x7

r3
✏

✂
56γΘ

Ds δs

kT

✡
t ✭✷✳✶✮

❛✈❡❝ γ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡✱ Θ ❧❡ ✈♦❧✉♠❡ ♠♦❧❛✐r❡ ✭♣♦✉r UO2 Θ ✏ 4.09 10✁23cm3 ✮ ❡t t ❧❡ t❡♠♣s✳
❙✐ ❧❡ tr❛♥s♣♦rt✱ ❛✉ ❧✐❡✉ ❞✬❛✈♦✐r ✐♥té❣r❛❧❡♠❡♥t ❧✐❡✉ ❡♥ s✉r❢❛❝❡✱ ♣❛ss❡ ♣❛r ❧❡ ✈♦❧✉♠❡ ❞✉ ❣r❛✐♥ ♣♦✉r
❛❧❧❡r ❞❡ ❧❛ s✉r❢❛❝❡ ❛✉ ❝♦✉✱ ❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ s✬é❝r✐t ✿

x5

r2
✏

✂
5π

2
γΘ

Dv

kT

✡
t ✭✷✳✷✮

✶✽



✷✳✸✳ ▲♦✐s ❞✉ s❡❝♦♥❞ st❛❞❡ ❞✉ ❢r✐tt❛❣❡

✷✳✷✳✷ ▲♦✐ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❝♦✉s ❛✈❡❝ r❡tr❛✐t

❙✐ ❧❡ tr❛♥s♣♦rt✱ ❛ ❧✐❡✉ ♣❛r ❧❡ ✈♦❧✉♠❡ ❞✉ ❣r❛✐♥ ✿

x5

r2
✏

✂
20πγΘ

Dv

kT

✡
t ✭✷✳✸✮

❙✐ ❧❛ ❞✐✛✉s✐♦♥ ✐♥t❡r❣r❛♥✉❧❛✐r❡ ❡st ♠✐s❡ ❡♥ ❥❡✉ ✿

x6

r2
✏

✂
96γΘ

Dgbδgb

kT

✡
t ✭✷✳✹✮

▲❛ ❣é♦♠étr✐❡ q✉✬♦♥ s❡ ❞♦♥♥❡ ❡♥ ❤②♣♦t❤ès❡ ✭✜❣✉r❡ ✷✳✶✮ ♣❡r♠❡t ❞❡ ❞é❞✉✐r❡ ❞❡s ❧♦✐s ♣ré❝é❞❡♥t❡s ✉♥
r❡tr❛✐t ❧✐♥é❛✐r❡ ❡♥ r❡♠❛rq✉❛♥t q✉❡ ✿

∆L

L
✔

x2

4r2
✭✷✳✺✮

▲❡s ❧♦✐s ❞❡ r❡tr❛✐t s✬é❝r✐✈❡♥t ✿✩✬✫✬✪
∆L
L

✏
✁
2γΘDv

kTr3

✠2④5
t2④5 ♣diffusion en volumeq

∆L
L

✏
✁
3
γΘDgbδgb
2kTr4

✠1④3
t1④3 ♣diffusion intergranulaireq

✭✷✳✻✮

✷✳✸ ▲♦✐s ❞✉ s❡❝♦♥❞ st❛❞❡ ❞✉ ❢r✐tt❛❣❡

❉❛♥s ❧❡ s❡❝♦♥❞ st❛❞❡ ❞✉ ❢r✐tt❛❣❡ s❡✉❧❡s ❧❡s ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❡t ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✐♥✲
t❡r✈✐❡♥♥❡♥t✳ ▲❡s ❣r❛✐♥s ét❛♥t ❝❡tt❡ ❢♦✐s ♣♦❧②é❞r✐q✉❡s ✭❝✉❜♦❝t❛è❞r❡s tr♦♥q✉és✮ ❝♦♠♠❡ r❡♣rés❡♥té
s✉r ❧❛ ✜❣✉r❡ ✷✳✷✱ ❧❛ ❣é♦♠étr✐❡ ✐❞é❛❧❡ ❞❡s ♠♦❞è❧❡s ❞❡ ❢r✐tt❛❣❡ r❡♣♦s❡ ♣❧✉tôt s✉r ❧❡ r❤♦♠❜♦❞♦❞é✲
❝❛è❞r❡ ❞♦♥t ❧❡s ❛rêt❡s s♦♥t r❡♠♣❧❛❝é❡s ♣❛r ❞❡ ✜♥s ❝②❧✐♥❞r❡s q✉✐ r❡♣rés❡♥t❡♥t ❧❛ ♣♦r♦s✐té ♦✉✈❡rt❡
❬❘▲❈✶✾✺✽❪ t❛♥❞✐s q✉❡ ❧❡s ♣♦r❡s s♣❤ér✐q✉❡s r❡♣rés❡♥t❡♥t ❧❛ ♣♦r♦s✐té ❢❡r♠é❡✳

❋✐❣✉r❡ ✷✳✷ ✕ ▼✐❝r♦str✉❝t✉r❡ ❞✉ ❞❡✉①✐è♠❡ st❛❞❡ ❞❡ ❢r✐tt❛❣❡❬❉❇❆✷✵✵✺❪

✷✳✸✳✶ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡

❈❤❛❝✉♥❡ ❞❡s ❢❛❝❡s ❞✉ ♣♦❧②è❞r❡ ❡st ✉♥ ❥♦✐♥t ❡♥t♦✉ré ❞✬✉♥ ♣♦r❡ ❝②❧✐♥❞r✐q✉❡ ❞❡ r❛②♦♥ rp✳ ❖♥ ❢❛✐t
❧✬❛♣♣r♦①✐♠❛t✐♦♥ q✉❡ ❝❡ ❥♦✐♥t ❡st ✉♥ ❞✐sq✉❡ ❞❡ r❛②♦♥ x✳ ▲❡s ❛t♦♠❡s q✉✐tt❡♥t ❧❡ ❥♦✐♥t ❡t ✈✐❡♥♥❡♥t
s❡ ré♣❛rt✐r ✉♥✐❢♦r♠é♠❡♥t s✉r ❧❛ s✉r❢❛❝❡ ❧❛tér❛❧❡ ❞✉ ❝♦✉ ✿

rn ✁ rn0 ✏ rnp0αt ✭✷✳✼✮

❛✈❡❝ r0 ❡t rp0 ❧❡s r❛②♦♥s ✐♥✐t✐❛✉① ❞❡s ❣r❛✐♥s ❡t ❞❡s ♣♦r❡s✱ α ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t
2 ↕ n ↕ 3✳

✶✾



❈❤❛♣✐tr❡ ✷✳ ❈♦♥séq✉❡♥❝❡s ♠✐❝r♦str✉❝t✉r❛❧❡s ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt

✷✳✸✳✷ ❉✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s

▲❡s ❞é♣❧❛❝❡♠❡♥ts ❞❡s ❛t♦♠❡s s✬❡✛❡❝t✉❡♥t ❞❛♥s ✉♥ ❞✐sq✉❡ ❝②❧✐♥❞r✐q✉❡ ❞❡ r❛②♦♥ x ❡t ❞❡ ❤❛✉t❡✉r
δgb q✉✐ ❡st ❧✬é♣❛✐ss❡✉r ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥ ✿

p1④2
dp

dt
✏ ✁28

γΘDgbδgb

kT l4
✭✷✳✽✮

❛✈❡❝ p ❧❛ ♣♦r♦s✐té ❡t l ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧✬❛rêt❡ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s q✉✐ ♥✬❛ ♣❛s ❞✬❡①♣r❡ss✐♦♥ ❛♥❛❧②t✐q✉❡
♠❛✐s ♣❡✉t êtr❡ ❡st✐♠é❡ ♠♦②❡♥♥❛♥t ❞❡s ❤②♣♦t❤ès❡s✳

✷✳✸✳✸ ▲♦✐s ❞❡ ❞❡♥s✐✜❝❛t✐♦♥

▲❡s ❧♦✐s ♣ré❝é❞❡♥t❡s ♣❡✉✈❡♥t s✬❡①♣r✐♠❡r ❡♥ t❡r♠❡ ❞❡ ❞❡♥s✐té r❡❧❛t✐✈❡ ρ ✿★
ρ3④2 ✁ ρ

3④2
0 ✏ kgb

Dgb

r4
t ♣diffusion aux joints de grainsq

ρ✁ ρ0 ✏ kv
Dv

r3
t ♣diffusion en volumeq

✭✷✳✾✮

✷✳✹ ▲♦✐s ❞✉ tr♦✐s✐è♠❡ st❛❞❡ ❞✉ ❢r✐tt❛❣❡

❉❛♥s ❧❡ tr♦✐s✐è♠❡ st❛❞❡ ❞✉ ❢r✐tt❛❣❡ ✐❧ ♥❡ r❡st❡ q✉❡ ❞❡s ♣♦r❡s ✐s♦❧és ✭♣♦r♦s✐té ❢❡r♠é❡✮ s✐t✉és
s♦✐t ❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞❡s ❣r❛✐♥s ✭♣♦r♦s✐té ✐♥tr❛❣r❛♥✉❧❛✐r❡✮ s♦✐t ❞❛♥s ❧❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✭♣♦r♦s✐té
✐♥t❡r❣r❛♥✉❧❛✐r❡✮✳ ❈❡s ♣♦r❡s ♣❡✉✈❡♥t ❞✐s♣❛r❛îtr❡ ❞✉ ❢❛✐t ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ✐♥t❡r❣r❛♥✉❧❛✐r❡ ♦✉ ✈♦❧✉✲
♠✐q✉❡ ♦✉ ❜✐❡♥ ❝♦❛s❧❡s❝❡r✳ ▲❡s ❣r❛✐♥s é✈♦❧✉❡♥t ❡♥ t❛✐❧❧❡✱ ❝❡ q✉✐ ♣❡✉t ❛✉ss✐ s❡ tr❛❞✉✐r❡ ❡♥ t❡r♠❡ ❞❡
♠♦✉✈❡♠❡♥t ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s✳

❉✐s♣❛r✐t✐♦♥ ❞✬✉♥ ♣♦r❡ ✐♥tr❛❣r❛♥✉❧❛✐r❡

❯♥ ♣♦r❡ ✐♥tr❛❣r❛♥✉❧❛✐r❡ ♥❡ ♣❡✉t ❞✐s♣❛r❛îtr❡ q✉❡ ❞✉ ❢❛✐t ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❛✈❡❝ ✉♥❡
✈✐t❡ss❡ ❧♦rsq✉✬✐❧ ❡st ❞❛♥s ✉♥ ❣r❛✐♥ ❞❡ t❛✐❧❧❡ ✐♥✜♥✐❡ ξinf ❞♦♥♥é❡ ♣❛r ✿

ξinf ✏
8πDvγs

kT
✭✷✳✶✵✮

❈❡tt❡ ✈✐t❡ss❡ ❞é♣❡♥❞ ♣❡✉ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❡t ❞✉ r❛♣♣♦rt ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ♣♦r❡ à
❝❡❧❧❡ ❞✉ ❣r❛✐♥✳ ▼♦②❡♥♥❛♥t ❝❡rt❛✐♥❡s ❤②♣♦t❤ès❡s ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ❞✐s♣❛r✐t✐♦♥ ❞✬✉♥ ♣♦r❡ ✐s♦❧é ♣❡✉t
s✬é❝r✐r❡ ✿

r3p ✁ r3p0 ✏ ✁
6γsΘDv

kT
t ✭✷✳✶✶✮

❉ét❛❝❤❡♠❡♥t✴é♣✐♥❣❧❡♠❡♥t ❞✬✉♥ ♣♦r❡

❯♥ ♣♦r❡ ♣❡✉t ♦✉ ♣❛s r❡st❡r ✐♥t❡r❣r❛♥✉❧❛✐r❡✳ ❙✬✐❧ s❡ ❞ét❛❝❤❡ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥ ♦ù ✐❧ ét❛✐t s✐t✉é
✐♥✐t✐❛❧❡♠❡♥t✱ ✉♥ ♣♦r❡ ❞❡✈✐❡♥t ✐♥tr❛❣r❛♥✉❧❛✐r❡✳ ❈✬❡st ✉♥ ♣♦✐♥t ♣♦s✐t✐❢ s✐ ❧✬♦♥ s♦✉❤❛✐t❡ ❣❛r❞❡r ❞❡ ❧❛
♣♦r♦s✐té ❡♥ ✜♥ ❞❡ ❢r✐tt❛❣❡✱ ♥é❣❛t✐❢ s✐ ❧✬♦♥ s♦✉❤❛✐t❡ ❛tt❡✐♥❞r❡ ❞❡ ❢♦rt❡s ❞❡♥s✐tés✳
❉❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠❜✉st✐❜❧❡ ♣U,PuqO2✱ ♣❛r ❡①❡♠♣❧❡✱ ♦♥ ✈❡✉t ♣♦✉✈♦✐r ♣✐é❣❡r ❧❡s ♣r♦❞✉✐ts ❞❡ ✜ss✐♦♥
❣❛③❡✉① s❛♥s q✉❡ ❝❡ ❣❛③ ♣r♦❞✉✐t ♥✬❛✐❧❧❡ s❡ ❧♦❝❛❧✐s❡r ❡♥tr❡ ❧❛ ♣❛st✐❧❧❡ ❡t ❧❛ ❣❛✐♥❡ ♦ù ✐❧ ❝ré❡r❛✐t ✉♥❡
❜❛rr✐èr❡ t❤❡r♠✐q✉❡ ♥é❢❛st❡ ❛✉ r❡❢r♦✐❞✐ss❡♠❡♥t ❞✉ ❝♦♠❜✉st✐❜❧❡✳ ❉❛♥s ❝❡ ❝❛s ✉♥ ♣♦r❡ ✐♥tr❛❣r❛♥✉❧❛✐r❡
❡st ♣❧✉s ✐♥tér❡ss❛♥t ♣♦✉r ♣✐é❣❡r ❧❡ ❣❛③ ❝❛r ❝❡ ❞❡r♥✐❡r ❞❡✈r❛ ❞✐✛✉s❡r ❡♥ ✈♦❧✉♠❡ ✭❞♦♥❝ très ❧❡♥t❡♠❡♥t✮
❥✉sq✉✬❛✉ ❥♦✐♥t ❞❡ ❣r❛✐♥ ❞✬♦ù ✐❧ ♣♦✉rr❛ ❡♥s✉✐t❡ ❣❛❣♥❡r r❛♣✐❞❡♠❡♥t ❧✬❡s♣❛❝❡ ❡♥tr❡ ❧❛ ♣❛st✐❧❧❡ ❡t ❧❛
❣❛✐♥❡ ♣❛r ❞✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡s ❣r❛✐♥s✳ ▲❛ sé♣❛r❛t✐♦♥ ❞❡s ♣♦r❡s ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❛✉❣♠❡♥t❡♥t
❛✉ss✐ ❧❛ ✈✐t❡ss❡ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥ ❡t r❛❧❧♦♥❣❡ ❛✐♥s✐ ❧❡ ❝❤❡♠✐♥ q✉❡ ❞❡✈r❛ ♣❛r❝♦✉r✐r ❧❡ ❣❛③ ❞❡ ❢r✐tt❛❣❡

✷✵



✷✳✺✳ ▲✐♠✐t❡s ❞❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s

♣♦✉r r❡❥♦✐♥❞r❡ ❧❡ ❥♦✐♥t ❞❡ ❣r❛✐♥✳
❙✐ ❧✬♦♥ s♦✉❤❛✐t❡ ❛tt❡✐♥❞r❡ ❞❡ ❢♦rt❡s ❞❡♥s✐tés ✉♥ ♣♦r❡ ✐♥tr❛❣r❛♥✉❧❛✐r❡ s❡r❛ ♣❧✉s ❞✐✣❝✐❧❡ à é❧✐♠✐♥❡r
❝❛r ❧❡s ♠é❝❛♥✐s♠❡s ❧✐és à s❛ ❞✐s♣❛r✐t✐♦♥ r❡♣♦s❡r♦♥t s✉r ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❜✐❡♥ ♣❧✉s ❧❡♥t❡ q✉❡
❧❛ ❞✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s✳ ❉❡ ♣❧✉s✱ ❧❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ♥✬ét❛♥t ♣❧✉s ❛♥❝rés ♣❛r ❧❡s ♣♦r❡s
✐♥t❡r❣r❛♥✉❧❛✐r❡s✱ ❧❡✉r ♠♦✉✈❡♠❡♥t ♣❡✉t ❝♦♥❞✉✐r❡ à ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❛♥♦r♠❛❧❡✳

✷✳✺ ▲✐♠✐t❡s ❞❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s

▲❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ❞❡ ❢r✐tt❛❣❡ ❢♦♥t ❧✬❤②♣♦t❤ès❡ q✉✬✉♥ s❡✉❧ ♣❤é♥♦♠è♥❡ ❛ ❧✐❡✉ à ✉♥ ✐♥st❛♥t
❞♦♥♥é ❛❧♦rs q✉❡ ❞❛♥s ❧❡ s❡❝♦♥❞ st❛❞❡ ❞✉ ❢r✐tt❛❣❡ ❧❛ ❞❡♥s✐✜❝❛t✐♦♥ s❡ ♣♦✉rs✉✐t ❡♥ ♠ê♠❡ t❡♠♣s q✉❡
❧❡s ❣r❛✐♥s ❝r♦✐ss❡♥t ❡t q✉❡ ❧❛ ♣♦r♦s✐té ❞❡✈✐❡♥t s♣❤ér✐q✉❡✳ ▲❡s ♣❤é♥♦♠è♥❡s ❞❡ ❞✐✛✉s✐♦♥ ✐♥t❡r❣r❛✲
♥✉❧❛✐r❡ ❡t ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ✐♥t❡r✈✐❡♥♥❡♥t ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❡ ♣r❡♠✐❡r q✉❡ ❞❛♥s ❧❡ s❡❝♦♥❞
st❛❞❡ ❞✉ ❢r✐tt❛❣❡✳ ❙✉r ❝❡rt❛✐♥s ♠❛tér✐❛✉① ❝❡s ❞❡✉① st❛❞❡s s♦♥t ♠ê♠❡ ❝♦♥❢♦♥❞✉s✳ ❉❡ ♠ê♠❡✱ ❞❛♥s
❧❡ s❡❝♦♥❞ st❛❞❡✱ ❝❡rt❛✐♥❡s ét✉❞❡s ❬❉▲❏✶✾✼✵❪ ♦♥t ♥é❝❡ss✐té ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ s✐♠✉❧t❛♥é♠❡♥t
❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❡t ❝❡❧❧❡ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s✳

✷✳✻ ❈♦♥❝❧✉s✐♦♥

❉✉ ❢❛✐t ❞❡s ❧✐♠✐t❡s ❞❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ❞❡ ❢r✐tt❛❣❡ ♥♦✉s ❛✈♦♥s ♣r♦♣♦sé ✉♥ ♠♦❞è❧❡ q✉✐ ♥❡ ❢❛✐t
♣❛s ❞✬❤②♣♦t❤ès❡ s✉r ✉♥ ♠é❝❛♥✐s♠❡ ♣ré♣♦♥❞ér❛♥t à ✉♥ ✐♥st❛♥t ❞♦♥♥é ❡t ❝❡ ♠♦❞è❧❡ ❡st à ❧✬é❝❤❡❧❧❡
s✉❜✲❣r❛♥✉❧❛✐r❡✳

❯♥ s❡❝♦♥❞ ♦❜❥❡❝t✐❢ ✐♥✐t✐❛❧ ét❛✐t q✉❡ ❧❡s ♣❛r❛♠ètr❡s ♠✐s ❡♥ ❥❡✉ ♣❛r ❧❡ ♠♦❞è❧❡ ♣✉✐ss❡♥t êtr❡
♠❡s✉rés ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ♣❛r ❞❡s ❡①♣ér✐❡♥❝❡s s♣é❝✐✜q✉❡s ❞é❞✐é❡s ♥❡ ❢❛✐s❛♥t ♣❛s ✐♥t❡r✈❡♥✐r ❧❡
❢r✐tt❛❣❡✳

✷✶



❈❤❛♣✐tr❡ ✷✳ ❈♦♥séq✉❡♥❝❡s ♠✐❝r♦str✉❝t✉r❛❧❡s ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt

✷✷



✸

▼❛îtr✐s❡ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ✲ ❈❛rt❡s
❞❡ ♠✐❝r♦str✉❝t✉r❡

✸✳✶ ❉é✜♥✐t✐♦♥

❖♥ ❛ ✈✉ q✉❡ ❧❡s ♣❤é♥♦♠è♥❡s é❧é♠❡♥t❛✐r❡s ❞❡ ❞✐✛✉s✐♦♥ à ❧✬ét❛t s♦❧✐❞❡ ♣♦✉✈❛✐❡♥t s❡r✈✐r ❞❡ ❜❛s❡
à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ✭t❛✐❧❧❡ ❞❡ ❣r❛✐♥s ❡t ❞❡ ♣♦r❡s✱ t②♣❡ ✐♥t❡r ♦✉
✐♥tr❛✲❣r❛♥✉❧❛✐r❡ ♣♦✉r ❧❡s ♣♦r❡s✮✳ ■❧ ❡st ❝♦♠♠♦❞❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❜✉ts à ❛tt❡✐♥❞r❡ ✭♣rés❡♥❝❡ ❞❡
♣♦r❡s ✐♥tr❛❣r❛♥✉❧❛✐r❡s ♣❛r ❞ét❛❝❤❡♠❡♥t ❞❡s ♣♦r❡s ✐♥t❡r❣r❛♥✉❧❛✐r❡s✳✳✳✮✱ ❞❡ ❝❤♦✐s✐r✱ ❞❡ r❡♣rés❡♥t❡r
❧❡s ♣❤é♥♦♠è♥❡s ♠✐❝r♦str✉❝t✉r❛✉① ❛②❛♥t ❧✐❡✉ ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞❡✉① ✈❛r✐❛❜❧❡s t❛✐❧❧❡
❞❡s ❣r❛✐♥s ❡t t❛✐❧❧❡ ❞❡s ♣♦r❡s✳ ❆ ❝❡tt❡ ✜♥ ♦♥ ♣❡✉t ❞r❡ss❡r ✉♥❡ ❝❛rt❡ ❞❡ ♠✐❝r♦str✉❝t✉r❡ ✭♦✉ ❝❛rt❡
❞❡ ❢r✐tt❛❣❡✮ q✉✐ ❞é❧✐♠✐t❡ ❧❡s ③♦♥❡s ❞❡ ♣ré♣♦♥❞ér❛♥❝❡ ❞❡s ♣❤é♥♦♠è♥❡s q✉✐ ❝♦♥trô❧❡♥t ❧✬é✈♦❧✉t✐♦♥
❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ✭❝r♦✐ss❛♥❝❡ ❞❡s ❣r❛✐♥s ✳✳✳✮✳ ❖♥ ♣❡✉t ❛❧♦rs✱ r❡♣rés❡♥t❡r ❧✬❡✛❡t ❞✬✉♥ ❛❞❥✉✈❛♥t
❞❡ ❢r✐tt❛❣❡ s✉r ✉♥❡ t❡❧❧❡ ❝❛rt❡ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ✜❣✉r❡ ✸✳✶ ✿

❋✐❣✉r❡ ✸✳✶ ✕ ■♥✢✉❡♥❝❡ s✉r ✉♥❡ s♦❧✉t✐♦♥ s♦❧✐❞❡ ❞✬✉♥ ❛❥♦✉t ❞❡ ✶✪ ❧♦rsq✉❡ ❧❡s ♣♦r❡s s❡ ❞é♣❧❛❝❡♥t
♣❛r ❞✐✛✉s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡ ❬❉❇❆✶✾✾✸❪

✷✸



❈❤❛♣✐tr❡ ✸✳ ▼❛îtr✐s❡ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ✲ ❈❛rt❡s ❞❡ ♠✐❝r♦str✉❝t✉r❡

❆s❤❜② ❬▼❋❆✶✾✼✹❪ ❛✈❛✐t ré❛❧✐sé ❞❡ t❡❧❧❡s ❝❛rt❡s s✉rt♦✉t ♣♦✉r ❧❡ ♣r❡♠✐❡r st❛❞❡ ❞✉ ❢r✐tt❛❣❡
❡♥ ♠❡♥t✐♦♥♥❛♥t ❧❡s ♣r♦❝❡ss✉s ❞♦♠✐♥❛♥t ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ❝♦✉s✳ ▲❡s ❧✐❣♥❡s ❞❛♥s ❝❡s ❞✐❛❣r❛♠♠❡s
❞é❧✐♠✐t❡♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❞❡✉① ♠é❝❛♥✐s♠❡s ❝♦♥tr✐❜✉❡♥t à ♣❛rt
é❣❛❧❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡s ❝♦✉s✳ ❈❡s ❞✐❛❣r❛♠♠❡s✱ ❞♦♥t ✉♥ ❡①❡♠♣❧❡ ❡st ✐❧❧✉stré ❡♥ ✜❣✉r❡
✸✳✷✱ ♠♦♥tr❡♥t ❛✉ss✐ ❧❡s ❝♦♥t♦✉rs ✐s♦✲❞✉ré❡ ❞❡ ❢r✐tt❛❣❡ ❛✈❡❝ ❧❡s ✈❛❧❡✉rs ❞❡s ❝♦✉s à ❞✐✛ér❡♥t❡s
t❡♠♣ér❛t✉r❡s✳

❋✐❣✉r❡ ✸✳✷ ✕ ❉✐❛❣r❛♠♠❡ ❞❡ ❢r✐tt❛❣❡ ❞✬✉♥ ❛❣ré❣❛t ❞❡ s♣❤èr❡s ❞❡ ✸✽ µm ❞✬Ag ♣✉r ❬❙❏❑✷✵✵✺❪

P♦✉r UO2 ▼♦❤❛♥ ❡t ❛❧✳ ❬❆▼✶✾✼✾❪ ♦♥t ❞é✈❡❧♦♣♣é ✉♥ ❧♦❣✐❝✐❡❧ ♣♦✉r ❝♦♥str✉✐r❡ ❛✉t♦♠❛t✐q✉❡♠❡♥t
❝❡s ❝❛rt❡s ❞❡ ❢r✐tt❛❣❡ s✉r ❧❛ ❜❛s❡ ❞❡s éq✉❛t✐♦♥s ❞❡ ❣r♦ss✐ss❡♠❡♥t ❞❡ ❝♦✉ ❞❡ ❝❤❛q✉❡ ♠é❝❛♥✐s♠❡
♣r✐s ✐s♦❧é♠❡♥t✳

✸✳✷ ❊①❡♠♣❧❡ ❞✬✉t✐❧✐s❛t✐♦♥

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞✬❊r✐❝❦ ●✐r❛r❞ ✭❝❢ ❆♥♥❡①❡ ❈ ♣❛❣❡ ✶✸✸✮✱ q✉❡ ❥✬❛✈❛✐s ❝♦✲❡♥❝❛❞ré❡ ❞❡
✷✵✵✶ à ✷✵✵✹ ❛✈❡❝ ❧❡ ▲❛❜♦r❛t♦✐r❡ ❞❡ ❚❤❡r♠♦❞②♥❛♠✐q✉❡ ❡t P❤②s✐❝♦❝❤✐♠✐❡ ▼ét❛❧❧✉r❣✐q✉❡s ✭❏✳▼✳
❈❤❛✐①✮ ❡t ❧✬➱❝♦❧❡ ❞❡s ▼✐♥❡s ❞❡ ❙❛✐♥t✲➱t✐❡♥♥❡ ✭P✳ ●♦❡✉r✐♦t✱ ❋✳ ❱❛❧❞✐✈✐❡s♦✮✱ ❧❡ ❢r✐tt❛❣❡ ❞❡ UO2

❛✈❛✐t été ét✉❞✐é ❛✈❡❝ ❞❡s ❤étér♦❣é♥é✐té ❞❡ ❞❡♥s✐té ✭✐♥❝❧✉s✐♦♥s ❞❡ UO2 ❝r✉ t❛♠✐sé✲❢♦r❝é ✲ ❞✐ts
✧❛♠❛s✧ ✲ ♥♦tés ami✱ ❛❣ré❣❛ts ♣ré✲❢r✐ttés ❞❡ UO2 ✲ ♥♦tés agi✱ ❛✈❡❝ i ✏ 1 ♣♦✉r ❞❡s é❝❤❛♥t✐❧❧♦♥s
♣ré❧❡✈és à 1600✆C ❧♦rs ❞❡ ❧❛ ♠♦♥té❡ ❡♥ t❡♠♣ér❛t✉r❡✱ i ✏ 2 ♣♦✉r ❝❡✉① ♣ré❧❡✈és ❛✉ ❜♦✉t ❞❡ ✶✺
♠✐♥✉t❡s s✉r ❧❡ ♣❛❧✐❡r à 1700✆C ❡t i ✏ 3 ♣♦✉r ❝❡✉① ♣ré❧❡✈és ❛✉ ❜♦✉t ❞❡ ✷❤ s✉r ❧❡ ♣❛❧✐❡r à 1700✆C ❡t
♣♦r❡s ❣é♥érés ❛✈❡❝ ❞❡s ❜✐❧❧❡s ❝❛❧✐❜ré❡s ❞✬✉♥❡ ❞✐③❛✐♥❡ ❞❡ ♠✐❝r♦♠ètr❡s ✐♥✐t✐❛❧❡♠❡♥t ❡♥ ❧❛t❡①✮✳ ❆♣rès
❛tt❛q✉❡ t❤❡r♠✐q✉❡ ❞❡ ré✈é❧❛t✐♦♥ ❞❡s ❣r❛✐♥s✱ ❞❡s ❝❛rt♦❣r❛♣❤✐❡s ét❡♥❞✉❡s ❛✉t♦✉r ❞❡ ❝❡s ❞é❢❛✉ts
s✉r ✉♥❡ ❞✐st❛♥❝❡ ❞❡ 40µm ❛✈❛✐❡♥t été ❛❝q✉✐s❡s ❡♥ ✧r❡❝♦❧❧❛♥t✧ ❞❡s ✐♠❛❣❡s ♣r✐s❡s ❛✉ ▼✐❝r♦s❝♦♣❡
➱❧❡❝tr♦♥✐q✉❡ à ❇❛❧❛②❛❣❡ à ❡✛❡t ❞❡ ❝❤❛♠♣ ✭▼❊❇ ❋❊● ❞✉ ▲❛❜♦r❛t♦✐r❡ ❇❡r♥❛r❞ ❋r❛♥ç♦✐s ❞❡ ❈❛✲
❞❛r❛❝❤❡✱ ♣✉✐s ▼❊❇ ❋❊● ❞❡ ❧✬➱❝♦❧❡ ❞❡s ▼✐♥❡s ❞❡ ❙❛✐♥t✲➱t✐❡♥♥❡✮✳ ❈❡s ❝❛rt♦❣r❛♣❤✐❡s ❞❡ ❣r❛♥❞❡s
❞✐♠❡♥s✐♦♥s ❛✈❛✐❡♥t été tr❛✐té❡s à ❧✬❛✐❞❡ ❞❡ ♠❛❝r♦✲❝♦♠♠❛♥❞❡s ❆♣❤❡❧✐♦♥ ❛✉ ❙■▼❆P ♣❛r ❊✳ ●✐✲
r❛r❞ ❡t ❏✳✲▼✳❈❤❛✐① ❛✜♥ ❞❡ tr❛❝❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s✉r❢❛❝✐q✉❡s ❞❡s ♣♦r❡s ✐♥tr❛ ❡t ✐♥t❡r✲❣r❛♥✉❧❛✐r❡s
❛✐♥s✐ q✉❡ ❧❛ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❜s❝✐ss❡ ✭♥é❣❛t✐✈❡ ❞❛♥s ❧❡ ❞é❢❛✉t ❡t ♣♦s✐t✐✈❡ à ❧✬❡①té✲

✷✹



✸✳✸✳ ❈♦♥❝❧✉s✐♦♥

r✐❡✉r ❞✉ ❞é❢❛✉t✮ ❧✬♦r✐❣✐♥❡ ét❛♥t ♣r✐s❡ s✉r ❧❛ ❢r♦♥t✐èr❡ ❡①t❡r♥❡ ❞✉ ❞é❢❛✉t ❞❛♥s ❧❡ ♣❧❛♥ ❞✬♦❜s❡r✈❛t✐♦♥✳

❉❡ ❧à✱ ♦♥ ❛ ♣✉ tr❛❝❡r ❞❡s ❝❛rt❡s ✸❉ ❞❡ ❢r✐tt❛❣❡ ❛✈❡❝ ♣♦✉r ❛①❡s ❧❛ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s✱ ❧❛ t❛✐❧❧❡ ❞❡s
♣♦r❡s ✐♥t❡r❣r❛♥✉❧❛✐r❡s ❡t ❧❡ t❛✉① ❞❡ ♣♦r♦s✐té✳ ❉❡s t❡♥❞❛♥❝❡s ♦♥t ♣✉ s❡ ❞é❣❛❣❡r ❛✈❡❝ ✉♥❡ ré♣❛rt✐t✐♦♥
❞❡s ❛♠❛s s✉r ✉♥❡ ♥❛♣♣❡ t❛♥❞✐s q✉❡ ❧❡s ❛❣ré❣❛ts s❡ ré♣❛rt✐ss❡♥t s✉r ✉♥❡ ❛✉tr❡ ♥❛♣♣❡ ✭✜❣✉r❡ ✸✳✸✮✳
❉❡ ♣❧✉s✱ ❧❡s ❞é❢❛✉ts ❡t ❧❡✉r ✈♦✐s✐♥❛❣❡ ♦♥t été ♦❜s❡r✈és à ❞✐✛ér❡♥ts st❛❞❡s ❞✉ ❢r✐tt❛❣❡✱ ❞❡ s♦rt❡ q✉❡
❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣r♦✉♣❡s ❞❡ ♣♦✐♥ts ❞❛♥s ❝❡s ❛①❡s ❛ ♣✉ êtr❡ s✉✐✈✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✭✜❣✉r❡ ✸✳✹✮✳

❖♥ r❡tr♦✉✈❡✱ ♣❛r ❡①❡♠♣❧❡✱ q✉❡ ❧❡s ❛♠❛s s♦♥t ❧♦❝❛❧✐sés s✉r ✉♥❡ ♠ê♠❡ ♥❛♣♣❡ ❛✈❡❝ ♠♦✐♥s ❞❡ ♣♦✲
r♦s✐té rés✐❞✉❡❧❧❡ ❝❛r ❝❡s ❛♠❛s ♦♥t été t❛♠✐sés✲❢♦r❝és ❡t ♥❡ ❝♦♥t❡♥❛✐❡♥t✱ ❛✐♥s✐✱ ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t✱
✐♥✐t✐❛❧❡♠❡♥t✱ q✉❡ très ♣❡✉ ❞❡ ♣♦r♦s✐té✱ t❛♥❞✐s q✉❡ ❧❡s ❛❣ré❣❛ts ❝♦♥t❡♥❛✐❡♥t ❞❡ ❧❛ ♣♦r♦s✐té ❡t ♣❡✉ ❞❡
s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ❡♥tr❡ ❧❡✉rs ♣❛rt✐❝✉❧❡s ❝❡ q✉✐ ❛ ❝♦♥❞✉✐t à ✉♥❡ ♣♦r♦s✐té rés✐❞✉❡❧❧❡ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡✳

✸✳✸ ❈♦♥❝❧✉s✐♦♥

❖♥ ♣❡✉t r❡t❡♥✐r q✉❡ ❧❛ ❝♦♥st✐t✉t✐♦♥ ❞❡ ❝❛rt❡s ❞❡ ❢r✐tt❛❣❡✱ q✉✬❡❧❧❡s s♦✐❡♥t ✷❉ ♦✉ ✸❉✱ ❡st ♣♦t❡♥✲
t✐❡❧❧❡♠❡♥t ✉t✐❧❡ ❝♦♠♠❡ ✉♥❡ ❛✐❞❡ à ❧✬✐♥t❡r♣rét❛t✐♦♥✳

❋✐❣✉r❡ ✸✳✸ ✕ ❘❡❣r♦✉♣❡♠❡♥t ❞❡s é❝❤❛♥t✐❧❧♦♥s s✉r ❞❡s ♥❛♣♣❡s ❞❡ ❢r✐tt❛❣❡ ✲ t❤ès❡ ❊✳ ●✐r❛r❞

✷✺



❈❤❛♣✐tr❡ ✸✳ ▼❛îtr✐s❡ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ✲ ❈❛rt❡s ❞❡ ♠✐❝r♦str✉❝t✉r❡

❋✐❣✉r❡ ✸✳✹ ✕ ❚r❛❥❡❝t♦✐r❡s ❞❡ ❢r✐tt❛❣❡ ✲ t❤ès❡ ❊✳ ●✐r❛r❞

✷✻



✹

▲❡ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉①
❝♦♥t✐♥✉s

❘❡✐❞ ❡t ❛❧✳ ❬❈❘❘✶✾✾✵❪✱ ❬❈❘❘✶✾✾✹❪ tr❛❞✉✐s❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✬✉♥ ♦❜❥❡t ♠❛❝r♦s❝♦♣✐q✉❡ ❧♦rs
❞✉ ❢r✐tt❛❣❡ ❡♥ ❧♦✐ ❞❡ ❝♦♠♣♦rt❡♠❡♥t ♠é❝❛♥✐q✉❡ ✿

¯̄T ✏

✧
✁p0 ✁ σ

✒
H̄ ✁ Sν � ν

❇Sν
❇ν

✚
� λtr

✁
¯̄D
✠✯

¯̄I � 2µ ¯̄D ✭✹✳✶✮

♦ù ¯̄T ❡st ❧❡ t❡♥s❡✉r ❞❡s ❝♦♥tr❛✐♥t❡s✱ ¯̄D ❝❡❧✉✐ ❞❡s ❞é❢♦r♠❛t✐♦♥s✱ p0 ❧❛ ♣r❡ss✐♦♥ ❛♣♣❧✐q✉é❡ ❧♦rs ❞✉
❢r✐tt❛❣❡ ✭♣♦✉r ✉♥ ❢r✐tt❛❣❡ ❞✐t ✓ ❧✐❜r❡✔ p0 ✏ 1 atm✮✱ σ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③
✭❡♥ ❣é♥ér❛❧ ❞❡ ❧✬♦r❞r❡ 1N④m✮✱ H̄ ❧❛ ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡✱ ν ❧❡ r❛♣♣♦rt ❞❡ ❧❛ ❞❡♥s✐té à
❧❛ ❞❡♥s✐té ✓t❤é♦r✐q✉❡✔✱ Sν ❧✬❛✐r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ s♦❧✐❞❡✴❣❛③ ♣♦✉r ✉♥❡ ❞❡♥s✐té r❡❧❛t✐✈❡ ❞♦♥♥é❡ ν✱ λ
❡t µ ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ▲❛♠é ❞✉ ♠❛tér✐❛✉ à ❧❛ ✜♥ ❞❡ ❧❛ ❞❡♥s✐✜❝❛t✐♦♥✳
❈❡tt❡ ❛♣♣r♦❝❤❡ ❡st s♣é❝✐✜q✉❡ ❛✉① ♠❛tér✐❛✉① ♠♦♥♦♣❤❛sés✱ s♦♥ ❛✈❛♥t❛❣❡ ❡st ❧❛ s✐♠♣❧✐❝✐té ❞✉
❝❛❧❝✉❧ ❞❡s ❝♦♥tr❛✐♥t❡s ♦✉ ❞❡s ❞é❢♦r♠❛t✐♦♥s✳ ▲✬✐♥❝♦♥✈é♥✐❡♥t ❡st ❞❡ s❛✈♦✐r✱ à ✉♥ ✐♥st❛♥t ❞♦♥♥é ❞❡
❧❛ tr❛♥s❢♦r♠❛t✐♦♥✱ q✉❡❧❧❡s s♦♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ ❞❡ ♣♦r♦s✐té ❡t ❞❡ r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡✳
❈❡♣❡♥❞❛♥t✱ ❧♦rsq✉❡ ❝❡s ❞❡✉① ❞❡r♥✐❡rs ♣❛r❛♠ètr❡s ✈❛r✐❡♥t ♣❡✉ ❧✬❛♣♣r♦❝❤❡ ❞❡ ❘❡✐❞ ♣❡✉t êtr❡ ✉t✐❧❡✳

✹✳✶ ◆♦t✐♦♥ ❞❡ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r✐tt❛❣❡

▲❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r✐tt❛❣❡ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ❧❛ ❝♦♥tr❛✐♥t❡ ♥é❝❡ss❛✐r❡ à ❡♠♣ê❝❤❡r ❧❡ ❢r✐tt❛❣❡
s♣♦♥t❛♥é ❞✉ ♠❛tér✐❛✉ q✉✐ ❢r✐tt❡✱ ✐✳❡✳✱ ❧❛ ✈❛❧❡✉r ❞❡ ¯̄T t❡❧❧❡ q✉❡ ¯̄D ✏ 0✳ ❈✬❡st ✉♥❡ ❣r❛♥❞❡✉r q✉✐
♣❡r♠❡t ❞❡ s✐t✉❡r ❧❛ ♣r♦♣❡♥s✐♦♥ ❞✬✉♥ ♠❛tér✐❛✉ à é✈♦❧✉❡r s♣♦♥t❛♥é♠❡♥t ✈❡rs ✉♥ s♦❧✐❞❡ ♣❧✉s ❞❡♥s❡
❧♦rs ❞✬✉♥ tr❛✐t❡♠❡♥t t❤❡r♠✐q✉❡✳ ❊❧❧❡ ♣❡✉t ♣❡r♠❡ttr❡ ❞❡ ❝❧❛ss❡r ❞❡s ♠❛tér✐❛✉① ❡♥tr❡ ❡✉① ❡♥ t❡r♠❡
❞❡ ❢r✐tt❛❜✐❧✐té✳

✹✳✷ ❈❛s ❞✬✉♥ ♠❛tér✐❛✉ ❜✐♣❤❛sé ✲ ❝♦♥tr❛✐♥t❡ ❞✐✛ér❡♥t✐❡❧❧❡

❈♦♠♠❡ UO2 ❡t ♣U,PuqO2 ♣rés❡♥t❡♥t ❞❡s ✈✐t❡ss❡s ❞❡ r❡tr❛✐t ❛✉ ❢r✐tt❛❣❡ ❞✐✛ér❡♥t❡s ❡t q✉❡ ❝❡s
❞❡✉① ♠❛tér✐❛✉① ❢♦r♠❡♥t ✉♥❡ s♦❧✉t✐♦♥ s♦❧✐❞❡ ❝♦♥t✐♥✉❡✱ ❧❡✉r tr❛✐t❡♠❡♥t t❤❡r♠✐q✉❡ ✈❛ êtr❡ t❡❧ q✉❡
❧❛ ❥♦♥❝t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ♠❛tér✐❛✉① s❡r❛ très ❝♦❤és✐✈❡ ✭♠ê♠❡ s♦❧✉t✐♦♥ s♦❧✐❞❡✮ ♠❛✐s ✉♥ ❝❤❛♠♣ ❞❡
❝♦♥tr❛✐♥t❡ ✈❛ s❡ ❞é✈❡❧♦♣♣❡r ❞❛♥s ❧❡s ♣❛st✐❧❧❡s ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❞✉ ❢❛✐t ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❝✐♥ét✐q✉❡
❞❡ r❡tr❛✐t ❞❡s ❞❡✉① ♠❛tér✐❛✉① ✭❢r✐tt❛❣❡ ❞✐✛ér❡♥t✐❡❧✮✳
❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ●ré❣♦✐r❡ ❚♦✉r② ❞❡ ✶✾✾✾ à ✷✵✵✶✱ ✭❝❢ ❆♥♥❡①❡ ❈ ♣❛❣❡ ✶✸✸✮✱ ❥✬❛✐ ♣❛rt✐❝✐♣é

✷✼



❈❤❛♣✐tr❡ ✹✳ ▲❡ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

à ❧❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ r❡tr❛✐t ❞❡ ♠❛tér✐❛✉① ❜✐♣❤❛sés r❡❧❡✈❛♥t ❞❡ ❧❛ ♠é❝❛♥✐q✉❡ ❞❡s ♠✐✲
❧✐❡✉① ❝♦♥t✐♥✉s ❬❆❚✶✾✾✺❪✳ ■❧ ❛ ❛✐♥s✐ été ♠✐s ❡♥ ÷✉✈r❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❝♦♠♣♦sé ❝ér❛♠✐q✉❡✲❝ér❛♠✐q✉❡
✭❈❊❘❈❊❘✮ ❝♦♥st✐t✉é ❞✬✉♥❡ ♠❛tr✐❝❡ UO2 ❛✈❡❝ ❞❡s ❛♠❛s ♣ré❢r✐ttés ❞❡ ♣U,PuqO2 ❛✜♥ ❞✬❡st✐♠❡r
❡♥ ❝♦♥tr❛✐♥t❡s ♣❧❛♥❡s ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡s ❝♦♥tr❛✐♥t❡s ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❬❆❚✶✾✾✺❪✱ ❬●❚✷✵✵✶❪✳
❊♥ t♦✉t❡ r✐❣✉❡✉r ❧❡s ❞❡✉① ❝♦♠♣♦s✐t✐♦♥s UO2 ❡t ♣U,PuqO2 ❝♦rr❡s♣♦♥❞❡♥t à ✉♥❡ s❡✉❧❡ ♣❤❛s❡ ❞✉
♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ t♦✉t❡❢♦✐s ❧❡✉r ♣❛r❛♠ètr❡ ❞❡ ♠❛✐❧❧❡ ✭❡t é✈❡♥t✉❡❧❧❡♠❡♥t ❧❡✉r
❝♦❡✣❝✐❡♥t ❞❡ ❞✐❧❛t❛t✐♦♥ t❤❡r♠✐q✉❡✮ ❡st ❧é❣èr❡♠❡♥t ❞✐✛ér❡♥t ❡t ❧❡ ❝♦❡✣❝✐❡♥t ❞✬✐♥t❡r❞✐✛✉s✐♦♥ U④Pu
❡st très ❢❛✐❜❧❡✳ ❚②♣✐q✉❡♠❡♥t ❧❛ ❞✐st❛♥❝❡ ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 5µm à 1700✆C ♣♦✉r ✉♥❡
❞✉ré❡ ❞❡ ✹❤✳ ❖♥ ♣❡✉t ❝♦♥s✐❞ér❡r q✉❡ ❧❡s ❞❡✉① ❝♦♥st✐t✉❛♥ts ❞✉ ❈❊❘❈❊❘ r❡st❡r♦♥t ✐♥❝❤❛♥❣és s✐
❧❡s ✐♥❝❧✉s✐♦♥s s♦♥t ❞❡ ❞✐♠❡♥s✐♦♥ ❛ss❡③ ❣r❛♥❞❡s ❞❡✈❛♥t ❝❡tt❡ ❞✐st❛♥❝❡ ❞✬✐♥t❡r❞✐✛✉s✐♦♥✳ ❊♥ ❣é♥ér❛❧
❝✬❡st ❧❡ ❝❛s ♣♦✉r ❧❡s ❢❛❜r✐❝❛t✐♦♥s ❧✐é❡s ❛✉① ❘❊P ✿ ❧❡s ✐♥❝❧✉s✐♦♥s ❞❡ ♣U,PuqO2 s♦♥t ❞❡ ❧✬♦r❞r❡ ❞❡
✷✵ à ✶✵✵ µm ❞❡ ❞✐❛♠ètr❡✳

▲✬ét✉❞❡ ❡①♣ér✐♠❡♥t❛❧❡ ❛ ré✈é❧é q✉❡ ❧❡s r❡tr❛✐ts ❞✐✛ér❡♥t✐❡❧s ♠✐s ❡♥ ❥❡✉ ♣♦✉✈❛✐❡♥t✱ ❞❛♥s ❧❡ ❝❛s
❞✬✉♥ ❢r✐tt❛❣❡ s✉✣s❛♠♠❡♥t r❡t❛r❞é ❞❡s ✐♥❝❧✉s✐♦♥s ♣❧✉t♦♥✐❢èr❡s✱ ♣r♦✈♦q✉❡r ✉♥❡ ♠✐s❡ ❡♥ ❝♦♠♣r❡ss✐♦♥
❞❡s ❛♠❛s ♣❛r ❧❛ ♠❛tr✐❝❡ ♣♦✉r ❛❧❧❡r ❥✉sq✉✬à ❧❛ ✜ss✉r❛t✐♦♥ ❞❡s ❛♠❛s✳ ▲❛ s✐♠✉❧❛t✐♦♥ ✷❉ ❡♥ ❝♦♥tr❛✐♥t❡s
♣❧❛♥❡s ❛ ❡✉ ♣♦✉r ❜✉t ❞✬❡ss❛②❡r ❞✬é✈❛❧✉❡r ❧❡ ❝❤❛♠♣ ❞❡ ❝♦♥tr❛✐♥t❡s ❞❛♥s ❝❡ ♠❛tér✐❛✉✳ ▲❛ ❞é♠❛r❝❤❡
❛ ❝♦♥s✐sté à ❝❛❧❝✉❧❡r ❧❡s ❞é❢♦r♠❛t✐♦♥s é❧❛st♦✲✈✐s❝♦♣❧❛st✐q✉❡s r❡❧❛t✐✈❡s à ❝❤❛❝✉♥ ❞❡s ❝♦♥st✐t✉❛♥ts
❞✉ ❝♦♠♣♦s✐t❡✱ ♣✉✐s à ❛♣♣❧✐q✉❡r ❧❡s ❧♦✐s ❞❡ ❧✬é❧❛st✐❝✐té à ❧❛ ❝♦♠♣♦s❛♥t❡ é❧❛st✐q✉❡ ♣♦✉r ❡st✐♠❡r ❧❡s
❝♦♥tr❛✐♥t❡s✳ ▲❛ ❞é❢♦r♠❛t✐♦♥ r❡❧❛t✐✈❡ ❣❧♦❜❛❧❡ s✬é❝r✐✈❛♥t ❛❧♦rs ✿

ǫrs ✏ ǫfrittagers � ǫdilrs � ǫelrs � ǫviscoplastrs ✭✹✳✷✮

❛✈❡❝ dil ♣♦✉r ❞✐❧❛t❛t✐♦♥ t❤❡r♠✐q✉❡✱ el ♣♦✉r é❧❛st✐q✉❡ ❡t viscoplast ♣♦✉r ✈✐s❝♦♣❧❛st✐q✉❡✱ r ❡t
s ❞és✐❣♥❡♥t ❧❡s ❞✐r❡❝t✐♦♥s ❞✬❡s♣❛❝❡✳ ▲❛ ❞é❢♦r♠❛t✐♦♥ ǫ

frittage
rs ❞✉❡ ❛✉ ❢r✐tt❛❣❡ ❞✉ ♠❛tér✐❛✉ ❡st

❛ss✐♠✐❧é❡✱ ❧♦❝❛❧❡♠❡♥t✱ ❛✉ r❡tr❛✐t ❞✬✉♥ ❞❡s ❝♦♥st✐t✉❛♥t ❞✉ ❝♦♠♣♦s✐t❡ ♣r✐s ✐s♦❧é♠❡♥t✱ ❡t✱ ❞❡ ♣❧✉s✱
s✉♣♣♦sé❡ ❧♦❝❛❧❡♠❡♥t ✐s♦tr♦♣❡ ✿

ǫfrittagers ✏
∆l

l0
δrs ✭✹✳✸✮

❛✈❡❝ δrs ❧❡ s②♠❜ô❧❡ ❞❡ ❑r♦♥❡❝❦❡r✳ ▲❛ ❝♦♠♣♦s❛♥t❡ ✈✐s❝♦♣❧❛st✐q✉❡ ❞❡ ❞é❢♦r♠❛t✐♦♥ ❛ été ❝❛❧❝✉❧é❡ à
❧✬❛✐❞❡ ❞✬✉♥ ♣❛r❛♠ètr❡ ❞❡ ✢✉✐❞✐té γ ❡t ❞✬✉♥ ♣♦t❡♥t✐❡❧ ✈✐s❝♦♣❧❛st✐q✉❡ ❞❡ ❞✐ss✐♣❛t✐♦♥ Ω ❡st✐♠és ✿

✾ǫviscoplast ✏ γ ①Φ♣F q②
❇Ω

❇σ
✭✹✳✹✮

▲❡ ♠❛tér✐❛✉ ♥✬ét❛♥t ♣❛s ❞✉❝t✐❧❡✱ ❧❡ ❝r✐tèr❡ ❞❡ ❚r❡s❝❛ ❛ été ❝❤♦✐s✐✱ ♣♦✉r ❧❡q✉❡❧ ✿

①Φ♣F q② ✏
2σ̄cos♣θq ✁ CY

CY
✭✹✳✺✮

❖♥ ❛ ❝❤♦✐s✐ ✉♥ ♠♦❞è❧❡ ❞❡ ♣❧❛st✐❝✐té ❛ss♦❝✐é❡✱ ✐✳❡✳ Ω ✏ F ✱ t❛♥❞✐s q✉❡ γ ❛ été ❡st✐♠é à ♣❛rt✐r ❞❡ ❧❛
❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ❧♦✐ ❞❡ ✢✉❛❣❡✳ ▲✬éq✉✐❧✐❜r❡ ❞❡s ❢♦r❝❡s ❛♠è♥❡ ❛❧♦rs ❛✉ ♣r♦❜❧è♠❡ s✉✐✈❛♥t ✿★

σrs ✏ λuq,qδrs ✁ ♣3λ� 2µq
✁
α∆T � ∆l

l0

✠
δrs ✁ λǫ

fluage
qq δrs ✁ 2µǫfluagers � µ ♣ur,s � us,rq

σrs,s ✏ ✁ρbr
✭✹✳✻✮

▲❡ s②stè♠❡ ✹✳✻ ❡st rés♦❧✉ s✉r ❧❡s ❞❡✉① s♦✉s✲❞♦♠❛✐♥❡s Ω1 ✭♠❛tr✐❝❡ UO2✮ ❡t Ω2 ✭❛♠❛s ♣❧✉t♦♥✐❢èr❡s✮✳
❊♥ ♥♦t❛♥t ❇Ω1④2 ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❝❡s ❞❡✉① s♦✉s✲❞♦♠❛✐♥❡s✱ ❇Ω1 ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❧❡ s♦✉s✲❞♦♠❛✐♥❡
Ω1 ❡t ❧✬❡①tér✐❡✉r ❡t ❇Ω2 ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❧❡ s♦✉s✲❞♦♠❛✐♥❡ Ω2 ❡t ❧✬❡①tér✐❡✉r✳ ▲❡s ❝♦♥❞✐t✐♦♥s ❛✉①
❧✐♠✐t❡s s♦♥t ✿

pour ❇Ω1④2

★
~uΩ1 ✏ ~uΩ2 ♣continuite des deplacementsq
σΩ1♣~nq ✏ σΩ2♣~nq ♣equilibre des forcesq

✭✹✳✼✮

✷✽



✹✳✷✳ ❈❛s ❞✬✉♥ ♠❛tér✐❛✉ ❜✐♣❤❛sé ✲ ❝♦♥tr❛✐♥t❡ ❞✐✛ér❡♥t✐❡❧❧❡

pour ❇Ω1 ❨ ❇Ω2

✩✬✬✬✫✬✬✬✪
a la base de la pastille qui repose sur son support :

✩✬✫✬✪
σ♣~nq ☎ ~n ↕ 0
~u ☎ ~n ↕ 0
♣~u ☎ ~nq σ♣~nq ✏ 0

sur le reste du contour de la pastille : σrs♣~nq ✏ ✁pδrs~n
✭✹✳✽✮

▲❛ ♠✐❝r♦str✉❝t✉r❡ ❛ été s✐♠✉❧é❡ ❝♦♠♠❡ ét❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞✬❡❧❧✐♣s♦ï❞❡s ✭r❡♣rés❡♥t❛♥t ❧❡s
❛♠❛s ♣❧✉t♦♥✐❢èr❡s✮ ❡♥ ✸❉ ❞❛♥s ✉♥ ❝②❧✐♥❞r❡ ✭❧❛ ♠❛tr✐❝❡ ❞❡ UO2✮✳ ▲❡s ❛♠❛s s♦♥t ❞✐str✐❜✉és ❛❧é❛✲
t♦✐r❡♠❡♥t ❛✈❡❝ ✉♥❡ ❞❡♥s✐té ✭♥♦♠❜r❡ ❞✬❛♠❛s ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡✮ q✉✐ s✉✐t ✉♥❡ ❧♦✐ ❞❡ P♦✐ss♦♥✳ ▲❛
♠✐❝r♦str✉❝t✉r❡ ❜✐♣❤❛sé❡ ❛♠❛s✴♠❛tr✐❝❡ ❡st ❛❧♦rs ❣é♥éré❡ s✉✐✈❛♥t ✉♥ s❝❤é♠❛ ❜♦♦❧é❡♥ ✿ à ❝❤❛q✉❡
❝❡♥tr❡ ✐♠♣❧❛♥té ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡ ❡st ❛ss♦❝✐é ✉♥ ❛♠❛s ❞❡ ❢♦r♠❡ ❡❧❧✐♣s♦ï❞❛❧❡ ❞❡ ♠❛♥✐èr❡ à ♣r❡♥❞r❡
❡♥ ❝♦♠♣t❡ ❧❛ ❞é❢♦r♠❛t✐♦♥ ♦❜s❡r✈é❡ ❞✉❡ ❛✉ ♣❛st✐❧❧❛❣❡ ♦✉ à ❧✬ét❛♣❡ ❞❡ ❣r❛♥✉❧❛t✐♦♥✳ ▲❛ ✈❛❧❡✉r ❞✉
r❛♣♣♦rt ❞✉ ♣❡t✐t ❛①❡ ❛✉ ❣r❛♥❞ ❛①❡ ❞❡ ❧✬❡❧❧✐♣s♦ï❞❡ s✉✐t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ♦❜s❡r✈é❡ ❡①✲
♣ér✐♠❡♥t❛❧❡♠❡♥t✳ ❖♥ ♥❡ ❣❛r❞❡ ❛❧♦rs q✉✬✉♥❡ ❝♦✉♣❡ ✷❉ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ s✐♠✉❧é❡ ✭✜❣✉r❡ ✹✳✶✮✱
♣♦✉r ❡♥s✉✐t❡ r❡❝♦♥♥❛îtr❡ ❧❡s ❝♦♥t♦✉rs ❞❡ s❡s ❛♠❛s✱ ❣é♥ér❡r ✉♥ ✜❝❤✐❡r ❞❡ ❞✐r❡❝t✐✈❡s ❞❡ ♠❛✐❧❧❛❣❡
♣♦✉r ❧❡ ♠❛✐❧❧❡✉r ♥❡t❣❡♥ ❬❏❙✶✾✾✼❪ ❡t ✜♥❛❧❡♠❡♥t ♠❛✐❧❧❡r ❛✈❡❝ ❞❡s é❧é♠❡♥ts P✶ ❡♥ ✷❉ ✭✜❣✉r❡ ✹✳✷✮✳

❋✐❣✉r❡ ✹✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞✉ ♣❧❛♥ ❞❡ ❝♦✉♣❡ tr❛♥s✈❡rs❛❧ ❞✬✉♥❡ ♣❛st✐❧❧❡ ❝♦♠♣♦s✐t❡ ❝r✉❡ ♠♦❞é✲
❧✐sé❡

P♦✉r ❝❤❛❝✉♥ ❞❡s ❝♦♠♣♦s✐t❡s s✐♠✉❧és✱ ♦♥ ❛ ❝❛❧❝✉❧é ❡♥ ❝❤❛q✉❡ ♣♦✐♥t ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❛♠❛s✴♠❛tr✐❝❡
❧❡s ❝♦♥tr❛✐♥t❡s ♥♦r♠❛❧❡ ❡t t❛♥❣❡♥t✐❡❧❧❡ q✉✐ s♦♥t ❡♥s✉✐t❡ ♠♦②❡♥♥é❡s ❧❡ ❧♦♥❣ ❞❡ ❝❡s ♠ê♠❡s ✐♥t❡r❢❛❝❡s
✭❝❢ t❛❜❧❡❛✉ ✹✳✶✮ ✿

①σ② ✏

➦
tous les amas

✄ ➯
Ci

σ✝ds

☛
➦

tous les amas

Li
✭✹✳✾✮

❇✐❡♥ q✉❡ ❧❡s rés✉❧t❛ts s♦✐❡♥t très q✉❛❧✐t❛t✐❢s ❡✉ é❣❛r❞ ❛✉① ♥♦♠❜r❡✉s❡s ❤②♣♦t❤ès❡s ❢❛✐t❡s✱ ♦♥
♣❡✉t tr♦✉✈❡r ❞❡s t❡♥❞❛♥❝❡s✱ ♣❛r ❡①❡♠♣❧❡ ❧❡ ❢❛✐t q✉❡ ❧❡s ❛♠❛s s♦♥t ❞✬❛✉t❛♥t ♣❧✉s ♠✐s ❡♥ ❝♦♠♣r❡ss✐♦♥
♣❛r ❧❛ ♠❛tr✐❝❡ q✉✬✐❧s ♦♥t été ♣ré✲❢r✐ttés ✭t❛❜❧❡❛✉ ✹✳✶✮ ❡t q✉❡ ❧❡ ❧✬✐♥t❡♥s✐té ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ✈♦♥
▼✐s❡s ❞❛♥s ❧❛ ♠❛tr✐❝❡✱ ❝❛rt♦❣r❛♣❤✐é❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✹✳✸✱ ❛✉❣♠❡♥t❡ ❧♦rsq✉❡ ❧❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡
❡♥tr❡ ❛♠❛s ❞✐♠✐♥✉❡✳

✷✾



❈❤❛♣✐tr❡ ✹✳ ▲❡ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

❋✐❣✉r❡ ✹✳✷ ✕ ❉✐str✐❜✉t✐♦♥ ❡♥ t❛✐❧❧❡ ❞✉ ♣❛s h ❞❡ ♠❛✐❧❧❛❣❡ ❡t ③♦♦♠ s✉r ❧❡ ♠❛✐❧❧❛❣❡✱ ❡♥ ✈❡rt ✿ ❧❛
♠❛tr✐❝❡✱ ❡♥ r♦✉❣❡ ✿ ❧❡s ❛♠❛s ❞❡ ♣U,PuqO2

❚❡♠♣ér❛t✉r❡ ❞❡ ♣ré✲❢r✐tt❛❣❡ 20✆C 1000✆C 1200✆C 1400✆C

r❡tr❛✐t ❧✐♥é❛✐r❡ ♠❛tr✐❝❡ ✪ ✲✶✹✳✻ ✲✶✹✳✻ ✲✶✹✳✻ ✲✶✹✳✻
r❡tr❛✐t ❧✐♥é❛✐r❡ ❛♠❛s ✪ ✲✶✸✳✶ ✲✶✶✳✹ ✲✽✳✼ ✲✸✳✵
r❡tr❛✐t ❧✐♥é❛✐r❡ ❣❧♦❜❛❧ ❡①♣ér✐♠❡♥t❛❧ ✪ ✲✶✹✳✹ ✲✶✹✳✷ ✲✶✸✳✺ ✲✶✵✳✷
r❡tr❛✐t ❧✐♥é❛✐r❡ ❣❧♦❜❛❧ s✐♠✉❧é ✪ ✲✶✹✳✵ ✲✶✸✳✼ ✲✶✸✳✷ ✲✶✷✳✷
σN ✲✺ ✲✾ ✲✸✷ ✲✻✵
σt ✶✷ ✶✽ ✷✽ ✺✵

❚❛❜❧❡ ✹✳✶ ✕ ❈♦♥tr❛✐♥t❡s ❛✉① ✐♥t❡r❢❛❝❡s ❛♠❛s✲♠❛tr✐❝❡ à 1700✆C

✹✳✸ ❈♦♥❝❧✉s✐♦♥

▲❡s ♠♦❞è❧❡s ♠é❝❛♥✐q✉❡s ♠❛❝r♦s❝♦♣✐q✉❡s ♣❡✉✈❡♥t ❛✐❞❡r à ❞é❣❛❣❡r ❞❡s t❡♥❞❛♥❝❡s à ❧✬é❝❤❡❧❧❡ ❞❡
❧❛ ♣❛st✐❧❧❡✱ t❡♥❞❛♥❝❡s q✉✐ ♣♦✉rr❛✐❡♥t ♥❡ ♣❛s êtr❡ ❞é❣❛❣é❡s à ❧✬❛✐❞❡ ❞✬✉♥❡ s✐♠♣❧❡ ❧♦✐ ❞❡s ♠é❧❛♥❣❡s
❧♦rsq✉❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❧❡s ❛♠❛s ❞❡ ♠é❧❛♥❣❡✲♠èr❡ ❞❡ ❧❛ ♣❛st✐❧❧❡ s♦♥t ♣r♦❝❤❡s ❧❡s ✉♥s ❞❡s ❛✉tr❡s ❡t
✐♥t❡r❢èr❡♥t✳

✸✵



✹✳✸✳ ❈♦♥❝❧✉s✐♦♥

❋✐❣✉r❡ ✹✳✸ ✕ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧✬❡✛❡t ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ❛♠❛s s✉r ❧✬✐♥t❡♥s✐té ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ✈♦♥ ▼✐s❡s
❛✉ s❡✐♥ ❞✬✉♥ ❝♦♠♣♦s✐t❡ ❈❊❘❈❊❘ UO2 ✁ ♣U,PuqO2 ❢r✐tté à 1700✆C s♦✉s ❛t♠♦s♣❤èr❡ ré❞✉❝tr✐❝❡
✭❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❝♦♥st❛♥t❡ ❞❡ ✷✵✪✮

✸✶



❈❤❛♣✐tr❡ ✹✳ ▲❡ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

✸✷



✺

❈♦♥❧✉s✐♦♥

❉❛♥s ❝❡tt❡ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❧❡s ♣❤é♥♦♠è♥❡s é❧é♠❡♥t❛✐r❡s q✉✐ s♦♥t à ❧✬♦r✐❣✐♥❡ ❞✉ ❢r✐tt❛❣❡ ♦♥t
été r❛♣♣❡❧és ❛✈❡❝ ❧❡✉rs ❝♦♥séq✉❡♥❝❡s s✉r ❧❛ ♠✐❝r♦str✉❝t✉r❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ✭é✈♦❧✉t✐♦♥
❞✉ ❞✐❛♠ètr❡ ❞❡s ♣♦♥ts ❡♥tr❡ ♣❛rt✐❝✉❧❡s r❛♣♣r♦❝❤❡♠❡♥t ❞✉ ❝❡♥tr❡ ❞❡ ❣r❛✈✐té ❞❡s ❣r❛✐♥s✮✳ ❈❡s ♣❤é✲
♥♦♠è♥❡s é❧é♠❡♥t❛✐r❡s ♣❡✉✈❡♥t êtr❡ ❝♦♥❝♦♠✐t❛♥ts s❡❧♦♥ ❧❡s r❛♠♣❡s ❞❡ t❡♠♣ér❛t✉r❡ ♦✉✱ ♣♦✉r ❧❡s
♦①②❞❡s✱ ❛✉ss✐ s❡❧♦♥ ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✳

▲❡s ❞♦♠❛✐♥❡s ❞❡ ♣ré♣♦♥❞ér❛♥❝❡ ❞❡ ❝❡s ♣❤é♥♦♠è♥❡s ♣❡✉✈❡♥t êtr❡ ❞é❧✐♠✐tés ❞❛♥s ❞❡s r❡♣rés❡♥✲
t❛t✐♦♥s ❜✐ ♦✉ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ❞♦♥t ❧❡s ❛①❡s s♦♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ♠✐❝r♦str✉❝t✉r❛❧❡s t❡❧❧❡s ❧❛
t❛✐❧❧❡ ❞❡ ❣r❛✐♥s✱ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞❡ ♣♦r♦s✐té ❡t ❧❛ ❞❡♥s✐té✳

❉❛♥s ❧❛ ♣r❛t✐q✉❡ ✐❧ ❡st r❛r❡ q✉✬✉♥❡ ♣❧❛❣❡ ❞❡ ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ♥❡ ♣rés❡♥t❡ q✉✬✉♥
✉♥✐q✉❡ ♣❤é♥♦♠è♥❡ ♣ré♣♦♥❞ér❛♥t✳ ❆✉ss✐✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r r❡st✐t✉❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❝❡tt❡ ♠✐❝r♦✲
str✉❝t✉r❡ ❧♦rs ❞✉ ❢r✐tt❛❣❡✱ ♦♥ ❛ ❞é✈❡❧♦♣♣é ✉♥ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ❞❛♥s ❧❡q✉❡❧ ♦♥ ❛
❝❤❡r❝❤é à r❡♥❞r❡ ❝♦♠♣t❡ ❞❡ ❝❤❛❝✉♥ ❞❡ ❝❡s ♣❤é♥♦♠è♥❡s✳ ❈❡rt❛✐♥s✱ t❡❧s ❧✬é✈❛♣♦r❛t✐♦♥✲❝♦♥❞❡♥s❛t✐♦♥
❡t ❧✬✐♥t❡r❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡✱ ♣r✐s ❡♥ ❝♦♠♣t❡ à ❧✬♦r✐❣✐♥❡ ❞✉ ♠♦❞è❧❡ ♦♥t été t❡♠♣♦r❛✐r❡♠❡♥t ❧❛✐ssés
❞❡ ❝ôté ❛✜♥ ❞❡ ✈❛❧✐❞❡r✱ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❡ ♠♦❞è❧❡ ♣❛r ❝♦♠♣❛r❛✐s♦♥ ❛✉① ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s
❛♥❛❧②t✐q✉❡s✳

▲❛ s❡❝♦♥❞❡ ♣❛rt✐❡ q✉✐ ✈❛ s✉✐✈r❡ s♦✉❧✐❣♥❡ ❧❡s s♣é❝✐✜❝✐tés ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ❞❡s ❛❝t✐♥✐❞❡s à
♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ♣♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ♥✉♠ér✐q✉❡♠❡♥t ❞❡ ❧❡✉r ❢r✐tt❛❣❡✳

✸✸



❈❤❛♣✐tr❡ ✺✳ ❈♦♥❧✉s✐♦♥

✸✹



❉❡✉①✐è♠❡ ♣❛rt✐❡

▲❡s s♣é❝✐✜❝✐tés ❞❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡s

✸✺





✶

▲❡ ❝❛r❛❝tèr❡ r❛❞✐♦❛❝t✐❢

❙♦♠♠❛✐r❡
✶✳✶ ▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡s é❧é♠❡♥ts ♠❛❥♦r✐t❛✐r❡s ❯ ❡t P✉ ✸✼

✶✳✶✳✶ ❱❡❝t❡✉r ✐s♦t♦♣✐q✉❡ t②♣✐q✉❡ ❞✉ ❝♦♠❜✉st✐❜❧❡ ✈✐❡r❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
✶✳✶✳✷ ■s♦t♦♣❡s ❞❡ ❯ ❞❛♥s ❧❡s ❝♦♠❜✉st✐❜❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
✶✳✶✳✸ ■s♦t♦♣❡s ❞❡ P✉ ❞❛♥s ❧❡s ❝♦♠❜✉st✐❜❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✶✳✷ ▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡s ❛❝t✐♥✐❞❡s ♠✐♥❡✉rs ❆♠✱ ◆♣ ❡t
❈♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✶✳✸ ▲❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ♣♦✉r ❧❡s ✐s♦t♦♣❡s r❛❞✐♦❛❝t✐❢s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾
✶✳✸✳✶ ▲❡s ❢♦♥❝t✐♦♥s ❞✬ét❛t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾
✶✳✸✳✷ 1er ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✶✳✸✳✸ 2nd ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✶✳✸✳✹ 3eme ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
✶✳✸✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

❯♥❡ ♣❛rt✐❡ ♠❛❥❡✉r❡ ❞❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ♣❤é♥♦♠è♥❡s ✐rré✈❡rs✐❜❧❡s s❡ ♣r♦❞✉✐s❛♥t ❧♦rs ❞✉
❢r✐tt❛❣❡ r❡♣♦s❡ s✉r ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❧✐♥é❛✐r❡ ❞❡s ♣r♦❝❡ss✉s ✐rré✈❡rs✐❜❧❡s✳ ❆✉ss✐✱ ❧❡ ❝❛r❛❝tèr❡
r❛❞✐♦❛❝t✐❢ ❞❡s ♠❛tér✐❛✉① ❡st à ❝♦♥s✐❞ér❡r ❝❛r s❛ ❝♦♠♣t❛❜✐❧✐té ❛✈❡❝ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❝❧❛ss✐q✉❡
♥✬❡st ♣❛s é✈✐❞❡♥t❡✳ ❈❡tt❡ ❝♦♠♣❛t✐❜✐❧✐té ❞é♣❡♥❞ ❞❡ ❧❛ ♣ér✐♦❞❡ ❞❡s ✐s♦t♦♣❡s ❡t ❞♦♥❝ ❞✉ ✈❡❝t❡✉r
✐s♦t♦♣✐q✉❡ ❞❡s é❧é♠❡♥ts ❝❤✐♠✐q✉❡s ♠✐s ❡♥ ❥❡✉✳ ❈✬❡st à ❝❡ t✐tr❡ q✉❡ ❧❡s ♣ér✐♦❞❡s ❡t ❧❡s ♠♦❞❡s
❞❡ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡s é❧é♠❡♥ts ❝❤✐♠✐q✉❡s ♠❛❥♦r✐t❛✐r❡s ❞✉ ❝♦♠❜✉st✐❜❧❡ ✈✐❡r❣❡ s♦♥t
r❛♣♣❡❧és✳ ❈❡t ❛s♣❡❝t s❡r❛✐t à ❛❜♦r❞❡r ❞✬✉♥❡ ♠❛♥✐èr❡ ❜✐❡♥ ♣❧✉s ❝r✉❝✐❛❧❡ s✐ ❧✬♦♥ s✬✐♥tér❡ss❛✐t ❛✉
r❡✲❢r✐tt❛❣❡ ❞✉ ❝♦♠❜✉st✐❜❧❡ ❡♥ ré❛❝t❡✉r✳

✶✳✶ ▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡s é❧é♠❡♥ts ♠❛❥♦r✐t❛✐r❡s ❯ ❡t
P✉

✶✳✶✳✶ ❱❡❝t❡✉r ✐s♦t♦♣✐q✉❡ t②♣✐q✉❡ ❞✉ ❝♦♠❜✉st✐❜❧❡ ✈✐❡r❣❡

▲✬é❧é♠❡♥t ♣❧✉t♦♥✐✉♠✱ ♣r♦❞✉✐t à ♣❛rt✐r ❞✬✉♥ ❝♦♠❜✉st✐❜❧❡ ✈✐❡r❣❡ ✭✐✳❡✳ ♥♦♥ ✐rr❛❞✐é✮ UO2✱ ♣rés❡♥t❡
✉♥ r❛♣♣♦rt ❡♥tr❡ s❡s ✐s♦t♦♣❡s ✭❧❡✉r ♥♦♠❜r❡ ❞❡ ♠❛ss❡ ✈❛r✐❛♥t ❞❡ ✷✸✽ à ✷✹✷✮ ♣❛rt✐❝✉❧✐❡r ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ q✉❡ ❧❡ ❝♦♠❜✉st✐❜❧❡ ❞♦♥t ✐❧ ❡st ✐ss✉ ❛ s✉❜✐ ❡♥ ré❛❝t❡✉r ✭t❛✉① ❞❡ ❝♦♠❜✉st✐♦♥✮ ❡t
❞❡ ❧❛ ❞✉ré❡ ❞❡ s♦♥ r❡❢r♦✐❞✐ss❡♠❡♥t ❛♣rès ❞é❝❤❛r❣❡♠❡♥t ❞✉ ré❛❝t❡✉r✳ ▲♦rsq✉❡ ❝❡ ♣❧✉t♦♥✐✉♠ s❡r❛
r❡❝②❝❧é ♣♦✉r êtr❡ à s♦♥ t♦✉r ✐♥❝♦r♣♦ré à ❞✉ ❝♦♠❜✉st✐❜❧❡ ✈✐❡r❣❡ ✭❝♦♠❜✉st✐❜❧❡ ♣U,PuqO2 ✲ ♠é❧❛♥❣❡
❞✬♦①②❞❡s ❞✬❯r❛♥✐✉♠ ❡t ❞❡ P❧✉t♦♥✐✉♠✮✱ ✐❧ ❛✉r❛ ❡♥ s♦rt✐❡ ❞❡ ré❛❝t❡✉r ❡t ❛♣rès r❡❢r♦✐❞✐ss❡♠❡♥t ✉♥

✸✼



❈❤❛♣✐tr❡ ✶✳ ▲❡ ❝❛r❛❝tèr❡ r❛❞✐♦❛❝t✐❢

♥♦✉✈❡❛✉ r❛♣♣♦rt ❡♥tr❡ s❡s ✐s♦t♦♣❡s ❀ ✉♥ ♥♦✉✈❡❛✉ ✧✈❡❝t❡✉r ✐s♦t♦♣✐q✉❡✧✳ ▲❡ t❛✉① ❞❡ ❝♦♠❜✉st✐♦♥
❞❛♥s ✉♥ ré❛❝t❡✉r ❡st ❛❥✉sté ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❜✐❧❛♥s ❞❡ ♣❧✉t♦♥✐✉♠ ❡t ❞✬❛❝t✐♥✐❞❡s ♠✐♥❡✉rs ❛✈❡❝ ❞❡s
❝♦♥tr❛✐♥t❡s ❞❡ sûr❡té ❡t ❞❡ ♥♦♥✲♣r♦❧✐❢ér❛t✐♦♥✳ ❯♥ ✈❡❝t❡✉r ✐s♦t♦♣✐q✉❡ t②♣✐q✉❡ ♣♦✉r ❧❡s ❝♦♠❜✉s✲
t✐❜❧❡s ✈✐❡r❣❡s ❞❡ ♣r❡♠✐èr❡ ❡t s❡❝♦♥❞❡ ❣é♥ér❛t✐♦♥ ❘❊P ✭r❡s♣❡❝t✐✈❡♠❡♥t à ✸✱✸✪ ❞❡ P✉ ✐rr❛❞✐é à
33GWjt✁1 ❡t ✐rr❛❞✐é à 45GWjt✁1✮ r❡❢r♦✐❞✐s ✼ ❛♥s ❡st ❞♦♥♥é ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✶✳✶ ❬❚❆✷✵✵✼❪ ✿

■s♦t♦♣❡ ✪ 33GWjt✁1 ✪ 45GWjt✁1

✷✸✽ ✶✱✹ ✷✱✻
✷✸✾ ✻✵✱✵ ✺✹✱✺
✷✹✵ ✷✶✱✼ ✷✽✱✶
✷✹✶ ✶✶✱✽ ✽✱✵
✷✹✷ ✺✱✷ ✻✱✽

❚❛❜❧❡ ✶✳✶ ✕ ❯♥ ✈❡❝t❡✉r ✐s♦t♦♣✐q✉❡ t②♣✐q✉❡ ❞✉ ♣U,PuqO2 ✈✐❡r❣❡ ❬❚❆✷✵✵✼❪

✶✳✶✳✷ ■s♦t♦♣❡s ❞❡ ❯ ❞❛♥s ❧❡s ❝♦♠❜✉st✐❜❧❡s

▲❡s ✐s♦t♦♣❡s ❞❡ ❧✬✉r❛♥✐✉♠ ✉t✐❧✐sés ❧♦rs ❞❡ ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞✉ ❝♦♠❜✉st✐❜❧❡ ✈✐❡r❣❡ s♦♥t 235U

♣♦✉r ❧❡ ❝♦♠❜✉st✐❜❧❡ UO2 ❡t 238U ♣♦✉r ❧❡ ♣U,PuqO2✳ ❈❡rt❛✐♥s ♣❛②s✱ à ❧✬✐ss✉❡ ❧❡ r❡tr❛✐t❡♠❡♥t ❞❡
❧✬✉r❛♥✐✉♠✱ ✉t✐❧✐s❡♥t ❛✉ss✐ 236U ❬❚❆✷✵✵✼❪✳
235U ❞♦♥♥❡ ♣❛r ❞é❝r♦✐ss❛♥❝❡ α ❞✉ 231Th✳ ▲✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ α é♠✐s❡ ❡st ❞❡ ✹✱✻✼✽✼ ▼❡❱ ❡t s❛
♣ér✐♦❞❡ ❞❡ ✼✶✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ❙❛ ❢❛✐❜❧❡ r❛❞✐♦❛❝t✐✈✐té✱ ❛❞❞✐t✐♦♥♥é❡ à ❝❡❧❧❡ ❞❡ s❡s ❞❡s❝❡♥❞❛♥ts
❞❛♥s s❛ ❝❤❛î♥❡ ❞❡ ❞és✐♥té❣r❛t✐♦♥✱ ❣é♥èr❡ ✉♥❡ ♣✉✐ss❛♥❝❡ ❞❡ ✵✱✶ ❲❛tt ♣❛r t♦♥♥❡✳ ❚♦✉t s❡ ♣❛ss❡
❝♦♠♠❡ s✐ ❝✬ét❛✐t ✉♥ ✐s♦t♦♣❡ st❛❜❧❡✳ ❙♦♥ s❝❤é♠❛ ❞❡ ❞é❝r♦✐ss❛♥❝❡ ❡st ❞♦♥♥é ❡♥ ❛♥♥❡①❡ ● ✜❣✉r❡
●✳✶✳

238U ❝♦♥❞✉✐t✱ ♣❛r ❞é❝r♦✐ss❛♥❝❡ α à ❧✬✐s♦t♦♣❡ 234Th ❡♥ é♠❡tt❛♥t ✉♥❡ ♣❛rt✐❝✉❧❡ α ❞❡ ✹✱✷✼✵
▼❡❱ ❛✈❡❝ ✉♥❡ ♣ér✐♦❞❡ ❞❡ ✹✱✺ ♠✐❧❧✐❛r❞s ❞✬❛♥♥é❡s ✭✜❣✉r❡ ✶✳✶ ♦✉ ●✳✷ ❡♥ ❛♥♥❡①❡ ●✮✳

✶✳✶✳✸ ■s♦t♦♣❡s ❞❡ P✉ ❞❛♥s ❧❡s ❝♦♠❜✉st✐❜❧❡s

▲❡s ✐s♦t♦♣❡s ❞❡ P✉ ♠✐s ❡♥ ÷✉✈r❡ ❞❛♥s ❧❡s ❝♦♠❜✉st✐❜❧❡s s♦♥t ❧❡s ✐s♦t♦♣❡s ✷✸✽✱ ✷✸✾✱ ✷✹✵✱ ✷✹✶
❡t ✷✹✷✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉① ✐s♦t♦♣❡s ❞❡ ❧✬✉r❛♥✐✉♠✱ ✐❧s ♦♥t ✉♥❡ ♣ér✐♦❞❡ ♣❧✉s ❝♦✉rt❡ q✉✐ ❢❛✐t q✉❡ ❧❛
♣✉✐ss❛♥❝❡ t❤❡r♠✐q✉❡ ❞❡ ❝❡rt❛✐♥s ❬❉❲❖✶✾✼✻❪ ❡st ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ✭t❛❜❧❡❛✉ ✶✳✷✮✳ ▲❡✉rs ♠♦❞❡s ❞❡
❞é❝r♦✐ss❛♥❝❡ ❛✐♥s✐ q✉❡ ❧❡✉r ♣ér✐♦❞❡ s♦♥t ❞♦♥♥és ✜❣✉r❡s ●✳✸✱ ●✳✹✱ ●✳✺✱ ●✳✻ ❡t ●✳✼✳

✐s♦t♦♣❡ ♣✉✐ss❛♥❝❡ t❤❡r♠✐q✉❡ ✭µWg✁1✮
238Pu 0,5672 10�6
239Pu 1,9293 10�3
240Pu 7,097 10�3
241Pu 3,390 10�3
242Pu 115,94 10�3

❚❛❜❧❡ ✶✳✷ ✕ P✉✐ss❛♥❝❡ t❤❡r♠✐q✉❡ ❞❡s ✐s♦t♦♣❡s ❞❡ P✉

❖♥ ✈♦✐t q✉❡ ❝❡t é❧é♠❡♥t ♣♦ssè❞❡ ❞❡s ✐s♦t♦♣❡s ❞♦♥t ❧❡s 238 ❡t 241 ❞❡ ❞❡♠✐✲✈✐❡ r❡s♣❡❝t✐✈❡ 86a
❡t 14, 35a s♦♥t ❜✐❡♥ ♠♦✐♥s st❛❜❧❡s q✉❡ ❝❡✉① ❞❡ ❧✬✉r❛♥✐✉♠✳

✸✽



✶✳✷✳ ▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡s ❛❝t✐♥✐❞❡s ♠✐♥❡✉rs ❆♠✱ ◆♣ ❡t ❈♠

❋✐❣✉r❡ ✶✳✶ ✕ Pér✐♦❞❡ ❡t ♠♦❞❡s ❞❡ ❞é❝r♦✐ss❛♥❝❡ ❞❡ 238U ❞✬❛♣rès ❬❊◆❙❉❋✷✵✵✻❪

✶✳✷ ▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡s ❛❝t✐♥✐❞❡s ♠✐♥❡✉rs ❆♠✱ ◆♣
❡t ❈♠

P♦✉r ❧❡s ❝♦♠❜✉st✐❜❧❡s ❞✉ ❢✉t✉r ❝❡rt❛✐♥s ✐s♦t♦♣❡s ❞❡ ❆♠✱ ◆♣ ❡t ❈♠ s❡r♦♥t ✐♥❝♦r♣♦rés ❛✉ ❝♦♠✲
❜✉st✐❜❧❡ ✿ 237Np ✭T ✏ 2,14 106a✮✱ 241Am ✭T ✏ 432a✮✱ 242mAm ✭T ✏ 141a✮✱ 243Am ✭T ✏ 7370a✮✱
242Cm ✭T ✏ 162,8j, P ✏ 120Wg✁1✮ ❡t 243Cm ✭T ✏ 29,1a✮✳ ▲❡✉r ❞é❝r♦✐ss❛♥❝❡ ❡t✴♦✉ ❝❡❧❧❡ ❞❡ ❧❡✉rs
❞❡s❝❡♥❞❛♥ts ❞♦♥♥❡ ❧✐❡✉ ❛✉ss✐ à ✉♥❡ é♠✐ss✐♦♥ γ✳ ▲❡s ✜❣✉r❡s ●✳✽✱ ●✳✾ ❡t ●✳✶✵ ❞♦♥♥❡♥t ❧❡s ♠♦❞❡s
❞❡ ❞é❝r♦✐ss❛♥❝❡ ❞❡s ✐s♦t♦♣❡s ❞❡ ❧✬❛♠ér✐❝✐✉♠✳

▲❛ ♣✉✐ss❛♥❝❡ t❤❡r♠✐q✉❡ ❞❡ 241Am ❞✬✉♥❡ ✈❛❧❡✉r ❞❡ 114, 3 ☎ 10�3µWg✁1 ❡st ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡
❞❡ 242Pu✳

✶✳✸ ▲❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ♣♦✉r ❧❡s ✐s♦t♦♣❡s r❛❞✐♦❛❝t✐❢s

✶✳✸✳✶ ▲❡s ❢♦♥❝t✐♦♥s ❞✬ét❛t

■❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ ❞é✜♥✐r ✉♥❡ ❢♦♥❝t✐♦♥ ❞✬ét❛t ♣♦✉r ✉♥ s②stè♠❡ ❝♦♥st✐t✉é ❞✬❛t♦♠❡s ♣ré✲
s❡♥t❛♥t ✉♥❡ ❞é❝r♦✐ss❛♥❝❡ r❛❞✐♦❛❝t✐✈❡✳ ❯♥ t❡❧ s②stè♠❡ ♥❡ ♣❡✉t ❥❛♠❛✐s r❡✈❡♥✐r à s♦♥ ét❛t ✐♥✐t✐❛❧✳
P♦✉r ❝❡❧❛✱ ✐❧ ❢❛✉❞r❛✐t q✉❡ ❧❛ tr❛♥s❢♦r♠❛t✐♦♥ q✉✬✐❧ s✉❜✐ss❡ ❛✐t ❧✐❡✉ ✐♥st❛♥t❛♥é♠❡♥t✱ ❝❡ q✉✐ ❡①❝❧✉t✱
❡♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❤❛s❡s✳

❙✐ ❧✬♦♥ ✈♦✉❧❛✐t ét❡♥❞r❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ t❡❧❧❡s ❢♦♥❝t✐♦♥s✱ ✐❧ ❢❛✉❞r❛✐t ❡♥ ❞é✜♥✐r q✉✐✱ ❧♦rsq✉❡ ❧❛

✸✾



❈❤❛♣✐tr❡ ✶✳ ▲❡ ❝❛r❛❝tèr❡ r❛❞✐♦❛❝t✐❢

♣ér✐♦❞❡ ❞❡ ❧✬✐s♦t♦♣❡ ❞❡ ❧✬é❧é♠❡♥t ❝❤✐♠✐q✉❡ t❡♥❞ ✈❡rs ❧✬✐♥✜♥✐✱ t❡♥❞❡♥t ✈❡rs ❧❡s ❢♦♥❝t✐♦♥s t❤❡r♠♦❞②✲
♥❛♠✐q✉❡s ✉s✉❡❧❧❡s✱ ❛✜♥ ❞❡ ❞✐s♣♦s❡r ❞✬✉♥ ❝❛❞r❡ ❝♦❤ér❡♥t ♣♦✉r ❢❛✐r❡ ❞❡s ❝❛❧❝✉❧s✳ ❊t ❞❛♥s ❝❡ ❝❛❞r❡✱
♦♥ ♣♦✉rr❛✐t ❡♥s✉✐t❡ ❢❛✐r❡ ❞❡s ❝❛❧❝✉❧s ❞✬✐♥❝❡rt✐t✉❞❡ ❧✐é❡s à ❧❛ ❞✉ré❡ ❞❡s ❡①♣ér✐❡♥❝❡s ♣❛r r❛♣♣♦rt ❛✉①
♣ér✐♦❞❡s ❞❡s é❧é♠❡♥ts ♣♦✉r é✈❛❧✉❡r ❧✬✐♠♣❛❝t s✉r ❧❡s rés✉❧t❛ts ❞❡s ❝❛❧❝✉❧s✳ ▲❡s ❧♦❣✐❝✐❡❧s ❞❡ ❝❛❧❝✉❧
❞✬éq✉✐❧✐❜r❡ s❡r❛✐❡♥t ❛✉ss✐ à ❛❞❛♣t❡r✳

❈♦♠♠❡ ❧❡s ❞✉ré❡s ❞❡ ❢r✐tt❛❣❡ s♦♥t ❣é♥ér❛❧❡♠❡♥t ❝♦✉rt❡s ✈✐s✲à✲✈✐s ❞❡s ♣ér✐♦❞❡s ❞❡s ✐s♦t♦♣❡s
❝♦♥s✐❞érés q✉❡ ❧✬♦♥ ♠❡t ❡♥ ÷✉✈r❡ ❞❛♥s ❧❡ ❝♦♠❜✉st✐❜❧❡ ✈✐❡r❣❡ ❡t q✉❡ ❧✬♦♥ ♥❡ ❞✐s♣♦s❡✱ ❞❡ t♦✉t❡s
❢❛ç♦♥s✱ ♣❛s ❞✬❛✉tr❡ ❝❛❞r❡ t❤é♦r✐q✉❡✱ ♦♥ ✉t✐❧✐s❡r❛ ❞❛♥s ❧❛ s✉✐t❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❝❧❛ss✐q✉❡
♠❛❧❣ré s❡s ❧✐♠✐t❡s ♣♦✉r ❞❡s ♠❛tér✐❛✉① r❛❞✐♦❛❝t✐❢s✳

✶✳✸✳✷ 1er ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡

P♦✉r ✉♥ s②stè♠❡ ♣rés❡♥t❛♥t ✉♥❡ ❞é❝r♦✐ss❛♥❝❡ r❛❞✐♦❛❝t✐✈❡✱ s✐ ❧❛ ♠❛ss❡ ét❛✐t ❝♦♥s❡r✈é❡ ✐❧ ♥✬②
❛✉r❛✐t ♣❛s ❞✬é♥❡r❣✐❡ ❧✐❜éré❡✳ ■❧ ❢❛✉❞r❛✐t ❞é✜♥✐r ❧❡ s②stè♠❡ ❢❡r♠é ❝♦♠♠❡ ❝♦♥t❡♥❛♥t ❧❡s ❞❡s❝❡♥✲
❞❛♥ts✱ ❧❡s ♥❡✉tr♦♥s ❡t ♣❛rt✐❝✉❧❡s ❛❧♣❤❛ é♠✐s ❡t ❧❡s ♣❤♦t♦♥s γ é♠✐s✳ ■❧ ❢❛✉❞r❛✐t ❞é❝r✐r❡ ❧❡ s②stè♠❡
❡♥ ❞❡s❝❡♥❞❛♥t ❛✉① ♣❛rt✐❝✉❧❡s é❧é♠❡♥t❛✐r❡s✱ ❧❡ ♣r❡♠✐❡r ♣r✐♥❝✐♣❡ s❡r❛✐t ❛❧♦rs ❡♥❝♦r❡ ✈❛❧❛❜❧❡✱ ♠❛✐s
♣❛s ❡♥ ♥❡ ❝♦♥s✐❞ér❛♥t q✉❡ ❧❡s ❛t♦♠❡s ♣èr❡s ❡t ✜❧s✱ ❝✬❡st✲à✲❞✐r❡ q✉✬✐❧ ♥❡ s✬❛♣♣❧✐q✉❡r❛✐t ♣❛s à ❧❛
t❤❡r♠♦❝❤✐♠✐❡✳

❖♥ ✐❧❧✉str❡ ❝❡tt❡ ❝♦♥séq✉❡♥❝❡ s✉r ❞❡✉① ❡①❡♠♣❧❡s ✿ 241PuO2 ❡t 244CmO2✳

▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞✬✉♥❡ ♠♦❧❡ ❞❡ 241PuO2✱ s❡❧♦♥ ❧❡ s❝❤é♠❛ r❡♣rés❡♥té ❡♥ ✜❣✉r❡ ✶✳✷ s✉✐t ✉♥❡

❋✐❣✉r❡ ✶✳✷ ✕ ❙❝❤é♠❛ ❞❡ ❞é❝r♦✐ss❛♥❝❡ ❞❡ 241Pu

❧♦✐ N ✏ N0e
✁λt ❛✈❡❝ λ ✏ ln♣2q

τ1④2
❛✈❡❝ τ1④2 ✏ 14, 35 ❛♥s✳ ❙✐ ❧✬♦♥ ✈❡✉t q✉❡ ❝❡tt❡ é♥❡r❣✐❡ s♦✐t

✐♥❢ér✐❡✉r❡ à 5% ❞❡ ∆H ❞❡ ❢✉s✐♦♥ ❞❡ PuO2✱ ✐❧ ❢❛✉t q✉❡ ∆E ☎ ♣N0 ✁Nq ↕ 0,05 ☎ 70000 ❛✈❡❝
∆E ✏ 0,0208MeV ✏ 2 ☎ 109J ☎mol✁1✳ ■❧ ❢❛✉t ❞♦♥❝ q✉❡ ❧❛ ❞✉ré❡ ❞❡s ♣❤é♥♦♠è♥❡s ♠✐s ❡♥ ❥❡✉ ❡t
❞♦♥t ♦♥ ✈❡✉t ♠❡s✉r❡r ❧✬❡♥t❤❛❧♣✐❡ ❞✉r❡♥t ♠♦✐♥s ❞❡ 794s✳ ❈❡❝✐ ♥❡ r❡♣rés❡♥t❡ ♣♦✉rt❛♥t q✉✬✉♥❡ ❢❛✐❜❧❡
✈❛r✐❛t✐♦♥ ❡♥ ♥♦♠❜r❡ ❞❡ 241Pu ✿ ∆N

N0
✏ ✁1,21 ☎ 10✁6✳

P♦✉r 244CmO2 ❛✈❡❝ τ1④2 ✏ 18,10 ❛♥s ✭✜❣✉r❡ ✶✳✸✮ ❡t ∆H0
fusion ✏ 45,6kJmol✁1 ♦♥ ♦❜t✐❡♥t ✉♥❡

❞✉ré❡ ∆t ✐♥❢ér✐❡✉r❡ à 66s✳

✶✳✸✳✸ 2nd ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡

❚♦✉t❡ tr❛♥s❢♦r♠❛t✐♦♥ q✉✐ s❡ ♣r♦❞✉✐t ❡♥ ✉♥ ❧❛♣s ❞❡ t❡♠♣s ♥♦♥ ♥✉❧✱ ❡st ✐rré✈❡rs✐❜❧❡ ✭♣✉✐sq✉✬✐❧
② ❛ ❡✉ ♣❡♥❞❛♥t ❝❡ t❡♠♣s ✉♥❡ ❞é❝r♦✐ss❛♥❝❡ r❛❞✐♦❛❝t✐✈❡✮✳
❉♦♥❝ ❧❛ r❡❧❛t✐♦♥ ✿

dS ✏
δQreversible

T
✭✶✳✶✮

✹✵



✶✳✸✳ ▲❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ♣♦✉r ❧❡s ✐s♦t♦♣❡s r❛❞✐♦❛❝t✐❢s

❋✐❣✉r❡ ✶✳✸ ✕ ❙❝❤é♠❛ ❞❡ ❞é❝r♦✐ss❛♥❝❡ ❞❡ 244Cm

♦ù δQreversible s❡r❛✐t ❧❛ q✉❛♥t✐té ❞❡ ❝❤❛❧❡✉r r❡ç✉❡ ♣❛r ❧❡ s②stè♠❡ ✭❝♦♥st✐t✉é ❞✉ ♠❛tér✐❛✉ r❛❞✐♦❛❝✲
t✐❢✮ ❧♦rs ❞✬✉♥❡ tr❛♥s❢♦r♠❛t✐♦♥ ré✈❡rs✐❜❧❡✱ ♥❡ ♣❡✉t ♣❛s s❡r✈✐r à ❞é✜♥✐r ✉♥❡ ❡♥tr♦♣✐❡✳

✶✳✸✳✹ 3eme ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡

➚ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ✵❑ ❞✉ ❢❛✐t ❞❡ ❧❛ ❞é❝r♦✐ss❛♥❝❡ r❛❞✐♦❛❝t✐✈❡ ✉♥❡ ♣❛rt✐❡ ❞❡s ❛t♦♠❡s ❞❡ ❞é✲
♣❛rt s♦♥t r❡♠♣❧❛❝és ♣❛r ❧❡✉r✭s✮ ❞❡s❝❡♥❞❛♥t✭s✮✱ ❛✐♥s✐ ❧❡ ❞és♦r❞r❡ ❛✉❣♠❡♥t❡ ❞♦♥❝ ❧✬❡♥tr♦♣✐❡ ✉s✉❡❧❧❡✱
♠ê♠❡ s✐ ❡❧❧❡ ét❛✐t ♥✉❧❧❡ à ✉♥ ✐♥st❛♥t ❞♦♥♥é ♥❡ ♣♦✉rr❛✐t ♣❛s ❧✬êtr❡ ❞❛♥s ❧❡s ✐♥st❛♥ts ✉❧tér✐❡✉rs✳

❖♥ ❧✬✐❧❧✉str❡ s✉r ❧❛ ❝❛s ❞❡ 241Pu✱ ♣♦✉r ❧❡q✉❡❧ 241Pu ❡st s✉❜st✐t✉é✱ ❞✉ ❢❛✐t ❞❡ s❛ ❞é❝r♦✐ss❛♥❝❡✱
♣❛r 241Am✳ ■❧ s❡ ❢♦r♠❡ ❛✐♥s✐ ✉♥❡ s♦❧✉t✐♦♥ s♦❧✐❞❡ ❞❡ s✉❜st✐t✉t✐♦♥ ❞♦♥t ❧✬❡♥tr♦♣✐❡ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥
♣❡✉t s✬❡①♣r✐♠❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ x ❞❡ 241Pu ♣❛r ✿

∆Sc ✏ ✁R ♣xln ♣xq � ♣1✁ xq ln ♣1✁ xqq ✭✶✳✷✮

q✉✐ ❡st ♠❛①✐♠❛❧❡ à ❧❛ ❞❡♠✐✲✈✐❡ t ✏ τ1④2 ✏ 14,35ans ♣♦✉r ❧❛q✉❡❧❧❡ ❡❧❧❡ ❛tt❡✐♥t ❧❛ ✈❛❧❡✉r ∆Scmax ✏
Rln♣2q✳
▲✬✐♠♣❛❝t ❞❡ ❝❡ ♣❤é♥♦♠è♥❡ ♣♦✉r ❧❛ ❞❡♠✐✲✈✐❡✱ ✐✳❡✳ q✉❛♥❞ ❧❡ ❝♦♠❜✉st✐❜❧❡ ❛ été ❡①tr❛✐t ❞✉ ré❛❝✲
t❡✉r ❞❡♣✉✐s ✶✹✱✸✺ ❛♥s✱ ❡st ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ 11,5kJmol✁1 à ❧✬✐♥❝❡rt✐t✉❞❡ ❞❡ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ à
✶✼✺✵✆❈✱ à ❝♦♠♣❛r❡r✱ ♣❛r ❡①❡♠♣❧❡✱ à ❧✬❡♥t❤❛❧♣✐❡ ❞❡ ❢✉s✐♦♥ ❞❡ PuO2 ✿ 66,5 à 70,3kJmol✁1✳

❖♥ ♣❡✉t s✬❛tt❡♥❞r❡ à ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❛♥❛❧♦❣✉❡s ♣♦✉r 244Cm : τ1④2 ✏ 18,10 ❛♥s✱ 243Cm :
τ1④2 ✏ 28 ❛♥s ❡t ❞❛♥s ✉♥❡ ♠♦✐♥❞❡ ♠❡s✉r❡ ♣♦✉r 238Pu : τ1④2 ✏ 86 ❛♥s✳

■❧ ❡♥ rés✉❧t❡ ✿
✲ ✉♥ ❞é❝❛❧❛❣❡ ❞❡ ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬❡♥tr♦♣✐❡ ✭S à 0K✮ ♣♦✉r ✉♥ é❧é♠❡♥t ❝❤✐♠✐q✉❡ ❞♦♥♥é q✉✐ ❡st ✈❛r✐❛❜❧❡
❞❛♥s ❧❡ t❡♠♣s ❡t q✉✐ ❡st ❢♦♥❝t✐♦♥ ❞❡ ❧✬â❣❡ ❞✉ ❧♦t ♠✐s ❡♥ ♦❡✉✈r❡ ✭t②♣✐q✉❡♠❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛
❞✐③❛✐♥❡ ❞✬❛♥♥é❡s ♣♦✉r ❧❡ ❧♦t ❞❡ ♣❧✉t♦♥✐✉♠ ❛❝t✉❡❧❧❡♠❡♥t ♠❛♥✐♣✉❧é ❛✉ ❧❛❜♦r❛t♦✐r❡✮✱

✹✶



❈❤❛♣✐tr❡ ✶✳ ▲❡ ❝❛r❛❝tèr❡ r❛❞✐♦❛❝t✐❢

✲ ✉♥ ❞é❝❛❧❛❣❡ ❞❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧✬❡♥tr♦♣✐❡ à 0K ✈❛r✐❛❜❧❡ ❞✬✉♥ é❧é♠❡♥t à ❧✬❛✉tr❡✱ ♣✉✐sq✉❡ ❧❡✉rs
♣ér✐♦❞❡s ❞✐✛èr❡♥t✱
✲ ❧✬✐s♦t♦♣✐❡ s❡r❛✐t ❞♦♥❝ à ❞♦♥♥❡r ❛✈❡❝ ❧❡s rés✉❧t❛ts t❤❡r♠♦❞②♥❛♠✐q✉❡s ❡①♣ér✐♠❡♥t❛✉①✱ ❡t ❧❡s
♠♦❞è❧❡s ❞❡ ❢r✐tt❛❣❡✱ q✉✐ s✬❛♣♣✉✐❡♥t s✉r ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❛✉r♦♥t ✉♥❡ ♣ré❝✐s✐♦♥ ❧✐♠✐té❡✳

✶✳✸✳✺ ❈♦♥❝❧✉s✐♦♥

■❧ s❡r❛✐t ♣♦ss✐❜❧❡ ❞❡ tr❛✐t❡r ❧❡ s②stè♠❡ ♣rés❡♥t❛♥t ✉♥❡ ❞é❝r♦✐ss❛♥❝❡ r❛❞✐♦❛❝t✐✈❡ ❝♦♠♠❡ ✉♥ s②s✲
tè♠❡ ♦✉✈❡rt ♠❛✐s ✐❧ ❢❛✉❞r❛✐t✱ ❡♥ ♣❧✉s✱ q✉❡ ❧❡s ét❛ts ❞❡ ré❢ér❡♥❝❡ ❞❡s é❧é♠❡♥ts s♦✐❡♥t r❡❧✐és ♣❛r ❧❛ ❞✐❢✲
❢ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❧✐é❡ à ❧❛ tr❛♥s❢♦r♠❛t✐♦♥ ❞✬✉♥ é❧é♠❡♥t ❡♥ ❧✬❛✉tr❡ ✭❡①❡♠♣❧❡ ✿ 241PuÑ241 Am,hν ✏
20,78keV ✮✳ ❖♥ ♥❡ ♣♦✉rr❛✐t ♣❧✉s ❣❛r❞❡r ❧❛ ❝♦♥✈❡♥t✐♦♥ ✉s✉❡❧❧❡ ∆H0

formation ✏ 0 à 298.15K

♣♦✉r t♦✉s ❧❡s é❧é♠❡♥ts✱ ♠❛✐s ❧❡✉rs ∆H0
f s❡r❛✐❡♥t r❡❧✐és✳ P❛r ❡①❡♠♣❧❡✱ ∆H0

f241Pu
♣298,15Kq ✁

∆H0
f241Am

♣298,15Kq ✏ N ☎20,78☎103♣1,60217657☎10✁19q ✏ ♣6,02214129☎1023q☎20,78☎103♣1,60217657☎

10✁19q ✔ 2 ☎ 109J ☎ mol✁1✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❝♦♥✈✐❡♥❞r❛✐t ❛✉ss✐ ❧♦rs ❞❡ ❧✬é♠✐ss✐♦♥ ❞✬✉♥ ♥♦②❛✉ α✱
♠❛✐s ♣❛s ❞✬✉♥❡ ré❛❝t✐♦♥ ❞❡ ✜ss✐♦♥ s♣♦♥t❛♥é❡ ✭❋❙✮ s✐ ❧❡s ♥❡✉tr♦♥s é♠✐s ♥❡ s♦♥t ♣❛s ré❛❜s♦r❜és ♣❛r
❧❡s ❛✉tr❡s ♥♦②❛✉① ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✭❝♦♥st✐t✉❛♥t ❧❡ s②stè♠❡✮✳

❯♥❡ ♠❛♥✐èr❡ ❞❡ ❝♦♥t♦✉r♥❡r ❝❡s ❞✐✣❝✉❧tés ❡st ❞❡ ❞✐r❡ q✉✬♦♥ ❛♣♣❧✐q✉❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❛✉①
✐s♦t♦♣❡s st❛❜❧❡s ❞❡s é❧é♠❡♥ts ❝♦♥st✐t✉❛♥t ❧❡ ♠❛tér✐❛✉ à ❢r✐tt❡r✳

✹✷



✷

Pr♦♣r✐étés ❝❤✐♠✐q✉❡s ❞❡s ♦①②❞❡s
❞✬❛❝t✐♥✐❞❡

❙♦♠♠❛✐r❡
✷✳✶ ❱❛r✐❛t✐♦♥s ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❞❛♥s ❧❛

sér✐❡ ❞❡s ❛❝t✐♥✐❞❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸
✷✳✷ ➱❝❛rts à ❧❛ st÷❝❤✐♦♠étr✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹
✷✳✸ ❱♦✐s✐♥❛❣❡ ❞❡ ❧❛ st♦❡❝❤✐♦♠étr✐❡ ✲ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✷✳✸✳✶ ➱q✉❛t✐♦♥s ❞❡ ❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ♣♦✉r ❧❡s ♦①②❞❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻
✷✳✸✳✷ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧✬✐♥t❡r❞✐✛✉s✐♦♥ ❧♦rs ❞✉ ❢r✐tt❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

▲❡s ❛❝t✐♥✐❞❡s s❡ ❝♦♠♣♦rt❡♥t✱ ❞❛♥s ❧❛ ♣r❡♠✐èr❡ ❞❡♠✐✲sér✐❡ ❞é❧✐♠✐té❡ ♣❛r Cm✱ ❝♦♠♠❡ ❞❡s é❧é✲
♠❡♥ts ❞❡ tr❛♥s✐t✐♦♥ ✻❞ ❛❧♦rs q✉✬✐❧s s❡ ❝♦♠♣♦rt❡♥t✱ ❞❛♥s ❧❛ s❡❝♦♥❞❡ ❞❡♠✐✲sér✐❡✱ ❝♦♠♠❡ ❞❡s é❧é♠❡♥ts
❞❡ tr❛♥s✐t✐♦♥ ✺❢✳ ❉❡ ❝❡s ♣r♦♣r✐étés ✈♦♥t ❞é❝♦✉❧❡r ✉♥ ♥♦♠❜r❡ ✈❛r✐❛❜❧❡ ❞✬é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ♣♦s✲
s✐❜❧❡✱ ✐✳❡✳ ❞❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ✈❛r✐❛❜❧❡s ❡t✱ ♣♦✉r ❧❛ ❢♦r♠❡ ♦①②❞❡✱ ❞❡s é❝❛rts à ❧❛ st÷❝❤✐♦♠étr✐❡
❡♥ ♦①②❣è♥❡✳ ▼ê♠❡ s✐ ❧✬❛s♣❡❝t ❝❤✐♠✐q✉❡ ❛ été ❧❛✐ssé ❞❡ ❝ôté ❞❛♥s ❧❛ ♠♦❞é❧✐s❛t✐♦♥ q✉❡ ❧✬♦♥ ❛ ❢❛✐t❡
❞✉ ❢r✐tt❛❣❡✱ ✐❧ ♥✬❡♥ ❞❡♠❡✉r❡ ♣❛s ♠♦✐♥s q✉❡ ❧❡s ♣r♦♣r✐étés ❞❡s ♠❛tér✐❛✉① ✈♦♥t ✐♠♣❛❝t❡r s✉r ❧❡s
♣❛r❛♠ètr❡s q✉❡ s♦♥t ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❡t✱ ♣❡✉t✲êtr❡ ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡✱ ❧❡s t❡♥✲
s✐♦♥s ❞❡ s✉r❢❛❝❡ ❡t ❧❡s ❝♦♥st❛♥t❡s é❧❛st✐q✉❡s✳ ❈✬❡st ❧❛ r❛✐s♦♥ ♣♦✉r ❧❛q✉❡❧❧❡ ♦♥ s✬✐♥tér❡ss❡✱ ❞❛♥s ❝❡
❝❤❛♣✐tr❡✱ ❛✉① ♣r♦♣r✐étés ❝❤✐♠✐q✉❡s✳

✷✳✶ ❱❛r✐❛t✐♦♥s ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❞❛♥s ❧❛
sér✐❡ ❞❡s ❛❝t✐♥✐❞❡s

❆ ♣❛rt✐r ❞❡s é❧é♠❡♥ts ❞❡ tr❛♥s✐t✐♦♥ ✺❞✱ ❡t ♣❧✉s ❡♥❝♦r❡ ✹❢ ✭❧❡s ❧❛♥t❤❛♥✐❞❡s✮ ♣✉✐s ✭✺❢ ❧❡s ❛❝t✐♥✐❞❡s✮✱
❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r ❡st t❡❧❧❡ q✉❡ ❧❡✉r ✈✐t❡ss❡ ❡st ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ ❞❡ ❧❛ ❧✉♠✐èr❡
❡t ✐♥❞✉✐t ❞❡ ❢♦rts ❡✛❡ts r❡❧❛t✐✈✐st❡s ❬▲❘▼✷✵✵✻❪✳ ❉❡✉① ❡✛❡ts ♠❛❥❡✉rs s♦♥t ♥♦tés ✿
✲ ❧❛ ♠❛ss❡ ❛♣♣❛r❡♥t❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❝❤❛♥❣❡ ❡t ❝♦♥❞✉✐t à ✉♥ ♣❧✉s ❣r❛♥❞ é❝r❛♥t❛❣❡ ❞❡s ♦r❜✐t❛❧❡s
❛✈❡❝ ✉♥ ♥♦♠❜r❡ q✉❛♥t✐q✉❡ ♦r❜✐t❛❧ l é❧❡✈é✳ ▲❡s ♦r❜✐t❛❧❡s ✺❢ s♦♥t ❛✐♥s✐ ♣❧✉s ❞ést❛❜✐❧✐sé❡s q✉❡ ❧❡s
✹❢✱ ❧❡s é❧❡❝tr♦♥s ✺❢ s♦♥t ❛❧♦rs ♣❧✉s ❢❛✐❜❧❡♠❡♥t ❧✐és ❛✉ ♥♦②❛✉ ❡t ♣❧✉s ❛♣t❡s à ♣❛rt✐❝✐♣❡r à ❧❛ ❧✐❛✐s♦♥
❝❤✐♠✐q✉❡✳
✲ ❧❡ ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡ ♣❧✉s ❢♦rt ❝♦♥❞✉✐t à ✉♥❡ ❧❡✈é❡ ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ ♣♦✉r ❧❡s ♦r❜✐t❛❧❡s ♣♦✉r
❧❡sq✉❡❧❧❡s l ➙ 1 ❡t à ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s ❞❡ ✈❛❧❡♥❝❡✳

■❧ ❡♥ rés✉❧t❡ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❛✛❛✐❜❧✐❡ ❡♥tr❡ ❧❡ ♥♦②❛✉ ❡t s❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ q✉✐ ✈♦♥t ❞❛✲
✈❛♥t❛❣❡ ✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡s ❛t♦♠❡s ❛✈♦✐s✐♥❛♥t✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❝❡s é❧é♠❡♥ts
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❈❤❛♣✐tr❡ ✷✳ Pr♦♣r✐étés ❝❤✐♠✐q✉❡s ❞❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡

❡st ✈❛r✐❛❜❧❡ ❡t✱ s♦✉s ❧❡✉r ❢♦r♠❡ ♦①②❞❡✱ ✐❧s ✈♦♥t ♣rés❡♥t❡r ❞❡s é❝❛rts à ❧❛ st÷❝❤✐♦♠étr✐❡✳

✷✳✷ ➱❝❛rts à ❧❛ st÷❝❤✐♦♠étr✐❡

▲✬é❝❛rt à ❧❛ st÷❝❤✐♦♠étr✐❡ ❡st r❡❧✐é✱ ♣❛r ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ à ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✱
pO2 ❡t à ❧❛ t❡♠♣ér❛t✉r❡ T ✳ ❈❡tt❡ r❡❧❛t✐♦♥ r❡♣♦s❡ s✉r ❧❡ ♠♦❞è❧❡ ✉t✐❧✐sé ♣♦✉r ❞é❝r✐r❡ ❧❡ ♣♦t❡♥t✐❡❧
❞❡ O ❡♥ ♣❤❛s❡ s♦❧✐❞❡ ❡t✱ ❛✐♥s✐✱ s✉r ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❧❛ ♣❤❛s❡ s♦❧✐❞❡✳ ❏❡ ❞é❝r✐s ✐❝✐ ✉♥ ❝❛s ♣❛r✲
t✐❝✉❧✐❡r s✉r ❧❡q✉❡❧ ❥✬❛✐ tr❛✈❛✐❧❧é ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ❉❛♠✐❡♥ Pr✐❡✉r ✭❝❢ ❆♥♥❡①❡ ❈✱ ♣❛❣❡
✶✸✸✮✳ ▲❛ s♦❧✉t✐♦♥ s♦❧✐❞❡ ❡st ❞é❝r✐t❡ ❛✈❡❝ ❝♦♠♠❡ ♣ô❧❡s ✿ UO2✱ U1④3

✶ ✱ U4O9 ♦✉ U3O7✱ AmO2✱
Am5④4O2 ❡t U4④3Am4④3O16④3 ❝❛r❛❝tér✐sés t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ♣❛r ✉♥❡ ❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❢♦r✲
♠❛t✐♦♥ ∆G0

f ♣T q ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❧❛ ré❛❝t✐♦♥ q✉✐ ❛♠è♥❡ O2♣gq ❡t ❧❡ ♠ét❛❧ M
à ❧✬✐♥✜♥✐ ❧✬✉♥ ❞❡ ❧✬❛✉tr❡ ✈❡rs ❧❛ ♣♦s✐t✐♦♥ q✉✬♦❝❝✉♣❡♥t ❧❡s ✐♦♥s ❝♦rr❡s♣♦♥❞❛♥ts ✭O✁2✱ M3�,4�,5�✱
❛✈❡❝ M ✏ U ♦✉ Am✮ à ❧❡✉r ♣♦s✐t✐♦♥ ❞✬éq✉✐❧✐❜r❡ ❞❛♥s ❧❡ ❝r✐st❛❧ à ❧❛ t❡♠♣ér❛t✉r❡ ❝♦♥s✐❞éré❡✳
❈❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❞❡s ❢♦♥❝t✐♦♥s ❛✣♥❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ✭A � BT ✮✳ ❯♥❡ ♣r❡♠✐èr❡ ❛♣✲
♣r♦①✐♠❛t✐♦♥ ❝♦♥s✐st❡ à ❝♦♥s✐❞ér❡r ❧❡ ♠é❧❛♥❣❡ ♠é❝❛♥✐q✉❡ s✐♠♣❧❡ q✉✐ ❝♦♥❞✉✐t à ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ à
❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❧❛ ❢♦r♠❡ ✿

∆G0
f ♣T q ✏

6➳
i✏1

xi∆G
0
fpole n✆i

♣T q ✭✷✳✶✮

❛✈❡❝ xi ❧❛ ❢r❛❝t✐♦♥ ♠♦❧❛✐r❡ ❞✉ ♣ô❧❡ n✆i ✭❛✈❡❝
6➦

i✏1
xi ✏ 1✮✳ ❱✐❡♥t ❡♥s✉✐t❡ s❡ ❣r❡✛❡r ❧❡ ❢❛✐t q✉❡

❧❛ ♣rés❡♥❝❡ ❞❡ ♣❧✉s✐❡✉rs ❝♦♥st✐t✉❛♥ts ❛♠è♥❡ ♣❧✉s✐❡✉rs ♣♦ss✐❜✐❧✐tés ❞✬❛rr❛♥❣❡♠❡♥ts ❡t ❛✐♥s✐ ✉♥❡
❡♥tr♦♣✐❡ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥✱ q✉✐ ✈❛ ❛✉ss✐ ❝♦♥tr✐❜✉❡r ✿

∆G0
f ♣T q ✏

6➦
i✏1

xi∆G
0
fpole n✆i

♣T q

� RT
6➦

i✏1
xiLn ♣xiq

✭✷✳✷✮

✶✳ ❈❡ ♣ô❧❡ ❛ été ❝❤♦✐s✐ ♣❛r ❛♥❛❧♦❣✐❡ ❛✉① tr❛✈❛✉① ❞❡ ▲✐♥❞❡♠❡r ❡t ❇❡s♠❛♥♥ s✉r UO2✟x ❬❚▲■✶✾✽✺❪ ❡t ♣U,PuqO2✁x

❬❚❇❊✶✾✽✺❪✳ ❈❡s ❞❡r♥✐❡rs ♦♥t ❝❛❧❝✉❧é ❧✬❡①♣r❡ss✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❞✬♦①②❣è♥❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é❝❛rt à ❧❛ st÷❝❤✐♦♠étr✐❡
x ❞❛♥s ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ s♦❧✉t✐♦♥ ré❣✉❧✐èr❡ ❞❡ ♣❛r❛♠ètr❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❊ ❛✈❡❝ ❧❡s ❝♦✉♣❧❡s ❞❡ ♣ô❧❡s s✉✐✈❛♥ts ♣♦✉r
❧❡ ❞♦♠❛✐♥❡ s♦✉s✲st÷❝❤✐♦♠étr✐q✉❡ ✿
UO2 ✁ U2O3 éq✉✐❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ à ♣❛rt✐r ❞✉ ♣ô❧❡ UO2 s✬é❝r✐t ✿ 4rUO2s ✏ 2 rU2O3s �O2 ré❛❝t✐♦♥ ✭✶✮
UO2 ✁ U4④3O2 éq✉✐❧✐❜r❡ ✿ 4rUO2s ✏ 3rU4④3O2s �O2 ré❛❝t✐♦♥ ✭✷✮
UO2 ✁ UO3④2 éq✉✐❧✐❜r❡ ✿ 4rUO2s ✏ 4rUO3④2s �O2 ré❛❝t✐♦♥ ✭✸✮
❊t ❞✬✉♥ ♠❛♥✐èr❡ ❛♥❛❧♦❣✉❡ ❛✈❡❝ ✉♥ ♣ô❧❡ ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ✰■■ ✿
UO2 ✁ UO

UO2 ✁ U2④3O2④3

UO2 ✁ U1④2O1④2

♣✉✐s ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ✵ ✿
UO2 ✁ U1④4

UO2 ✁ U1④3

UO2 ✁ U1④2

▲❡s ❝♦✉r❜❡s ♣♦t❡♥t✐❡❧ ❞✬♦①②❣è♥❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ x s♦♥t ❞✐✛ér❡♥t❡s ❞❛♥s ❧❡s ❝❛s ✭✶✮✱ ✭✷✮ ❡t ✭✸✮ ♣❛r ❡①❡♠♣❧❡✳ ▲❛
♠❡✐❧❧❡✉r❡ ❛❞éq✉❛t✐♦♥ ❛ été ♦❜t❡♥✉❡ ♣♦✉r U1④3 ✁ UO2 ❈♦♠♠❡ ✐❧s ✐♥t❡r♣rèt❡♥t ❛✉ss✐ ❧❛ s♦❧✉t✐♦♥ s♦❧✐❞❡ ❝♦♠♠❡ ✉♥❡
❡s♣è❝❡ U ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ 0 ❞✐❧✉é❡ ❞❛♥s UO2 ❞❡ str✉❝t✉r❡ ✢✉♦r✐♥❡✱ ❧✬❛❥✉st❡♠❡♥t ❞❡s ❝♦♥st❛♥t❡s ❞✉ ♠♦❞è❧❡
❧❡✉r ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❝❡ q✉✬✐❧s ♥♦t❡♥t rU1④3sCFC q✉✐ r❡♣rés❡♥t❡ ❧✬❡♥t❤❛❧♣✐❡
❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ s♦❧✐❞❡ UO2 ❡①tr❛♣♦❧é❡ à ❧❛ ❝♦♠♣♦s✐t✐♦♥ U1④3 ❛✈❡❝ ✉♥❡ str✉❝t✉r❡ ❈❋❈ ✭❧❡ s❡♥s
❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❞❡ ❝❡tt❡ ❞❡s❝r✐♣t✐♦♥ ❡st ❧✐♠✐té✱ ♠❛✐s ✐❧ s✐❣♥✐✜❡ s❡✉❧❡♠❡♥t ❧❛ ♣rés❡♥❝❡ ❞✬❛t♦♠❡s U ❞❛♥s ❧❛ str✉❝t✉r❡
♣♦✉r ❛tt❡✐♥❞r❡ ❧❛ s♦✉s✲st÷❝❤✐♦♠étr✐❡✳ ❆✉❝✉♥❡ ét✉❞❡ ♥✬❛ été ❢❛✐t❡ ♣♦✉r ❧❡ ❞é♠♦♥tr❡r✱ ♣❡✉t✲êtr❡ ❞❡s ❡①♣ér✐❡♥❝❡s ❞❡
♠❡s✉r❡s ❞❡ ❝♦♥❞✉❝t✐✈✐té é❧❡❝tr✐q✉❡ ♣♦✉rr❛✐❡♥t ② ❛✐❞❡r✳
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✷✳✸✳ ❱♦✐s✐♥❛❣❡ ❞❡ ❧❛ st♦❡❝❤✐♦♠étr✐❡ ✲ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s

❈❡❧❛ ❝♦rr❡s♣♦♥❞ ❛✉ ❝❛s ♦ù ❧❡s ❝♦♥st✐t✉❛♥ts ♥✬✐♥t❡r❛❣✐ss❡♥t ♣❛s ❡♥tr❡ ❡✉①✳ ◗✉❛♥❞ ❝❡ ♥✬❡st ♣❧✉s
❧❡ ❝❛s✱ q✉❡ ❧❛ s♦❧✉t✐♦♥ ♥✬❡st ♣❧✉s ✐❞é❛❧❡ ♠❛✐s ré❣✉❧✐èr❡ ♦✉ s✉❜✲ré❣✉❧✐èr❡✱ ✈✐❡♥♥❡♥t s✬❛❥♦✉t❡r ❞❡s
t❡r♠❡s ❞✬✐♥t❡r❛❝t✐♦♥✳ ❉❛♥s ✉♥❡ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❝❡s ✐♥t❡r❛❝t✐♦♥s ♥✬✐♥t❡r✈✐❡♥♥❡♥t q✉❡ s✉r
❞❡s ♣❛✐r❡s ♣i, jq ❞❡ ♣ô❧❡s ✭✐♥t❡r❛❝t✐♦♥s ❞❡ ♣❛✐r❡s✮✳ ❉❡s t❡r♠❡s ✈♦♥t ❛❧♦rs s✬❛❥♦✉t❡r à ❧✬❡①♣r❡ss✐♦♥
❞❡ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡✱ ❡t ❝❡ s♦♥t ❝❡s t❡r♠❡s q✉❡ ❧✬♦♥ ❛ ❛❥✉stés à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✳
❖♥ ❞ét❛✐❧❧❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❝❡s t❡r♠❡s q✉✐ s♦♥t ❧❡s ♣♦❧②♥ô♠❡s st❛♥❞❛r❞ ❡♥ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞✐ts
❞❡ ❘❡❞❧✐❝❤✲❑✐st❡r✲▼✉❣❣✐❛♥✉ ✭❘❑▼✮ ✿

xixjEij ✏ xixj

✁
E0

ij♣xi ✁ xjq
0 � E1

ij♣xi ✁ xjq
1 � ...� En

ij♣xi ✁ xjq
n
✠

✭✷✳✸✮

❈❤❛❝✉♥ ❞❡s t❡r♠❡s Ek
ij ❞é♣❡♥❞ ❧✉✐✲♠ê♠❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ s❡❧♦♥ ✉♥❡ ❧♦✐ ❡♥ A�BT ✳

▲✬❛❞éq✉❛t✐♦♥ ❛✉① ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛ ♥é❝❡ss✐té ❞✬❛❥✉st❡r ❧❡s t❡r♠❡s ❞✬♦r❞r❡ ✵ ❡t ✶ ♣♦✉r ❧❡s
✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ♣ô❧❡s Am5④4O2 ❡t U4④3Am4④3O16④3 ❛✐♥s✐ q✉✬❡♥tr❡ UO2 ❡t U4④3Am4④3O16④3✳
❉❡ ♣❧✉s ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞✉ ♣ô❧❡ U4④3Am4④3O16④3 q✉✐ ❡st ❝✐té ❝♦♠♠❡ ♣ô❧❡ ❞❛♥s ❧❛
❧✐ttér❛t✉r❡ ♠❛✐s ♥✬❡①✐st❡ ♣❛s ❝♦♠♠❡ ❝♦♠♣♦sé ❞é✜♥✐ ❞❛♥s ❧❛ ♥❛t✉r❡ ❛ ❞✉ êtr❡ ❡st✐♠é❡✳
▲❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ✈❛❧❡✉rs ❞✉ r❛♣♣♦rt Am④♣U � Amq✱ ❝❡❧❧❡ ❞❡ ❧✬é❝❛rt à ❧❛ st÷❝❤✐♦♠étr✐❡ x
✭x ✏ O④♣Am�Uq✮ ❡t ❧❡ ♣♦t❡♥t✐❡❧ ❞✬♦①②❣è♥❡ ✭❞ér✐✈é❡ ❞❡ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ♣ré❝é❞❡♥t❡ ♣❛r r❛♣♣♦rt
❛✉ ♥♦♠❜r❡ ❞❡ ♠♦❧❡s ❞❡ O ❡♥ ♣❤❛s❡ s♦❧✐❞❡✮ s♦♥t ❝♦♠♣❧❡①❡s ❡t ♦❜t❡♥✉❡s ♥✉♠ér✐q✉❡♠❡♥t à ❧✬❛✐❞❡
❞✬✉♥ ❧♦❣✐❝✐❡❧ ❞❡ t❤❡r♠♦❝❤✐♠✐❡ ♠✐♥✐♠✐s❛♥t ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞✉ s②stè♠❡ ❛✈❡❝ ❝♦♥tr❛✐♥t❡ ❞❡ ❝♦♥s❡r✲
✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ♣♦✉r ❝❤❛q✉❡ é❧é♠❡♥t✳ P♦✉r ❛❥✉st❡r ❧❡s ❝♦♥st❛♥t❡s✱ ♦♥ ❛ é❝r✐t ✉♥ ❧♦❣✐❝✐❡❧ ❛✈❡❝
❧❡q✉❡❧✱ ♣❛rt❛♥t ❞✬✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ♣♦✉r ❝❡s ❝♦♥st❛♥t❡s✱ ♦♥ ❞é♣❧❛❝❡ ❧❡ ♣♦✐♥t r❡♣rés❡♥t❛t✐❢ ❞❡ ❝❡s
❞♦♥♥é❡s ❞❛♥s ❧❡✉r ❡s♣❛❝❡ ❞❡ s♦rt❡ à ♠✐♥✐♠✐s❡r ❧❡ χ2 q✉✐ s♦♠♠❡ ❧❡s ❝❛rrés ❞❡s é❝❛rts ❡♥tr❡ ❧❡
♣♦t❡♥t✐❡❧ ❝❛❧❝✉❧é ❡t ❧❡ ♣♦t❡♥t✐❡❧ ❡①♣ér✐♠❡♥t❛❧ s✉r ❧❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞✐s♣♦♥✐❜❧❡✳
▲✬❛❧❣♦r✐t❤♠❡ ✉t✐❧✐sé ❡st ❞❡ t②♣❡ ❍♦♦❦❡ ❡t ❏❡❡✈❡s ❬❘❍✶✾✻✶❪✱ ❞❡ s♦rt❡ q✉✬❛✉❝✉♥❡ ❞ér✐✈é❡ ♣❛rt✐❡❧❧❡
❞❡ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ♥✬❛ ❜❡s♦✐♥ ❞✬êtr❡ ❝♦♥♥✉❡✳
▲❡ ♠♦❞è❧❡ ❡st ❡♥ ❜♦♥♥❡ ❛❞éq✉❛t✐♦♥ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ✐❧ s✬❡st ♠ê♠❡ tr♦✉✈é êtr❡
❝♦rr❡❝t ❞❡ ♠❛♥✐èr❡ ♣ré❞✐❝t✐✈❡ s✉r ❞❡✉① ♣♦✐♥ts ❡①♣ér✐♠❡♥t❛✉① s✉♣♣❧é♠❡♥t❛✐r❡s✱ ♠❛✐s ❧❡s s♣é❝✐❛✲
❧✐st❡s ❞✉ ❞♦♠❛✐♥❡ ♦♥t ❡st✐♠é q✉❡ ❧❛ ✈❛❧❡✉r ❛❥✉sté❡ ♣♦✉r ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞✉ ♣ô❧❡
U4④3Am4④3O16④3 ét❛✐t ❛♥♦r♠❛❧❡♠❡♥t é❧❡✈é❡✳ ❖♥ ❛✱ ❛✉ ♠♦✐♥s✱ ❛❜♦✉t✐ à ✉♥❡ ♣✐st❡ ❞✬✐♥✈❡st✐❣❛t✐♦♥
♣♦✉r ❧❛ s✉✐t❡ ❞❡ ❝❡s ét✉❞❡s✳

✷✳✸ ❱♦✐s✐♥❛❣❡ ❞❡ ❧❛ st♦❡❝❤✐♦♠étr✐❡ ✲ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s

▲❡s é❝❛rts à ❧❛ st÷❝❤✐♦♠étr✐❡ ✐♥❞✉✐s❡♥t ❧❛ ♣rés❡♥❝❡✱ ❞❛♥s ❧❡ ♠❛tér✐❛✉✱ ❞❡ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s
❬❘❈✶✾✼✶❪✳ ❊♥ s✉r✲st÷❝❤✐♦♠étr✐❡✱ ♦♥ tr♦✉✈❡ ❞❡s ✐♦♥s ♦①②❞❡s ✐♥t❡rst✐t✐❡❧s ✭♥♦tés O

✷

i ❡♥ ♥♦t❛t✐♦♥
❞❡ ❑rö❣❡r✲❱✐♥❦✮ ❛✈❡❝✱ ❞❛♥s ❧❡✉r ✈♦✐s✐♥❛❣❡✱ ❞❡s ❝❛t✐♦♥s ♣❧✉s ♦①②❞és q✉❡ ❝❡✉① ❞✉ rés❡❛✉ ✐❞é❛❧
✭♣❛r ❡①❡♠♣❧❡ ✉♥ ✐♦♥ U5� s✉r ✉♥ s✐t❡ ❝❛t✐♦♥✐q✉❡ ✲ ♥♦té U .

M ✮✳ ❊♥ s♦✉s✲st÷❝❤✐♦♠étr✐❡ ♦♥ r❡♥❝♦♥tr❡
❞❡s ❧❛❝✉♥❡s ❛♥✐♦♥✐q✉❡s ✭✆..O✮ ❛❝❝♦♠♣❛❣♥é❡s ❞❡ ❝❛t✐♦♥s ré❞✉✐ts ✭Pu

✶

M ✮✳ ❈❡s ❞é❢❛✉ts ♣❡✉✈❡♥t s❡
r❡❣r♦✉♣❡r ❡♥ ❞é❢❛✉ts ♣❧✉s ❝♦♠♣❧❡①❡s ❬▼❑✷✵✵✾❪✱ ❡t ✈♦♥t ❛✈♦✐r ✉♥ ✐♠♣❛❝t s✉r ❞❡ ♥♦♠❜r❡✉s❡s
♣r♦♣r✐étés ❞✉ ♠❛tér✐❛✉ ②✲❝♦♠♣r✐s s✉r ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥✳
▲❛ ♠❛❥♦r✐té ❞❡ ❝❡s ❞é❢❛✉ts ét❛♥t ❝❤❛r❣é❡✱ ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ❝♦♥❞✉❝t✐✈✐té é❧❡❝tr✐q✉❡ ❞✉ ♠❛tér✐❛✉
♣❡✉t ❛♣♣♦rt❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡✉r ❝♦♥❝❡♥tr❛t✐♦♥✳ ❉❡s ét✉❞❡s ❞❡ ❝❡ t②♣❡ ♦♥t été ♠❡♥é❡s
❞❛♥s ❧❡ ❞é♣❛rt❡♠❡♥t s✉r ❧❡ ♠❛tér✐❛✉ UO2 ✭t❤ès❡ ❞❡ P✳ ❘✉❡❧❧♦✮ ❬P❘✷✵✵✶❪ ♣✉✐s UO2 ❞♦♣é ❝❤r♦♠❡
✭t❤ès❡ ❞❡ ▼✳ ❋r❛❝③❦✐❡✇✐❝③ ❬▼❋✷✵✶✵❪✮✳
❊♥ ✈✉❡ ❞❡ ♠✐❡✉① ❝♦♥♥❛îtr❡ ❧❡s ❞é❢❛✉ts ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❡ ♣U,PuqO2✱ ❧❡ st❛❣❡ ❞❡ ▼✐❝❦❛❡❧ ●r✐♠♦✐♥✱
q✉❡ ❥✬❛✐ ❡♥❝❛❞ré ✭❝❢ ❆♥♥❡①❡ ❈✱ ♣✳ ✶✸✸✮✱ ❛✈❛✐t ♣♦✉r ❜✉t ❞❡ ♠♦❞✐✜❡r ✉♥ ♣♦rt❡✲é❝❤❛♥t✐❧❧♦♥s ♣♦✉r ✉♥
❢♦✉r ❡♥ ❜♦ît❡✲à✲❣❛♥ts ❞✉ ❧❛❜♦r❛t♦✐r❡ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ② ❢❛✐r❡ ❞❡s ♠❡s✉r❡s ❞❡ ❝♦♥❞✉❝t✐✈✐té é❧❡❝tr✐q✉❡
❡♥ t❡♠♣ér❛t✉r❡ ♣❛r ✉♥❡ ♠ét❤♦❞❡ ✹ ♣♦✐♥ts✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❛②❛♥t ✉♥❡ ❣é♦♠étr✐❡ ❝♦rr❡s♣♦♥❞❛♥t à

✹✺



❈❤❛♣✐tr❡ ✷✳ Pr♦♣r✐étés ❝❤✐♠✐q✉❡s ❞❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡

❝❡❧❧❡ q✉❡ ❧✬♦♥ ♣❡✉t ❛✐sé♠❡♥t ❢❛❜r✐q✉❡r ❛✉ ❧❛❜♦r❛t♦✐r❡✱ ❞❡ t②♣❡ ♣❛st✐❧❧❡ ❝②❧✐♥❞r✐q✉❡✱ ❞❡s s✐♠✉❧❛t✐♦♥s
♥✉♠ér✐q✉❡s ♦♥t été ♥é❝❡ss❛✐r❡s ♣♦✉r ❝❛❧❝✉❧❡r ❧❛ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ❞❛♥s ❧❛ ♣❛st✐❧❧❡ ❡t✱ ❞❡ ❧à✱ s❛
rés✐st❛♥❝❡ éq✉✐✈❛❧❡♥t❡✳ ▲❛ rés♦❧✉t✐♦♥ ♥✉♠ér✐q✉❡ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ P♦✐ss♦♥ q✉✐ ❞♦♥♥❡ ❧❡ ♣♦t❡♥t✐❡❧
é❧❡❝tr✐q✉❡ ❛ été ❢❛✐t❡ ❡♥ é❧é♠❡♥ts ✜♥✐s ✭❞❡ t②♣❡ P✷✮ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ❛♣♣❧✐❝❛t✐♦♥ ♣❛r❛❧❧è❧❡
❈✰✰ ✉t✐❧✐s❛♥t ❧❛ ❧✐❜r❛✐r✐❡ ❉✐✛♣❛❝❦❚▼✳ ▲❛ ♣❛r❛❧❧é❧✐s❛t✐♦♥ ❞❡s ❝❛❧❝✉❧s✱ ♥é❝❡ss❛✐r❡ ♣♦✉r ❝❡s ♠❛✐❧❧❛❣❡s
❞✬❡♥✈✐r♦♥ ✽ ♠✐❧❧✐♦♥s ❞❡ ♥÷✉❞s✱ ❛ ❝♦♥s✐sté à ❞é❝♦✉♣❡r ❧❡s ♠❛✐❧❧❛❣❡s à ❧✬❛✐❞❡ ❞✉ ❧♦❣✐❝✐❡❧ ▼❊❚■❙
❬●❑✶✾✾✺❪ ✐♠♣❧é♠❡♥té ❞❛♥s ❧❛ ✧♣❛r❛❧❧❡❧ ❚♦♦❧❜♦①✧ ❞❡ ❉✐✛♣❛❝❦✳ ❖♥ ❛ ❛✐♥s✐ ♣✉ t❡st❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡
♣❛r❛♠ètr❡s t❡❧s q✉❡ ❧✬é❝❛rt❡♠❡♥t ❡♥tr❡ ❧❡s ✜❧s✱ ❧❛ ❧❛r❣❡✉r ❞❡ ❧❛ ③♦♥❡ ❞❡ ❝♦♥t❛❝t ❡♥tr❡ ❧❡s ✜❧s ❡t ❧❛
♣❛st✐❧❧❡✱ ✳✳✳ s✉r ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ rés✐st❛♥❝❡ éq✉✐✈❛❧❡♥t❡✳

❋✐❣✉r❡ ✷✳✶ ✕ ➚ ❣❛✉❝❤❡ ✿ s②stè♠❡ ét✉❞✐é r❡♣rés❡♥té ❛✈❡❝ ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s✳ ❆✉ ❞❡s✲
s✉s ✿s❝❤é♠❛ é❧❡❝tr✐q✉❡ éq✉✐✈❛❧❡♥t ❞✉ s②stè♠❡✳ ➚ ❞r♦✐t❡ ✿ s✐t✉❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ✲❙t❛❣❡ ▼✳ ●r✐✲
♠♦✐♥

▲❡ ❞✐s♣♦s✐t✐❢ ❛✈❛✐t été t❡sté ❡♥ ✐♥❛❝t✐❢ ✭❤♦rs ❜♦ît❡✲à✲❣❛♥ts✮✳ ■❧ ❛ été r❡♣❡♥sé ♣❛r ✉♥ ♣♦st✲
❞♦❝t♦r❛♥t ✭❙✳ ◗✉❡t❡❧✲❲❡❜❡♥✮ ❞❡ ♠❛♥✐èr❡ à ❝❡ q✉❡ ❧❡s é❧❡❝tr♦❞❡s s❡r✈❛♥t à ❢❛✐r❡ ♣❛ss❡r ✉♥ ❝♦✉r❛♥t
❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥ ♣rés❡♥t❡♥t ✉♥❡ ❛✐r❡ ❞❡ ❝♦♥t❛❝t ❛✈❡❝ ❧✬é❝❤❛♥t✐❧❧♦♥ s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡s ❞❡✉①
❛✉tr❡s é❧❡❝tr♦❞❡s✳

P♦✉r ❧❡ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ q✉❡ ❧✬♦♥ ❛ ❞é✈❡❧♦♣♣é✱ ❧❡ s❡✉❧ ✐♠♣❛❝t ❡st q✉❡ ❧❡s
❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥✱ ❧❡s t❡♥s✐♦♥s ❞❡ s✉r❢❛❝❡ ❡t ❧❡s ❝♦♥st❛♥t❡s é❧❛st✐q✉❡s ❛✉r♦♥t ✉♥❡ ✈❛❧❡✉r q✉✐
s❡r❛ ❝❡❧❧❡ ✜①é❡ ♣❛r ❧✬é❝❛rt à ❧❛ st÷❝❤✐♦♠étr✐❡ s❛♥s q✉❡ ❝❡tt❡ ❣r❛♥❞❡✉r ♥✬❛♣♣❛r❛✐ss❡ ❡①♣❧✐❝✐t❡♠❡♥t✳

✷✳✸✳✶ ➱q✉❛t✐♦♥s ❞❡ ❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ♣♦✉r ❧❡s ♦①②❞❡s

❊♥ r❡♣r❡♥❛♥t ❧❡s t❡r♠❡s ❞❡ ❚❛♥♥❤❛✉s❡r ❬❉❙❚✶✾✽✹❪✱ ✐✳❡✳ ❡♥ ❛♣♣❡❧❛♥t ❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ❧❛
✈❛r✐❛t✐♦♥ ❞❡ ❧✬é❝❛rt à ❧❛ st♦❡❝❤✐♦♠étr✐❡ ❡♥ ♦①②❣è♥❡ s❡✉❧❡ ❡t ✐♥t❡r❞✐✛✉s✐♦♥ ❧✬é❝❤❛♥❣❡ ❞❡ ❝❛t✐♦♥s
❡♥tr❡ ❞❡✉① ♦①②❞❡s✱ ❧❛ ❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ♥❡ ♣❡✉t ♣❛s êtr❡ tr❛✐té❡ à ❧✬❛✐❞❡ ❞❡s éq✉❛t✐♦♥s ❞❡ ❉❛r❦❡♥ ✿✩✬✫✬✪

DDar ✏ NAD
I
B �NBD

I
A ✏

✁
NAD

I
B �NBD

I
A

✠
R

d ln♣aAq
d ln♣NAq

R ✏ 1�
♣1✁fqNANB♣DTr

A ✁DTr
B q

2

f♣NADTr
B
�NBDTr

A q♣NADTr
A
�NBDTr

B q

✭✷✳✹✮

♦ù DI ❡st ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ✐♥tr✐♥sèq✉❡ t❛♥❞✐s q✉❡ DTr ❡st ❝❡❧✉✐ ❞✉ tr❛❝❡✉r✳ ❊♥ ❡✛❡t✱
❚❛♥♥❛❤❛✉s❡r ♠♦♥tr❡ q✉❡ ❧❡✉r ✉t✐❧✐s❛t✐♦♥ ❝♦♥❞✉✐t à ❞❡s ❛❜❡rr❛t✐♦♥s ❞✉ ❢❛✐t ❞❡ ❧✬❤②♣♦t❤ès❡ ❞❡
❉❛r❦❡♥ q✉✐ s✬❛♣♣❧✐q✉❡ s❡✉❧❡♠❡♥t à ✉♥ s②stè♠❡ ♣♦✉r ❧❡q✉❡❧ ❧❡ ♥♦♠❜r❡ t♦t❛❧ ❞✬❛t♦♠❡s ♣❛r ✉♥✐té
❞❡ ✈♦❧✉♠❡ ❡st ❝♦♥st❛♥t✳

✹✻



✷✳✸✳ ❱♦✐s✐♥❛❣❡ ❞❡ ❧❛ st♦❡❝❤✐♦♠étr✐❡ ✲ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s

❉❛♥s ❧❡ ❝❛s ❞❡ ♣U1✁yPuyqO2✁x ✱ ❧❡ ♣❛r❛♠ètr❡ ❞❡ ♠❛✐❧❧❡✱ ❞♦♥❝ ❧❡ ♥♦♠❜r❡ ❞❡ s✐t❡s ♣❛r ✉♥✐té ❞❡
✈♦❧✉♠❡✱ ✈❛r✐❡ ❛✈❡❝ ① ❡t ②✱ ❡t ❧❛ r❡❧❛t✐♦♥ ❞❡ ❉❛r❦❡♥ ♥❡ s❡r❛ ♣❛s ❛♣♣❧✐q✉❛❜❧❡ ♣♦✉r ✉♥❡ ✐♥t❡r❞✐✛✉s✐♦♥
❡♥tr❡ ♣U1✁yAPuyAqO2✁xA

❡t ♣U1✁yBPuyB qO2✁xB
✳ ❚❛♥♥❤❛✉s❡r ♣r♦♣♦s❡ ✉♥ tr❛✐t❡♠❡♥t ❝♦rr❡❝t ❞❡s

♣r♦✜❧s ❞❡ ❞✐✛✉s✐♦♥ ♣❛r ❞❡ t❡❧s ❝♦✉♣❧❡s✳

✷✳✸✳✷ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧✬✐♥t❡r❞✐✛✉s✐♦♥ ❧♦rs ❞✉ ❢r✐tt❛❣❡

❇✐❡♥ q✉✬❛❝t✉❡❧❧❡♠❡♥t ❧❡ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜❣r❛♥✉❧❛✐r❡ ♥❡ s✐♠✉❧❡ ♣❛s ❧❛ ❞✐✛✉s✐♦♥ ❞❡s é❧é♠❡♥ts
❯✱P✉ ❡t ❖✱ ❝❡ s❡r❛✐t ✉♥ ❛s♣❡❝t à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ♣♦✉r ❧❡ ❝❛s ❞❡s ❝♦♠❜✉st✐❜❧❡s ❝♦♥t❡♥❛♥t
♣❧✉s✐❡✉rs ❛❝t✐♥✐❞❡s ❞♦♥t ❧❡s ♣ré❝✉rs❡✉rs ♥❡ s❡r❛✐❡♥t ♣❛s ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❤♦♠♦❣è♥❡ ✭❝❛s ❧❡ ♣❧✉s
❢réq✉❡♥t ❛✉❥♦✉r❞✬❤✉✐ ❤♦r♠✐s ❧❡s ❝♦✲♣ré❝✐♣✐tés ❞❡ ❯ ❡t ❞❡ P✉✮✳

✹✼



❈❤❛♣✐tr❡ ✷✳ Pr♦♣r✐étés ❝❤✐♠✐q✉❡s ❞❡s ♦①②❞❡s ❞✬❛❝t✐♥✐❞❡

✹✽



✸

❙♣é❝✐✜❝✐tés ❧✐é❡s à ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❞✉
♠❛tér✐❛✉

❙♦♠♠❛✐r❡
✸✳✶ ❙tr✉❝t✉r❡ ❝r✐st❛❧❧✐♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✸✳✷ ❙②♠étr✐❡ ❞❡s ♣r♦♣r✐étés é❧❛st✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✸✳✸ ❙②♠étr✐❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵
✸✳✹ ❙②♠étr✐❡ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵
✸✳✺ ▲❡ ❢❛❝❡tt❛❣❡ ❞❡s ❣r❛✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵
✸✳✻ ❈♦♥séq✉❡♥❝❡s s✉r ❧❡s éq✉❛t✐♦♥s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ✲ s♣é❝✐✜❝✐té ❞❡s

❝r✐st❛✉① ✐♦♥✐q✉❡s ❡t ❞❡ ❧❛ s②♠étr✐❡ ❝✉❜✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✸✳✶ ❙tr✉❝t✉r❡ ❝r✐st❛❧❧✐♥❡

♣U,PuqO2✱ à ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ✭➪ 800✆C✮✱ ❢♦r♠❡ ✉♥❡ s♦❧✉t✐♦♥ s♦❧✐❞❡ ❝♦♥t✐♥✉❡ q✉✐ ❝r✐st❛❧❧✐s❡
❞❛♥s ✉♥❡ str✉❝t✉r❡ ❞❡ t②♣❡ ✢✉♦r✐♥❡ ✭CaF2✮ ❞❡ ❣r♦✉♣❡ ❞✬❡s♣❛❝❡ Fm3̄m✳ ❇✐❡♥ q✉❡ ❧❡ s②stè♠❡
rét✐❝✉❧❛✐r❡ s♦✐t ❝✉❜✐q✉❡ ❡t ❝♦rr❡s♣♦♥❞❡ ❡♥ ❣é♥ér❛❧ à ❞❡s ♣r♦♣r✐étés ♣r♦❝❤❡s ❞❡ ❧✬✐s♦tr♦♣✐❡✱ ✐❧ s✬❡♥
é❝❛rt❡ ♣♦✉r UO2 ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♣r♦♣r✐étés é❧❛st✐q✉❡s ❡t ❞❡ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡✳ ■❧ ❡st
♣r♦❜❛❜❧❡ q✉❡ ❝❡s s♣é❝✐✜❝✐tés ✐♥✢✉❡♥t s✉r ❧❡ ♣r❡♠✐❡r st❛❞❡ ❞✉ ❢r✐tt❛❣❡✳

✸✳✷ ❙②♠étr✐❡ ❞❡s ♣r♦♣r✐étés é❧❛st✐q✉❡s

▲❡ t❡♥s❡✉r cijkl ❞❡s ❝♦♥st❛♥t❡s é❧❛st✐q✉❡s à ✽✶ ❝♦♠♣♦s❛♥t❡s s❡ ré❞✉✐t à ✷✶ ♣♦✉r t♦✉s ❧❡s ♠❛✲
tér✐❛✉① ❞✉ ❢❛✐t ❞❡ ❧❛ s②♠étr✐❡ ❞✉ t❡♥s❡✉r ❞❡s ❞é❢♦r♠❛t✐♦♥s✳

❊♥ s②♠étr✐❡ ❝✉❜✐q✉❡✱ ❧✬✐♥✈❛r✐❛♥❝❡ ❞✉ rés❡❛✉ ❝r✐st❛❧❧✐♥ ✈✐s✲à✲✈✐s ❞❡s s②♠étr✐❡s ❞✉ ❣r♦✉♣❡ ♣♦♥❝✲
t✉❡❧ Oh ré❞✉✐t ❝❡ ♥♦♠❜r❡ à ✸ q✉✐ s♦♥t ♥♦té❡s c11✱ c12 ❡t c44✳

❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ♠❡♥t✐♦♥♥é ❛✉ ♣❛r❛❣r❛♣❤❡ ✶✳✸✳✻ ♣✳ ✻✺✱ ♣♦✉r ❧❡ ♠❛tér✐❛✉ ♣U,PuqO2✱ ❧❛
s②♠étr✐❡ ♥✬❡st ♣❛s ✐s♦tr♦♣❡✳

❉❛♥s ❧❡ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ❞❡ ❢r✐tt❛❣❡✱ ♦♥ ❛ ❝❤♦✐s✐ ❞❡ ❣❛r❞❡r ✸ ❝♦♥st❛♥t❡s
é❧❛st✐q✉❡s ♣♦✉r ♣♦✉✈♦✐r r❡♣rés❡♥t❡r ❧❡ ❝❛r❛❝tèr❡ ♥♦♥ ✐s♦tr♦♣❡✳

✹✾



❈❤❛♣✐tr❡ ✸✳ ❙♣é❝✐✜❝✐tés ❧✐é❡s à ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❞✉ ♠❛tér✐❛✉

✸✳✸ ❙②♠étr✐❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥

▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥✱ s♦♥t ❧✐és ❛✉① ❢réq✉❡♥❝❡s ❞❡ s❛✉t ❞❡s ❛t♦♠❡s ✈❡rs ❧❡s s✐t❡s ❧✐❜r❡s
✈♦✐s✐♥s ❞❡ ❧❡✉r ♣♦s✐t✐♦♥ ❝♦✉r❛♥t❡ ❬❏P✶✾✾✵❪✳ ▲❡✉r ❞é♣❧❛❝❡♠❡♥t ❡st t❤❡r♠✐q✉❡♠❡♥t ❛❝t✐✈é ❞✉ ❢❛✐t
❞❡ ❧❛ ❜❛rr✐èr❡ ❞✬é♥❡r❣✐❡ à ❢r❛♥❝❤✐r ♣♦✉r q✉✬✉♥ ❛t♦♠❡ ♦✉ ✐♦♥ ♣❛ss❡ ❞❡ s❛ ♣♦s✐t✐♦♥ ❝♦✉r❛♥t❡ à ✉♥❡
♥♦✉✈❡❧❧❡ ♣♦s✐t✐♦♥✳ ■❧s s♦♥t ❛✐♥s✐ ❞❡ ❧❛ ❢♦r♠❡ ✿

D ✏ D0 e
✁Ea
RT ✭✸✳✶✮

P♦✉r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ s❛✉t ♣♦✉rr❛✐t ✈❛r✐❡r s❡❧♦♥ ❧❛ ❞✐r❡❝t✐♦♥
♠❛❧❣ré ❧❛ s②♠étr✐❡ ❝✉❜✐q✉❡✱ ❝♦♠♠❡ ❝✬❡st ❧❡ ❝❛s ♣♦✉r ❝❡rt❛✐♥s ♠ét❛✉① ❝✉❜✐q✉❡s ❝❡♥trés ✭❡①❡♠♣❧❡
❞✬✉♥ ♠é❝❛♥✐s♠❡ à ✉♥❡ ❧❛❝✉♥❡ ♦ù ❧❡s ♠♦❞❡s ❞❡ ✈✐❜r❛t✐♦♥ q✉✐ r❛♣♣r♦❝❤❡♥t ❧❡s ♣❧❛♥s ✭✶✶✶✮ r❛♣✲
♣r♦❝❤❡♥t ❧❡s ❛t♦♠❡s ❞❡s ❧❛❝✉♥❡s ✈❡rs ❧❡sq✉❡❧❧❡s ✐❧s s❡ ❞✐r✐❣❡♥t✮✳ ▼❛✐s ♣♦✉r ré♣♦♥❞r❡ à ❝❡tt❡ ✐♥t❡r✲
r♦❣❛t✐♦♥ ✐❧ ❢❛✉❞r❛✐t ❞✬✉♥❡ ♣❛rt ❝♦♥♥❛îtr❡ ❧❡ s♣❡❝tr❡ ❞❡ ♣❤♦♥♦♥s ❞✉ ♠❛tér✐❛✉ ✭❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡
♣♦✉r UO2 ❬❩❆❑✶✾✾✸❪✮✱ ❡t ❞✬❛✉tr❡ ♣❛rt✱ ❝♦♥♥❛îtr❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❞✐✛✉s✐♦♥✱ ❝❡ q✉✐ ❡st ❜✐❡♥ ♠♦✐♥s
❧❡ ❝❛s✱ ♠❛❧❣ré q✉❡❧q✉❡s ♣✐st❡s ❞♦♥♥é❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬❙◆✷✵✶✷❪✳ ❈❡♣❡♥❞❛♥t✱ ❧✬ét✉❞❡ ❞✉ ❢❛❝✲
t❡✉r ❞❡ ❉❡❜②❡✲❲❛❧❧❡r ❡♥ ❞✐✛r❛❝t✐♦♥ ❞❡ r❛②♦♥s ❳ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❬▼❈✷✵✶✷❪ ♠♦♥tr❡
q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ✈✐❜r❛t✐♦♥s ❡st ✐s♦tr♦♣❡ ❞❛♥s UO2✱ ❡t ❝❡✱ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❥✉sq✉✬à
✷✵✵✵❑✱ ♦♥ ♣❡✉t ❞♦♥❝ s✬❛tt❡♥❞r❡✱ ♣♦✉r UO2 ❛✉ ♠♦✐♥s✱ à ✉♥❡ ✐s♦tr♦♣✐❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥✳

❚✭❑✮ ✹✽✶ ✷✵✵✸
U11 ✵✱✵✷✼✷✹ ✵✱✵✻✺✹
U22 ✵✱✵✷✼✷✹ ✵✱✵✻✺✹
U33 ✵✱✵✷✼✷✹ ✵✱✵✻✺✹

❚❛❜❧❡ ✸✳✶ ✕ ❆♠♣❧✐t✉❞❡ ❞❡s ✈✐❜r❛t✐♦♥s Uii ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ i ♣♦✉r UO2 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠✲
♣ér❛t✉r❡

✸✳✹ ❙②♠étr✐❡ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡

▲❛ ❧✐ttér❛t✉r❡ ❬❆❙❇✷✵✶✷❪ ❞♦♥♥❡ ❧❡s ✈❛❧❡✉rs ❡①♣ér✐♠❡♥t❛❧❡s ❡t ❝❛❧❝✉❧é❡s ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡
♣♦✉r ❧❡s ❢❛♠✐❧❧❡s ❞❡ ♣❧❛♥s t100✉ ❡t t111✉ ✭♥♦té❡ σ ❞❛♥s ❝❡ ♣❛r❛❣r❛♣❤❡ ♣♦✉r r❡♣r❡♥❞r❡ ❧❡s ♥♦t❛t✐♦♥s
❞❡ ❬❆❙❇✷✵✶✷❪✮✳ ❊❧❧❡s s♦♥t ♣r♦❝❤❡s ❞❡ ❧✬✉♥✐té ♠❛✐s ♣❡✉✈❡♥t ✈❛r✐❡r ❞❛♥s ✉♥ r❛♣♣♦rt ❝♦♠♣r✐s ❡♥tr❡
✶ ❡t ✷✳

❚✭❑✮ σ100 Jm
✁2 σ111 Jm

✁2 σ100
σ111

✷✷✵✵ ✭❝❛❧❝✉❧✮ 1,602✟ 0,016 1,137✟ 0,032 1,408✟ 0,042
✶✼✼✵ ✭❡①♣✳✮ 0,9✟ 0,2
✸✵✵ ✭❡①♣✳✮ 1,8✟ 0,3

❚❛❜❧❡ ✸✳✷ ✕ ❚❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬♦r✐❡♥t❛t✐♦♥ ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡

✸✳✺ ▲❡ ❢❛❝❡tt❛❣❡ ❞❡s ❣r❛✐♥s

▲❡s ♦❜s❡r✈❛t✐♦♥s ❛✉ ▼❊❇ à ❡✛❡t ❞❡ ❝❤❛♠♣ ❞❡ UO2 ❝r✉ ✭❛✈❛♥t ❢r✐tt❛❣❡✮ ♠♦♥tr❡ ❞❡s ♣♦♥ts
♣ré❡①✐st❛♥ts ❡♥tr❡ ♣❛rt✐❝✉❧❡s ❛✈❡❝ ❞❡s ❣r❛✐♥s ❞♦♥t ❧❛ s✉r❢❛❝❡ ❡st ❞é❧✐♠✐té❡ ♣❛r ❞❡s ❢❛❝❡tt❡s q✉✐

✺✵



✸✳✺✳ ▲❡ ❢❛❝❡tt❛❣❡ ❞❡s ❣r❛✐♥s

❋✐❣✉r❡ ✸✳✶ ✕ UO2 ♦❜s❡r✈é ❛✉ ▼❊❇ ❋❊● ✭①✷✵✵✵✵✵

r❡✢èt❡♥t ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❞✉ ♠❛tér✐❛✉✳ ❈❡tt❡ ♠♦r♣❤♦❧♦❣✐❡ ♣❛rt✐❝✉❧✐èr❡ ♣❡✉t é✈❡♥t✉❡❧❧❡♠❡♥t êtr❡
s✐♠♣❧❡♠❡♥t ❞✉❡ ❛✉ ♣ré❝✉rs❡✉r ❞❡ ❧✬♦①②❞❡✳ ❚❛♥t q✉❡ ❧❛ ♣♦r♦s✐té ♦✉✈❡rt❡ r❡st❡ ✐♠♣♦rt❛♥t❡✱ ♦♥ ♣❡✉t
♣❡♥s❡r q✉❡ ❧❛ ♠♦r♣❤♦❧♦❣✐❡ ❞❡s ❣r❛✐♥s ✈❛ ❛✈♦✐r ✉♥❡ ✐♥✢✉❡♥❝❡ s✉r ❧❡✉r ✈✐t❡ss❡ ❞❡ ❝r♦✐ss❛♥❝❡✳ ❆✉
t❡r♠❡ ❞✉ ❢r✐tt❛❣❡ ✭❧♦rsq✉❡ ❧❛ ♣♦r♦s✐té ♦❝❝✉♣❡ ✉♥❡ ❢❛✐❜❧❡ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❡t q✉❡ ❧❡s s✉r❢❛❝❡s
❣r❛✐♥✴❣r❛✐♥ s♦♥t ♣❧✉s ✐♠♣♦rt❛♥t❡s q✉❡ ❧❡s s✉r❢❛❝❡s ❣r❛✐♥✴❣❛③✮✱ ✐❧ ♥✬❡st ♣❛s é✈✐❞❡♥t q✉❡ ❧❛ ❢♦r♠❡
❞❡ ❝✉❜♦❝t❛è❞r❡ ❞❡ ❑❡❧✈✐♥ ✜❣✉r❡ ✸✳✷ ♦❜s❡r✈é❡✱ ♣♦✉r ❧❡s ❣r❛✐♥s ❞❡ ❧❛ ❞✐③❛✐♥❡ à q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡
♠✐❝r♦♠ètr❡s ❞❛♥s ❧❡ ♠❛tér✐❛✉ ❞❡♥s❡✱ s✉r ❧❡s ❝♦✉♣❡s ❝ér❛♠♦❣r❛♣❤✐q✉❡s ✸✳✸✱ s♦✐t ❧✐é❡ ❛✉① ♣r♦♣r✐étés
❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ♣❧✉tôt q✉✬❛✉ s✐♠♣❧❡ ♥♦♠❜r❡ ❞❡ ♣r❡♠✐❡rs ✈♦✐s✐♥s ❞✬✉♥ ❣r❛✐♥ ♣♦✉r ✉♥ ♠❛tér✐❛✉
❞❛♥s ❧❡q✉❡❧ ❧❡s ❣r❛✐♥s ❣r♦ss✐ss❡♥t à ❧❛ ♠ê♠❡ ✈✐t❡ss❡ ❞❛♥s t♦✉t❡s ❧❡s ③♦♥❡s ❞✉ ♠❛tér✐❛✉ ✭❛✈❡❝ ❞❡s
♠♦❞✉❧❛t✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ r❛②♦♥s ❞❡s ❣r❛✐♥s ♠❛✐s s❛♥s ❝r♦✐ss❛♥❝❡ ❛♥♦r♠❛❧❡✮✳

❋✐❣✉r❡ ✸✳✷ ✕ ❈✉❜♦❝t❛è❞r❡ ❞❡ ❑❡❧✈✐♥ ❬▼❈✷✵✵✸❪

✺✶



❈❤❛♣✐tr❡ ✸✳ ❙♣é❝✐✜❝✐tés ❧✐é❡s à ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❞✉ ♠❛tér✐❛✉

❋✐❣✉r❡ ✸✳✸ ✕ ❖❜s❡r✈❛t✐♦♥ ❞❡s ❣r❛✐♥s ❞❡ UO2 ❛✉ ✈♦✐s✐♥❛❣❡ ❞✬✉♥ ♠❛❝r♦♣♦r❡ ✲ t❤ès❡ ❊✳●✐r❛r❞

✸✳✻ ❈♦♥séq✉❡♥❝❡s s✉r ❧❡s éq✉❛t✐♦♥s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ✲ s♣é❝✐✜❝✐té
❞❡s ❝r✐st❛✉① ✐♦♥✐q✉❡s ❡t ❞❡ ❧❛ s②♠étr✐❡ ❝✉❜✐q✉❡

▲❡ s♦❧✐❞❡ ❡st ✐♦♥✐q✉❡ ❡t ❝r✐st❛❧❧✐sé✱ ❧❡s ❝❛t✐♦♥s s♦♥t ❧♦❝❛❧✐sés s✉r ✉♥ s♦✉s✲rés❡❛✉ ❝❛t✐♦♥✐q✉❡ ❡t
❧❡s ❛♥✐♦♥s s✉r ✉♥✱ ✈♦✐r❡ ❞❡✉①✱ s♦✉s✲rés❡❛✉① s✐ ❧✬♦♥ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s ♣♦s✐t✐♦♥s ❞❡s ✐♦♥s O2✁

❞♦♥♥é❡s ♣❛r ❲✐❧❧✐s ❡♥ ❞✐✛r❛❝t✐♦♥ ❞❡ ♥❡✉tr♦♥s ❬❇❚❲✶✾✻✹❪✳ ❉❡ ♠ê♠❡✱ ❧❡s s♦✉s✲rés❡❛✉① ❞❡ ❧❛❝✉♥❡s
♦❝t❛é❞r✐q✉❡s ❡t tétr❛é❞r✐q✉❡s ♣❡✉✈❡♥t r❡❝❡✈♦✐r ❞❡s ✐♦♥s ✐♥t❡rst✐t✐❡❧s✳
▲❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❧❛ ♠❛✐❧❧❡ ❞✬♦r❞r❡ ✹ ♣❡✉t s✬é❝r✐r❡ s♦✉s ✉♥❡ ❢♦r♠❡ ❞✉ t②♣❡ ❞❡ ❝❡❧❧❡
✉t✐❧✐sé❡ ❞❛♥s ❬❈●✷✵✵✽❪ ✿✦

U
✶

M , U
x
M , U

.
M , U

..
M , Pu

x
M , Pu

✶

M , ✆
4✶

M

✮
4

✦
O

✷

i1
, ✆xi1

✮
64

✦
U4.
i2
, Pu4.i2 , ✆

x
i2

✮
4
tOx

O, ✆
..
O✉8 ✭✸✳✷✮

❛✈❡❝ ✿
U

✶

M ✿ ✉r❛♥✐✉♠ ✸✰ s✉r ✉♥ s✐t❡ ❝❛t✐♦♥✐q✉❡✱
Ux
M ✿ ✉r❛♥✐✉♠ ✹✰ s✉r ✉♥ s✐t❡ ❝❛t✐♦♥✐q✉❡✱

U .
M ✿ ✉r❛♥✐✉♠ ✺✰ s✉r ✉♥ s✐t❡ ❝❛t✐♦♥✐q✉❡✱

U ..
M ✿ ✉r❛♥✐✉♠ ✻✰ s✉r ✉♥ s✐t❡ ❝❛t✐♦♥✐q✉❡✱

PuxM ✿ ♣❧✉t♦♥✐✉♠ ✹✰ s✉r ✉♥ s✐t❡ ❝❛t✐♦♥✐q✉❡✱
Pu

✶

M ✿ ♣❧✉t♦♥✐✉♠ ✸✰ s✉r ✉♥ s✐t❡ ❝❛t✐♦♥✐q✉❡✱
✆4

✶

M ✿ ❧❛❝✉♥❡ ❝❛t✐♦♥✐q✉❡✱
O

✶

i1
✿ ✐♦♥ ♦①②❞❡ s✉r ✉♥ s✐t❡ ✐♥t❡rst✐t✐❡❧ ❛♥✐♦♥✐q✉❡ ✭♦♥ ❝♦♥❢♦♥❞ ❧❡s ❞❡✉① t②♣❡s ❞❡ s✐t❡s ✐♥t❡rst✐t✐❡❧s

❛♥✐♦♥✐q✉❡s ❞é❝r✐ts ♣❛r ❲✐❧❧✐s✮✱
✆xi1 ✿ s✐t❡ ✐♥t❡rst✐t✐❡❧ ❛♥✐♦♥✐q✉❡ ✈✐❞❡✱
U4.
i2

✿ ✉r❛♥✐✉♠ ✹✰ s✉r ✉♥ s✐t❡ ✐♥t❡rst✐t✐❡❧ ❝❛t✐♦♥✐q✉❡ ✭❧❛ ❧✐ttér❛t✉r❡ ♥❡ ❢❛✐t✱ ❝❡♣❡♥❞❛♥t✱ ét❛t q✉❡ ❞❡
P✉ ❡♥ s✐t❡ ✐♥t❡rst✐t✐❡❧ ❡♥ ❝♦♥❞✐t✐♦♥s ré❞✉❝tr✐❝❡s ❡t à ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ✮✱
Pu4.i2 ✿ ♣❧✉t♦♥✐✉♠ ✹✰ s✉r ✉♥ s✐t❡ ✐♥t❡rst✐t✐❡❧ ❝❛t✐♦♥✐q✉❡✱
✆xi2 ✿ s✐t❡ ✐♥t❡rst✐t✐❡❧ ❝❛t✐♦♥✐q✉❡ ✈✐❞❡✱

✺✷



✸✳✻✳ ❈♦♥séq✉❡♥❝❡s s✉r ❧❡s éq✉❛t✐♦♥s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ✲ s♣é❝✐✜❝✐té ❞❡s ❝r✐st❛✉① ✐♦♥✐q✉❡s ❡t ❞❡ ❧❛ s②♠étr✐❡ ❝✉❜✐q✉❡

Ox
O ✿ ✐♦♥ ♦①②❞❡ s✉r ✉♥ s✐t❡ ❛♥✐♦♥✐q✉❡✱ ✆..O ✿ s✐t❡ ❛♥✐♦♥✐q✉❡ ✈✐❞❡✱ H ..

O ✿ ❤②❞r♦❣è♥❡ ❛t♦♠✐q✉❡ s✉r ✉♥
s✐t❡ ❞✬♦①②❣è♥❡✳ ❈❡tt❡ ❡s♣è❝❡✱ s✐❣♥❛❧é❡ ♣❛r ❙❤❡r♠❛♥ ❬❉❋❙✶✾✽✾❪✱ ❡st ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ✿ ♦♥ s✉♣♣♦s❡
q✉❡ ❧✬❤②❞r♦❣è♥❡ ❞✐✛✉s❡ s♦✉s ❢♦r♠❡ ❛t♦♠✐q✉❡ ❞❛♥s ❧❡s s✐t❡s ❛♥✐♦♥✐q✉❡s ✈❛❝❛♥ts ❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞❡s
❣r❛✐♥s ❞❡ UO2✳

▲❡s éq✉✐❧✐❜r❡s s♦❧✐❞❡✲❣❛③✱ ❧✐és ♣❛r ❡①❡♠♣❧❡ ❛✉① é❝❤❛♥❣❡s ❞✬♦①②❣è♥❡✱ ❞♦✐✈❡♥t ❛❧♦rs êtr❡ é❝r✐ts
❡♥ t❡r♠❡ ❞✬✉♥✐té ❞❡ str✉❝t✉r❡✳ ❯♥ ❥❡✉ ❞✬✉♥✐tés ❞❡ str✉❝t✉r❡ ❞❡ ❜❛s❡ ❞♦✐t êtr❡ ❝❤♦✐s✐ ♣♦✉r é❝r✐r❡
❝❡s ❜✐❧❛♥s ❞❡ ré❛❝t✐♦♥s✳ ❊❧❧❡s ❞♦✐✈❡♥t êtr❡ ✐♥❞é♣❡♥❞❛♥t❡s ❡t ♣♦✉✈♦✐r r❡♣rés❡♥t❡r ❧✬✐♥té❣r❛❧✐té ❞❡ ❧❛
♠❛✐❧❧❡✳
P❛r ❡①❡♠♣❧❡✱ ♦♥ ♣❡✉t ❝❤♦✐s✐r ❞✬✉t✐❧✐s❡r ❧❛ ❜❛s❡ s✉✐✈❛♥t❡ ❞✬✉♥✐tés ❞❡ str✉❝t✉r❡ ✿
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✦
U .
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✶
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✮
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✦
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✶
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✮
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✦
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✶

M � Pu
✶

M

✮
U5 ✑

✦
✁4U

✶

M � 3Ux
M � V 4✶

M

✮
U6 ✑

✦
✁2U

✶

M � 2Ux
M � O

✷

i1 ✁ V x
i1

✮
U7 ✑

✦
4U

✶

M ✁ 4Ux
M � U4.

i2 ✁ V x
i2

✮
U8 ✑

✦
4U

✶

M ✁ 4Ux
M � Pu4.i2 ✁ V x

i2

✮
U9 ✑

✦
2U

✶

M ✁ 2Ux
M ✁ Ox

O � V ..
O

✮
U10 ✑

✦
2U

✶

M ✁ 2Ux
M ✁ Ox

O �H ..
O

✮

✭✸✳✸✮

❈❡tt❡ ❞❡s❝r✐♣t✐♦♥ ♣❡r♠❡t ❞✬é✈✐t❡r ❞❡s ❡rr❡✉rs ❞✬❡①♣♦s❛♥t ❞❛♥s ❧❛ ❞é♣❡♥❞❛♥❝❡ ❞❡ ❧❛ ❝♦♥❝❡♥✲
tr❛t✐♦♥ ❞❡s ❞é❢❛✉ts ♣♦♥❝t✉❡❧s à ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✳
P❛r ❛✐❧❧❡✉rs✱ ✉♥❡ s❡❝♦♥❞❡ ❝♦♥séq✉❡♥❝❡ ❞✉ ❝❛r❛❝tèr❡ ❝r✐st❛❧❧✐sé ❞✉ ♠❛tér✐❛✉ ✐♥t❡r✈✐❡♥t q✉❛♥❞ ♦♥
s♦✉❤❛✐t❡ rés♦✉❞r❡ ❧❡s éq✉❛t✐♦♥s ❞❡ ❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ♦✉ ❞✬✐♥t❡r❞✐✛✉s✐♦♥✳ ❊♥ ❡✛❡t✱ ❧♦rsq✉✬✉♥ ❥♦✐♥t
❞❡ ❣r❛✐♥ s❡ ❞é♣❧❛❝❡✱ ❧❡ ✢✉① ❞❡s ❡s♣è❝❡s ❞♦✐t êtr❡ ♥✉❧ ❛✉ tr❛✈❡rs ❞❡ ❝❡tt❡ ✐♥t❡r❢❛❝❡ ❞❛♥s ❧❡ ré❢ér❡♥✲
t✐❡❧ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥✳ ▼❛✐s ❧❡ ♠❛tér✐❛✉ ét❛♥t ❝r✐st❛❧❧✐sé✱ ✐❧ ❢❛✉t q✉❡ ❝❡ s♦✐t ❧❡ ✢✉① ❞❡s ✉♥✐tés ❞❡
❝♦♥str✉❝t✐♦♥s ❬❏❙❑✶✾✽✼❪ q✉✐ s♦✐t ♥✉❧✳ ❯♥❡ ❛✉tr❡ ❢❛ç♦♥ ❞❡ ❧❡ ❞✐r❡ ❡st q✉❡ ♥♦♥ s❡✉❧❡♠❡♥t ❧❛ ❝♦♥s❡r✲
✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❡t ❞❡ ❧✬é❧❡❝tr♦♥❡✉tr❛❧✐té ❞♦✐✈❡♥t êtr❡ r❡s♣❡❝té❡s ♠❛✐s ❛✉ss✐ ❧❛ ❝♦♥s❡r✈❛t✐♦♥
❞✉ ♥♦♠❜r❡ ❞❡ s✐t❡s ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡✳ ❈❡♣❡♥❞❛♥t✱ ❥✉sq✉✬à ♣rés❡♥t✱ ❧✬✐♥t❡r❞✐✛✉s✐♦♥ ❛ été ❧❛✐ssé❡
❞❡ ❝ôté ❞❛♥s ❧❡ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡✳

✺✸



❈❤❛♣✐tr❡ ✸✳ ❙♣é❝✐✜❝✐tés ❧✐é❡s à ❧❛ ❝r✐st❛❧❧♦❣r❛♣❤✐❡ ❞✉ ♠❛tér✐❛✉

✺✹



✹

❈♦♥❝❧✉s✐♦♥

▲❡s s♣é❝✐✜❝✐tés ❞❡s ❛❝t✐♥✐❞❡s q✉✐ ♣❡✉✈❡♥t ✐♥✢✉❡r s✉r ❧❡✉r ❢r✐tt❛❣❡ s♦♥t s♦✉❧✐❣♥é❡s✳ ❈❡ s♦♥t ❧❡✉r
❝❛r❛❝tèr❡ r❛❞✐♦❛❝t✐❢ ❛✈❡❝ s❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧❡s ❜✐❧❛♥s t❤❡r♠♦❝❤✐♠✐q✉❡s✱ ❧❡✉rs ♣r♦♣r✐étés ❝❤✐✲
♠✐q✉❡s ❧✐é❡s à ❧❡✉r ♥♦♠❜r❡ ❞❡ ❝❤❛r❣❡ é❧❡✈é ❛✈❡❝ s❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧✬é❝❛rt à ❧❛ st÷❝❤✐♦♠étr✐❡ ❡♥
♦①②❣è♥❡ ❡t✱ ❞❡ ❧à✱ s✉r ❧❡s ✈❛❧❡✉rs ❞❡s ❝÷✣❝✐❡♥ts ❞✬✐♥t❡r❞✐✛✉s✐♦♥✱ ♠❛✐s ❛✉ss✐ ❧❛ s②♠étr✐❡ ❝r✐st❛❧❧✐♥❡
❛✈❡❝ s❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧✬❛♥✐s♦tr♦♣✐❡ ♠é❝❛♥✐q✉❡ ✭t♦✉t ❛✉ ♠♦✐♥s à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ s✉r
UO2✮✳ ❯♥❡ ❞❡r♥✐èr❡ ♣r♦♣r✐été ✐♠♣♦rt❛♥t❡ ♣♦✉r ❧❡s éq✉❛t✐♦♥s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ♠✐s❡s ❡♥ ❥❡✉ ♣♦✉r
tr❛❞✉✐r❡ ❧❡ ❜✐❧❛♥ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❡♥ ♠♦✉✈❡♠❡♥ts ❞✬✐♥t❡r❢❛❝❡s ❡st ❧❛ ❝r✐st❛❧❧♦❝❤✐♠✐❡ ❛✈❡❝ ❧❛
❝♦♥s❡r✈❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ s✐t❡s ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡✳

✺✺



❈❤❛♣✐tr❡ ✹✳ ❈♦♥❝❧✉s✐♦♥

✺✻



❚r♦✐s✐è♠❡ ♣❛rt✐❡

▼♦❞è❧❡ ❞é✈❡❧♦♣♣é à ❧✬é❝❤❡❧❧❡
s✉❜✲❣r❛♥✉❧❛✐r❡

✺✼





✶

❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡
❝♦♥st❛♥t❡

❙♦♠♠❛✐r❡
✶✳✶ ❈❤♦✐① ❞✉ ♠♦❞è❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾
✶✳✷ ❍②♣♦t❤ès❡s ❞✉ ♠♦❞è❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶
✶✳✸ ❊✛❡ts ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✶✳✸✳✶ ❈❛❧❝✉❧ ♥✉♠ér✐q✉❡ ❞❡ ❧❛ ❝♦✉r❜✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✶✳✸✳✷ ❊✛❡t ♠é❝❛♥✐q✉❡ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✶✳✸✳✸ ❈♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❞❡ t②♣❡ ◆❡✉♠❛♥♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✶✳✸✳✹ ❈♦♥❞✐t✐♦♥s ❛❧❣é❜r✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✶✳✸✳✺ ❘és♦❧✉t✐♦♥ ♥✉♠ér✐q✉❡ ❞✉ ♣r♦❜❧è♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✶✳✸✳✻ ❈♦♠♣♦rt❡♠❡♥t é❧❛st✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✶✳✹ P♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾
✶✳✺ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❡♥tr❡ s♦✉s✲❞♦♠❛✐♥❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✶✳✺✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ✢✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✶✳✺✳✷ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❣r❛✐♥✴❣❛③ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✶✳✺✳✸ ➱✈♦❧✉t✐♦♥ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✶✳✺✳✹ ❈❛❧❝✉❧ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✬✐♥t❡r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✶✳✺✳✺ Pr♦❜❧è♠❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✶✳✺✳✻ Pr♦❜❧è♠❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✐è❞r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✶✳✺✳✼ ◗✉❛❧✐té ❞✉ ♠❛✐❧❧❛❣❡ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✶✳✻ ❈❤♦✐① ❞✉ ♣❛s ❞❡ t❡♠♣s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻
✶✳✼ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✶✳✶ ❈❤♦✐① ❞✉ ♠♦❞è❧❡

❙♦✉s ✐rr❛❞✐❛t✐♦♥✱ ❧❡s ♣r♦❞✉✐ts ❞❡ ✜ss✐♦♥ ❣❛③❡✉① ♣❡✉✈❡♥t ♠✐❣r❡r ❧❡♥t❡♠❡♥t ❡♥ ✈♦❧✉♠❡ ❞✉ ❝÷✉r
❞❡s ❣r❛✐♥s ✈❡rs ❧❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s✱ ♣✉✐s✱ ♣❧✉s r❛♣✐❞❡♠❡♥t✱ ✈❡rs ❧✬❡s♣❛❝❡ ❡♥tr❡ ❧❛ ♣❛st✐❧❧❡ ❡t ❧❛ ❣❛✐♥❡✳
❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ❧❡ ❣❛③ ❥♦✉❡ ❛❧♦rs ❧❡ rô❧❡ ❞✬✉♥❡ ❜❛rr✐èr❡ t❤❡r♠✐q✉❡ ❡t ❢r❡✐♥❡ ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t
❞✉ ❝r❛②♦♥ ❝♦♠❜✉st✐❜❧❡ ♦✉ ❞❡ ❧✬❛✐❣✉✐❧❧❡ ♣❛r ❧❡ ❝❛❧♦♣♦rt❡✉r✳ ▲❛ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s ❞✉ ❝♦♠❜✉st✐❜❧❡ à
❧✬✐ss✉❡ ❞❡ ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❡st ❛✐♥s✐ ✉♥ ♣❛r❛♠ètr❡ ✐♠♣♦rt❛♥t ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ❞✉ ❝♦♠❜✉st✐❜❧❡✳

✺✾



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

P❛r ❛✐❧❧❡✉rs✱ ❝❡s ♣r♦❞✉✐ts ❞❡ ✜ss✐♦♥ ♣❡✉✈❡♥t êtr❡ ♣✐é❣és ❞❛♥s ❞❡s ♣♦r♦s✐tés ✐♥tr❛❣r❛♥✉❧❛✐r❡s
❡t ❧❡✉r ré♣❛rt✐t✐♦♥ ❡♥tr❡ ❧❡s ♣♦r❡s ❡t ❧❛ ♠❛tr✐❝❡ ❝r✐st❛❧❧✐♥❡ rés✉❧t❡ ❞✬✉♥ éq✉✐❧✐❜r❡ ❝❤✐♠✐q✉❡✳ ❈❡tt❡
♣♦r♦s✐té ♣r♦✈✐❡♥t ❡♥ ♣❛rt✐❡ ❞❡ ❧❛ ♣♦r♦s✐té rés✐❞✉❡❧❧❡ à ❧✬✐ss✉❡ ❞❡ ❧❛ ❢❛❜r✐❝❛t✐♦♥ ✭∼ 5 ✪ ❡♥ ✈♦❧✉♠❡✮
❡t ❧❛ ♠❛îtr✐s❡ ❞❡ s❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ♥é❝❡ss❛✐r❡✳

❆✉ss✐ ❛✲t✲♦♥ ❝❤♦✐s✐ ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ❞✉ ❢r✐tt❛❣❡✳ P❛r ❛✐❧❧❡✉rs✱
❧❡ ♠♦t❡✉r ❞✉ ❢r✐tt❛❣❡✱ q✉✐ ❡st ❧❛ ✈❛r✐❛t✐♦♥ ❞✉ r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡ à ❧❛ s✉r❢❛❝❡ ❞❡s ❣r❛✐♥s ✭s✉r❢❛❝❡
❧✐❜r❡ ❡t ❥♦✐♥ts ❞❡ ❣r❛✐♥s✮ ♥❡ ♣❡✉t êtr❡ ❛♣♣ré❤❡♥❞é❡ q✉✬à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡✳ ❯♥ ❞❡s ♦❜❥❡❝t✐❢s
✐♥✐t✐❛✉① ❛ ❛✉ss✐ été ❞✬✉t✐❧✐s❡r ❞❡s ♣❛r❛♠ètr❡s ❞✬❡♥tré❡ ♣♦✉r ❧❡ ♠♦❞è❧❡ q✉✐ s♦✐❡♥t ❞❡s ❣r❛♥❞❡✉rs
♠❡s✉r❛❜❧❡s ♣❛r ❛✐❧❧❡✉rs s✉r ❧❛ ❜❛s❡ ❞✬❡①♣ér✐❡♥❝❡s ❞é❞✐é❡s ♥❡ ♠❡tt❛♥t ♣❛s ❡❧❧❡s✲♠ê♠❡s ❡♥ ❥❡✉ ❧❡
❢r✐tt❛❣❡✳ ❈✬❡st ❛✉ss✐ ✉♥❡ ❢❛ç♦♥ ❞❡ s✬❛ss✉r❡r q✉❡ ❧✬♦♥ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s s♣é❝✐✜❝✐tés ❧✐é❡s ❛✉①
♠❛tér✐❛✉① ét✉❞✐és✳

▲❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ❞❡ ❢r✐tt❛❣❡ r❡♣♦s❡♥t s✉r ❧✬❤②♣♦t❤ès❡ ❞✬✉♥ s❡✉❧ ♣❤é♥♦♠è♥❡ ✭❞✐✛✉s✐♦♥
❡♥ ✈♦❧✉♠❡✱ ❡♥ s✉r❢❛❝❡✱ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s✱ é✈❛♣♦r❛t✐♦♥✲❝♦♥❞❡♥s❛t✐♦♥✮ à ✉♥ ✐♥st❛♥t ❞♦♥♥é✳ ❚♦✉✲
t❡❢♦✐s✱ ♣❡♥❞❛♥t ❧❡ s❡❝♦♥❞ st❛❞❡ ❞✉ ❢r✐tt❛❣❡✱ ❧❛ ❞❡♥s✐✜❝❛t✐♦♥ ❛ ❧✐❡✉ ❛❧♦rs q✉❡ ❧❡s ❣r❛✐♥s ❣r♦ss✐ss❡♥t
❡t q✉❡ ❧❛ ❢♦r♠❡ ❞❡s ♣♦r❡s s✬❛rr♦♥❞✐t✳ P♦✉r ❝❡rt❛✐♥s ♠❛tér✐❛✉① ❧❡s ♣r❡♠✐❡r ❡t s❡❝♦♥❞ st❛❞❡s s♦♥t
❝♦♥❢♦♥❞✉s✳ ❆✉ss✐✱ ❧❡ ♠♦❞è❧❡ ♣r♦♣♦sé ✐❝✐ ♥❡ r❡♣♦s❡ ♣❛s s✉r ❧✬❤②♣♦t❤ès❡ ❞✬✉♥ ✉♥✐q✉❡ ♣❤é♥♦♠è♥❡
♣ré♣♦♥❞ér❛♥t à ✉♥ ✐♥st❛♥t ❞♦♥♥é✳

➚ ❝❡tt❡ é❝❤❡❧❧❡✱ ♣❧✉s✐❡✉rs t②♣❡s ❞✬❛♣♣r♦❝❤❡s s♦♥t ♣♦ss✐❜❧❡s✱ ♥♦t❛♠♠❡♥t ❞❡s ❛♣♣r♦❝❤❡s ❞❡ t②♣❡
▼♦♥t❡✲❈❛r❧♦ ❬❱❚✷✵✵✸❪✱ ❬▼❇✷✵✵✺❪✱ ❬❙❇✷✵✵✷❪✱ ❬❙❇✷✵✵✺❪ ❞❛♥s ❧❡sq✉❡❧❧❡s ❧❡ ♠❛tér✐❛✉ ❡st ❞é❝♦✉♣é
❡♥ ♣✐①❡❧s ❡♥ ✷❉✱ ♦✉ ❡♥ ✈♦①❡❧s ❡♥ ✸❉✳ ❉❛♥s ❝❡s ♠♦❞è❧❡s✱ ✉♥❡ é♥❡r❣✐❡ ❡st ❛ttr✐❜✉é❡ à ❝❤❛❝✉♥❡ ❞❡s
❝♦♥✜❣✉r❛t✐♦♥ ❞❡ ✈♦①❡❧s s❡r✈❛♥t à r❡♣rés❡♥t❡r ❧❛ ♠✐❝r♦str✉❝t✉r❡✳ ▲❡s ✈♦①❡❧s ♣❡✉✈❡♥t êtr❡ ❞é♣❧❛❝és
s❡❧♦♥ ❝❡rt❛✐♥❡s rè❣❧❡s ♣♦✉r ♠♦❞✐✜❡r ❧✬✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③✳ ❯♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡st ❣❛r❞é❡ ❧♦rsq✉✬❡❧❧❡
❝♦♥❞✉✐t à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞✉ s②stè♠❡✳ ▲❛ ❝♦✉r❜✉r❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❡st ♣r✐s❡ ❡♥ ❝♦♠♣t❡
❡♥ ❝♦♠♣t❛♥t ❧❡ ♥♦♠❜r❡ ❞❡ ✈♦①❡❧s ❞❡ t②♣❡ ❣❛③ ❝♦♥t❡♥✉s ❞❛♥s ✉♥ ❝✉❜❡ ❞❡ b3 ✈♦①❡❧s ♦ù b ❡st ❧❛
t❛✐❧❧❡ ❞❡ ❧❛ ③♦♥❡ s❡r✈❛♥t à ❧✐ss❡r ❧❛ ❝♦✉r❜✉r❡✳ ▲❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ✐tér❛t✐♦♥s ❞❡ ▼♦♥t❡✲❈❛r❧♦ ❡t
❧❡ t❡♠♣s ♣❡✉t✲êtr❡ ❞ét❡r♠✐♥é❡ ❧♦rsq✉✬✉♥ s❡✉❧ ♣❤é♥♦♠è♥❡ ❞✐✛✉s✐♦♥♥❡❧ ✐♥t❡r✈✐❡♥t✱ ❡❧❧❡ ❡st ♠♦✐♥s
é✈✐❞❡♥t❡ ❧♦rsq✉❡ ❝❡ ♥✬❡st ♣❛s ❧❡ ❝❛s✳

❇r✉❝❤♦♥ ❬❏❇✷✵✶✵❪✱ ❬❏❇✷✵✶✶❪✱ ❬❏❇✷✵✶✷❪✱ ❬❏❇✷✵✶✸❪ ❛ ❞é✈❡❧♦♣♣é ✉♥ ♠♦❞è❧❡ ♣♦✉r ✉♥ s②stè♠❡
♠♦♥♦✲❝♦♥st✐t✉❛♥t ❞❡ ❣r❛✐♥s q✉✐ ❢r✐tt❡♥t✱ ♠❛✐s ❡♥ ❧❛✐ss❛♥t ❞❡ ❝ôté ❧❛ ♥♦t✐♦♥ ❞❡ ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✭✐✳❡✳
❧❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❡①✐st❡♥t à ❧✬✐♥st❛♥t ✐♥✐t✐❛❧✱ ♠❛✐s ♥❡ s♦♥t ♣❧✉s ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡s ✐♥st❛♥ts
✉❧tér✐❡✉rs✮✳

▲❛ ❧✐ttér❛t✉r❡ ❝♦♥t✐❡♥t ❞✬❛✉tr❡s ❛♣♣r♦❝❤❡s✱ ♣❛r ❡①❡♠♣❧❡ ❞❡ t②♣❡ ❝❤❛♠♣ ❞❡ ♣❤❛s❡✱ ❞❛♥s ❧❡s✲
q✉❡❧❧❡s ♦♥ ❞é✜♥✐t✱ ♣♦✉r ❝❤❛❝✉♥ ❞❡s ❣r❛✐♥s ✉♥❡ ❢♦♥❝t✐♦♥ q✉✐ ✈❛✉t ✶ à ❧✬✐♥tér✐❡✉r ❞✉ ❣r❛✐♥ ❡t ✵ à
❧✬❡①tér✐❡✉r ❡t q✉✐ ♣❛ss❡ ❝♦♥t✐♥û♠❡♥t ❞❡ ✶ à ✵ s✉r ❧✬é♣❛✐ss❡✉r δGB ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥✳ ▲❡✉r é✈♦❧✉t✐♦♥
r❡♣♦s❡♥t s✉r ❧❡s éq✉❛t✐♦♥s ❞❡ ●✐♥③❜✉r❣✲▲❛♥❞❛✉ ❞é♣❡♥❞❛♥t ❞✉ t❡♠♣s ❬▲◗❈✶✾✾✹❪✳ ❈❡tt❡ ❛♣♣r♦❝❤❡✱
q✉✐ ✉t✐❧✐s❡ ❧❡s ❞ér✐✈é❡s ♣❛rt✐❡❧❧❡s ♣❛r r❛♣♣♦rt ❛✉① ♣❛r❛♠ètr❡s ❞✬♦r❞r❡ ❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ t♦t❛❧❡✱ ❛
été ét❡♥❞✉❡ ré❝❡♠♠❡♥t ♣❛r ◆❡st❧❡r ❬❇◆✷✵✵✺❪ ❛✉ ❝❛s ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ♠✉❧t✐❝♦♠♣♦s❛♥ts ❛✈❡❝ ❞❡s
é♥❡r❣✐❡s ❞❡ s✉r❢❛❝❡ ❡t ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❛♥✐s♦tr♦♣❡s ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬❛♣♣❛r✐t✐♦♥
é✈❡♥t✉❡❧❧❡ ❞❡ ♥♦✉✈❡❧❧❡s ♣❤❛s❡s✳

❲❛❦❛✐ ❛ ré❝❡♠♠❡♥t ♣r♦♣♦sé ✉♥ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ❬❋❲✷✵✶✶❪ q✉✐ ❝♦♥s✐❞èr❡ à ❧❛
❢♦✐s ❧❛ ❞✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❡t ❡♥ s✉r❢❛❝❡ ♣♦✉r s✐♠✉❧❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ❞❡s ❣r❛✐♥s
❧♦rs ❞✉ ❢r✐tt❛❣❡✳ ❈❡tt❡ é✈♦❧✉t✐♦♥ r❡♣♦s❡ s✉r ❧❡ ✧s✉r❢❛❝❡ ❡✈♦❧✈❡r✧ ❞❡ ❇r❛❦❦❡ ❬❑❇✶✾✾✷❪✳ ❲❛❦❛✐ ❛

✻✵



✶✳✷✳ ❍②♣♦t❤ès❡s ❞✉ ♠♦❞è❧❡

♣r♦♣♦sé ✉♥❡ ❛♣♣r♦❝❤❡ t❤é♦r✐q✉❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥ ❛❣ré❣❛t ❞❡ ❣r❛✐♥s ❡♥ t❛♥t q✉❡ s♦❧✉t✐♦♥ ❞✬✉♥❡
éq✉❛t✐♦♥ t❡♥s♦r✐❡❧❧❡ ❞✉ ✈✐r✐❡❧ ❬❋❲✷✵✶✸❪✳

▲❡ ♠♦❞è❧❡ q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ❬❏▲✶✾✾✾❪✱ ❬❏▲✷✵✵✶❪✱ ❬▼❆✷✵✵✻❪ ❡st ♣rés❡♥té ❞❛♥s s❛ ❢♦r✲
♠✉❧❛t✐♦♥ ❢♦rt❡ ❞❛♥s ❝❡ q✉✐ s✉✐t✳ ▲❡s ❛❧❣♦r✐t❤♠❡s ❡t ❧❡s ❝❤♦✐① ♥✉♠ér✐q✉❡s r❡♣♦s❡♥t s✉r ❧✬❛✐❞❡ ❞❡
❘♦❜❡rt ❇♦②❡r ❡t ❞❡ ❑❛❝❡♠ ❙❛✐❦♦✉❦ ❞✉ ❈❡♥tr❡ ❞❡ ▼❛t❤é♠❛t✐q✉❡s ❡t ❞✬■♥❢♦r♠❛t✐q✉❡ ❞❡ ▼❛rs❡✐❧❧❡
❞♦♥t ❥✬❛✐ ❜é♥é✜❝✐é ❛✉ ❝♦✉rs ❞❡ ❝❡s ❛♥♥é❡s✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ✉♥ ❝♦♥tr❛t ❞❡ ❝♦❧❧❛❜♦r❛t✐♦♥ s❝✐❡♥t✐✜q✉❡
❛✈❛✐t été ét❛❜❧✐ ❡♥tr❡ ❧❡ ❈❡♥tr❡ ❞❡ ▼❛t❤é♠❛t✐q✉❡s ❡t ❞✬■♥❢♦r♠❛t✐q✉❡ ❞❡ ▼❛rs❡✐❧❧❡ ❡t ❧❡ ❈❊❆✳ ❈❡s
❛❧❣♦r✐t❤♠❡s ♦♥t été ♠✐s ❡♥ ♣❧❛❝❡ ❡♥ ✈✉❡ ❞✬✉♥❡ ♣❛r❛❧❧é❧✐s❛t✐♦♥ ✉❧tér✐❡✉r❡ ♣♦ss✐❜❧❡✱ ❡t ❧✬❛❧❣♦r✐t❤♠❡
❞❡ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❞♦♠❛✐♥❡s ❞❡ t②♣❡ ❉✐r✐❝❤❧❡t✲◆❡✉♠❛♥♥ ♣r♦♣♦sé ❛ été ♣r♦❣r❛♠♠é✱ ✉t✐❧✐sé ❞❛♥s
✉♥❡ t❤ès❡ ❡♥❝❛❞ré❡ ✭▼✳ ❆❥❞♦✉r ❬▼❆✷✵✵✻❪✮✱ ♠❛✐s ❛❝t✉❡❧❧❡♠❡♥t ❧❛✐ssé ♣r♦✈✐s♦✐r❡♠❡♥t ❞❡ ❝ôté ❛✉
♣r♦✜t ❞✬✉♥❡ rés♦❧✉t✐♦♥ ❣❧♦❜❛❧❡ q✉✐ s❡r✈✐r❛ ❞❡ ré❢ér❡♥❝❡ ❛✉① ❛✉tr❡s ♠ét❤♦❞❡s ❞❡ rés♦❧✉t✐♦♥✳

✶✳✷ ❍②♣♦t❤ès❡s ❞✉ ♠♦❞è❧❡

▲❛ s✐♠✉❧❛t✐♦♥ ♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡ ré❛rr❛♥❣❡♠❡♥t ❞❡s ❝r✐st❛❧❧✐t❡s q✉✐ ❝♦rr❡s♣♦♥❞r❛✐t à
✉♥ ❣❧✐ss❡♠❡♥t ♦✉ à ✉♥ r♦✉❧❡♠❡♥t ❞❡s ❣r❛✐♥s ❛✉① ♥✐✈❡❛✉ ❞❡s ❝♦✉s q✉✐ ❧❡s ❝♦♥♥❡❝t❡♥t à ❧❡✉rs ✈♦✐s✐♥s✳
❈❡❝✐ s✐❣♥✐✜❡ q✉✬✉♥❡ ❢♦✐s ❧❡ ❝♦♥t❛❝t ❡♥tr❡ ❞❡✉① ❣r❛✐♥s ét❛❜❧✐✱ ❝❡❧✉✐✲❝✐ ❞❡♠❡✉r❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥✱ ♦✉ ❞✬✉♥ ❢r✐tt❛❣❡ ❝♦♠♣♦rt❡♥t ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❣r❛✐♥s ❛✈❡❝ ❞❡ ❢♦rt❡s ✐♥❤♦♠♦❣é♥é✐tés
✐♥✐t✐❛❧❡s ❞❡ ré♣❛rt✐t✐♦♥ ❞❡s ❣r❛✐♥s✳ ❈❡ ♣❤é♥♦♠è♥❡ s❡r❛✐t ❡ss❡♥t✐❡❧❧❡♠❡♥t à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s
❧❡ ❝❛s ❞✬✉♥ ❢r✐tt❛❣❡ s♦✉s ❝❤❛r❣❡✳

▲❡s ❣r❛✐♥s s♦♥t s✉♣♣♦sés êtr❡ ♠♦♥♦❝r✐st❛❧❧✐♥s ♠ê♠❡ s✬✐❧s ❝♦♥t✐❡♥♥❡♥t ❞❡s ❞é❢❛✉ts ♣♦♥❝t✉❡❧s
é✈❡♥t✉❡❧❧❡♠❡♥t ♦r❣❛♥✐sés ❡♥ ❞✐s❧♦❝❛t✐♦♥s ❝♦✐♥s ♦✉ ✈✐s✱ ❡♥ ❜♦✉❝❧❡s ❞❡ ❞✐s❧♦❝❛t✐♦♥s ♦✉ ❡♥ ❥♦✐♥ts ❞❡
✢❡①✐♦♥✳ ▲♦rs ❞❡ ❧❛ ♠♦♥té❡ ❡♥ t❡♠♣ér❛t✉r❡ ❧♦rs ❞✉ ❝②❝❧❡ ❞❡ ❢r✐tt❛❣❡ ❝❡s ❞é❢❛✉ts s♦♥t ♣❛rt✐❡❧❧❡♠❡♥t
r❡❝✉✐ts s♦✉s ❧✬❡✛❡t ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡✳ ❈♦♠♠❡ ❝❡ ❞❡r♥✐❡r ♣❤é♥♦♠è♥❡ ❡st ❧❡ ♣❧✉s ❧❡♥t ❞❡s
♣❤é♥♦♠è♥❡s ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ♣❤❛s❡ s♦❧✐❞❡✱ ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉✬✉♥❡ ♣❛rt✐❡ ❞❡ ❝❡s ❞é❢❛✉ts s✉❜s✐st❡✱
❝❡♣❡♥❞❛♥t✱ ❧♦rs ❞✉ ❢r✐tt❛❣❡✳ ▲❡s ❞é❢❛✉ts ♣♦♥❝t✉❡❧s ♣❡✉✈❡♥t ♣r♦✈❡♥✐r ♣❛r ❡①❡♠♣❧❡ ❞✬✉♥ é❝❛rt à ❧❛
st÷❝❤✐♦♠étr✐❡ ❞û à ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✱ ❧❡✉r ❛ss♦❝✐❛t✐♦♥ ❡♥ ❞é❢❛✉ts ♣❧✉s ❝♦♠♣❧❡①❡s
à ✉♥ ❞♦♣❛❣❡ ✭♣❛r ❡①❡♠♣❧❡ Cr3� ❞❛♥s ❧❛ str✉❝t✉r❡ ✢✉♦r✐♥❡ UO2✮✳ ▲❡s ❞✐s❧♦❝❛t✐♦♥s ♣❡✉✈❡♥t êtr❡
✐♥❞✉✐t❡s ♣❛r ❧❡s ét❛♣❡s ❞❡ ❜r♦②❛❣❡ ❡t ❞❡ ♣r❡ss❛❣❡ ✭♣♦✉r ❝❡tt❡ ❞❡r♥✐èr❡✱ t②♣✐q✉❡♠❡♥t✱ ❧❛ ♣r❡ss✐♦♥
❛♣♣❧✐q✉é❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 450MPa ♣♦✉r ❧❡ ❝❛s ❞✉ ❝♦♠❜✉st✐❜❧❡ ♥✉❝❧é❛✐r❡✮✳ ❆✐♥s✐✱ ❛✉① ❣r❛✐♥s
♠♦♥♦❝r✐st❛❧❧✐♥s ♣❡✉✈❡♥t êtr❡ ❛ss♦❝✐és ✸ ❛♥❣❧❡s ♣φ, θ, ψq ♣♦✉r r❡❧✐❡r ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❡✉r rés❡❛✉
❝r✐st❛❧❧✐♥

✁
~a,~b,~c

✠
❛✉① ❛①❡s ❞✉ ❧❛❜♦r❛t♦✐r❡ ♣ÝÑe1 ,ÝÑe2 ,ÝÑe3q✳ ❖♥ s✉♣♣♦s❡ q✉❡ ❧❡ ❢r✐tt❛❣❡ ❡st ❧✐❜r❡✱ ✐✳❡✳

q✉❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❛♣♣❧✐q✉é❡ ❡st s✉✣s❛♠♠❡♥t ❢❛✐❜❧❡ ♣♦✉r q✉❡ ❧❡s ❞é❢♦r♠❛t✐♦♥s ❞❡s ❣r❛✐♥s r❡st❡♥t
é❧❛st✐q✉❡s✱ ♠ê♠❡ s✐ ❧❛ ❞✐✛✉s✐♦♥ ❝♦♥❞✉✐t à ✉♥❡ ❞é❢♦r♠❛t✐♦♥ ✐rré✈❡rs✐❜❧❡ ❞❡ ❧✬❡♥s❡♠❜❧❡✳ ▲❡ ❣r❛❞✐❡♥t
❞✬é♥❡r❣✐❡ ♠é❝❛♥✐q✉❡ ❡♠♠❛❣❛s✐♥é❡ ❧♦❝❛❧❡♠❡♥t ❞❛♥s ❧❡s ❣r❛✐♥s ❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ✢✉① ✐rré✈❡rs✐❜❧❡s ❞❡
♠❛t✐èr❡✳ ❇✐❡♥ q✉❡ ❧❡s ❝ér❛♠✐q✉❡s t❡❧❧❡s q✉❡ UO2 ♦✉ ♣U1✁yPuyqO2✁x s♦✐❡♥t ❞❡♥s❡s ✭✒ 11g.cm✁3✮
❧❡ ♣♦✐❞s ♥✬❛ ♣❛s été ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥✳

P♦✉r ✐❧❧✉str❡r ❧❡ ♠♦❞è❧❡ ❡t ♣♦✉r ❧❡s t❡sts ❛❝t✉❡❧s✱ ❧❡ ❝❛s ❞❡ ❞❡✉① ❣r❛✐♥s ❛✉ ❝♦♥t❛❝t ❡st ❝♦♥s✐❞éré✳
▲❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞✉ ❣r❛✐♥ ✶ ❡st ♥♦té❡ Γ1✱ ❝❡❧❧❡ ❞✉ ❣r❛✐♥ ✷ Γ2✱ ❧❡ ❥♦✐♥t ❞❡ ❣r❛✐♥ Γ1④2 ❡t ❧❛ ❧✐❣♥❡
tr✐♣❧❡ ∆1④2✳ ▲❡ ✈♦❧✉♠❡ ❞❡s ❣r❛✐♥s ❡st ♥♦té Ωi ✭i ✏ 1 ♦✉ 2✮✳

❈❤❛q✉❡ ❣r❛✐♥ ❡st ❝♦♥s✐❞éré ❝♦♠♠❡ ét❛♥t ✉♥ ♠✐❧✐❡✉ ❝♦♥t✐♥✉ ♠❛✐s ❝❛r❛❝tér✐sé ♣❛r tr♦✐s ❛♥❣❧❡s
q✉✐ ❢♦♥t ❧❡ ❧✐❡♥ ❛✈❡❝ ❧✬é❝❤❡❧❧❡ ❛t♦♠✐q✉❡✳

✻✶



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

✶✳✸ ❊✛❡ts ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ s✉r❢❛❝❡

▲❛ ❝♦✉r❜✉r❡ ❛✉① ❢r♦♥t✐èr❡s ❞✬✉♥ ❣r❛✐♥✱ q✉❡ ❝❡ s♦✐❡♥t ❞❡s s✉r❢❛❝❡s ❧✐❜r❡s ♦✉ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s✱
❡st à ❧✬♦r✐❣✐♥❡ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ ❝♦♥tr❛✐♥t❡s ❧❡ ❧♦♥❣ ❞❡s ❝♦♥t♦✉rs ❞❡s ❣r❛✐♥s✳ ▲❛ ❝♦✉r❜✉r❡ ❛❣✐t s✉r
❧❛ s✉r❢❛❝❡ ❡♥ ❡①❡rç❛♥t ✉♥❡ ❢♦r❝❡ d~f ❞❡ t②♣❡ ▲❛♣❧❛❝❡ s✉r ✉♥ é❧é♠❡♥t ❞❡ s✉r❢❛❝❡ dS✳ ❙❛ rés✉❧t❛♥t❡
❡st ♥♦r♠❛❧❡ à ❧❛ s✉r❢❛❝❡✳

d~f ✏ γ

✂
1

R1
�

1

R2

✡
~ndS ✭✶✳✶✮

♦ù R1 ❡t R2 s♦♥t ❧❡s r❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ♣r✐♥❝✐♣❛✉① ❡t ~n ❧❛ ♥♦r♠❛❧❡ à ❧❛ s✉r❢❛❝❡✳
❉❛♥s ❧❡ ♠❛tér✐❛✉ ❝♦♥st✐t✉❛♥t ❧❡ ❝♦♠❜✉st✐❜❧❡ ♥✉❝❧é❛✐r❡ ❝r✉✱ à ❧✬✐ss✉❡ ❞✉ ♣r❡ss❛❣❡✱ ❧❡s ❛❣ré❣❛ts

s♦♥t ❝♦♥st✐t✉és ❞❡ ✶ à ✸ ❝r✐st❛❧❧✐t❡s ❡t ❧❛ ❧❛r❣❡✉r ❞❡s r❛✐❡s ❞❡ ❞✐✛r❛❝t✐♦♥ ♠♦♥tr❡ q✉❡ ❧❡✉r t❛✐❧❧❡ ❡st
❞❡ ✵✱✶ à ✵✱✸ ♠✐❝r♦♠ètr❡s✳ ❆✉ t❡r♠❡ ❞✉ ❢r✐tt❛❣❡ ❧❛ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵ ♠✐❝r♦♠ètr❡s✳
▲❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 1J ☎m✁1✱ ❛✐♥s✐✱ ❞❛♥s ❧❡ ♠❛tér✐❛✉ ❝r✉ ❧❛ ❝♦♥tr❛✐♥t❡ ❡♥ s✉r❢❛❝❡
❞❡s ❣r❛✐♥s ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 10MPa✳ ❖♥ ✈♦✐t q✉❡ ❧❡ ♠♦t❡✉r ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ✈❛ êtr❡ très s❡♥s✐❜❧❡ à
❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡ ❧♦❝❛❧❡ H ❞é✜♥✐❡ ♣❛r

H ✏
1

2

✂
1

R1
�

1

R2

✡
✭✶✳✷✮

✶✳✸✳✶ ❈❛❧❝✉❧ ♥✉♠ér✐q✉❡ ❞❡ ❧❛ ❝♦✉r❜✉r❡

❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ s✉r❢❛❝❡ ❞✐s❝rét✐sé❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❧♦❝❛❧❡ ♠♦②❡♥♥❡ H ❡st ❝r✐t✐q✉❡
♣♦✉r ❧❛ ❜♦♥♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡✳ ❉✐✈❡rs❡s t❡❝❤♥✐q✉❡s ♦♥t été ♠✐s❡s ❡♥ ÷✉✈r❡
❡t t❡sté❡s ❬▼❆✷✵✵✻❪ ♣✉✐s ❬▼❲✷✵✵✼❪✳ ❈❡ ♣r♦❜❧è♠❡ ❡st très ❞é❧✐❝❛t ❡t ❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉①
tr❛✈❛✉① r❡❧❛tés ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬❚❙✷✵✵✸❪ ❬❉❈❙✷✵✵✸❪ ❀ ❝✬❡st ❧❛ ♣✐❡rr❡ ❞✬❛♥❣❧❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡
❧❛ s✉r❢❛❝❡✳ ❆✉ ✜♥❛❧✱ ♥♦✉s ♥♦✉s s♦♠♠❡s t♦✉r♥és ✈❡rs ✉♥❡ ❜✐❜❧✐♦t❤èq✉❡ ♥✉♠ér✐q✉❡ s♣é❝✐❛❧✐sé❡✱
❧❛ ❜✐❜❧✐♦t❤èq✉❡ ❈♦♠♣✉t❛t✐♦♥❛❧ ●❡♦♠❡tr② ❆❧❣♦r✐t❤♠s ▲✐❜r❛r② ✭❈●❆▲ ❬❆❋✶✾✾✻❪✮ ❡♥ ✉t✐❧✐s❛♥t
♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧✬❛♣♣❧✐❝❛t✐♦♥ Jet❴fitting❴3D ❬❋❈✷✵✵✽❪✳ ❊❧❧❡ ❛❥✉st❡✱ ❛✉ s❡♥s ❞❡s ♠♦✐♥❞r❡s
❝❛rrés✱ ♣♦✉r ❝❤❛❝✉♥ ❞❡s ♥÷✉❞s ♣♦✉r ❧❡q✉❡❧ ♦♥ s♦✉❤❛✐t❡ ❝❛❧❝✉❧❡rH ✭❝❡✉① ❛♣♣❛rt❡♥❛♥t à ❧❛ ❢r♦♥t✐èr❡
❞❡s ❣r❛✐♥s✮✱ à ♣❛rt✐r ❞❡s ❝♦♦r❞♦♥♥é❡s ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣❧✉s ♣r♦❝❤❡s ✈♦✐s✐♥s✱ ✉♥❡ ❢♦r♠❡ ❞❡ ▼♦♥❣❡✳
❈❡tt❡ ❞❡r♥✐èr❡ s✬é❝r✐t ❞❛♥s ✉♥ r❡♣èr❡ ♦ù ❧✬❛①❡ ❞❡s z ❡st ❞✐r✐❣é ♣❛r ❧❛ ♥♦r♠❛❧❡ s♦rt❛♥t❡ ❞✉ ❣r❛✐♥
❡t ❞♦♥t ❧✬♦r✐❣✐♥❡ ❡st ❧❡ ♥÷✉❞ ❝♦♥s✐❞éré✳

z♣x, yq ✏
1

2
♣k1x

2 � k2y
2q �

1

6
♣b0x

3 � 3b1x
2y � 3b2xy

2 � b3y
3q �

❜
x2 � y2

2

ǫ♣x, yq ✭✶✳✸✮

▲❡ ♥♦♠❜r❡ ❞❡ ❝♦✉❝❤❡s ❞❡ ♣r❡♠✐❡rs ✈♦✐s✐♥s à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ♣♦✉r ✉♥ ♥÷✉❞ ❞♦♥♥é ❡st ✉♥
♣❛r❛♠ètr❡ ❝r✐t✐q✉❡✳ ❙✐ ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦✉❝❤❡s ❞❡ ✈♦✐s✐♥s ❡st tr♦♣ ♣❡t✐t ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❞❡ ❝♦✉r❜✉r❡
❧✐é❡s ❛✉ ❝❛❧❝✉❧ à ❧✬✐ss✉❡ ❞✬✉♥ ♣❛s ❞❡ t❡♠♣s s❡r♦♥t ❜r✉✐té❡s✱ s✬✐❧ ❡st tr♦♣ ❣r❛♥❞ ❝❡s ✐♥❢♦r♠❛t✐♦♥ ❞❡
❝♦✉r❜✉r❡ s❡r♦♥t tr♦♣ ♠♦②❡♥♥é❡s✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❧✐és à ❝❡s ✈❛r✐❛t✐♦♥s ❞❡
❝♦✉r❜✉r❡ ♥❡ s❡r♦♥t ♣❛s ❝♦rr❡❝ts✳

✶✳✸✳✷ ❊✛❡t ♠é❝❛♥✐q✉❡ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡

▲✬éq✉✐❧✐❜r❡ q✉❛s✐✲st❛t✐q✉❡ ❞❡s ❢♦r❝❡s s✬é❝r✐t ❞❛♥s ❧✬❤②♣♦t❤ès❡ ❞❡s ♣❡t✐t❡s ❞é❢♦r♠❛t✐♦♥s à ❧✬❛✐❞❡
❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ◆❛✈✐❡r✲▲❛♠é ✿

3➳
i✏1

❇σij
❇xj

� ρfi ✏ 0, i P t1, ..., 3✉ ✭✶✳✹✮
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✶✳✸✳ ❊✛❡ts ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ s✉r❢❛❝❡

♦ù σij ❞és✐❣♥❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ij ❞✉ t❡♥s❡✉r ❞❡s ❝♦♥tr❛✐♥t❡s ❡t ρ ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞✉ s♦❧✐❞❡✳
❈❡tt❡ ❛♣♣r♦❝❤❡✱ ❞❡ t②♣❡ ♣❡t✐t❡s ❞é❢♦r♠❛t✐♦♥s✱ ❡st ❛❞❛♣té❡ ❝❛r ✐❧ s✬❛❣✐t s❡✉❧❡♠❡♥t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡
❞❡ ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ é❧❛st✐q✉❡ ❡♠♠❛❣❛s✐♥é❡ ❞❛♥s ❧❡ s♦❧✐❞❡ à ❝❤❛q✉❡ ✐♥st❛♥t✱ ❧❛ ❞é❢♦r♠❛t✐♦♥
❣❧♦❜❛❧❡✱ q✉✐ ❡❧❧❡ ❡st ✐♠♣♦rt❛♥t❡ ✭∆L

L0
✔ ✁15%✮ ❡♥tr❡ ❧❡ ❞é❜✉t ❡t ❧❛ ✜♥ ❞✉ ❢r✐tt❛❣❡ ❡st ❞✉❡ ♥♦♥ ♣❛s

à ❧✬é❧❛st✐❝✐té ♠❛✐s à ❧❛ ❞é❢♦r♠❛t✐♦♥ ❧✐é❡ ❛✉① ✢✉① ✐rré✈❡rs✐❜❧❡s ❞❡ ♠❛t✐ér❡✳

✶✳✸✳✸ ❈♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❞❡ t②♣❡ ◆❡✉♠❛♥♥

❯♥❡ ♣❛rt✐❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❡r♠❡t✉r❡ ❞✉ ♣r♦❜❧è♠❡ s♦♥t ❞❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❞❡ t②♣❡
✈♦♥ ◆❡✉♠❛♥♥✳

P♦✉r ✉♥❡ ✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ❡❧❧❡s tr❛❞✉✐s❡♥t ✉♥❡ ❢♦r❝❡ ❞❡ ▲❛♣❧❛❝❡ ❡①❡r❝é❡ ❧♦❝❛❧❡♠❡♥t à ❧❛
s✉r❢❛❝❡ ❞✉ ❢❛✐t ❞❡s ❝♦♥tr❛✐♥t❡s ❧✐é❡s à ❧❛ ❝♦✉r❜✉r❡ ❛✐♥s✐ q✉❡ ❧❛ ♣r❡ss✐♦♥ ❞✉ ❣❛③✲♣r♦❝é❞é ✿

σ ♣~nq ☎ ~n ✏ ✁pgaz ✁ 2γSVHSV ✭✶✳✺✮

▲✬✐♥❞✐❝❡ SV ❞és✐❣♥❛♥t ❧✬✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ✭s♦❧✐❞✴✈❛♣♦r ❡♥ ❛♥❣❧❛✐s✮✳
P♦✉r ✉♥❡ ✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣r❛✐♥ ❡❧❧❡s tr❛❞✉✐s❡♥t ✉♥❡ ❢♦r❝❡ ❞❡ ▲❛♣❧❛❝❡ ❡①❡r❝é❡ ❧♦❝❛❧❡♠❡♥t à ❧❛

s✉r❢❛❝❡ ❞✉ ❢❛✐t ❞❡s ❝♦♥tr❛✐♥t❡s ❧✐é❡s à ❧❛ ❝♦✉r❜✉r❡ ❛✐♥s✐ q✉❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❡①❡r❝é❡ ♣❛r ❧❡ ❣r❛✐♥
✈♦✐s✐♥ ❛✉ ❝♦♥t❛❝t ✿

σ1 ♣
ÝÑn1q ☎

ÝÑn1 ✏ σ2 ♣
ÝÑn1q ☎

ÝÑn1 ✁ 2γGBHGB ✭✶✳✻✮

▲✬✐♥❞✐❝❡ GB ❞és✐❣♥❛♥t ❧✬✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣r❛✐♥ ✭❣r❛✐♥ ❜♦✉♥❞❛r② ❡♥ ❛♥❣❧❛✐s✮✱ ❡t ❧✬✐♥❞✐❝❡ ❞❡ σ
❞és✐❣♥❛♥t ❧❡ ❞♦♠❛✐♥❡ ✭❛✉ s❡♥s ♠❛t❤é♠❛t✐q✉❡ ❞✉ t❡r♠❡✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉ ❣r❛✐♥✮ ♣♦✉r ❧❡q✉❡❧
σ ❛ été ❝❛❧❝✉❧é✳

✶✳✸✳✹ ❈♦♥❞✐t✐♦♥s ❛❧❣é❜r✐q✉❡s

▲❡s ❛✉tr❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❡r♠❡t✉r❡ s♦♥t ❞❡ t②♣❡ ❛❧❣é❜r✐q✉❡ ❡t ♣❡r♠❡tt❡♥t ❞✬é❧✐♠✐♥❡r ❧❡s ♠♦✉✲
✈❡♠❡♥ts ❞❡ ❝♦r♣s r✐❣✐❞❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s s♦❧✉t✐♦♥s ❞✉ ♣r♦❜❧è♠❡✳
▲❡s ❢♦r❝❡s ❡①tér✐❡✉r❡s ❛✉ s②stè♠❡✱ ❝♦♥st✐t✉é ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ ❣r❛✐♥s ✭✐❝✐ ❞❡✉①✮ ❛✉ ❝♦♥t❛❝t ❡♥
❝♦✉rs ❞❡ ❢r✐tt❛❣❡✱ s♦♥t ❧❡ ♣♦✐❞s✱ ❧❛ ré❛❝t✐♦♥ ❞✉ s✉♣♣♦rt ❡t ❧❡s ❢♦r❝❡s ❞❡ ♣r❡ss✐♦♥ ❡♥ s✉r❢❛❝❡✱ ❧❡s
❞❡✉① ♣r❡♠✐èr❡s ♥❡ s♦♥t ♣❛s ♣r✐s❡s ❡♥ ❝♦♠♣t❡ ✐❝✐✳

❊✛❡t ❞❡s ❢♦r❝❡s ❞❡ ♣r❡ss✐♦♥

❖♥ s✉♣♣♦s❡ q✉❡ ❧❛ ③♦♥❡ ❞❡ ❝♦♥t❛❝t ❡♥tr❡ ❧✬❛ss❡♠❜❧é❡ ❞❡ ❣r❛✐♥s ❡t ❧❡ s✉♣♣♦rt ❡st ❞❡ ♠❡s✉r❡
♥✉❧❧❡ ❞❡ s♦rt❡ q✉❡ ❧❡ ❣❛③ s♦✐t ❛✉ ❝♦♥t❛❝t s✉r t♦✉t❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞❡✉① s♦❧✐❞❡s✳ ❈❡❧❛
♣❡✉t êtr❡ ✈r❛✐ ❛✉ ❞é❜✉t ❞✉ ❢r✐tt❛❣❡✱ ♣❛r ❝♦♥tr❡✱ ❧♦rsq✉❡ ❝❡❧✉✐✲❝✐ ❡st s✉✣s❛♠♠❡♥t ❛✈❛♥❝é✱ ❧❛ ③♦♥❡
❞❡ ❝♦♥t❛❝t ❛✈❡❝ ❧❡ s✉♣♣♦rt ❡st ♣r♦❜❛❜❧❡♠❡♥t ét❡♥❞✉❡✳
❖♥ ♠♦♥tr❡✱ s✉r ❧✬❡①❡♠♣❧❡ ✷❉✱ q✉❡ ❧❛ s♦♠♠❡ ❞❡s ❢♦r❝❡s ❞❡ ♣r❡ss✐♦♥ ❛♣♣❧✐q✉é❡s à ❧❛ s✉r❢❛❝❡ ❡st ❞❡
rés✉❧t❛♥t❡ ♥✉❧❧❡✳
❖♥ ❝♦♥s✐❞èr❡ ✉♥ s♦❧✐❞❡ ✭✉♥❡ ❛ss❡♠❜❧é❡ ❞❡ ❣r❛✐♥s ❛✉ ❝♦♥t❛❝t✮ ❞❡ ❝♦♥t♦✉r ❝♦♥t✐♥✉ ❢❡r♠é ✭❧❡s ❥♦✐♥ts
❞❡ ❣r❛✐♥s s♦♥t✱ ♣♦✉r ❝❡tt❡ ♣❛rt✐❡ ❞✉ r❛✐s♦♥♥❡♠❡♥t✱ ❞❡s ❢r♦♥t✐èr❡s ✐♥t❡r♥❡s ❛✉ s♦❧✐❞❡✮ ❛✈❡❝ ✉♥❡
♦r✐❣✐♥❡ ❖ s✉r ❧❡ ❝♦♥t♦✉r ❡t ✉♥❡ ❛❜s❝✐ss❡ ❝✉r✈✐❧✐❣♥❡ s✳ ▲❛ ❢♦r❝❡ ❞❡ ♣r❡ss✐♦♥ ❡①❡r❝é❡ s✉r ✉♥ é❧é♠❡♥t
❞❡ ❝♦♥t♦✉r ❞❡ ❧♦♥❣✉❡✉r ds s✬é❝r✐t ✿

d~f ✏ ✁

✂
γ

1

ρ♣sq
� p0

✡
ds
ÝÝÑ
n♣sq ✏ ✁γ

ÝÝÑ
t♣sq ✁ p0

ÝÝÑ
n♣sq ✭✶✳✼✮

✻✸



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

s♦✐t✱ ❡♥ s♦♠♠❛♥t s✉r t♦✉t ❧❡ ❝♦♥t♦✉r ✿

~f ✏ ✁γ

L➺
0

ÝÝÑ
t♣sqds✁ p0

L➺
0

ÝÝÑ
n♣sqds ✭✶✳✽✮

▲❡ ❝♦♥t♦✉r ét❛♥t ❢❡r♠é ❧❡ ♣r❡♠✐❡r t❡r♠❡ ❡st ♥✉❧✱ t❛♥❞✐s q✉❡ ♣♦✉r ❧❡ s❡❝♦♥❞ ✿

✁p0

L➺
0

ÝÝÑ
n♣sqds ✏

➻
S

ÝÝÝÑ∇ ♣pqdS ✭✶✳✾✮

❙✐ ❧❡ s♦❧✐❞❡ ❡st ✐♥❝♦♠♣r❡ss✐❜❧❡✱ ❧❛ ♣r❡ss✐♦♥ ❡st ❝♦♥st❛♥t❡ p ✏ p0 ❞❛♥s ❧❡ s♦❧✐❞❡ ❡t ❧❡ ❞❡r♥✐❡r t❡r♠❡
s✬❛♥♥✉❧❡✳

▲❛ s♦♠♠❡ ❞❡s ❢♦r❝❡s ❛♣♣❧✐q✉é❡s à ❧✬❡♥s❡♠❜❧❡ ❞❡s ❣r❛✐♥s ❡♥ ❝♦♥t❛❝t ❡st ♥✉❧❧❡✳
❖♥ ❞é♠♦♥tr❡ ❛✉ss✐ q✉❡ ❧❡ ♠♦♠❡♥t✱ ♣❛r r❛♣♣♦rt à ✉♥ ♣♦✐♥t✱ ❞❡s ❢♦r❝❡s ❞❡ ♣r❡ss✐♦♥ ❡t ❞❡
t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ s✬❛♥♥✉❧❡ s✐ ❝❡ ♣♦✐♥t ❡st ❧❡ ❝❡♥tr❡ ❞❡ ❣r❛✈✐té ❞✉ s♦❧✐❞❡✳

❈♦♥séq✉❡♥❝❡s s✉r ❧❡ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥ts

❙✐ ❧✬♦♥ ❝♦♥s✐❞èr❡ ✉♥❡ tr❛♥s❢♦r♠❛t✐♦♥ é❧❛st✐q✉❡ ❞✉ s♦❧✐❞❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❡ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡✲
♠❡♥ts ♣❛ss❡ ❞❡ ~0 à ~u✱ ❧❛ s♦♠♠❡ ❞❡s ❢♦r❝❡s ét❛♥t ♥✉❧❧❡ à ❝❤❛q✉❡ ✐♥st❛♥t✱ ❧❡ ❝❡♥tr❡ ❞❡ ❣r❛✈✐té ❣❛r❞❡
s❛ ✈✐t❡ss❡ ✐♥✐t✐❛❧❡ q✉✐ ❡st ♥✉❧❧❡✳
P❛r ❛✐❧❧❡✉rs✱ ❧❡ ♠♦♠❡♥t ❞❡s ❞é♣❧❛❝❡♠❡♥ts ♣❛r r❛♣♣♦rt ❛✉ ❝❡♥tr❡ ❞❡ ❣r❛✈✐té r❡st❡ ❧✉✐ ❛✉ss✐ ♥✉❧✳

Pr♦♣r✐étés ❞✉ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥ts

▲✬❛❜s❡♥❝❡ ❞❡ tr❛♥s❧❛t✐♦♥ ❞✉ ❝❡♥tr❡ ❞❡ ❣r❛✈✐té ❞❡s ❞❡✉① ❣r❛✐♥s ❞♦♥♥❡ ❡♥ ♥♦t❛♥t ✿
G ❧❡ ❝❡♥tr❡ ❞❡ ❣r❛✈✐té ❛♣rès ❞é❢♦r♠❛t✐♦♥ ❞❡✈✐❡♥t G✶

M ✉♥ ♣♦✐♥t ❞✉ s♦❧✐❞❡ q✉✐ ❞❡✈✐❡♥t ❛♣rès ❞é❢♦r♠❛t✐♦♥ M ✶ t❡❧ q✉❡
ÝÝÝÑ
MM ✶ ✏ ~u

✩✬✬✬✬✫✬✬✬✬✪

➭
Ω1❨Ω2

ρ
ÝÝÑ
GMdτ ✏ ~0 ♣definition deGq➭

Ω1❨Ω2

ρ
ÝÝÝÑ
G✶M ✶dτ ✏ ~0 ♣definition deG✶q

ÝÝÑ
GG✶ ✏ ~0 ♣centre de gravite immobileq

✭✶✳✶✵✮

♦ù ρ ❡st ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞✉ ♠❛tér✐❛✉ q✉❡ ❧✬♦♥ ♣❡✉t s✉♣♣♦s❡r ♣r❛t✐q✉❡♠❡♥t ❝♦♥st❛♥t❡ ✭s♦❧✐❞❡
q✉❛s✐✲✐♥❝♦♠♣r❡ss✐❜❧❡✮✳ ❆✐♥s✐ ✿ ➼

Ω1❨Ω2

~u dτ ✏ ~0 ✭✶✳✶✶✮

▲✬❛❜s❡♥❝❡ ❞❡ r♦t❛t✐♦♥ ❞❡s ❞❡✉① ❣r❛✐♥s ❛✉t♦✉r ❞✉ ❝❡♥tr❡ ❞❡ ❣r❛✈✐té ❞♦♥♥❡ ✿➼
Ω1❨Ω2

ÝÝÑ
GM ❫ÝÑu dτ ✏ ~0 ✭✶✳✶✷✮

✻✹



✶✳✸✳ ❊✛❡ts ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ s✉r❢❛❝❡

❆✉tr❡ ❥✉st✐✜❝❛t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❛❧❣é❜r✐q✉❡s ❞❡ ❢❡r♠❡t✉r❡

▲♦rsq✉❡ ❧✬♦♥ s✬✐♥tér❡ss❡ à ✉♥❡ ❛ss❡♠❜❧é❡ ❞❡ ❣r❛✐♥s ❛✉ ❝♦♥t❛❝t q✉✐ ❢r✐tt❡♥t✱ ♦♥ ♣❡✉t ✐♠❛❣✐♥❡r
q✉❡ ♣♦✉r ♦❜s❡r✈❡r ❧✬ét❛t ❞❡ ❝❡ s②stè♠❡ à ✉♥ ✐♥st❛♥t ❞♦♥♥é ♦♥ ❧❡ t♦✉r♥❡ ❡t✴♦✉ ♦♥ ❧✬❛♣♣r♦❝❤❡ ♦✉
♦♥ ❧✬é❧♦✐❣♥❡ ❞❡ ❧✬♦❜s❡r✈❛t❡✉r✳ ■❧ ♥✬❡♠♣ê❝❤❡ q✉❡ ❧❡s ❞✐st❛♥❝❡s ❡♥ ❛♥❣❧❡s r❡❧❛t✐❢s ❡♥tr❡ ❞❡✉① ♣♦✐♥ts
❞✉ s②stè♠❡s r❡st❡r♦♥t ✐♥❝❤❛♥❣és✳ P♦✉r tr❛❞✉✐r❡ ❝❡tt❡ ✐♥✈❛r✐❛♥❝❡ ♦♥ ♣❡✉t ❞é✜♥✐r ✉♥❡ r❡❧❛t✐♦♥
❞✬éq✉✐✈❛❧❡♥❝❡ R ❡♥tr❡ ❞❡✉① s♦❧✐❞❡s S ❡t S ✶ ❞✐s❛♥t q✉✬✐❧s s♦♥t ✐❞❡♥t✐q✉❡s s✬✐❧ ❡①✐st❡ ✉♥ t♦rs❡✉r ❞❡
✈❡❝t❡✉r ❞❡ tr❛♥s❧❛t✐♦♥ ~I ❡t ❞❡ ✈❡❝t❡✉r ❞❡ r♦t❛t✐♦♥

ô

ω t❡❧s q✉❡ ✿

ÝÝÝÑ
G✶M ✶ ✏ ~I �

ÝÝÑ
GM❫

ô

ω ✭✶✳✶✸✮

~I ❡t
ô

ω s♦♥t ❛❧♦rs ❞♦♥♥és ♣❛r ✿✩✬✬✫✬✬✪
~I ✏

ÝÝÑ
GG✶

ô

ω P

✩✫✪✁
ÝÝÑ
GM❫

✁
ÝÝÝÑ
MM ✶✁~I

✠
GM2 � k

ÝÝÑ
GM , k P R

✱✳✲ ✭✶✳✶✹✮

❊♥ ❢❛✐t✱ ♦♥ s✬✐♥tér❡ss❡ s❡✉❧❡♠❡♥t à ❧✬❡♥s❡♠❜❧❡ q✉♦t✐❡♥t ❞❡ s♦❧✉t✐♦♥s ♠♦❞✉❧♦ ❧❛ r❡❧❛t✐♦♥ ❞✬éq✉✐✲
✈❛❧❡♥❝❡ R ❞✐s❛♥t q✉✬✐❧ ❡①✐st❡ ✉♥ t♦rs❡✉r

✁
~I,
ô

ω
✠
❛♠❡♥❛♥t ❧❡ s♦❧✐❞❡ s♦❧✉t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ ❞✬é❧❛st✐❝✐té

s✉r ✉♥ ❛✉tr❡ s♦❧✐❞❡ ❧✉✐ ❛✉ss✐ s♦❧✉t✐♦♥✳

✶✳✸✳✺ ❘és♦❧✉t✐♦♥ ♥✉♠ér✐q✉❡ ❞✉ ♣r♦❜❧è♠❡

▲❡ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥ts ~u ❡st ❝❛❧❝✉❧é ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡s é❧é♠❡♥ts ✜♥✐s✱ à ❧✬❛✐❞❡ ❞✬é❧é♠❡♥ts
❞❡ t②♣❡ P2✱ ❛✜♥ q✉❡ ❧❡s ❞ér✐✈é❡s s❡❝♦♥❞❡s ❞❡ ~u✱ q✉✐ s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡s ✢✉①✱ s♦✐❡♥t ♥♦♥ ♥✉❧❧❡s✳

▲❛ ❢♦r♠✉❧❛t✐♦♥ ❢❛✐❜❧❡ ♣♦✉r ✉♥ ❣r❛✐♥ ✐s♦❧é ❛✈❡❝ ❞❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❞❡ t②♣❡ ◆❡✉♠❛♥♥
s✬♦❜t✐❡♥t ❡♥ ✐♥té❣r❛♥t ♣❛r ♣❛rt✐❡s ✶✳✹ ✿

❅w P tchamps admissibles✉

➼
Ω1❨Ω2

✁
div ♣σq � ρ

ÝÑ
f
✠
☎ ~w dτ ✏ 0 ✭✶✳✶✺✮

s♦✐t ✿

❅w P tchamps admissibles✉

➼
Ω1❨Ω2

�
σ : ǫrws

✟
dV ✏

➻
❇♣Ω1❨Ω2q

�
σ.n
✟
.rws dV ✭✶✳✶✻✮

✶✳✸✳✻ ❈♦♠♣♦rt❡♠❡♥t é❧❛st✐q✉❡

▲❡ ❝♦♠♣♦rt❡♠❡♥t é❧❛st✐q✉❡ ❞✉ ♠❛tér✐❛✉ ❝✉❜✐q✉❡ ✭❣r♦✉♣❡ ❞✬❡s♣❛❝❡ Fm3̄m ✮ s❡ tr❛❞✉✐t ♣❛r ✉♥
t❡♥s❡✉r é❧❛st✐q✉❡ à ✸ ❝♦❡✣❝✐❡♥ts ✐♥❞é♣❡♥❞❛♥ts c11✱ c12 ❡t c44 ❞❛♥s ❧❡ r❡♣èr❡ ❞❡s ❛①❡s ❞✉ ❝r✐st❛❧✱
✐✳❡✳ ❞✬✉♥ ❣r❛✐♥ ❞♦♥♥é ✭❡♥ ♥♦t❛t✐♦♥s ❞❡ ❱♦ï❣t✮ ✿

c ✏

☎✝✝✝✝✝✝✝✆

c11 c12 c12 0 0 0
c12 c11 c12 0 0 0
c12 c12 c11 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c44

☞✍✍✍✍✍✍✍✌
✭✶✳✶✼✮

✻✺



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

P♦✉r UO2 ❬❙❘P✷✵✵✾❪✱ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✱ ❧❡ ❝❛s ❝✉❜✐q✉❡ ❡st très é❧♦✐❣♥é ❞✉ ❝❛s ✐s♦tr♦♣❡✱
♣♦✉r ❧❡q✉❡❧ ♦♥ ❛✉r❛✐t c44 ✏ 1

2 ♣c11 ✁ c12q✳
❊♥ ❡✛❡t✱ ✩✬✫✬✪

c11 ✏ 389✁ 396GPa
c12 ✏ 119✁ 121GPa
c44 ✏ 59,7✁ 64,1GPa

✭✶✳✶✽✮

▲❡ ❝❛s ❝✉❜✐q✉❡ ❛ été ✐♠♣❧é♠❡♥té ❞❛♥s ❧❡ ❧♦❣✐❝✐❡❧ q✉❡ ❧✬♦♥ ❛ ❞é✈❡❧♦♣♣é ✭✧❙❛❧❛♠♠❜♦✧ ✲ é❝r✐t
❡♥ ❈✰✰✮✱ ❜✐❡♥ q✉❡ ❧❛ ❝♦♥st❛♥t❡ c44 ❛✐t été ❛❥✉sté❡ à ♣❛rt✐r ❞❡s ✈❛❧❡✉rs ❞❡ c11 ❡t ❞❡ c12 ♣♦✉r
❝♦rr❡s♣♦♥❞r❡ ❛✉ ❝❛s ✐s♦tr♦♣❡✱ ❝❡❝✐ à ❞❡s ✜♥s ❞❡ t❡st✳

▲❛ ❧♦✐ ❞❡ ❝♦♠♣♦rt❡♠❡♥t é❧❛st✐q✉❡ s✬é❝r✐t ✿

σ ✏ c : ǫ ✭✶✳✶✾✮

❛✈❡❝ ✿ ǫij ✏ 1
2

✁
❇ui

❇xj
�

❇uj

❇xi

✠
❈❤❛q✉❡ ❣r❛✐♥ g ❛ ✉♥❡ ♦r✐❡♥t❛t✐♦♥ ♣φg, θg, ψgq q✉✐ ❧✉✐ ❡st ♣r♦♣r❡✱ ❝❡ q✉✐ ✈❛ ✐♠♣❛❝t❡r✱ ❞❛♥s ❧❛ ❝❛s

❞✬✉♥❡ s②♠étr✐❡ ❝✉❜✐q✉❡ ♥♦♥ ✐s♦tr♦♣❡✱ ❧❡s éq✉❛t✐♦♥s ❞❡ ❧✬éq✉✐❧✐❜r❡ ♠é❝❛♥✐q✉❡ ✭q✉❛s✐✲st❛t✐q✉❡✮✳ ❈❡s
❞❡r♥✐èr❡s s✬é❝r✐✈❡♥t✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞é♣❧❛❝❡♠❡♥ts s❡✉❧s✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡s ❛①❡s ❞✉ ❝r✐st❛❧ ✿✩✬✬✬✫✬✬✬✪

c11
❇2ug

1

❇2xg
1
� c12

❇2ug
2

❇xg
1❇x

g
2
� c12

❇2ug
3

❇xg
1❇x

g
3
� 1

2c44

✁
❇2ug

1

❇xg
1❇x

g
2
�

❇2ug
2

❇2xg
1

✠
� 1

2c44

✁
❇2ug

1

❇xg
1❇x

g
3
�

❇2ug
3

❇2xg
1

✠
✏ 0

1
2c44

✁
❇2ug

2

❇xg
2❇x

g
1
�

❇2ug
1

❇2xg
2

✠
� c12

❇2ug
1

❇xg
2❇x

g
1
� c11

❇2ug
2

❇2xg
2
� c12

❇2ug
2

❇xg
2❇x

g
3
� 1

2c44

✁
❇2ug

2

❇xg
2❇x

g
3
�

❇2ug
3

❇2xg
2

✠
✏ 0

1
2c44

✁
❇2ug

3

❇xg
3❇x

g
1
�

❇2ug
1

❇2xg
3

✠
� 1

2c44

✁
❇2ug

3

❇xg
3❇x

g
2
�

❇2ug
2

❇2xg
3

✠
� c12

❇2ug
1

❇xg
3❇x

g
1
� c12

❇2ug
2

❇xg
3❇x

g
2
� c11

❇2ug
3

❇2xg
3

✏ 0

✭✶✳✷✵✮
▲✬❡①♣r❡ss✐♦♥ ❞✉ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ✉t✐❧❡ ♣♦✉r ❧❡ ❝♦❞❡ ❞é✈❡❧♦♣♣é ❡st ❝❡❧❧❡ ❞❛♥s ❧❡ r❡♣èr❡ ❞✉
❧❛❜♦r❛t♦✐r❡✳

❋✐❣✉r❡ ✶✳✶ ✕ ❆①❡s ❞✉ ❧❛❜♦r❛t♦✐r❡ ❡t ❞✉ ❝r✐st❛❧

❖♥ ♥♦t❡ c✶αβγδ ❧❡s ❝♦♠♣♦s❛♥t❡s ❞✉ t❡♥s❡✉r é❧❛st✐q✉❡ ❞✉ ❣r❛✐♥ g ❞❛♥s ❧❡ r❡♣èr❡ ❞✉ ❧❛❜♦r❛t♦✐r❡ ❡t

✻✻



✶✳✸✳ ❊✛❡ts ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ s✉r❢❛❝❡

gP ❧❛ ♠❛tr✐❝❡ ❞❡ ♣❛ss❛❣❡ ❞✉ r❡♣èr❡ ❞✉ ❧❛❜♦r❛t♦✐r❡ à ❝❡❧✉✐ ❞✉ ❣r❛✐♥ g ✭♣♦✉r ❧❡s ❝❤❛♥❣❡♠❡♥ts ❞❡
ré❢ér❡♥t✐❡❧ ❧❡s ♥♦t❛t✐♦♥s ❞❡ ❱♦ï❣t ♦♥t été é✈✐té❡s✮✳

c✶αβγδ ✏ cijkl
gP i

α
gP

j
β
gP k

γ
gP l

δ ✭✶✳✷✶✮

♦ù ❧❡s i, j, k, l s♦♥t ❧❡s ✐♥❞✐❝❡s ❞❡s ❧✐❣♥❡s ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡ ♣❛ss❛❣❡✳ ❖♥ ♣ré❝✐s❡ ❧❛ ♠❛tr✐❝❡ ❞❡ ♣❛ss❛❣❡
❬▲❆✷✵✵✷❪ ✿☎✝✆cos♣ψgqcos♣φgq ✁ sin♣φgqsin♣ψgqcos♣θgq ✁sin♣ψgqcos♣φgq ✁ sin♣ψgqcos♣φgqcos♣θgq sin♣θgqsin♣ψgq
cos♣φgqsin♣ψgq � cos♣ψgqsin♣φgqcos♣θgq ✁sin♣φgqsin♣ψgq � cos♣φgqcos♣θgqcos♣ψgq ✁sin♣θgqcos♣ψgq

sin♣φgqsin♣θgq cos♣ψgqsin♣θgq cos♣θgq

☞✍✌
✭✶✳✷✷✮

▲✬❛♥❣❧❡ ψg ✏ ♣ ~x0, ~uq✱ ❝♦♠♣té ❛✉t♦✉r ❞❡ ~z✱ ❡st ❧❛ ♣ré❝❡ss✐♦♥✱ ❧✬❛♥❣❧❡ θg ✏ ♣~z,~cq✱ ❝♦♠♣té ❛✉t♦✉r
❞❡ ~u✱ ❧❛ ♥✉t❛t✐♦♥✱ ❧✬❛♥❣❧❡ φg ✏ ♣~u,~aq✱ ❝♦♠♣té ❛✉t♦✉r ❞❡ ~c✱ ❧❛ r♦t❛t✐♦♥ ♣r♦♣r❡✳
▲❡ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ❞✐✛ér❡♥t✐❡❧❧❡s s✬é❝r✐t✱ ❧♦rs ❞❡ ❝❡ ❝❤❛♥❣❡♠❡♥t ❞❡ r❡♣èr❡ ✿

❅M P Ωg,

✩✬✬✬✬✬✬✬✬✫✬✬✬✬✬✬✬✬✪

3➦
i✏1

3➦
j✏1

3➦
k✏1

Cijk1
❇2ui

❇xj❇xk

✞✞✞
M
dτ ✏ 0

3➦
i✏1

3➦
j✏1

3➦
k✏1

Cijk2
❇2ui

❇xj❇xk

✞✞✞
M
dτ ✏ 0

3➦
i✏1

3➦
j✏1

3➦
k✏1

Cijk3
❇2ui

❇xj❇xk

✞✞✞
M
dτ ✏ 0

✭✶✳✷✸✮

❛✈❡❝ Cijkl ✏
1
2c

✶
ljik �

1
2c

✶
ljki

❋♦r♠✉❧❛t✐♦♥ ❢❛✐❜❧❡ ❞✉ ♣r♦❜❧è♠❡ ♠é❝❛♥✐q✉❡

▲❛ ❝♦♠♣♦s❛♥t❡ i P t1, ..., 3✉ ❞✉ ❝❤❛♠♣ u ❡st ❞é✈❡❧♦♣♣é❡ s✉r ✉♥❡ ❜❛s❡ ❞❡ ♣♦❧②♥ô♠❡s ❞✉ s❡❝♦♥❞
❞❡❣ré N c ❛✈❡❝ ❝♦♠♠❡ ❝♦♦r❞♦♥♥é❡s ❧❡s ✈❛❧❡✉rs U c

i ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❛✉① ♥÷✉❞s ❞✉ ♠❛✐❧❧❛❣❡ ✿

ui ✏
10➳
c✏1

U c
iN

c ♣x1, x2, x3q ✭✶✳✷✹✮

▲✬✐♥té❣r❛t✐♦♥ s✉r ✉♥ tétr❛è❞r❡K ❞✬✉♥ ♠❛✐❧❧❛❣❡ T ❞✉ s♦✉s✲❞♦♠❛✐♥❡ Ωg✱ ✭g P t1, 2✉ r❡♣rés❡♥t❛♥t
❧❡ ♥✉♠ér♦ ❞✉ ❣r❛✐♥✮✱ ❝♦♥❞✉✐t ❛✉ s②stè♠❡ ✿

❅K P TΩg , ❅M P K

✩✬✬✬✬✬✬✬✬✫✬✬✬✬✬✬✬✬✪

3➦
i✏1

3➦
j✏1

3➦
k✏1

➭
T

Cijk1N
b
➦
c
U c
i

❇2Nc

❇xj❇xk

✞✞✞
M
dτ ✏ 0

3➦
i✏1

3➦
j✏1

3➦
k✏1

➭
T

Cijk2N
b
➦
c
U c
i

❇2Nc

❇xj❇xk

✞✞✞
M
dτ ✏ 0

3➦
i✏1

3➦
j✏1

3➦
k✏1

➭
T

Cijk3N
b
➦
c
U c
i

❇2Nc

❇xj❇xk

✞✞✞
M
dτ ✏ 0

✭✶✳✷✺✮

❡♥ ✐♥té❣r❛♥t ♣❛r ♣❛rt✐❡s ✿

❅b P t1, ..., 10✉

✩✬✬✬✬✬✬✬✬✬✫✬✬✬✬✬✬✬✬✬✪

3➦
i✏1

3➦
j✏1

3➦
k✏1

➦
c
Cijk1N

bU c
i

✓➭
K

❇Nb

❇xj

Nc

❇xk
✁
➫
❇K

N b ❇Nc

❇n

✛
dτ ✏ 0

3➦
i✏1

3➦
j✏1

3➦
k✏1

➦
c
Cijk2N

bU c
i

✓➭
K

❇Nb

❇xj

Nc

❇xk
✁
➫
❇K

N b ❇Nc

❇n

✛
dτ ✏ 0

3➦
i✏1

3➦
j✏1

3➦
k✏1

➦
c
Cijk3N

bU c
i

✓➭
K

❇Nb

❇xj

Nc

❇xk
✁
➫
❇K

N b ❇Nc

❇n

✛
dτ ✏ 0

✭✶✳✷✻✮

✻✼



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

▲❡s é❧é♠❡♥ts ❞❡ ♠❛tr✐❝❡ é❧é♠❡♥t❛✐r❡ eA
ij
rs s♦♥t ❝❛❧❝✉❧és ❞❛♥s ❧❡ ❧♦❣✐❝✐❡❧ q✉❡ ❧✬♦♥ ❛ ❞é✈❡❧♦♣♣é ✿

eArs
ij ✏

1

2

✩✫✪
d➳

s✏1

d➳
l,m✏1

n➳
j✏1

crslmu
l
jNj,mNi,s �

d➳
s✏1

d➳
l,m✏1

n➳
k✏1

crslmu
m
k Nk,lNi,s

✱✳✲ ✭✶✳✷✼✮

❛✐♥s✐ q✉❡ ❧❡s t❡r♠❡s ❞✉ ♠❡♠❜r❡ ❞❡ ❞r♦✐t❡ ❛ss♦❝✐és ✿

eFi ✏
d➳

s✏1

➻
T

d➳
l,m✏1

1

2
crslm

☎✆ n➳
j✏1

uljNj,m �
n➳

k✏1

umk Nk,l

☞✌Ni,sdΩ ✭✶✳✷✽✮

❆♣rès ❛ss❡♠❜❧❛❣❡ ❧❡ s②stè♠❡ ❡st ❞✉ t②♣❡ ✿

Au ✏ F ✭✶✳✷✾✮

♦✉✱ s✐ ❧✬♦♥ sé♣❛r❡ ❧❡s t❡r♠❡s ♥❡ ♠❡tt❛♥t ❡♥ ❥❡✉ q✉❡ ❧❡s ✈❛❧❡✉rs ❞❡ ~u s✉r ❧❡s ♥♦❡✉❞s ❞❡ Ωi q✉✐
♥✬❛♣♣❛rt✐❡♥♥❡♥t ♣❛s ❛✉ ❥♦✐♥t ❞❡ ❣r❛✐♥ Γ ✿✄

A11 A1Γ

At
1Γ AΓΓ

☛✄
U1

UΓ

☛
✏

✄
F1

FΓ

☛
✭✶✳✸✵✮

❖♥ ❝❛❧❝✉❧❡ à t♦✉r ❞❡ rô❧❡ ❡t sé♣❛ré♠❡♥t✱ ♣♦✉r ❝❤❛❝✉♥ ❞❡s ❞❡✉① ❣r❛✐♥s✱ ❧❡s é❧é♠❡♥ts ❞❡ ♠❛tr✐❝❡ A
❡t F ❞❛♥s ♥♦tr❡ ❛♣♣❧✐❝❛t✐♦♥✱ ❡♥ ✉t✐❧✐s❛♥t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❧❛ ❜✐❜❧✐♦t❤èq✉❡ ❞✬é❧é♠❡♥ts ✜♥✐s ❞✐✛♣❛❝❦✱
❡♥ s✬❛rrêt❛♥t✱ à ❝❤❛q✉❡ ❢♦✐s✱ ❛✉ st❛❞❡ ❞❡ ❧✬❛ss❡♠❜❧❛❣❡✳ ▲❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♥♦♥✲tr❛♥s❧❛t✐♦♥ ✶✳✶✶ ❡t
❞❡ ♥♦♥✲r♦t❛t✐♦♥ ✶✳✶✷ s✬❡①♣r✐♠❡♥t ❛✉ss✐ s♦✉s ❢♦r♠❡ ♠❛tr✐❝✐❡❧❧❡ ❛✈❡❝ ~U ❧❡ ✈❡❝t❡✉r ❞❡s ✐♥❝♦♥♥✉❡s
❛✉① ♥÷✉❞s ❞✉ ♠❛✐❧❧❛❣❡ ✿ ✁

B
✠ ✁
U
✠
✏
✁
0
✠

✭✶✳✸✶✮

❈❡tt❡ ❞❡r♥✐èr❡ r❡❧❛t✐♦♥ ❝♦rr❡s♣♦♥❞ à ✻ éq✉❛t✐♦♥s s❝❛❧❛✐r❡s q✉✐ s♦♥t ❞❡s ❝♦♥tr❛✐♥t❡s ✐♠♣♦sé❡s ❛✉
❝❤❛♠♣ ~u✳
❖♥ ❛ ❝❤♦✐s✐ ✐❝✐ ❞❡ ❧❡s ✐♠♣♦s❡r ❛✉ s❡♥s ❞❡s ♠♦✐♥❞r❡s ❝❛rrés✱ ❡♥ s❡ ❞♦♥♥❛♥t ✉♥ ✈❡❝t❡✉r ❞✬✐♥❝♦♥♥✉❡s
s✉♣♣❧é♠❡♥t❛✐r❡s ✭❞❡s ♣❛r❛♠ètr❡s ❞❡ ▲❛❣r❛♥❣❡✮ L P R

6✱ ♣♦✉r ♦❜t❡♥✐r ❧❡ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ✿☎✝✝✝✆
A11 A1Γ 0 Bt

11

At
1Γ AΓΓ At

2Γ Bt
1Γ �Bt

2Γ

0 A2Γ A22 Bt
22

B11 B1Γ �B2Γ B22 0

☞✍✍✍✌
☎✝✝✝✆
U1

UΓ

U2

L

☞✍✍✍✌✏
☎✝✝✝✆
F1

FΓ

F2

0

☞✍✍✍✌ ✭✶✳✸✷✮

❆✜♥ ❞✬❛♠é❧✐♦r❡r ❧❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❞✉ s②stè♠❡✱ ✉♥❡ ♠ét❤♦❞❡ ❞❡ ▲❛❣r❛♥❣✐❡♥ ❛✉❣♠❡♥té ♣♦✉rr❛✐t
êtr❡ ♠✐s❡ ❡♥ ÷✉✈r❡ ✭♠ét❤♦❞❡ ❞❡ ❋♦rt✐♥ ❬▼❋✶✾✽✷❪✮ ♦ù r ❡st ✉♥ ❢❛❝t❡✉r ❞❡ ♣♦♥❞ér❛t✐♦♥✳ ▲❡ s②stè♠❡
❞❡✈✐❡♥t ❛❧♦rs ✿

★☎✝✆A11 A1Γ 0
At

1Γ AΓΓ At
2Γ

0 A2Γ A22

☞✍✌
�r

☎✝✆ Bt
11B11 Bt

11 ♣B1Γ �B2Γq Bt
11B22�

Bt
1Γ �Bt

2Γ

✟
B11

�
Bt

1Γ �Bt
2Γ

✟
♣B1Γ �B2Γq

�
Bt

1Γ �Bt
2Γ

✟
B22

Bt
22B11 Bt

22 ♣B1Γ �B2Γq Bt
22B22

☞✍✌✰☎✝✆U1

UΓ

U2

☞✍✌
n

�

☎✝✆ Bt
11

B1Γ �B2Γ

Bt
22

☞✍✌✁L✠n ✏
☎✝✆F1

FΓ

F2

☞✍✌
✭✶✳✸✸✮

✻✽



✶✳✹✳ P♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé

L0 ❡st ♦❜t❡♥✉ ❡♥ rés♦❧✈❛♥t ❧❡ s②stè♠❡ s❛♥s ▲❛❣r❛♥❣✐❡♥ ❛✉❣♠❡♥té ❞❡ s♦❧✉t✐♦♥ U0✳ ❊♥s✉✐t❡
Ln�1 ❡st ❞♦♥♥é ♣❛r ✿

Ln�1 ✏ Ln � ρnBU
nwith 0 ➔ ρn ➔ 2r ✭✶✳✸✹✮

▲❡ ▲❛❣r❛♥❣✐❡♥ ♥♦♥ ❛✉❣♠❡♥té ❛ été ✉t✐❧✐sé ❥✉sq✉✬à ♣rés❡♥t✳

▲❛ tr❛❝t✐♦♥ ❡①❡r❝é❡ s✉r ✉♥ é❧é♠❡♥t σ ✭σ ✏ K ❳ ♣❇Ω1 ❨ Ω2q✮ ❞❡ s✉r❢❛❝❡ s✬é❝r✐t ✿

ÝÑ
Fσ ✏

➻
σ

✂
✁p✁ γΣ

✂
1

R1
�

1

R2

✡✡
ÝÑnΣdS ✭✶✳✸✺✮

✶✳✹ P♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé

▲❛ ♣❛rt✐❡ é❧❛st✐q✉❡ ❞✉ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé ♣❡✉t êtr❡ ❡①♣r✐♠é❡ ❛✉ ♠♦②❡♥ ❞✉ t❡♥s❡✉r
❞❡s ❝♦♥tr❛✐♥t❡s ❬▼❆✷✵✵✻❪✱ ❝✬❡st ❝❡ q✉✐ ❡st ♣rés❡♥té ❞❛♥s ❝❡ ♣❛r❛❣r❛♣❤❡✳
▲❡ tr❛✈❛✐❧ ❞❡s ❢♦r❝❡s é❧❛st✐q✉❡s ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡ ❛ ♣♦✉r ❡①♣r❡ss✐♦♥ ✿

dW ✏ σijduik ✭✶✳✸✻✮

▲❛ q✉❛♥t✐té ❞❡ ❝❤❛❧❡✉r r❡ç✉❡ ♣❛r ❝❡ ♠ê♠❡ é❧é♠❡♥t ❞❡ ✈♦❧✉♠❡ ✿

δQ ✏ TdS ✭✶✳✸✼✮

▲✬é♥❡r❣✐❡ ✐♥t❡r♥❡ ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡ s✬é❝r✐t ✿

dU ✏ δQ� dW ✏ TdS � σijduik ✭✶✳✸✽✮

❡t ❝♦♠♠❡ ❋❂❯✲❚❙ ✐❧ ✈✐❡♥t ✿

dF ✏ dU ✁ TdS ✁ SdT ✏ ✁SdT � σijduik ✭✶✳✸✾✮

❉❡
G ✏ F ✁ σijuik ✭✶✳✹✵✮

♦♥ ❞é❞✉✐t ✿
dG ✏ ✁σikduik ✁ uikdσik ✁ SdT � σikduik ✏ ✁uikdσik ✁ SdT ✭✶✳✹✶✮

❈♦♠♠❡ ♦♥ tr❛✈❛✐❧❧❡ à t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡ à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s ✭éq✉✐❧✐❜r❡ q✉❛s✐✲✐s♦t❤❡r♠❡✮ ✿

dG ✏ ✁uikdσik ✭✶✳✹✷✮

❇G

❇n

✞✞✞✞
T

✏ µelastique ✏ ✁uik
❇σik
❇n

✭✶✳✹✸✮

♦ù ♥ r❡♣rés❡♥t❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♠♦❧❡s ❞❡ ❧✬❡s♣è❝❡ ❝❤✐♠✐q✉❡ ❞♦♥t ♦♥ ❝❛❧❝✉❧❡ ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡✳
▲❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé ❞✬♦r✐❣✐♥❡ é❧❛st✐q✉❡ s✬é❝r✐t ❛❧♦rs ✿

µelastique ✏ ✁
1

2
Θ ♣ǫ : σq ✭✶✳✹✹✮

s♦✐t✱ ❡♥ t❡r♠❡ ❞❡ ❝♦♥tr❛✐♥t❡s s❡✉❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡ ❝♦♠♣❧❛✐s❛♥❝❡ s ✿

µelastique ✏ ✁
1

2
Θ ♣σ : s : σq ✭✶✳✹✺✮

✻✾



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

▲❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé t♦t❛❧ ♣r❡♥❞ ♥♦♥ s❡✉❧❡♠❡♥t ❡♥ ❝♦♠♣t❡ ❧✬é♥❡r❣✐❡ é❧❛st✐q✉❡ ♠❛✐s
❛✉ss✐ ❧❡ tr❛✈❛✐❧ ❞❡s ❢♦r❝❡s ❞❡ ♣r❡ss✐♦♥ s♦✐t ✿

µtotal ✏ ✁
tr♣σq

3
Θ✁

1

2
Θ ♣σ : s : σq ✭✶✳✹✻✮

▲❡s r❡❧❛t✐♦♥s ❞✬❖♥s❛❣❡r ✭❬▲❖✶✾✸✶✲✶❪✱ ❬▲❖✶✾✸✶✲✷❪✮ ❞♦♥♥❡♥t ✉♥❡ ♣r♦♣♦rt✐♦♥♥❛❧✐té ❡♥tr❡ ❧❡s ✢✉① ❡t
❧❡✉r ❝❛✉s❡ ✿

ÝÑ
J ✏ ✁L

ÝÑ∇
✂
µ

T

✡
✭✶✳✹✼✮

❊♥ ✐❞❡♥t✐✜❛♥t ✭✶✳✹✼✮ à ❧❛ ♣r❡♠✐èr❡ ❧♦✐ ❞❡ ❋✐❝❦ ❡①♣r✐♠é❡ ❡♥ t❡r♠❡s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ q✉✐ ❢❛✐t
✐♥t❡r✈❡♥✐r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ D ✿

ÝÑ
J ✏ ✁D

ÝÑ∇c ✭✶✳✹✽✮

❡t ❡♥ ❢❛✐s❛♥t ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ❧♦✐ ❞❡ ❘❛♦✉❧t ♣♦✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ s♦❧✉t✐♦♥ s♦❧✐❞❡ ✭µ ✏
µ0 �RTln♣cq✮✱ ♦♥ ♦❜t✐❡♥t ✉♥❡ r❡❧❛t✐♦♥ ❡♥tr❡ ▲ ❡t ❉ ❬▼❆✷✵✵✻❪ ✿

L ✏
D

RΘ
✭✶✳✹✾✮

♦ù R ❡st ❧❛ ❝♦♥st❛♥t❡ ❞❡s ❣❛③ ♣❛r❢❛✐ts ❡t Θ ❧❡ ✈♦❧✉♠❡ ♠♦❧❛✐r❡✳ ❖♥ ♣❡✉t ❛✐♥s✐✱ ♣❛r ❧❛ s✉✐t❡✱ ✉t✐❧✐s❡r
❞❛♥s ✶✳✹✼ ❝❡tt❡ ❡①♣r❡ss✐♦♥ ❞❡ L ❛✈❡❝✱ ♣♦✉r µ✱ ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❣é♥ér❛❧✐sé t♦t❛❧✳

✶✳✺ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❡♥tr❡ s♦✉s✲❞♦♠❛✐♥❡s

✶✳✺✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ✢✉①

❖♥ ❞é✜♥✐t ✉♥ ✢✉① ❡♥ ✈♦❧✉♠❡ ❞❛♥s ❝❤❛❝✉♥ ❞❡s ❣r❛✐♥s✱ ♥♦té ~jgV ✳ ■❧ ❡st ❞é✜♥✐ ❞❛♥s ❧❡ ❝÷✉r ❞✉
❣r❛✐♥ s❛✉❢ ❧❛ ❞❡♠✐✲é♣❛✐ss❡✉r δGB④2 ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥ ❡t ❧✬é♣❛✐ss❡✉r δS ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡✱ ❝♦♠♠❡
r❡♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ✶✳✷✳ ❉❡ ♣❧✉s✱ ♦♥ ❛ ❞é✜♥✐ ❞❡s ✢✉① ❛✉ ❥♦✐♥t ❞❡ ❣r❛✐♥s ~jgV,GB✱ ♣♦✉r ❝❤❛❝✉♥
❞❡s ❣r❛✐♥s ❡♥ ✈✐s✲à✲✈✐s✱ ❧✐és ❝❤❛❝✉♥ ❛✉ ❣r❛❞✐❡♥t ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞❛♥s ❧❛ ❞❡♠✐✲é♣❛✐ss❡✉r ❞✉
❥♦✐♥t ❞❡ ❣r❛✐♥s✳ ❖♥ ❞é❝♦♠♣♦s❡ ❝❡ ✢✉① ❛✉ ❥♦✐♥t ❞❡ ❣r❛✐♥s ♣♦✉r ❧❡ ❣r❛✐♥ g✱ ❡♥ ❞❡✉① t❡r♠❡s ❀ ❧✬✉♥
t❛♥❣❡♥t✐❡❧ ❛✉ ❥♦✐♥t ❞❡ ❣r❛✐♥s ~jgGB ❡t ❧✬❛✉tr❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ✿ ~j❑gGB✳ ❙❛ ♣❛rt✐❡ t❛♥❣❡♥t✐❡❧❧❡ ✈ér✐✜❡ ✿

~j
g
GB ✏ ✁

δGB

2
DGB

~∇Sc
g ✭✶✳✺✵✮

♦ù cg ❡st ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❛♥s ❧❛ ❝♦✉❝❤❡ ❞❡ s✉r❢❛❝❡ ❡t ❞é✜♥✐t ❛✐♥s✐ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❛✉
❥♦✐♥t ❞❡ ❣r❛✐♥s✳

✶✳✺✳✷ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❣r❛✐♥✴❣❛③

▲✬éq✉❛t✐♦♥ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ✭s❡❝♦♥❞❡ ❧♦✐ ❞❡ ❋✐❝❦✮ ❝♦♥s✐st❡ à ❞✐r❡ q✉❡ ❧❡ ✢✉① ❡st

♥✉❧ ❛✉ tr❛✈❡rs ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❞❛♥s ❧❡ r❡♣èr❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡✳ ▲❡s ✢✉① ~JS ❡t ~J❑S s♦♥t ❞é✜♥✐s ❞❡ ♠❛♥✐èr❡

❛♥❛❧♦❣✉❡ à ~JGB ❡t ~J❑GB✳ ❙♦✐t ~n ❧❡ ✈❡❝t❡✉r ♥♦r♠❛❧ s♦rt❛♥t à ❧❛ s✉r❢❛❝❡ ❧✐ssé❡ ❡♥ ✉♥ ♣♦✐♥tM ❞♦♥♥é✱
♣♦✉r ✉♥ s♦❧✐❞❡ ✐♥❝♦♠♣r❡ss✐❜❧❡ ❧❛ s❡❝♦♥❞❡ ❧♦✐ ❞❡ ❋✐❝❦ ❝♦♥❞✉✐t à ❬▼❆✷✵✵✻❪ ✿➻

S

ÝÝÑ
Vint ☎ ~ndS ✏ Θ

➻
S

✂ÝÑ
j❑S ☎ ~n� divS

✁ÝÑ
jS

✠✡
dS ✭✶✳✺✶✮

✼✵



✶✳✺✳ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❡♥tr❡ s♦✉s✲❞♦♠❛✐♥❡s

❋✐❣✉r❡ ✶✳✷ ✕ ❋❧✉① ✉t✐❧✐sés ❞❛♥s ❧❡ ♠♦❞è❧❡

❛✈❡❝ Θ ❧❡ ✈♦❧✉♠❡ ♠♦❧❛✐r❡✳

❉❛♥s ❧❡ ❝❛s ♦ù ❧❡ s♦❧✐❞❡ s❡r❛✐t ❝♦♠♣r❡ss✐❜❧❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ s✬é❝r✐r❛✐t ✿➻
S

ρ
ÝÝÑ
Vint ☎ ~ndS ✏M

➻
S

✂ÝÑ
j❑S ☎ ~n� divS

✁ÝÑ
jS

✠✡
dS ✭✶✳✺✷✮

❛✈❡❝ M ❧❛ ♠❛ss❡ ♠♦❧❛✐r❡✳
▲✬♦♣ér❛t❡✉r divS ♠❡t ❡♥ ❥❡✉ ❞❡s ❞ér✐✈é❡s ♣❛rt✐❡❧❧❡s ♣❛r r❛♣♣♦rt à ✉♥❡ s✉r❢❛❝❡ ♣♦✉r ❧❛q✉❡❧❧❡ ♦♥

♥❡ ❞✐s♣♦s❡ ♣❛s ❞✬éq✉❛t✐♦♥ ✭s❛✉❢ é✈❡♥t✉❡❧❧❡♠❡♥t à t ✏ 0✮ ❡t q✉✐ ♥✬❡st ♣❛s ♣❛r❛♠étré❡ ❀ ❧❛ r❡❧❛t✐♦♥
❡♥tr❡ ❧❛ ♠étr✐q✉❡ ❞❡ s✉r❢❛❝❡ ❡t ❝❡❧❧❡ ❞✬❡s♣❛❝❡ ♥✬❡st ♣❛s é✈✐❞❡♥t❡ à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡✳ ▲❡s ✢✉① ❞❡
s✉r❢❛❝❡ ❡t ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❢♦♥t ✐♥t❡r✈❡♥✐r ❡✉①✲♠ê♠❡s ✉♥ s❡❝♦♥❞ ♦♣ér❛t❡✉r ❞❡ s✉r❢❛❝❡ ❀

ÝÑ∇S ✿

ÝÑ
JS ✏ ✁δSDS

ÝÑ∇S ♣cSq ✭✶✳✺✸✮

❈❡s ♦♣ér❛t❡✉rs s♦♥t ✉t✐❧✐sés ❡♥ ♣❛rt✐❝✉❧✐❡r ❡♥ ♠é❝❛♥✐q✉❡ ❞❡s ❝♦q✉❡s ❬❏●✶✾✾✾❪✳

✶✳✺✳✸ ➱✈♦❧✉t✐♦♥ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s

❆✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s✱ ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❞❡✈✐❡♥t✱ ♣♦✉r ✉♥ s♦❧✐❞❡ ✐♥❝♦♠✲
♣r❡ss✐❜❧❡✱ ❬▼❆✷✵✵✻❪ ✿➻

S

ÝÝÑ
Vint ☎ ~ndS ✏ Θ

➻
S

✂✂ÝÝÑ
j❑1GB �

ÝÝÑ
j❑2GB

✡
☎ ~n� divS

✂ÝÝÑ
j1GB ✁

ÝÝÑ
j2GB

✡✡
dS ✭✶✳✺✹✮

❛✈❡❝ Θ ❧❡ ✈♦❧✉♠❡ ♠♦❧❛✐r❡✳
❙♦✐t✱ ♣♦✉r ✉♥ s♦❧✐❞❡ ❝♦♠♣r❡ss✐❜❧❡ ✿➻

S

ρ
ÝÝÑ
Vint ☎ ~ndS ✏M

➻
S

✂✂ÝÝÑ
j❑1GB �

ÝÝÑ
j❑2GB

✡
☎ ~n� divS

✂ÝÝÑ
j1GB ✁

ÝÝÑ
j2GB

✡✡
dS ✭✶✳✺✺✮

✼✶



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

✶✳✺✳✹ ❈❛❧❝✉❧ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✬✐♥t❡r❢❛❝❡

▲❡s éq✉❛t✐♦♥s ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡s ✐♥t❡r❢❛❝❡s ♠♦♥tr❡♥t q✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ s❛✈♦✐r ❝❛❧❝✉❧❡r ❧❡ ✢✉①
✈♦❧✉♠✐q✉❡

ÝÑ
JV ❛✐♥s✐ q✉❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ s✉r❢❛❝✐q✉❡ ❞✉ ✢✉① ❞❡ s✉r❢❛❝❡✳ ■❧ ♥✬❡st ❞♦♥❝ ♣❛s ♥é❝❡ss❛✐r❡

❞❡ s❛✈♦✐r ❡①♣r✐♠❡r ❧❡s ✢✉① ❞❡ s✉r❢❛❝❡ ❡✉①✲♠ê♠❡s✳

▲✬❡①♣r❡ss✐♦♥ ❞✉ ✢✉① ❡♥ ✈♦❧✉♠❡ ❡st s✐♠♣❧❡ ❬▼❆✷✵✵✻❪ ✿

❅k P t1, 2, 3✉ , jk ✏
DV

3RT

3➳
i✏1

❇σi
❇xk

�
DV

2RT

6➳
i✏1

6➳
j✏1

sij

✂
σi
❇σj
❇xk

� σj
❇σi
❇xk

✡
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♦ù s ❡st ❧❛ ♠❛tr✐❝❡ ❞❡ ❝♦♠♣❧❛✐s❛♥❝❡ ✭✐♥✈❡rs❡ ❞❡ ❝❡❧❧❡ ❞✬é❧❛st✐❝✐té✮✳

▲❡ ✢✉① ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ s✉r❢❛❝✐q✉❡ ❡st ❞♦♥♥é ♣❛r ❧❛ ❝✐r❝✉❧❛t✐♦♥ ❞✉ ✈❡❝t❡✉r ❞❡ ✢✉① ❡♥ s✉r❢❛❝❡✳
❙✐ ❧✬♦♥ s✬✐♥tér❡ss❡ à ✉♥ ❞❡s t❡r♠❡s ❞❡ ❝❡tt❡ ❝✐r❝✉❧❛t✐♦♥✱ ❝❡❧✉✐ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬✐♥té❣r❛t✐♦♥ ❧❡ ❧♦♥❣
❞❡ ❧✬❛rêt❡ rABs ❞✉ tr✐❛♥❣❧❡ ❞❡ ❧❛ ✜❣✉r❡ ✶✳✸✱ ❡t ♣♦✉r s❡✉❧❡♠❡♥t ❧❡s t❡r♠❡s ❞✬♦r✐❣✐♥❡ é❧❛st✐q✉❡✱
❛❧♦rs✱ ❬▼❆✷✵✵✻❪ ✿

❋✐❣✉r❡ ✶✳✸ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞✬✉♥ tétr❛è❞r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡

➺
rABs

ÝÑ
j interface ✏ lAB

Dinterface

2RT

6➳
i✏1

6➳
j✏1

sij
ÝÑ∇S ♣σiσjq ☎

ÝÝÑnAB❧♦♦♦♦♦♦♦♦♦♠♦♦♦♦♦♦♦♦♦♥
CAB

✭✶✳✺✼✮

❯♥❡ ♠ét❤♦❞❡ q✉✐ ❛✈❛✐t été ✉t✐❧✐sé❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡s tr❛✈❛✉① ❞❡ ▼✳ ❆❥❞♦✉r ♣♦✉r ❡st✐♠❡r CAB

ét❛✐t ❞✬✉t✐❧✐s❡r ❧❛ ✈❛❧❡✉r ❞❡ σiσj ❛✉ ❝❡♥tr❡ ❞✉ ❝❡r❝❧❡ ❝✐r❝♦♥s❝r✐t ❛✉ tr✐❛♥❣❧❡✱ ❛✉ ♠✐❧✐❡✉ ❞❡ ❧✬❛rêt❡
rABs ❡t ❛✉ ❝❡♥tr❡ ❞✉ ❝❡r❝❧❡ ❝✐r❝♦♥s❝r✐t ❛✉ tr✐❛♥❣❧❡ ✈♦✐s✐♥ ❞✬❛rêt❡ ❝♦♠♠✉♥❡ rABs✳

❯♥ ❞❡s t❤é♦rè♠❡s ❞❡ ❉✉❞✉❝❤❛✈❛ ❬❘❉✷✵✵✻❪ ❢❛❝✐❧✐t❡ ❧❡ ❝❛❧❝✉❧ ❞❡ ❝❡ ❣r❛❞✐❡♥t ♣✉✐sq✉✬✐❧ ♣❡✉t êtr❡
s✐♠♣❧❡♠❡♥t ❝❛❧❝✉❧é ❡♥ ♣r❡♥❛♥t ❧❡ ♣r♦❞✉✐t s❝❛❧❛✐r❡ ❞✉ ❣r❛❞✐❡♥t ✉s✉❡❧ ❛✈❡❝ ✉♥ ✈❡❝t❡✉r ✉♥✐t❛✐r❡
❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❞ér✐✈❛t✐♦♥✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❡st ❞♦♥♥é❡✱ ❛✉① ♥÷✉❞s ❞✉ ♠❛✐❧❧❛❣❡✱ ♣❛r ❧❡ ♣r♦❞✉✐t
✈❡❝t♦r✐❡❧ ❞❡ ❧❛ ♥♦r♠❛❧❡ à ❧❛ s✉r❢❛❝❡ ❧✐ssé❡ ❞♦♥♥é❡ ♣❛r ❧❛ ❜✐❜❧✐♦t❤èq✉❡ ❈●❆▲ ♣❛r ❧❡ ✈❡❝t❡✉r t❛♥❣❡♥t
à ❧✬❛rêt❡ ❞✉ tr✐❛♥❣❧❡ ❞❡ s✉r❢❛❝❡✳ ❈♦♠♠❡ ❧❛ ❝✐r❝✉❧❛t✐♦♥ ❞✉ ✈❡❝t❡✉r ❡st à ❝❛❧❝✉❧❡r ❧❡ ❧♦♥❣ ❞❡ ❧✬❛rêt❡✱
❧❡ ✈❡❝t❡✉r ♥♦r♠❛❧ ❡st ✐♥t❡r♣♦❧é ❡♥tr❡ ❧❡s ❞❡✉① ♥÷✉❞s✱ ✐❧ s✉✣t ❞❡ s❛✈♦✐r ❡st✐♠❡r ❧❡ ❣r❛❞✐❡♥t ❡♥
❝❤❛q✉❡ ♣♦✐♥t ❧❡ ❧♦♥❣ ❞❡ ❧✬❛rêt❡ ❡t ♦♥ ♣❡✉t ❛✐♥s✐ ♥❡ tr❛✈❛✐❧❧❡r q✉❡ s✉r ✉♥ é❧é♠❡♥t ❞❡ s✉r❢❛❝❡ à ❧❛
❢♦✐s✳

✼✷



✶✳✺✳ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❡♥tr❡ s♦✉s✲❞♦♠❛✐♥❡s

✶✳✺✳✺ Pr♦❜❧è♠❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡

▲❡s ❞❡✉① r❡❧❛t✐♦♥s ✶✳✺✶ ❡t ✶✳✺✹ s♦♥t ❞❡s r❡❧❛t✐♦♥s ✐♥té❣r❛❧❡s q✉✐ ❞♦♥♥❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥ é❧é✲
♠❡♥t ❞❡ s✉r❢❛❝❡ ❡♥ ❝♦♥s❡r✈❛♥t ❧❛ ♠❛t✐èr❡✳ ❆✈❡❝ ❧❛ ❞✐s❝rét✐s❛t✐♦♥ ❧✐é❡ ❛✉ ♠❛✐❧❧❛❣❡✱ ♦♥ s❛✐t ❝❛❧❝✉❧❡r
✉♥❡ ✈✐t❡ss❡ ♣♦✉r ✉♥ tr✐❛♥❣❧❡ σ ❞❡ s✉r❢❛❝❡✱ ♠❛✐s ♦♥ ♥❡ s❛✐t ♣❛s ❧❛ ❝❛❧❝✉❧❡r ❡♥ ✉♥ ♥÷✉❞✳ ▲♦rsq✉❡
♣❧✉s✐❡✉rs tr✐❛♥❣❧❡s ♣❛rt❛❣❡❛♥t ✉♥ s♦♠♠❡t s❡ ❞é♣❧❛❝❡♥t✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣♦✉✈♦✐r ❞♦♥♥❡r ❧❡s
♥♦✉✈❡❧❧❡s ❝♦♦r❞♦♥♥é❡s ❞❡s ♥÷✉❞s✳ ❈✬❡st ❧♦rs ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡ ét❛♣❡ q✉❡ ❧✬♦♥ r✐sq✉❡ ❞❡ ♣❡r❞r❡
♦✉ ❞❡ ❣❛❣♥❡r ❞❡ ❧❛ ♠❛t✐èr❡✳ P❧✉s✐❡✉rs ❛♣♣r♦❝❤❡s ❛✈❛✐❡♥t été t❡sté❡s ❡t ❝♦♠♣❛ré❡s ♣❛r ▼✳ ❲♦❧✛
❬▼❲✷✵✵✼❪✳ ❙✳ ▼❛rt✐♥ ❛ ré❝❡♠♠❡♥t ♣r♦♣♦sé ✉♥ ❛❧❣♦r✐t❤♠❡ ♣♦✉r ré♣♦♥❞r❡ à ❝❡ ♣r♦❜❧è♠❡ ❬❙▼✷✵✶✸❪✳
▲✬♦❜❥❡❝t✐❢ ❡st ❞❡ r❡♠❛✐❧❧❡r ❧❡ s♦❧✐❞❡ ❞é❢♦r♠é à ❧✬✐ss✉❡ ❞✉ ♣❛s ❞❡ t❡♠♣s✱ à ♥♦♠❜r❡ ❞❡ ♥÷✉❞s ❞❡
s✉r❢❛❝❡ ❝♦♥st❛♥t ❡t ❡♥ ❝♦♥s❡r✈❛♥t ❧❛ ❝♦♥♥❡❝t✐✈✐té✳

▲❛ s♦❧✉t✐♦♥ ❛❞♦♣té❡ ✐❝✐ ❝♦♥s✐st❡ à ❞é♣❧❛❝❡r ❧❛ ♣♦s✐t✐♦♥ ❞✬✉♥ s♦♠♠❡t ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♥♦r♠❛❧❡ à
❧❛ s✉r❢❛❝❡ ❧✐ssé❡✳
❊♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥✱ s✐ ❧❛ s✉r❢❛❝❡ ❧✐ssé❡ ét❛✐t ♣❧❛♥❡✱ ❧❡ ❞é♣❧❛❝❡♠❡♥t h ☎~n ❞✉ tr✐❛♥❣❧❡✱ s❡r❛✐t
❞♦♥♥é ♣❛r ✿

h ✏
‖ ~Vint‖✂∆t

S
✭✶✳✺✽✮

❙✐ ❧✬♦♥ ✈❡✉t ♣♦✉✈♦✐r ✉t✐❧✐s❡r ❞❡s tr✐❛♥❣❧❡s ❞❡ s✉r❢❛❝❡ ❞❡ ❞✐♠❡♥s✐♦♥s ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡s ❞❡✈❛♥t ❧❡
r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡ ❧♦❝❛❧❡✱ ❝♦♠♠❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥✱ ❧❡s ♥÷✉❞s s♦♥t ❞é♣❧❛❝és ❧❡ ❧♦♥❣
❞❡ ❧❛ ♥♦r♠❛❧❡ à ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬✐♥st❛♥t ♣ré❝é❞❡♥t ♠♦❞✐✜é❡ ♣❛r ❧❛ ❞é❢♦r♠❛t✐♦♥ é❧❛st✐q✉❡ ❞✉ ♣❛s
❞❡ t❡♠♣s ❡♥ ❝♦✉rs✳ ▲❡s tr✐❛♥❣❧❡s s♦♥t ❞❡ t❛✐❧❧❡ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ❧❡ r❛②♦♥ ❧♦❝❛❧ ❞❡ ❝♦✉r❜✉r❡
♣❛r❝❡ q✉❡ ❧❡ r❛✣♥❡♠❡♥t ✐♥✐t✐❛❧ ❞✉ ♠❛✐❧❧❛❣❡ à ❧✬❛✐❞❡ ❞❡ ♥❡t❣❡♥ ❬❏❙✶✾✾✼❪ ♥✬❛ ♣❛s été ❢❛✐t ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡✳ ■❧ ❡①✐st❡ ✉♥❡ ♣♦ss✐❜✐❧✐té ❞❡ ❧❡ ❢❛✐r❡ ❞❛♥s ♥❡t❣❡♥✱ ♣♦✉r ❧❡ ♠❛✐❧❧❛❣❡ ✐♥✐t✐❛❧✱
❡♥ ✉t✐❧✐s❛♥t ❞❡s ✜❝❤✐❡rs ❞❡ r❛✣♥❡♠❡♥t .msz q✉✐ ❞♦♥♥❡♥t ❧❛ ✈❛❧❡✉r ❞✉ r❛♣♣♦rt ❞✉ r❛✣♥❡♠❡♥t
❧♦❝❛❧ ❛✉ r❛✣♥❡♠❡♥t ♠♦②❡♥ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ♣♦✐♥ts ❞❡ ❧✬❡s♣❛❝❡ ✭❛✉ss✐ ❞✬❛rêt❡s ♦✉ ❞❡ s✉r❢❛❝❡s ❞✬✉♥
♣r❡♠✐❡r ♠❛✐❧❧❛❣❡ ♥♦♥ ❛❞❛♣té✮ ❞♦♥t ♦♥ ❞♦♥♥❡ ❧❡s ❝♦♦r❞♦♥♥é❡s✳

❖♥ ♥♦t❡ ~ni ❧❡ ✈❡❝t❡✉r ♥♦r♠❛❧ ❛✉ ♥÷✉❞ i ❞✉ tr✐❛♥❣❧❡✱ θi ❧✬❛♥❣❧❡ ❡♥tr❡ ~n ❡t ~ni ❝♦♠♠❡ ✐♥❞✐q✉é
s✉r ❧❛ ✜❣✉r❡ ✶✳✹✳

▲❛ ♥♦✉✈❡❧❧❡ ♣♦s✐t✐♦♥ ❞❡s ♥÷✉❞s ❡st ❝❛❧❝✉❧é❡ ❝♦♠♠❡ s✉✐t ✿

c✶i ✏ ci �
h

cos♣θiq
✂ ~ni ✭✶✳✺✾✮

❊♥s✉✐t❡✱ ❧❛ ♥♦✉✈❡❧❧❡ s✉r❢❛❝❡ ❞✉ tr✐❛♥❣❧❡✱ S✶ ❡st ❞é❞✉✐t❡ ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ♣♦s✐t✐♦♥ ❞❡s ♥÷✉❞s c✶i✳
h ♣❡✉t ❛❧♦rs êtr❡ ❝♦rr✐❣é ✿

h✶ ✏
‖ ~Vint‖✂∆t

S � S✶

2

✭✶✳✻✵✮

❆♣rès ❧❡ ❝❛❧❝✉❧ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞✉ tr✐❛♥❣❧❡ h✶✱ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❝❤❛❝✉♥ ❞❡s ♥÷✉❞ ❡st ❝❛❧❝✉❧é
❝♦♠♠❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s ❞é♣❧❛❝❡♠❡♥ts ❞❡s tr✐❛♥❣❧❡s ❞♦♥t ✐❧ ❡st ❧❡ s♦♠♠❡t✳ P❛r ❡①❡♠♣❧❡✱ s✐ ✉♥
♥÷✉❞ i ❛♣♣❛rt✐❡♥t à k tr✐❛♥❣❧❡s ❞❡ s✉r❢❛❝❡✱ s❛ ♥♦✉✈❡❧❧❡ ♣♦s✐t✐♦♥ à ❧❛ ✜♥ ❞✉ ♣❛s ❞❡ t❡♠♣s s❡r❛
❞♦♥♥é❡ ♣❛r ✿

cnewi ✏ ci �
1

k

k➳
l✏1

h✶l
cos♣θilq

~ni ✭✶✳✻✶✮

✼✸



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

h 

c1 c3 

c3’ 

θ1 θ3 c2 

c1’ 

c2’ 

S 

S’ 

��     �1      �3      

S 

θ2 �2      

❋✐❣✉r❡ ✶✳✹ ✕ ❱✐t❡ss❡ ❞❡s ♥÷✉❞s à ❧❛ s✉r❢❛❝❡ ❞❡s ❣r❛✐♥s

❛✈❡❝ θil ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡ ✈❡❝t❡✉r ♥♦r♠❛❧ à ❧❛ s✉r❢❛❝❡ ❞✉ tr✐❛♥❣❧❡ k ❡t ❧❡ ✈❡❝t❡✉r ♥♦r♠❛❧ ❛✉
♥÷✉❞ i ❡t h✶

l ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞✉ tr✐❛♥❣❧❡ ❞❡ s✉r❢❛❝❡ l ❝❛❧❝✉❧é ♣❛r ✶✳✻✵✳
❆✉ ✜♥❛❧✱ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♥÷✉❞s ❡st ❝❛❧❝✉❧é ❝♦♠♠❡ s✉✐t ✿
✖ ❚♦✉t ❞✬❛❜♦r❞✱ ✶✳✺✽ ❡st ❛♣♣❧✐q✉é❡ ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ✈❛❧❡✉r ✐♥✐t✐❛❧❡ ❞❡ q✳
✖ P✉✐s✱ ✶✳✺✾ ❛♥❞ ✶✳✻✵ s♦♥t ✉t✐❧✐sé❡s ❞❡ ♠❛♥✐èr❡ ✐tér❛t✐✈❡ ❥✉sq✉✬à ♦❜t❡♥✐r ✉♥❡ ❝♦♥s❡r✈❛t✐♦♥

❛❝❝❡♣t❛❜❧❡ ❞❡ ❧❛ ♠❛t✐èr❡✳
✖ ❋✐♥❛❧❡♠❡♥t✱ ❧❛ ♥♦✉✈❡❧❧❡ ♣♦s✐t✐♦♥ ❞❡s ♥÷✉❞s ❡st ❝❛❧❝✉❧é❡ ❡♥ ✉t✐❧✐s❛♥t ✶✳✻✶✳

✶✳✺✳✻ Pr♦❜❧è♠❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✐è❞r❡

▲♦rs ❞❡ ❧❛ rés♦❧✉t✐♦♥ ❞❡s éq✉❛t✐♦♥s ❞❡ ❧✬é❧❛st✐❝✐té ♣❡♥❞❛♥t ✉♥ ♣❛s ❞❡ t❡♠♣s ❧❛ ♠ét❤♦❞❡ ❞❡s é❧é✲
♠❡♥ts ✜♥✐s ✐♥t❡r❞✐t ❞✬✐♠♣♦s❡r ❞❡s ❢♦r❝❡s ❞❡ ❧✐❛✐s♦♥ ✿ ❧❡s ❡✛♦rts ❞❡ ❧✐❛✐s♦♥ ✭❢♦r❝❡ ❛✉① ♣♦✐♥ts tr✐♣❧❡s✮
s♦♥t ♦❜t❡♥✉s à ♣❛rt✐r ❞❡s ❢♦r❝❡s ♥♦❞❛❧❡s q✉✐ s✉✐✈❡♥t ❧❡ ♣r✐♥❝✐♣❡ ❢♦♥❞❛♠❡♥t❛❧ ❞❡ ❧❛ st❛t✐q✉❡✳ ❈❡s
❢♦r❝❡s ♥❡ ♣❡✉✈❡♥t rés✉❧t❡r q✉❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❞❡ t②♣❡ ❉✐r✐❝❤❧❡t ❡t ◆❡✉♠❛♥♥ ✐♠♣♦sé❡s
à ❧❛ s♦❧✉t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ ❬▲●✷✵✵✸❪✳

❆✐♥s✐✱ ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡✱ ❝❡t ❛♥❣❧❡ ❞✐è❞r❡ ♥✬❡st ♣❛s ✜①é ❡t ❡st ❧✐❜r❡ ❞✬é✈♦❧✉❡r✳ ❖♥ ❡①♣❧✐q✉❡
✐❝✐ q✉❡❧❧❡s s♦♥t ❧❡s ❝♦♥❞✐t✐♦♥ ❞❡ ◆❡✉♠❛♥♥ ❛♣♣❧✐q✉é❡s à ❧❛ rés♦❧✉t✐♦♥ ❞✉ ❞é♣❧❛❝❡♠❡♥t q✉✐ ✐♥✢✉❡♥t
s✉r ❧❛ ✈❛❧❡✉r ❞❡ ❧✬❛♥❣❧❡ ❞✐è❞r❡ ❡t ♦♥ ♠♦♥tr❡ ❧❡s rés✉❧t❛ts ❞❡ s✐♠✉❧❛t✐♦♥ ♣♦✉r ❝❡tt❡ ❣r❛♥❞❡✉r✳

❈♦♥❞✐t✐♦♥s ❞❡ ◆❡✉♠❛♥♥ ♣♦✉r ❧❡s tr✐❛♥❣❧❡s ❞♦♥t ✉♥❡ ❛rêt❡ ❛♣♣❛rt✐❡♥t à ❧❛ ❧✐❣♥❡ tr✐♣❧❡

▲✬éq✉❛t✐♦♥ ✶✳✸✺ ♠♦♥tr❡ ❝♦♠♠❡♥t ❡st ❝❛❧❝✉❧é❡ ❧❛ tr❛❝t✐♦♥ s✉r ✉♥❡ ❢❛❝❡tt❡ q✉✐ ❛♣♣❛rt✐❡♥t à
❧✬✐♥tér✐❡✉r ❞✬✉♥❡ s✉r❢❛❝❡ q✉❡ ❝❡ s♦✐t ❝❡❧❧❡ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥ ♦✉ ✉♥❡ s✉r❢❛❝❡ ❧✐❜r❡✱ ✐✳❡✳ ❞♦♥t ❛✉❝✉♥
♥÷✉❞ ♥✬❛♣♣❛rt✐❡♥t à ❧❛ ❧✐❣♥❡ tr✐♣❧❡ ♦✉ ✉♥ s❡✉❧ ♥÷✉❞ ② ❛♣♣❛rt✐❡♥t✳ ■❧ s✬❛❣✐t s✐♠♣❧❡♠❡♥t ❞✬❛♣♣❧✐q✉❡r
❧❛ ❧♦✐ ❞❡ ▲❛♣❧❛❝❡✳
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✶✳✺✳ ➱✈♦❧✉t✐♦♥ ❞❡s ✐♥t❡r❢❛❝❡s ❡♥tr❡ s♦✉s✲❞♦♠❛✐♥❡s

▲♦rsq✉❡ ❧❛ ❢❛❝❡tt❡ σ ♣♦✉r ❧❛q✉❡❧❧❡ ♦♥ ✈❡✉t ❝❛❧❝✉❧❡r ❧❛ tr❛❝t✐♦♥ ♣rés❡♥t❡ ✉♥❡ ❛rêt❡ ❛♣♣❛rt❡♥❛♥t
à ❧❛ ❧✐❣♥❡ tr✐♣❧❡✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ❝❛❧❝✉❧❡r s❛ tr❛❝t✐♦♥ ❞❡ ♠❛♥✐èr❡ ❛✉ss✐ ♣ré❝✐s❡ q✉❡ ♣♦ss✐❜❧❡✳ ❖♥
♥♦t❡ T1 ❡t T2 s❡s ♥÷✉❞s P1 ❛✉① ❡①tré♠✐tés✳ ❖♥ ❝♦♥s✐❞èr❡ ❛❧♦rs ❧❛ ❢♦r❝❡ ❞❡ ▲❛♣❧❛❝❡ q✉✐ s✬❡①❡r❝❡r❛✐t
❞❡ss✉s s✐ ❝❡tt❡ ❢❛❝❡tt❡ ét❛✐t ✐♥tér✐❡✉r❡ à ❧❛ s✉r❢❛❝❡ à ❧❛q✉❡❧❧❡ ❡❧❧❡ ❛♣♣❛rt✐❡♥t ♣✉✐s ♦♥ ② s♦✉str❛✐t
❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❧❡ ❧♦♥❣ ❞❡ ❧✬❛rêt❡ ❛♣♣❛rt❡♥❛♥t à ❧❛ ❧✐❣♥❡ tr✐♣❧❡ ✭♣✉✐sq✉✬♦♥ ❡st ❡♥ ❜♦r❞ ❞❡ s✉r❢❛❝❡
❡t q✉❡ ❧❛ ♣❛rt✐❡ ♠❛♥q✉❛♥t❡ ❞❡ ❧❛ s✉r❢❛❝❡ ♥❡ ♣❡✉t ♣❛s t✐r❡r s✉r ❧❛ ❢❛❝❡tt❡ ✈✐❛ ❝❡tt❡ ❛rêt❡✮ ❡t ♦♥
② ❛❥♦✉t❡ ❧❡s ❢♦r❝❡s ❡①❡r❝é❡s ✈✐❛ ❝❡tt❡ ❛rêt❡ tr✐♣❧❡ ♣❛r ❧❡s ❞❡✉① ❛✉tr❡s s✉r❢❛❝❡s ♣❛rt❛❣❡❛♥t ❝❡tt❡
❛rêt❡✳ ▲✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ tr❛❝t✐♦♥ ❞❡✈✐❡♥t ✿

ÝÑ
Fσ ✏

➻
σ

✂
✁p✁ γΣ

✂
1

R1
�

1

R2

✡✡
ÝÑnΣdS✁

➺
T1ÑT2

γΣ
ÝÝÝÝÑnT1ÑT2dl✁

➺
T1ÑT2

γΣ✶

ÝÝÝÝÑ
n✶T1ÑT2

dl✁

➺
T1ÑT2

γΣ✷

ÝÝÝÝÑ
n✷T1ÑT2

dl

✭✶✳✻✷✮
❛✈❡❝ nT1ÑT2 ❧❛ ♥♦r♠❛❧❡ à ❧✬❛rêt❡ rT1T2s ❞❛♥s ❧❡ ♣❧❛♥ t❛♥❣❡♥t à ❧❛ s✉r❢❛❝❡ Σ ❡t ♦r✐❡♥té❡ ♣❛r ❧❛
♥♦r♠❛❧❡ s♦rt❛♥t❡ ÝÑnΣ✳ ▲❡s ❡①♣♦s❛♥ts ✶ ❡t ✷ s❡r✈❡♥t à ❞és✐❣♥❡r ❧❡s ❞❡✉① ❛✉tr❡s s✉r❢❛❝❡s ♠✐s❡s ❡♥
❥❡✉✳
❈❡tt❡ tr❛❝t✐♦♥ rés✉❧t❛♥t❡ ❛❣✐t s✉r ❧❛ ❣❧♦❜❛❧✐té ❞❡ ❧❛ ❢❛❝❡tt❡ ❡♥ q✉❡st✐♦♥ ❡t ❡st ✉♥❡ ❝♦♥❞✐t✐♦♥ ❞❡
◆❡✉♠❛♥♥✳ ❆✉❝✉♥❡ ❢♦r❝❡ ♥♦❞❛❧❡ ♥✬❡st ✐♠♣♦sé❡ à ❧❛ s♦❧✉t✐♦♥ ♥✉♠ér✐q✉❡✳

●é♦♠étr✐❡ ❞❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ❞❡ ❢r✐tt❛❣❡ ❡t ❛♥❣❧❡ ❞✐è❞r❡

▲❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ❞❡ ❢r✐tt❛❣❡ ♣rés❡♥t❡♥t s♦✉✈❡♥t ❧❛ ❣é♦♠étr✐❡ ❞✉ ❝♦✉ ❛✈❡❝ ✉♥ r❛②♦♥ ❞❡
❝♦✉r❜✉r❡ ♥é❣❛t✐❢ ❝♦♠♠❡ r❡♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ✷✳✶✱ ♦r✱ ❝❡tt❡ ❣é♦♠étr✐❡ r❡❞♦♥♥é❡ ✐❝✐ ❡♥ ✜❣✉r❡
✶✳✺ ❡st ✐♥❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❥♦✐♥t ❞❡ ❣r❛✐♥ à ❧✬éq✉✐❧✐❜r❡✳

❋✐❣✉r❡ ✶✳✺ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✐è❞r❡ ❞❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ❞❡ ❢r✐tt❛❣❡ ❬❉❇❆✷✵✵✺❪

❊♥ ❡✛❡t✱ ❧✬❛♥❣❧❡ ❞✐è❞r❡ Θ s❡r❛✐t ❛❧♦rs ❞❡ 180✆ ❡t ❧✬éq✉✐❧✐❜r❡ ❞❡s ❢♦r❝❡s ❛✉ ♣♦✐♥t tr✐♣❧❡ ✿ γGB ✏
2γS cos ♣Θ④2q ❝♦♥❞✉✐r❛✐t à ✉♥❡ t❡♥s✐♦♥ ❞❡ ❥♦✐♥t ❞❡ ❣r❛✐♥ ♥✉❧❧❡ ✐✳❡✳ à ❧✬❛❜s❡♥❝❡ ❞❡ ❥♦✐♥t ❞❡ ❣r❛✐♥✳

❘és✉❧t❛ts ❞❡ s✐♠✉❧❛t✐♦♥ ✿ ❛♥❣❧❡ ❞✐è❞r❡

❇✐❡♥ q✉❡ ❧❡s rés✉❧t❛ts ❞✉ ♠♦❞è❧❡ s♦✐❡♥t ♣rés❡♥tés ❛✉ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✱ ❝♦♠♠❡ ♦♥ ♥❡ ♣❡✉t
♣❛s ❞♦♥♥❡r ❞✬❡①♣r❡ss✐♦♥ ❛♥❛❧②t✐q✉❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✐è❞r❡✱ ♦♥ ❞♦♥♥❡ ✐❝✐ ❧✬❛❧❧✉r❡ ❞❡ s♦♥
é✈♦❧✉t✐♦♥ ✈✐❛ ❞❡s rés✉❧t❛ts ♥✉♠ér✐q✉❡s✳ ▲❛ ✜❣✉r❡ ✶✳✻ ♠♦♥tr❡ ❧❡s rés✉❧t❛ts ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ❞❡
❝❡tt❡ ❣r❛♥❞❡✉r s✉r ❞❡✉① ❣r❛✐♥s s♣❤ér✐q✉❡s ❞❡ ❝✉✐✈r❡ ❡♥ ❝♦♥❞✐t✐♦♥s ✐s♦t❤❡r♠❡s ✭à 1100✆C✮ ❛✈❡❝
♥♦tr❡ ♠♦❞è❧❡✳ ❖♥ ✈♦✐t q✉❡ ❧❛ ✈❛❧❡✉r ❞✬éq✉✐❧✐❜r❡ ❡st ❛tt❡✐♥t❡ ❛✉ ❜♦✉t ❞❡ q✉❡❧q✉❡s ♣❛s ❞❡ t❡♠♣s✳
❖♥ r❡♠❛rq✉❡✱ s✉r ❝❡tt❡ ✜❣✉r❡✱ ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡s ♣♦✐♥ts ❞❡ s✐♠✉❧❛t✐♦♥✳ ❊❧❧❡ ❡st ❞✉❡ à ❧❛ t❛✐❧❧❡ ❞✉
♠❛✐❧❧❛❣❡ ❡t ❞✐♠✐♥✉❡ ❧♦rsq✉❡ ❧❛ ✜♥❡ss❡ ❞❡ s❡ ❞❡r♥✐❡r ❛✉❣♠❡♥t❡✳
❖♥ ✈♦✐t q✉❡✱ ♣❛rt❛♥t ❞✬✉♥❡ ❣é♦♠étr✐❡ q✉✐ ♥✬❡st ♣❛s à ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ❧❡s s✉r❢❛❝❡s
✈♦♥t é✈♦❧✉❡r ❥✉sq✉✬à ❛♥♥✉❧❡r ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡✱ ❡t à ❝❤❛q✉❡ ét❛♣❡ ❧✬éq✉✐❧✐❜r❡ ♠é❝❛♥✐q✉❡ é❧❛st✐q✉❡
❡st ❛tt❡✐♥t ✭éq✉✐❧✐❜r❡ q✉❛s✐✲st❛t✐q✉❡✮✳ ■❝✐ γGB ✏ 0,854103J ☎m✁2 ❡t γSV ✏ 1,65J ☎m✁2 ♣♦✉r ❧❡
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❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

❋✐❣✉r❡ ✶✳✻ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✐è❞r❡ ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡✱ ❝❛s ❞✉ ❝✉✐✈r❡ à 1100✆C

❝✉✐✈r❡ à 1100✆C ❬❲❩✶✾✾✺❪✳ ❖♥ ❛tt❡✐♥t ❜✐❡♥ ❧✬❛♥❣❧❡ t❤é♦r✐q✉❡ ❞✬éq✉✐❧✐❜r❡ ❞❡s t❡♥s✐♦♥s ❞❡ s✉r❢❛❝❡
s♦✐t Θ ✏ 150✆✳

✶✳✺✳✼ ◗✉❛❧✐té ❞✉ ♠❛✐❧❧❛❣❡ ❞❡ s✉r❢❛❝❡

❯♥❡ ❢♦✐s ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♥÷✉❞s ♠✐s❡ à ❥♦✉r✱ ❡❧❧❡ ❡st ♣❛ssé❡✱ ❞❛♥s ❧❡ ❢♦r♠❛t ✧❙❚❡r❡♦▲✐t❤♦❣r❛♣❤②✧
✭❙❚▲✮✱ ❛✉ ♠❛✐❧❧❡✉r ●▼❙❍ ❬❈●✷✵✵✾❪ ♣♦✉r ♠❛✐❧❧❡r ❡♥ ✈♦❧✉♠❡✳ ❈❡ r❡♠❛✐❧❧❛❣❡ ♥❡ ♠♦❞✐✜❡ ♥✐ ❧❛
♣♦s✐t✐♦♥ ♥✐ ❧❛ ❝♦♥♥❡❝t✐✈✐té ❞❡s ♥÷✉❞s ❞❡ s✉r❢❛❝❡✳

❆✉ss✐✱ ❧✬ét❛♣❡ ❞❡ r❡♠❛✐❧❧❛❣❡ ❞❡✈✐❡♥t ❝r✐t✐q✉❡ ❧♦rsq✉❡ ❧❡s tr✐❛♥❣❧❡s ❞❡✈✐❡♥♥❡♥t ✐rré❣✉❧✐❡rs✳ ❈❡❝✐
s❡ ♣r♦❞✉✐t ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❧à ♦ù ❧❡s ❞é❢♦r♠❛t✐♦♥s s♦♥t ❧❡s ♣❧✉s ✐♠♣♦rt❛♥t❡s✳
❯♥❡ s♦❧✉t✐♦♥ ♣r♦✈✐s♦✐r❡ ❛ été ❞é✈❡❧♦♣♣é❡ ❡t ♠✐s❡ ❡♥ ÷✉✈r❡ ♣❛r ❙②❧✈❛✐♥ ▼❛rt✐♥ ✭t❤ès❡ ❡♥ ❝♦✉rs
❝❢ ❆♥♥❡①❡ ❈ ♣✳✶✸✸✮ ♣♦✉r ♠♦❞✐✜❡r ❧❛ tr✐❛♥❣✉❧❛t✐♦♥ ❞❡ s✉r❢❛❝❡ ❧♦rsq✉❡ ❧❡s tr✐❛♥❣❧❡s ❞❡✈✐❡♥♥❡♥t
❛♣❧❛t✐s✳

▲❡s ♥÷✉❞s ❞❡ s✉r❢❛❝❡ s♦♥t ❝❧❛ssés ❡♥ ❝♦✉❝❤❡s ❝♦rr❡s♣♦♥❞❛♥t à ❧❡✉r ❞✐st❛♥❝❡ à ❧❛ ❧✐❣♥❡ tr✐♣❧❡✳
❙✐ ❧✬✉♥ ❞❡s ❛♥❣❧❡s ❞✬✉♥ tr✐❛♥❣❧❡ t❡sté ❡st ❡♥ ❞❡ss♦✉s ❞✬✉♥❡ ✈❛❧❡✉r ❧✐♠✐t❡✱ ❧❡ s♦♠♠❡t ♦♣♣♦sé✱ ❧❡

♣❧✉s ❧♦✐♥ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥ ❡st ❞é♣❧❛❝é✳ P♦✉r ❝♦♥s❡r✈❡r ❧❛ ♠❛t✐èr❡ ❡t ❧❛ ❢♦r♠❡✱ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞✉
♥÷✉❞ ❡st ❝❛❧❝✉❧é ❞❛♥s ❧❡ ♣❧❛♥ ❞✉ tr✐❛♥❣❧❡✱ ♣✉✐s ♣r♦❥❡té s✉r ❧❡ ♣❧❛♥ ❞é✜♥✐ ♣❛r ❧❛ ♥♦r♠❛❧❡ ❛✉ ♥÷✉❞
❝♦♥s✐❞éré✳
❯♥❡ ❛✉tr❡ ❛♣♣r♦❝❤❡ ❝♦♥s✐st❡r❛✐t à r❡♠❛✐❧❧❡r ❡♥ s✉r❢❛❝❡ à ♣❛rt✐r ❞❡s ♥÷✉❞s s❡✉❧s✱ s❛♥s ❧❡✉r ❝♦♥♥❡❝✲
t✐✈✐té✱ ❡t ❡♥ ✐♠♣♦s❛♥t ✉♥❡ ❝♦♥t✐♥✉✐té ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞✬✉♥ ♥÷✉❞ à ❧✬❛✉tr❡✳ ❯♥ ♦✉t✐❧ ♣♦t❡♥t✐❡❧ s❡r❛✐t
❧❡ ✧s✉r❢❛❝❡ ❡✈♦❧✈❡r✧ ❞❡ ❇r❛❦❦❡ ❬❑❇✶✾✾✷❪✳

❉✬❛✉tr❡s ❛✉t❡✉rs ♦♥t ♦♣té ♣♦✉r ✉♥❡ ♠ét❤♦❞❡ ❞❡ t②♣❡ ❧❡✈❡❧✲s❡t ❬❏❇✷✵✶✶❪✳

✶✳✻ ❈❤♦✐① ❞✉ ♣❛s ❞❡ t❡♠♣s

▲❛ rés♦❧✉t✐♦♥ s❡ ❢❛✐s❛♥t ❡♥ ❡①♣❧✐❝✐t❡✱ ❧❛ st❛❜✐❧✐té ❞✉ s❝❤é♠❛ ❡♥ t❡♠♣s ❛ été ét✉❞✐é❡ ♣❛r ▼❛r❝
❲♦❧✛ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ s♦♥ st❛❣❡ ❞❡ ▼❛st❡r ■ s✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ ❛✉ s❡✐♥ ❞✉ ▲▼P❈
✭❬▼❲✷✵✵✼❪ ✲ ❛♥♥❡①❡ ❈✱ ♣✳✶✸✸✮ ✿

∆t ↕
1

2

h2

D
✭✶✳✻✸✮

✼✻



✶✳✼✳ ❈♦♥❝❧✉s✐♦♥

❈❡s ❝♦♥❞✐t✐♦♥s ❞✐t❡s ❞❡ ❈♦✉r❛♥t✱ ❋r✐❡❞r✐❝❤s✱ ▲❡✇② ✭❈❋▲✮ ❬❈❋▲✶✾✷✽❪✱ ❞✐t❡s CFL ❞❡✈r❛✐❡♥t ❛ss✉r❡r
❧❛ ❝♦♥✈❡r❣❡♥❝❡ ♣♦✉r ❧❛ ❞✐✛✉s✐♦♥✳ ❈♦♠♠❡ ♣❧✉s✐❡✉rs ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ✐♥t❡r✈✐❡♥♥❡♥t DV ✱ DS

❡t DGB ❧❡ ♣❧✉s ❣r❛♥❞ ♣❛r♠✐ DV ✱ δDS ❡t δDGB ✱ ♦ù δ ❡st ❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ❝♦✉❝❤❡ ❞❡ s✉r❢❛❝❡ ♦✉
❧❛ ❞❡♠✐✲é♣❛✐ss❡✉r ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥✱ s❡r❛ ♣r✐s ❡♥ ❝♦♠♣t❡ ♣♦✉r ❧✐♠✐t❡r ❧❡ ♣❛s ❞❡ t❡♠♣s✳

❯♥❡ s❡❝♦♥❞❡ ❧✐♠✐t❛t✐♦♥ ❞✉ ♣❛s ❞❡ t❡♠♣s ✐♥t❡r✈✐❡♥t ❞❡ s♦rt❡ q✉❡ ❧❡s ♠❛✐❧❧❛❣❡s ❞❡ ❞❡✉① ❣r❛✐♥s
❛✉ ❝♦♥t❛❝t ♥❡ ♣✉✐ss❡♥t ♣❛s s❡ r❡♥❝♦♥tr❡r ❡♥ ❞❡❤♦rs ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥✳

▲✬❡♥❝❤❛î♥❡♠❡♥t ❣❧♦❜❛❧ ❞❡s ❝❛❧❝✉❧s ❡st ✐❧❧✉stré ♣❛r ❧❛ ✜❣✉r❡ ✶✳✼ ❛✈❡❝ ❧❡ ❞ét❛✐❧ ❞✉ ❝❛❧❝✉❧ ❞❡s
❞é♣❧❛❝❡♠❡♥ts à ❧✬❛✐❞❡ ❞❡ ❞✐✛♣❛❝❦ ❞♦♥♥és ♣❛r ❧❛ ✜❣✉r❡ ✶✳✼✳

✶✳✼ ❈♦♥❝❧✉s✐♦♥

❯♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts s♦♥t à ét✉❞✐❡r ♣♦✉r q✉❡ ❧❡s rés✉❧t❛ts ❞✉ ♠♦❞è❧❡ ♣✉✐ss❡♥t r❡✢ét❡r
❛✉ ♠✐❡✉① ❧❡s ♣❤é♥♦♠è♥❡s q✉❡ ❧✬♦♥ ❡ss❛✐❡ ❞❡ s✐♠✉❧❡r✳

❯♥❡ q✉❡st✐♦♥ ❡st ❞❡ s❛✈♦✐r ❝♦♠♠❡♥t ❡①tr❛♣♦❧❡r ❝♦rr❡❝t❡♠❡♥t ❧❡s r❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ❛✉①
♣♦✐♥ts ❞❡ ❧❛ ❧✐❣♥❡ tr✐♣❧❡ ❡t ❛✉ss✐✱ ❞❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❛✐❧❧❡✉rs s✉r ❧❛ s✉r❢❛❝❡✱ ❞é✜♥✐r ❧❛ t❛✐❧❧❡ ❞✉
✈♦✐s✐♥❛❣❡ ❞✬✉♥ ♣♦✐♥t à ✉t✐❧✐s❡r ♣♦✉r ❛✈♦✐r ✉♥❡ ♣ré❝✐s✐♦♥ ✈✐sé❡ s✉r ❧❛ ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡ ❧♦❝❛❧❡
❝❛❧❝✉❧é❡✳

▲✬❛❧❣♦r✐t❤♠❡ ❞❡ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❞♦♠❛✐♥❡s ✭❞❡ t②♣❡ ▼❛r✐♥✐✲◗✉❛rt❡r♦♥✐✮✱ q✉✐ ❛ été ♣r♦✲
❣r❛♠♠é ❡t ✉t✐❧✐sé ❞❛♥s ❧❛ t❤ès❡ ❞✬❆❥❞♦✉r ❬▼❆✷✵✵✻❪ ♣♦✉rr❛ êtr❡ r❡♠✐s ❡♥ ÷✉✈r❡ ♣♦✉r s✬❛ss✉r❡r
q✉✬✐❧ ❞♦♥♥❡ ❧❡s ♠ê♠❡s rés✉❧t❛ts q✉❡ s✉r ❞❡✉① ❣r❛✐♥s✱ ❡♥ ✈✉❡ ❞❡ ♣❛ss❡r à q✉❡❧q✉❡s ❣r❛✐♥s✱ ❡t ❞❡
♣♦✉✈♦✐r ❝♦♠♣❛r❡r ❛✉① rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r é❧é♠❡♥ts ❞✐s❝r❡ts✳
▲❛ ❢♦r♠✉❧❛t✐♦♥ ❢❛✐❜❧❡ ❞✉ ♣r♦❜❧è♠❡ ❣❧♦❜❛❧ ❡♥ ❡s♣❛❝❡ ❡t ❡♥ t❡♠♣s s❡r❛✐t ♥é❝❡ss❛✐r❡ ♣♦✉r ❢♦r♠❛❧✐s❡r
❝♦rr❡❝t❡♠❡♥t ❧❡ ♣r♦❜❧è♠❡✳

❇✐❡♥ q✉❡ ❧❛ ❝❤✐♠✐❡ ❞✉ ♣r♦❜❧è♠❡ ♥✬❛✐t ♣❛s été ❡①♣♦sé❡ ✐❝✐✱ ❧❛ ♣r♦❣r❡ss✐♦♥ ♣❛r ét❛♣❡s ✈♦✉❧❛♥t
q✉❡ ❧✬♦♥ ❝♦♠♠❡♥❝❡ ♣❛r ❞❡s ♠♦❞è❧❡s ♣❧✉s s✐♠♣❧✐✜és à ❝♦♠♣♦s✐t✐♦♥ ❝♦♥st❛♥t❡✱ ✉♥ ♣♦✐♥t ♥✬❛ ♣❛s
été ❛♣♣ré❤❡♥❞é ✿ ✐❧ s✬❛❣✐t ❞❡ ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❧♦❝❛❧❡ ❞❡ ❧❛ ♣❤❛s❡ ❣❛③ ♣❡r♠❡tt❛♥t
❞❡ s✐♠✉❧❡r ❧✬é✈❛♣♦r❛t✐♦♥✴❝♦♥❞❡♥s❛t✐♦♥✳ ▲❛ ❞✐✣❝✉❧té ❞❛♥s ❝❡tt❡ ♣❡rs♣❡❝t✐✈❡ s❡r❛✐t ❞✬✉♥❡ ♣❛rt ❞❡
s❛✈♦✐r ❞ét❡r♠✐♥❡r ❛✉t♦♠❛t✐q✉❡♠❡♥t ❧❡ ❝❛r❛❝tèr❡ ♦✉✈❡rt ♦✉ ❢❡r♠é ❞✬✉♥ ♣♦r❡ ❡t ❞✬❛✉tr❡ ♣❛rt ❞❡
❣ér❡r ❧❡s ♣❛s ❞❡ t❡♠♣s✱ ❧❛ ❞✐✛✉s✐♦♥ s✬❡✛❡❝t✉❛♥t ❜✐❡♥ ♣❧✉s r❛♣✐❞❡♠❡♥t ❡♥ ♣❤❛s❡ ❣❛③❡✉s❡ q✉✬❡♥
♣❤❛s❡ s♦❧✐❞❡✳ P♦✉r ❧❡ ♣r❡♠✐❡r ♣♦✐♥t✱ ♦♥ ♣❡✉t ♣❡♥s❡r q✉✬❡♥ ❞é❝r✐✈❛♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ❣r❛✐♥s ❡♥
t❡r♠❡s ❞✬✐♥t❡rs❡❝t✐♦♥ ❡t ❞✬✉♥✐♦♥ ❞❡ ❞❡♠✐✲❡s♣❛❝❡s ❧❡ ♠❛✐❧❧❡✉r ♥❡t❣❡♥ ♣✉✐ss❡ ❞ét❡r♠✐♥❡r ❧❡ ♥♦♠❜r❡
❞❡ ❞♦♠❛✐♥❡s ❡t ❛✐♥s✐ ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦r❡s ❢❡r♠és✳

✼✼



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

▲❡❝t✉r❡ ❞✬✉♥
♠❛✐❧❧❛❣❡ ♣ré✲
❡①✐st❛♥t ✐ss✉
❞❡ ◆❡t❣❡♥

❉✐s♣♦♥✐❜✐❧✐té ❞✉
♠❛✐❧❧❛❣❡ ✐♥✐t✐❛❧

❈❛r❛❝tér✐st✐q✉❡s
❞❡ ❧✬♦❜❥❡t à ♠❛✐❧❧❡r

❘✶✱ ❘✸ ❡t ①

♠❛✐❧❧❛❣❡ ❛✈❡❝ r❛✣♥❡♠❡♥t ✭♥❡t❣❡♥✮

●é♥ér❛t✐♦♥ ❞✬✉♥
✜❝❤✐❡r ✳❣❡♦

❙t♦❝❦❛❣❡ ❞❡s ♥÷✉❞s ❡t ❞❡ h④hlocal

♠❛✐❧❧❛❣❡ ✭♥❡t❣❡♥✮ ❘❛✣♥❡♠❡♥t ❧♦❝❛❧

❈❛❧❝✉❧ ❞❡ ❧❛ ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡ H ❘❛✣♥❡♠❡♥t ❧♦❝❛❧ t ➔ tfinal

❈❛❧❝✉❧ ❞❡s ❞é♣❧❛❝❡♠❡♥ts tn�1 ✏ tn �∆t ❛rrêt

❧✐ss❛❣❡ ❞❡ ~u ❡t ❞❡ s❡s ❞ér✐✈é❡s ♣r❡♠✐èr❡s ❡t
s❡❝♦♥❞❡s

r❡♠❛✐❧❧❛❣❡ ✭❣♠s❤✮

❝❛❧❝✉❧ ❞❡ dmin ❡t hmin ❝❛❧❝✉❧ ❞❡ ∆t

❝❛❧❝✉❧ ❞❡s ❝♦♥tr❛✐♥t❡s ❝❛❧❝✉❧ ❞❡ ÝÝÝÑvinter ✭✈✐t❡ss❡ ❞✬✐♥t❡r❢❛❝❡✮

❋✐❣✉r❡ ✶✳✼ ✕ ❊♥❝❤❛î♥❡♠❡♥t ❞❡s ét❛♣❡s ❞❡ ❝❛❧❝✉❧

✼✽



✶✳✼✳ ❈♦♥❝❧✉s✐♦♥

■♥✐t✐❛❧✐s❡r✭✮
❋✐♥ ❞✉ ❝❛❧❝✉❧ ❞❡ ~u✱ ❞❡ ∇ui ❡t ❞❡s ❞ér✐✈é❡s
s❡❝♦♥❞❡s

❈❛❧❝✉❧ ❞❡s r❛②♦♥s
❞❡ ❝♦✉r❜✉r❡ ✿
r❛②♦♥❈♦✉r❜✭✮

✈ér✐✜❝❛t✐♦♥ ❞❡ ❧❛ ♥♦♥✲tr❛♥s❧❛t✐♦♥
✈ér✐✜❝❛t✐♦♥ ❞❡ ❧❛ ♥♦♥✲r♦t❛t✐♦♥

❞é✜♥✐t✐♦♥ ❞❡s
t②♣❡s ❞❡ ❝♦♥❞✐✲

t✐♦♥s ❛✉① ❧✐♠✐t❡s ✿
❞❡✜♥❡ ❜♦✉♥❞❛r②
❝♦♥❞✐t✐♦♥ t②♣❡

❝❛❧❝✉❧ ❞❡s ❞ér✐✈é❡s ✿
❛✮ ∇u

❜✮ ❞ér✐✈é❡s s❡❝♦♥❞❡s

❆✲❜❧♦❝s✳r❡❜✐♥❞✭✮
tr❛♥s❢♦r♠❛t✐♦♥ ❞❡ u ❛✉① ♥♦❡✉❞s ❡♥
❝❤❛♠♣ ✿ ✈❡❝✷✜❡❧❞✭✉✮

❆ss❡♠❜❧❛❣❡ ♣♦✉r ✉♥ ❣r❛✐♥ ✿
❛❞♠
❞❡✜♥❡
s❝❛♥

s♦❧✈❡Pr♦❜❧❡♠
♠❛❦❡s②st❡♠

rés♦❧✉t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ ❣❧♦❜❛❧

❚♦✉s ❧❡s s♦✉s✲❞♦♠❛✐♥❡s Ωg ♦♥t✲✐❧s été
tr❛✐tés ❄

❘é❝✉♣ér❛t✐♦♥ ❞❡s ❜❧♦❝s ♣♦✉r ❧✬❛ss❡♠✲
❜❧❛❣❡ ❣❧♦❜❛❧ ✿
r❡♠♣❧✐r❇❧♦❝s
r❡♥✉♠ér♦t❛t✐♦♥ ❞❡s ❞❡❣rés ❞❡ ❧✐❜❡rté
é❝r✐t✉r❡ ❜❧♦❝s ❝♦♥tr❛✐♥t❡s ❞❡ ♥♦♥✲

tr❛♥s❧❛t✐♦♥
é❝r✐t✉r❡ ❜❧♦❝s ❝♦♥tr❛✐♥t❡s ❞❡ ♥♦♥✲

r♦t❛t✐♦♥

❋✐❣✉r❡ ✶✳✽ ✕ ❯t✐❧✐s❛t✐♦♥ ❞❡s ❝❧❛ss❡s ❞❡ ❉✐✛♣❛❝❦ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞❡s ❞é♣❧❛❝❡♠❡♥ts ❡t ❞❡ ❧❡✉rs
❞ér✐✈é❡s ❧✐ssé❡s

✼✾



❈❤❛♣✐tr❡ ✶✳ ❈❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡

✽✵



✷

❘és✉❧t❛ts ❞✉ ♠♦❞è❧❡ ✲ ❝♦♠♣♦s✐t✐♦♥
❝♦♥st❛♥t❡

❙♦♠♠❛✐r❡
✷✳✶ ❘❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ♣r✐♥❝✐♣❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶
✷✳✷ ❈❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
✷✳✸ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ❝♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✷✳✸✳✶ ❉✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ❡t ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸
✷✳✸✳✷ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✷✳✹ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

❖♥ ❛ ❞♦♥♥é ✉♥ ♥♦♠❜r❡ ❧✐♠✐té ❞❡ rés✉❧t❛ts ❞❡ s✐♠✉❧❛t✐♦♥ q✉✐ ♠♦♥tr❡♥t q✉❡ ❧❡s rés✉❧t❛ts ♥❡
s❡♠❜❧❡♥t ♣❛s ❛❜❡rr❛♥ts✳

✷✳✶ ❘❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ♣r✐♥❝✐♣❛✉①

▲❡s r❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ♣r✐♥❝✐♣❛✉① R1 ❡t R2 ❝❛❧❝✉❧és ♦♥t été ✈✐s✉❛❧✐sés à ❧✬❛✐❞❡ ❞✉ ❧♦❣✐❝✐❡❧
♣❛r❛✈✐❡✇✳ ■❧s s♦♥t r❡♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✷✳✶✳ ▲✬é❝❛rt ❛✉① ✈❛❧❡✉rs t❤é♦r✐q✉❡s ❡st ❝❛❧❝✉❧❛❜❧❡ à

❋✐❣✉r❡ ✷✳✶ ✕ ❘❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ♣r✐♥❝✐♣❛✉① R1 ❡t R2

✽✶



❈❤❛♣✐tr❡ ✷✳ ❘és✉❧t❛ts ❞✉ ♠♦❞è❧❡ ✲ ❝♦♠♣♦s✐t✐♦♥ ❝♦♥st❛♥t❡

❧✬✐♥st❛♥t t ✏ 0 s✉r ❝❡tt❡ ❣é♦♠étr✐❡ très s✐♠♣❧❡✳ ■❧ ♣❡✉t êtr❡ ré❞✉✐t ❡♥ ❛✉❣♠❡♥t❛♥t ❧❛ ✜♥❡ss❡ ❞✉
♠❛✐❧❧❛❣❡✳

✷✳✷ ❈❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥t

❈❡ ❝❤❛♠♣ ❡st ❝❛❧❝✉❧é ❡♥ rés♦❧✈❛♥t ❧❡ s②stè♠❡ ✶✳✸✷ ♣✳ ✻✽✳ ▲❛ ♠ét❤♦❞❡ ✐tér❛t✐✈❡ ✉t✐❧✐sé❡ ❡st ❧❛
✧♠✐♥✐♠✉♠ r❡s✐❞✉❛❧ ♠❡t❤♦❞ ❢♦r s②♠♠❡tr✐❝✱ ✐♥❞❡✜♥✐t❡ s②st❡♠s✧ ❬❍P▲✷✵✵✸❪✱ ❜✐❡♥ q✉❡ ❞❛♥s ♥♦tr❡
❝❛s ❧❡ s②stè♠❡ s♦✐t ❞é✜♥✐ ✷✳ ▲❡ ♠♦♥✐t❡✉r ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ✉t✐❧✐sé ❡st ρk ✏

⑤B♣b✁Axkq⑤B
⑤B♣b✁Ax0q⑤B

❡♥ s❡ ✜①❛♥t

✉♥ s❡✉✐❧ ❞❡ 10✁3✳ ▲❛ ✜❣✉r❡ ✷✳✷ ❞♦♥♥❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♠♦♥✐t❡✉r ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ❛✈❡❝ ❧❡ ♥♦♠❜r❡
❞✬✐tér❛t✐♦♥s✳

❋✐❣✉r❡ ✷✳✷ ✕ ❱✐t❡ss❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❞❡ ❝❛❧❝✉❧ ❞❡s ❞é♣❧❛❝❡♠❡♥ts ✲ ❝❛s ❞✬✉♥
♠❛✐❧❧❛❣❡ ❛✈❡❝ ✹✼✵✵ ♥♦❡✉❞s ♣❛r ❣r❛✐♥

❖♥ ❛ r❡♣rés❡♥té✱ ✜❣✉r❡ ✷✳✸✱ ❧✬♦♣♣♦sé ❞✉ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥ts ~u ❛✜♥ ❞❡ ♠✐❡✉① ❧❡ ✈✐s✉❛❧✐s❡r✳
❖♥ ✈♦✐t q✉❡ ❧❡s s♣❤èr❡s s♦♥t ❡♥ ❝♦♠♣r❡ss✐♦♥ t❛♥❞✐s q✉❡ ❧❡ ❝♦✉ ♥✬❛ ♣r❛t✐q✉❡♠❡♥t ♣❛s ❞❡ ❝♦♥tr❛✐♥t❡
❝❛r s❡s r❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ♣r✐♥❝✐♣❛✉① s❡ ❝♦♠♣❡♥s❡♥t ❡t ❝♦♥❞✉✐s❡♥t à ✉♥❡ ❝♦✉r❜✉r❡ ♣r❡sq✉❡
♥✉❧❧❡✳ ▼❛✐s ✐❧ ♥❡ s✬❛❣✐t q✉❡ ❞✉ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥ts é❧❛st✐q✉❡s ♣❛s ❞❡ ❝❡❧✉✐ ❞❡s ❞é❢♦r♠❛t✐♦♥s
✐rré✈❡rs✐❜❧❡s à ❧✬✐ss✉❡ ❞✬✉♥ ♣❛s ❞❡ t❡♠♣s✳ ❯♥❡ s✐♠✉❧❛t✐♦♥ ❢❛✐t❡ ❡♥ ❢♦rç❛♥t c44 ✏ 1

2♣c11 ✁ c12q✱ ❛✜♥
❞❡ s❡ ♣❧❛❝❡r ✉♥ ❝❛s ✐s♦tr♦♣❡✱ ♣rés❡♥t❡ ✭✜❣✉r❡ ✷✳✸✮ ✉♥❡ s②♠étr✐❡ ❞❡ ré✈♦❧✉t✐♦♥ q✉✐ s❡♠❜❧❡ ❝♦rr❡❝t❡✳

✷✳✸ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ❝♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s

❉❡s s✐♠✉❧❛t✐♦♥s ♦♥t été ♠❡♥é❡s s✉r ❞❡✉① ♣❛rt✐❝✉❧❡s ❞❡ ♠ê♠❡ t❛✐❧❧❡ ❡♥ ❝♦♥t❛❝t✳ ▲❡ ♠❛✐❧❧❛❣❡
✐♥✐t✐❛❧✱ ♣♦✉r ✉♥❡ ❣é♦♠étr✐❡ ❞❡ ❞❡✉① s♣❤èr❡s tr♦♥q✉é❡s ❞♦♥t ❧❡ r❛♣♣♦rt ❞✉ r❛②♦♥ r ❞✉ ❝♦✉ à ❝❡❧✉✐

✷✳ ❊❧❧❡ ❝♦♥s✐st❡ à rés♦✉❞r❡ ✉♥ s②stè♠❡ ❞✉ t②♣❡ BAx ✏ Bb✱ ♦ù A ❡st s②♠étr✐q✉❡ ♥♦♥✲✐♥✈❡rs✐❜❧❡ ❡t B ❡st
s②♠étr✐q✉❡ ❞é✜♥✐❡ ♣♦s✐t✐✈❡✳ ▲❡ s②stè♠❡ ❧✐♥é❛✐r❡ ❡st s②♠étr✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉ ♣r♦❞✉✐t s❝❛❧❛✐r❡

�
♣☎, ☎qB ✏ ♣B✁1☎, ☎q

✟
✳

❉❛♥s ♥♦tr❡ ❝❛s✱ A ❡st ✐♥✈❡rs✐❜❧❡ ♠❛✐s ❧❛ ♠ét❤♦❞❡ tr❛✈❛✐❧❧❡ ♣❛r ❜❧♦❝s ❝❡ q✉✐ ❡st ✐♥tér❡ss❛♥t✳ ▲✬✐téré❡ xk ❡st ❞ét❡r♠✐♥é❡
❡♥ ♠✐♥✐♠✐s❛♥t ❧❛ ♥♦r♠❡ ❞✉ rés✐❞✉ ⑤B♣b✁Ayq⑤B s✉r ❧✬❡s♣❛❝❡ ✈❡❝t♦r✐❡❧ ❞❡ ❑r②❧♦✈ Kk ♣AB,Bbq ❡♥❣❡♥❞ré ♣❛r Bb

❡t s❡s k ✁ 1 ✐♠❛❣❡s ♣❛r ❧❡s ♣✉✐ss❛♥❝❡s s✉❝❝❡ss✐✈❡s ❞❡ BA ✿ V ect
✥
Bb,BABb, . . . , ♣BAqk✁1Bb

✭
✳ ■❝✐✱ ❧❛ ♥♦r♠❡

❡st ❞é✜♥✐❡ ♣❛r ❧❡ ♣r♦❞✉✐t s❝❛❧❛✐r❡ ♣♣☎, ☎qBq✳ ▲❡ ♠♦♥✐t❡✉r ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ♣❛r ❞é❢❛✉t ❡st ρk ✏ ⑤B♣b✁Axkq⑤B ✏
♣B ♣b✁Axkq , b✁Axkq✳ ▲❡ rés✐❞✉ ♣b✁Axkq ♥✬❡st ♣❛s ❝❛❧❝✉❧é ❞✉r❛♥t ❧✬✐tér❛t✐♦♥✱ ❛✉ss✐✱ ✉♥ ❝❛❧❝✉❧ ❞✐r❡❝t ❞❡ ❝❡tt❡
q✉❛♥t✐té ♥é❝❡ss✐t❡ ✉♥ ♣r♦❞✉✐t ♠❛tr✐❝❡✲✈❡❝t❡✉r s✉♣♣❧é♠❡♥t❛✐r❡✳ ❉❛♥s ❧✬❛❧❣♦r✐t❤♠❡✱ ❝❡tt❡ q✉❛♥t✐té ❡st ❝❛❧❝✉❧é❡ ❞❡
♠❛♥✐èr❡ ré❝✉rs✐✈❡✳ ▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❝❡s ❝❛❧❝✉❧s ❛❝❝✉♠✉❧❡♥t ❞❡ ❧✬❡rr❡✉r ❡t ✐❧ ❡st ♥é❝❡ss❛✐r❡✱ à ✐♥t❡r✈❛❧❧❡s ré❣✉❧✐❡rs✱
❞❡ ❝❛❧❝✉❧❡r ❧❡ rés✐❞✉ ❡①❛❝t✳

✽✷



✷✳✸✳ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ❝♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s

❋✐❣✉r❡ ✷✳✸ ✕ ❖♣♣♦sé ❞✉ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥ts é❧❛st✐q✉❡s ~u à ❣❛✉❝❤❡ ✿ ❝❛s ✐s♦tr♦♣❡✱ à ❞r♦✐t❡ ✿
❝❛s ❝✉❜✐q✉❡ ✲ r❛②♦♥ ✐♥✐t✐❛❧ ❞❡s ❣r❛✐♥s ✿ 1,1µm

R ❞❡ ❧❛ s♣❤èr❡ ❡st ♣r♦❝❤❡ ❞❡ ✵✱✷✹✺✱ ❛ été ❣é♥éré ♣❛r ♥❡t❣❡♥✳ ▲❡ ❥♦✐♥t ❞❡ ❣r❛✐♥s ✐♥✐t✐❛❧ ❡st ❧❡ ♣❧❛♥
❞❡ s②♠étr✐❡ ❞❡s ❞❡✉① ❣r❛✐♥s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧✬❛①❡ ❞❡ ré✈♦❧✉t✐♦♥✳ ▲❡s rés✉❧t❛ts q✉✐ s✉✐✈❡♥t s♦♥t
✐ss✉s ❞❡s tr❛✈❛✉① ❞❡ t❤ès❡ ❞❡ ❙✳ ▼❛rt✐♥ ❬❙▼✷✵✶✸❪ ❞♦♥t ❥❡ s✉✐s ✉♥ ❝♦✲❡♥❝❛❞r❛♥t✳

✷✳✸✳✶ ❉✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ❡t ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s

▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡✱ ♣♦✉r ❞❡✉① ♣❛rt✐❝✉❧❡s s♣❤ér✐q✉❡s ❞❡ ♠ê♠❡ t❛✐❧❧❡✱ ❛ été ét✉❞✐é❡ ♣❛r
❞✐✛ér❡♥ts ❛✉t❡✉rs ❡♥ ❝♦♥s✐❞ér❛♥t ❧❛ ❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ❝♦✉♣❧é❡ à ❧❛ ❞✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s
❬❏P✶✾✾✽❪✱ ❬❏❙✶✾✾✺❪✱ ❬❲❩✶✾✾✽❪✱ ❬❉❇✶✾✾✻❪✳ ❈❡s tr❛✈❛✉① ♦♥t ❞é❜♦✉❝❤é s✉r ✉♥❡ ❧♦✐ ❛♥❛❧②t✐q✉❡ ❞❡ ❧❛

❢♦r♠❡ r
R
✏
✁
α t

τgb

✠ 1
6 ❬❉❇✶✾✾✻❪✱ ❬❋P✶✾✾✽❪✱ ❬❋P✶✾✾✾❪✱ ❬P❈✷✵✵✽❪✱ ❞♦♥♥❛♥t ✉♥❡ ❜♦♥♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s

♣❤é♥♦♠è♥❡s✱ ✉t✐❧✐s❛❜❧❡ ♣♦✉r ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞❡ ♥♦tr❡ ♠♦❞è❧❡✳ ▲❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❡♥ s♦♥t ❧❡
r❛②♦♥ ❞✉ ❝♦✉ r✱ ❧❡ r❛②♦♥ ❞✉ ❣r❛✐♥ R ❡t ❧❡ t❡♠♣s ❛❞✐♠❡♥s✐♦♥♥❡❧ t

τgb
❛✈❡❝ τgb ✏ R4kT

ΘδGBDGBγS
✳ P♦✉r

✉♥ r❛♣♣♦rt δGBDGB

δSDS
✏ 1 q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ ♥♦tr❡ s✐♠✉❧❛t✐♦♥✱ P❛r❤❛♠✐ ❬❋P✶✾✾✾❪ ❛

❞♦♥♥é α ✏ 192✳

❈♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✷✳✹✱ ♥♦s s✐♠✉❧❛t✐♦♥s ❞♦♥♥❡♥t ❞❡s rés✉❧t❛ts très ♣r♦❝❤❡s
❞❡ ❝❡✉① ❞❡ P❛r❤❛♠✐✳ ❉❡ ♣❡t✐ts é❝❛rts s♦♥t✱ ❝❡♣❡♥❞❛♥t✱ ♦❜s❡r✈❛❜❧❡s ❡t ♣❡✉✈❡♥t ♣r♦✈❡♥✐r ❞❡ ❧❛
✈❛❧❡✉r tr♦♣ é❧❡✈é❡ ❞✉ r❛②♦♥ ✐♥✐t✐❛❧ ❞✉ ❝♦✉ ✭r0 ✏ 0,049µm✮ ✈✐s✲à✲✈✐s ❞✉ r❛②♦♥ ✐♥✐t✐❛❧ ❞❡s ❣r❛✐♥s
✭R0 ✏ 0,200µm✮ ♦✉ ❞✉ ♠❛♥q✉❡ ❞❡ ✜♥❡ss❡ ❞❡ ♥♦tr❡ ♠❛✐❧❧❛❣❡✳ P♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❝♦rr❡❝t❡♠❡♥t
❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❢❛✐r❡ ✉♥ ❝♦♠♣r♦♠✐s ❡♥tr❡ ❧❛ ✜♥❡ss❡ ❞✉ ♠❛✐❧❧❛❣❡✱
q✉✐ ✐♠♣❛❝t❡ ❞✐r❡❝t❡♠❡♥t ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧✱ ❡t ❧❛ ♣rés❡r✈❛t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ❞❡s ❣r❛✐♥s✳ ❉❡ ♣❧✉s✱ ❧❛
✈❛❧❡✉r ❞✉ r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡ ❡st très s❡♥s✐❜❧❡ à ❧❛ ✜♥❡ss❡ ❞✉ ♠❛✐❧❧❛❣❡✳ ❆✉ t♦✉t ❞é❜✉t ❞✉ ❢r✐tt❛❣❡
❧❛ s✉r❢❛❝❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥s s✉❜✐t ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❝♦✉r❜✉r❡ q✉✐ ♣❡✉t s❡✉❧❡♠❡♥t
êtr❡ ♦❜t❡♥✉❡ ❛✉ ♠♦②❡♥ ❞✬✉♥ ♠❛✐❧❧❛❣❡ ✜♥✱ ❧❡ r❛✣♥❡♠❡♥t ❧♦❝❛❧ ❞✉ ♠❛✐❧❧❛❣❡ s❡r❛✐t à ❛❥✉st❡r ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝♦✉r❜✉r❡✳ ❆✉ ❝♦✉rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❡s ♥÷✉❞s ❞❡ s✉r❢❛❝❡ s❡ ❞é♣❧❛❝❡♥t ❝♦♥❞✉✐s❛♥t
à ❞❡s é❧é♠❡♥ts ❞❡ s✉r❢❛❝❡ ✭tr✐❛♥❣❧❡s P2✮ ✐rré❣✉❧✐❡rs q✉✐ ♥❡ s♦♥t ♣❛s ❝♦♥✈❡♥❛❜❧❡s à ✉♥❡ ♠ét❤♦❞❡
❞❡s é❧é♠❡♥ts ✜♥✐s✳ ▲✬❛❧❣♦r✐t❤♠❡ ❛❝t✉❡❧ ❞❡ ❝♦♥trô❧❡ ❞✉ r❡♠❛✐❧❧❛❣❡✱ ✐♠♣❧é♠❡♥té ❞❛♥s ❧❡ ❧♦❣✐❝✐❡❧✱
♠♦❞✐✜❡ ❧❡s ♥÷✉❞s ❞❡ s✉r❢❛❝❡ ❡♥ ❧❡s ❞é♣❧❛ç❛♥t à ❝♦♥♥❡❝t✐✈✐té ❝♦♥st❛♥t❡ ❡t r❡t❛r❞❡ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡
❝❡ ♣❤é♥♦♠è♥❡✳

▲❡ r❡tr❛✐t h ♣❡✉t êtr❡ é✈❛❧✉é ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❣é♦♠étr✐q✉❡✳ ❆✈❡❝ ❧❡s ❤②♣♦t❤ès❡s ❞❡ ❈♦❜❧❡
❬❘▲❈✶✾✺✽❪✱ ❧✬é✈♦❧✉t✐♦♥ ♣❡✉t êtr❡ ❞é❝r✐t❡ à ❧✬❛✐❞❡ ❞❡ s♣❤èr❡s tr♦♥q✉é❡s✳ ❆✈❡❝ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥
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❈❤❛♣✐tr❡ ✷✳ ❘és✉❧t❛ts ❞✉ ♠♦❞è❧❡ ✲ ❝♦♠♣♦s✐t✐♦♥ ❝♦♥st❛♥t❡
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❝❡tt❡ s✐♠✉❧❛t✐♦♥
❈♦❜❧❡♥③ α ✏ 192

❋✐❣✉r❡ ✷✳✹ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ❞✉ ❝♦✉ ✭tr❛✈❛✉① t❤ès❡ ❙✳ ▼❛rt✐♥✮ à ✉♥❡
s♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡ ❬❲❈✶✾✽✵❪ ✭α ✏ 192✮

r❛♣♣r♦❝❤❡♠❡♥t ❡♥tr❡ ❣r❛✐♥s ♣❡t✐t ❞❡✈❛♥t ❧❡✉r r❛②♦♥ ✐♥✐t✐❛❧✱ ✉♥❡ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡ r❛♣♣r♦❝❤❡♠❡♥t

❞❡s ❝❡♥tr❡s✱ ♥♦té ✐❝✐
☎
h ✭❧❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❝❡♥tr❡s ét❛♥t 2R ✁ hq ❡t ❧❡ r❛②♦♥ r ❞✉ ❝♦✉ ❡st ❞♦♥♥é❡

♣❛r ❬❋P✶✾✾✾❪✲éq✉❛t✐♦♥ ✭✹✻✮ ✿

r ✁ r0

R
✏ 2

❞
h✁ h0

R
✭✷✳✶✮

▲✬é✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ❞✉ ❝♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❞✬❛♣♣r♦❝❤❡ ❝❡♥tr❡ à ❝❡♥tr❡ ❡st ❞♦♥♥é❡
❡♥ ❋✐❣✉r❡ ✷✳✺ ❡t ♦♥ r❡tr♦✉✈❡ ❧❡ ❝♦✉ ♣ré❞✐t ♣❛r ❧❡ ♠♦❞è❧❡ ❣é♦♠étr✐q✉❡✳ ❖♥ ♥♦t❡✱ ❝❡♣❡♥❞❛♥t✱ ❞❡
♣❡t✐ts é❝❛rts ✿
✲ ❞✬✉♥❡ ♣❛rt ❤ ❡st ❧é❣èr❡♠❡♥t ♥é❣❛t✐❢ s✉r ❧❡s ♣r❡♠✐❡rs ♣❛s ❞❡ t❡♠♣s✱
✲ ❞✬❛✉tr❡ ♣❛rt✱ ❧❡ r❛②♦♥ ❞✉ ❝♦✉ ❡st ❧é❣èr❡♠❡♥t s♦✉s✲❡st✐♠é ✈✐s✲à✲✈✐s ❞✉ r❡tr❛✐t✳
❖♥ ♣❡✉t ❛ttr✐❜✉❡r ❝❡s ❞❡✉① ❡✛❡ts à ✉♥ ♠❛♥q✉❡ ❞❡ ✜♥❡ss❡ ❞✉ ♠❛✐❧❧❛❣❡✳

✷✳✸✳✷ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡

▲❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❛ ❣é♥ér❛❧❡♠❡♥t ♣❡✉ ❞✬✐♠♣❛❝t s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♠❛tér✐❛✉① ❤♦✲
♠♦❣è♥❡s✱ ❝❛r ❡❧❧❡ ❡st ❜✐❡♥ ♣❧✉s ❧❡♥t❡ q✉❡ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ s✉r❢❛❝❡ ♦✉ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s✳ ◆é❛♥♠♦✐♥s
❡❧❧❡ ❡st à ❝♦♥s✐❞ér❡r ❞❛♥s ❧❡ ❝❛s ❞❡s ♠❛tér✐❛✉① ❞❡ ❝♦♠♣♦s✐t✐♦♥ ✈❛r✐❛❜❧❡✳ ❙♦♥ ❡✛❡t ❛ été ét✉❞✐é ❞❛♥s
❧❡ ❝❛s ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❤♦♠♦❣è♥❡ ♣❛r ❇r✉❝❤♦♥ ❬❏❇✷✵✶✵❪ ❡t P✐♥♦✲▼✉ñ♦③ ❬❏❇✷✵✶✸❪✱ ❬❉❍P✷✵✶✷❪✱
♠❛✐s ❝❡s ❛✉t❡✉rs ♦♥t ❝♦♥s✐❞éré ✉♥ ♠✐❧✐❡✉ ❝♦♥t✐♥✉ s❛♥s ❥♦✐♥t ❞❡ ❣r❛✐♥✳
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✷✳✸✳ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ❝♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s
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❈❡tt❡ s✐♠✉❧❛t✐♦♥
❈♦❜❧❡♥③

❋✐❣✉r❡ ✷✳✺ ✕ ❊✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ❞✉ ❝♦✉ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❝❡♥tr❡ à ❝❡♥tr❡✳ ❈♦♠♣❛r❛✐s♦♥ à P❛r❤❛♠✐
❬❋P✶✾✾✾❪ ✭tr❛✈❛✉① t❤ès❡ ❙✳ ▼❛rt✐♥✮

❉❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✱ ❧✬é✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ❞✉ ❝♦✉ ❡st ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ❧♦✐ ❝✐♥ét✐q✉❡
❞♦♥♥é❡ ♣❛r ❈♦❜❧❡ ❬❘▲❈✶✾✺✽❪ ♣♦✉r ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ q✉❛♥❞ ❧❛ s♦✉r❝❡ ❞❡ ♠❛t✐èr❡ ❡st ❧❡ ❥♦✐♥t
❞❡ ❣r❛✐♥s ✿

♣
r

R
qn ✏

FDvγΘ

RmkT
✂ t ✭✷✳✷❛✮

♣
h

2R
qp ✏

BDvγΘ

RmkT
✂ t ✭✷✳✷❜✮

❛✈❡❝ F ✏ 32✱m ✏ 3✱ n ✏ 4✱ p ✏ 2 ❡t B ✏ 2✳

▲✬é✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ❞✉ ❝♦✉ ❡st r❡♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✻ ❡t ❧✬❛♣♣r♦❝❤❡ ❝❡♥tr❡ à ❝❡♥tr❡
✭h✮ s✉r ❧❛ ✜❣✉r❡ ✷✳✼✳ ▲✬é✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ❞✉ ❝♦✉ s✉❣❣èr❡ q✉❡ ❧❡ ♣❤é♥♦♠è♥❡ ♣ré❞♦♠✐♥❛♥t ❡st ❧❛
❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ✭❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥s ✈❡rs ❧❡ ❝♦✉✮✱ ❝❡♣❡♥❞❛♥t✱ ❧❛ ❝♦✉r❜❡ ❞❡ r❡tr❛✐t ♥❡ ❝♦rr❡s♣♦♥❞
♣❛s ❜✐❡♥ à ❝❡ q✉✐ ❡st ❛tt❡♥❞✉✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ h r❡♣rés❡♥t❡ ❧❡ r❡tr❛✐t ❞❡s ❣r❛✐♥s✱ q✉✐ ❝♦rr❡s♣♦♥❞
❛✉ ❞é♣❧❛❝❡♠❡♥t ❞❡s ❝❡♥tr❡s ❞❡ s♣❤èr❡s tr♦♥q✉é❡s ❞❛♥s ❧❡ ❝❛s ❞❡ ❈♦❜❧❡ ❬❘▲❈✶✾✺✽❪ ❛❧♦rs q✉❡✱ ❞❛♥s
♥♦tr❡ ♠♦❞è❧❡✱ ❝✬❡st ❧❡ r❛♣♣r♦❝❤❡♠❡♥t r❡❧❛t✐❢ ❞❡s ❝❡♥tr❡s ❞❡ ❣r❛✈✐té ❞❡s ❣r❛✐♥s✳ ❈❡❝✐ ❡①♣❧✐q✉❡ ❡♥
♣❛rt✐❡ q✉❡ ❧❡ r❡tr❛✐t s♦✐t ♣❧✉s ♣❡t✐t ❞❛♥s ♥♦s rés✉❧t❛ts✳
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❈❤❛♣✐tr❡ ✷✳ ❘és✉❧t❛ts ❞✉ ♠♦❞è❧❡ ✲ ❝♦♠♣♦s✐t✐♦♥ ❝♦♥st❛♥t❡

❋✐❣✉r❡ ✷✳✻ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ❞✉ ❝♦✉✳ ❈♦♠♣❛r❛✐s♦♥ ❛✉ ♠♦❞è❧❡ ❞❡ ❈♦❜❧❡ ❬❘▲❈✶✾✺✽❪

❋✐❣✉r❡ ✷✳✼ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❝❡♥tr❡ à ❝❡♥tr❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s✳ ❈♦♠♣❛r❛✐s♦♥ ❛✉
♠♦❞è❧❡ ❞❡ ❈♦❜❧❡ ❬❘▲❈✶✾✺✽❪

✷✳✹ ❈♦♥❝❧✉s✐♦♥

▲❡s ♣r❡♠✐❡rs rés✉❧t❛ts ❞♦♥♥❛♥t ❧❡ r❛②♦♥ r❡❧❛t✐❢ ❞✉ ❝♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s s♦♥t ❝♦❤ér❡♥ts
❛✈❡❝ ❧❡s ❧♦✐s ❛♥❛❧②t✐q✉❡s ❞❡ ❧❛ ❧✐ttér❛t✉r❡ ✭tr❛✈❛✉① ❞❡ ❈♦❜❧❡✮ ❛✐♥s✐ q✉✬❛✈❡❝ ❧❡s rés✉❧t❛ts ❞❡s ♠♦❞è❧❡s
♥✉♠ér✐q✉❡s ❞❡ ❢r✐tt❛❣❡ ❝♦♠♠❡ ❝❡✉① ❞❡s tr❛✈❛✉① ❞❡ ❇♦✉✈❛r❞ ❡t ❞❡ P❛r❤❛♠✐✳ ◆é❛♥♠♦✐♥s✱ ❧✬é✈♦❧✉✲
t✐♦♥ ❞✉ ❝♦✉ ❞❡s ❣r❛✐♥s ❡st s❡♥s✐❜❧❡ ❛✉ r❛✣♥❡♠❡♥t ❧♦❝❛❧ ❞✉ ♠❛✐❧❧❛❣❡ ❡t à ❧❛ ❢♦r♠❡ ✐♥✐t✐❛❧❡ ❞✉ ❣r❛✐♥✳
▲♦rsq✉❡ ❧❡s ♥÷✉❞s ❞❡ s✉r❢❛❝❡ s❡ ❞é♣❧❛❝❡♥t ❧♦rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❡✉r ♥♦♠❜r❡
❡t ❞❡ ❧❡✉r ❝♦♥♥❡❝t✐✈✐té ✐♥❞✉✐t ❞❡s é❧é♠❡♥ts ❞❡ s✉r❢❛❝❡ ✐rré❣✉❧✐❡rs✳ P♦✉r r❡t❛r❞❡r ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❝❡
♣r♦❜❧è♠❡ ✉♥ ❛❧❣♦r✐t❤♠❡ ❞❡ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ♠❛✐❧❧❛❣❡ ❞❡ s✉r❢❛❝❡ ❛ été ♠✐s ❡♥ ♣❧❛❝❡ ❬❙▼✷✵✶✸❪✳ ▲❛
s✉r❢❛❝❡ ❞❡s ❣r❛✐♥s ♥é❝❡ss✐t❡r❛✐t ❞✬êtr❡ r❡♠❛✐❧❧é❡ à ♣❛rt✐r ❞❡s ♥♦✉✈❡❧❧❡s ♣♦s✐t✐♦♥s ❞❡s ♥÷✉❞s ❛✈❡❝
✉♥ r❛✣♥❡♠❡♥t ❛❞❛♣té à ❧❛ ❝♦✉r❜✉r❡ ❧♦❝❛❧❡✳ ▲❛ ❢❛ç♦♥ ❞♦♥t ❧❛ s✉r❢❛❝❡ ❡st r❡♠❛✐❧❧é❡ à ❧❛ ✜♥ ❞✬✉♥
♣❛s ❞❡ t❡♠♣s ♥é❝❡ss✐t❡ ❞❡s ❛♠é❧✐♦r❛t✐♦♥s ♣♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❞❡s ❞é❢♦r♠❛t✐♦♥s ✐♠♣♦rt❛♥t❡s q✉✐
s✉r✈✐❡♥♥❡♥t ❞❛♥s ❧❡s ♣r❡♠✐❡rs ✐♥st❛♥ts ❞✉ ❢r✐tt❛❣❡✳
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✸

❈♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ✈❛r✐❛❜❧❡ ✲
✐♥t❡r❞✐✛✉s✐♦♥

❙♦♠♠❛✐r❡
✸✳✶ ❙♣é❝✐✜❝✐tés ❞✉ ❝♦♠❜✉st✐❜❧❡ ♣U,PuqO2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼
✸✳✷ ■♥t❡r❞✐✛✉s✐♦♥ ❡t ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼
✸✳✸ ➱t✉❞❡s ✈✐s❛♥t à r❡♥❞r❡ ❧❡ ♣U,PuqO2 ♣❧✉s ❤♦♠♦❣è♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

✸✳✶ ❙♣é❝✐✜❝✐tés ❞✉ ❝♦♠❜✉st✐❜❧❡ ♣U, PuqO2

❉❛♥s ❧❡ ❝♦♠❜✉st✐❜❧❡ s♦✉s ✐rr❛❞✐❛t✐♦♥✱ ❧❡s ❝♦❧❧✐s✐♦♥s ✐♥é❧❛st✐q✉❡s ❞❡s ♣r♦❞✉✐ts ❞❡ ✜ss✐♦♥ ❛✈❡❝
❧❡✉r ♠❛tr✐❝❡ s♦♥t ❞é❝r✐t❡s ♣❛r ❞❡s ♣♦✐♥t❡s t❤❡r♠✐q✉❡s ✭♦✉ ♣♦✐♥t❡s ❞❡ ✜ss✐♦♥✮ ❞❛♥s ❧❡sq✉❡❧❧❡s ❧❛
♠❛❥❡✉r❡ ♣❛rt✐❡ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡s ♣r♦❞✉✐ts ❞❡ ✜ss✐♦♥ ❡st ❞✐ss✐♣é❡ ♣❛r ❡①❝✐t❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡✳ ▲❡s
❢r❛❣♠❡♥ts ❞❡ ✜ss✐♦♥ ♣❡r❞❡♥t ❧❛ q✉❛s✐✲t♦t❛❧✐té ❞❡ ❧❡✉r é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❧❡ ❧♦♥❣ ❞❡ ❧❡✉r tr❛❥❡t
❬❏❙✶✾✼✽❪✳ ▲♦❝❛❧❡♠❡♥t s✉r ✻ à ✶✵ µm ❡t s✉r ✉♥ ❞✐❛♠ètr❡ ❞✬❡♥✈✐r♦♥ ✶✵ ♥♠✱ ❧❛ t❡♠♣ér❛t✉r❡ ♣❡✉t
❞é♣❛ss❡r ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❢✉s✐♦♥ ❬❆▼✷✵✶✶❪✳ ❈❡s ♣r♦❞✉✐ts ❞❡ ✜ss✐♦♥ s♦♥t ❧♦❝❛❧✐sés ❞❛♥s ❧❡s ③♦♥❡s
❞✉ ♠❛tér✐❛✉ ✐♥✐t✐❛❧❡♠❡♥t r✐❝❤❡s ❡♥ ♣❧✉t♦♥✐✉♠✳ ❉❡ ❝❡ ❢❛✐t✱ ❡t ❛✉ss✐ ♣♦✉r s❡ ❝❛❧q✉❡r s✉r ❧❡ ❝♦♠✲
♣♦rt❡♠❡♥t ♠♦❞è❧❡ ❞✉ ❝♦♠❜✉st✐❜❧❡ UO2✱ ❞❛♥s ❧❡q✉❡❧ ❧✬é❧é♠❡♥t ✜ss✐❧❡ ❡st 235U ré♣❛rt✐ ❞❡ ♠❛♥✐èr❡
❤♦♠♦❣è♥❡✱ ♦♥ ✈✐s❡✱ ❞❛♥s ❧❡ ❝♦♠❜✉st✐❜❧❡ ♣U,PuqO2✱ à ✉♥❡ ré♣❛rt✐t✐♦♥ ❤♦♠♦❣è♥❡ ❞✉ ♣❧✉t♦♥✐✉♠✳
❉❡ ❝❡ ❢❛✐t ❧✬ét✉❞❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ s♦❧✐❞❡ ♣U,PuqO2 à ♣❛rt✐r ❞❡ UO2 ❡t ❞❡ PuO2 ❛
été ét✉❞✐é❡ ❞❡ ❧♦♥❣✉❡ ❞❛t❡ ❬❲❉✶✾✽✻❪✳

✸✳✷ ■♥t❡r❞✐✛✉s✐♦♥ ❡t ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡

▲❡ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ❛✈❛✐t✱ ❛✉ ❞é♣❛rt✱ ♣r✐s ❡♥ ❝♦♠♣t❡ ❧✬✐♥t❡r❞✐✛✉s✐♦♥✱ ❝❡❧❧❡✲❝✐
❛✈❛✐t été ♣r♦❣r❛♠♠é❡ ❞❛♥s ❧❛ ♣r❡♠✐èr❡ ✈❡rs✐♦♥ ❞✉ ❧♦❣✐❝✐❡❧ ♠❛✐s ♥✬❛ ❥❛♠❛✐s été t❡sté❡ ♥✐ r❡♠✐s❡ à
❥♦✉r ♣❛r r❛♣♣♦rt ❛✉① é✈♦❧✉t✐♦♥s ❞✉ r❡st❡ ❞✉ ♠♦❞è❧❡✳ ❖♥ ❞é❝r✐t ✐❝✐ ❧❛ ♣❛rt✐❡ ❞✉ ♠♦❞è❧❡ ❡♥ q✉❡st✐♦♥✳
❖♥ ✉t✐❧✐s❡ ✉♥ ✐♥❞✐❝❡ i P t1, ..., 5✉ ♣♦✉r ❞és✐❣♥❡r ❧✬é❧é♠❡♥t q✉✐ ❞✐✛✉s❡ ♣❛r♠✐ U ✱ Pu✱ O✱ H ❡t Ar✳
❖♥ ❛✈❛✐t✱ ❡♥ ❡✛❡t✱ ❝♦♥s✐❞éré Ar ❝❛r ❝❡t ❛t♦♠❡ ♣♦✉rr❛✐t ♦❝❝✉♣❡r ✉♥❡ ♠❛✐❧❧❡ ✈✐❞❡ ❞❡ UO2✳ ▲❛
❧✐ttér❛t✉r❡ ❞♦♥♥❡ ♣♦✉r Ar ❝r✐st❛❧❧✐sé ❧❡ ♠ê♠❡ rés❡❛✉ ❡t ♣❛r❛♠ètr❡ ❞❡ ♠❛✐❧❧❡ q✉❡ UO2✳ ❈✬❡st ✉♥
❣❛③ q✉✐ ❢❛✐t ♣❛rt✐❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❞❡ ❢r✐tt❛❣❡ ❡t ❞♦♥t ❧❛ ♣r❡ss✐♦♥ ♣❡✉t ❡♠♣ê❝❤❡r ❧❛ ❞✐s♣❛r✐t✐♦♥
❞❡ ❧❛ ♣♦r♦s✐té ✐♥tr❛❣r❛♥✉❧❛✐r❡✱ s❛✉❢ s✬✐❧ ♣❡✉t ❞✐✛✉s❡r ✈❡rs ✉♥ ❥♦✐♥t ❞❡ ❣r❛✐♥s✳ ❉❡ ♠ê♠❡✱ ♦♥ ❛✈❛✐t
❝♦♥s✐❞éré H ❛t♦♠✐q✉❡ ❝❛r ♦♥ ✉t✐❧✐s❡ H2 ❡t H2O ♣♦✉r ✐♠♣♦s❡r ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡

✽✼



❈❤❛♣✐tr❡ ✸✳ ❈♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ✈❛r✐❛❜❧❡ ✲ ✐♥t❡r❞✐✛✉s✐♦♥

❞❛♥s ❧❡s ❢♦✉rs ❞❡ ❢r✐tt❛❣❡ ❡t ❧❛ ❧✐ttér❛t✉r❡ ❬❉❋❙✶✾✽✾❪ ✐♥❞✐q✉❡ q✉❡ ❝✬❡st s♦✉s ❢♦r♠❡ ❛t♦♠✐q✉❡ q✉❡ ❍
❞✐✛✉s❡r❛✐t ❞❛♥s UO2✳ ❙❛ ♣rés❡♥❝❡ ♥✬❡st ♣❛s ❛♥♦❞✐♥❡ ❝❛r ✐❧ s❡♠❜❧❡r❛✐t q✉✬✉t✐❧✐s❡r H2④H2O ♣❧✉tôt
q✉❡ CO④CO2 ❞♦♥♥❡r❛✐t✱ s♦✉s ❝❡rt❛✐♥❡s ❝♦♥❞✐t✐♦♥s✱ ❞❡s ♠✐❝r♦str✉❝t✉r❡s à ♣❧✉s ❣r♦s ❣r❛✐♥s✳
❆ ❧✬✐♥tér✐❡✉r ❞❡s ❣r❛✐♥s g ❡t g✶ ❛✉ ❝♦♥t❛❝t ♦♥ ❛ ✿

❅i P t1, ..., 5✉

✩✬✫✬✪
div

✁
~j
g
Vi

✠
�

❇cgi
❇t ✏ 0

div
✁
~j
g✶

Vi

✠
�

❇cg
✶

i

❇t ✏ 0
✭✸✳✶✮

■❧ ② ❛ ♣❛r ❛✐❧❧❡✉rs é❣❛❧✐té ❞❡s ♣♦t❡♥t✐❡❧s ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✿

❅i P t1, ..., 5✉µsolidei ♣cg1, ..., c
g
5, T

g
1 , ..., T

g
5 q ✏ µsolidei

✁
c
g✶

1 , ..., c
g✶

5 , T
g✶

1 , ..., T
g✶

5

✠
✭✸✳✷✮

♦ù Ti ❞és✐❣♥❡ ❧❛ ✐✲✐è♠❡ ❝♦♠♣♦s❛♥t❡ ❞✉ t❡♥s❡✉r ❞❡s ❝♦♥tr❛✐♥t❡s ❡♥ ♥♦t❛t✐♦♥s ❞❡ ❱♦ï❣t✳ ❆ ❝❡❧❛
✈✐❡♥♥❡♥t s✬❛❥♦✉t❡r ❧❡s éq✉❛t✐♦♥s ❞❡ ✢✉① ♥✉❧s ❛✉ tr❛✈❡rs ❞❡s ✐♥t❡r❢❛❝❡s✳ ❈❡s ❞❡r♥✐èr❡s éq✉❛t✐♦♥s
❛✉① ❞ér✐✈é❡s ♣❛rt✐❡❧❧❡s s♦♥t rés♦❧✉❡s ♣❛r ✉♥ s❝❤é♠❛ ❞❡ t②♣❡ ✈♦❧✉♠❡s ✜♥✐s ✷❉ s✉r ❧❡s ✈❛r✐étés
q✉❡ s♦♥t ❧❡s s✉r❢❛❝❡s ❞❡s ❣r❛✐♥s ❛✈❡❝ ❞❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❞❡ t②♣❡ ❉✐r✐❝❤❧❡t ❞♦♥♥é❡s ♣❛r ❧❛
rés♦❧✉t✐♦♥ ❞❡ ❧✬é❣❛❧✐té ❞❡s ♣♦t❡♥t✐❡❧s ❛✉① ✐♥t❡r❢❛❝❡s✳
❈❧❛✐r❡ ◆é❣r❡❧ ✭❆♥♥❡①❡ ❈✱ ♣✳✶✸✸✮ ❛ ♣r♦♣♦sé ✉♥ s❝❤é♠❛ ❞❡ ❞✐s❝rét✐s❛t✐♦♥ ❞❡ ❧✬❡♥s❡♠❜❧❡ ♠é❝❛♥✐q✉❡
❡t ❝❤✐♠✐❡ ❞❛♥s s♦♥ r❛♣♣♦rt ❞❡ st❛❣❡ ❞❡ ♠❛îtr✐s❡ ❞❡ ♠❛t❤s ❛♣♣❧✐q✉é❡s ❡✛❡❝t✉é ❛✉ ❧❛❜♦r❛t♦✐r❡✳
▲❡ s❝❤é♠❛ ❡✛❡❝t✐✈❡♠❡♥t ♣r♦❣r❛♠♠é ❡st ❝❡❧✉✐ ♣r♦♣♦sé ♣❛r ❘♦❜❡rt ❇♦②❡r ❡♥ ✷✵✵✵✱ ♠❛✐s ✐❧ ♥✬❛
❥❛♠❛✐s été t❡sté ♥✐ ❞é❜♦❣✉é ❥✉sq✉✬à ♣rés❡♥t✳ ▲❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❞❡✈r❛✐t✱ ❞❡ ♣❧✉s✱ t❡♥✐r
❝♦♠♣t❡ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡s ✈♦❧✉♠❡s ❛t♦♠✐q✉❡s ❛✈❡❝ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❬❨❈❈✷✵✵✹❪✳

✸✳✸ ➱t✉❞❡s ✈✐s❛♥t à r❡♥❞r❡ ❧❡ ♣U, PuqO2 ♣❧✉s ❤♦♠♦❣è♥❡

❉❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ♦♥t été ♠❡♥é❡s ❡t s♦♥t ❡♥ ❝♦✉rs ❞❛♥s ❞❡s ❝❛s ❞❡ ✜❣✉r❡ ❜❡❛✉❝♦✉♣
♣❧✉s ❝♦♠♣❧❡①❡s q✉❡ ❝❡✉① q✉✐ ♦♥t ♣✉ êtr❡ ❞é❝r✐ts ❞❛♥s ❧❡ ♠♦❞è❧❡ ♣ré❝é❞❡♥t✳ ❖♥ ét✉❞✐❡ ❧❡s ♠é❝❛✲
♥✐s♠❡s ❞❡ ❝❡rt❛✐♥s ❛❞❥✉✈❛♥ts ❞❡ ❢r✐tt❛❣❡ t❡❧ Cr2O3✳

❏✬❛✐ ❡♥❝❛❞ré ❞❡ ✷✵✵✹ à ✷✵✵✼ ❧❛ t❤ès❡ ❞✬❆❞r✐❡♥ P✐❡r❛❣♥♦❧✐ s✉r ❧✬ét✉❞❡ ❞❡ ❧✬❛❝t✐♦♥ ❞❡ Cr2O3

s✉r ❧❛ ♠✐❝r♦str✉❝t✉r❡ ❞❡s ♣❛st✐❧❧❡s ❞❡ ❝♦♠❜✉st✐❜❧❡✱ ♥♦t❛♠♠❡♥t✱ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❡✉r ré♣❛rt✐t✐♦♥ ❡♥
♣❧✉t♦♥✐✉♠✳

❙♦♥ ét✉❞❡ ❛ ♣✉ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❛ ♥❛t✉r❡ ❞❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝t✐♦♥ ❞❡ Cr2O3 s✉r ❧✬é✈♦✲
❧✉t✐♦♥✱ ❧♦rs ❞✉ ❢r✐tt❛❣❡✱ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ❞✬✉♥❡ ♣❛st✐❧❧❡ ♣U,PuqO2✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱
♥♦tr❡ ♦❜s❡r✈❛t✐♦♥ ❞❡s ♣❤é♥♦♠è♥❡s ❞✬✐♥t❡r❛❝t✐♦♥ ✐♥t❡r✈❡♥❛♥t ❛✉ s❡✐♥ ❞✬✉♥❡ ♣❛st✐❧❧❡ ♣U,PuqO2 ❞♦✲
♣é❡ Cr2O3✱ q✉❡ ❧✬♦♥ ♣❡✉t s❡ r❡♣rés❡♥t❡r ❡♥ ❝r✉ ❝♦♠♠❡ ✉♥ ♠❛tér✐❛✉ ❝♦♠♣♦s✐t❡ ❝♦♥st✐t✉é ❞✬✉♥❡
♠❛tr✐❝❡ ❞❡ UO2 ❝♦♥t❡♥❛♥t ❞❡s ❛♠❛s ❞❡ ✺✵ à ✶✵✵ µm ❞❡ ♠é❧❛♥❣❡✲♠èr❡ ❞❡ ♣U,PuqO2 ❛✈❡❝✱ ❞❛♥s
✉♥ ❞❡s ❞❡✉① ❝♦♥st✐t✉❛♥ts ♦✉ ❞❛♥s ❧❡s ❞❡✉①✱ ❞❡ très ❢❛✐❜❧❡s q✉❛♥t✐tés ✭❞❡ q✉❡❧q✉❡s ❞✐①✐è♠❡s ❞❡
♣♦✉r✲❝❡♥t✮ ❞❡ Cr2O3✱ ❛ été s✐♠♣❧✐✜é❡ ❡♥ ré❛❧✐s❛♥t ✉♥ s②stè♠❡ ♠♦❞è❧❡ ❝♦♥st✐t✉é ❞❡s ♠ê♠❡s ♠❛✲
tér✐❛✉① q✉❡ ❝❡✉① ❞✉ ❝♦♠♣♦s✐t❡✱ tr❛✐tés t❤❡r♠✐q✉❡♠❡♥t ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s s✐♠✐❧❛✐r❡s ❞❡ ❢r✐tt❛❣❡✱
♠❛✐s ❞❡ ❞✐♠❡♥s✐♦♥s ♠✐❧❧✐♠ét✐q✉❡s ❛✉ ❧✐❡✉ ❞❡ ♠✐❝r♦♠étr✐q✉❡s✱ ❛✜♥ ❞❡ ♠✐❡✉① ♣♦✉✈♦✐r ❡♥ ét✉❞✐❡r
❧❡s ✐♥t❡r❢❛❝❡s ✭♣❛st✐❧❧❡s ❞✐t❡s ❣✐❣♦❣♥❡s✮✳

❖♥ ❛ ❛✐♥s✐ ♣✉ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣♦sé ❞❡ t②♣❡ ♣ér♦✈s❦✐t❡ ♣Pu1✁ǫUǫqCrO3

❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❞❡ ❧❛ s♦❧✉t✐♦♥ s♦❧✐❞❡ ♣U,PuqO2✳ ▲✬ét✉❞❡ ❡♥ ❙♣❡❝tr♦s❝♦♣✐❡ ❞✬❆❜s♦r♣t✐♦♥ ❳ ❞❡
❝❡ ❝♦♠♣♦sé à ❧✬❊✉r♦♣❡❛♥ ❙②♥❝❤r♦tr♦♥ ❘❛❞✐❛t✐♦♥ ❋❛❝✐❧✐t② ✭❊❙❘❋✮ ❛ ♠♦♥tré q✉❡ ❧❡s ❞❡✉① ❝❛t✐♦♥s
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✸✳✸✳ ➱t✉❞❡s ✈✐s❛♥t à r❡♥❞r❡ ❧❡ ♣U,PuqO2 ♣❧✉s ❤♦♠♦❣è♥❡

❞❡ ❧❛ ♣ér♦✈s❦✐t❡ ét❛✐❡♥t ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ✰■■■✳

❖♥ ❛ ♣✉ ♠♦♥tr❡r q✉❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❡♥tr❡ UO2 ❡t ♣U,PuqO2✱ ❜✐❡♥
q✉✬❡st✐♠é ❞✬✉♥❡ ❢❛ç♦♥ ♣❡✉ ♣ré❝✐s❡✱ ét❛✐t ❛✉❣♠❡♥té ❞✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❡♥ ♣rés❡♥❝❡ ❞❡ ❝❤r♦♠❡✳

▲❛ s♦❧✉❜✐❧✐té ❞✉ ❝❤r♦♠❡ ❛ été ♠❡s✉ré❡ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡s ❡ss❛✐s ❞❛♥s ❧❛ ♠❛tr✐❝❡ ♣U,PuqO2

❞❡ str✉❝t✉r❡ ✢✉♦r✐♥❡✳ ❈❡s ❝♦♥❞✐t✐♦♥s r❡♣rés❡♥t❛✐❡♥t ✉♥❡ ❣❛♠♠❡ r❡str❡✐♥t❡ ❞❡ ❝♦♥❞✐t✐♦♥s t❤❡r♠♦✲
❞②♥❛♠✐q✉❡s ✭µO2 , T ✮✳ ❯♥❡ t❡❧❧❡ ❣❛♠♠❡ ❛ été é❧❛r❣✐❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ❘é❣✐s ❚❤♦♠❛s✳

❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❛❝q✉✐s❡s ❛ ♣❡r♠✐s ❞❡ ♣r♦♣♦s❡r ✉♥❡ ✐♥t❡r✲
♣rét❛t✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥✱ ❛✉ ❝♦✉rs ❞✉ ❢r✐tt❛❣❡✱ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ❞✬✉♥❡ ♣❛st✐❧❧❡ ♣U,PuqO2 ❡♥
♣rés❡♥❝❡ ❞❡ ❝❤r♦♠❡✳ ▲✬✐♥t❡r♣rét❛t✐♦♥ q✉❡ ❧✬♦♥ ❡♥ ❛ ❢❛✐t❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿ ✐❧ s❡r❛✐t ♣♦ss✐❜❧❡ q✉❡ ❧❡
❝❤r♦♠❡ ❢♦r♠❡ ✉♥ ✜❧♠ ❧✐q✉✐❞❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ CrO ❛✉ ♥✐✈❡❛✉ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❞❡ ♣U,PuqO2

❧❡s ✐♦♥s Pu4� ❛✉ ❝♦♥t❛❝t ❞❡ ❝❡ ✜❧♠ s♦♥t ré❞✉✐ts ❡♥ Pu3�✱ t❛♥❞✐s q✉❡ Cr2� ❞❛♥s ❧❛ ♣❤❛s❡ ❧✐q✉✐❞❡
❡st ♦①②❞é ❡♥ Cr3� ❡♥ ❢♦r♠❛♥t PuCrO3 q✉✐ ♣ré❝✐♣✐t❡✳ ▲❛ s✉r❢❛❝❡ ❞✉ ❣r❛✐♥ ❞❡ ♣U,PuqO2 ét❛♥t
❛♣♣❛✉✈r✐❡ ❡♥ P✉✱ ✉♥ ❣r❛❞✐❡♥t ❞❡ t❡♥❡✉r P✉ s❡ ❝ré❡r❛✐t q✉✐ ✈❛ ❡♥tr❛î♥❡r ✉♥❡ ✐♥t❡r❞✐✛✉s✐♦♥ ❞❡ ❯
❡t P✉ ❡t ✉♥❡ ❤♦♠♦❣é♥é✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ P✉✳ ▲❡ ✜❧♠ ❧✐q✉✐❞❡ ❡♥ q✉❡st✐♦♥ ♥✬❛✱ ❝❡♣❡♥✲
❞❛♥t✱ ♣❛s été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡✳ ❈❡♣❡♥❞❛♥t✱ ❡♥ ✈✉❡ ❞❡ ré♣♦♥❞r❡ à ❝❡tt❡ ✐♥t❡rr♦❣❛t✐♦♥ ♦♥ ❛ ♣ré♣❛ré
❞❡✉① é❝❤❛♥t✐❧❧♦♥s ❢♦rt❡♠❡♥t ❞♦♣és ❡♥ Cr2O3 ♣✉✐s ♦♥ ❛ ré❛❧✐sé ❞❡✉① ❢r❛❝t✉r❡s ✿ ❧✬✉♥❡ ✐♥tr❛❣r❛♥✉✲
❧❛✐r❡ ✭ré❛❧✐sé❡ à ❜❛ss❡ t❡♠♣ér❛t✉r❡✮✱ ❧✬❛✉tr❡ ✐♥t❡r❣r❛♥✉❧❛✐r❡ ✭ré❛❧✐sé❡ à ❤❛✉t❡ t❡♠♣ér❛t✉r❡✮✱ ❛✜♥
❞❡ ♣♦✉✈♦✐r ♦❜s❡r✈❡r ✉♥❡ é✈❡♥t✉❡❧❧❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❝❡s s✉r❢❛❝❡s ❞❡ ❢r❛❝t✉r❡ ✭✈♦❧✉♠❡ ❞✉ ❣r❛✐♥ ❡t
❥♦✐♥ts ❞❡ ❣r❛✐♥s✮ ❡♥ s♣❡❝tr♦s❝♦♣✐❡ ❳P❙✲❯P❙✳ ▲❡ ❝❛r❛❝tèr❡ ✐♥tr❛ ♦✉ ✐♥t❡r❣r❛♥✉❧❛✐r❡ ❛ été ✈ér✐✜é
❛♣rès ré✈é❧❛t✐♦♥ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s s✉r ❧✬❛✉tr❡ ❞❡♠✐✲♣❛st✐❧❧❡✳ ▲❛ s♣❡❝tr♦s❝♦♣✐❡ ❳P❙✲❯P❙ ❞❡✈r❛✐t
❡st ré❛❧✐s❛❜❧❡ ❛✉ ❈❊❆ ❞❡ ❱❛❧❞✉❝✳ ▲❡ PuCrO3 ❢♦r♠é ♣❡✉t✱ ❧♦rs ❞❡ ❧❛ ♣♦✉rs✉✐t❡ ❞✉ tr❛✐t❡♠❡♥t
t❤❡r♠✐q✉❡✱ s❡ r❡❞✐ss♦✉❞r❡ ♣❛r ❞✐✛✉s✐♦♥ ❞✉ ❝❤r♦♠❡ ❞❡ ❝❡tt❡ ♣❤❛s❡ ✈❡rs ❧❡ r❡st❡ ❞❡ ❧❛ ♠❛tr✐❝❡ UO2

q✉✐ ♥✬❡♥ ❝♦♥t✐❡♥t ♣❛s✳ ▲❡ Pu s♦✉s ❢♦r♠❡ 3� ❞✐✛✉s❡ ♣❧✉s ✈✐t❡ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❞❡ UO2 q✉❡ ♥❡
❧❡ ❢❡r❛✐t Pu4�✱ ♠❛✐s ❞✐✛✉s❡ ❡♥s✉✐t❡ ♠♦✐♥s ✈✐t❡ ❡♥ ✈♦❧✉♠❡ ❞❛♥s ❧❡s ❣r❛✐♥s ❞❡ UO2✳

❈❡s tr❛✈❛✉① ♦♥t été ♣♦✉rs✉✐✈✐s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ s❡❝♦♥❞❡ t❤ès❡✱ ❝❡❧❧❡ ❞❡ ❘é❣✐s ❚❤♦♠❛s
❬❘❚✷✵✶✸❪✱ ❞♦♥t ❧❡ ❜✉t ❛ été ❞❡ ❞ét❡r♠✐♥❡r ♣❧✉s ♣ré❝✐sé♠❡♥t ❧❡s ♣r♦♣r✐étés t❤❡r♠♦❞②♥❛♠✐q✉❡s ❞❡
PuCrO3 ❡♥ ❞ét❡r♠✐♥❛♥t ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❧❡s ❧✐♠✐t❡s ❞❡ s♦♥ ❞♦♠❛✐♥❡ ❞✬❡①✐st❡♥❝❡✳ ❈❡tt❡ t❤ès❡
❛ ❛✉ss✐ ♣❡r♠✐s à ✉♥❡ ❝♦❧❧è❣✉❡ ❞✉ ❉é♣❛rt❡♠❡♥t ✲ ❈❤❛♥t❛❧ ❘✐❣❧❡t✲▼❛rt✐❛❧ ✲ ❞✬ét❛❜❧✐r ✉♥ ♠♦❞è❧❡ ❞❡
s♦❧✉❜✐❧✐té ❞✉ ❝❤r♦♠❡ ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ♣U,PuqO2 ❛✈❡❝✱ s✉✐✈❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s✱
✉♥❡ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ Cr ♠ét❛❧❧✐q✉❡ ♦✉ Cr2O3 ♦✉ PuCrO3 ❧♦rsq✉❡ ❧❛ ❧✐♠✐t❡ ❞❡ s♦❧✉❜✐❧✐té ❡st
❛tt❡✐♥t❡✳ ❏✬❛✐ ♣❛rt✐❝✐♣é à ❧❛ ré❞❛❝t✐♦♥ ❞✬✉♥ ♣r♦t♦❝♦❧❡ ❞❡ tr❛♥s♣♦rt ❡♥tr❡ ❧✬■♥st❛❧❧❛t✐♦♥ ◆✉❝❧é❛✐r❡
❞❡ ❇❛s❡ q✉✬❡st ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡ ❡t ❝❡❧❧❡ q✉✐ ❝♦♥t✐❡♥t ❧❛ ❧✐❣♥❡ ■◆❊ s✉r ❧❡ s②♥❝❤r♦tr♦♥ ❆◆❑❆
à ❑❛r❧sr✉❤❡ ❡♥ ❆❧❧❡♠❛❣♥❡✳ ▲❡ ❜✉t ❞❡s ❡ss❛✐s à ❆◆❑❆ ❡st ❞❡ ❞ét❡r♠✐♥❡r ♣❛r ❙♣❡❝tr♦s❝♦♣✐❡
❞✬❆❜s♦r♣t✐♦♥ ❳ ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ❞❡s ❝❛t✐♦♥s U ✱ Pu ❡t Cr ❞❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s✱ ❛✐♥s✐ q✉❡
❧❛ ♥❛t✉r❡ ❞❡s ✐♦♥s ❞❛♥s ❧❡s ❝♦✉❝❤❡s ❞❡ ♣r❡♠✐❡rs ✈♦✐s✐♥s ❛✐♥s✐ q✉❡ ❧❡✉r ❞✐st❛♥❝❡ à ❧✬✐♦♥ ❝❡♥tr❛❧
❝♦♥s✐❞éré✳ ▲❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞✉ ❝❤r♦♠❡ ❞❛♥s ❧❡s s♦✉s✲rés❡❛✉① ✐♦♥✐q✉❡s ❞❡ ❧❛ ♠❛tr✐❝❡ ♣U,PuqO2 ❡st
❞✬✉♥ ✐♥térêt ❝❛♣✐t❛❧ ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ s❛ s♦❧✉❜✐❧✐té✳ ▲✬✐♥térêt ❞❡ ❝❡tt❡ ❧✐❣♥❡ ❞❡ r❛②♦♥s ❳
❡st ❧❡ ❢❛✐t q✉✬❡❧❧❡ ❛❝❝❡♣t❡ ❞❡s q✉❛♥t✐tés ❛ss❡③ ✐♠♣♦rt❛♥t❡s ❞❡ ♠❛t✐èr❡ ♥✉❝❧é❛✐r❡ ✭❞❡s ❢r❛❣♠❡♥ts ❞❡
♣❛st✐❧❧❡s ❞❡ ♣U,PuqO2✮✳ ▲❡s rés✉❧t❛ts ❞❡ ❙❆❳ ♦♥t ♠♦♥tré q✉❡ ❧❡ ❝❤r♦♠❡ ❞❛♥s ❧❛ ♠❛tr✐❝❡ ét❛✐t s♦✉s
❢♦r♠❡ ❞❡ ❞é❢❛✉ts ❝♦♠♣❧❡①❡s✳ ❇✐❡♥ q✉❡ ❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ♥✬❛✐t ♣✉ êtr❡ ♠❡♥é❡ q✉❡ s✉r ✉♥❡
ét❡♥❞✉❡ ❧✐♠✐té❡✱ ♦♥ ❛ ♣✉ ✈♦✐r q✉❡ ❧❡s ✐♦♥s ❝❤r♦♠❡s ❛✈❛✐❡♥t tr♦✐s ❛✉tr❡s ❝❤r♦♠❡s à é❣❛❧❡ ❞✐st❛♥❝❡✳
■❧s s❡ ❞✐s♣♦s❡♥t ❞♦♥❝ ❛✉① s♦♠♠❡ts ❞✬✉♥ tétr❛è❞r❡ ❡t s♦♥t ❡♥t♦✉rés ❞❡ ♣❧✉s ♣r♦❝❤❡s ✈♦✐s✐♥s q✉✐
s♦♥t ❞❡s ✐♦♥s ♦①②❞❡s✳ ❙✐ ❝❡tt❡ str✉❝t✉r❡ ét❛✐t ♣❧✉s ét❡♥❞✉❡✱ ✐❧ s✬❛❣✐r❛✐t ♣r♦❜❛❜❧❡♠❡♥t ❞❡ ❢❡✉✐❧❧❡ts
❞✬♦①②❞❡ ❞❡ ❝❤r♦♠❡ ✐♥sérés ❞❛♥s ❧❛ ♠❛tr✐❝❡ ✢✉♦r✐♥❡ ❡t ♣r♦❜❛❜❧❡♠❡♥t ❡♥ é♣✐t❛①✐❡ ❛✈❡❝ ❝❡❧❧❡✲❝✐✳ ❉❛♥s

✽✾



❈❤❛♣✐tr❡ ✸✳ ❈♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ✈❛r✐❛❜❧❡ ✲ ✐♥t❡r❞✐✛✉s✐♦♥

❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❥✬❛✐ ♣✉ ❝♦♥tr✐❜✉❡r à ✉♥❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❧✬❤♦♠♦❣é♥é✐té ❞✉ ♠❛tér✐❛✉ à
♣❛rt✐r ❞❡ ❝❛rt♦❣r❛♣❤✐❡s s❡♠✐✲q✉❛♥t✐t❛t✐✈❡s ❞❡s é❧é♠❡♥ts ❯ ❡t P✉ ❡t ❞❡ ♣r♦✜❧s q✉❛♥t✐t❛t✐❢s ♣r✐s
❞❛♥s ❝❡❧❧❡s✲❝✐ ❡♥ ❞ét❡r♠✐♥❛♥t ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♥✐✈❡❛✉① ❞❡ t❡♥❡✉r ❡♥ é❧é♠❡♥t P✉✳

▲❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞✉ ❝❤r♦♠❡ ❞❛♥s ❧❡ ❢r✐tt❛❣❡ ❡st tr♦♣ ❝♦♠♣❧❡①❡ ♣♦✉r êtr❡ ♠♦❞é❧✐sé❡ ❞❛♥s
❧❡ ❝❛❞r❡ ❞✉ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ❞❡ ❢r✐tt❛❣❡ ❞é✈❡❧♦♣♣é ❞✉ ❢❛✐t ❞❡s ❝✐♥ét✐q✉❡s très
❞✐✛ér❡♥t❡s ❡♥tr❡ ❧✬✐♥t❡r❞✐✛✉s✐♦♥ ❡♥tr❡ U ❡t Pu ❡t ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ❧✬é❧é♠❡♥t Cr ❞❛♥s ❧❛ ♠❛tr✐❝❡
♣U,PuqO2 ❡t ❞❡ ❧❛ ♥é❝❡ss✐té ❞❡ ♣♦✉✈♦✐r s✐♠✉❧❡r ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♣❤❛s❡s s❡❝♦♥❞❛✐r❡s t❡❧❧❡s q✉❡
PuCrO3✱ Cr✱ Cr2O3 ✈♦✐r❡ CrO✳

✾✵



✹

❈♦♥❝❧✉s✐♦♥

❯♥ ♠♦❞è❧❡ ❞❡ t②♣❡ ▲❛❣r❛♥❣✐❡♥ ❛ été ❞é✈❡❧♦♣♣é à ✉♥❡ é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ♣♦✉r ♠♦❞é❧✐s❡r
❧❡ ❢r✐tt❛❣❡ ❞✉ ❝♦♠❜✉st✐❜❧❡✳ ■♥✐t✐❛❧❡♠❡♥t ✭❡♥ ✶✾✾✾✮ ✐❧ ❛✈❛✐t été ♣r♦❣r❛♠♠é ♣❛r ❉❛ss❛✉❧t ❉❛t❛
❙❡r✈✐❝❡s ✭❉❉❙✮ s✉r ❧❛ ❜❛s❡ ❞✉ ♠♦❞è❧❡ q✉✐ ❛✈❛✐t été ét❛❜❧✐ ❡t ✐♥❝❧✉❛✐t ❞✬✉♥❡ ♣❛rt ❞❡s ❛❧❣♦r✐t❤♠❡s
❞❡ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❞♦♠❛✐♥❡s ❞❡ t②♣❡ ❉✐r✐❝❤❧❡t✲◆❡✉♠❛♥♥ ♣ré❝♦♥✐sés ♣❛r ❧❡ ❈❡♥tr❡ ❞❡ ▼❛t❤é✲
♠❛t✐q✉❡s ❡t ❞✬■♥❢♦r♠❛t✐q✉❡ ❞❡ ▼❛rs❡✐❧❧❡ ✭❈▼■✮✴▲❛❜♦r❛t♦✐r❡ ❞✬❆♥❛❧②s❡✱ ❚♦♣♦❧♦❣✐❡✱ Pr♦❜❛❜✐❧✐tés
✭▲❆❚P✮✴➱q✉✐♣❡ éq✉❛t✐♦♥s ❛✉① ❉ér✐✈é❡s P❛rt✐❡❧❧❡s ✭❊❉P✮ ❛✈❡❝ ✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ✈❛✲
r✐❛❜❧❡✳ ▲❡ ❝❛❧❝✉❧ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❢♦♥❝t✐♦♥♥❛✐t s✉r ♣❧✉s✐❡✉rs ❣r❛✐♥s ❛✈❡❝ ❧❛ ♠é❝❛♥✐q✉❡ s❡✉❧❡✱ ❡t ❧❛
♣❛rt✐❡ ❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡ ❛✈❛✐t été ♣r♦❣r❛♠♠é❡ ♠❛✐s ♣❛s ♠✐s❡ ❡♥ ÷✉✈r❡✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ▼♦✉♥✐❛ ❆❥♦✉r✱ ❞❡ ✷✵✵✸ à ✷✵✵✻✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬➱❝♦❧❡
❞❡s ▼✐♥❡s ❞❡ ❙❛✐♥t✲➱t✐❡♥♥❡ ✭❊◆❙▼❊✲❙❊✮✴❉é♣❛rt❡♠❡♥t ❙❝✐❡♥❝❡ ❡t ●é♥✐❡ ❞❡s ▼❛tér✐❛✉① ✭❙●▼✮✱
♥♦✉s s♦♠♠❡s r❡✈❡♥✉s à ❞❡✉① ❣r❛✐♥s s❡✉❧❡♠❡♥t ❡t ✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ✜①❡ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ✈❛❧✐❞❡r
❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❡t ❧❛ ❞é❢♦r♠❛t✐♦♥ ✐rré✈❡rs✐❜❧❡ ❞❡s ❝♦♥t♦✉rs ❞❡s ❣r❛✐♥s ❡♥ ❝♦♠♣❛r❛♥t ❛✈❡❝ ❧❡s
rés✉❧t❛ts ❞❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s✳

❉❡s tr❛✈❛✉① ❡✛❡❝t✉és ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ❧❛❜♦r❛t♦✐r❡ ❙❝✐❡♥❝❡ ❞❡s Pr♦✲
❝é❞és ❈ér❛♠✐q✉❡s ❡t ❞❡ ❚r❛✐t❡♠❡♥t ❞❡ ❙✉r❢❛❝❡ ✭❙❈P❚❙✮ ❞❡ ▲✐♠♦❣❡s ❡t ❧✬❯♥✐✈❡rs✐té ❞❡ ❙♦✜❛ ❡♥
❇✉❧❣❛r✐❡✱ t❤ès❡ ❞❡ ❘❛❞♦st✐♥ ❇❧❛③❤❡✈✱ ♥♦✉s ♦♥t ♣❡r♠✐s ❞✬ét❡♥❞r❡ ❧❡ ♠♦❞è❧❡ ❛✉ ❝❛s ❞✉ ❢r✐tt❛❣❡
❙♣❛r❦ P❧❛s♠❛ ❙✐♥t❡r✐♥❣ ✭❙P❙ ✸ ✮ ❡♥ ❝❛❧❝✉❧❛♥t ❧❡ ❝❤❛♠♣ ❞❡ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡✱ ❧❡ ❝❤❛♠♣ ❞❡ t❡♠✲
♣ér❛t✉r❡ ❡♥ rés✉❧t❛♥t ❞✉ ❢❛✐t ❞❡ ❧✬❡✛❡t ❏♦✉❧❡✱ ♣✉✐s ❧❛ ❞é❢♦r♠❛t✐♦♥ ❞✉❡ ❛✉ ❢r✐tt❛❣❡ ❞❛♥s ❝❡ ❝❤❛♠♣
❞❡ t❡♠♣ér❛t✉r❡✳ ❈❡tt❡ s✐♠✉❧❛t✐♦♥ ❡st ❢❛✐t❡ s✉r ❞❡✉① ❣r❛✐♥s ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❝♦♥st❛♥t❡✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ❙②❧✈❛✐♥ ▼❛rt✐♥ ✭❯❚❈✲❯♥✐✈❡rs✐té ❏✉❧❡s ❱❡r♥❡ ❞❡ P✐❝❛r❞✐❡ ✲ ✷✵✶✶✲

✸✳ ▲❛ t❡❝❤♥✐q✉❡ ❙P❙ ♥✬❡st ❝❧❛ss✐q✉❡♠❡♥t ♣❛s ✉t✐❧✐sé❡ ♣♦✉r ❧❡ ❝♦♠❜✉st✐❜❧❡ ♥✉❝❧é❛✐r❡✳ ❚♦✉t❡❢♦✐s✱ ré❝❡♠♠❡♥t✱
tr♦✐s ♣✉❜❧✐❝❛t✐♦♥s r❡❧❛t✐✈❡s à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❙P❙ ♣♦✉r ❧❡ ❢r✐tt❛❣❡ ❞❡ UO2✱ ❞✬✉♥ ❝❡r♠❡t ❞❡ UO2 ❡t ❞✬✉♥
♠é❧❛♥❣❡ UO2 ✁ SiC ❡st ❛♣♣❛r✉❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ✿

✖ ❉❡♥s✐✜❝❛t✐♦♥ ♦❢ ✉r❛♥✐✉♠ ❞✐♦①✐❞❡ ❢✉❡❧ ♣❡❧❧❡ts ♣r❡♣❛r❡❞ ❜② s♣❛r❦ ♣❧❛s♠❛ s✐♥t❡r✐♥❣ ✭❙P❙✮✱ ▲✐❤❛♦ ●❡✱ ●❤❛t✉
❙✉❜❤❛s❤✱ ❘♦♥❛❧❞ ❍✳ ❇❛♥❡②✱ ❏❛♠❡s ❙✳ ❚✉❧❡♥❦♦✱ ❊❞✇❛r❞ ▼❝❑❡♥♥❛✱ ❏♦✉r♥❛❧ ♦❢ ◆✉❝❧❡❛r ▼❛t❡r✐❛❧s✱ ❱♦❧✉♠❡
✹✸✺✱ ■ss✉❡s ✶✲✸✱ ❆♣r✐❧ ✷✵✶✸✱ P❛❣❡s ✶✲✾✱ ❤tt♣ ✿✴✴❞①✳❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴❥✳❥♥✉❝♠❛t✳✷✵✶✷✳✶✷✳✵✶✵

✖ ❙♣❛r❦ P❧❛s♠❛ ❙✐♥t❡r✐♥❣ ♦❢ W ✁UO2 ❝❡r♠❡ts✱ ❖✬❇r✐❡♥✱ ❘✳ ❈✳ ❀ ❏❡rr❡❞✱ ◆✳ ❉✳✱ ❏♦✉r♥❛❧ ♦❢ ◆✉❝❧❡❛r ▼❛t❡r✐❛❧s✱
❱♦❧✉♠❡ ✹✸✸✱ ■ss✉❡ ✶✲✸✱ ♣✳ ✺✵✲✺✹✱ ❉❖■ ✿ ✶✵✳✶✵✶✻✴❥✳❥♥✉❝♠❛t✳✷✵✶✷✳✵✽✳✵✹✹

✖ ❋❛❜r✐❝❛t✐♦♥ ❙tr❛t❡❣✐❡s ❛♥❞ ❚❤❡r♠❛❧ ❈♦♥❞✉❝t✐✈✐t② ❆ss❡ss♠❡♥t ♦❢ ❍✐❣❤ ❉❡♥s✐t② UO2 P❡❧❧❡t ■♥❝♦r♣♦r❛t❡❞
✇✐t❤ SiC✱ ✷✵✶✷ ▼❘❙ ❙♣r✐♥❣ ▼❡❡t✐♥❣✱ ❙✉♥❣❤✇❛♥ ❨❡♦✱ ❊❞✇❛r❞ ▼❝❦❡♥♥❛✱ ❘♦♥❛❧❞ ❇❛♥❡②✱ ●❤❛t✉ ❙✉❜❤❛s❤
❛♥❞ ❏❛♠❡s ❚✉❧❡♥❦♦✱ ✐♥ ❆❝t✐♥✐❞❡s ❛♥❞ ◆✉❝❧❡❛r ❊♥❡r❣② ▼❛t❡r✐❛❧s ❱♦❧✉♠❡ ✶✹✹✹✱ ➱ ❞✐t❡✉r ❈♦r✇✐♥ ❍✳ ❇♦♦t❤✱
❉❛✈✐❞ ❆♥❞❡rss♦♥✱ P❡t❡r ❈✳ ❇✉r♥s✱ ▼❛t❡r✐❛❧s ❘❡s❡❛r❝❤ ❙♦❝✐❡t②✱ ✷✵✶✷

✾✶



❈❤❛♣✐tr❡ ✹✳ ❈♦♥❝❧✉s✐♦♥

✷✵✶✹✮✱ ❧❡s ❜♦❣✉❡s ♦✉ ❡rr❡✉rs ❞❛♥s ❧❡ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ s✉r ❞❡✉① ❣r❛✐♥s ♦♥t été
❝♦rr✐❣és ❛✜♥ ❞✬❡♥ ❞é❞✉✐r❡ ✉♥❡ ❢♦r❝❡ ❞❡ ❢r✐tt❛❣❡ q✉✬✐❧ ❛ ✐♥té❣ré❡ à ✉♥ ♠♦❞è❧❡ ❞❡ ❝♦♥t❛❝ts ❞✐s❝r❡ts
✭▼❯▲❚■❈❖❘✮ ❡♥ ✈✉❡ ❞❡ ♣❛ss❡r à ✉♥❡ é❝❤❡❧❧❡ s✉♣ér✐❡✉r❡✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❞❡s ♣r♦❣rès
s✉❜st❛♥t✐❡❧s ♦♥t été ré❛❧✐sés ❝♦♥❝❡r♥❛♥t ❧❛ ♣r✐s❡ ❝♦♠♣t❡ ❝♦rr❡❝t❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡
❧✐é❡ ❛✉① é❝❤❛♥❣❡s ❡♥tr❡ ❣r❛✐♥s ❡t ❛✉① r❛✣♥❡♠❡♥ts ❞②♥❛♠✐q✉❡s ❞✉ ♠❛✐❧❧❛❣❡✳

▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ❞é♠❛r❝❤❡s ❡st s❝❤é♠❛t✐sé ❡♥ ✜❣✉r❡ ✹✳✶✳

❋✐❣✉r❡ ✹✳✶ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❝♦❞❡ ❞❡ ❢r✐tt❛❣❡ ❙❆▲❆▼▼❇❖

▲❡s rés✉❧t❛ts à ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❝♦♥st❛♥t❡ ♦♥t été ♣rés❡♥tés✳

▲❛ ❝❤✐♠✐❡ ❞❡s ♣❤é♥♦♠è♥❡s ❧✐és ❛✉ ❢r✐tt❛❣❡ ❞✉ ❝♦♠❜✉st✐❜❧❡ ❛ été ét✉❞✐é❡ ❡♥ ❡①♣ér✐♠❡♥t❛❧❡✲
♠❡♥t✳ ❈❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ♦♥t été ♠❡s✉ré❡s ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬➱❝♦❧❡ ❞❡ ❈ér❛♠✐q✉❡s ❞❡
▲✐♠♦❣❡s ✭❊◆❙❈■✮✱ ❧✬■♥st✐t✉t ❞❡ ❈❤✐♠✐❡ ❞❡ ❧❛ ♠❛t✐èr❡ ❝♦♥❞❡♥sé❡ ❞❡ ❇♦r❞❡❛✉① ✭■❈▼❈❇✮✱ ❧✬❊❝♦❧❡
◆❛t✐♦♥❛❧❡ ❙✉♣ér✐❡✉r❡ ❞❡ ❈❤✐♠✐❡✱ ❞❡ ❇✐♦❧♦❣✐❡ ❡t ❞❡ P❤②s✐q✉❡ ✭❊◆❙❈❇P✮✳ ❊❧❧❡ s❡ ré✈è❧❡ s✉✣s❛♠✲
♠❡♥t ❝♦♠♣❧❡①❡ ♣♦✉r ♥❡ ♣❛s ♣♦✉✈♦✐r êtr❡ r❡♣rés❡♥té❡ ♣❛r ✉♥❡ s✐♠♣❧❡ ✐♥t❡r❞✐✛✉s✐♦♥✳

▲❛ ♣❛rt✐❡ s✉✐✈❛♥t❡ ♣rés❡♥t❡ ❧❡s ♠♦②❡♥s ❞✬❛❝q✉✐s✐t✐♦♥ ❞❡s ❣r❛♥❞❡✉rs ❞✬❡♥tré❡ ❞✉ ♠♦❞è❧❡ à
❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡✳

✾✷



◗✉❛tr✐è♠❡ ♣❛rt✐❡

❆❝q✉✐s✐t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞✬❡♥tré❡ ❞✉
♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡

✾✸





❯♥❡ ét✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ❛✈❛✐t été ♠❡♥é❡ ❡♥ ✶✾✾✽ ❛✜♥ ❞❡ r❡❝❡♥s❡r ❧❡s ♠♦②❡♥s ❞✬❛❝q✉✐s✐t✐♦♥ ❛✉
❧❛❜♦r❛t♦✐r❡ ❞❡s ❣r❛♥❞❡✉rs ❞✬❡♥tré❡ ❞✉ ♠♦❞è❧❡ ❬❏▲✶✾✾✽❪✳ ❖♥ ❧✐st❡ ✐❝✐ ❝❡s ❣r❛♥❞❡✉rs✱ ❧❡✉rs ♣r✐♥❝✐♣❛❧❡s
♠ét❤♦❞❡s ❞✬❛❝q✉✐s✐t✐♦♥ ❡t✱ ♣♦✉r ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❡t ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❝❡
q✉✐ ❛ été ré❛❧✐sé ❛✉ ❧❛❜♦r❛t♦✐r❡ ❞❡♣✉✐s✳

✾✺



✾✻



✶

❚❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡

❉❛♥s s❛ r❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ❋✐♥❦ ❬❏❑❋✷✵✵✵❪ r❡❝♦♠♠❛♥❞❡ ♣♦✉r UO2✟x ❡♥tr❡ 0✆C ❡t 2850✆C
❧✬❡①♣r❡ss✐♦♥ s✉✐✈❛♥t❡ ♣♦✉r ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ s♦❧✐❞❡✴❣❛③ ✿

γSV ✏ 0,85✁ 1,40 10✁4 ♣T ✁ 273q ✭✶✳✶✮

❛✈❡❝ ❚ ❧❛ t❡♠♣ér❛t✉r❡ ❡♥ ❑❡❧✈✐♥ ❡t✱ ♣♦✉r ❧❡ ❝❛s ♥♦♥✲st♦❡❝❤✐♦♠étr✐q✉❡ ✿

γSV ⑤x ✁ γSV ⑤0 ✏ 6,8x ✭✶✳✷✮

❛✈❡❝ 0 ↕ x ↕ 0,05 ❡t T ↕ 2170K✳

P❧✉s ré❝❡♠♠❡♥t✱ ❈❛st❡❧❧ ❬▼❈✷✵✵✸❪ ❛ ét✉❞✐é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❧❡ ❞✐❛❣r❛♠♠❡ ❞❡ ❲✉❧✛ ❞❡
UO2✱ ❡♥ ❢❛❜r✐q✉❛♥t ♣♦✉r ❝❡tt❡ ét✉❞❡✱ ❞❡s ♠♦♥♦❝r✐st❛✉① ❝❡♥t✐♠étr✐q✉❡s✳ ❈❡rt❛✐♥s ❝❧✐✈❛❣❡s ❞❡ ❝❡s
♠♦♥♦❝r✐st❛✉① ❧❡ ❧♦♥❣ ❞❡s ♣❧❛♥s ✭✶✶✶✮ ♠♦♥tr❡♥t ❞❡s ♣♦r♦s✐tés ❞❡ q✉❡❧q✉❡s ♠✐❝r♦♠ètr❡s✳ ▲✬✉t✐❧✐✲
s❛t✐♦♥ ❞✉ ▼❊❇ à ❜❛ss❡ t❡♥s✐♦♥ ♠♦♥tr❡ q✉✬✐❧s s♦♥t ❞é❧✐♠✐tés ♣❛r ❞❡s ❢❛❝❡tt❡s t111✉ ❡t t001✉ ❡t
❝❡rt❛✐♥s ♦♥t ❛tt❡✐♥t ❧❡✉r ❢♦r♠❡ ❧✐é❡ à ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✭❢♦r♠❡ ❞❡ ❲✉❧✛✮✳ ❯♥❡ ❛♥❛❧②s❡
❞❡ ❧❛ s✉r❢❛❝❡ ❞❡s ❢❛❝❡tt❡s ♠♦♥tr❡ q✉❡ ❧❡s ♣♦r❡s ❧❡s ♣❧✉s ♣❡t✐ts s♦♥t ♣r♦❝❤❡s ❞❡ ❧❛ ❢♦r♠❡ ❞❡ ❲✉❧✛✱
❡t q✉❡ ❧❡ r❛♣♣♦rt ❞❡ ❧❡✉rs é♥❡r❣✐❡s ❞❡ s✉r❢❛❝❡ ✈❛✉t γ001

γ111
✏ 1.42 ✟ 0.05✳ ▲❡s ♣♦r❡s ❧❡s ♣❧✉s ❧❛r❣❡s

♠♦♥tr❡♥t ✉♥❡ ❛❝❝✉♠✉❧❛t✐♦♥ ❞❡ ♠❛r❝❤❡s à ❧✬✐♥t❡rs❡❝t✐♦♥ ❞❡s ❢❛❝❡tt❡s ❛✈❡❝ ❞❡s str✉❝t✉r❡s ♦r❞♦♥♥é❡s
❞❡ ❞✐③❛✐♥❡s ❞❡ ♥❛♥♦♠ètr❡s ❞❡ ♣ér✐♦❞❡✳

❇♦②❛r❝❤❡♥❦♦✈ ❬❆❙❇✷✵✶✷❪ ❛ ré❝❡♠♠❡♥t ❝❛❧❝✉❧é✱ à ❧✬❛✐❞❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✱ ❝❡s
❣r❛♥❞❡✉rs à 1927✆C ❡t 2027✆C ♣♦✉r UO2 ❡t r❡tr♦✉✈❡ ❧❡s ✈❛❧❡✉rs ❞❡ ❈❛st❡❧❧✱ à s❛✈♦✐r ✿ γ111 ✏
0.875✟ 0.008Jm✁2✳

❆✉❝✉♥❡ ét✉❞❡ ❡①♣ér✐♠❡♥t❛❧❡ ♥✬❛✱ à ♠❛ ❝♦♥♥❛✐ss❛♥❝❡✱ été ré❛❧✐sé❡s s✉r ❧❡ ♣U,PuqO2✳ ❯♥❡ t❡❧❧❡
ét✉❞❡ ♣♦✉rr❛✐t êtr❡ ré❛❧✐sé❡ ♣❛r ✐♥❞❡♥t❛t✐♦♥ ❞❡ ❍❡rt③ ❬❚■✶✾✽✶❪ ❛✉ ♠✐❝r♦s❝♦♣❡ ♦♣t✐q✉❡ ♦✉ ❛✈❡❝
✉♥ s✉✐✈✐ ❛❝♦✉st✐q✉❡ ❞❡s ✜ss✉r❡s ❣é♥éré❡s ♣❛r ❧✬✐♥❞❡♥t❡✉r✳ ▲❡s ét✉❞❡s s✉r UO2 ♦♥t ♠♦♥tré q✉❡ ❧❛
t❡♠♣ér❛t✉r❡ ❛✈❛✐t ♣❡✉ ❞✬✐♠♣❛❝t s✉r ❝❡ ♣❛r❛♠ètr❡✱ ♠❛✐s q✉❡ ❧✬é❝❛rt à ❧❛ st÷❝❤✐♦♠étr✐❡ ❡♥ ❛✈❛✐t✳
■❧ s❡♠❜❧❡ ♣r♦❜❛❜❧❡ q✉❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❯ ♣❛r P✉ ❛✐t ✉♥ ✐♠♣❛❝t s✉r ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡
s✉r❢❛❝❡✳

■❧ ❡st à ♥♦t❡r q✉❡ ❧✬ét✉❞❡ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡ ♥✬✐♥tér❡ss❡ ♣❛s s❡✉❧❡♠❡♥t ❧❡ ❢r✐tt❛❣❡✱ ♠❛✐s
❛✉ss✐ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❜✉❧❧❡s ❞❡ ♣r♦❞✉✐ts ❞❡ ✜ss✐♦♥ ❣❛③❡✉①✱ ❞♦♥❝ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ❝♦♠✲
❜✉st✐❜❧❡ ❧♦rs ❞❡ s❛ ❢❛❜r✐❝❛t✐♦♥ ❡t s♦✉s ✐rr❛❞✐❛t✐♦♥✳

✾✼



❈❤❛♣✐tr❡ ✶✳ ❚❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡

✾✽



✷

❈♦♥st❛♥t❡s é❧❛st✐q✉❡s ✐s♦t❤❡r♠❡s

▲❡s ❝♦♥st❛♥t❡s é❧❛st✐q✉❡s ✐s♦t❤❡r♠❡s ♦♥t été ♠❡s✉ré❡s à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ s✉r UO2 ❛✐♥s✐
q✉❡✱ ♣❧✉s ré❝❡♠♠❡♥t✱ s✉r ❞✉ ❝♦♠❜✉st✐❜❧❡ ✐rr❛❞✐é ❬❉▲✷✵✵✷❪✳ ❆ ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ❧❡s ét✉❞❡s s♦♥t
♣❧✉s ❛♥❝✐❡♥♥❡s ❬▼❖▼✶✾✻✾❪✳ ▲❡s ❝❛❧❝✉❧s ré❝❡♥ts ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❥✉sq✉✬à ✸✺✵✵❑ ❞♦♥♥❡♥t
❞✬❡①❝❡❧❧❡♥ts ❛❝❝♦r❞s ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡ s✉r ❞❡s ❞♦♥♥é❡s ❞ér✐✈é❡s t❡❧❧❡s ❧❡ ♠♦❞✉❧❡ ❞✬❨♦✉♥❣✱ ❧❡ ❝♦❡❢✲
✜❝✐❡♥t ❞❡ P♦✐ss♦♥ ❡t ❧❡ ♠♦❞✉❧❡ ❞❡ ❈♦✉❧♦♠❜✳ ▲❡s ♠♦❞✉❧❡s é❧❛st✐q✉❡s ♦❜t❡♥✉s ♣❛r ❝❛❧❝✉❧ s❡r❛✐❡♥t
❞♦♥❝ s✉✣s❛♥ts✱ ♠ê♠❡ à ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ♣♦✉r ♣ré✈♦✐r ❧❡s ♣r♦♣r✐étés ❞✉ ♠❛tér✐❛✉ ❬❙■P✷✵✶✶❪✳

✾✾



❈❤❛♣✐tr❡ ✷✳ ❈♦♥st❛♥t❡s é❧❛st✐q✉❡s ✐s♦t❤❡r♠❡s

✶✵✵



✸

❈♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥

❙♦♠♠❛✐r❡
✸✳✶ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡✱ ❡♥ s✉r❢❛❝❡ ♦✉ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❢♦♥t ♣❛rt✐❡ ❞❡s
❣r❛♥❞❡✉rs ❡ss❡♥t✐❡❧❧❡s ❛✉ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ❞❡ ❢r✐tt❛❣❡✳ ▲❛ ❧✐ttér❛t✉r❡ ❡st ❛ss❡③
❛❜♦♥❞❛♥t❡ ❞❛♥s ❧❡ ❝❛s ❞❡ UO2✱ ♠❛✐s ❜✐❡♥ ♠♦✐♥s ❢♦✉r♥✐❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ♣U,PuqO2✳ P❧✉s✐❡✉rs tr❛✲
✈❛✉① ♦♥t été ❡✛❡❝t✉és ♣♦✉r ② r❡♠é❞✐❡r ❛✉ ▲❊❋❈❆ ❞♦♥t ✉♥❡ t❤ès❡ ❡♥ ♣❛rt✐❡ s✉r ❝❡ s✉❥❡t ✭❙é❣♦❧è♥❡
❇❡r③❛t✐✮✳

▲❡s ♣r❡♠✐❡rs tr❛✈❛✉① ❞❛♥s ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡ ♦♥t été ♠❡♥és ♣❛r ❙✳ ▼❡♥❞❡③ ❬❙▼✶✾✾✺❪✱ ❬❙▼✶✾✾✺✲✷❪✳
■❧s ♦♥t ♣❡r♠✐s ❞❡ ❞ét❡r♠✐♥❡r ♣♦✉r ♣❧✉s✐❡✉rs ❝♦♥❞✐t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s ♣µO2 , T q ❧❡s ❝♦❡✣❝✐❡♥ts
❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❡t ✐♥t❡r❣r❛♥✉❧❛✐r❡s✳

P❧✉s ré❝❡♠♠❡♥t ❙✳ ◆♦②❛✉ ❬❙◆✷✵✶✷❪ ❛ ♠❡s✉ré ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❡t ❛✉① ❥♦✐♥ts
❞❡ ❣r❛✐♥s ❞❡ ♣U,PuqO2 ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ré❞✉❝tr✐❝❡s✳

✸✳✶ ❉✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡

❏❡ ♥❡ ❞ét❛✐❧❧❡ ✐❝✐ q✉❡ ❧❡ ❝❛s ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡✱ ♣♦✉r ❧❡q✉❡❧ ❥✬❛✐ ❝♦❧❧❛❜♦ré ❛✈❡❝ ❙é❜❛st✐❡♥
◆♦②❛✉ ✭❆♥♥❡①❡ ❈✱ ♣✳✶✸✸✮✳ ❙❛❜✐♦♥✐ ❬❆❈❙✶✾✾✽❪ ❛ ♠❡s✉ré à ❧✬❛✐❞❡ ❞✬✉♥ tr❛❝❡✉rs ❛✉ ❙■▼❙✱ ❡♥tr❡
1498✆C ❡t 1697✆C✱ ❞❛♥s ✉♥❡ ❛t♠♦s♣❤èr❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ H2✱ ✐✳❡✳ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♣♦✉r ❧❡s✲
q✉❡❧❧❡s UO2 ❡st st÷❝❤✐♦♠étr✐q✉❡✱ ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛✉t♦❞✐✛✉s✐♦♥ ❞❡ ❯ ♣♦✉r ❛rr✐✈❡r à ❧❛ ❞é♣❡♥❞❛♥❝❡
❡♥ t❡♠♣ér❛t✉r❡ s✉✐✈❛♥t❡ ✿

D ✏ 8.54 10✁7 e
✁4.4♣eV q

kT ♣cm2s✁1q ✭✸✳✶✮

◆♦✉s s♦♠♠❡s ♣❛rt✐s ❞❡ ♣r♦✜❧s ❞✬✐♥t❡r❞✐✛✉s✐♦♥ s✉r ❞❡s ❝♦✉♣❧❡s ♣♦❧②❝r✐st❛❧❧✐♥s ❞❡ ❞✐✛✉s✐♦♥ UO2④♣U0.55Pu0.45qO2

♣♦✉r ❧❡sq✉❡❧s ✉♥ tr❛✐t❡♠❡♥t t❤❡r♠✐q✉❡ ♣ré❛❧❛❜❧❡ sé♣❛ré ❞❡s ❞❡✉① ❞❡♠✐✲❝♦✉♣❧❡s ❛✈❛✐t ♣❡r♠✐s ✉♥
❣r♦ss✐ss❡♠❡♥t ❣r❛♥✉❧❛✐r❡ ❛✜♥ q✉❡ ❧✬❡ss❛✐ ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ♥❡ s♦✐t ♣❛s ❝♦♠♣❧✐q✉é ♣❛r ✉♥ ❣r♦ss✐ss❡✲
♠❡♥t ❣r❛♥✉❧❛✐r❡ s✐♠✉❧t❛♥é✳ ❆✜♥ ❞✬é❧✐♠✐♥❡r ❧❡ ✧❜r✉✐t✧ ❞û à ❧❛ ❞✐✛✉s✐♦♥ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❡t ♥❡
❣❛r❞❡r q✉❡ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡✱ ♥♦✉s ❛✈♦♥s ❛❥✉sté ❛✉ ♣r♦✜❧ ✉♥❡ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ✿

c♣xq ✏ λ1 ✁ λ2
1✁ λ3 exp

✁λ4 x

1� λ5 exp✁λ4 x
✭✸✳✷✮

r❡♣rés❡♥té❡ ❡♥ r♦✉❣❡ s✉r ❧❛ ✜❣✉r❡ ✸✳✶✳ ❊❧❧❡ ✉t✐❧✐s❡ ✉♥ ❥❡✉ ❞❡ ♣❛r❛♠ètr❡s λi → 0 i P t1, . . . , 5✉ q✉✐
♣❡✉t ❞✐✛ér❡r ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞✉ ♣♦✐♥t ❞✬✐♥✢❡①✐♦♥ x0✳ ❖♥ ✉t✐❧✐s❡ ❛❧♦rs ❧❡s ✐♥❞✐❝❡s l ❡t r ♣♦✉r ❧❡s

✶✵✶



❈❤❛♣✐tr❡ ✸✳ ❈♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥

❝ôtés ❣❛✉❝❤❡ ❡t ❞r♦✐t❡ r❡s♣❡❝t✐✈❡♠❡♥t✳❖♥ ❛ ♣ré❢éré ✉t✐❧✐s❡r ln♣λ5q ❡t ln♣λ3q ♣❧✉tôt q✉❡ λ5 ❡t λ3
❞❛♥s ❧❡ ❧♦❣✐❝✐❡❧ ❞é✈❡❧♦♣♣é ❝❛r ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ s♦♥t très ♣❡t✐ts ❡t ❧❛ ♣❡rt❡ ❞❡ ♣ré❝✐s✐♦♥
❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ♠❛❝❤✐♥❡ ❛♠❡♥❛✐t s✐♥♦♥ à ❞❡s ❛❜❡rr❛t✐♦♥s✳ ❊♥ ❡✛❡t✱ ♣❧✉s ❧❡ ❝♦❡✣❝✐❡♥t ❞❡
❞✐✛✉s✐♦♥ ❡st ♣❡t✐t ❡t ♣❧✉s λ3 ❡t λ5 s♦♥t ❣r❛♥❞s✳ ❖♥ ♥❡ ❞ét❛✐❧❧❡ ♣❛s ✐❝✐ ❧❡s ♣r♦♣r✐étés ❞❡ ❝❡tt❡
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❋✐❣✉r❡ ✸✳✶ ✕ ❈♦♥❝❡♥tr❛t✐♦♥s ❜r✉t❡ ❡t ❡①♣ér✐♠❡♥t❛❧❡ ❞❛♥s ✉♥❡ ❡①♣ér✐❡♥❝❡ ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ❡♥tr❡
UO2 ❡t ♣U,PuqO2

❢♦♥❝t✐♦♥ q✉✐ ♦♥t été ✉t✐❧✐sé❡s✱ ❧✬❡♥s❡♠❜❧❡ ❡st ❞♦♥♥é ❞❛♥s ✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ❬❏▲✷✵✶✷❪✳ ❖♥ ♣ré❝✐s❡
s❡✉❧❡♠❡♥t q✉✬❡♥ ✉t✐❧✐s❛♥t ❝❡tt❡ ❢♦♥❝t✐♦♥ ❛❥✉sté❡ s✉r ♥♦s é❝❤❛♥t✐❧❧♦♥s✱ ♦♥ ❛ ♣✉ ♠❡ttr❡ ❡♥ ÷✉✈r❡
tr♦✐s ♠ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ✿ ❝❡❧❧❡ ❞❡ ❇♦❧t③♠❛♥✲▼❛t❛♥♦✱ ❝❡❧❧❡ ❞❡
❉❡♥ ❇r♦❡❞❡r ❡t ❝❡❧❧❡ ❞❡ ❍❛❧❧ s♣é❝✐✜q✉❡ ❛✉① ❡①tré♠✐tés ❞✉ ♣r♦✜❧✳

✶✵✷



✹

❈♦♥❝❧✉s✐♦♥

❚♦✉t❡s ❧❡s ❣r❛♥❞❡✉rs ❞✬❡♥tré❡ ❞✉ ♠♦❞è❧❡ s♦♥t ♠❡s✉r❛❜❧❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❡t ❝❡rt❛✐♥❡s
❞♦♥♥❡♥t ✉♥ ❛❝❝♦r❞ s✉✣s❛♠♠❡♥t ❜♦♥ ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡ ♣♦✉r ♣♦✉✈♦✐r êtr❡ ❝❛❧❝✉❧é❡s ♣♦✉r ❞✬❛✉tr❡s
❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳

▲❛ ♣❛rt✐❡ s✉✐✈❛♥t❡ ♣rés❡♥t❡ ❧❡s t❡❝❤♥✐q✉❡s q✉✐ ♦♥t été t❡sté❡s ❝♦♠♠❡ ♦✉t✐❧s ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞✉
♠♦❞è❧❡ ❞❡ ❢r✐tt❛❣❡ à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s✳

✶✵✸



❈❤❛♣✐tr❡ ✹✳ ❈♦♥❝❧✉s✐♦♥

✶✵✹



❈✐♥q✉✐è♠❡ ♣❛rt✐❡

➱t✉❞❡ ❞❡ ♠♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥
❡①♣ér✐♠❡♥t❛❧❡

✶✵✺





✶

▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡
s✉❜✲❣r❛♥✉❧❛✐r❡

❙♦♠♠❛✐r❡
✶✳✶ µ✲❳❆◆❊❙ ❡t µ✲t♦♠♦❣r❛♣❤✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

✶✳✷ ▼❊❇ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✶✳✸ ❆✉tr❡s ♣✐st❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷

❈❡ ❝❤❛♣✐tr❡ ❞é❝r✐t ❧❡s ✈♦✐❡s q✉✐ ♦♥t été ❡①♣❧♦ré❡s ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❞❡s t❡❝❤♥✐q✉❡s q✉✐ ♣✉✐ss❡♥t
♣❡r♠❡ttr❡ ❞❡ ✈❛❧✐❞❡r ❧❡ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ ❞✬✉♥ ❛❣❣❧♦♠ér❛t ❞❡ ♣♦✉❞r❡ ❞❡ q✉❡❧q✉❡s ♠✐❝r♦♠ètr❡s
❝✉❜❡s ❛✐♥s✐ q✉✬à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛st✐❧❧❡✳

✶✳✶ µ✲❳❆◆❊❙ ❡t µ✲t♦♠♦❣r❛♣❤✐❡

❉❡s ❡①♣ér✐❡♥❝❡s ❞❡ µ✲❳❆◆❊❙ ❡t ❞❡ µ✲t♦♠♦❣r❛♣❤✐❡ ❳ ❤❛✉t❡ rés♦❧✉t✐♦♥ ❡♥ tr❛♥s♠✐ss✐♦♥ ♦♥t
été ré❛❧✐sé❡s à ❧✬❊❙❘❋ ✭❊✉r♦♣❡❛♥ ❙②♥❝❤r♦tr♦♥ ❘❛❞✐❛t✐♦♥ ❋❛❝✐❧✐t②✮ s✉r ❧❛ ❧✐❣♥❡ ■❉✷✷ ❛✜♥ ❞❡ t❡st❡r
❝❡s t❡❝❤♥✐q✉❡s ❝♦♠♠❡ ♦✉t✐❧s ❞✬ét✉❞❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✬❛❣❣❧♦♠ér❛ts ✐s♦❧és ♣r✐s à ❞✐✛ér❡♥ts st❛❞❡s
❞✉ ❢r✐tt❛❣❡ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ✿
✲ ❧❡✉r ❞❡♥s✐té ✭✈❛❧✐❞❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ ❧✉✐✲♠ê♠❡✮✱
✲ ❧❛ ♥❛t✉r❡ ❞❡s ❝❛t✐♦♥s ✭❯ ♦✉ P✉✮ ✭✈❛❧✐❞❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ ❛✈❡❝ ❝❤✐♠✐❡✮✱
✲ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡s ❝❛t✐♦♥s✳
❉❡✉① ❣r♦✉♣❡s ❞✬é❝❤❛♥t✐❧❧♦♥s ♦♥t été ✉t✐❧✐sés ✿
✲ ❞❡s ❛❣❣❧♦♠ér❛ts ❞❡ ✺✵ µm ❝♦♥st✐t✉és ❞❡ ❝r✐st❛❧❧✐t❡s ❞❡ 0.3µm ✭❛❣❣❧♦♠ér❛ts ❞❡ ♣♦✉❞r❡ ❝r✉❡
♦①②❞és ♣❛r ❧✬♦①②❣è♥❡ ❡t ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ♣✉✐s ❢r✐ttés à 1600✆C ♣❡♥❞❛♥t
✶ ❤❡✉r❡✱ ❡t à 1700✆C ♣❡♥❞❛♥t ✷ ❤❡✉r❡s ❞❛♥s ✉♥❡ ❛t♠♦s♣❤èr❡ 95%Ar ✁ 5%H2✱
✲ ❞❡s ❛❣❣❧♦♠ér❛ts ❞❡ ❧❛ ♠ê♠❡ ♣♦✉❞r❡ t❛♠✐sés✲❢♦r❝és à ✺✵ µm ❡t ❢r✐ttés ❞❛♥s ❧❡s ♠ê♠❡s ❝♦♥❞✐t✐♦♥s✳

µ✲❳❆◆❊❙

▲❡ µ✲❳❆◆❊❙ ❛ ♣❡r♠✐s ❞❡ ✈ér✐✜❡r ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ♣❛r ❝♦♠♣❛r❛✐s♦♥ ❞❡s s♣❡❝tr❡s ❞✬❛❜✲
s♦r♣t✐♦♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❛✉① ét❛❧♦♥s UO2✱ U3O7 ❡t U3O8✳ ❈✬❡st ❛✉ss✐ ✉♥ ♦✉t✐❧ ♣♦✉r ❞ét❡r♠✐♥❡r
s✐ ❧❡ ❝♦♥tr❛st❡ ❡st s✉✣s❛♠♠❡♥t é❧❡✈é ♣♦✉r ♠❡♥❡r à ❜✐❡♥ ✉♥❡ µ✲t♦♠♦❣r❛♣❤✐❡ ❳ ❤❛✉t❡ rés♦❧✉t✐♦♥✳

✶✵✼



❈❤❛♣✐tr❡ ✶✳ ▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡

❋✐❣✉r❡ ✶✳✶ ✕ ❉❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❧✐❣♥❡ ■❉✷✷

❋✐❣✉r❡ ✶✳✷ ✕ é❝❤❛♥t✐❧❧♦♥ ✶

▲❡s s♣❡❝tr❡s ❞❡ µ✲❳❆◆❊❙ ♦♥t été ❡♥r❡❣✐strés ❡♥tr❡ ✶✼✳✶✵✵ ❡t ✶✼✳✸✺✵ ❦❡❱ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ ❞❡
✷❡❱✳ ▲❡ s❡✉✐❧ ❞✬❛❜s♦r♣t✐♦♥ LIII ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❝r✉ ❞❡ ✧UO2✧ ✭UO2 ♦①②❞é à ❧✬❛✐r à t❡♠♣ér❛t✉r❡
❛♠❜✐❛♥t❡✮ ❡st ❝♦♥st✐t✉é ❞❡ ❞❡✉① s♦✉s✲s♣❡❝tr❡s ❝♦♠♠❡ ❧❡ ❧❛✐ss❡ ✈♦✐r ❧❛ ❞✐ss②♠étr✐❡ ❞✉ ♣✐❝ ❞❡ ❧❛ r❛✐❡
❜❧❛♥❝❤❡ ❞❡ ❧❛ ✜❣✉r❡ ✶✳✸ ✭❞❡✉① ♠❛①✐♠❛ s♦♥t ♦❜s❡r✈és ✿ EA1 ✏ 17.179keV ❡t EA2 ✏ 17.182keV ✮✳
❈❡t é❝❛rt ❞❡ 3eV ❝♦rr❡s♣♦♥❞ ❛✉ ❞é❝❛❧❛❣❡ ❡♥tr❡ ❧✬❛❜♦sr♣t✐♦♥ ❞❡ U♣�IV q ❡t ❝❡❧❧❡ ❞❡ U♣�V q✳
❆✐♥s✐✱ ✉♥❡ µ✲t♦♠♦❣r❛♣❤✐❡ s✉❜séq✉❡♥t❡ ♠❡♥é❡ à ❞✐✛ér❡♥t❡s é♥❡r❣✐❡s ❛❞❛♣té❡s✱ ❛♣rès r❡❝♦♥str✉❝✲
t✐♦♥ ❡t s♦✉str❛❝t✐♦♥ ❡♥tr❡✲❡❧❧❡s ❞❡✈r❛✐t ♣❡r♠❡ttr❡ ❞❡ ✈✐s✉❛❧✐s❡r ❡♥ ✸❉ ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ❞❡ U ✳

❉❡ ♣❧✉s✱ ❧✬❛❝q✉✐s✐t✐♦♥ ❞❡s s♣❡❝tr❡s µ✲❳❆◆❊❙ ❡♥ tr❛♥s♠✐ss✐♦♥ ♣❡r♠❡t ❞❡ ✈ér✐✜❡r q✉❡ ❧✬✐♥✲
t❡♥s✐té tr❛♥s♠✐s❡ ♣rés❡♥t❡ s✉✣s❛♠♠❡♥t ❞❡ ❝♦♥tr❛st❡ ♣♦✉r ♠❡♥❡r à ❜✐❡♥ ❞❡s ❡①♣ér✐❡♥❝❡s ❞❡ µ✲
t♦♠♦❣r❛♣❤✐❡✳
■❧ ❢❛✉t✱ ❝❡♣❡♥❞❛♥t✱ t❡♥✐r ❝♦♠♣t❡ ❞✉ ❢❛✐t q✉❡ ♣❧✉s✐❡✉rs ♣❤é♥♦♠è♥❡s ♣❡✉✈❡♥t ❢❛✉ss❡r ❧❡s rés✉❧t❛ts
❡♥ ❡♥tr❛î♥❛♥t ✉♥❡ ❞✐st♦rs✐♦♥ ❞❡s s♣❡❝tr❡s ❳❆❙ ✿
✲ ✉♥ ♠♦✉✈❡♠❡♥t ❞❡ ❢❛✐s❝❡❛✉✱
✲ ✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ t❛✐❧❧❡ ❞❡ ❢❛✐s❝❡❛✉✳

✶✵✽



✶✳✶✳ µ✲❳❆◆❊❙ ❡t µ✲t♦♠♦❣r❛♣❤✐❡

❋✐❣✉r❡ ✶✳✸ ✕ ❳❆◆❊❙ ❡♥ tr❛♥s♠✐ss✐♦♥ ❞✬❛❣❣❧♦♠ér❛ts ❝r✉ ❡t ❢r✐tté ❞❡ UO2

µ✲t♦♠♦❣r❛♣❤✐❡ ❳ ❤❛✉t❡ rés♦❧✉t✐♦♥

▲❛ µ✲t♦♠♦❣r❛♣❤✐❡ ❛ été t❡sté❡ ♣♦✉r ét✉❞✐❡r ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ♠❡s✉r❡r ❧❛ ❞❡♥s✐té ❞✬é❝❤❛♥t✐❧❧♦♥s
❞❡ UO2 ❡t ❞✬❡♥ s✉✐✈r❡ ❧✬é✈♦❧✉t✐♦♥ ❧♦rs ❞✉ ❢r✐tt❛❣❡✳
❉❛♥s ❝❡s ❡①♣ér✐❡♥❝❡s ❧✬é♥❡r❣✐❡ ✉t✐❧✐sé❡ ✭✷✷❦❡❱✮ ❡st s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞✉ s❡✉✐❧ LIII ❞❡ ❯ ♦❝❝✉❧t❛♥t
❧❡s ❞✐✈❡rs ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ❞❡ ❯✳ ▲❡s ✐♠❛❣❡s s♦♥t ♦❜t❡♥✉❡s ❡♥ tr❛♥s♠✐ss✐♦♥ ❡♥ ❢❛✐s❛♥t t♦✉r♥❡r
❧✬é❝❤❛♥t✐❧❧♦♥ s✉r 180✆ ♣❛r ♣❛s ❞❡ 0.288✆ ❡t ❡♥r❡❣✐stré❡s à ❧✬❛✐❞❡ ❞✬✉♥❡ ❝❛♠ér❛ ❋❘❊▲❖◆✷✵✵✵✳
▲✬✐♠❛❣❡✱ ❞❡ ✷✵✹✽✯✷✵✹✽ ♣✐①❡❧s ❛✈❛✐t ✉♥❡ rés♦❧✉t✐♦♥ ❧✐♠✐té❡ à 0.7µm✳ ❈❡s ✐♠❛❣❡s s♦♥t ❝♦rr✐❣é❡s ❞✉
❜r✉✐t ❞❡ ❢♦♥❞ ❡t ❞✉ ✧✢❛t✲✜❡❧❞✧ ♣♦✉r ❝♦♥❞✉✐r❡ à ❞❡s r❡❝♦♥str✉❝t✐♦♥s ✸❉✳
▲❡s r❡❝♦♥str✉❝t✐♦♥s ✸❉ s♦♥t ❡❧❧❡s✲♠ê♠❡ ❞é❝♦✉♣é❡s ❡♥ tr❛♥❝❤❡s ✷❉ ♣❛r❛❧❧è❧❡s ❞✬é♣❛✐ss❡✉r 0.7µm
❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r✱ à ❧✬✐♥tér✐❡✉r ❞❡ ❧✬❛❣❣❧♦♠ér❛t✱ ❞❛♥s ❝❤❛❝✉♥❡ ❞❡ ❝❡s tr❛♥❝❤❡s✱ ❧❡ ♥✐✈❡❛✉ ❞❡ ❣r✐s
✭❞❡♥s✐té✮✳ ❈❡ ❞❡r♥✐❡r ❡st ❡♥s✉✐t❡ tr❛❝é ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧✬✐♥t❡r❢❛❝❡✳ ▲❡ ♣❛ss❛❣❡ ❞✉

✶✵✾



❈❤❛♣✐tr❡ ✶✳ ▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡

❋✐❣✉r❡ ✶✳✹ ✕ ❘❡❝♦♥str✉❝t✐♦♥ ✸❉ ❞❡s ❛❣❣❧♦♠ér❛ts ❝r✉ ❡t ❢r✐tté ✭❞✐❛♠ètr❡s r❡s♣❡❝t✐❢s ❞❡ 70µm ❡t
50µm✮

♥✐✈❡❛✉ ❞❡ ❣r✐s à ❧❛ ❞❡♥s✐té ♣♦✉r ✉♥ ❛❣❣❧♦♠ér❛t ❛ été ❢❛✐t ♣❛r ❞❡s ♠❡s✉r❡s ❞❡ ♣♦r♦s✐té ♠❡r❝✉r❡ s✉r
❧❡s ❛❣❣❧♦♠ér❛ts ❛✉ ❧❛❜♦r❛t♦✐r❡ ❇❡r♥❛r❞ ❋r❛♥ç♦✐s ❞✉ ❈❊❆ ❈❛❞❛r❛❝❤❡✳ ▲❡s rés✉❧t❛ts s♦♥t ❞♦♥♥és
✜❣✉r❡ ✶✳✺ ✿ ♦♥ ✈♦✐t q✉❡ ♣♦✉r ❧❡s ❛❣❣❧♦♠ér❛ts ♥❛t✉r❡❧s ❧❛ ❞❡♥s✐té ❡st ♣❧✉s é❧❡✈é❡ s✉r ❧❛ ❝♦✉❝❤❡ ❧❛
♣❧✉s ❡①tér✐❡✉r❡ ❞✉ ❣r❛✐♥ ❞✉ ❢❛✐t ❞✉ ♣r♦❝é❞é ❞❡ ❢❛❜r✐❝❛t✐♦♥ ✭❛t♦♠✐s❛t✐♦♥✲sé❝❤❛❣❡✮✳ ❈❡tt❡ ❞❡♥s✐té
é❧❡✈é❡ ❡st ♦❜s❡r✈é❡ t♦✉t ❛✉ ❧♦♥❣ ❞✉ ❢r✐tt❛❣❡✳ P♦✉r ❧❡s é❝❤❛♥t✐❧❧♦♥s t❛♠✐sés✲❢♦r❝és ❧❛ ❞❡♥s✐té é❧❡✈é❡
à ❧❛ s✉r❢❛❝❡ ❞❡s ❛❣❣❧♦♠ér❛ts ❡st ♣r♦❜❛❜❧❡♠❡♥t ❧✐é❡ ❛✉ ❢❛✐t q✉❡ ❧❡ t❛♠✐s❛❣❡✲❢♦rç❛❣❡ t❛ss❡ ♣❧✉s ❧❡s
❛❣❣❧♦♠ér❛ts ❡♥ s✉r❢❛❝❡ q✉✬❛✉ ❝÷✉r✳ ▲à ❡♥❝♦r❡ ❝❡t ❡✛❡t ♥❡ ❞✐s♣❛r❛ît ♣❛s ❛✉ ❝♦✉rs ❞✉ ❢r✐tt❛❣❡✳ ■❧
❢❛✉t t♦✉t❡❢♦✐s ♥♦t❡r q✉✬✐❧ ♥✬② ❛ ♣❛s ❡✉ ❞❡ ❝♦rr❡❝t✐♦♥s ❞❡ ❢❛✐t❡s s✉r ❧❡s ♥✐✈❡❛✉① ❞❡ ❣r✐s ❡t q✉✬♦♥ ❧❡s
❛ s✉♣♣♦sés r❡❧✐és à ❧✬❛❜s♦r♣t✐♦♥ s❡✉❧❡ ❞❡ UO2✱ ❞♦♥❝ à ❧❛ ❞❡♥s✐té✳

❋✐❣✉r❡ ✶✳✺ ✕ ❉❡♥s✐té ✐♥tr❛✲❛❣❣❧♦♠ér❛t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬❛❣❣❧♦♠ér❛t

❯♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ ♣U,PuqO2 ❛✈❛✐t ♣✉ êtr❡ tr❛♥s♣♦rté à ❧✬❊❙❘❋ ✭❝❡ q✉✐ ❛✈❛✐t ❢❛✐t ❧✬♦❜❥❡t
♣ré❛❧❛❜❧❡ ❞✬✉♥❡ ❈♦♠♠✐ss✐♦♥ ❞❡ ❙ûr❡té ❞❡s ■♥st❛❧❧❛t✐♦♥s✮ ♠❛✐s s❛ ❞♦✉❜❧❡ ❡♥✈❡❧♦♣♣❡ ✭❛②❛♥t ♣♦✉r
❢♦♥❝t✐♦♥ ✉♥❡ ❞♦✉❜❧❡ ❜❛rr✐èr❡ ❝♦♥tr❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥✮ ♥❡ ♣❡r♠❡tt❛✐t ♣❛s ❞❡ ❜✐❡♥ ❧❡ ❧♦❝❛❧✐s❡r s✉r
❧❡ ♣♦rt❡✲é❝❤❛♥t✐❧❧♦♥s✳ ➱t❛♥t ♠❛❧ ❝❡♥tré ✭s✉r ❧❡ ❝ôté ❞❡ ❧❛ t✐❣❡ ❞✬❛❝✐❡r ❛✉ ❧✐❡✉ ❞✬êtr❡ ❛✉ ❞❡ss✉s✮
❧❛ r❡❝♦♥str✉❝t✐♦♥ ✸❉ ♥✬❛ ♣❛s ♣✉ s❡ ❢❛✐r❡✱ ♦♥ ❛ ♣✉ s❡✉❧❡♠❡♥t ♦❜t❡♥✐r q✉❡❧q✉❡s ✐♠❛❣❡s ❡♥ ✷❉ ❡♥

✶✶✵



✶✳✷✳ ▼❊❇ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧

tr❛♥s♠✐ss✐♦♥ ❡♥tr❡ ❧❡ s❡✉✐❧ ❞❡ ❯ ❡t ❞❡ P✉ ❡t ❛✉ ❞❡ss✉s ❞✉ s❡✉✐❧ ❞❡ P✉✳ ❊❧❧❡ ❧❛✐ss❡✱ ❝❡♣❡♥❞❛♥t✱
❞✐st✐♥❣✉❡r ❧❡s ❛❣ré❣❛ts ❞❡ UO2 ❞✬✉♥ ❛❣ré❣❛t ❞❡ PuO2✳

❋✐❣✉r❡ ✶✳✻ ✕ ■♠❛❣❡ ❡♥ tr❛♥s♠✐ss✐♦♥ ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❡♥tr❡ ❧❡ s❡✉✐❧ ❞❡ ❯ ❡t ❝❡❧✉✐ ❞❡ P✉ ✭❊❂✶✼✱✺❦❡❱
✲ ✐♠❛❣❡ ❞✉ ❤❛✉t✮ ❡t ❛✉ ❞❡ss✉s ❞✉ s❡✉✐❧ ❞❡ P✉ ✭❊❂✶✽✱✺❦❡❱ ✲ ✐♠❛❣❡ ❞✉ ❜❛s✮

✶✳✷ ▼❊❇ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧

❉❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❡♥tr❡ ❧❡ ❉é♣❛rt❡♠❡♥t ❞✬➱t✉❞❡s ❞✉ ❈♦♠❜✉st✐❜❧❡ ✭❉❊❈✮
❡t ❧❡s ▲❛❜♦r❛t♦✐r❡s ❞❡ ▼✐❝r♦s❝♦♣✐❡ ➱❧❡❝tr♦♥✐q✉❡ ❡t ❊♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ✭▲▼✷❊✮ ❡t ❞❡s ■♥t❡r❢❛❝❡s
❞❡ ▼❛tér✐❛✉① ❡♥ ➱✈♦❧✉t✐♦♥ ✭▲■▼❊✮ ❯▼❘ ✺✷✺✼ ✲ ❘✳ P♦❞♦r✱ ◆✳ ❈❧❛✈✐❡r✮ ❞❡ ❧✬■♥st✐t✉t ❞❡ ❈❤✐♠✐❡
❙é♣❛r❛t✐✈❡ ❞❡ ▼❛r❝♦✉❧❡✱ ●✳■✳ ◆❦♦✉ ❇♦✉❛❧❛ ❛ ét✉❞✐é ❞❛♥s s♦♥ st❛❣❡ ❞❡ ♠❛st❡r ■ ♣✉✐s ❞❡ ▼❛st❡r ■■
❞❡ ❈❤✐♠✐❡ ❙é♣❛r❛t✐✈❡✱ ▼❛tér✐❛✉① ❡t Pr♦❝é❞és ✭❈❙▼P✮✱ ✐♥t✐t✉❧é ✧❊t✉❞❡ ❞✉ ❢r✐tt❛❣❡ ❞❡ s②stè♠❡s
s✐♠♣❧✐✜és ♣❛r ♠✐❝r♦s❝♦♣✐❡ é❧❡❝tr♦♥✐q✉❡ à ❜❛❧❛②❛❣❡ à ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ✧ ❧✬é✈♦❧✉t✐♦♥ ❞✬❛❣❣❧♦♠é✲
r❛ts ❞❡♥s❡s ❞❡ ❝r✐st❛❧❧✐t❡s ❞❡ CeO2 ❡t ❞❡ Nd2O3 ❡♥ t❡♠♣ér❛t✉r❡ ❛✉ ♠✐❝r♦s❝♦♣❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧
❬●■◆❇✷✵✶✷❪✳
▲❛ ♠♦r♣❤♦❧♦❣✐❡ ✐♥✐t✐❛❧❡ ❞❡s ❛❣❣❧♦♠ér❛ts ❞❡♥s❡s ❞❡ CeO2✱ ✐✳❡✳ ❛✈❛♥t ❢r✐tt❛❣❡✱ ❝♦♥s✐st❡ ❡♥ ❞❡s
s♣❤èr❡s ❞❡ ✷✵✵ ♦✉ ❞❡ ✻✵✵ ♥♠ ❞❡ ❞✐❛♠ètr❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣r♦t♦❝♦❧❡ ❞✬♦❜t❡♥t✐♦♥✱ t❛♥❞✐s q✉❡ ❝❡❧❧❡
❞❡s ❛❣❣❧♦♠ér❛ts ❞❡♥s❡s ❞❡ Nd2O3 ét❛✐t s♦✐t ❝②❧✐♥❞r✐q✉❡ ✭✸ µm ❞❡ ❧♦♥❣✉❡✉r✱ ✶✳✺ µm ❞❡ ❞✐❛♠ètr❡✮✱
s♦✐t ❡♥ ♣r✐s♠❡s ❤❡①❛❣♦♥❛✉① ✭✻ µm ❞✬❛rèt❡✮✱ s♦✐t ❝✉❜✐q✉❡ ♣♦❧②❞✐s♣❡rs❡ ✭ ❛rèt❡s ❞❡ ✷ à ✾ µm✮✳
❯♥ ❛❣❣❧♦♠ér❛t ❞❡♥s❡ ❞❡ CeO2 ✐s♦❧é❡ ❛ été s✉✐✈✐❡ à ❞✐✛ér❡♥t❡s t❡♠♣ér❛t✉r❡s ✭✾✵✵✱ ✶✶✵✵ ❡t 1200✆C✮
❡t ❧✬❛♥❛❧②s❡ ❞✬✐♠❛❣❡ ✭é❧❡❝tr♦♥s s❡❝♦♥❞❛✐r❡s✮ ❛ ♣❡r♠✐s ❞❡ s✉✐✈r❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❣r❛✐♥s

✶✶✶



❈❤❛♣✐tr❡ ✶✳ ▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡

❞❛♥s ❝❡t ❛❣❣❧♦♠ér❛t ❛✉ ❝♦✉rs ❞✉ t❡♠♣s à ✉♥❡ t❡♠♣ér❛t✉r❡ ✜①é❡✳ ➚ 1100✆C ❡t 1200✆C ❧❡ ♥♦♠❜r❡
❞❡ ❣r❛✐♥s ❞❛♥s ❧✬❛❣❣❧♦♠ér❛t ♣❛ss❡ ❞❡ ✷✺✵ à ✶ ❡♥ ✷✶✵ ✭r❡s♣✳ ✷✺✮ ♠✐♥✉t❡s✳ ▲❡s ❣r❛✐♥s ✜♥❛✉① ❣❛r❞❡♥t
✉♥❡ ❢♦r♠❡ s♣❤ér✐q✉❡✳
❉❡ t❡❧s ❣r❛✐♥s ✜♥❛✉① ❞❡ ♠ê♠❡ ❞✐❛♠ètr❡ ♦✉ ❞❡ ❞✐❛♠ètr❡ ❞✐✛ér❡♥t ♣♦✉rr❛✐❡♥t s❡r✈✐r ❞❡ ♠❛t✐èr❡
♣r❡♠✐èr❡ ♣♦✉r ✉♥❡ ♥♦✉✈❡❧❧❡ ❡①♣ér✐❡♥❝❡ ❞❡ ❢r✐tt❛❣❡ ❡♥ ✈✉❡ ❞✬✉♥❡ ✈❛❧✐❞❛t✐♦♥ ❞✉ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡
s✉❜✲❣r❛♥✉❧❛✐r❡✳
❉❛♥s ❝❡s ❡①♣ér✐❡♥❝❡s ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❝♦♥t❛❝t ❡♥tr❡ ✧♣❛rt✐❝✉❧❡s✧ ✭✐✳❡✳ ❛❣❣❧♦♠ér❛ts ❞❡♥s❡s✮
❛ été s✉✐✈✐❡✱ ❛✐♥s✐ q✉❡ ❧✬❛♥❣❧❡ ❞✐è❞r❡ ❛♣♣❛r❡♥t ❥✉sq✉✬à ❧✬♦❜t❡♥t✐♦♥ ❞✬✉♥ ❣r❛✐♥ ✉♥✐q✉❡ ♣♦✉r ❝❤❛✲
❝✉♥ ❞❡ s❡s ❛❣❣❧♦♠ér❛ts ❞❡♥s❡s✱ ❝♦♥✜❣✉r❛t✐♦♥ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❡s ❣r❛♥❞❡✉rs s✉✐✈✐❡s ❝♦rr❡s♣♦♥❞❡♥t
❡✛❡❝t✐✈❡♠❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❛✉ ❝♦✉ ❡t à ❧✬❛♥❣❧❡ ❞✐è❞r❡ ❡♥tr❡ ❞❡✉① ❣r❛✐♥s✳

✶✳✸ ❆✉tr❡s ♣✐st❡s

▲✬ét✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ♠♦♥tr❡ q✉❡ ré❝❡♠♠❡♥t ❧❡ ❢r✐tt❛❣❡ ❞❡ s②stè♠❡s ❤étér♦❣è♥❡s ❞❡ ♣♦✉❞r❡s
❛ été ét✉❞✐é ♣❛r ❖❧♠♦s✲◆❛✈❛r❡tt❡ ❬▲❘❖✷✵✶✵❪ ♣♦✉r ✉♥❡ ♣♦✉❞r❡ ❞❡ ❝✉✐✈r❡ ❛t♦♠✐sé❡ ❛✈❡❝ ✉♥❡ ❧❛r❣❡
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡ ♣❛rt✐❝✉❧❡s ❝♦♠♠❡ ♠❛tér✐❛✉ ♠♦❞è❧❡✱ ❛✈❡❝ ❞❡s ❞é❢❛✉ts ♠♦❞è❧❡s ✭♣♦r♦s✐tés
❛rt✐✜❝✐❡❧❧❡s ❝♦♠♠❡ ❞é❢❛✉ts ❞✬❡♠♣✐❧❡♠❡♥t ❡t ♣❛rt✐❝✉❧❡s ❞✬❛❧✉♠✐♥❡ ❝♦♠♠❡ ✐♥❝❧✉s✐♦♥s ✐♥❡rt❡s✮✳ ▲❡
❢r✐tt❛❣❡ ❛ ♣✉ êtr❡ ré❛❧✐sé ✐♥✲s✐t✉ s♦✉s ❧❡ ❢❛✐s❝❡❛✉ ❞❡ r❛②♦♥s ❳ à ❧✬❊❙❘❋ ❡t êtr❡ s✉✐✈✐ ❡♥ ✸❉✳ ❈❡♣❡♥✲
❞❛♥t✱ ❝❡rt❛✐♥❡s ❝❛r❛❝tér✐st✐q✉❡s ♠✐❝r♦str✉❝t✉r❛❧❡s t❡❧❧❡ ❧❛ t❛✐❧❧❡ ❞❡ ❝♦✉s ♥✬❛ ♣❛s ♣✉ êtr❡ ♠❡s✉ré❡
❢❛✉t❡ ❞✬✉♥❡ rés♦❧✉t✐♦♥ s✉✣s❛♥t❡✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡ ♣♦r❡s ❛ t♦✉t❡❢♦✐s ♣✉ êtr❡ ♠❡s✉ré❡✳

P❛r♠✐ ❧❡s ❛✉tr❡s ♣✐st❡s à ❡①♣❧♦r❡r✱ ✉♥❡ ❛✉tr❡ ♣♦ss✐❜✐❧✐té✱ t♦✉❥♦✉rs ❡♥ µ✲t♦♠♦❣r❛♣❤✐❡✱ ❛✉ ❧✐❡✉
❞✬♦❜s❡r✈❡r ❡♥ tr❛♥s♠✐ss✐♦♥✱ ✐✳❡✳ ❞✬♦❜t❡♥✐r ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧❛ ♣♦r♦s✐té✱ s❡r❛✐t ❞❡ tr❛✈❛✐❧❧❡r ❡♥
❝♦♥tr❛st❡ ❞❡ ♣❤❛s❡ ❛✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ r❡❝♦♥str✉❝t✐♦♥ ✸❉ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s✳

✶✶✷



✷

▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡s
♠✐❧✐❡✉① ❝♦♥t✐♥✉s

❙♦♠♠❛✐r❡
✷✳✶ ■♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ✲ ❛✐r❡ ❡t ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸

✷✳✶✳✶ ▲❡s ♠✐❝r♦s❝♦♣✐❡s ♦♣t✐q✉❡ ❡t é❧❡❝tr♦♥✐q✉❡ à ❜❛❧❛②❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸
✷✳✶✳✷ ▲❛ ❞✐✛✉s✐♦♥ ❞❡ ♥❡✉tr♦♥s ❛✉① ♣❡t✐ts ❛♥❣❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

✷✳✷ ❚❡①t✉r❡ ✸❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽
✷✳✸ ❆✉tr❡s t❡❝❤♥✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

✷✳✶ ■♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ✲ ❛✐r❡ ❡t ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡

▲❡s ♠♦❞è❧❡s ❞❡ ❢r✐tt❛❣❡✱ q✉✐ ❝♦♥s✐❞èr❡♥t ❧❛ ♣❛st✐❧❧❡ ❝♦♠♠❡ ✉♥ ♠✐❧✐❡✉ ❝♦♥t✐♥✉✱ r❡♣♦s❡♥t s✉r ❧❛
♥♦t✐♦♥ ❞❡ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r✐tt❛❣❡ q✉✐ ❡st ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛✐r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ s♦❧✐❞❡✴❣❛③ ♣❛r ✉♥✐té ❞❡
✈♦❧✉♠❡ ❛✐♥s✐ q✉❡ ❞❡ ❧❛ ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡ ❞❡ ❝❡s ♠ê♠❡s ✐♥t❡r❢❛❝❡s✳
❉❛♥s ❝❡ ❝❛❞r❡✱ tr♦✐s t❡❝❤♥✐q✉❡s ♦♥t été ✉t✐❧✐sé❡s ♣♦✉r ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ♣♦r❡s à
❞✐✛ér❡♥ts st❛❞❡s ❞✉ ❢r✐tt❛❣❡ ❞❡ ♣❛st✐❧❧❡s ❞❡ ❝♦♠❜✉st✐❜❧❡ ♣U,PuqO2 ❞♦♣é ❛✉ ❝❤r♦♠❡ ✿
✲ ❧❛ ♠✐❝r♦s❝♦♣✐❡ ♦♣t✐q✉❡✱
✲ ❧❛ ♠✐❝r♦s❝♦♣✐❡ é❧❡❝tr♦♥✐q✉❡ à ❜❛❧❛②❛❣❡✱
✲ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ♥❡✉tr♦♥s ❛✉① ♣❡t✐ts ❛♥❣❧❡s✳

✷✳✶✳✶ ▲❡s ♠✐❝r♦s❝♦♣✐❡s ♦♣t✐q✉❡ ❡t é❧❡❝tr♦♥✐q✉❡ à ❜❛❧❛②❛❣❡

▲❛ ♠✐❝r♦s❝♦♣✐❡ ♦♣t✐q✉❡ ❡st ✉t✐❧✐sé❡ ❛✉ ❣r♦ss✐ss❡♠❡♥t ✧①2✧ ❡♥r❡❣✐stré❡ s✉r ✶✷ ✐♠❛❣❡s ❞♦♥t ❧❡s
♣✐①❡❧s ❢♦♥t 2.8µm ❞✬❛rêt❡✱ ✧①10✧ s✉r ✸✵✵ ✐♠❛❣❡s✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ❝♦✉✈r❡ ❧❛ ❣❛♠♠❡ ❞✬♦❜s❡r✈❛t✐♦♥
❞❡ ✸✵ µm à ✶ cm✳
▲❛ ♠✐❝r♦s❝♦♣✐❡ é❧❡❝tr♦♥✐q✉❡ à ❜❛❧❛②❛❣❡ ❢♦✉r♥✐t✱ ❛✉ ❣r♦ss✐ss❡♠❡♥t ✧①500✧✱ ✉♥❡ sér✐❡ ❞❡ ✶✵ ❝❤❛♠♣s
❞❡ 256①256 ♣✐①❡❧s ❝♦✉✈r❛♥t ❞❡s ❞✐♠❡♥s✐♦♥s ❧✐♥é❛✐r❡s ❞❡ ✶ à ✷✵ ♦✉ ✸✵ µm ❡t✱ ❛✉ ❣r♦ss✐ss❡♠❡♥t
✧①2000✧✱ ✷✺ ❝❤❛♠♣s ❞❡ 128①128 ♣✐①❡❧s ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡ ❣❛♠♠❡ ❞✬é❝❤❡❧❧❡ ❞✬♦❜s❡r✈❛t✐♦♥ ❛❧❧❛♥t
❞❡ ✵✳✷ à ✶ µm✳
❖♥ ♥❡ ❞❡s❝❡♥❞ ♣❛s ❛✈❡❝ ❝❡tt❡ ❞❡r♥✐èr❡ t❡❝❤♥✐q✉❡ ❡♥ ❞❡ss♦✉s ❞❡ ✷✵✵ nm✳ P❛r ❛✐❧❧❡✉rs✱ ❝❡s ❞✐s✲
tr✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ ✷❉ ♥é❝❡ss✐t❡♥t ✉♥❡ ❝♦rr❡❝t✐♦♥ ❛✜♥ ❞❡ r❡♠♦♥t❡r à ✉♥❡ ❞✐str✐❜✉t✐♦♥ ✸❉✳ ▲❛
❧✐ttér❛t✉r❡ ❬❈❈❚✶✾✽✸❪ ❢♦✉r♥✐t ❞❡s ❞é♠❛r❝❤❡s ♥✉♠ér✐q✉❡s ♣♦✉r ② ❛rr✐✈❡r✳
▲❛ ✜❣✉r❡ ✷✳✶ ♠♦♥tr❡✱ s✉r ✉♥ ❡①❡♠♣❧❡ ♣♦✉r ❧❡q✉❡❧ ♦♥ ❛ ❡✛❡❝t✉é ❝❡tt❡ ❞é♠❛r❝❤❡ ✭♣U,PuqO2 ❢r✐tté

✶✶✸



❈❤❛♣✐tr❡ ✷✳ ▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

à 1700✆C ♣❡♥❞❛♥t ✹ ❤❡✉r❡s✮✱ ❧❛ ❞❡♥s✐té ❞❡ ♣♦♣✉❧❛t✐♦♥ ♦❜t❡♥✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞✐❛♠ètr❡ ❞❡s ♣♦r❡s✳
❈❤❛❝✉♥ ❞❡s ❡st✐♠❛t❡✉rs ❞❡ ❞❡♥s✐té ❞❡ ♣♦♣✉❧❛t✐♦♥ ❡st ❝❛❧❝✉❧é à ♣❛rt✐r ❞❡s é❝❤❛♥t✐❧❧♦♥s ♣❛r ❧❛ ♠é✲
t❤♦❞❡ ❞❡s ♥♦②❛✉① ✭✐❝✐ ❞❡s ♥♦②❛✉① ❣❛✉ss✐❡♥s ♦♥t été ❝❤♦✐s✐s✮✳ ❖♥ ❛ r❡♣rés❡♥té ❡♥ ❣r❛s ❧❛ ❝♦✉r❜❡
rés✉❧t❛♥t❡ q✉✐ ✉t✐❧✐s❡✱ ❞❛♥s ❝❤❛q✉❡ ❣❛♠♠❡ ❞❡ ❞✐❛♠ètr❡✱ ❧❡s ❞♦♥♥é❡s ✐ss✉❡s ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❧❛ ♣❧✉s
❛❞❛♣té❡✳

❋✐❣✉r❡ ✷✳✶ ✕ ❉❡♥s✐té ❞❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣♦r❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ❞✐❛♠ètr❡

✷✳✶✳✷ ▲❛ ❞✐✛✉s✐♦♥ ❞❡ ♥❡✉tr♦♥s ❛✉① ♣❡t✐ts ❛♥❣❧❡s

▲❡s ♠❛tér✐❛✉① à ❜❛s❡ ❞✬❛❝t✐♥✐❞❡s ét❛♥t ♣❡✉ ♣❡r♠é❛❜❧❡s ❛✉① r❛②♦♥s ❳ ❞✉ ❢❛✐t ❞❡ ❧❡✉r ♥♦♠❜r❡
❞❡ ❝❤❛r❣❡ ❩ é❧❡✈é ❀ ❧❡s ❳ tr❛✈❡rs❡♥t t♦✉t ❛✉ ♣❧✉s ✷✵✵ µm ❞❡ ♠❛tér✐❛✉✱ s❡✉❧s ❧❡s ♥❡✉tr♦♥s ♣❡✉✈❡♥t
tr❛✈❡rs❡r ✉♥ ♦❜❥❡t ❝❡♥t✐♠étr✐q✉❡ ❞✉ t②♣❡ ❞✬✉♥❡ ♣❛st✐❧❧❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❛♥❛❧②s❡ ♥♦♥ ❞❡str✉❝✲
t✐✈❡✳

▲❛ ❞✐✛✉s✐♦♥ ❛✉① ♣❡t✐ts ❛♥❣❧❡s ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ❢♦r♠❡ ❡t ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ♣❛rt✐✲
❝✉❧❡s✱ ❞❛♥s ♥♦tr❡ ❝❛s ❞❡s ♣♦r❡s✱ ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❤♦♠♦❣è♥❡✱ ❞❛♥s ♥♦tr❡ ❝❛s ❧❛ ♠❛tr✐❝❡ ♣U,PuqO2

❬❏P❈✶✾✾✾❪✳ P♦✉r ♠❡s✉r❡r ❞❡s t❛✐❧❧❡s ❞❡ 0,5 à 50nm ❛✈❡❝ ❞❡s ♥❡✉tr♦♥s ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❝♦♠✲
♣r✐s❡ ❡♥tr❡ 0,1 ❡t 0,2nm ✐❧ ❢❛✉t q✉❡ ❧✬❛♥❣❧❡ θ ❞✉ ✈❡❝t❡✉r ❞❡ ❞✐✛✉s✐♦♥ ~q ❛✈❡❝ q ✏ 4π

λ
sin ♣θ④2q s♦✐t

s✉✣s❛♠♠❡♥t ♣❡t✐t✳ ❯♥ ❢❛✐s❝❡❛✉ ❞❡ ♥❡✉tr♦♥s ❡st ❡♥✈♦②é s✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ♦♥ ét✉❞✐❡ ❧❡s ✈❛r✐❛t✐♦♥s
❞❡ ❧✬✐♥t❡♥s✐té ❞✐✛✉sé❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ θ✳

P❛r ❛✐❧❧❡✉rs✱ ♦♥ ✈❛ ✈♦✐r q✉❡ ♣❛r ❞✐✛✉s✐♦♥ ❞❡ ♥❡✉tr♦♥s ❛✉① ♣❡t✐ts ❛♥❣❧❡s✱ ♦♥ ♣❡✉t✱ ❧♦rsq✉❡ ❧❡✉r
❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❡st ♥é❣❧✐❣❡❛❜❧❡ ♣❛r r❛♣♣♦rt ❛✉① r❛②♦♥s ❞❡ ❝♦✉r❜✉r❡ ❞❡s ♣♦r❡s ✭ρ ✧ 100nm✮✱
♦❜t❡♥✐r ❧✬❛✐r❡ t♦t❛❧❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ s♦❧✐❞❡✴❣❛③✱ t❛♥❞✐s q✉❡ ❧♦rsq✉❡ ❝❡s ♣♦r❡s s♦♥t ♥❛♥♦♠étr✐q✉❡s✱
❝❡tt❡ t❡❝❤♥✐q✉❡ ❞♦♥♥❡ ❛✉ss✐ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ♣♦r❡s✳

❈❡tt❡ t❡❝❤♥✐q✉❡ ❛ ❞é❥à été ✉t✐❧✐sé❡ ❞❛♥s ❧❡s ét✉❞❡s ❞❡ ♠❛tér✐❛✉① ♥✉❝❧é❛✐r❡s ✭❬❆❉❍✶✾✽✸❪✮ ♣♦✉r
♠❡s✉r❡r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ♣❤❛s❡ s❡❝♦♥❞❛✐r❡ MgO ♣rés❡♥t❛♥t✱ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ♣♦r❡s✱
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✷✳✶✳ ■♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ✲ ❛✐r❡ ❡t ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡

✉♥ ❝♦♥tr❛st❡ ❛✉① ♥❡✉tr♦♥s ♣❛r r❛♣♣♦rt à ❧❛ ♠❛tr✐❝❡ UO2✳

▲❡s ❡ss❛✐s q✉❡ ♥♦✉s ❛✈♦♥s ré❛❧✐sés s✉r UO2 ❡t ♣U,PuqO2 ❡♥ ✈✉❡ ❞❡ ❧✬ét✉❞❡ ❞❡ ❧❡✉r ♣♦r♦s✐té
♦♥t été ré❛❧✐sés ❛✉ ▲❛❜♦r❛t♦✐r❡ ▲é♦♥ ❇r✐❧❧♦✉✐♥ ✭▲▲❇✮ s✉r ❧❛ ❧✐❣♥❡ ❞❡ ♥❡✉tr♦♥s P❆❳❊ ✭✺●✲✹✮ ❞✉
ré❛❝t❡✉r ❖r♣❤é❡ ❛✉ ❈❊❆ ❞❡ ❙❛❝❧❛②✳
▲❡ ❞✐s♣♦s✐t✐❢ ❡①♣ér✐♠❡♥t❛❧ ❡st ❝❡❧✉✐ r❡♣rés❡♥té ❡♥ ✜❣✉r❡ ✷✳✷✳ ▲❛ ❣r❛♥❞❡✉r ✐♥tér❡ss❛♥t❡✱ ❝❛r❛❝té✲

❋✐❣✉r❡ ✷✳✷ ✕ s❝❤é♠❛ ❞❡ ♣r✐♥❝✐♣❡ ❞✉ ❞✐s♣♦s✐t✐❢ ❉◆P❆ s✉r ❧❛ ❧✐❣♥❡ P❆❳❊ ❛✉ ▲▲❇ ✭❤tt♣ ✿✴✴✇✇✇✲
❧❧❜✳❝❡❛✳❢r✴❢r✲❡♥✴♣❞❢✴♣❛①❡✲❧❧❜✳♣❞❢✮

r✐st✐q✉❡ ❞✉ ♠❛tér✐❛✉ ét✉❞✐é ❡st ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ✭♣❛r ✉♥✐té ❞✬❛♥❣❧❡ s♦❧✐❞❡✮ ❡t ♣❛r
✉♥✐té ❞❡ ✈♦❧✉♠❡✱ ♥♦té❡ ✿ σ♣qq ♦ù ~q ❡st ❧❡ ✈❡❝t❡✉r ❞❡ ❞✐✛✉s✐♦♥ ❞❡s ♥❡✉tr♦♥s✳

σ♣qq ✏
dΣ

dΩ

✞✞✞✞
q

✭✷✳✶✮

▲❛ ❣r❛♥❞❡✉r ❞✐r❡❝t❡♠❡♥t ♠❡s✉ré❡ ♣❛r ❧❡ ❞ét❡❝t❡✉r ❳❨ ❡st ❧✬✐♥t❡♥s✐té ❞✐✛✉sé❡ IN ♣qq ❞❛♥s ❧✬❛♥❣❧❡
s♦❧✐❞❡ ∆Ω ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ❞ét❡❝t❡✉r✳ ❊❧❧❡s s♦♥t r❡❧✐é❡s ♣❛r ❧❛ r❡❧❛t✐♦♥ ✿

IN ♣qq ✏ Φ ǫA∆ΩT e σ♣qq ✭✷✳✷✮

❞❛♥s ❧❛q✉❡❧❧❡ ✿
✲ Φ ❡st ❧❡ ✢✉① ✐♥❝✐❞❡♥t ❞❡ ♥❡✉tr♦♥s ❡♥ cm2s✁1✱
✲ ǫ ❡st ❧✬❡✣❝❛❝✐té ❞✉ ❞ét❡❝t❡✉r ✭s❛♥s ✉♥✐té✮✱
✲ A ❧✬❛✐r❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❞✉ ❞ét❡❝t❡✉r ❡♥ cm2✱
✲ ∆Ω ❧✬❛♥❣❧❡ s♦❧✐❞❡ s♦✉s ❧❡q✉❡❧ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✭❝♦♥s✐❞éré ❝♦♠♠❡ ♣♦♥❝t✉❡❧✮ ♦♥ ✈♦✐t ✉♥❡ ❝❡❧❧✉❧❡
❞✉ ❞ét❡❝t❡✉r✱
✲ T ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✭s❛♥s ✉♥✐té✮✱
✲ e ❡st ❧✬é♣❛✐ss❡✉r ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡♥ cm✱
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❈❤❛♣✐tr❡ ✷✳ ▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

✲ σ ❡st ❡♥ cm✁1✳

P♦✉r ✉♥ ❡♥s❡♠❜❧❡ ❞✬❛t♦♠❡s ❞✐✛ér❡♥ts✱ ❝❤❛q✉❡ é❧é♠❡♥t α ❝♦♠♣♦rt❛♥t nα ❛t♦♠❡s ❞❡ ❧♦♥❣✉❡✉r
❞❡ ❞✐✛✉s✐♦♥ ❝♦❤ér❡♥t❡ aα ❡t ❞❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❞✐✛✉s✐♦♥ ✐♥❝♦❤ér❡♥t❡ σαinc ♦♥ ❛ ❬❏P❈✶✾✾✾❪ ✿

σ♣qq ✏
➳
α

nα
σinc

4π
�
➳
α,β

①aα② ①aβ②

nα,nβ➳
i,j

❇
e
i~q☎
�
~rαi ✁~r

β
j

✟❋
✭✷✳✸✮

♦ù i ❡t j ❞és✐❣♥❡♥t ❧❡s s✐t❡s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ❞❡s ❛t♦♠❡s q✉✐ ❞✐✛✉s❡♥t✳ ▲❡ ♣r❡♠✐❡r t❡r♠❡ q✉✐
❡st ✉♥❡ ❞✐✛✉s✐♦♥ ✐♥❝♦❤ér❡♥t❡ ✭♣❛s ❞❡ ❝♦❤ér❡♥❝❡ ❡♥tr❡ ❧❛ ♣♦s✐t✐♦♥ ❡t ❧❛ ✈❛❧❡✉r ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡✮
❡st ❝♦♥st❛♥t❡ ❡t ♥❡ ✈❛r✐❡ ♣❛s ❛✈❡❝ q✳ ❊❧❧❡ ♥✬❛♣♣♦rt❡ ♣❛s ❞✬✐♥❢♦r♠❛t✐♦♥ ❡♥ ❉◆P❆✱ ♦♥ ❧✬❡♥❧è✈❡ ❞✉
s✐❣♥❛❧✳
▲❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ♥✬❡st ♣❛s ✉t✐❧✐sé❡ s✉r ❧❡s ❛t♦♠❡s ❡✉①✲♠ê♠❡s ♠❛✐s s✉r ❞❡s ❣r♦✉♣❡s ❞✬❛t♦♠❡s
❛♣♣❡❧és ✧❞✐✛✉s❡✉rs✧✳ ■❧ ❡st ❞❡ ❧❛ ❢♦r♠❡ ✿

σcoh♣qq ✏
1

V
♣ρα ✁ ρβq

2

✞✞✞✞✞✞
➺
V

ei~q☎♣~r
α✁~rβqdV

✞✞✞✞✞✞
2

✭✷✳✹✮

❈❡tt❡ ❞❡r♥✐èr❡ ✐♥té❣r❛❧❡ ❞é♣❡♥❞ ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ s♦❧✐❞❡ q✉✐ ❡st ❛✉ss✐ r❡❧✐é❡ à s❡s ♣r♦♣r✐étés
t❤❡r♠♦❞②♥❛♠✐q✉❡s✳ ❊❧❧❡ s✬é❝r✐t ❡♥ t❡r♠❡s ❞❡ ❢❛❝t❡✉rs ❞❡ str✉❝t✉r❡s ♣❛rt✐❡❧s S ❡t ❞❡ ❢❛❝t❡✉rs ❞❡
❢♦r♠❡ P ❞❡s ♣❛rt✐❝✉❧❡s✳ P♦✉r ✉♥ ♠✐❧✐❡✉ ❜✐♣❤❛sé ❛✈❡❝ ✉♥ s♦❧✉té α ❡t ✉♥ s♦❧✈❛♥t l✱ ρα ✏ aα ✁ al

vα
vl

♦ù v r❡♣rés❡♥t❡ ❧❡ ✈♦❧✉♠❡✳
❆✉ ✜♥❛❧✱ ♣♦✉r ✉♥ ♠✐❧✐❡✉ ❜✐✲♣❤❛sé ♦♥ ❛ ✿

σcoh♣qq ✏ ♣∆ρq2NpVpS♣qqP ♣qq ✭✷✳✺✮

∆ρ ❡st ❛♣♣❡❧é ❝♦♥tr❛st❡✳ ❖♥ ❝❛❧❝✉❧❡ ✐❝✐ ❧❡ ❝♦♥tr❛st❡ ❡♥tr❡ ♣U0,89Pu0,11qO2 ❡t ❧✬❛✐r✳ bmatrice ✏

0,89 bUO2 � 0,11 bPuO2 ❛✈❡❝ bUO2 ✏
b238U�2 bO

3 ❡t b238U ✏ 0,8417 10✁12cm ❡t bO ✏ 0,58 10✁12cm

❛✈❡❝ 74% ❞❡ 239Pu ❡t 19% ❞❡ 240Pu ♦♥ ❛ bPu ✔ 0,74☎0,77 10✁12�0,19☎0,35 10✁12 ✔ 0,686 10✁12cm✳
P❛r ❛✐❧❧❡✉rs✱ Vat ✔ 13,578➴3✳ ❖♥ ❛rr✐✈❡ à ✉♥ ❝♦♥tr❛st❡ ♣∆ρq2 ✏ 2.05 10✁3

■❧ r❡st❡ à tr❛✐t❡r ❧❡s t❡r♠❡s S♣qq ❡t P ♣qq✳ ■❧s ❞é♣❡♥❞❡♥t ❞❡s ❛♣♣r♦①✐♠❛t✐♦♥s ❧❡s ♣❧✉s ❛❞❛♣té❡s
❛✉ s②stè♠❡ q✉❡ ❧✬♦♥ ét✉❞✐❡ q✉❛♥t à ❧❛ ❢♦r♠❡ ❡t ❧❛ t❛✐❧❧❡ ❞❡s ✐♥❝❧✉s✐♦♥s ✭✈✐s✲à✲✈✐s ❞❡ ❧❛ ❧♦♥❣✉❡✉r
❞✬♦♥❞❡ ❞❡s ♥❡✉tr♦♥s✮✳

❙✐ ❧❛ t❛✐❧❧❡ ❞❡s ♣♦r❡s ❡st ♣❡t✐t❡ ❞❡✈❛♥t ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡s ♥❡✉tr♦♥s ❛❧♦rs✱ ♦♥ ❡st ❞❛♥s ❧❡
❝❛s ❞❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ●✉✐♥✐❡r ✿

I♣qq ✏ I♣0qe✁
1
3
ξ2q2 ✭✷✳✻✮

❛✈❡❝ ξ ❧❡ r❛②♦♥ ❞❡ ❧✬✐♥❝❧✉s✐♦♥✱ ❛♣♣❡❧é r❛②♦♥ ❞❡ ❣✐r❛t✐♦♥✱ s♦✐t ✉♥❡ ❧♦✐ ❡♥ ❧♦❣❛r✐t❤♠❡s ❞❡ t②♣❡ ✿
ln♣I♣qqq ✏ ln♣I♣0q ✁ q2ξ2

3 ✳

P♦✉r ❧❡s ♣♦r❡s ❞❡ ❣r❛♥❞❡ t❛✐❧❧❡ ❞❡✈❛♥t ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱ ❧✬❛❧❧✉r❡ ❞❡ ln♣Iq ❡♥ ❢♦♥❝t✐♦♥ ln♣qq
❡st ✉♥❡ ❞r♦✐t❡ ❞é❝r♦✐ss❛♥t❡ ❞❡ ♣❡♥t❡ ✁4 ✭❧♦✐ ❞❡ P♦r♦❞✮✳ ❉❛♥s ❝❡tt❡ ♣❧❛❣❡✱ ❧❡s ♥❡✉tr♦♥s ✈♦✐❡♥t ❧❡s
✐♥t❡r❢❛❝❡s ❣r❛✐♥✴❣❛③ ❝♦♠♠❡ s✬✐❧ s✬❛❣✐ss❛✐t ❞❡ ♣❧❛♥s✳ ▲✬❛♣♣r♦①✐♠❛t✐♦♥ s✉✐✈❛♥t❡ ❡st ❛❧♦rs ✈❛❧❛❜❧❡ ✿

I ✔ 2π ♣∆ρq2 φ ♣1✁ φq
4

ξ

1

q4
✭✷✳✼✮

✶✶✻



✷✳✶✳ ■♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ✲ ❛✐r❡ ❡t ❝♦✉r❜✉r❡ ♠♦②❡♥♥❡

❞❛♥s ❧❛q✉❡❧❧❡ ❧❡ t❡r♠❡ φ ♣1✁ φq 4
ξ
r❡♣rés❡♥t❡ ❧✬❛✐r❡ ❞✬✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡ ❞❡

♠❛tér✐❛✉✳ ❈✬❡st ❛✐♥s✐ ✉♥❡ ❣r❛♥❞❡✉r ❛❝❝❡ss✐❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ❣r♦s ♣♦r❡s✳

❉❡✉① sér✐❡s ❞✬é❝❤❛♥t✐❧❧♦♥s s♦♥t été ét✉❞✐é❡s ✿ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ♣U,PuqO2 ❞♦♥t ❝❡rt❛✐♥s
♦♥t été ❞♦♣és ❛✉ ❝❤r♦♠❡✱ ❞✬❛✉tr❡s ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ UO2✳ ❈❡ s♦♥t ❞❡s ♣❛st✐❧❧❡s ❞❡ 5,6mm ❞❡
❞✐❛♠ètr❡ ❡t ❞❡ 0,7mm ❞✬é♣❛✐ss❡✉r✳
❙✉r ✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ ♣U,PuqO2 ♣❡✉ ❢r✐tté ✭1550✆C✮✱ ❛♣♣❡❧é ✧▼■❘✺✺✧✱ ❧❛ ♣♦r♦s✐té ❡st ❡♥❝♦r❡ ❞❡
t❛✐❧❧❡ ✐♠♣♦rt❛♥t❡✳ ❊❧❧❡ ❛ été ét✉❞✐é❡ à ✸ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ✿ ✻✱ ✶✺ ❡t ✷✵ ➴✳ ❖♥ tr♦✉✈❡✱ ♣♦✉r ❝❡t

❋✐❣✉r❡ ✷✳✸ ✕ ➱t✉❞❡ ♣❛r ❉◆P❆ ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ ♣U,PuqO2 ✭▼■❘✺✺✮

é❝❤❛♥t✐❧❧♦♥✱ ✉♥❡ r❡❧❛t✐♦♥ ❧✐♥é❛✐r❡ ❡♥tr❡ Iq4 ❡t q4 ❞❡ t②♣❡ ❧♦✐ ❞❡ P♦r♦❞ ❞♦♥t ❧✬♦r❞♦♥♥é❡ à ❧✬♦r✐❣✐♥❡
y0 ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❧✬❛✐r❡ t♦t❛❧❡ ❞❡ ❝❡s ✐♥t❡r❢❛❝❡s ❞❛♥s ❧❡ ✈♦❧✉♠❡ tr❛✈❡rsé ♣❛r ❧❡ ❢❛✐s❝❡❛✉ ❞❡
♥❡✉tr♦♥s✳

❯♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ UO2 ♣rés❡♥t❛✐t ❞❡s ♣♦r❡s ❞❡ t❛✐❧❧❡ ♥❛♥♦♠étr✐q✉❡✳ ❉❛♥s ❝❡ ❝❛s ❞❡ ✜❣✉r❡
❧❛ ❉◆P❆ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❝♦♠♠❡ ✐♥❢♦r♠❛t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ ❧❛ t❛✐❧❧❡ ❞❡s ♣♦r❡s✳

❖♥ ❛ ❛❧♦rs ♣✉ ❝❛❧❝✉❧❡r ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r✐tt❛❣❡ ❞♦♥♥é❡ ♣❛r ❘❡✐❞ ✹✳✶ ♣✳ ✷✼ ❡t ❛✐♥s✐ ❡st✐♠❡r
❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r✐tt❛❣❡✳ ▲❛ ❞ér✐✈é❡ ♣❛r r❛♣♣♦rt à ❧❛ ❞❡♥s✐té ❡st ❢❛✐t❡ ♣❛r ❞✐✛ér❡♥❝❡ ✜♥✐❡ ❡♥tr❡
❧❡s ✈❛❧❡✉r ❞❡ ♥♦s ✭q✉❡❧q✉❡s✮ ❞✐✛ér❡♥ts é❝❤❛♥t✐❧❧♦♥s✱ ♣ré❧❡✈és à ❞✐✛ér❡♥ts ✐♥st❛♥ts ❞✉ ❢r✐tt❛❣❡✱ ❞❡
♥♦tr❡ sér✐❡✳ ❖♥ ✈♦✐t q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❞♦♣é ❝❤r♦♠❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r✐tt❛❣❡ ❡st
❢❛✐❜❧❡ ❞ès 1600✆C✱ s✐❣♥✐✜❛♥t q✉✬✐❧ ♥❡ r❡st❡ q✉✬✉♥ ❢❛✐❜❧❡ ♠♦t❡✉r ♣♦✉r ❧❛ ♣♦✉rs✉✐t❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥
❞❛♥s ❧❛ s✉✐t❡ ❞✉ tr❛✐t❡♠❡♥t t❤❡r♠✐q✉❡✳

✶✶✼



❈❤❛♣✐tr❡ ✷✳ ▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

❋✐❣✉r❡ ✷✳✹ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❛✐r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❣r❛✐♥✴❣❛③ ✭❉◆P❆✮ ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❞✉ ▼❖❳ ✲ ❡✛❡t
❞❡ ❧✬❛❞❞✐t✐❢ Cr2O3

❋✐❣✉r❡ ✷✳✺ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r✐tt❛❣❡ ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❞✉ ▼❖❳ ✲ ❡✛❡t ❞❡ ❧✬❛❞❞✐t✐❢
Cr2O3

✷✳✷ ❚❡①t✉r❡ ✸❉

❯♥❡ ❛✉tr❡ ❡①♣ér✐❡♥❝❡ ❛ été ♠❡♥é❡ ❛✉ ▲▲❇ s✉r ❧❛ ❧✐❣♥❡ ✸❚✶ ❡♥ ✈✉❡ ❞✬é✈❛❧✉❡r ❧❡ s✉✐✈✐ ❞✉ ♥♦♠❜r❡
❞❡ ❣r❛✐♥s ❧♦rs ❞✉ ❢r✐tt❛❣❡ à ❧✬❛✐❞❡ ❞✬✉♥❡ ét✉❞❡ ❞❡ ❧❛ t❡①t✉r❡ ✸❉ ❛✉① ♥❡✉tr♦♥s✳ ❊❧❧❡ ♣❡r♠❡ttr❛✐t ❞❡
s✉✐✈r❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ✈♦❧✉♠❡ ❞❡ ❝❤❛❝✉♥❡ ❞❡s ♦r✐❡♥t❛t✐♦♥s ❝r✐st❛❧❧✐♥❡s ❞✐✛ér❡♥t❡s ❧♦rs ❞✉ ❢r✐tt❛❣❡
✭❞✐✛r❛❝t✐♦♥ ❞❡ ♥❡✉tr♦♥s✮✳

❈❡tt❡ t❡❝❤♥✐q✉❡ ❝♦♥s✐st❡ à tr❛❝❡r✱ à ♣❛rt✐r ❞❡s ✐♥t❡♥s✐tés ❞✐✛r❛❝té❡s✱ ❧❡s ✜❣✉r❡s ❞❡ ♣ô❧❡s ❞✐r❡❝t❡s
♣♦✉r ✉♥❡ ♦r✐❡♥t❛t✐♦♥ thkl✉ ❞♦♥♥é❡✱ ❝♦♠♠❡ ✐♥❞✐q✉é ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✻✳ ■❧ s✬❛❣✐t ❞❡ ❧❛ ♣r♦❥❡❝t✐♦♥
stéré♦❣r❛♣❤✐q✉❡ s✉r ✉♥ ♣❧❛♥ ❞❡ ré❢ér❡♥❝❡ ✭s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✮ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ✈♦❧✉♠✐q✉❡
❞❡s ❞❡♥s✐tés ❞❡ ♣ô❧❡s f♣~gq ✭❛✈❡❝ ~g ✏ ♣h, k, lq ❞❛♥s ✉♥ r❡♣èr❡ ❧✐é à ❧✬é❝❤❛♥t✐❧❧♦♥✮ ❞❡ t♦✉s ❧❡s
❝r✐st❛❧❧✐t❡s ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ s♦♥❞é ❬▼❍▼✷✵✵✽❪✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s ❝r✐st❛❧❧✐t❡s ❞♦♥t ❧❡s ♦r✐❡♥t❛t✐♦♥s ♥❡

✶✶✽



✷✳✷✳ ❚❡①t✉r❡ ✸❉

❋✐❣✉r❡ ✷✳✻ ✕ Pr♦❥❡❝t✐♦♥ stéré♦❣r❛♣❤✐q✉❡ ❬▼❍▼✷✵✵✽❪

❞✐✛èr❡♥t q✉❡ ♣❛r r♦t❛t✐♦♥ ❞✬✉♥ ❛♥❣❧❡ γ ❛✉t♦✉r ❞❡ ➔ hkl → s✬❛❞❞✐t✐♦♥♥❡♥t ❞❛♥s ❧❛ ✜❣✉r❡ ❞❡ ♣ô❧❡ ✿

qhkl♣χ, φq ✏
1

2π

2π➺
0

f ♣~gq dγ ✭✷✳✽✮

❙✉r ❧❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ♣U,PuqO2 t❡stés ✭♣❛st✐❧❧❡s ❞✬✉♥ ✈♦❧✉♠❡ ❞❡ ❧✬♦r❞r❡ ❞✉ cm3✱ ♠ê♠❡ ❛♣rès
❢r✐tt❛❣❡ à 1700✆C✱ ✐❧ r❡st❛✐t s✉✣s❛♠♠❡♥t ❞❡ ❞✐r❡❝t✐♦♥s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ❞✐✛ér❡♥t❡s ♣♦✉r q✉❡
❧❛ t❡①t✉r❡ s♦✐t ❡♥❝♦r❡ ❝❡❧❧❡ ❞✬✉♥ ♠❛tér✐❛✉ t♦t❛❧❡♠❡♥t ❞és♦r✐❡♥té ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ✜❣✉r❡ ✷✳✼✳

❋✐❣✉r❡ ✷✳✼ ✕ ❋✐❣✉r❡ ❞❡ ♣ô❧❡s t111✉ ❡t t220✉ ♦❜t❡♥✉❡s ♣❛r ❞✐✛r❛❝t✐♦♥ ❞❡ ♥❡✉tr♦♥s

✶✶✾



❈❤❛♣✐tr❡ ✷✳ ▼♦②❡♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s

✷✳✸ ❆✉tr❡s t❡❝❤♥✐q✉❡s

▲❛ ♠✐❝r♦s❝♦♣✐❡ é❧❡❝tr♦♥✐q✉❡ ❛✈❡❝ ❞✐✛r❛❝t✐♦♥ ❞✬é❧❡❝tr♦♥s ✭❊❧❡❝tr♦♥ ❇❛❝❦✲s❝❛tt❡r❡❞ ❉✐✛r❛❝t✐♦♥
✲ ❊❇❙❉✮ ♣♦✉rr❛✐t ❛♣♣♦rt❡r ❧✬✐♥❢♦r♠❛t✐♦♥ ❞❡ ✈❛r✐❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❣r❛✐♥s ❛✉ ❝♦✉rs ❞✉ ❢r✐tt❛❣❡
s✉r ❞❡s ❝♦✉♣❡s ✷❉ ❞✬é❝❤❛♥t✐❧❧♦♥s ♣ré❧❡✈és à ❞✐✛ér❡♥ts ✐♥st❛♥ts ❞✉ ❝②❝❧❡ ❞❡ ❢r✐tt❛❣❡✳

✶✷✵



✸

❈♦♥❝❧✉s✐♦♥

❖♥ ❛ ✈✉ q✉✬à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❛❣❣❧♦♠ér❛t ❞❡ ♣U,PuqO2✱ ❧❛ t♦♠♦❣r❛♣❤✐❡ ❳ ❤❛✉t❡ rés♦❧✉t✐♦♥ ét❛✐t
✉♥ ♦✉t✐❧ ♣♦t❡♥t✐❡❧ ❞❡ s✉✐✈✐ ❞✉ ❢r✐tt❛❣❡ s✉r ❞❡s é❝❤❛♥t✐❧❧♦♥s ♣ré❧❡✈és t♦✉t ❛✉ ❧♦♥❣ ❞✉ ❝②❝❧❡ ❞❡
❢r✐tt❛❣❡✳

❚❛♥❞✐s q✉✬à ❝❡tt❡ ♠ê♠❡ é❝❤❡❧❧❡✱ ❡t ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ s✉♣ér✐❡✉r❡✱ ❧❡ ▼❊❇ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧
❞♦♥♥❛✐t ❞❡s ✐♥❢♦r♠❛t✐♦♥s ✐♥ s✐t✉ ♠❛✐s ❡♥ ♥❡ ♣♦✉✈❛♥t ♦❜s❡r✈❡r q✉❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❈❡✲
♣❡♥❞❛♥t✱ ❧❛ t❛✐❧❧❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s ét❛♥t ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❝❤❛♠♣✱ ♦♥ ♣❡✉t ♦❜s❡r✈❡r
❧❛ ❞❡♠✐✲é♣❛✐ss❡✉r ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✈✉❡ ❞❡ ❧✬❡①tér✐❡✉r✳

➚ ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛st✐❧❧❡✱ ❧❛ ❉✐✛✉s✐♦♥ ❞❡ ◆❡✉tr♦♥s ❛✉① P❡t✐ts ❆♥❣❧❡s ❡st ✉♥ ♦✉t✐❧ q✉✐ ✈✐❡♥t
❝♦♠♣❧ét❡r ❧❡s ♦❜s❡r✈❛t✐♦♥s ♦♣t✐q✉❡s ❡t ❞❡ ▼✐❝r♦s❝♦♣✐❡ ➱❧❡❝tr♦♥✐q✉❡ ❡♥ ❇❛❧❛②❛❣❡ ♣♦✉r ❝❡ q✉✐
❝♦♥❝❡r♥❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ♣♦r❡s ❛ss♦❝✐és✱ ❡t ❝❡ s❛♥s ♣r♦❜❧è♠❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞✉
❢❛✐t ❞✉ ✈♦❧✉♠❡ ❞❡ ♠❛tér✐❛✉ s♦♥❞é✳

✶✷✶



❈❤❛♣✐tr❡ ✸✳ ❈♦♥❝❧✉s✐♦♥

✶✷✷



❈♦♥❝❧✉s✐♦♥ ✲ ♣❡rs♣❡❝t✐✈❡s

➚ ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ♦♥ ♣❡✉t ❝♦♥s✐❞ér❡r q✉❡ ❧❡ ♠♦❞è❧❡ ❞é✈❡❧♦♣♣é ❛♣♣♦rt❡ ❞❡✉① ♥♦✉✈❡❛✉✲
tés ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s ♠♦❞è❧❡s ❛♥❛❧♦❣✉❡s ✿ ✐❧ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❛ ❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡ ❣râ❝❡ à
❧❛ ❝♦♥t✐♥✉✐té ❞✉ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❡t ❞♦♥❝ ❞✉ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞✉ ❣r❛✐♥✳
■❧ ♥é❝❡ss✐t❡✱ ❝❡♣❡♥❞❛♥t✱ ❡♥❝♦r❡ ❞✉ tr❛✈❛✐❧ ♥✉♠ér✐q✉❡ ❡t ❞✬êtr❡ é♣r♦✉✈é ❡♥ ❧❡ ❝♦♥❢r♦♥t❛♥t à ✉♥
❛ss❡③ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❝❛s ❞❡ ✜❣✉r❡ ❞❡ s✐♠✉❧❛t✐♦♥✳ ❉✉ ♣♦✐♥t ❞❡ ✈✉❡ ❡①♣ér✐♠❡♥t❛❧ ❞❡s ❞♦♥♥é❡s
❝♦♥s♦❧✐❞é❡s ❞❡ ❝÷✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ✐♥t❡r❣r❛♥✉❧❛✐r❡s ❡t ❡♥ ✈♦❧✉♠❡ s✉r ✉♥ ♠ê♠❡ ❧♦t ❞❡ ♠❛tér✐❛✉
✭❝❡ q✉✐ ❡st r❛r❡♠❡♥t ❧❡ ❝❛s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✮ ♣♦✉rr❛✐❡♥t êtr❡ ✐♥tér❡ss❛♥t❡s ❛✜♥ ❞❡ s✬❛✛r❛♥❝❤✐r
❞❡s ✈❛r✐❛t✐♦♥s ✐♥t❡r✲❧♦ts ❞❡ t❡♥❡✉rs ❡♥ ✐♠♣✉r❡tés✳
❊♥ ✈✉❡ ❞❡ ♣❛ss❡r à ✉♥❡ é❝❤❡❧❧❡ s✉♣ér✐❡✉r❡ ✭s✐♠✉❧❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✬✉♥❡ ❞✐③❛✐♥❡ ❞❡ ❣r❛✐♥s ❛✉
❝♦♥t❛❝t✮ ✉♥ tr❛✈❛✐❧ ❞❡ ♣❛r❛❧❧é❧✐s❛t✐♦♥ ❞✉ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ s❡r❛✐t à ❞é✈❡❧♦♣♣❡r ❛✜♥
❞❡ ♠❡ttr❡ ❡♥ ÷✉✈r❡ ❧✬❛❧❣♦r✐t❤♠❡ ❞❡ t②♣❡ ▼❛r✐♥✐✲◗✉❛t❡r♦♥✐✳

▲❡s ❢♦♥❝t✐♦♥♥❛❧✐tés ❞✉ ♠♦❞è❧❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡ ❞❡ ❢r✐tt❛❣❡ ♦♥t ❝♦♠♠❡♥❝é à êtr❡ ét❡♥✲
❞✉❡s ❛✉ ❢r✐tt❛❣❡ ❙♣❛r❦ P❧❛s♠❛ ❙✐♥t❡r✐♥❣ ✭❙P❙✮ ❡♥ ❛❥♦✉t❛♥t ✉♥ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡ ❝❛❧❝✉❧é ❞❛♥s ❧❡
✈♦❧✉♠❡ ❞❡s ❣r❛✐♥s ❡t ✉♥ ❝❤❛♠♣ ❞❡ t❡♠♣ér❛t✉r❡ ✈❛r✐❛❜❧❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❞✉ ❢❛✐t ❞❡s s♦✉r❝❡s ❧♦❝❛❧❡s
❞❡ ❝❤❛❧❡✉r ✐♥❞✉✐t❡s ♣❛r ❧✬❡✛❡t ❏♦✉❧❡ ❞✉ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ❞❡ ❧❛ ♠❛❝❤✐♥❡ ❙P❙✳ ❖♥ ❛ ♣✉ r❡tr♦✉✈❡r✱
♣❛r ❡①❡♠♣❧❡✱ ❧❡ ❢❛✐t q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡st ♣❧✉s é❧❡✈é❡ ❡♥ ♣ér✐♣❤ér✐❡ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥s ❧à ♦ù
❧❡s ❧✐❣♥❡s ❞❡ ❝♦✉r❛♥t s❡ r❡ss❡rr❡♥t✳ ▲❛ ❝♦❧❧❛❜♦r❛t✐♦♥ s✉r ❧❡ s✉❥❡t ❛✈❡❝ ❧❡ ❙❈P❚❙ ❞❡ ▲✐♠♦❣❡s s❡
♣♦✉rs✉✐t t♦✉❥♦✉rs ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ❘❛❞♦st✐♥ ❇❧❛③❤❡✈ ✭❆♥♥❡①❡ ❈✱ ♣✳✶✸✸✮✳

❉❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s✱ ❧♦rsq✉❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ à ❝♦♠♣♦s✐t✐♦♥ ❝♦♥st❛♥t❡ s❡r❛ ❥✉❣é❡ s❛t✐s✲
❢❛✐s❛♥t❡✱ ❧✬❛❞❥♦♥❝t✐♦♥ ❛✉ ♠♦❞è❧❡ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❝❤✐♠✐q✉❡ ❞❡s é❧é♠❡♥ts s❡r❛ ♣♦ss✐❜❧❡✳

❉❛♥s ❧✬♦♣t✐q✉❡ ❞❡ s✐♠✉❧❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✬✉♥ ❱♦❧✉♠❡ ➱❧é♠❡♥t❛✐r❡ r❡♣rés❡♥t❛t✐❢ ❞✬✉♥ r❡✲
tr❛✐t ❞❡ ❝÷✉r ❞❡ ♣❛st✐❧❧❡✱ ❥❡ ❝♦✲❡♥❝❛❞r❡ ✉♥❡ t❤ès❡ ❡♥ ❝♦✉rs✱ ❝❡❧❧❡ ❞❡ ❙②❧✈❛✐♥ ▼❛rt✐♥ ✐♥t✐t✉❧é❡
✧▼♦❞é❧✐s❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ ❞❡ ❧❛ ♣❛st✐❧❧❡ ❞❡ ♠❛tér✐❛✉✧✱ ✭❞é❜✉t ❞❡ ❧❛ 3ime ❛♥♥é❡ ❞❡ t❤ès❡✮✱ ❛✈❡❝
❝♦♠♠❡ ❞✐r❡❝t❡✉rs ❞❡ t❤ès❡ ✿ ❑✳ ❙❛❧❡❤ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ❚❡❝❤♥♦❧♦❣✐❡ ❞❡ ❈♦♠♣✐è❣♥❡✱ ❏✳ ❋♦rt✐♥
❡t ▼✳ ●✉❡ss❛s♠❛ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ P✐❝❛r❞✐❡✲❏✉❧❡s✲❱❡r♥❡✮✳ ▲❛ ♠ét❤♦❞❡ ❞❡s ➱❧é♠❡♥ts ❉✐s❝r❡ts
✭❉②♥❛♠✐q✉❡ ❞❡s ❈♦♥t❛❝ts✮ ② ❡st ♠✐s❡ ❡♥ ÷✉✈r❡ ♣♦✉r r❡♣rés❡♥t❡r ❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ✉♥ ❣r❛♥❞
♥♦♠❜r❡ ❞❡ ❣r❛✐♥s✳ ▲❡s ♣❛rt✐❝✉❧❡s s♦♥t r❡♣rés❡♥té❡s ♣❛r ❞❡s s♣❤èr❡s ❞♦♥t ❧✬✐♥t❡r♣é♥étr❛t✐♦♥ ❡st
❛✉t♦r✐sé❡ ♣♦✉r r❡♣rés❡♥t❡r ❧❛ ❞❡♥s✐✜❝❛t✐♦♥✳ P❧✉s✐❡✉rs ❛rt✐❝❧❡s ♦♥t ♠♦♥tré ❧❛ ♣❡rt✐♥❡♥❝❡ ❞❡ ❝❡tt❡
❛♣♣r♦❝❤❡ ✭❬▲❘❖✷✵✶✵❪✱ ❬❈▲▼✷✵✶✵❪✮✳ ▲❛ ❧♦✐ ❞❡ ❝♦♥t❛❝t ❡st ❝♦♠♣♦sé❡ ❞✬✉♥❡ ❢♦r❝❡ ❛ttr❛❝t✐✈❡ ❡t ❞✬✉♥
❢r❡✐♥ ✈✐sq✉❡✉① q✉✐ ✐♥tè❣r❡ ❧❡s ❛s♣❡❝ts ❝✐♥ét✐q✉❡s✳ ▲❛ ❢♦r❝❡ ❛ttr❛❝t✐✈❡ ♣r♦✈✐❡♥t ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡
r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡ ❡♥tr❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞✉ ❣r❛✐♥ ❡t ❧❛ s✉r❢❛❝❡ ❞✉ ❥♦✐♥t ❞❡ ❣r❛✐♥s q✉✐ tr❛❞✉✐t
✉♥ ❣r❛❞✐❡♥t ❞❡ ❝♦♥tr❛✐♥t❡ ❝♦rr❡s♣♦♥❞❛♥t✳ ▲❡ ❢r❡✐♥ ✈✐sq✉❡✉① r❡♣rés❡♥t❡ ❧❛ ❞✐✛✉s✐♦♥ ❛✉ ❥♦✐♥t ❞❡
❣r❛✐♥s q✉✐✱ ❡♥ ❝ré❛♥t ✉♥ ❞é❢❛✉t ❞❡ ♠❛t✐èr❡ ❛✉ ♣♦✐♥t ❞❡ ❝♦♥t❛❝t✱ ❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❞❡♥s✐✜❝❛t✐♦♥✳
P♦✉r ❞❡s ❣r❛✐♥s ❞❡ ❧✬♦r❞r❡ ❞✉ ♠✐❝r♦♠ètr❡✱ ❧❡s ❢♦r❝❡s ❞✬✐♥t❡r❛❝t✐♦♥s ❞❡✈✐❡♥♥❡♥t très ❣r❛♥❞❡s ❡♥
❝♦♠♣❛r❛✐s♦♥ ❛✉ ♣♦✐❞s ❞❡s ♣❛rt✐❝✉❧❡s✳ ❉❡ ♣❧✉s✱ ❧❡s ✈✐t❡ss❡s ❞❡ ❞❡♥s✐✜❝❛t✐♦♥ ♣❡✉✈❡♥t ✈❛r✐❡r ❞❡ s❡♣t

✶✷✸



❈♦♥❝❧✉s✐♦♥ ✲ ♣❡rs♣❡❝t✐✈❡s

♦✉ ❤✉✐t ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉rs ❡♥tr❡ ❧❡s ❝♦♥t❛❝ts ✈♦✐s✐♥s s❡❧♦♥ ❧✬❛✈❛♥❝❡♠❡♥t ❞✉ ❢r✐tt❛❣❡ ❞❡ ❝❤❛❝✉♥
❞❡s ❝♦♥t❛❝ts✳ ▲❛ rés♦❧✉t✐♦♥ ❞✬✉♥ t❡❧ s②stè♠❡ ♣♦s❡ ❞❡s ♣r♦❜❧è♠❡s ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ❡t ❞❡ st❛❜✐❧✐té
♥✉♠ér✐q✉❡✳
▲❡ ♣r✐♥❝✐♣❛❧ ❛✈❛♥t❛❣❡ ❞❡ ❧❛ ❉②♥❛♠✐q✉❡ ❞❡s ❈♦♥t❛❝ts ❬▼❏✶✾✾✾❪ ❡st ❞❡ ♣❡r♠❡ttr❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥
♣❛s ❞❡ t❡♠♣s é❧❡✈é✱ t②♣✐q✉❡♠❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ 10✁3s✱ ❣râ❝❡ à ✉♥ s❝❤é♠❛ ❞❡ rés♦❧✉t✐♦♥ ✐♠♣❧✐❝✐t❡✳
❆ t✐tr❡ ❞❡ ❝♦♠♣❛r❛✐s♦♥✱ ❧❡s ♠ét❤♦❞❡s ❡①♣❧✐❝✐t❡s ❛✉t♦r✐s❡♥t ✉♥ ♣❛s ❞❡ t❡♠♣s ♠❛①✐♠✉♠ ❞❡ ❧✬♦r❞r❡
❞❡ 10✁15s ❞❛♥s ❧❡ ❝❛s ❞❡ ♣❛rt✐❝✉❧❡s ♠ét❛❧❧✐q✉❡s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❝r♦♠ètr❡s ❬▲❘❖✷✵✶✵❪✳
▲❡ ♠♦❞è❧❡ ❛ été ✐♠♣❧é♠❡♥té ❞❛♥s ❧❡ ❝♦❞❡ ▼❯▲❚■❈❖❘ ❞é✈❡❧♦♣♣é à ❧✬❯♥✐✈❡rs✐té ❞❡ P✐❝❛r❞✐❡ ❏✉❧❡s
❱❡r♥❡ ❬▼❏❋✷✵✵✺❪✳ ❉❡s s✐♠✉❧❛t✐♦♥s ♦♥t été ❡✛❡❝t✉é❡s ♣♦✉r ❞❡s ❡♠♣✐❧❡♠❡♥ts ♠♦♥♦❞✐s♣❡rs❡s ❡t ♣♦✲
❧②❞✐s♣❡rs❡s ❞❡ ✶✺✵✵ ♣❛rt✐❝✉❧❡s ❡♥ ✷❉✳
▲❡s ❛s♣❡❝ts ♥✉♠ér✐q✉❡s s♦♥t ét✉❞✐és✱ ❛✜♥ ❞✬♦♣t✐♠✐s❡r ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ❡t ❧❛ ♣ré❝✐s✐♦♥ ❞❡s ré✲
s✉❧t❛ts✱ ❝♦♠♠❡ ❧✬✐♥✢✉❡♥❝❡ ❞✉ ♣❛s ❞❡ t❡♠♣s✱ ❧✬✐♥✐t✐❛❧✐s❛t✐♦♥ ❞❡s ❢♦r❝❡s ❞❡ ❝♦♥t❛❝t✱ ♦✉ ❧❛ r❡❝❤❡r❝❤❡
❞✬✉♥ ❝r✐tèr❡ ❞✬❛rrêt ❞❡s ✐tér❛t✐♦♥s ❧❡ ♣❧✉s r❡♣rés❡♥t❛t✐❢ ♣♦ss✐❜❧❡ ❞❡ ❧✬ét❛t ❞✉ s②stè♠❡✳ ❆❝t✉❡❧❧❡✲
♠❡♥t✱ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❝❛r❛❝tér✐st✐q✉❡s✱ t❡❧ ❧❡ r❛②♦♥ ❞✉ ❝♦✉✱ s❡ s✉♣❡r♣♦s❡ ❜✐❡♥ ❛✈❡❝
❧✬é✈♦❧✉t✐♦♥ ❛✣♥❡ ❝❛r❛❝tér✐st✐q✉❡ ❞✬✉♥ ❢r✐tt❛❣❡ s❛♥s ré❛rr❛♥❣❡♠❡♥t✳ ▲❛ ✈❡rs✐♦♥ ✸❉ ❛ ♣❡r♠✐s ❞❡
✈❛❧✐❞❡r ❧❡s rés✉❧t❛ts✱ ❞❡ ❢❛ç♦♥ ♣❧✉s ♣ré❝✐s❡✱ ❛✈❡❝ ❧❡ s✉✐✈✐ ❞❡s ♣❛r❛♠ètr❡s ❝❛r❛❝tér✐st✐q✉❡s t❡❧s ❧❛
❞❡♥s✐té✱ ❧❛ ♥♦♠❜r❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❡t ❧❡ ré❛rr❛♥❣❡♠❡♥t ❞❡s ❣r❛✐♥s✳

P♦✉r ❧❡s ét✉❞❡s r❡❧❛t✐✈❡s à ❧✬❛❞❥✉✈❛♥t Cr2O3✱ ❞❡s ♣♦✐♥ts r❡st❡♥t ❡♥❝♦r❡ à é❝❧❛✐r❝✐r✱ ♥♦t❛♠♠❡♥t
❧❛ ❞é♠♦♥str❛t✐♦♥ ❞✬✉♥❡ é✈❡♥t✉❡❧❧❡ ♣❤❛s❡ ❛♠♦r♣❤❡ ❛✉① ❥♦✐♥ts ❞❡ ❣r❛✐♥s q✉✐ s❡r❛✐t ❧❡ ✈❡st✐❣❡ ❞✬✉♥
✜❧♠ ❧✐q✉✐❞❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ CrO ❞❡✉① ❡①♣ér✐❡♥❝❡s s♦♥t ♣ré✈✉❡s à ❝❡tt❡ ✜♥ ✿ ❞✬✉♥❡ ♣❛rt ♦♥ ❛
❡♥✈♦②é ❞❡s é❝❤❛♥t✐❧❧♦♥s à ❧✬■♥st✐t✉t ❞❡s ❚r❛♥s✉r❛♥✐❡♥s à ❑❛r❧sr✉❤❡ ♣♦✉r ❞❡s ♦❜s❡r✈❛t✐♦♥s ❛✉ ♠✐✲
❝r♦s❝♦♣❡ é❧❡❝tr♦♥✐q✉❡ à tr❛♥s♠✐ss✐♦♥ s✉r ❧❛♠❡s ♠✐♥❝❡s✱ ❞✬❛✉tr❡ ♣❛rt ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❳P❙✲❯P❙
❞❡ ❢r❛❝t✉r❡s ✐♥tr❛ ❡t ✐♥t❡r✲❣r❛♥✉❧❛✐r❡s ❞❡ ♣U,PuqO2 s♦♥t ♣♦ss✐❜❧❡s ❛✉ ❈❊❆ ❞❡ ❱❛❧❞✉❝ ❛✈❡❝ ❧❡q✉❡❧
♦♥ ❛ ♣✉ ét❛❜❧✐r ❡♥ ✷✵✶✸ ✉♥❡ ❝♦♥✈❡♥t✐♦♥ ❞❡ tr❛♥s♣♦rt✳ ❯♥❡ t❤ès❡ ✈❛ êtr❡ ♣r♦♣♦sé❡ ♣♦✉r ♣♦✉rs✉✐✈r❡
❝❡s ét✉❞❡s✳
▲✬ét✉❞❡ ❞❡s ❞é❢❛✉ts ♣♦♥❝t✉❡❧s ❞❡✈r❛✐t ♣♦✉✈♦✐r êtr❡ ❡✛❡❝t✉é❡ ❡♥ ♠❡tt❛♥t ❡♥ ÷✉✈r❡ ❡♥ ❜♦ît❡✲à✲
❣❛♥ts✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥ st❛❣❡ ♣♦st✲❞♦❝t♦r❛❧✱ ❧❡ ❞✐s♣♦s✐t✐❢ ❞❡ ❝♦♥❞✉❝t✐✈✐té é❧❡❝tr✐q✉❡ q✉✐ ❛ ♠✐s
❛✉ ♣♦✐♥t ❡♥ ✐♥❛❝t✐❢✳
▲✬❡♥s❡♠❜❧❡ ❞❡s tr❛✈❛✉① ♣❡r♠❡t ❞✬❛♠é❧✐♦r❡r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ q✉❡ ❧✬♦♥ ❛ ❞✉ ❢r✐tt❛❣❡ ❡t✱ ❞❡ ❧à✱ s✬❡♥
❛ss✉r❡r ✉♥❡ ♠❡✐❧❧❡✉r❡ ♠❛îtr✐s❡✳
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❆

▲✐st❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s

❆✳✶ ▲✐st❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s

❉✳ Pr♦✉st✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❆✳ ▼❡✉♥✐❡r ❛♥❞ ❆✳ ▲❛❥✉❞✐❡✱ ✧❍②❞r♦t❤❡r♠❛❧ r❡❛❝t✐✈✐t② ♦❢ ♠✐①❡❞✲❧❛②❡r
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❊✳ ●✐r❛r❞✱ ❏✳✲▼✳ ❈❤❛✐①✱ ❋✳ ❱❛❧❞✐✈✐❡s♦✱ P✳ ●♦❡✉r✐♦t ❛♥❞ ❏✳ ▲é❝❤❡❧❧❡✱ ✧▲♦❝❛❧ st✉❞② ♦❢ ❞❡❢❡❝ts
❞✉r✐♥❣ s✐♥t❡r✐♥❣ ♦❢ UO2 ✿ ✐♠❛❣❡ ♣r♦❝❡ss✐♥❣ ❛♥❞ q✉❛♥t✐t❛t✐✈❡ ❛♥❛❧②s✐s t♦♦❧s✧✱ ■♠❛❣❡ ❆♥❛❧ ❙t❡r❡♦❧
✷✵✵✽ ❀✷✼ ✿✼✾✲✽✺

❉✳ Pr✐❡✉r✱ ❆✳ ❏❛♥❦♦✇✐❛❦✱ ❈✳ ▲❡♦r✐❡r✱ ◆✳ ❍❡r❧❡t✱ ▲✳ ❉♦♥♥❡t✱ P✳ ❉❡❤❛✉❞t✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❏✳✲P
▲❛✈❛❧✱ P✳ ❇❧❛♥❝❤❛rt✱ ✧■♥✢✉❡♥❝❡ ♦❢ t❤❡ ♠✐❝r♦str✉❝t✉r❡ ♦♥ t❤❡ U1✁yAmyO2✁x♣y ✏ 0.1; 0.15q ♣❡❧❧❡t
♠❛❝r♦s❝♦♣✐❝ s✇❡❧❧✐♥❣✧✱ ❆❞✈❛♥❝❡s ✐♥ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ❱♦❧✳ ✼✸ ✭✷✵✶✵✮ ♣♣ ✶✵✹✲✶✵✽✱
❞♦✐ ✿✶✵✳✹✵✷✽✴✇✇✇✳s❝✐❡♥t✐✜❝✳♥❡t✴❆❙❚✳✼✸✳✶✵✹

❉✳ Pr✐❡✉r✱ ❆✳ ❏❛♥❦♦✇✐❛❦✱ ❏✳ ▲é❝❤❡❧❧❡✱ ◆✳ ❍❡r❧❡t✱ P✳ ❉❡❤❛✉❞t✱ P✳ ❇❧❛♥❝❤❛rt✱ ✧❘❡❛❝t✐✈❡ s✐♥t❡r✐♥❣
♦❢ U0.85Am0.15O2✁x ❜❧❛♥❦❡t ❢✉❡❧s ✐♥ ✈❛r✐♦✉s ♦①②❣❡♥ ♣♦t❡♥t✐❛❧s✧✱ ❏♦✉r♥❛❧ ♦❢ ◆✉❝❧❡❛r ▼❛t❡r✐❛❧s✱
❱♦❧✉♠❡ ✹✷✹✱ ■ss✉❡ ✶✱ ♣♣✳ ✷✽✺✲✷✽✽✳
❞♦✐ ✿ ✶✵✳✶✵✶✻✴❥✳❥♥✉❝♠❛t✳✷✵✶✷✳✵✷✳✵✵✷

❏✳ ▲é❝❤❡❧❧❡✱ ❙✳ ◆♦②❛✉✱ ▲✳ ❆✉❢♦r❡✱ ❆✳ ❆rr❡❞♦♥❞♦✱ ❋✳ ❆✉❞✉❜❡rt✱ ✧❱♦❧✉♠❡ ✐♥t❡r❞✐✛✉s✐♦♥ ❝♦❡✛✲
❝✐❡♥t ❛♥❞ ✉♥❝❡rt❛✐♥t② ❛ss❡ss♠❡♥t ❢♦r ♣♦❧②❝r②st❛❧❧✐♥❡ ♠❛t❡r✐❛❧s✧✱ ❞✐✛✉s✐♦♥ ❢✉♥❞❛♠❡♥t❛❧s✱ ✶✼ ✭✷✵✶✷✮
✷✱ ♣♣✳ ✶✲✸✾✱ ✭✇✇✇✳❞✐✛✉s✐♦♥✲❢✉♥❞❛♠❡♥t❛❧s✳♦r❣ ✿ ✿ ■❙❙◆ ✶✽✻✷✲✹✶✸✽✮

✶✷✻



❆✳✷✳ P❛rt✐❝✐♣❛t✐♦♥ à ❝♦❧❧♦q✉❡s✱ ❝♦♥❣rés

❘✳❈✳ ❇❡❧✐♥✱ P✳▼✳ ▼❛rt✐♥✱ ❏✳ ▲é❝❤❡❧❧❡✱ ▼✳ ❘❡②♥❛✉❞✱ ❆✳❈✳ ❙❝❤❡✐♥❤♦st✱ ✧❘♦❧❡ ♦❢ ❝❛t✐♦♥ ✐♥t❡r❛❝✲
t✐♦♥s ✐♥ t❤❡ r❡❞✉❝t✐♦♥ ♣r♦❝❡ss ✐♥ ♣❧✉t♦♥✐✉♠✲❛♠❡r✐❝✐✉♠ ♠✐①❡❞ ♦①✐❞❡s✧✱ ■♥♦r❣✳ ❈❤❡♠✳ ✷✵✶✸ ✺✷✭✻✮✱
♣♣✳ ✷✾✻✻✲✼✷✱ ❞♦✐ ✿✶✵✴✶✵✷✶✴✐❝✸✵✷✸✼✼✻

❙✳ ▼❛rt✐♥✱ ▼✳ ●✉❡ss❛s♠❛✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❏✳ ❋♦rt✐♥✱ ❑✳ ❙❛❧❡❤✱ ❋✳ ❆❞❡♥♦t✱ ✧❙✐♠✉❧❛t✐♦♥ ♦❢ s✐♥t❡✲
r✐♥❣ ✉s✐♥❣ ❛ ♥♦♥✲s♠♦♦t❤ ❉✐s❝r❡t❡ ❊❧❡♠❡♥t ▼❡t❤♦❞✳ ❆♣♣❧✐❝❛t✐♦♥ t♦ t❤❡ st✉❞② ♦❢ r❡❛rr❛♥❣❡♠❡♥t✧✱
❈♦♠♣✉t❛t✐♦♥❛❧ ▼❛t❡r✐❛❧s ❙❝✐❡♥❝❡✱ ❱♦❧✉♠❡ ✽✹✱ ▼❛r❝❤ ✷✵✶✹✱ ♣♣✳ ✸✶✲✸✾

❏✳ ▲é❝❤❡❧❧❡✱ ❙✳ ▼❛rt✐♥✱ ❘✳ ❇♦②❡r✱ ❑✳ ❙❛✐❦♦✉❦✱ ✧❆ s✉❜✲❣r❛♥✉❧❛r s❝❛❧❡ ♠♦❞❡❧ ❢♦r s♦❧✐❞ st❛t❡ ❢r❡❡
s✐♥t❡r✐♥❣ ✿ r❡s✉❧t ♦♥ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t✇♦ ❣r❛✐♥s✧✱ ❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ ❚❡❝❤♥♦❧♦❣② ❛♥❞ ▼❡t❛❧✲
❧✉r❣②✱ ✹✾✱ ✸✱ ✷✵✶✹✱ ♣♣✳ ✷✻✸✲✷✼✹

▼✳ ❈❤♦❧❧❡t✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❘✳❈✳ ❇❡❧✐♥✱ ❏✳❈✳ ❘✐❝❤❛✉❞✱ ✧■♥ s✐t✉ ❳✲❘❛② ❞✐✛r❛❝t✐♦♥ st✉❞② ♦❢ ♣♦✐♥t
❞❡❢❡❝ts ✐♥ ◆❡♣t✉♥✐✉♠ ❞✐♦①✐❞❡ ❛t ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡s✧✱ ❏✳ ❆♣♣❧✳ ❈r②st✳✱ ✹✼✱ ✷✵✶✹✱ ♣♣✳ ✶✵✵✽✲✶✵✶✺✱
❞♦✐ ✿✶✵✳✶✶✵✼✴❙✶✻✵✵✺✼✻✼✶✹✵✵✼✾✶✷

❙✳ ❇❡r③❛t✐✱ ❙✳ ❱❛✉❞❡③✱ ❘✳❈✳ ❇❡❧✐♥✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❨✳ ▼❛r❝✱ ❏✳✲❈✳ ❘✐❝❤❛✉❞ ❛♥❞ ❏✳✲▼✳ ❍❡✐♥t③✱
✧❈♦♥tr♦❧❧✐♥❣ t❤❡ ♦①②❣❡♥ ♣♦t❡♥t✐❛❧ t♦ ✐♠♣r♦✈❡ t❤❡ ❞❡♥s✐✜❝❛t✐♦♥ ❛♥❞ t❤❡ s♦❧✐❞ s♦❧✉t✐♦♥ ❢♦r♠❛t✐♦♥
♦❢ ✉r❛♥✐✉♠✲♣❧✉t♦♥✐✉♠ ♠✐①❡❞ ♦①✐❞❡s✧✱ ❏♦✉r♥❛❧ ♦❢ ◆✉❝❧❡❛r ▼❛t❡r✐❛❧s ❱♦❧✉♠❡ ✹✹✼✱ ■ss✉❡s ✶✲✸✱ ❆♣r✐❧
✷✵✶✹✱ ♣♣✳ ✶✶✺✲✶✷✹

❙✳ ▼❛rt✐♥✱ ❘✳ P❛r❡❦❤✱ ▼✳ ●✉❡ss❛s♠❛✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❏✳ ❋♦rt✐♥✱ ❑✳ ❙❛❧❡❤✱ ✧❙t✉❞② ♦❢ t❤❡ s✐♥t❡r✐♥❣
❦✐♥❡t✐❝s ♦❢ ❜✐♠♦❞❛❧ ♣♦✇❞❡rs✳ ❆ ♣❛r❛♠❡tr✐❝ ❉❊▼ st✉❞②✧✱ P♦✇❞❡r ❚❡❝❤♥♦❧♦❣②✱ ❆♣r✐❧ ✷✵✶✹✱ ✐♥
Pr❡ss✲❝♦rr❡❝t❡❞ Pr♦♦❢s✱ ❤tt♣ ✿✴✴❞①✳❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴❥✳♣♦✇t❡❝✳✷✵✶✹✳✵✸✳✵✺✼

❆✳✷ P❛rt✐❝✐♣❛t✐♦♥ à ❝♦❧❧♦q✉❡s✱ ❝♦♥❣rés

❏✳✲▼✳ ❈❤❛✐①✱ ❏✳ ▲❡❝❤❡❧❧❡✱ ✧❙✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ ❞✬❡♠♣✐❧❡♠❡♥ts ❛❧é❛t♦✐r❡s ❞✬❛♠❛s ❞❡ ♣❛rt✐✲
❝✉❧❡s ✭◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥ ♦❢ r❛♥❞♦♠ ♣❛❝❦✐♥❣ ♦❢ ♣❛rt✐❝❧❡s✮✧✱ ❈♦♥❣rès✱ ❊✛❡ts ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡
❡t ❞❡ ❧❛ ♣♦r♦s✐té s✉r ❧❡s ♣r♦♣r✐étés ♠é❝❛♥✐q✉❡s ❡t ♣❤②s✐q✉❡s ❞❡s ♠❛tér✐❛✉① ▼❞P ✭●r❡♥♦❜❧❡✱ ✻✲✽
❛✈r✐❧ ✶✾✾✽✮ ✐♥ ❈♦❧❧♦q✉❡ ♥❛t✐♦♥❛❧ ❞❡ ♠ét❛❧❧✉r❣✐❡ ❞❡s ♣♦✉❞r❡s✱ ●r❡♥♦❜❧❡ ✱ ❋r❛♥❝❡ ✭✵✻✴✵✹✴✶✾✾✽✮✱
✶✾✾✽✱ ♣♣✳ ✸✸✺✲✸✹✵✱ ❙❋✷▼✱ ◆❛♥t❡rr❡✱ ❋r❛♥❝❡ ✭✶✾✾✽✮ ✭▼♦♥♦❣r❛♣❤✐❡✮ ■◆■❙❚✲❈◆❘❙✱ ❈♦t❡ ■◆■❙❚ ✿
❨ ✸✶✾✹✵✱ ✸✺✹✵✵✵✵✼✵✶✶✽✵✸✳✵✹✺✵

❏✳ ▲é❝❤❡❧❧❡✱ ❚✳ ❆❧❜✐♦❧✱ ▼✳ ❚r♦t❛❜❛s✱ ✧▼♦❞é❧✐s❛t✐♦♥ ♠é❝❛♥✐st❡ ❞✉ ▼❖❳ ✿ ❝♦❞❡ ❙❛❧❛♠♠❜ô✧✱
❈♦♥❣rès✱ ❊✛❡ts ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ❡t ❞❡ ❧❛ ♣♦r♦s✐té s✉r ❧❡s ♣r♦♣r✐étés ♠é❝❛♥✐q✉❡s ❡t ♣❤②s✐q✉❡s
❞❡s ♠❛tér✐❛✉① ▼❞P ✭●r❡♥♦❜❧❡✱ ✻✲✽ ❛✈r✐❧ ✶✾✾✽✮ ✐♥ ❈♦❧❧♦q✉❡ ♥❛t✐♦♥❛❧ ❞❡ ♠ét❛❧❧✉r❣✐❡ ❞❡s ♣♦✉❞r❡s✱
●r❡♥♦❜❧❡ ✱ ❋r❛♥❝❡ ✭✵✻✴✵✹✴✶✾✾✽✮✱ ✶✾✾✽✱ ♣♣✳ ✸✹✶✲✸✹✻✱ ❙❋✷▼✱ ◆❛♥t❡rr❡✱ ❋r❛♥❝❡ ✭✶✾✾✽✮ ✭▼♦♥♦❣r❛✲
♣❤✐❡✮ ■◆■❙❚✲❈◆❘❙✱ ❈♦t❡ ■◆■❙❚ ✿ ❨ ✸✶✾✹✵✱ ✸✺✹✵✵✵✵✼✵✶✶✽✵✸✳✵✹✺✵

❏✳ ▲é❝❤❡❧❧❡✱ P✳ ▼❛rt✐♥✱ ❊✳ ●✐r❛r❞✱ ▼✳✲❆✳ ▼❛rt✐♥❡③✱ ❆✳ ❙♦♠♦❣②✐✱ ❆✳ ❙✐♠✐♦♥♦✈✐❝✐✱ ▼✳ ❘✐♣❡rt✱ ❋✳
❱❛❧❞✐✈✐❡s♦✱ ✧µ✲❳❆◆❊❙ ❛♥❞ ❳✲r❛② µ✲t♦♠♦❣r❛♣❤② st✉❞② ♦❢ ♦①✐❞❛t✐♦♥ st❛t❡✱ ♠♦r♣❤♦❧♦❣② ❛♥❞ ❝❤❡✲
♠✐str② ❡✈♦❧✉t✐♦♥ ❞✉r✐♥❣ ♥✉❝❧❡❛r ❢✉❡❧ s✐♥t❡r✐♥❣✧✱ ◆✉❝❧❡❛r ❙❝✐❡♥❝❡ ❙②♠♣♦s✐✉♠ ❈♦♥❢❡r❡♥❝❡ ❘❡❝♦r❞✱
✷✵✵✸ ■❊❊❊✱ P✉❜❧✐❝❛t✐♦♥ ❉❛t❡ ✿ ✶✾✲✷✺ ❖❝t✳ ✷✵✵✸✱ ❱♦❧✉♠❡ ✿ ✷✱ ❖♥ ♣❛❣❡✭s✮ ✿ ✼✼✷✲ ✼✼✺ ❱♦❧✳✷✱ ■❙❙◆ ✿
✶✵✽✷✲✸✻✺✹ ✱ ■❙❇◆ ✿ ✵✲✼✽✵✸✲✽✷✺✼✲✾✱ ■◆❙P❊❈ ❆❝❝❡ss✐♦♥ ◆✉♠❜❡r ✿ ✽✵✻✻✻✽✷

❏✳✲▼✳❈❤❛✐①✱ ❊✳ ●✐r❛r❞✱ P✳ ●♦❡✉r✐♦t✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❋✳ ❱❛❧❞✐✈✐❡s♦✱ ✧❆♥❛❧②s❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s

✶✷✼



❆♥♥❡①❡ ❆✳ ▲✐st❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s

❞é❢❛✉ts ❧♦rs ❞✉ ❢r✐tt❛❣❡ ❞✬✉♥❡ ❝ér❛♠✐q✉❡✧✱ ✷✽è♠❡ ❏♦✉r♥é❡ ■❙❙ ❋r❛♥❝❡ ✸ ❢é✈r✐❡r ✷✵✵✺

❊✳ ●✐r❛r❞✱ ❏✳✲▼✳ ❈❤❛✐①✱ ❈✳ ❈❛rr②✱ ❋✳ ❱❛❧❞✐✈✐❡s♦✱ P✳ ●♦❡✉r✐♦t✱ ❏✳ ▲é❝❤❡❧❧❡✱ ✧❊①♣❧♦✐t❛t✐♦♥ ❞❡s
♠❡s✉r❡s ❧♦❝❛❧❡s ❞❡ ♠✐❝r♦str✉❝t✉r❡ ❡t ❞❡ ❞é❢❛✉ts ❝♦♥trô❧és ♣♦✉r ❛♥❛❧②s❡r ❧✬é✈♦❧✉t✐♦♥ ❛✉ ❝♦✉rs ❞✉
❢r✐tt❛❣❡ ❞✬✉♥❡ ❝ér❛♠✐q✉❡✧✱ P▼❋✷✵✵✺✱ s✐t❡ ✉♥✐✈❡rs✐t❛✐r❡ ❞❡ ❈❤❡r❜♦✉r❣ ✶✽✲✷✵ ♠❛✐ ✷✵✵✺

▼✳ ❆❥❞♦✉r✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❋✳ ❱❛❧❞✐✈✐❡s♦✱ P✳ ●♦❡✉r✐♦t✱ ❑ ✳ ❙❛✐❦♦✉❦✱ ❘ ✳❇♦②❡r✱ ✧❙✐♥t❡r✐♥❣ s✐♠✉❧❛✲
t✐♦♥ ❛t ❛ s❝❛❧❡ ❧♦✇❡r t❤❛♥ t❤❡ ❣r❛✐♥ s✐③❡✧✱ ❈♦♥❢ér❡♥❝❡ ❈■▼❚❊❈ ✷✵✵✻✱ ❆❝✐r❡❛❧❡✱ ❙✐❝✐❧❡✱ ✺✲✾ ❥✉✐♥ ✷✵✵✻

❏✳ ▲é❝❤❡❧❧❡✱ ❊✳ ❇❡❧✈❛❧✲❍❛❧t✐❡r✱ ❘✳ ❇❡❧✐♥✱ ✧❚❡♠♣❡r❛t✉r❡ ❘❡❛❝t✐✈✐t② ♦❢ ▼✐①❡❞ ❯r❛♥✐✉♠ ❛♥❞ P❧✉✲
t♦♥✐✉♠ ❈❛r❜✐❞❡ ❋✉❡❧s ✇✐t❤ ❙✐❧✐❝♦♥ ❈❛r❜✐❞❡ ❛s ❛♥ ■♥❡rt ▼❛tr✐①✳ ❊✣❝✐❡♥❝② ♦❢ ❘❡❢r❛❝t♦r② ▼❡t❛❧s
❛s ■♥t❡r❞✐✛✉s✐♦♥ ❇❛rr✐❡rs✳✧✱ ❈♦♥❢ér❡♥❝❡ P❧✉t♦♥✐✉♠ ❢✉t✉r❡s ✲ t❤❡ s❝✐❡♥❝❡ ✷✵✵✻✱ ❆s✐❧♦♠❛r✱ P❛❝✐✜❝
●r♦✈❡✱ ❈❛❧✐❢♦r♥✐❛✱ ❏✉❧② ✾✲✶✸✱ ✷✵✵✻❯❈❘▲✲P❘❖❈✲✷✷✷✸✹✷

▼✳ ❇❡❛✉✈②✱ P✳ ▼❛rt✐♥✱ ❙✳ ❱❛✉❞❡③✱ ▲✳ P❛r❡t✱ ❱✳ ❇❛s✐♥✐✱ ❏✳ P✳ ❖tt❛✈✐❛♥✐✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❈✳ ❉❛❧✲
♠❛ss♦✱ ✧❇❛s✐❝ s❝✐❡♥❝❡ ♦♥ ❛❞✈❛♥❝❡❞ ♣❧✉t♦♥✐✉♠ ❢✉❡❧s ✿ ♥❡✇ ✐♥✈❡st✐❣❛t✐♦♥s ♦♥ str✉❝t✉r❡✱ t❤❡r♠♦✲
♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ❛♥❞ r❛❞✐❛t✐♦♥ ❞❛♠❛❣❡✧✱ ❈♦♥❢ér❡♥❝❡ P❧✉t♦♥✐✉♠ ❢✉t✉r❡s ✲ t❤❡ s❝✐❡♥❝❡ ✷✵✵✻✱
❆s✐❧♦♠❛r✱ P❛❝✐✜❝ ●r♦✈❡✱ ❈❛❧✐❢♦r♥✐❛✱ ❏✉❧② ✾✲✶✸✱ ✷✵✵✻❯❈❘▲✲P❘❖❈✲✷✷✷✸✹✷

❈✳ ●✉é♥❡❛✉✱ ❙✳ ❈❤❛t❛✐♥✱ ❏✳✲❈✳ ❉✉♠❛s✱ ❏✳ ▲❡❝❤❡❧❧❡✱ ❈✳ ❘❛❞♦✱ ❋✳ ❉❡❢♦♦rt✱ ◆✳ ❉✉♣✐♥✱ ❇✳ ❙✉♥❞✲
♠❛♥✱ ❍✳ ◆♦❡❧✱ ❘✳ ❑♦♥✐♥❣s✱ ✧❋✉❡❧❜❛s❡ ✿ ❛ t❤❡r♠♦❞②♥❛♠✐❝ ❞❛t❛❜❛s❡ ❢♦r ❛❞✈❛♥❝❡❞ ♥✉❝❧❡❛r ❢✉❡❧s✧✱
✐♥ Pr♦❝❡❡❞✐♥❣s ❍❚❘✷✵✵✻ ✿ ✸r❞ ■♥t❡r♥❛t✐♦♥❛❧ ❚♦♣✐❝❛❧ ▼❡❡t✐♥❣ ❍✐❣❤ ❚❡♠♣❡r❛t✉r❡ ❘❡❛❝t♦r ❚❡❝❤✲
♥♦❧♦❣② ❀ ✵✶✴✶✵✴✷✵✵✻ ✲ ✵✹✴✶✵✴✷✵✵✻ ❀ ❏♦❤❛♥♥❡s❜✉r❣ ❀ ❆❢r✐q✉❡ ❞✉ ❙✉❞✱ ♣♣ ✷✷✺✲✷✸✷

▼✳ ❆❥❞♦✉r✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❋✳ ❱❛❧❞✐✈✐❡s♦✱ P✳ ●♦❡✉r✐♦t✱ ✧✸❉ ♠♦❞❡❧✐♥❣ ♦❢ s✐♥t❡r✐♥❣ ✲ ❈❛s❡ ♦❢ t✇♦
❣r❛✐♥s✧✱ ❆♠❡r✐❝❛♥ ■♥st✐t✉t❡ ♦❢ P❤②s✐❝s ❈♦♥❢❡r❡♥❝❡ Pr♦❝❡❡❞✐♥❣s ✾✵✽✱ ▼❛t❡r✐❛❧s Pr♦❝❡ss✐♥❣ ❛♥❞
❉❡s✐❣♥ ❀ ▼♦❞❡❧✐♥❣✱ ❙✐♠✉❧❛t✐♦♥ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s ❀ ◆❯▼■❋❖❘▼ ✬✵✼ ❀ Pr♦❝❡❡❞✐♥❣s ✭✷✵✵✼✮ ✶✸✻✸✲
✶✸✻✽

❈✳ ●✉é♥❡❛✉✱ ❙✳ ❈❤❛t❛✐♥✱ ❙✳ ●♦ssé✱ ❏✳✲❈✳ ❉✉♠❛s✱ ❏✳✲P✳ P✐r♦♥✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❨✳ P♦♥t✐❧❧♦♥✱ ●✳
❉✉❝r♦s✱ ❈✳ ❘❛❞♦✱ ❋✳ ❉❡❢♦♦rt✱ ❑✳ ❋r♦♠❡♥t✱ ◆✳ ❉✉♣✐♥✱ ❇✳ ❙✉♥❞♠❛♥✱ ❍✳ ◆♦❡❧✱ ❘✳ ❑♦♥✐♥❣s✱ ❍✳
❑✐♥♦s❤✐t❛✱ ❈✳ ❯tt♦♥ ✱ ✧❋✉❡❧❜❛s❡ ✿ ❛ t❤❡r♠♦❞②♥❛♠✐❝ ❞❛t❛❜❛s❡ ❢♦r ❛❞✈❛♥❝❡❞ ♥✉❝❧❡❛r ❢✉❡❧s✧✱ ■♥t❡r✲
♥❛t✐♦♥❛❧ ■♥❢♦r♠❛t✐♦♥ ❊①❝❤❛♥❣❡ ▼❡❡t✐♥❣ ❚❤❡r♠♦❞②♥❛♠✐❝s ♦❢ ◆✉❝❧❡❛r ❋✉❡❧s ✲ ✷✵✵✻ ❀ ✷✼✴✶✶✴✷✵✵✻
✲ ✵✶✴✶✷✴✷✵✵✻ ❀ ❙❛❝❧❛② ❀ ❋r❛♥❝❡

❈✳ ●✉é♥❡❛✉✱ ❙✳ ●♦ssé✱ ❙✳ ❈❤❛t❛✐♥✱ ◆✳ ❉✉♣✐♥✱ ❇✳ ❙✉♥❞♠❛♥✱ ❈✳ ▼❛rt✐❛❧✱ ❏✳✲❈✳ ❉✉♠❛s✱ ❈✳ ❘❛❞♦✱
❏✳ ▲é❝❤❡❧❧❡✱ ❍✳ ◆♦❡❧✱ ❈✳ ❯tt♦♥✱ ❍✳ ❑✐♥♦s❤✐t❛✱ P✳ ●♦t❝✉✱ ❉✳ ▼❛♥❛r❛✱ ❘✳ ❑♦♥✐♥❣s✱ ✧Pr♦❣r❡ss ♦❢
t❤❡ ❋✉❡❧❜❛s❡ t❤❡r♠♦❞②♥❛♠✐❝ ❞❛t❛❜❛s❡ ❢♦r ❛❞✈❛♥❝❡❞ ♥✉❝❧❡❛r r❡❛❝t♦rs✧✱ ✶✷t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠✲
♣♦s✐✉♠ ♦♥ t❤❡ ❚❤❡r♠♦✲❝❤❡♠✐str② ❛♥❞ ❚❤❡r♠♦✲♣❤②s✐❝s ♦❢ ◆✉❝❧❡❛r ▼❛t❡r✐❛❧s ✭❙❚✷ ◆▼ ✲ ✷✵✵✽✮ ❀
✸✵✴✵✽✴✷✵✵✽ ✲ ✵✸✴✵✾✴✷✵✵✽ ❀ Pörts❝❤❛❝❤ ❀ ❆✉tr✐❝❤❡

❏✳ ▲é❝❤❡❧❧❡ ✱ ❘✳ ❇♦②❡r✱ ❑✳ ❙❛✐❦♦✉❦✱ ✧▼♦❞é❧✐s❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ ❣r❛♥✉❧❛✐r❡ ❛♣♣❧✐❝❛✲
t✐♦♥ ❛✉① ❝♦♠❜✉st✐❜❧❡s ♥✉❝❧é❛✐r❡s✧✱ ✸è♠❡ ❙é♠✐♥❛✐r❡ ❞❡s ▼❛tér✐❛✉① ❋❧✉✐❞❡s à ❍❛✉t❡s ❚❡♠♣ér❛t✉r❡s
✭▼❋❍❚ ✲ ✷✵✵✽✮ ❀ ✷✷✴✶✵✴✷✵✵✽ ✲ ✷✹✴✶✵✴✷✵✵✽ ❀ ●ré♦✉①✲❧❡s✲❇❛✐♥s ❀ ❋r❛♥❝❡

❆✳ ❇❡r❝❤❡✱ ❈✳ ❯tt♦♥✱ ❈✳ ❘❛❞♦✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❇✳ ❉❡s❝❤❛♠♣s✱ ❚✳ ❆❧♣❡tt❛③✱ ❙✳ ❈❤❛t❛✐♥✱ ❈✳ ●✉é✲
♥❡❛✉✱ ✧❚❤❡r♠♦❝❤❡♠✐❝❛❧ ❝♦♠♣❛t✐❜✐❧✐t② ❜❡t✇❡❡♥ ❝❛r❜✐❞❡s ❢✉❡❧s ❛♥❞ ❙✐❈ ❢♦r t❤❡ ●❛s✲❝♦♦❧❡❞ ❋❛st
❘❡❛❝t♦r✧✱ ✸✾è♠❡s ❏♦✉r♥é❡s ❞❡s ❆❝t✐♥✐❞❡s ✭❏❉❆ ✲ ✷✵✵✾✮ ❀ ✷✽✴✵✸✴✷✵✵✾ ✲ ✸✶✴✵✸✴✷✵✵✾ ❀ ▲❛ ●r❛♥❞❡

✶✷✽



❆✳✷✳ P❛rt✐❝✐♣❛t✐♦♥ à ❝♦❧❧♦q✉❡s✱ ❝♦♥❣rés

▼♦tt❡ ❀ ❋r❛♥❝❡

❈✳ ●✉é♥❡❛✉✱ ❆✳ ❇❡r❝❤❡✱ ❙✳ ❈❤❛t❛✐♥✱ ❙✳ ●♦ssé✱ ❈✳ ❘❛❞♦✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❏✳✲❈✳ ❉✉♠❛s✱ ❈✳ ▼❛rt✐❛❧✱
◆✳ ❉✉♣✐♥✱ ❇✳ ❙✉♥❞♠❛♥✱ ✧❈♦♠♣❛t✐❜✐❧✐t② ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❜❡t✇❡❡♥ ❝❛♥❞✐❞❛t❡ ❢✉❡❧ ♠❛t❡r✐❛❧s ❢♦r
❣❛s ❝♦♦❧❡❞ ❢❛st r❡❛❝t♦rs✧✱ ✶✸t❤ ■♥t❡r♥❛t✐♦♥❛❧ ■❯P❆❈ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❍✐❣❤ ❚❡♠♣❡r❛t✉r❡ ▼❛t❡r✐❛❧s
❈❤❡♠✐str② ✭❍❚▼❈ ✲ ✷✵✵✾✮ ❀ ✶✺✴✵✾✴✷✵✵✾ ✲ ✶✽✴✵✾✴✷✵✵✾ ❀ ❉❛✈✐s ✭❈❛❧✐❢♦r♥✐❡✮ ❀ ❊t❛ts✲✉♥✐s

❆✳ ❇❡r❝❤❡✱ ❈✳ ●✉é♥❡❛✉✱ ❚✳ ❆❧♣❡tt❛③✱ ❙✳ ●♦ssé✱ ❙✳ ❈❤❛t❛✐♥✱ ❈✳ ❘❛❞♦✱ ❖✳ ❉✉❣♥❡✱ ❏✳ ▲é❝❤❡❧❧❡✱
❋✳ ❆❞❡♥♦t✱ ❏✳✲❈✳ ❉✉♠❛s✱ ❈✳ ▼❛rt✐❛❧✱ ◆✳ ❉✉♣✐♥✱ ❇✳ ❙✉♥❞♠❛♥✱ ❋✳ ❍♦❞❛❥✱ ❈✳ ❈❤❛t✐❧❧♦♥✱ ✧❇✐❧❛♥ ❞❡s
ét✉❞❡s ❞❡ ❝♦♠♣❛t✐❜✐❧✐té ❞❡s ♠❛tér✐❛✉① ❝♦♠❜✉st✐❜❧❡s ♣♦✉r ❧❡ ré❛❝t❡✉r ❘❈●✧✱ ❏♦✉r♥é❡s P❧é♥✐èr❡s
❞✉ ●◆❘ ▼❆❚■◆❊❳ ✲ ✷✵✶✵ ❀ ✶✸✴✵✶✴✷✵✶✵ ✲ ✶✹✴✵✶✴✷✵✶✵ ❀ ❆✐①✲❡♥✲Pr♦✈❡♥❝❡ ❀ ❋r❛♥❝❡

❆✳ P✐❡r❛❣♥♦❧✐✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❘✳❈✳ ❇❡❧✐♥✱ ●✳ ❈é❝✐❧✐❛✱ P✳▼✳ ▼❛rt✐♥✱ P✳❏✳ ❱❛❧❡♥③❛ ❛♥❞ ❆✳ ❙❝❤❡✐♥♦st✱✧PuCrO3

❝♦♠♣♦✉♥❞ ✿ s②♥t❤❡s✐s✱ str✉❝t✉r❛❧ ❛♥❞ t❤❡r♠♦❞②♥❛♠✐❝ st✉❞✐❡s✧✱ ◆✉❝❧❡❛r ▼❛t❡r✐❛❧s ❈♦♥❢❡r❡♥❝❡
✷✵✶✵✱ ◆❯▼❆❚✷✵✶✵✱ ✹✲✼ ♦❝t♦❜r❡ ✷✵✶✵✱ ❑❛r❧sr✉❤❡✱ ●❡r♠❛♥②

❆✳ ❇❡r❝❤❡✱ P✳ ❇❡♥✐❣♥✐✱ ❏✳ ❘♦❣❡③✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❋✳ ❆❞❡♥♦t✱ ✧❖♣t✐♠❛❧ ❞❡s✐❣♥ ♦❢ ❛ ♥✉❝❧❡❛r✐s❡❞
❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❑♥✉❞s❡♥ ❊✛✉s✐♦♥ ▼❛ss ❙♣❡❝tr♦♠❡tr② ❢♦r ♥✉❝❧❡❛r ❛♣♣❧✐❝❛t✐♦♥s✧✱ ❲♦r❦s❤♦♣ ♦♥
❑♥✉❞s❡♥ ❊✛✉s✐♦♥ ▼❛ss ❙♣❡❝tr♦♠❡tr② ✭❑❊▼❙✮✱ ❆♣r✐❧✱ ✷✸ ✲ ✷✺✱ ✷✵✶✷✱ ❏✉❡❧✐❝❤✱ ●❡r♠❛♥②

❙✳ ▼❛rt✐♥✱ ▼✳ ●✉❡ss❛s♠❛✱ ❏✳ ❋♦rt✐♥✱ ❑✳ ❙❛❧❡❤✱ ❏✳ ▲é❝❤❡❧❧❡✱ ❋✳ ❆❞❡♥♦t✱ ✧▼♦❞é❧✐s❛t✐♦♥ ❞✉ ❢r✐t✲
t❛❣❡ ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ ❞②♥❛♠✐q✉❡ ❞❡s ❝♦♥t❛❝ts✧✱ ✶✶✐è♠❡ ❈♦❧❧♦q✉❡ ◆❛t✐♦♥❛❧ ❡♥ ❈❛❧❝✉❧ ❞❡s
❙tr✉❝t✉r❡s✱ ❈❙▼❆✷✵✶✸✱ ✶✸✲✶✼ ♠❛✐ ✷✵✶✸✱ Pr❡sq✉✬î❧❡ ❞❡ ●✐❡♥s✱ ❋r❛♥❝❡

❏✳ ▲é❝❤❡❧❧❡✱ ▼✳✲❍✳ ▼❛t❤♦♥✱ ●✳ ❈é❝✐❧✐❛✱ ▲✳ ❆✉❢♦r❡ ❛♥❞ ❊✳ ❇❡❧✈❛❧✲❍❛❧t✐❡r✱ ✧■♥✈❡st✐❣❛t✐♥❣ t❤❡
s✐♥t❡r✐♥❣ str❡ss ♦❢ ❤❡❛✈② ❊❧❡♠❡♥t ♠❛t❡r✐❛❧s ❜② ♠❡❛♥s ♦❢ ❙❆◆❙✧✱ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥
◆❡✉tr♦♥ ❙❝❛tt❡r✐♥❣ ✭■❈◆❙✮✱ ✽✲✶✷ ❥✉✐❧❧❡t ✷✵✶✸✱ ❊❞✐♥❜✉r❣❤✱ ➱❝♦ss❡

❘✳ ❇❧❛③❤❡✈✱ ■✳ ❙❛②❦♦✈❛✱ ❏✳ ▲é❝❤❡❧❧❡✱ ◆✳ Pr❛❞❡✐❧❧❡s✱ ❆✳ ▼❛✐tr❡✱ ✧▼♦❞❡❧✐♥❣ ❛♥❞ ❛♥❛❧②s✐s ♦❢ t❤❡
❡❧❡❝tr✐❝ ✜❡❧❞ ❡✛❡❝ts ❛t ♠❛❝r♦s❝♦♣✐❝ t♦ ♠❡s♦s❝♦♣✐❝ s❝❛❧❡s ✐♥ s♣❛r❦ ♣❧❛s♠❛ s✐♥t❡r✐♥❣✧✱ ❆♥♥✐✈❡rs❛r②
❙❝✐❡♥t✐✜❝ ❈♦♥❢❡r❡♥❝❡ ✇✐t❤ ■♥t❡r♥❛t✐♦♥❛❧ P❛rt✐❝✐♣❛t✐♦♥ ✻✵ ❨❡❛rs ❯❈❚▼✱ ❏✉♥❡ ✹✲✺✱ ✷✵✶✸✱ ❙♦✜❛✱
❇✉❧❣❛r✐❛

❏✳ ▲é❝❤❡❧❧❡✱ ❙✳ ▼❛rt✐♥✱ ✧❙✐♥t❡r✐♥❣ ♠♦❞❡❧✐♥❣ ❢♦r ♥✉❝❧❡❛r ❢✉❡❧ ✿ ❢r♦♠ ❣r❛✐♥s t♦ ♠❡s♦s❝♦♣✐❝ s❝❛❧❡✧✱
❆♥♥✐✈❡rs❛r② ❙❝✐❡♥t✐✜❝ ❈♦♥❢❡r❡♥❝❡ ✇✐t❤ ■♥t❡r♥❛t✐♦♥❛❧ P❛rt✐❝✐♣❛t✐♦♥ ✻✵ ❨❡❛rs ❯❈❚▼✱ ❏✉♥❡ ✹✲✺✱
✷✵✶✸✱ ❙♦✜❛✱ ❇✉❧❣❛r✐❛

❘✳ ❇❧❛③❤❡✈✱ ❏✳ ▲é❝❤❡❧❧❡✱ ◆✳ Pr❛❞❡✐❧❧❡s✱ ●✳ ❆♥t♦✉✱ ■✳ ❙❡✐❦♦✈❛✱ ❆✳ ▼❛îtr❡✱ ✧◆✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣
♦❢ t❡♠♣❡r❛t✉r❡ ❣r❛❞✐❡♥t ❡✈♦❧✉t✐♦♥ ❞✉r✐♥❣ ❙♣❛r❦ P❧❛s♠❛ ❙✐♥t❡r✐♥❣ ♣r♦❝❡ss ✿ ❛ ♠❛❝r♦s❝♦♣✐❝ ❛♥❞
s♣❤❡r❡✲t♦✲s♣❤❡r❡ ❛♣♣r♦❛❝❤✧✱ ❈❊❘▼❖❉❊▲✷✵✶✸✱ ✶✵✲✶✷ ❥✉✐❧❧❡t ✷✵✶✸✱ ❚r❡♥t♦✱ ■t❛❧✐❡

✶✷✾



❆♥♥❡①❡ ❆✳ ▲✐st❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s

✶✸✵



❇

❇r❡✈❡ts

✭❲❖✷✵✶✶✵✽✵✹✼✺✮ ❈❡r♠❡t ✇✐t❤ ✐♠♣r♦✈❡❞ ❤❡❛t ❝♦♥❞✉❝t✐✈✐t② ❛♥❞ ♥✉❝❧❡❛r ❢✉❡❧ ❝♦♠♣r✐s✐♥❣ s❛✐❞
❝❡r♠❡t P✉❜✳ ◆♦✳ ✿ ❲❖✴✷✵✶✶✴✵✽✵✹✼✺ ■♥t❡r♥❛t✐♦♥❛❧ ❆♣♣❧✐❝❛t✐♦♥ ◆♦✳ ✿ P❈❚✴❋❘✷✵✶✵✴✵✺✷✾✶✵ P✉✲
❜❧✐❝❛t✐♦♥ ❉❛t❡ ✿ ✵✼✳✵✼✳✷✵✶✶ ■♥t❡r♥❛t✐♦♥❛❧ ❋✐❧✐♥❣ ❉❛t❡ ✿ ✷✸✳✶✷✳✷✵✶✵ ❆♣♣❧✐❝❛♥ts ✿ ❈♦♠♠✐ss❛r✐❛t à
❧✬❊♥❡r❣✐❡ ❆t♦♠✐q✉❡ ❡t ❛✉① ❊♥❡r❣✐❡s ❆❧t❡r♥❛t✐✈❡s ❬❋❘✴❋❘❪ ❀ ✷✺ r✉❡ ▲❡❜❧❛♥❝ ❇ât✐♠❡♥t ✧ ▲❡ P♦✲
♥❛♥t ❉ ✧ ❋✲✼✺✵✶✺ P❛r✐s ✭❋❘✮ ✭❋♦r ❆❧❧ ❉❡s✐❣♥❛t❡❞ ❙t❛t❡s ❊①❝❡♣t ❯❙✮✳ ▼❛t❤❡r♦♥✱ P✐❡rr❡ ❬❋❘✴❋❘❪ ❀
✭❋❘✮ ✭❋♦r ❯❙ ❖♥❧②✮✳ ❇r♦t❤✐❡r✱ ▼ér②❧ ❬❋❘✴❋❘❪ ❀ ✭❋❘✮ ✭❋♦r ❯❙ ❖♥❧②✮✳ ▲❡❝❤❡❧❧❡✱ ❏❛❝q✉❡s ❬❋❘✴❋❘❪ ❀
✭❋❘✮ ✭❋♦r ❯❙ ❖♥❧②✮✳ ❉❡rr✐❡♥♥✐❝✱ ❚❛♥❣✉✐ ❬❋❘✴❋❘❪ ❀ ✭❋❘✮ ✭❋♦r ❯❙ ❖♥❧②✮ ■♥✈❡♥t♦rs ✿ ▼❛t❤❡r♦♥✱
P✐❡rr❡ ❀ ✭❋❘✮✳ ❇r♦t❤✐❡r✱ ▼ér②❧ ❀ ✭❋❘✮✳ ▲❡❝❤❡❧❧❡✱ ❏❛❝q✉❡s ❀ ✭❋❘✮✳ ❉❡rr✐❡♥♥✐❝✱ ❚❛♥❣✉✐ ❀ ✭❋❘✮

▼❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❛♥s ❝❡ ❜r❡✈❡t ❛ ❝♦♥s✐sté à ❝❛❧❝✉❧❡r ❧❛ ❝♦♥❞✉❝t✐✈✐té t❤❡r♠✐q✉❡ éq✉✐✈❛❧❡♥t❡
❞✬✉♥ ❱♦❧✉♠❡ ➱❧é♠❡♥t❛✐r❡ ❘❡♣rés❡♥t❛t✐❢ ❞❡s ♣r♦♣r✐étés t❤❡r♠✐q✉❡s ❞✉ ♠❛tér✐❛✉ ❝♦♠♣♦s✐t❡ ❝♦♥t❡✲
♥❛♥t ❞❡s ❛♠❛s ❡❧❧✐♣s♦ï❞❛✉① ❛♣❧❛t✐s ❞❡ UO2 ♠♦♥♦ ♦✉ ❜✐✲♠♦❞❛✉① s❡❧♦♥ ❧✬❛①❡ ♦✉ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡✲
♠❡♥t à ❧✬❛①❡ ❞✬❛♣❧❛t✐ss❡♠❡♥t✳
❯♥❡ ❞✐✛ér❡♥❝❡ ❞❡ t❡♠♣ér❛t✉r❡ ❡st ✐♠♣♦sé❡ ❡♥tr❡ ❞❡✉① ❢❛❝❡s ❡♥ ✈✐s✲à✲✈✐s ❞✉ ❱❊❘ ✭❝✉❜✐q✉❡✮ ❡t ❧❡
✢✉① ❞❡ ❝❤❛❧❡✉r ❡st ❝❛❧❝✉❧é s✉r ✉♥❡ ❞❡ ❝❡s ❢❛❝❡s ✭❝❢ ✜❣✉r❡ ❇✳✶✮✳ ❖♥ ❡♥ ❞é❞✉✐t ❛✐♥s✐ ✉♥❡ ❝♦♥❞✉❝t✐✈✐té
éq✉✐✈❛❧❡♥t❡✳

❋✐❣✉r❡ ❇✳✶ ✕ ❈♦♠♣♦s✐t❡s ❝ér❛♠✐q✉❡✲♠ét❛❧ à ❛♠❛s ❡❧❧✐♣s♦ï❞❛✉① ❛♣❧❛t✐s ♠♦♥♦✲ ❡t ❜✐✲♠♦❞❛✉①✱
❝❛❧❝✉❧ ❞❡ ✢✉① ❞❡ ❝❤❛❧❡✉r

✶✸✶



❆♥♥❡①❡ ❇✳ ❇r❡✈❡ts

✶✸✷



❈

❊♥❝❛❞r❡♠❡♥t ✲ ❥✉r② ❞❡ t❤ès❡s
❞✬❯♥✐✈❡rs✐té

❚❤ès❡s ❡♥❝❛❞ré❡s

✧■♥✢✉❡♥❝❡ ❞❡ ❞é❢❛✉ts str✉❝t✉r❛✉① s✉r ❧✬é✈♦❧✉t✐♦♥ ♠✐❝r♦str✉❝t✉r❛❧❡ ❞❡ UO2 ❛✉ ❝♦✉rs ❞✉ ❢r✐t✲
t❛❣❡✧ t❤ès❡ s♦✉t❡♥✉❡ ♣❛r ❊r✐❝❦ ●✐r❛r❞ ❧❡ ✶✷ ❢é✈r✐❡r ✷✵✵✹ ❥✉r② ✿ ❏✳P✳ ❇♦♥♥❡t ✭Prés✐❞❡♥t✮✱ ❆✳ ❍❛✲
③♦tt❡ ✭❘❛♣♣♦rt❡✉r✮✱ ❏✳✲▼✳ ❍❡✐♥t③ ✭■❈▼❈❇✮✱ P✳ ●♦❡✉r✐♦t ✭❝♦✲❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ ❋✳ ❱❛❧❞✐✈✐❡s♦
✭❝♦✲❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ ❏✳▼✳ ❈❤❛✐① ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ ❘✳ ❈❛st❡❧❧✐ ✭❆❘❊❱❆✲ ◆❈✲ ✐♥✈✐té✮✱ ❏✳
▲é❝❤❡❧❧❡ ✭❡♥❝❛❞r❛♥t ❈❊❆ ✲ ✐♥✈✐té✮✳

✧■♥✢✉❡♥❝❡ ❞✉ ❞♦♣❛♥t Cr2O3 s✉r ❧✬❤♦♠♦❣é♥é✐s❛t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ s♦❧✐❞❡ ♣U,PuqO2 ❞❛♥s ✉♥
❝♦♠❜✉st✐❜❧❡ ▼❖❳ ✲ ❈♦♥tr✐❜✉t✐♦♥ à ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞✉ s②stè♠❡ U✁Pu✁Cr✁O✧✱ t❤ès❡ s♦✉t❡♥✉❡
❧❡ ✶✷ ❞é❝❡♠❜r❡ ✷✵✵✼ ♣❛r ❆❞r✐❡♥ P✐❡r❛❣♥♦❧✐✱ ❝♦♠♠✐ss✐♦♥ ❞✬❡①❛♠❡♥ ✿ ❏✳▼✳ ❍❡✐♥t③ ✭❘❛♣♣♦rt❡✉r✮✱
❏✳❈✳ ◆✐❡♣❝❡ ✭Prés✐❞❡♥t ✲ ❘❛♣♣♦rt❡✉r✮✱ ❏✳P✳ ❇♦♥♥❡t ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ ❘✳ ❈❛st❡❧❧✐ ✭❆r❡✈❛✲ ◆❈
✲ ✐♥✈✐té✮✱ P✳ ❇❧❛♥♣❛✐♥ ✭❆r❡✈❛✲◆❈ ✲ ✐♥✈✐té✮✱ ❨✳ ●✉ér✐♥ ✭❈❊❆ ✲ ❡①❛♠✐♥❛t❡✉r✮✱ ❙✳ ❘♦ss✐❣♥♦❧ ✭❊①❛✲
♠✐♥❛t❡✉r✮✱ ❏✳ ▲é❝❤❡❧❧❡ ✭❊♥❝❛❞r❛♥t ❈❊❆ ✲ ❊①❛♠✐♥❛t❡✉r✮✳

✧❙♦❧✉❜✐❧✐té ❞✉ ❝❤r♦♠❡ ❞❛♥s ❧❡ ❝♦♠❜✉st✐❜❧❡ ▼❖❳✧✱ t❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✶✼ ❥✉✐❧❧❡t ✷✵✶✸ ❘é❣✐s
❚❤♦♠❛s✱ ❞✐r❡❝t❡✉r ❞❡ t❤ès❡ ✿ ❏❡❛♥✲▼❛r❝ ❍❡✐♥t③✱ ❊◆❙❈❇P✱ ❝♦♠♠✐ss✐♦♥ ❞✬❡①❛♠❡♥ ✿ ▼✳ P✐❥♦❧❛t
✭❘❛♣♣♦rt❡✉r✮✱ ❆✳ ▼❛îtr❡ ✭❘❛♣♣♦rt❡✉r✮✱ ▲✳ ❇r✉♥❡❧✱ ❏✳▼✳ ❍❡✐♥t③ ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ ❏✳ ▲é❝❤❡❧❧❡
✭❡♥❝❛❞r❛♥t ❈❊❆✮✱ ▼✳ ▼❛❣❧✐♦♥❡ ✭Prés✐❞❡♥t✮✱ P✳ ▼❛rt✐♥✱ ❏✳❋✳ ❙✐❧✈❛✐♥ ✭❈♦✲❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ ❘✳
❈❛st❡❧❧✐ ✭❆r❡✈❛✲◆❈ ✐♥✈✐té✮✱ ❏✳❏✳❱❡r♠♦②❛❧ ✭❊❉❋ ✐♥✈✐té✮✳

✭❡♥ ❝♦✉rs✮ ✧▼♦❞é❧✐s❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ ❞❡ ❧❛ ♣❛st✐❧❧❡ ♠❛tér✐❛✉✧✱ ✭s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❞✐③❛✐♥❡ ♠✐❧❧✐❡rs
❞❡ ❣r❛✐♥s ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡s é❧é♠❡♥ts ❞✐s❝r❡ts✮✱ t❤ès❡ ❞❡ ❙✳ ▼❛rt✐♥ ✭3ieme ❛♥♥é❡✮✱ ❞✐r❡❝t❡✉rs ❞❡
t❤ès❡ ✿ ❑✳ ❙❛❧❡❤ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ❚❡❝❤♥♦❧♦❣✐❡ ❞❡ ❈♦♠♣✐è❣♥❡ ❡t ❏✳ ❋♦rt✐♥ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡
P✐❝❛r❞✐❡✲❏✉❧❡s✲❱❡r♥❡

❚❤ès❡s ❛✈❡❝ ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ ♥✉♠ér✐q✉❡ ❞❡ ♠❛ ♣❛rt ✿

✧▼❛îtr✐s❡ ❞❡ ♠✐❝r♦str✉❝t✉r❡s ▼❖❳ ❞❡ t②♣❡ ❝ér❛♠✐q✉❡✲❝ér❛♠✐q✉❡✧✱ t❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✶✷ ❥✉✐❧❧❡t
✷✵✵✶ ♣❛r ●✳ ❚♦✉r②✱ ❯♥✐✈❡rs✐té ❞❡ ▲✐♠♦❣❡s✱ ❝♦♠♠✐ss✐♦♥ ❞✬❡①❛♠❡♥ ✿ ❉✳ ❇❡r♥❛❝❤❡✲❆ss♦❧❛♥t ✭Pré✲
s✐❞❡♥t✮✱ ❏✳▼✳ ❍❡✐♥t③ ✭❘❛♣♣♦rt❡✉r✮✱ ❏✳❈✳ ◆✐❡♣❝❡ ✭❘❛♣♣♦rt❡✉r✮✱ ❏✳P✳ ❇♦♥♥❡t ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱
▼✳ ❚r♦t❛❜❛s ✭❈♦❣❡♠❛ ✲ ❡①❛♠✐♥❛tr✐❝❡✮✱ ▼✳❏✳ ●♦tt❛ ✭❊♥❝❛❞r❛♥t❡ ❈❊❆ ✲ ❡①❛♠✐♥❛tr✐❝❡✮✱ ❨✳ ●✉ér✐♥
✭❈❊❆ ✲ ❡①❛♠✐♥❛t❡✉r✮✱ ❏✳ ▲é❝❤❡❧❧❡ ✭❈❊❆ ✲ ❡①❛♠✐♥❛t❡✉r✮✳

✶✸✸



❆♥♥❡①❡ ❈✳ ❊♥❝❛❞r❡♠❡♥t ✲ ❥✉r② ❞❡ t❤ès❡s ❞✬❯♥✐✈❡rs✐té

❈♦♥tr✐❜✉t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❡st✐♠❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ❝♦♥tr❛✐♥t❡ ❞❛♥s ❧❛ ♣❛st✐❧❧❡ ❤étér♦❣è♥❡ ❞✉❡ à
❞❡s ❢r✐tt❛❣❡s ❞✐✛ér❡♥t✐❡❧s✳

✧❉é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ❝♦❞❡ ❞❡ ❝❛❧❝✉❧ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ ❡♥ ♣❤❛s❡ s♦❧✐❞❡ ✧✱ t❤ès❡
s♦✉t❡♥✉❡ ♣❛r ▼♦✉♥✐❛ ❆❥❞♦✉r✱ ❞é❝❡♠❜r❡ ✷✵✵✻✱ n✆ ❞✬♦r❞r❡ ✹✸✷ ❙●▼✱ ❝♦♠♠✐ss✐♦♥ ❞✬❡①❛♠❡♥ ✿ ❘✳
❇♦②❡r ✭Prés✐❞❡♥t✮✱ ❙✳ ❇♦r❞èr❡ ✭❘❛♣♣♦rt❡✉r✮✱ P✳ ❍❛❧❞❡♥✇❛♥❣ ✭❘❛♣♣♦rt❡✉r✮✱ ❋✳ ❙✐❞♦r♦✈ ✭❊①❛♠✐✲
♥❛t❡✉r✮✱ ❏✳ ▲é❝❤❡❧❧❡ ✭❈❊❆ ✲ ✐♥✈✐té✮✱ P✳ ●♦❡✉r✐♦t ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ ❋✳ ❱❛❧❞✐✈✐❡s♦ ✭❝♦✲❞✐r❡❝t❡✉r
❞❡ t❤ès❡✮
❈♦♥tr✐❜✉t✐♦♥ ♥✉♠ér✐q✉❡ ✿ s♦✉t✐❡♥ à ❧❛ t❤ès❡

✧➱❧❛❜♦r❛t✐♦♥ ❞❡ ❝♦♠❜✉st✐❜❧❡ à ❜❛s❡ ❞✬♦①②❞❡s ❞✬✉r❛♥✐✉♠ ❡t ❞✬❛♠ér✐❝✐✉♠ ✿ ♠♦❞é❧✐s❛t✐♦♥ t❤❡r✲
♠♦❞②♥❛♠✐q✉❡ ❡t ♣r♦♣r✐étés ❞❡s ♠❛tér✐❛✉①✧✱ t❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✷✵ s❡♣t❡♠❜r❡ ✷✵✶✶ ♣❛r ❉❛♠✐❡♥
Pr✐❡✉r✱ ❯♥✐✈❡rs✐té ❞❡ ▲✐♠♦❣❡s✱ ❆✳ ▼❛✐tr❡ ✭Prés✐❞❡♥t✮✱ ❉✳ ❈❤❛t❡✐❣♥❡r ✭❘❛♣♣♦rt❡✉r✮✱ ❏✳▼✳ ❍❡✐♥t③
✭❘❛♣♣♦rt❡✉r✮✱ ❏✳P✳ ▲❛✈❛❧ ✭❡①❛♠✐♥❛t❡✉r✮✱ P✳ ❇❧❛♥❝❤❛rt ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ ❆✳ ❏❛♥❦♦✇✐❛❦ ✭❊♥✲
❝❛❞r❛♥t ❈❊❆ ✲ ❡①❛♠✐♥❛t❡✉r✮✱ P✳ ❉❡❤❛✉❞t ✭❈❊❆ ✲ ✐♥✈✐té✮✱ ❘✳ ❑♦♥✐♥❣s ✭■❚❯✲✐♥✈✐té✮✱ P✳ ▼❛rt✐♥
✭❈❊❆ ✲ ✐♥✈✐té✮✳
❈♦♥tr✐❜✉t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❆❥✉st❡♠❡♥t ❞❡ ❝♦♥st❛♥t❡s ❞✬❡♥t❛❤❧♣✐❡s ❧✐❜r❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ s♦❧✉t✐♦♥s
s♦❧✐❞❡s

✧➱t✉❞❡ ❞❡s ♣❤é♥♦♠è♥❡s ❞✬❛✉t♦❞✐✛✉s✐♦♥ ❡t ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ❞✉ ♣❧✉t♦♥✐✉♠ ❞❛♥s ❞❡s ❝ér❛♠✐q✉❡s
❞❡ t②♣❡ U1✁yPuyO2✁x✱ t❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✸ ❥✉✐❧❧❡t ✷✵✶✷ ♣❛r ❙é❜❛st✐❡♥ ◆♦②❛✉✱ ❯♥✐✈❡rs✐té ❞❡ ▲✐✲
♠♦❣❡s✱ ❏✳▼✳ ❍❡✐♥t③ ✭❘❛♣♣♦rt❡✉r✮✱ ❉✳ ▼❛♥❣❡❧✐♥❝❦ ✭❘❛♣♣♦rt❡✉r✮✱ ▼✳ P✐❥♦❧❛t ✭Prés✐❞❡♥t❡✮✱ ❉✳ ❲❛✲
r✐♥ ✭❈❊❆✮✱ ❆✳ ❈❤♦t❛r❞ ✭❆r❡✈❛✲◆P ✲ ✐♥✈✐té✮✱ ❏✳ ▲é❝❤❡❧❧❡ ✭❈❊❆ ✲ ❡①❛♠✐♥❛t❡✉r✮✱ ❋✳ ❆✉❞✉❜❡rt
✭❊♥❝❛❞r❛♥t❡ ❈❊❆ ✲ ❡①❛♠✐♥❛tr✐❝❡✮✱ ❆✳ ▼❛îtr❡ ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✳ n✆ ✿ ✵✷✵✲✷✵✶✷ ❡♥ ❞✐✛✉s✐♦♥
r❡str❡✐♥t❡ ❥✉sq✉✬❡♥ ✷✵✶✼✳
❈♦♥tr✐❜✉t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❈❛❧❝✉❧s ❞❡ ❝♦❡✣❝✐❡♥ts ❞✬✐♥t❡r❞✐✛✉s✐♦♥ ❡♥ ✈♦❧✉♠❡

✧➱t✉❞❡ ❞❡s éq✉✐❧✐❜r❡s ❞❡ ♣❤❛s❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❛♥s ❧❡ s②stè♠❡ UO2✁PuO2✁
Pu2O3 ♣♦✉r ❧❡s ❝ér❛♠✐q✉❡s ♥✉❝❧é❛✐r❡s ❡♥ ❢♦rt❡s t❡♥❡✉rs ❡♥ ♣❧✉t♦♥✐✉♠✧✱ t❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✷✽ ❢é✲
✈r✐❡r ✷✵✶✸ ♣❛r ❚❤✐❜❛✉t ❚r✉♣❤é♠✉s✱ ❯♥✐✈❡rs✐té ❆✐①✲▼❛rs❡✐❧❧❡✱ ❝♦♠♠✐ss✐♦♥ ❞✬❡①❛♠❡♥ ✿ ❆✳ ▼❛îtr❡
✭Prés✐❞❡♥t✮✱ ❘✳ ❑♦♥✐♥❣s ✭❘❛♣♣♦rt❡✉r✮✱ ❖✳ ❚♦✉❣❛✐t ✭❘❛♣♣♦rt❡✉r✮✱ ❈✳ ●✉é♥❡❛✉ ✭❈❊❆ ✲ ❡①❛♠✐♥❛✲
t❡✉r✮✱ ❏✳ ❘♦❣❡③ ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡ ✲ ❡①❛♠✐♥❛t❡✉r✮✱ ❘✳ ❇❡❧✐♥ ✭❊♥❝❛❞r❛♥t ❈❊❆ ✲ ❡①❛♠✐♥❛t❡✉r✮✱
❚✳ ●❡♥è✈❡s ✭■♥✈✐té✮✱ ❏✳ ▲é❝❤❡❧❧❡ ✭✐♥✈✐té✮
❈♦♥tr✐❜✉t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❝❛❧❝✉❧ ❞❡s ♣r♦♣♦rt✐♦♥s ❞❡ ♣❤❛s❡s à ❞❡✉① t❡♥❡✉rs ❡♥ ♣❧✉t♦♥✐✉♠ ❡♥ r❡✲
❝❤❡r❝❤❛♥t ❞❡s s♦✉s✲♣♦♣✉❧❛t✐♦♥s ❞❛♥s ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♥✐✈❡❛✉① ❞❡ t❡♥❡✉rs ❡♥ ♣❧✉t♦♥✐✉♠ s✉r
❧❛ ❜❛s❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡s ❳ s❡♠✐✲q✉❛♥t✐t❛t✐✈❡s ❡t ❞❡ ♣r♦✜❧s q✉❛♥t✐t❛t✐❢s ❛ss♦❝✐és ❡♥ ♠✐❝r♦s♦♥❞❡
é❧❡❝tr♦♥✐q✉❡✳

✧■♥✢✉❡♥❝❡ ❞✉ ♣♦t❡♥t✐❡❧ ❞✬♦①②❣è♥❡ s✉r ❧❛ ♠✐❝r♦str✉❝t✉r❡ ❡t ❧✬❤♦♠♦❣é♥é✐té U✁Pu ❞❡s ❝♦♠❜✉s✲
t✐❜❧❡s U1✁yPuyO2✟x✧✱ t❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✷ ❞é❝❡♠❜r❡ ✷✵✶✸ ♣❛r ❞❡ ❙é❣♦❧è♥❡ ❇❡r③❛t✐✱ P✳ ❇❧❛♥❝❤❛r❞
✭❘❛♣♣♦rt❡✉r✮✱ ❏✳✲▼✳ ❈❤❛✐① ✭❘❛♣♣♦rt❡✉r✮✱ ❏✳✲▼✳ ❍❡✐♥t③ ✭❉✐r❡❝t❡✉r ❞❡ t❤ès❡ ✲ ❊①❛♠✐♥❛t❡✉r✮✱ ❙✳
❱❛✉❞❡③ ✭❊♥❝❛❞r❛♥t ❈❊❆ ✲ ❊①❛♠✐♥❛t❡✉r✮✱ ▼✳ ▼❛❣❧✐♦♥❡ ✭❊①❛♠✐♥❛t❡✉r✮✱ ❋✳ ❍♦❞❛❥ ✭❊①❛♠✐♥❛t❡✉r✮✱
❏✳✲P✳ ●❛♥♥❡ ✭❊①❛♠✐♥❛t❡✉r✮✱ ❏✳❋✳ ❙✐❧✈❛✐♥ ✭❝♦✲❉✐r❡❝t❡✉r ❞❡ t❤ès❡✮✱ n✆ ✿ ✹✾✸✽ ✲ ❇♦r❞❡❛✉① ✶✳
❈♦♥tr✐❜✉t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❢♦r♠❛t✐♦♥ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❧♦❣✐❝✐❡❧ ❙❆●❊ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞✉ ♣♦t❡♥t✐❡❧
❞✬♦①②❣è♥❡✱ ❝❛❧❝✉❧ ❞✉ ❢❛❝t❡✉r t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞❡ ❞✐✛✉s✐♦♥ ♣♦✉r ❧❡ ❝♦❡✣❝✐❡♥t ❞✬✐♥t❡r❞✐✛✉s✐♦♥
❯✴P✉ s✉r ❧❛ ❜❛s❡ ❞✉ ♠♦❞è❧❡ ❞❡ s♦❧✉t✐♦♥ s♦❧✐❞❡ ré❣✉❧✐èr❡ ❞❡ ▲✐♥❞❡♠❡r ❡t ❇❡s♠❛♥♥ ♣♦✉r ❞é❝r✐r❡
❧❛ s♦❧✉t✐♦♥ s♦❧✐❞❡ ♣U,PuqO2✳

✶✸✹



❙♦✉t❡♥❛♥❝❡ ♣ré✈✉❡ ❡♥ ❞é❝❡♠❜r❡ ✷✵✶✹ ❞❡ ❧❛ t❤ès❡ ❞❡ ❘❛❞♦st✐♥ ❇❧❛③❤❡✈ s✉r ❧✬ét✉❞❡ ❞❡s ♠é❝❛✲
♥✐s♠❡s ❞✉ ❢r✐tt❛❣❡ ❙P❙ ❡♥ ❝♦✲t✉t❡❧❧❡ ❡♥tr❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ❙♦✜❛ ✭❇✉❧❣❛r✐❡✮ ❡t ❞❡ ▲✐♠♦❣❡s
❈♦♥tr✐❜✉t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❡♥❝❤❛î♥❡♠❡♥t ❞❡s ❝❛❧❝✉❧s ❞❡ ❝❤❛♠♣s ❞❡ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡✱ ❞❡ t❡♠✲
♣ér❛t✉r❡ ❡t ❞❡ ❞é❢♦r♠❛t✐♦♥ ❞❡ ❢r✐tt❛❣❡ ♣♦✉r s✐♠✉❧❡r ❧❡ ❢r✐tt❛❣❡ ❙P❙✳

❏✉r② ❞❡ ❚❤ès❡

✧▼♦❞é❧✐s❛t✐♦♥ ❡t s✐♠✉❧❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ ❞❡ ♠❛tér✐❛✉① ❞♦♣és ❡t ❞❡ ♠✉❧t✐♠❛tér✐❛✉① à ❧✬é❝❤❡❧❧❡
❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡✧✱ t❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✻ ❞é❝❡♠❜r❡ ✷✵✶✸ ♣❛r ❍♦✇❛t❝❤✐♥♦✉ ❚♦ss♦✉❦♣è✱ ➱❝♦❧❡
◆❛t✐♦♥❛❧❡ ❙✉♣ér✐❡✉r❡ ❞❡s ▼✐♥❡s ❞❡ ❙❛✐♥t✲➱t✐❡♥♥❡✱ s♣é❝✐❛❧✐té ✿ s❝✐❡♥❝❡ ❡t ❣é♥✐❡ ❞❡s ♠❛tér✐❛✉①✱
❞✐r❡❝t❡✉r ❞❡ t❤ès❡ ✿ Pr♦❢✳ ❆ss✳ ❋✳ ❱❛❧❞✐✈✐❡s♦✱ ❝♦✲❞✐r❡❝t❡✉r ✿ Pr♦❢✳ ❆ss✳ ❏✳ ❇r✉❝❤♦♥✱ ❝♦✲❡♥❝❛❞r❛♥t ✿
Pr♦❢✳ ❙✳ ❉r❛♣✐❡r✱ r❛♣♣♦rt❡✉rs ✿ Pr✳ ❈❤r✐st♦♣❤❡ ▼❛rt✐♥✱ ❙■▼❆P✲■◆P●✱ ●r❡♥♦❜❧❡ ❡t ❉r✳ ▼❛r❝
❇❡r♥❛❝❦✐✱ ❈❊▼❊❋✲❊◆❙▼P✱ ❙♦♣❤✐❛✲❆♥t✐♣♦❧✐s✱ ❡①❛♠✐♥❛t❡✉r ✿ ❏✳ ▲é❝❤❡❧❧❡✳

P♦st✲❞♦❝ ❡♥❝❛❞ré

❆✈r✐❧ ✷✵✶✸✲ ❆✈r✐❧ ✷✵✶✹ ✿ ❙✐♠♦♥ ◗✉❡t❡❧✲❲❡❜❡♥✱ ▼✐s❡ ❛✉ ♣♦✐♥t ❡t ✉t✐❧✐s❛t✐♦♥ ❡♥ ❜♦ît❡✲à✲❣❛♥ts
❞✬✉♥ ❞✐s♣♦s✐t✐❢ ❞❡ ♠❡s✉r❡ ❞❡ ❝♦♥❞✉❝t✐✈✐té é❧❡❝tr✐q✉❡ s✉r ❞❡s ♠❛tér✐❛✉① à ❜❛s❡ ❞❡ r❛❞✐♦♥✉❝❧é✐❞❡s
é♠❡tt❡✉rs✲❛❧♣❤❛✳

❊♥❝❛❞r❡♠❡♥t ❞❡ ❙t❛❣❡s ❯♥✐✈❡rs✐t❛✐r❡s

✶✾✾✼ ✿ ❙t❛❣❡ ❞❡ ♠❛îtr✐s❡ ❞❡ ♠❛t❤é♠❛t✐q✉❡s✱ ❈▼■✱ ❈❧❛✐r❡ ◆é❣r❡❧✱ ❙❝❤é♠❛ ❞❡ ❞✐s❝rét✐s❛t✐♦♥ ♣❛r
❧❛ ♠ét❤♦❞❡ ❞❡s ❱♦❧✉♠❡s ❋✐♥✐s ❞✉ ♠♦❞è❧❡ ❣r❛♥✉❧❛✐r❡ ✭♠é❝❛♥✐q✉❡ ❡t ❝❤✐♠✐❡✮✱ ❡♥❝❛❞r❛♥ts ❯♥✐✈❡r✲
s✐t❛✐r❡s ❘✳ ❇♦②❡r ❡t ❘✳ ❍❡r❜✐♥

✶✾✾✽ ✿ ❙t❛❣❡ ❞❡ ❉❊❙❙ ❞❡ ♠❛t❤s ❛♣♣❧✐s✱ ❈▼■✱ ❋❛r✐❞ ❆❜❞❡❧❢❡❤t❛✱ ●❡st✐♦♥ ❞❡ ❧✬✐♥t❡rs❡❝t✐♦♥ ❞❡
❞❡✉① ♠❛✐❧❧❛❣❡s

✶✾✾✾ ✿ ❙t❛❣❡ ❞❡ ❉❊❙❙ ❞❡ ♠❛t❤s ❛♣♣❧✐s✱ ❋ré❞ér✐❝ ❆t❛♠✐❛♥✱ ❈▼■✱ ❘❡♠♣❧❛❝❡♠❡♥t ❞✉ r❡♠❛✐❧❧❛❣❡
♣❛r ✉♥ ❜❛r②❝❡♥tr❛❣❡ ❧♦rs ❞❡ ❧❛ ❞é❢♦r♠❛t✐♦♥ ❞❡ ❣r❛✐♥s ❛✉ ❝♦♥t❛❝t

✷✵✵✵ ✿
✖ ❙t❛❣❡ ❞❡ ❉❊❙❙ ❞❡ ♠❛t❤s ❛♣♣❧✐s✱ ❈▼■✱ ❏érô♠❡ ❘é❣✐s ✭❯t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❋r❛♥❦

❡t ❲♦❧❢❡ ♣♦✉r ❧❛ rés♦❧✉t✐♦♥ ❞❡ ❧✬é❣❛❧✐té ❞❡s ♣♦t❡♥t✐❡❧s ❞❡s é❧é♠❡♥ts ❝❤✐♠✐q✉❡s ❛✉① ✐♥t❡r❢❛❝❡s
❡♥tr❡ ❞❡✉① ❣r❛✐♥s ♣♦✉r ❧❡ ♠♦❞è❧❡ ❞❡ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ s✉❜✲❣r❛♥✉❧❛✐r❡✮

✖ ❙t❛❣❡ ❞❡ ❉❊❙❙ ❞❡ ♠❛t❤s ❛♣♣❧✐s ▲❛✉r❡♥t ◗✉❛❣❧✐❛ ✭▼✐s❡ ❡♥ ÷✉✈r❡ ❞❡ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡
❉♦♠❛✐♥❡s ❞❡ t②♣❡ ❉✐r✐❝❤❧❡t✲◆❡✉♠❛♥♥ s✉r ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ✶✹ ❣r❛✐♥s ❛✉ ❝♦♥t❛❝t ✲ ♠é❝❛♥✐q✉❡
❞✉ ♠♦❞è❧❡ ❞❡ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ ❣r❛♥✉❧❛✐r❡ ✲ ❛❧❣♦r✐t❤♠❡ ❞❡ ▼❛r✐♥✐✲◗✉❛t❡r♦♥✐✮

✷✵✵✶ ✿
✖ ❙t❛❣❡ ❞✬■♥❣r✐❞ ❘♦✉❜② ✸✐è♠❡ ❛♥♥é❡ ❞❡ ❧✬■❙■❚❱ ✲ ♦♣t✐♦♥ ■♥❣é♥✐ér✐❡ ♠❛t❤é♠❛t✐q✉❡✱ ▼♦❞✐✲

✜❝❛t✐♦♥s ❞✉ ♠❛✐❧❧❡✉r ◆❡t❣❡♥ ♣♦✉r ❧✉✐ ❛❥♦✉t❡r ❞❡s ♣r✐♠✐t✐✈❡s ❞❡ t②♣❡ ❡❧❧✐♣s♦✐❞❡s ❞❛♥s s♦♥
❢♦r♠❛t ❛❧❣❡❜r❛✐❝✸❉

✖ ❙t❛❣❡ ❞❡ ◆✐❝♦❧❛s ❘❛♦✉❧① ➱❝♦❧❡ ◆✳ ❙✳ ❞❡ P❤②s✐q✉❡ ❞❡ ●r❡♥♦❜❧❡✱ ▼❡s✉r❡ ❞❡ ❝♦❡✣❝✐❡♥ts
❞✬✐♥t❡r❞✐✛✉s✐♦♥ s✉r ❞❡s ♠♦♥♦❝r✐st❛✉① UO2 ❡t CeO2

✷✵✵✷ ✿ ❙t❛❣❡ ❞❡ ❘❛❝❤✐❞ ▲❛❜❞✐❞✐ ❉❊❙❙ ▼❛t❤s ❆♣♣❧✐s✱ ❈▼■

✶✸✺



❆♥♥❡①❡ ❈✳ ❊♥❝❛❞r❡♠❡♥t ✲ ❥✉r② ❞❡ t❤ès❡s ❞✬❯♥✐✈❡rs✐té

✷✵✵✸ ✿ ❙t❛❣❡ ✷✐è♠❡ ❛♥♥é❡ ❈P❊ ▲②♦♥✱ ❉✐❛♥❡ ❙❝❤❛♠❜✐❧❧✱ ❛♥❛❧②s❡ ❞✬✐♠❛❣❡s ♠✐❝r♦s♦♥❞❡ s✉r ❞❡s
❝❛rt♦❣r❛♣❤✐❡s ♠✐❝r♦s♦♥❞❡s ❞❡ ❧✬é❧é♠❡♥t P✉✱ ét✉❞❡ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ❤étér♦❣é♥é✐tés

✷✵✵✹ ✿ ❙t❛❣❡ ❞✬■❯P ●é♥✐❡ ❞❡s ▼❛tér✐❛✉① ■♥♦r❣❛♥✐q✉❡s✱ ❋❛❝✉❧té ❞❡ ❙❛✐♥t ❏érô♠❡✱ ◗✉❡♥t✐♥ P❛s✲
q✉❡t✱ ❯t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ α ❤❛✉t❡ rés♦❧✉t✐♦♥ ❡t ❞✉ ❙■▼❙ ♣♦✉r ♠❡s✉r❡r ❧❡ ❝♦❡✣❝✐❡♥t
❞❡ ❞✐✛✉s✐♦♥ à ❞✐❧✉t✐♦♥ ✐♥✜♥✐❡ ❞❡ 235U ❞❛♥s ✉♥ ♠❛tér✐❛✉ ✐♥❡rt❡

✷✵✵✺ ✿ ❙t❛❣❡ ❞✬■❯P ●é♥✐❡ ❞❡s ▼❛tér✐❛✉① ■♥♦r❣❛♥✐q✉❡s✱ ❋❛❝✉❧té ❞❡ ❙❛✐♥t ❏érô♠❡✱ ❊st❡❧❧❡ ❘♦❧❧✐♥✱
▼❡s✉r❡ ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ à ❞✐❧✉t✐♦♥ ✐♥✜♥✐❡ ❞❡ 235U ❞❛♥s ✉♥ ♠❛tér✐❛✉ ✐♥❡rt❡✱ ❯t✐❧✐s❛t✐♦♥
❞❡ ❧❛ s♣❡❝tr♦s❝♦♣✐❡ α ❤❛✉t❡ rés♦❧✉t✐♦♥✱ ❞✉ ❙■▼❙✱ ❡t ❞✉ ▼❊❇ ♣♦✉r ❡st✐♠❡r ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡s
❝r❛tèr❡s✳

✷✵✵✼ ✿ ❙t❛❣❡ ❞❡ ▼❛st❡r ■ ▼❛t❤s ❆♣♣❧✐q✉é❡s ❞❡ ❙tr❛s❜♦✉r❣✱ ▼❛r❝ ❲♦❧✛ ✭❡♥❝❛❞r❛♥ts ✉♥✐✈❡r✲
s✐t❛✐r❡ ❑✳ ❙❛✐❦♦✉❦✱ ❘✳ ❇♦②❡r✮ ❝❛❧❝✉❧ ❞❡ r❛②♦♥s ❞❡ ❝♦✉r❜✉r❡s ❧♦❝❛✉① ♣❛r ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s
♥✉♠ér✐q✉❡s✱ ét✉❞❡ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♥÷✉❞s ❞❡ ♠❛✐❧❧❛❣❡ ❡♥ ❝♦♥s❡r✈❛♥t ❧❛ ♠❛ss❡✳

✷✵✶✵ ✿ ❙✉♣♣♦rt ♥✉♠ér✐q✉❡ ❛✉ st❛❣❡ ❞❡ ❏❡r❡♠② ❚❡②ss✐❡r✱ ✸✐è♠❡ ❛♥♥é❡ ❈P❊ ▲②♦♥✱ ❘❡❝❤❡r❝❤❡
❞❡ ❝r✐tèr❡s ♣♦✉r ❝❛r❛❝tér✐s❡r ❧✬❤♦♠♦❣é♥é✐té ❞✬✉♥❡ ♠✐❝r♦str✉❝t✉r❡ ❝♦♥t❡♥❛♥t ❧❡s é❧é♠❡♥ts U ❡t Pu
s✉r ❧❛ ❜❛s❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡s ♠✐❝r♦s♦♥❞❡✳

✷✵✶✶ ✿ ❙t❛❣❡ ❞❡ ▼❛❤❦♠♦✉t ❉✐♦✉❛r❛✱ Pr♦❣r❛♠♠❛t✐♦♥ ❞✬✉♥❡ ❢♦♥❝t✐♦♥♥❛❧✐té ❛✉ ❧♦❣✐❝✐❡❧ ❞❡ s✐♠✉✲
❧❛t✐♦♥ ❞❡ ❢r✐tt❛❣❡ ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ❝♦✉♣❡ ✷❉ ❛✉ ❢♦r♠❛t ✐♥✷❞ ❞❡ ♥❡t❣❡♥✱ ❞✬❛♣rès ✉♥ ❛❧❣♦r✐t❤♠❡
❢♦✉r♥✐ ♣❛r ❘♦❜❡rt ❇♦②❡r✳

✷✵✶✶ ✿ ❙t❛❣❡ ❞❡ ❘❛❞♦st✐♥ ❇❧❛③❤❡✈ ❡♥ t❤ès❡ ✭❞✐s❝✐♣❧✐♥❡ ✿ ❝❤✐♠✐❡✮ ❡♥ ❝♦✲t✉t❡❧❧❡ ❡♥tr❡ ❧✬❯♥✐✈❡rs✐té
❞❡ t❡❝❤♥♦❧♦❣✐❡ ❝❤✐♠✐q✉❡ ❡t ❞❡ ♠ét❛❧❧✉r❣✐❡ ❞❡ ❙♦✜❛ ✭❇✉❧❣❛r✐❡✮ ❡t ❧✬❯♥✐✈❡rs✐té ❞❡ ▲✐♠♦❣❡s ❙P❈❚❙
✲ ❯▼❘ ❈◆❘❙ ✼✸✶✺✱ ❡♥❝❤❛î♥❡♠❡♥t ❞❡s ét❛♣❡s ❞❡ ❝❛❧❝✉❧ ❞❡ ❝❤❛♠♣s ❞❡ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡ ♣✉✐s
❞❡ t❡♠♣ér❛t✉r❡ ❞✉ ❢❛✐t ❞❡ ❧✬❡✛❡t ❏♦✉❧❡ ❡t ❞❡ ❢r✐tt❛❣❡ ♣♦✉r s✐♠✉❧❡r ❧❡ ❢r✐tt❛❣❡ ❙P❙ ❞✉ ❝✉✐✈r❡✳

✷✵✶✷ ✿ ❙t❛❣❡ ❞❡ ✸✐è♠❡ ❛♥♥é❡ ❞❡ ❧✬➱❝♦❧❡ ❞❡ ❈ér❛♠✐q✉❡s ❞❡ ▲✐♠♦❣❡s✱ ▼✐❝❦❛❡❧ ●r✐♠♦✐♥✱ ❈♦♥❝❡♣✲
t✐♦♥ ❡t ✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❞✐s♣♦s✐t✐❢ ❞❡ ♠❡s✉r❡ ❞❡ ❝♦♥❞✉❝t✐✈✐té é❧❡❝tr✐q✉❡ ♣♦✉r ✉♥ ❢♦✉r ❡♥ ❆❧✉♠✐♥❡
♥✉❝❧é❛r✐sé✳

✷✵✶✸ ✿ ❙❡❝♦♥❞ st❛❣❡ ❞❡ ❘❛❞♦st✐♥ ❇❧❛③❤❡✈ ❡♥ t❤ès❡ ✭❞✐s❝✐♣❧✐♥❡ ✿ ❝❤✐♠✐❡✮ ❡♥ ❝♦✲t✉t❡❧❧❡ ❡♥tr❡ ❧✬❯♥✐✲
✈❡rs✐té ❞❡ t❡❝❤♥♦❧♦❣✐❡ ❝❤✐♠✐q✉❡ ❡t ❞❡ ♠ét❛❧❧✉r❣✐❡ ❞❡ ❙♦✜❛ ✭❇✉❧❣❛r✐❡✮ ❡t ❧✬❯♥✐✈❡rs✐té ❞❡ ▲✐♠♦❣❡s
❙P❈❚❙ ✲ ❯▼❘ ❈◆❘❙ ✼✸✶✺✱ ❝❛❧❝✉❧ ❞✉ ❝♦❡✣❝✐❡♥t ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❧♦❝❛❧❡ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ♣❛r
✉♥❡ ♠✐❝r♦str✉❝t✉r❡ ❞✐é❧❡❝tr✐q✉❡

✶✸✻



❉

❊♥s❡✐❣♥❡♠❡♥t ✲ ❆♥✐♠❛t✐♦♥ ❙❝✐❡♥t✐✜q✉❡

❉✳✶ ❊♥s❡✐❣♥❡♠❡♥t

❈♦✉rs ❞❡ 3ieme ❛♥♥é❡ ❞✬é❝♦❧❡ ❞❡ ❈ér❛♠✐q✉❡s ❞❡ ▲✐♠♦❣❡s✱ ♦♣t✐♦♥ ♥✉❝❧é❛✐r❡✱ ♠♦❞✉❧❡ ✸✺✷✱ ♣r♦✲
♣r✐étés ❞❡s ❛❝t✐♥✐❞❡s ✭❡♥✈✐r♦♥ ✺❤✵✵✮ ✿
✲ ✺ ❥❛♥✈✐❡r ✷✵✶✵✱
✲ ✶✶ ❥❛♥✈✐❡r ✷✵✶✶✱
✲ ✾ ❥❛♥✈✐❡r ✷✵✶✷✱
✲ ✶✺ ❥❛♥✈✐❡r ✷✵✶✸✱
✲ ✶✹ ❥❛♥✈✐❡r ✷✵✶✹✳

❈♦✉rs ❞❡ ▼❛st❡r ✷ ✧▼❆◆❯❊◆✧ ●r❡♥♦❜❧❡ ✲ ♠♦❞✉❧❡ ❋✷ ✲ ♣r♦♣r✐étés ❞✉ ❝♦♠❜✉st✐❜❧❡ ♥✉❝❧é❛✐r❡
✭❡♥✈✐r♦♥ ✹❤✸✵✮ ✿
✲ ✵✷✴✶✷✴✷✵✶✵✱
✲ ✵✶✴✶✷✴✷✵✶✶✱
✲ ✵✻ ❡t ✶✵✴✶✷✴✷✵✶✷✳
✲ ✵✺ ❡t ✶✵✴✶✷✴✷✵✶✸✳

❋♦r♠❛t✐♦♥s s✉r ❧❡s ♣r♦♣r✐étés ❞✉ ❝♦♠❜✉st✐❜❧❡ à ❧✬❊❝♦❧❡ ❞❡s ❈♦♠❜✉st✐❜❧❡s ✭❈❊❆ ❈❛❞❛r❛❝❤❡✮ ✿
✲ ♠❛rs ✷✵✶✷✱
✲ s❡♣t❡♠❜r❡ ✷✵✶✷✳

❉✳✷ ❆♥✐♠❛t✐♦♥ ❙❝✐❡♥t✐✜q✉❡

❊♥ ✷✵✶✶✱ ❥✬❛✐ été ❛♥✐♠❛t❡✉r ❞❡ ❧✬❛①❡ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ●r♦✉♣❡♠❡♥t ❞❡ r❡❝❤❡r❝❤❡ ❙♣❛r❦ P❧❛s♠❛
❙✐♥t❡r✐♥❣ ✭●❉❘✲✸✶✻✺ ❙P❙✮ s✉r ❧❡ ❢r✐tt❛❣❡ ❙P❙✳ ❈❡ ●❉❘ ♥✬❡st ❛❝t✉❡❧❧❡♠❡♥t ♣❧✉s ✜♥❛♥❝é✱ ❡♥ ❝❛s
❞❡ r❡♣r✐s❡ ❞❡ s♦♥ ✜♥❛♥❝❡♠❡♥t✱ ✐❧ ❡st ♣ré✈✉ q✉❡ ❥❡ s♦✐t ❝♦✲❛♥✐♠❛t❡✉r ❞❡ ❝❡t ❛①❡✳
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❆♥♥❡①❡ ❉✳ ❊♥s❡✐❣♥❡♠❡♥t ✲ ❆♥✐♠❛t✐♦♥ ❙❝✐❡♥t✐✜q✉❡
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❘❛♣♣♦rt ❞❡ s♦✉t❡♥❛♥❝❡ ❞❡ t❤ès❡
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❆♥♥❡①❡ ❊✳ ❘❛♣♣♦rt ❞❡ s♦✉t❡♥❛♥❝❡ ❞❡ t❤ès❡
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❆♥♥❡①❡ ❊✳ ❘❛♣♣♦rt ❞❡ s♦✉t❡♥❛♥❝❡ ❞❡ t❤ès❡
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❙é❧❡❝t✐♦♥ ❞❡ tr♦✐s ❛rt✐❝❧❡s r❡♣rés❡♥t❛t✐❢s
❞❡ ❧✬ét✉❞❡

❋✳✶ ➱❝r✐t✉r❡ ❞✉ ♠♦❞è❧❡ ✐♥✐t✐❛❧ ✲ ❞✐s❝rét✐s❛t✐♦♥ ❛ss♦❝✐é❡
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A mechanistic approach of the sintering of nuclear fuel ceramics
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Abstract

The CEA and the COGEMA, as part of their effort to model the different stages of the MOX fuel fabrication process, have specifically
worked, on the sintering stage. A physical mechanistic model of MOX fuel sintering is proposed, as well as the numerical schemes that
will lead to the achievement of the corresponding software tool. The model takes into account surface diffusion, grain boundary diffusion,
volume diffusion, exchanges between solid and gas, as well as the mechanical strains of grains. The scale at which concentrations and strains
are taken into account is smaller than grain size (0.1mm for green pellets and 10mm for sintered ones). The numerical resolution schemes of
this problem have been conceived, and are also presented. They mainly consist of relaxation procedures to uncouple partial derivative mass
conservation equations, flux balances along interfaces, non-linear potential equality conditions at interfaces, and Navier–Lamé equations
over each grain. A code (SALAMMBO) is under construction, based on the latter; once validated by experimental and parametric tests, this
code will describe Pu distribution, grain and pore size distribution, and local density of the pellets as functions of the sintering conditions,
thus enabling further developments of the fabrication process such as the obtention of advanced microstructures of improved MOX fuels.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

To improve MOX fuel fabrication, a numerical modelling
of the sintering stage was undertaken. In order to design a
code which could be adapted to the needs (addition of ele-
ments other than U, Pu and O) and which can be predictive,
a mechanistic approach has been adopted. A rough descrip-
tion of the model has already been given [1]. This document
describes in detail the improved physical model that has been
developed, as well as the corresponding numerical schemes.

The physical phenomena taken into account are volume
diffusion, surface diffusion, grain boundary diffusion, solid/
gas exchanges, diffusion–reaction in gas phase and the devel-
opment (or the relaxation) of mechanical stresses. The evolu-
tion of concentrations and strain are modelled on a scale
which is smaller than grain size (0.1mm for green pellets
and 10mm after sintering) and involves a set of grains large
enough to be representative of a pellet area, master blend
area, matrix area, or interface between matrix and master
blend areas.

Initial conditions are the following: the outer limits of
the grains are given [2], solid phase concentrations(UO2± x

or PuO2± x), gas phase concentrations (Ar, H2, H2O) are

∗ Corresponding author.

known, as well as displacement distributions. The computed
parameters are: the evolution of the grain outer limits, the
evolution of grain composition, pore composition evolution,
and the evolution of the stress field in the grains.

It is then possible to obtain local mean parameters such
as density, grain size, pore size, or Pu homogenization. Sim-
ple numerical schemes have been chosen in bulk material
(P1 finite elements for grains and pore concentrations and
P2 finite elements for displacements), and along interfaces
(first-order finite differences) so that computer time can
be used to simulate larger sets of grains. The main effort
was made on a procedure to uncouple the partial derivative
equations which govern the concentration evolution and the
mechanical displacements over the whole set of grains.

2. The physical model

2.1. Mechanical behaviour

2.1.1. Context
Several reasons account for the green fuel pellet possess-

ing internal stresses:
• The pressing stage stresses are partly eliminated during

decompression, they are radial [3,4]. Stresses are again

0254-0584/01/$ – see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0254-0584(00)00429-6

✶✹✻
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eliminated during pellet ejection from the press matrix
(rebound).

• When porosity becomes closed, before occluded gas can
diffuse out of the pellet, pore inner pressure may become
significant (about 1 atm).

• During sintering, a local reordering of grains may occur
that can lead to stresses when two grains are brought into
contact.

• Solid/vapour (γ SV) and solid/solid (γ GB) surface energy
create stresses at grain surface [5]. Where grain surface is
convex, the stresses are of squeezing type, and of tensile
type everywhere else. These stresses induce a bulk stress
gradient. It is the main sintering driving force.

2.1.2. Mechanical equations

The stress tensor̄̄T is given by the dynamics fundamental
relation applied to a small volume element inside a grain.
A volume element of size dx dy dz within a grain hardly
moves during sintering (quasi-static equilibrium). Mechani-
cal equilibrium is reached more quickly than thermodynamic
equilibrium, it reads

∀i ∈ {1, 2, 3}
3
∑

j=1

∂Tij

∂xj

= 0

At this point, grain orientation has to be taken into account,
as the relationship between stress and strain takes a sim-
ple form in the crystal referential (crystal axes). In our case
of interest, crystal symmetry is cubic (Oh point group in
Schönflies notations) and only three constants are indepen-
dent:c11, c12 andc44 [6].

Grain (g) orientation is given by three anglesθg, ϕg

andχg. The laboratory referential isR(O, Ee1, Ee2, Ee3), grain
g 〈1 0 0〉 axes are oriented by vectors(Eeg

1, Eeg
2, Eeg

3) usually de-
noted(Ea, Eb, Ec) in crystallography.Pg denotes the matrix of
basis change from(Ee1, Ee2, Ee3) to (Eeg

1, Eeg
2, Eeg

3).

P g =





cosχg sinθg + sinχg cosϕg cosθg −sinχg sinθg + cosχg cosϕg cosθg sinϕg cosθg

−cosχg cosθg + sinχg cosϕg sinθg cosθg sinχg + cosχg cosϕg sinθg sinθg sinϕg

−sinχg sinϕg −cosχg sinϕg cosϕg





The system is supposed to be at an isothermal stage. This hy-
pothesis associated with those of a thermo-elastic behaviour
of the grain with a cubic symmetry reads in the crystal
axes:
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with

S1 = ∂u1

∂x1
, S2 = ∂u2

∂x2
, S3 = ∂u3

∂x3
, S4 = ∂u2

∂x3
+ ∂u3

∂x2
, S5 = ∂u1

∂x3
+ ∂u3

∂x1
, S6 = ∂u1

∂x2
+ ∂u2

∂x1

whereS is the elastic strain tensor (in Voı̈gt notations) and
Eu the displacement at pointM in grain g.

In case of the presence of a temperature gradient, the
equilibrium would read [7]

c11
∂2u

g
1

∂x
g2

1

+ c12
∂2u

g
2

∂x
g
1∂x

g
2

+ c12
∂2u

g
3

∂x
g
1∂x

g
3

+1

2
c44

(

∂2u
g
1

∂x
g2

2

+ ∂2u
g
2

∂x
g
1∂x

g
2

)

+ 1

2
c44

(

∂2u
g
1

∂x
g2

3

+ ∂2u
g
3

∂x
g
1∂x

g
3

)

−Kα
∂T

∂x1
= 0,

1

2
c44

(

∂2u
g
1

∂x
g
1∂x

g
2

+ ∂2u
g
2

∂x
g2

1

)

+ c12
∂2u

g
1

∂x
g
1∂x

g
2

+ c11
∂2u

g
2

∂x
g2

2

+c12
∂2u

g
3

∂x
g
2∂x

g
3

+ 1

2
c44

(

∂2u
g
2

∂x
g2
3

+ ∂2u
g
3

∂x
g
2∂x

g
3

)

− Kα
∂T

∂x2
= 0,

1

2
c44

(

∂2u
g
1

∂x
g
1∂x

g
3

+ ∂2u
g
3

∂x
g2

1

)

+ 1

2
c44

(

∂2u
g
2

∂x
g
2∂x

g
3

+ ∂2u
g
3

∂x
g2

2

)

+c12
∂2u

g
1

∂x
g
1∂x

g
3

+ c12
∂2u

g
2

∂x
g
2∂x

g
3

+ c11
∂2u

g
3

∂x
g2

3

− Kα
∂T

∂x3
= 0

This system has been written in the referential of grain g.
The simulated system is made of a set of grains with very
different orientations. It is better to write down all relation-
ships in a single referential: the laboratory one. The useful
expression for the code being developed is the one in the
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laboratory referential. It is as follows:

3
∑

i=1

3
∑

j=1

3
∑

k=1

Ai,j,k,1
∂2ui

∂xj∂xk

= 0,

3
∑

i=1

3
∑

j=1

3
∑

k=1

Ai,j,k,2
∂2ui

∂xj∂xk

= 0,

3
∑

i=1

3
∑

j=1

3
∑

k=1

Ai,j,k,3
∂2ui

∂xj∂xk

= 0

CoefficientsAi,j,k,l are not given here, they are functions of
c11, c12, c44, θg, ϕg andχg. The boundary conditions for
this partial derivative equation are given hereafter.

2.1.2.1. Case of an interface gaseous pore p/solid grain g.

At the surface level of grain g, the stress¯̄T g
is hydrostatic

and is due to total pressurep in the gaseous phase:¯̄T g
(Eng) =

−(γSV(1/R
g
1 + 1/R

g
2) + p)Eng, whereEng is the outer normal

vector of the grain.−γSV(1/R
g
1 +1/R

g
2)Eng term is linked to

the small grain size. Surface energyγSV(6= 0) and curvature
radii Rg

1 andR
g
2 (very small) make the gas-applied pressure

differ from grain-applied stress [5].
Gas is described by the Rand–Markin model [8] where

1–13 species have a partial pressurepi , and a concentration
c

p
i . They are U, Pu, O, Ar, H, UO, UO2, UO3, PuO, PuO2,

O2, H2, H2O.
p = ∑13

i=1p
p
i = RT

∑13
i=1c

p
i , whereT is the temperature

and R the perfect gas constant. The superscript p denotes
the number of the pore. This can be written in terms of
displacements as

∑3
i=1
∑3

j=1B
g
i,j,1

∂u
g
i

∂xj

− Kng
1

∫ T

T0

α dT

= −
(

γSV

(

1

R
g
1

+ 1

R
g
2

)

+ RT
∑13

i0=1c
p
i0

)

n
g
1,

∑3
i=1
∑3

j=1B
g
i,j,2

∂u
g
i

∂xj

− Kng
2

∫ T

T0

α dT

= −
(

γSV

(

1

R
g
1

+ 1

R
g
2

)

+ RT
∑13

i0=1c
p
i0

)

n
g
2,

∑3
i=1
∑3

j=1B
g
i,j,3

∂u
g
i

∂xj

− Kng
3

∫ T

T0

α dT

= −
(

γSV

(

1

R
g
1

+ 1

R
g
2

)

+ RT
∑13

i0=1c
p
i0

)

n
g
3

wheren
g
1, n

g
2 andn

g
3 are the components of the normal vector

Eng. TheB
g
i,j,k expression is not given here, it is a function

of c11, c12, c44, θg, ϕg and χg. In the cubic case,K =
1
3(c11 + 2c12). α is the thermal expansion coefficient.

2.1.2.2. Case of a solid grain g/solid grain g′ interface.
Two partial derivative equations are solved simultaneously

inside solid grains g and solid grain g′:

∀i ∈ {1, 2, 3}
3
∑

j=1

∂T
g
ij

∂xj

= 0, ∀i ∈ {1, 2, 3}
3
∑

j=1

∂T
g′
ij

∂xj

= 0

The relationship between displacements (un is the normal
component of the displacementu, andut1 and ut2 its tan-
gential components) of grains g and g′ along their common
boundary is due to continuity:

u
g
1 = u

g′
1 , u

g
2 = u

g′
2 , u

g
3 = u

g′
3

We assume that once two grains meet, they remain in contact.
Signorini contact conditions [9] are not used. One assumes
that forces are opposite along the boundary of two grains.

¯̄T g
(Eng) = −γGB

(

1

R
g
1

+ 1

R
g
2

)

Eng + ¯̄T g′
(Eng)

or

∑3
i=1
∑3

j=1B
g
i,j,1

∂u
g
i

∂xj

= ∑3
i=1
∑3

j=1B
g′
i,j,1

∂u
g′
i

∂xj

− γGB

(

1

R
g
1

+ 1

R
g
2

)

n
g
1,

∑3
i=1
∑3

j=1B
g
i,j,2

∂u
g
i

∂xj

= ∑3
i=1
∑3

j=1B
g′
i,j,2

∂u
g′
i

∂xj

− γGB

(

1

R
g
1

+ 1

R
g
2

)

n
g
2,

∑3
i=1
∑3

j=1B
g
i,j,3

∂u
g
i

∂xj

= ∑3
i=1
∑3

j=1B
g′
i,j,3

∂u
g′
i

∂xj

− γGB

(

1

R
g
1

+ 1

R
g
2

)

n
g
3

2.2. Transport phenomena

2.2.1. Solid description
The sintering atmosphere contains elements Ar and H,

so these elements also exist in the solid phase. The solid
solution is an ideal solid solution between Ar, whose atoms
would be on the sites of a CFC lattice, and the(U, Pu)O2
solid solution. For the(U, Pu)O2 solid solution, a four ionic
sub-lattice ideal solution model is used. The solid solution
reads

[Ar x((U
′
M, UX

M, UM
•, UM

2•, PuX
M, Pu′

M, V4′
M)1(O

′′
i1, VX

i1)16

(Ui2
4•, Pui2

4•, VX
i2)1(O

X
O, VO

2•, HO
2•)2)1−x ]

where Kröger–Vink notations are used [10]. The number of
anionic interstitial sites is given by Olander [8]. Atlas et al.
[11] indicates that in reducing conditions, between 1100 and
1600◦C, interstitial cations have to be taken into considera-
tion. We have supposed they were on fluorine structure oc-
tahedral sites, which leads to the value 1 of the coefficient
for the interstitial cations sub-lattice. The structure element
site fractions are denotedyj

i , wherej is the number of the
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J. Léchelle et al. / Materials Chemistry and Physics 67 (2001) 120–132 123

sub-lattice, andi the number of the species in the sub-lattice.
No distinction is made between the two anionic interstitial
sites.

The previous structural formula does not imply that there
is no empty lattice cell. An empty lattice cell reads

(V4′
M)1(V

X
i1)16(V

X
i2)1(VO

2•)2

The species HO2• is pointed out by Sherman and Olander
[12] and is taken into account: atomic hydrogen diffuses
in the empty anionic sites in UO2 single crystals. Argon is
located in empty cells [13].

The structure elements can be arranged in relative building
units [14] whose electrochemical potential can be expressed
as a function of the chemical potential of the involved ele-
ments. Here are some of the relative building units Ui :

U1 ≡ {UM
• + U′

M − 2UX
M},

U2 ≡ {UM
2• + 2U′

M − 3UX
M},

U3 ≡ {PuX
M − UX

M},
U4 ≡ {−U′

M + Pu′
M},

U5 ≡ {−4U′
M + 3UX

M + V4′
M},

U6 ≡ {−2U′
M + 2UX

M + O
′′
i1 − VX

i1},
U7 ≡ {4U′

M − 4UX
M + Ui2

4• − VX
i2},

U8 ≡ {4U′
M − 4UX

M + Pui2
4• − VX

i2},
U9 ≡ {2U′

M − 2UX
M − OX

O + VO
2•},

U10 ≡ {2U′
M − 2UX

M − OX
O + HO

2•}
In this case, the entropy volumic production is

T σ = − EJ T
O · E∇µO − EJ T

U · E∇µU

− EJ T
Pu · E∇µPu − EJ T

H · E∇µH − EJ T
Ar · E∇µAr

This makes the fluxEJ T
i and the forces appear. The forces

are the potential gradients of chemical elements and not
of structure elements. Irreversible process linear thermody-
namics gives a linear relationship between flux and forces
whose coefficients are Onsager coefficients. In practice,
inter-diffusion coefficientsD̃ are used, as well as propor-
tionality coefficients between stresses and fluxesEiα. The
advantage of these parameters is that they can be measured
through experiment. Fluxes are given in the laboratory ref-
erential for a motionless grain. A further simplification is
made for Ar and H fluxes:

( EJ T
U )lab = −D̃UU E∇cU − D̃UPuE∇cPu − D̃UO E∇cO

−
6
∑

α=1

EUα
E∇Tα,

( EJ T
Pu)lab = −D̃PuUE∇cU − D̃PuPuE∇cPu − D̃PuOE∇cO

−
6
∑

α=1

EPuα E∇Tα,

( EJ T
O )lab = −D̃OU E∇cU − D̃OPuE∇cPu − D̃OOE∇cO

−
6
∑

α=1

EOα
E∇Tα,

( EJ T
Ar )lab = −D̃ArAr E∇cAr −

6
∑

α=1

EArα E∇Tα,

( EJ T
H )lab = −D̃HH E∇cH −

6
∑

α=1

EHα
E∇Tα

i.e. the influence of U, Pu and O on Ar or H diffusion only
appears through̃DHH and D̃ArAr variation with U, Pu and
O contents.CX is the concentration ofX.

2.2.2. Bulk diffusion in grains
Ejg
V,i denotes the bulk diffusion flux for speciesi in grain

g. Species 1–5 (U, Pu, O, Ar and H) exist in the solid phase.
Bulk diffusion leads to the following relationship between
fluxes and forces:

Ejg
V,i= −

5
∑

k=1

D̃V
ik

E∇c
g
k −

6
∑

α=1

EV
iα

E∇Tα−c
g
i Evg

G, i ∈ {1, . . . , 5}

D̃V
ik are the bulk diffusion coefficients, andTα the αth

component of the stress tensor with Voı̈gt notations.EV
iα

is due to i bulk diffusion under the influence of stresses.
EV

iα is approximated byEV
iα = V̄iD̃

V
ii Sα/(∂µc

i /∂ci +
1
2∂V̄i/∂ci

∑6
γ=1Sγ Tγ ), whereSα is the αth component of

the strain tensor in Vöıgt notations,µc
i the chemical part

of the potential ofi in the solid, andV̄i the molar partial
volume of i. Evg

G is the velocity of the mass centre of grain
g in the laboratory referential.

2.2.3. Surface and grain boundary diffusion
Ejg
S,i denotes the surface flux of the grain g for the species

i. The coefficientsD̃S
ik are differ from the bulk diffusion

coefficients due to binding variations of atoms from surface
to bulk.

Ejg
S,i= −

5
∑

k=1

D̃S
ik

E∇Sc
g
k−

6
∑

α=1

EV
iα

E∇Tα−δc
g
i Evg

G, i ∈ {1, . . . , 5}

where c
g
k is the concentration of speciesk taken at the

surface, and E∇S denotes the surface gradient operator
(∂/∂s1)Eu1 + (∂/∂s2)Eu2. ES

iα is approximated byES
iα =

V̄iD̃
S
ii Sα/(∂µc

i /∂ci + 1
2(∂V̄i/∂ci)

∑6
γ=1Sγ Tγ ). A grain

boundary flux is defined accordingly by replacing subscript
S by GB.

2.2.4. Gas diffusion
Let Ejp

i be the bulk flux of speciesi in the pore p (all 13
species exist in gaseous phase).

Ejp
i = −

13
∑

k=1

D
p
ik

E∇c
p
k − c

p
i Evp

G
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where D
p
ik is a bulk diffusion coefficient for the gaseous

phase.
The gas kinetics theory gives the inter-diffusion coeffi-

cients for speciesi andk in pores p:Dp
ik. We assume that

the more probable shocks are the ones where two particles
are involved, thus these coefficients can be used in the case
where the gas possesses more than two species. The litera-
ture [15] provides

Dik (m2 s−1) = 1.858× 10−7 (T 3(Mi+Mk)/(Mi + Mk))
1/2

pσ 2
ikΩ

(1,1)∗
ik

with Ω
(1,1)∗
ik = Ω(1,1) for T ∗ = kT/εik with (εik/k)2 =

(εi/k)(εk/k), whereε is the depth of the Lennard–Jones
potential [16],M the molar weight in 10−3 kg mol−1, T the
temperature in K,σ the diameter in Å andp the pressure in
N m−2.

2.2.4.1. For a non-polar gas.

Ω(1,1)∗ = 1.06036(T ∗)−0.1561+0.19300 exp{−0.47635T ∗}
+1.03587 exp{−1.52996T ∗}
+1.76474 exp{−3.89411T ∗}

2.2.4.2. For a polar gas.

Ω(1,1)∗ = 1.06036(T ∗)−0.1561+0.19300 exp{−0.47635T ∗}
+1.03587 exp{−1.52996T ∗}

+1.76474 exp{−3.89411T ∗} + 0.19
δ2

T ∗

whereδ depends on the dipolar momentµ, δ = 1
2µ∗2 with

µ∗ = µ(σ 3ε)−1/2. On the other hand,δ = √
δiδk.

The values given by Monchick and Mason [16] and Trap-
peniers et al. [17] are summarized in Table 1. Pressurep is
linked to gas phase concentrations by the perfect gas law.

2.2.5. Continuity equations

2.2.5.1. Inside grains g and g′.

div( Ejg
V,i)+

∂c
g
i

∂t
=0, div( Ejg′

V,i)+
∂c

g′
i

∂t
=0, i ∈ {1, . . . , 5}

with coupling conditions
• equality of potential on each side of the interface (local

thermodynamic equilibrium):

Table 1
Gas diffusion parameters

δ M (g mol−1) σ (Å) ε/k (K)

Ar 39.95 3.451 119.5
H2 2.016 2.827 59.7
O2 32 3.323 137.0
H2O 1, 0 18.1 2.52 775

µsolid
1 (c

g
1, . . . , c

g
5, T

g
1 , . . . , T

g
6 )

= µsolid
1 (c

g′
1 , . . . , c

g′
5 , T

g′
1 , . . . , T

g′
6 ),

...

µsolid
5 (c

g
1, . . . , c

g
5, T

g
1 , . . . , T

g
6 )

= µsolid
5 (c

g′
1 , . . . , c

g′
5 , T

g′
1 , . . . , T

g′
6 )

• nil matter volume flux through interface in the interface
referential:

V̄
g
1 ( Ejg

V,1 − Evgg′
interc

g
1)En + V̄

g′
1 ( Ejg′

V,1 − Evgg′
interc

g′
1 )En

+V̄
g
1 divS( Ejg

GB,1 + ((δ Ejg
V,1 − Evgg′

interδc
g
1)Et)Et − Evgg′

interδc
g
1)

−V̄
g′
1 divS( Ejg′

GB,1 + ((δ Ejg′
V,1 − Evgg′

interδc
g′
1 )Et)Et

−Evgg′
interδc

g′
1 ) = 0,

...

V̄
g
5 ( Ejg

V,5 − Evgg′
interc

g
5)En + V̄

g′
5 ( Ejg′

V,5 − Evgg′
interc

g′
5 )En

+V̄
g
5 divS( Ejg

GB,5 + ((δ Ejg
V,5 − Evgg′

interδc
g
5)Et)Et − Evgg′

interδc
g
5)

−V̄
g′
5 divS( Ejg′

GB,5 + ((δ Ejg′
V,5 − Evgg′

interδc
g′
5 )Et)Et

−Evgg′
interδc

g′
5 ) = 0

whereδ denotes the thickness of the grain boundary.
The last five equations are differential equations which

mean that the flux of matter volume is nil through the inter-
face in the interface referential:
∫∫
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g
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g
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where Σ , Γ , En and EnΓ are defined in Fig. 1. It can be
simplified to give
∫∫
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g
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1 ( Ejg′

V,1 − c
g′
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∫
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g
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V,1)Et)Et)EnΓ ds

−
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Γ
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V,1)Et)Et)EnΓ ds = 0

Fig. 1. Surface of a grain.

✶✺✵



❋✳✷✳ ➱t✉❞❡ ❞❡ ♠♦②❡♥s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞✉ ♠♦❞è❧❡

❋✳✷ ➱t✉❞❡ ❞❡ ♠♦②❡♥s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞✉ ♠♦❞è❧❡

✶✺✶



IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 51, NO. 4, AUGUST 2004 1657

Micro-XANES and X-ray Microtomography Study
of Oxidation State, Morphology, and Chemistry
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F. Valdivieso, and P. Goeuriot

Abstract—Nuclear waste management has led to recycling
PuO2 into mixed oxide fuel nuclear fuel (MOX). Its manufac-
turing route involves a sintering process. A multiscale model
is under construction in order to predict the evolution of the
sample characteristics during sintering and to improve sintering
conditions. The purpose of the small scale model is to simulate
grain size and chemistry evolution of micrometer large samples. In
the green state, crystallites are 0.3 m in size and are made either
ofUO2+x or ofPuO2 y. After sintering (U Pu)O2 z solid so-
lutions are formed with crystalline grains close to 5 m in size. At
high temperature, sintering is governed by diffusion phenomena.
Diffusion coefficients vary with point defect concentration. These
defects are related to the oxidation state of the cations, the spatial
distribution of which can be observed by means of micro X-ray
absorption spectroscopy (XAS).

Micro X-ray absorption near edge structure spectroscopy
(micro-XANES) and high resolution X-ray microtomography
study experiments have been performed at the European Syn-
chrotron Radiation Facility beamline ID22, Grenoble. The
applicability of these techniques has been demonstrated for testing
simulation validity of (U Pu)O2 z samples along the MOX
sintering route.

Index Terms—Microtomography, micro-XANES, plutonium
dioxide, uranium dioxide.

I. INTRODUCTION

T
HE recycling of into nuclear fuel is one method of
reducing plutonium waste in nuclear management. Since

has different chemical properties than those of , its
incorporation into nuclear fuels has necessitated particular at-
tention during the manufacturing route (powder agglomeration,
pressing behavior, sintering behavior). The manufacturing of
mixed oxide (MOX) fuel involves a sintering process. Sintering
has drawn much attention and a numerical model is under de-
velopment [1] to simulate grain size evolution, grain pore evo-
lution, and chemistry changes (chemical diffusion), on a scale
smaller than the crystalline grain size (from m before
sintering to 5 m after sintering). These criteria are of industrial
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Fig. 1. Fabrication conditions of samples versus time.

interest in order to predict fuel behavior in reactors. Crystalline
grain size affects the migration duration of gaseous fission prod-
ucts (e.g., Xe) to reach grain boundaries. Pore size has an effect
on the volume of material in which these fission products can
be trapped.

The model developed to describe the evolution of grain and
pore size as well as chemical changes during sintering [1] should
decrease the number of laboratory experiments needed to per-
fect efficient and inexpensive ways of producing nuclear fuel.
This paper aims to investigate a way of validating this numer-
ical model. Synchrotron radiation based micro X-ray absorp-
tion near edge structure spectroscopy (micro-XANES) and high
resolution X-ray microtomography have been used to investi-
gate the three-dimensional (3-D) information of the 50 m large
grain powder samples: their morphology, their chemical ele-
ment nature (U or Pu), and the oxidation state of their cations. U
and Pu absorption edges were used for U and Pu detection.

II. SAMPLES AND BEAMLINE LAYOUT

The first category of samples used in this experiment involved
the powder grains, which had been taken at different points
of the sintering route (Fig. 1). The sintering atmosphere was
a mixture of argon and dry hydrogen gases, at 1700 C. This
atmosphere reduces uranium dioxide from , which, as
shown by standard laboratory XRD spectra (Cu tube, radia-
tion), is a mixing of and into . Grains
of powder (or granulates) are about 50 m in size and are made
up of aggregates, which are themselves made up of one to
three strongly bounded crystals, the size of which is 0.1

m.
This category was divided into two sets, which differed by

their initial density (number of neighbors and surface of con-

0018-9499/04$20.00 © 2004 IEEE✶✺✷
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Fig. 2. ESRF ID22 beamline layout.

TABLE I
FreLoN CAMERA FEATURES

tact are of interest for the study of sintering). The first set con-
sisted of grains of powder with a natural density (samples la-
beled agc, ag1, ag2, and ag3); the second and denser one, the
so-called “forced-sieved” sample set, was obtained by forcing
pressed powder through the meshes of a sieve (samples
labeled amc, am1, am2, and am3).

The second category of samples was made up of only one
green (95 weight %) and (5 weight %) mixture
sample, which was destined to become a solid so-
lution after sintering. Here the sample was observed in its green
state and had not been sintered so that the composition of a ran-
domly chosen aggregate in the powder grain sample was either
entirely or entirely .

The ID22 beamline of the European Synchrotron Radiation
Facility (ESRF) is made up of two hutches [2]. Micro-XANES,
microdiffraction, and microtomography can be performed rou-
tinely at the beamline (Fig. 2).

A fast-readout, low-noise (FreLoN) 2000 charge-coupled de-
vice (CCD) camera has been used for microtomography [3].
It was developed by the Analog Transient Electronics Group
(ATEG) in the ESRF Instrument Support Group. At the ID22
beamline, FReLoN cameras are used in combination with an
optical microscope that projects light from a scintillator screen
onto the CCD chip of the camera. The magnification of the optic
can easily be changed. Various single-crystal scintillators that
differ in spatial resolution and efficiency are available.

The scintillator used is a 4 m thick lutetium aluminum
garnet crystal onto a 170

m thick substrate made of yttrium aluminum garnet
. The line spread function of such a

scintillator is 0.5 m. Manufacturing of the scintillator consists
of YAG substrate surface polishing, followed by the deposition
of LAG. Both surfaces are then coated with an antireflection
coating.

A 90 reflecting prism coupled to an Olympus optical system
composed of an objective of 20 magnification and a 2.5 eye
piece were used for optical demagnification of the beam.

The energy of the beam was varied from 17.110 to 17.250
keV to record XANES spectra. It was moved up to 18.5
keV in order to differentiate from grains and set
at 20 keV (above both edges) to enable subsequent 3-D recon-
structions. Beam hardening is negligible when using a highly
monochromatic beam, such as the one at beamline ID22 of the
ESRF. The energy width of the Si (111) crystal planes is
about 2.4 eV at 18 keV. This high monochromaticity makes any
beam hardening corrections useless.

Integration time per view was set at 1 s for a set of 625 views,
and the corresponding angular range covered was 180 .

The resolution of the microtomography, carried out in hutch
2, was about 0.7 m, whereas in the case of the micro-XANES
experiment, with a focused beam, the spot size was 4 m
1.5 m .

III. RESULTS

A. Three-Dimensional Density of Green and

Sintered Samples

Reconstructions of samples were obtained using the
ESRF high speed tomography software suite based on a stan-✶✺✸
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Fig. 3. Three-dimensional reconstruction of a powder grain from a green
UO sample. Attenuation is averaged on a 0.7 �m scale. Powder grain size
(whole sample) is about 50 �m. White lines were drawn to emphasize the
three-dimensional character of the sample.

Fig. 4. A forced-sieved UO sample sintered at 1700 C for two hours.
Attenuation is averaged on a 0.7 �m scale. Sample size is about 50 �m. The
gray bar provides relative density information.

dard filtered-back-projection algorithm [4]. Fig. 3 gives the re-
construction of a powder grain green sample, whereas
Fig. 4 shows the one of the forced-sieved sintered powder
grains.

The composition of the powder used to make the sam-
ples was known. It had a very low impurity content. The grain
density was obtained by crossing mercury porosimetry mea-
surements performed on a powder made of these granulates
and alcohol density measurements for open and closed porosity.
These were performed on homogeneous half pellets made of a
material with characteristics identical to those of the powder
granulates. They had also undergone the same thermal treat-
ment.

Each two-dimensional (2-D) slice (after three-dimensional
reconstruction) had a constant thickness of one pixel width (0.7

m). Thus, attenuation was solely dependent on density (ab-
sorption coefficient of a fully dense material times relative den-
sity). A correlation law was found to relate relative density to
attenuation.

Fig. 5. UO sample sintered at 1600 C. Relative density variations inside a
0.7 �m thick slice.

Fig. 6. Density variations inside a UO powder grain. Crosses indicate
forced-sieved samples sintered at 1700 C for two hours. Diamonds indicate
green UO powder grain information.

Because of the high monochromaticity of the beamline, beam
hardening effects could be neglected, and the density variation
is the origin of the gradient appearing in Fig. 5.

The resolution of the technique was high enough to obtain
density variation curves of according to the distance from
the outer surface of the grain, but not high enough to be able
to observe grains and pores. In the green sample, the crystalline
grain size ranges between 0.1 and 0.3 m. In the sintered one,
the crystalline grain size can be close to 5 m.

Fig. 5 gives a slice (one pixel thick) of the reconstructed
sample sintered at 1600 C, in which an internal microstructure
can be partially observed. Here, it was decided not to correct
artifacts such as streaks on edges or ring-artifacts to carry out
data interpretation in a way as quantitative as possible.

Density turns out to be higher on the outer surface of the
sample for both the green powder grain and for the forced-
sieved sintered one (Fig. 6).

Density variations of the green sample are possibly linked to
the atomizing-drying route to obtain , while forced-sieved
sintered sample density is possibly due to the stress undergone
by the samples when forced through the sieve meshes.

B. Point Micro-XANES Spectra of Green and Sintered

Here “point micro-XANES” refers to a measurement per-
formed on a beamspot of a few square micrometer dimensions
using a focused beam. Micro-XANES spectra have been
recorded for varying oxidation states of U (standard samples).
U oxidation states in solid materials can be III , IV,

V, or VI . The edge absorption spectra are known✶✺✹
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Fig. 7. U L edge absorption spectrum of a green “UO ” sample.

for these cations [5], [6]. The aim of the experiment was to
determine the capability of this technique as a validation tool
for the sintering numerical model now under development.
The spectrum obtained for our green “ ” is given in Fig. 7.
Such a sample contains aggregates at several oxidation states.
The local oxidation state depends on oxygen partial pressure,
humidity, and temperature, and it evolves toward its thermo-
chemical equilibrium value in the course of time.

From the absorption edge value of such a spectrum, it is pos-
sible to obtain the local mean oxidation state (averaged in a cube
of 0.7 m edge size). Following this principle, if tomography
had been carried out at several energies in the vicinity of
absorption edges (one for each abscissa value on the spectrum
of Fig. 7), it would have been possible to produce a three-di-
mensional map of the iso-oxidation state of uranium.

C. Two-Dimensional Micro-XANES Spectra of Green and

Sintered

Transmission XANES spectra have been recorded for green
and sintered in transmission mode. The sample was lo-
cated on the microtomography setup, but remained fixed while
the beam energy was varied (goniometric head stuck in a given
rotation position). Energy ranged from 17.110 to 17.250 keV in
1 eV steps. At each step, a flat-field image was recorded (in-
tensity ) as well as a sample image (transmitted intensity I)
by making the beam move one pixel at a time. For each pixel
of the sample image, a XANES spectrum was calculated and
normalized. Such spectra are averaged in the direction perpen-
dicular to the acquisition plane. The absorption edge was
determined using a piece of ad hoc software. This was based
on the smoothening with a fourth degree polynomial by least
squares of the increasing front of the absorption curve. It was
then followed by a second derivative zero value computation by
means of the fourth degree polynomial coefficient values.
values were determined for each curve (one per pixel in the ma-
terial on the 2-D image, thus 20 256 curves for the green
sample versus 3455 for the forced-sieved sintered sample).
Iso-values of edge energy were then plotted on the trans-
mission images. The iso- edge absorption energy maps were
drawn for both samples (Figs. 8 and 9).

Areas of oxidized uranium can be observed, although acqui-
sition time for the recording of projections is shorter than that

Fig. 8. Iso-L edge absorption energy map of green UO .

Fig. 9. Iso-L edge absorption energy map of sintered UO .

Fig. 10. Green (U;Pu)O sample at 17.5 keV, i.e., between the U and PuL
edge.✶✺✺
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Fig. 11. Green (U;Pu)O sample at 18.5 keV, i.e., above Pu L absorption
edge.

Fig. 12. Thresholded difference between Figs. 11 and 10. Two-dimensional
projection of a PuO crystalline supposed grain.

necessary for the acquisition of the micro-XANES spectrum in
Fig. 7.

D. U and Pu Element Observation by Microtomography

A green sample (i.e., a mixture of and
powder grains) had been prepared for the microtomography ex-
periment. It belonged to the second set of samples. It was placed
on the tip of a metallic steel sample holder with a double (poly-
ethylene and Teflon) barrier to isolate it from the atmosphere
of the hutch. Clear observations of the sample through this bar-
rier were not possible with visible light while aligning. Thus the
sample turned out to be on the side of the sample holder (Figs. 10
or 11).

The range of observable projections was limited and could not
lead to a three-dimensional reconstruction. However, some pro-
jections were observed at two energies, one between the U and
Pu edges (here 17.5 keV) and the other above the Pu
edge (18.5 keV). and grains can be distinguished
in Figs. 10 and 11. The crystalline grain image was pro-
duced in Fig. 12 by subtraction of Fig. 11 and Fig. 10 followed
by a numerical thresholding operation.

The chemical nature of the sample was known
from the chemical composition of the initial fabrication pow-

ders. The presence of in the selected powder grain was
investigated by the counting of the 59.5 keV gamma-ray
line. This counting had also been a tool used in evaluating
quantity in the sample (here 60 ng) for safety reasons. This study
shows all the capability of this technique as a tool for the obser-
vation of these two elements.

IV. CONCLUSION

High resolution microtomography and micro-XANES turned
out to be valuable tools for the study of mixed oxide fuel sin-
tering. It enabled us to distinguish U from Pu, as well as the sev-
eral oxidation states of these cations. Their advantage compared
with scanning electron microscope analysis is the three-dimen-
sional character of the data. Literature has shown that exponents
for crystalline grain size evolution laws as a function of time
differ in three [7] and two dimensions [8], [9].

In order to be useful on a scale smaller than that of sintered
crystalline grains, and to determine the fine microstructure of
our fuel samples, a higher resolution is required. This could
be achieved through a decrease in the focused beam spot size
by means of Fresnel zone plates, or Kirkpatrick–Baez double
mirror systems of higher magnification.
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Abstract

A method has been developed in order to assess small volume interdiffu-
sion coefficients from experimental Electron Probe MicroAnalysis concen-
tration profiles of polycrystalline materials by means of Boltzmann-Matano
or den Broeder methods and their complementary Hall method. These
methods have been used as tools for the investigation of the quasi-binary
UO2/U(1−y)PuyO(2−z) interdiffusion, for which obtaining a solid solution in
the bulk of grains is of major interest. In this paper uncertainties on the
interdiffusion coefficient as a function of concentration have been computed
for each method. Small volume coefficient measurements were enhanced by
means of a small angle acquisition profile line with respect to the interdiffu-
sion interface.

Keywords: interdiffusion, volume diffusion, Boltzmann-Matano, Hall, den
Broeder, uncertainty

1. Introduction

Experimental volume interdiffusion coefficients have to be assessed from
binary interdiffusion experiments carried out on polycrystalline materials, as
it is often the case in industrial research and development studies. They
cannot be simply obtained by means of Boltzmann-Matano [1] [2] or den
Broeder [3] methods completed in the plateau areas by Hall [4] method by
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means of discrete integration and derivation techniques from discrete exper-
imental points due to the scattering effect of grain boundary diffusion. Such
a problem has often been solved by means of a manual smoothing of the
experimental curve [5], or using Oishi model [6]. In this work the problem
was sorted out by fitting the diffusion profile with an appropriate function
which can afterwards be handled in order to compute the volume diffusion

coefficient
(
D̃
)
as a function of concentration.

For the three methods uncertainty both upon D̃ and its variable either
the concentration c or the molecular ratio y of the diffusing species has been
assessed by means of an error propagation method. J.F.Cornet [5] had coped

with this problem by first computing D̃(c) versus c, then reassessing the
concentration profile from the interdiffusion coefficient and comparing it with
the initial experimental profile.

2. Volume interdiffusion information

2.1. Acquiring concentration profiles

Interdiffusion profiles have been acquired by means of an Electron Probe
Micro Analyser (EPMA) equipped with an electron gun and 4 wavelength
dispersive spectrometers, which allow for simultaneous measurement of the
intensity of characteristic X-rays of 4 elements. Quantification of an un-
known composition is based on the measurement of standards. The analysed
sample line intensity is measured from a sample and from a standard. This
standard is a compound with known composition. The measured intensities
are corrected for dead time (detector dependent), background and line over-
lap. The relative intensity ratio of the analysed sample line intensities from
sample and standard is calculated. Finally this relative intensity ratio is cor-
rected for the atomic number (Z), absorption (A) and fluorescence (F) effect
to give the concentration of the analysed sample. For interdiffusion studies
the measurement mode used in EPMA are 1D-line scans. A linescan across
a sample is made by moving the sample stage by small 1µm-increments.

2.2. Fitting concentration profiles - Chosing a function

The raw measurement of an EPMA is the weight percent we of an element
e (in our example U, Pu and O). In this work these raw measurements we

along the acquisition axis x are first changed into concentration profiles ce(x)

© 2012, J. Léchelle 
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on the basis of the chemical formula of the material (e.g. U(1−x)PuyO2−z)
and of the lattice cell parameter a . The weight percent profiles of several
elements may be needed in order to compute the concentration profile of a
single element. If we consider U profile:

wU =
(1− y)MU

(1− y)MU + yMPu + (2− z)MO

(1)

where MU , MPu and MO are U, Pu and O molar atomic weight. How-
ever in our example we only used one weight percent profile at a time to
compute concentration profiles. For this non stoichiometric material z de-
pends only on the plutonium atomic ratio y on the cationic sublattice, on
temperature during the interdiffusion experiment and on oxygen partial pres-
sure pO2 (these latter are supposed constant in the volume of the material):
z = f (y, Texp., pO2). y can be deduced from (1) by solving a third degree
equation and by means of thermodynamic models ([7],[8] or [9]) in order to
compute f (y, T, pO2). Then cPu can be estimated from the cell parameter a
and the thermal expansion coefficient α. (U1−y, Puy)O2−z is a Cubic Face
Centered (CFC) solid solution the lattice parameter of which is for the 4th
order holohedral lattice cell [10]: a = [(547.0 + 30.1 z) + (11.0 z − 7.4) y] pm
and the thermal expansion coefficient of which is αz,T = αz=0,T (1 + 3.9 z)
[10]. The molar volume Vm reads:

Vm =
N
4

[
a3 (1 + α)3

]
(2)

and

cPu =
y

Vm

=
4 y

(A1 +B1 y)
3 (1 + α)3 N

(3)

Simple fitting functions are mentioned in literature [11] in order to reduce
interdiffusion profile noise. They can be tested in order to extract solely
volume interdiffusion from profiles where intergranular diffusion also occurs.
The proposed functions assume that concentration data are antisymmetric
with respect to their inflexion point:

c(x) = 0.25 (tanh(x) + 2) (4)

c(x) = 0.75− 0.5 exp(−0.3x)3 (5)

c(x) = 0.5 +
(
3.49 · 10−3 tan−1(x)

)
(6)
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c(x) = 0.75− 0.25 erfc

(
x

4 D̃∆t

)
(7)

B.Messerschmidt [12] has carried out analytical fittings in order to facilitate

the computation of D̃ vs. c, expanding c as a polynomial in x:

c(x) =
N∑

i=0

ci x
i (8)

S.Mendez both to suppress noise and extract volume diffusion coefficient from
polycrystalline materials in the case of small diffusion coefficients used [13]:

c(x) =
1− exp(−λ1 x)

1− λ2 exp(−λ1 x)
(9)

The first four of them show a major limitation because they are well
suited only for an antisymmetric curve (relatively to its inflexion point).
Messerschmidt method is well suited only for the study of the plateaus of the
interdiffusion profiles. The last one (S. Mendez’s work) does not make these
assumptions, but implicitly makes the hypothesis that the origin has been
taken far enough from the interface so that the concentration slope can be
considered as equal to 0. An advantage of S.Mendez’s fitting function is that
it can handle interdiffusion profile data with very small diffusion coefficients
using large values of λ1 and λ3.

In this work the following function has been used:

c(x) = λ1 − λ2
1− λ3 exp

−λ4 x

1 + λ5 exp−λ4 x
(10)

with a set of parameters λi > 0 i ∈ {1, . . . , 5} which can be different
for x smaller or greater than the inflexion point abscissa x0 and denoted
by l and r subscripts for left and right hand side respectively. ln(λ5) and
ln(λ3) are preferred to λ5 and λ3 for numerical handling in software when
the diffusion coefficients are very small to avoid computational precision loss.
The smaller the diffusion coefficient is, the higher the values of λ3 and λ5 are
and intermediate values during computation may exceed machine storage
representation.
Parameters for the left and right hand side of the function are linked by the
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continuity of the function, which holds in the case of a solid solution but
which may not be the case if a demixtion occurs at the interface, as well as
by the continuity or not of the first derivative of the concentration. This
derivative might not be continuous if the interdiffusion mechanism changes
with composition (e.g. if the interdiffusion profile runs through two different

phases). In that case a discontinuity of D̃ can be balanced by a discontinuity
of the derivative of the concentration. Thus, there is an advantage expressing
c(x) in terms of λ1, λ2, x0 , c(x0) and c′(x0) for the continuous derivative
case,

λ3 = − 2 x0 c
′(x0)

c(x0) + λ2 − λ1

(
1− 2 (λ1 − c(x0))

λ2

)
(11)

λ4 = − 2 c′(x0)

c(x0) + λ2 − λ1

(12)

λ5 = − 2 x0 c
′(x0)

c(x0) + λ2 − λ1

(13)

whereas when the first derivative of the concentration is discontinuous at the
inflexion point c(x) can be expressed in terms of λ1, λ2, λ4, x0 and c(x0):

λ3 =

[
1− 2

(λ1 − c (x0))

λ2

]
ex0 λ4 (14)

λ5 = ex0 λ4 (15)

λi are meaningful, their value is linked to the maximum and minimum
values of the concentration c along the profile (resp. c+ and c−):

lim
x→−∞

c(x) = λl1 +
λl2 λl3

λl5

= c− (16)

lim
x→+∞

c(x) = λr1 − λr2 = c+ (17)

Expressing (10) in terms of λ1l,λ2l,x0,c (x0),c
′ (x0),λ1r,λ2r can be of interest

in the case of continuity of the derivative at the inflexion point:

c (x) =


λ1 −

λ2 − (2 f (x0) + λ2 − 2λ1) e
2 f ′(x0) (x−x0)
f(x0)+λ2−λ1

e
2 f ′(x0) (x−x0)
f(x0)+λ2−λ1 + 1


 (18)

in that case the parameters are denoted mi hereafter. Some features of these
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i mi (continuous case) mi (discontinuous case)
1 λl1 λl1

2 λl2 λl2

3 x0 λl4

4 c (x0) x0

5 c′ (x0) c (x0)
6 λr1 λr1

7 λr2 λr2

8 not applicable λr4

Table 1: Meaning of mi parameters for the two fitting cases

functions make them convenient tools for diffusion studies:
- their derivatives are negative (for λi > 0 ) and tend towards 0 in ±∞:

dc

dx
= −λ2 λ4

(
expln(λ3)−λ4 x + expln(λ5)−λ4 x

)

(expln(λ5)−λ4 x + 1)2
(19)

c(x) has to be monotoneous ( dc
dx

< 0), otherwise the direction of the flux
would change along the interdiffusion profile.

lim
+∞

dc

dx
= lim

−∞

dc

dx
= 0 (20)

This is required for interdiffusion so that when concentration is that of the
initial materials (i.e. c = cst = c+ or c− at x → ±∞) dc

dx
= 0 and the flux is

nul.
Two of their properties are of interest for the use of both Boltzmann-Matano
and den Broeder methods as it will be described in sections 3 and 4 respec-
tively:
- they possess a reciprocal function with an analytical expression:

x(c) =
ln
(

λ2 e
ln(λ3)−ln(λ5)

c+λ2−λ1
− c−λ1

c+λ2−λ1

)
+ ln(λ5)

λ4

(21)

- the function g(x) = x dc
dx

has got primitives, let denote P the one which is
λ2 Ln(λ5) (eLn(λ3)−Ln(λ5)+1)

λ4
at −∞:

P (x) =
λ2 (eln(λ3)−Ln(λ5)+1) (Ln(eλ4 x−Ln(λ5)+1)+Ln(λ5))

λ4

− λ2 (eLn(λ3)−Ln(λ5)+1)x eλ4 x

eλ4 x+λ5

(22)
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The existence of such analytical functions simplifies a lot the numerical esti-
mation of D̃ vs. c.
A more mathematical approach consisting in expanding the solution of the
second Fick law on a basis of erf functions has been developed by A.G.
Nikitin [14], however this method also requires both to find the set of coef-
ficients from the experimental data (deconvolution) and then to numerically

rebuild D̃ vs. c. Handling a simple function as the one proposed in this work
is easier.

2.3. Extracting volume diffusion profiles

Experiments provide profiles acquired by means of an Electron Probe
MicroAnalyser (EPMA) which are due both to volume and faster grain-
boundary diffusion phenomena. In the case where material grains are large
enough, the contribution of grain-boundary diffusion may be substracted by
keeping along the profile the only points which pertain to the bulk of grains.
Since the microstructure (grain boundaries) may not have been revealed by
a chemical or thermal etching, a way of selecting ”good” points would be to
keep only local maxima for c < c(x0) and local minima for c > c(x0). A way
of automatizing such a procedure is to give a weight wi to each point (xi, ci),
i ∈ {0, . . . , n} smaller when the concentration is too low below the current
smoothed curve (the one of the current iteration k) on the left side of the
curve and smaller when the concentration is too high above this same curve
on the right side of the inflexion point.

A Hooke and Jeeves procedure [15] has been used in order to minimize
the test function:

χ2
k =

n∑

i=0

wki (ci − c (xi))
2 (23)

with

wki = 10−3 w0i

∣∣∣∣1−
contrib χ2

k−1

χ2
k−1

∣∣∣∣
p

(24)

where w0i are the initial weights depending on the confidence associated with
point #i (based on the discrepancy, for instance, between the sum over all
elements of their weight percentage and 100%):

w0i = exp
− 1

2

(
100−

∑nel.
e=1 we

σw

)2

(25)
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where σw is the uncertainty upon the sum over the weight percent of the
elements.
contrib χ2

k−1 is defined by:

contrib χ2
k−1 =

wk−1i (ci − c (xi))
2

χ2
k−1

(26)

The parameters for the Hooke and Jeeves method are the mi.

This method has been used on a UO2/U1−yPuyO2−z polycrystalline sam-
ple. Figure 1 gives the raw and fitted concentration curves for λl 1 = 0.033mol. cm−3,
λl 2 = 0.0063mol .cm−3, x0 = 572.5µm, c (x0) = 0.0336mol .cm−3, c′ (x0) =
−0.0003375mol .cm−3.µm−1, λr 1 = 0.0317mol .cm−3 and λr 2 = 0.0093mol .cm−3,
so that λ3l = 3.63785 · 10+22, λ5g = 2.78188 · 10+22, λ3r = 9.71611 · 10+15,
λ5r = 7.59326 · 10+15.

A drawback of the method is the need to find a set of parameters close
enough to the one which leads to a minimum in χ2 in order to converge.
However it is not a strong constraint since equations (11), (13), (16) and
(17) help assigning first values to λi.
An advantage of this method is to give the uncertainties upon the seeked
parameters which are the values of the search steps in each direction (one
direction per parameter) when χ2 stops decreasing.

2.4. Uncertainty upon c

2.4.1. Limits of EPMA for very small interdiffusion coefficients: a source of

uncertainty

Uncertainties can be assigned to EPMA measurements using ISO/GUM
recommandation [16]. Both, physical phenomena following Poisson law (X-
Ray emission of the probed volume) and other key factors under study in
the measurement process regarded as corrections (ZAF, surface roughness...)
are taken into account:

wSpl =

(
NSpl

tSpl
− NbckgdSpl

tbckgdSpl

)

(
Nstd

tstd
− Nbckgdstd

tbckgdstd

) wstd cZAF cinhom. croughness cn.m.el. (27)

where Spl stands for sample, wSpl: weight percent of the measured element
in the sample, NSpl: count number due to the sample, tSpl: time of acqui-
sition for the sample, bckgd: background, std: standard, wstd: the weight
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Figure 1: raw and fitted concentrations for λl 1 = 0.033mol .cm−3,
λl 2 = 0.0063mol .cm−3, x0 = 572.5µm, c (x0) = 0.0336mol .cm−3, c′ (x0) =
−0.0003375mol .cm−3.µm−1, λr 1 = 0.0317mol .cm−3 and λr 2 = 0.0093mol .cm−3

(
λ3l = 3.63785 · 10+22, λ5g = 2.78188 · 10+22, λ3r = 9.71611 · 10+15, λ5r = 7.59326 · 10+15

)
.
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percent of the measured element in the standard, cZAF : ZAF correction,
cinhom.: correction due to the inhomogeneity of the material, croughness: cor-
rection due to the roughness of the sample, cn.m.el.: correction due to non
measured elements. Main of the uncertainty causes aforementioned generally
lead to very small corrections, except in the case of interdiffusion, the inho-
mogeneity inherent to the diffusion phenomenon itself. In the same manner
as raw EPMA measurements can be corrected by a factor cinhomog. due to
the inhomogeneity of the sample, the interdiffusion profile c(x) expressed in
terms of the concentration of an element (mol .cm−3) can be corrected by an
analog correction c′inhomog.. In this work the diffusion contribution to c′inhom.

has been analysed. Figure 2 represents the axis of the acquisition line along
which measurements were carried out as well as the interface of the materials.

For simplicity the measurement volume of the microprobe is supposed to be
a sphere of radius R = 0.5µm. If the acquisition line is orthogonal to the
interface and c denotes the value of c measured by the microprobe,

c (xi) =
3

4R3

∫ xi+R

xi−R

(
R2 − (x− xi)

2) c(x) dx (28)

where c(x) is given by (18). As a matter of fact the measured value of concen-
tration which is fitted is already an averaged one: c cannot be measured only
c can. In order to evaluate the real point value of this function (c(x)) several
acquisitions would be needed with a varying starting point. This cannot be
the case with the EPMA sample holder the position of which can only be
shifted by 1 µm along two perpendicular directions and the process would
however be too time consumming. Evaluation of the impact of this averaging
effect is carried out on the measured concentration c instead, assuming that:

c− c ≈ c− c (29)

with c the average of the measured c concentration. This should not be too
rough an approximation as far as these differences remain small.
In order to be able to measure very small diffusion coefficients the acquisition
line makes a very small angle α with respect to the interface. Let Yi be the
orthogonal projection of the point of abscissa xi along the acquisition line
onto the Y axis (perpendicular to the interface in the plane defined by the
probed surface of the sample) and c⊥ (Yi) the concentration in the plane the
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Figure 2: EPMA acquition line on top of the sample (with iso-concentration planes)

equation of which is Y = cst = Yi.

c⊥ (Y ) = cλ1,λ2,λ3,λ4,λ5

(
Y

sin(α)
+ xi

)

= c
λ1,λ2,λ3 e

−λ4 xi ,
λ4

sin(α)
,λ5 e

−λ4 xi
(Y )

(30)

c (xi) becomes:

c (xi) = c⊥ (Yi)

= 3
4R3

∫ Yi+R

Yi−R

(
R2 − (Y − Yi)

2) c
λ1,λ2,λ3 e

−λ4 xi ,
λ4

sin(α)
,λ5 e

−λ4 xi
(Y ) dY

(31)
The closer to the interface the iso-concentration planes are, the narrower
they are one from each other for a constant concentration step. Thus, it can
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Figure 3: Averaged EPMA concentration c and EPMA concentration c versus c

be expected that the averaging effect of the measurement is greater near the

interface where
∥∥∥−→∇c

∥∥∥ is high except at the inflexion point if the profile is

antisymmetric (both side contributions annihilate).
Figure 3 gives the relative difference between c and c. In the following c
notation is used instead of c.

2.4.2. Uncertainty upon x

Uncertainty upon the x coordinate along the profile has been evaluated
taking into account several points:
- the surface of the sample may not be parallel to the sample-holder plane,
- the surface of the sample may not be a plane,
- the material may have a high thermal expansion coefficient so that dis-
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tances between two points when the EPMA measurement is done may be
much shorter than the distance between these same points at the tempera-
ture of the experiment.
Despite efforts made to smoothen the sample surface prior to EPMA anal-
ysis, on a millimeter scale (i.e. interdiffusion profile length), the surface of
the sample may not be a plane. Or, even for a perfectly planar sample, its
plane may not be perfectly parallel to the sample-holder surface. The equa-
tion of the mean plane of the sample surface in the axis of the microprobe
is obtained as follow. The three coordinates relatively to the sample-holder
axis system of each acquisition point along a profile, as well as those of at
least two extra reference points, e.g. these denoted A and B in Figure 4 are
used for the determination of the mean least-square plane. In the case of

Figure 4: EPMA Pu X map with an acquisition line and the two points A and B at each
end of the interface
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several acquisition profiles in the same area of the material points from all
the profiles are taken into account. The initial points are projected onto this
plane and then projected onto a least-square line in the projection plane.
Least-square uncertainties upon these coordinates are then calculated. A
subsequent correction is done along a profile on the basis of the Pu weight
content and on the stoichiometry (deduced from Pu weight content, temper-
ature and oxygen potential) and temperature in order to compute a thermal
expansion coefficient and correct point spacing along an acquisition profile.
In the case of our materials, and in the specific thermodynamic conditions
used (composition, temperature, oxygen potential), the overall correction,
obtained as the uncertainties associated to the least square fitting methods
was close to 1/1000 which means u(x) ≃ 0.5µm near the inflexion point x0

(the first measurement point was chosen as the origin and the profiles have
approximately 1000 points).
In the case of Boltzmann-Matano method (see section 3), this uncertainty is
taken into account as the uncertainty upon x0 and xM , in the case of den
Broeder method (see section 4) as the uncertainty upon x0, whereas in the
case of Hall method as that upon x− xM (see section 4.3).

2.4.3. Uncertainty upon c function

Uncertainty upon concentration function has got several origins,
- the acquisition technique (here the EPMA), its limitations have been de-
scribed hereabove, its contribution on the uncertainty upon c is utech.(c) = δc,
- the choice of the fitting function: small variations in the value of parameters
mi can give acceptable values for the fitting curve, for the case of a concen-
tration function c(x) the derivative of which is continuous at the inflexion
point the contribution to u(c) reads:

ufitt.(c)
2 =

(
∂c
∂λl1

)2
u (λl1)

2 +
(

∂c
∂λl2

)2
u (λl2)

2 +
(

∂c
∂x0

)2
u (x0)

2 +
(

∂c
∂c(x0)

)2
u (c (x0))

2 +
(

∂c
∂c′(x0)

)2
u (c (x′

0))
2 +

(
∂c

∂λr1

)2
u (λr1)

2 +
(

∂c
∂λr2

)2
u (λr2)

2

(32)
all these partial derivatives have been computed analytically from equation
(18).

In order to express final D̃ values versus the atomic ratio y of one cation
of the interdiffusion species (here Pu), the relationship (34) between y, c and
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z (y = y (c, z)) is used.
If U concentration is considered:

cU =
4 (1− y)

(A1 +B1 y)
3 (1 + α)3 N

(33)

or Pu concentration:

cPu =
4 y

(A1 +B1 y)
3 (1 + α)3 N

(34)

in both cases it can be noticed that y is a root of a third degree polynomial
depending on c and z values, and its uncertainty, u(y), depends both on
u(c) and u(z). ∂y

∂c
and ∂y

∂z
have been computed anatlytically according to the

propagation linked to the third degree polynomial resolution method.

u(y)2 =

(
∂y

∂c

)2

u(c)2 +

(
∂y

∂z

)2

u(z)2 (35)

u(c) is computed as afore mentioned.
It could sound surprising that y be computed from c if we refer to (2.2). In
section (2.2) values of c and y are those at the experimental points whereas
in this section their value are considered at any point x along the acquisition
line whether it is at the same location of an experimental point or not and
thus in this section y is deduced from c.
Thus, the third origin of uncertainty is the partial lack of knowledge of the
chemical composition of the particular sample we used: both initial parts
of the sample had been finely characterized but as the heat treatment was
stopped at the end of the interdiffusion experiment the oxygen content in-
formation from EPMA was not quantitative enough all along the profile to
be used and the oxygen content had to be calculated by means of a thermo-
dynamic model using temperature, oxygen potential and Pu EPMA concen-
tration profile.
Table 2 sums up the different uncertainties used for the example of our study.

3. Boltzmann-Matano volume interdiffusion coefficient D̃

Although Boltzmann-Matano method is less used because of more re-
cent advanced methods such as Sauer and Freise [17], Wagner [18], and den
Broeder modifications, it remains a straightforward starting point to evaluate
interdiffusion coefficients.
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parameter value uncertainty
λl1 0.033 (mol .cm−3) 0.001
λl2 0.0063 (mol .cm−3) 0.0002
x0 572.5 (µm) 0.5

c (x0) 0.0336 (mol .cm−3) 0.0006
c′ (x0) −0.0003375 (mol .cm−3µm−1) 0.0000025
λr1 0.0317 (mol .cm−3) 0.001
λr2 0.0093 (mol .cm−3) 0.0002
α 0.03176(rd) 0.00046
z computed 0.013
λl3 computed : 3.63785 · 10+22 −
λl5 computed : 2.78188 · 10+22 −
λr3 computed : 9.71611 · 10+15 −
λr5 computed : 7.59326 · 10+15 −

Table 2: Parameter uncertainties set by the user in the studied example

3.1. Boltzmann-Matano method

According to Boltzmann-Matano method D̃ expression is the following:

D̃ (c∗) = −sin2(α)

2∆t

∫ x∗

−∞(x− xM) dc
dx

dx
dc
dx
|x∗

(36)

where α is the angle between the acquisition line and the interface and ∆t the
duration of the interdiffusion experiment (in isothermal conditions). In this
work the abscissa xM of ’Matano plane’, (the one crossed by an equal amount
of matter one way and the other) can be expressed using c(x) definition (18)
and its properties:

xM =
(c(x0)+λl 2−λl 1)

(
x0+

log(2) (c(x0)+λl 2−λl 1)
c′(x0)

)

c−−c+

+
(c(x0)+λr 2−λr 1)

(
x0− log(2) (c(x0)+λr 2−λr 1)

c′(x0)

)

c−−c+

(37)

For x < x0:

∫ x∗

−∞
(x− xM)

dc

dx
dx = P (x∗, λr i)− xM(c− c+) (38)
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while for x ≥ x0:

∫ x∗

−∞
(x−xM)

dc

dx
dx = P (x0, λr i)+P (x∗, λl i)−P (x0, λl i)−xM(c−c+)) (39)

In any case:

dc
dx
|x∗ = − λ2 λ4

eλ4 x∗−Ln(λ5)+eLn(λ5)−λ4 x+2
+ λ2 λ4

(eλ4 x∗−Ln(λ3)+eLn(λ5)−Ln(λ3)) (eλ4 x∗−Ln(λ5)+1)

−λ2 λ4 e
Ln(λ3)−Ln(λ5)

eλ4 x∗−Ln(λ5)+1

(40)
Figure 5 gives Boltzmann-Matano interdiffusion coefficient as a function of
uranium concentration cU . As concentration is close to its limits (c−, c+) the

values of D̃ obtained by Boltzmann-Matano method are abnormally high as
c tends towards its limits c+ and c−. The uncertainty upon D̃ is discussed
hereafter.

3.2. Uncertainty upon Boltzmann-Matano interdiffusion coefficient

Such uncertainty assessment with a fitting function have already been
carried out: B. Messerschmidt [12] had calculated an uncertainty upon D̃ (c)
on the basis of the polynomial expansion of c (x) but with the aim of em-
phasizing the weakness of Boltzmann-Matano method in the plateau areas.
J.F.Cornet used an iterative method [5].

The uncertainty upon D̃ from Boltzmann-Matano method with our fitting
function has been studied hereafter. Several sources of uncertainties have
been considered and are described hereafter.

3.2.1. EPMA averaging effect

The averaging effect of the EPMA has already been described for con-
centration c. The same assumption as that of section 2.4.3 is made here:

|δD̃| = |D̃(c)− D̃ (c) | ≈ |D̃ (c)− D̃
(
c
)
| (41)

which leads to a contribution to u
(
D̃
)
:

utech.

(
D̃
)
= δD̃ (42)

Although
∫
(x− xM) dc

dx
has got an analytical expression on the basis of

cλ1,λ2,λ3,λ4,λ5 , as well as dc
dx
, it is not the case for analog expressions with c.
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Figure 5: Boltzmann-Matano interdiffusion coefficient (D̃) as a function of uranium con-
centration (cU )
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For this reason analog expressions related to c such as the integral in (31)
can only be computed numerically. They have been evaluated by a Gauss-
Legendre method with 24 points ξj in the reduced interval [−1; 1].

dc
dx
|Yi

= sin(α)
4
3
R3

∫ Yi+R

Yi−R
(−2Yi + 2Y ) c

λ1,λ2,λ3 e
−λ4 xi ,

λ4
sin(α)

,λ5 e
−λ4 xi

(Y ) dY

= sin(α)
4
3
R3 R

∑24
j=1 wj (−2Yi + 2 (Rξj + Yi)) cλ1,λ2,λ3 e

−λ4 xi ,
λ4

sin(α)
,λ5 e

−λ4 xi
(Rξj + Yi)

(43)
where ξi are Gauss-Legendre reduced abscissa and wi their associated weights.
Since the analog computation of D̃(c) is numeric its value may be slightly af-

fected by the integration method, both D̃(c) and D̃(c) have been computated

numerically as far as the evaluation of |D̃(c) − D̃ (c) | was concerned. For
this purpose

∫
(x− xM) dc

dx
is approximated by means of a simple trapezium

rule scheme, and dc
dx

by a simple forward finite differences method.
Since the uncertainty due to the averaging effect of the measurement tech-
nique (the main cause of EPMA uncertainty in our case) is of prime interest,
it is compared to the value of the interdiffusion coefficient. Figure 6 shows the
uncertainty upon D̃ due to this averaging effect denoted δD versus concentra-
tion for our example (λl 1 = 0.033mol .cm−3, λl 2 = 0.0063mol .cm−3, x0 =
572.5µm, c (x0) = 0.0336mol .cm−3, c′ (x0) = −0.0003375mol .cm−3.µm−1,
λr 1 = 0.0317mol .cm−3 and λr 2 = 0.0093mol .cm−3). Hence, in this spe-
cific case, it can be concluded that in the studied range of U concentra-
tion EPMA averaging measurement process can be regarded as negligible
leading to reliable values of D̃ whereas for smaller interdiffusion coefficients
other techniques may be required. For instance Rutherford Back Scattering
(RBS) can be used if both parts of the interdiffusion couple are taken apart
at the end of the experiment for analysis in the range 0.1µm up to 2µm
[19] or, on a decreasing scale with tens nanometer resolution, Secondary Ion
Mass Spectrometry (SIMS) can be applied [20] to analyse each separated
part of the interdiffusion couple, or, with 1 nanometer resolution, coupled
with Transmission Electron Microscopy (TEM) with high angle annular dark
field (HAADF) imaging, Electron Dispersive Spectroscopy (EDS) and paral-
lel electron energy loss spectroscopy (PEELS) [21] .
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3.2.2. Uncertainty upon xM

Uncertainty upon xM value is taken into account, which is at the origin
of the development of other methods such as den Broeder’s method.

u (xM)2 = δ2xM+(
∂xM

∂λl1

)2
u (λl1)

2 +
(

∂xM

∂λl2

)2
u (λl2)

2 +
(

∂xM

∂x0

)2
u (x0)

2 +
(

∂xM

∂c(x0)

)2
u (c (x0))

2 +
(

∂xM

∂c′(x0)

)2
u (c (x′

0))
2 +

(
∂xM

∂λr1

)2
u (λr1)

2 +
(

∂xM

∂λr2

)2
u (λr2)

2

(44)
Except for δxM , analytical expressions have been used for the caculation of
the partial derivatives ∂xM

∂mi

In the case of the studied profile u (xM) = 0.5 and xM = 576.3± 0.5µm.

This uncertainty leads to a contribution to the uncertainty upon D̃:

u
(
D̃
)
=

∂D̃

∂xM

u (xM) (45)

This effect is also given in Figure 6 and cannot be neglected as c → c−. A
way of avoiding such a high uncertainty on this side of the concentration
range would be for this half part of the domain (c ≥ c (xM)) to evaluate D̃
by means of:

D̃ (c∗) =
sin2(α)

2∆t

∫ +∞
x∗ (xM − x) dc

dx
dx

dc
dx
|x∗

(46)

instead of (36).

3.2.3. Uncertainty upon α

D̃ depends also on the angle α of the acquisition line with the interface:
∂D̃
∂α

= 2 cos(α)
sin(α)

D̃. Although the choice of a small α angle leads to a high depen-

dency of D̃ on α, it has to be noticed that it increases the number of points
in the vicinity of the interface, i.e. where concentration varies a lot and thus
increases the precision upon λl1,...,λr2. The number of significant points Ns

(i.e. with a high weight because they influence greatly the shape of the curve

c = c(x)) increases by a factor 1
sin(α)

and u (mi)α ∝ 1√
Nα

s

=

√
sin(α)√
N

π
2
s

. In our

example α = 0.033, and
u(mi)

N

π
2
s

u(mi)Nα
s

≃ 5.5 so that mi parameters (λl1,...,λr2) are
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at least 5 times more precise than they would have been if deduced from the
perpendicular profile.
This contributes to the uncertainty upon D̃:

u
(
D̃
)
=

∂D̃

∂α
u (α) = 2 · cotg (α) D̃ · u (α) (47)

u (α) is assessed on the basis of the uncertainty upon the least-square profile
line and the uncertainty upon A and B location with respect to the interface

of the materials. This contribution to u
(
D̃
)
is minimum as D̃ reaches its

minimum. This third effect is also represented in Figure 6 but remains smaller
than 1/10 of the measured coefficient all along the profile.

3.2.4. Uncertainty upon mi

D̃ depends also directly on the parameters λl1,...,x0,...,λr2. Its partial

derivatives ∂D̃
∂mi

are calculated analytically once and are part of the software
which has been developped.
Overall, D̃ uncertainty reads:

u
(
D̃
)2

= δD̃2
y +

∂D̃
∂xM

2
u(xM)2 + ∂D̃

∂α

2
u(α)2 + ∂D̃

∂λl 1

2
u(λl 1)

2 + ∂D̃
∂λl 2

2
u(λl 2)

2+

∂D̃
∂x0

2
u(x0)

2 + ∂D̃
∂c(x0)

2
u(c (x0))

2 + ∂D̃
∂c′(x0)

2
u(c′ (x0))

2+

∂D̃
λr 1

2
u(λr 1)

2 + ∂D̃
∂λr 2

2
u(λr 2)

2

(48)

Figure 7 gives the various relative contributions to u
(
D̃
)
. For this par-

ticular case of study all parameter uncertainties have a nearly equal effect
on D̃ in the uranium composition range [0.023; 0.0402]mol .cm−3. The most
sensitive ones are the position of the inflexion point (x0, c (x0)) as well as the

slope at this point c′ (x0). However the contribution to D̃ uncertainty u
(
D̃
)

turns out to be higher at each end of the diffusion profile. Contributions
appear not to be symmetric with respect to the limits of the concentration
interval simply reflecting the fact that the interdiffusion profile is not sym-
metric:
- c (x0) = 0.0336mol .cm−3 6= c−+c+

2
= 0.03145mol .cm−3,

- λl i and λr i are not identical.
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Figure 6: Contribution of the averaging effect of the Electron Probe MicroAnalyser (δc),
of the uncertainty of the profile angle with the interface (u (α)) and of Matano abscissa
uncertainty (u (xM )) to Boltzmann-Matano volume interdiffusion diffusion coefficient un-
certainty for λl 1 = 0.033mol .cm−3, λl 2 = 0.0063mol .cm−3, x0 = 572.5µm, c (x0) =
0.0336mol .cm−3, c′ (x0) = −0.0003375mol .cm−3.µm−1, λr 1 = 0.0317mol .cm−3 and
λr 2 = 0.0093mol .cm−3

.
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Figure 7: Contribution of uncertainties upon λ1l, λ2l, x0, c (x0), c
′ (x0), λ1r and λ2r to

Boltzmann-Matano interdiffusion coefficient
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4. Den Broeder volume interdiffusion coefficient D̃

Den Broeder method as been extensively used in the case of metals [22],
[23] as well as ceramics [24]. The advantage of this method compared to
Boltzmann-Matano method is mainly that it does not depend on the Matano
abscissa and (to a lesser extent in our case) it can take into account atomic
(or molecular) volume variations with concentration ([22],[23]).

4.1. Den Broeder method

In this method the interdiffusion coefficient is computed as a function of
the atomic (or molecular in our case) ratio of one of the diffusing species N2

and of its relative value Y . Let us say species #2 for instance. Then D̃ reads:

D̃ (N∗
2 ) =

(
N+

2 −N−
2

)
Vm (N∗

2 )

2∆t
(
∂N2

∂x

)
x=x∗

[
(1− Y ∗)

∫ x∗

−∞

Y dx

Vm

+ Y ∗
∫ +∞

x∗

(1− Y ) dx

Vm

]

(49)
This equation can be expressed in terms of c(x) for which the analytical form
defined by equation (18) is used here too. In this section c(x) is denoted by
c1(x) where 1 labels the species 1:

D̃ (c∗1) =
−1

c−1 −c+1

1

c1 ( dVm
dx )

x=x∗
+Vm ( dc1

dx )x=x∗[(
c−1 − c∗1

) ∫ x∗

−∞
(
c1 − c+1

)
dx+

(
c∗1 − c+1

) ∫ +∞
x∗

(
c−1 − c1

)
dx
]

(50)
where c−1 and c+1 are defined according to equations (16) and (17).
It is to be noticed that the discrete points used for the evaluation of all the
terms are computed using the analytical expression of c1 (x), which means
that they can be chosen as close one to each other as needed.
The integrals in Den Broeder coefficient evaluation can be computed analyt-
ically. Since in the case of our material dVm

dx
cannot be expressed analytically

due to Vm expression (2), it has been computed by means of a Lagrange
polynomial based derivation matrix with three point stencils, and the whole
expression of D̃ has been computated on a numerical basis. A simple trapez-
ium rule was used for the determination of the integrals. Figure 8 gives den
Broeder interdiffusion coefficient compared to that of Boltzmann-Matano.
They are very close one to another.

© 2012, J. Léchelle 
diffusion-fundamentals.org 17 (2012) 2, pp 1-39

24

✶✽✶



2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2

·10−2

10−14

10−13

10−12

c (x0)c (xM)

cU (mol .cm−3)

D̃
(c
m

2
.s

−
1
.)

D̃dB

D̃B−M

Figure 8: Den Broeder interdiffusion coefficient (D̃dB blue) and Boltzmann-Matano inter-

diffusion coefficient (D̃B−M red) as a function of uranium concentration (cU )

.
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4.2. Uncertainty upon Den Broeder interdiffusion coefficient

Since in our material applications the atomic ratio y is a meaningful
parameter, D̃ uncertainty has been estimated on the basis of the variables y

and Vm (rather than c and Vm) and their contribution to u
(
D̃
)
: δD̃y which

is the variation in D̃ due to the uncertainty upon y (i.e. u(y)) and δD̃Vm

which is the uncertainty in D̃ due to the uncertainty upon Vm.

u
(
D̃
)2

= δD̃2
y + δD̃2

Vm
+

(
∂D̃

∂α

)2

u (α)2 (51)

δD̃y (resp. δD̃Vm
) is simply obtained by computing D̃ using y and y ± u(y)

(resp. Vm ± u (Vm)). u(y) is computed as described in section 2.4.3, i.e. as a
function of u(z) and u(c), so that the influence of each parameter λ1, λ2,x0,
c (x0) and c′ (x0) can be studied. The partial derivatives of the expression of
the molar volume given in section 2.4.3 lead to the uncertainties upon Vm:

u (Vm)
2 =

[(
∂Vm

∂z

)2

u(z)2 +

(
∂Vm

∂y

)2

u(y)2

]
(52)

Thus, D̃ uncertainty in den Broeder method is built up of the same terms as

for Boltzmann-Matano method, without ∂D̃
∂xM

u (xM) term but with an extra
∂D̃
∂Vm

u (Vm) which remains smaller.
Despite the higher uncertainty of Boltzmann-Matano method due to xM , on
our example both methods give identical results. This is mainly due to the
choice of the fitting function which has lead to analytical expressions for the
Boltzmann-Matano method. As concentration comes closer to its plateau
values (c− and c+) on each side of the interfaces, den Broeder or Boltzmann-
Matano methods are not precise enough to be used, instead Hall method
is preferred. The different sources of uncertainties are given in Figure 9.
This method is commonly used in conjonction with both of these methods
in order to estimate D̃ vs. c on the whole concentration range (Boltzmann-
Matano method in conjonction with Hall method: in the case of uranium and
plutonium interdiffusion [25], or in the case of Ti and a Mo-alloy interdiffusion
[26], den Broeder method in conjonction with Hall method: in the case of Ge
in nickel alloys [27], Ti-Mo interdiffusion [28], or carbon diffusion in ferritic
steels [29]).
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Figure 9: Contribution of y, V m and α uncertainties upon Den Broeder interdiffusion
coefficient as a function of uranium concentration (cU )

.

4.3. Hall method

In this section too, the discrete points used are generated as close as
needed one to each other by means of the analytical form of c(x) given by
equation (18).

The relative atomic ratio Y is defined by: Y = c−cmin

cmax−cmin
and U by

U = erf−1 (2Y − 1). As c → cmin (resp. cmax), U versus x−xM√
∆t

becomes a

straight line: U → (x−xM )h−√
(∆t)

+ k− (resp. U → (x−xM )h+√
(∆t)

+ k+).

For the side of the curve left to the inflexion point (decreasing concentration
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profile) D̃ reads:

D̃− =
1

4h2
−

[
1− k−

√
π expU

2

(1− erf(U))
]

(53)

with limx→−∞ D̃− = 1
4h2

−
and on the right hand side:

D̃+ =
1

4h2
+

[
1 + k+

√
π expU

2

(1 + erf(U))
]

(54)

with limx→+∞ D̃+ = 1
4h2

+
.

k−, h−, k+ and h+ are obtained by fitting the asymptots of the interdiffusion
profile U vs. x−xM√

∆t
(i.e. on each side, q% of the concentration interval[

cmin; cmin +
q+

100
(cmax − cmin)

]
and

[
cmax − q−

100
(cmax − cmin) ; cmax

]
), with

a weighted linear least-square method with error in both coordinates [30].
h− (resp. h+) is the root of a ’pseudo second degree polynomial’ ([30]), the
coefficients of which depend themselves slightly on h− ([30]):

Ah2
− +B h− + C = 0 (55)

The solution h− = −21.6916s
1
2 .µm−1 is obtained, in our example, after 3

iterations from the non-weighted least-square slope h0
− = −16.8775s

1
2 .µm−1

as initial value.

A =
N−∑

i=1

wi

(
xi−xM√

∆t
− 〈x−xM 〉√

∆t

)
(Ui − 〈U〉)

w
(

xi−xM√
∆t

) (56)

B =
N−∑

i=1

w2
i




(
xi−xM√

∆t
− 〈x−xM 〉√

∆t

)2

w (Ui)
− (Ui − 〈U〉)2

w
(

xi−xM√
∆t

)


 (57)

C = −
N−∑

i=1

wi

(
xi−xM√

∆t
− 〈x−xM 〉√

∆t

)
(Ui − 〈U〉)

w (Ui)
(58)

(59)

where:
- N− is the number of points used to fit h−,
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Figure 10: Least square fitting of the example of the left hand side plateau (blue line)
with non-weitghted (LS-red) and weighted (WLS-black) with error in both coordinates
least-square methods

.

- global weight: wi =
w
(

xi−xM√
∆ t

)
w(Ui)

h2
−w(Ui)+w

(
xi−xM√

∆ t

) ,

- weight for x: w
(

xi−xM√
∆ t

)
≃ 1

u(xi)
2+u(xM )2

,

- weight for U : w (Ui) =
1

dU
d c

2
u(ci)

2

The uncertainty upon (xi−xM )√
∆ t

is due to xM , u (xM), and to the uncertainty

upon xi. This latter is obtained from that of c (xi): u (xi) = c−1 (ci + u (ci))−
(ci − u (ci)), whereas u (Ui) =

dU
dc
u(ci) with

dU
dc

=
√
π

cmax−cmin
e(2Y−1)2 .

Figure 10 shows as an example the weighted and non-weighted least-square
fits of the left hand side plateau on our material. Weights are simply the
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inverses of the uncertainties on both coordinates. The weighted method is
believed to be closer to real values, which is hardly the case in our example
but above all enables computating uncertainties upon h+ and k+ (resp. on

h− and k−) which both depend on the abscissa uncertainty u
(

x−xM√
∆t

)
and

on the ordinate uncertainty u (U) deduced from u(c). Once h− is found k−
is obtained from:

k− = 〈U〉 − h−

〈
xi − xM√

∆t

〉
(60)

Figure 11 gives Hall interdiffusion coefficient D̃ as well as Boltzmann-Matano
value. They are very close one to each other, probably partly because of the
choice of the fitting function.

4.4. Uncertainty upon Hall interdiffusion coefficient

The uncertainty upon D̃ is obtained by first expressing (53) and (54) as
a function of concentration c instead of U .

D̃− =
10−8

4h2
−

[
1− 2 k−

√
π exp

[
erf−1

(
2 c−(cmin+cmax)

cmax−cmin

)]2 (
cmax − c

cmax − cmin

)]
sin2 α cm2s−1

(61)

D̃+ =
10−8

4h2
+

[
1 + 2 k+

√
π exp

[
erf−1

(
2 c−(cmin+cmax)

cmax−cmin

)]2 (
c− cmin

cmax − cmin

)]
sin2 α cm2s−1

(62)

Hence, in the interval
[
cmax − q−

100
(cmax − cmin) ; cmax

]
, u
(
D̃
)
reads:

u
(
D̃
)2

=

(
∂D̃

∂c

)2

u (c)2+

(
∂D̃

∂α

)2

u (α)2+

(
∂D̃

∂h−

)2

u (h−)
2+

(
∂D̃

∂k−

)2

u (k−)
2

(63)
with:

u(c)2 =
(

∂c
∂λ1

)2
u (λ1)

2 +
(

∂c
∂λ2

)2
u (λ2)

2 +
(

∂c
∂x0

)2
u (x0)

2

+
(

∂c
∂c(x0)

)2
u (c (x0))

2 +
(

∂c
∂c′(x0)

)2
u (c′ (x0))

2 + (δc)2
(64)

u(k−), u (h−), u(k+) and u (h+) are obtained by means of Reed least-square
fitting method for pairs of coordinates ([30]). Since their expressions are
rather cumbersome [30], they are not given here but they depend on the
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same variables as h− and k−, i.e. A, B and C.
Tables 3 and 4 show that an approximate amount of 2000 points in the fitted
area (q− = q+ = 20 for the width of the fitting intervals) is sufficient to
determine h−, k−, h+, k+ and their uncertainties.

N h−

(
s

1
2 .µm−1

)
u (h−)

(
s

1
2 .µm−1

)
k− u (k−)

300 −16.5665 0.0737749 0.361792 0.00569403
2000 −16.9767 0.0189383 0.332352 0.00146226
4000 −17.0093 0.0126968 0.330016 0.000980421
10000 −17.0272 0.00777959 0.328728 0.000600755

Table 3: Sensitivity of h−, k− and their uncertainties to the number of points N−

N h+

(
s

1
2 .µm−1

)
u (h+)

(
s

1
2 .µm−1

)
k+ u (k+)

300 −12.1487 0.0456292 −0.481375 0.0040949
2000 −12.3394 0.012405 −0.465739 0.00111574
4000 −12.3543 0.0084178 −0.464517 0.000757272
10000 −12.3625 0.0051977 −0.463844 0.00046764

Table 4: Sensitivity of h+, k+ and their uncertainties to the number of points N+

The sensitivity of D̃ uncertainty to its different causes are given by the
partial derivatives:

- ∂D̃
∂c

∂c
∂λ1

for changes in λ1,
...
- ∂D̃

∂c
∂c

∂c′(x0)
for changes in c′ (x0),

- ∂D̃
∂c

for changes in c due to EPMA averaging effect,

- ∂D̃
∂α

for changes in α, due to α assessment uncertainty

- ∂D̃
∂h−

for changes in h−, the uncertainty of which is given by the weighted
least-square method with error in both coordinates,

- ∂D̃
∂k−

for changes in k−.

From (53) it is noticeable that ∂D̃
∂c

can be obtained in the following way:

∂D̃−
∂c

=

(
D̃− +

k− − 1

2h2
−

)
dU

dc
=

(
D̃− +

k− − 1

2h2
−

) √
π

cmax − cmin

e(2Y−1)2 (65)
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Figure 11: Comparison of Hall and Boltzmann-Matano interdiffusion coefficient (D̃) as a
function of uranium concentration (cU )
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Figure 12: Contribution of c, α, h− and k− to Hall D̃− coefficient

The analog result also stands for ∂D̃+

∂c
.

∂c
∂λ1

,..., ∂c

∂’̧(x0)
are obtained like in the case of Boltzmann-Matano method. For

the last three partial derivatives analytical expressions can be used:

∂D̃

∂α
= 2 cotg (α) D̃ (66)

∂D̃

∂h
= −2 D̃

h
(67)

∂D̃

∂k
=

D̃

k
− 1

4k h2
(68)

A noticeable property of these first two partial derivatives is that they vary
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in the same way as D̃ does, so that their corresponding contribution to u
(
D̃
)

is minimum as D̃ reaches its minimum. It does not apply for the last one
since ∀c, D̃−(c) 6

1
4h2

−
and limx→−∞ D̃− = 1

4h2
−

(resp. D̃+(c) 6
1

4h2
+

and

limx→+∞ D̃+ = 1
4h2

+
). Figure 12 gives the relative contribution of each cause

to Hall estimation of the Hall interdiffusion coefficient versus concentration
for the left hand side of the profile.
The main causes of error are the uncertainty upon k− (resp. k+) and upon
c (due to those of the fitting parameters, this latter is overestimated, since
uncertainties on the concentration function 18 parameters cannot all take a
bad value at the same time otherwise the curve fitting would not be accept-
able).

Although D̃(c) obtained by Hall method has got rather high incertitude val-
ues (close do 10−14cm2s−1 in our example) as c varies, its limits which do

not depend on c are more precise. The assessed limits of D̃ obtained on our
profile are the following:

lim
x→−∞

D̃− = 8.75± 0.806 · 10−15 cm2s−1 (69)

lim
x→+∞

D̃+ = 1.66± 0.052 · 10−14 cm2s−1 (70)

5. Discussion

The three coefficients are very close and in good agreement in the range
of [0.0226; 0.0403]mol .cm−3. Below and over these values Hall diffusion co-
efficient has to be preferred.
The function 18 used in this work in order to fit interdiffusion profiles is very
sensitive to the values chosen at the inflexion point (x0, c (x0) and c′ (x0)).
Its asymptots depend both on well known compositions at each end and on
the values of the parameters sensitive to function variations at the inflexion
points. Thus the parameters adjusted for the fitting function were precise
enough to fit the asymptots so that den Broeder (or even Boltzmann-Matano)
method could be very close to Hall method. The use of an analytical func-
tion for the three cases permitted the use of as many points as needed in
function of the part of the curve (equally spaced as a function of x position
or of concentration c value).
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6. Conclusion

A way of computing uncertainty associated to Boltzmann-Matano, den
Broeder and Hall methods has been proposed for assessing volume inter-
diffusion coefficients changes with composition from Electron Probe Micro-
analyser measurements on polycrystalline materials. This method has been
used by S. Noyau [20] in order to study UO2/U1−yPuyO2−z interdiffusion in
the temperature range 1500◦C-1700◦C. In the particular case of our material
U1−yPuyO2−z and experimental conditions (1700◦C), the three methods have
given agreeing results and the uncertainty study has given a concentration
range for which the EPMA profile results could be reliably used.
In the central part of the concentration range, both den Broeder and Boltzmann-
Matano methods give the same results with an uncertainty close to 8 ·
10−15cm2 · s−1 while they both fail at the ends of this concentration range
where Hall method give better results with an uncertainty close to 8·10−16cm2·
s−1. For these very small volume interdiffusion coefficients the choice of an
aquisition line making a very small angle with the interdiffusion interface has
lead to an enhanced precision on the fitted parameters of the concentration
smoothing function. An optimized angle has to be chosen since interdiffusion
profiles with a small angle with the interface otherwise decrease the precision
upon interdiffusion coefficients.
In the central part of the interdiffusion profiles in our case of study values
smaller than 10−14cm2 · s−1 can hardly be measured. This value is also close
to the lower limit of what can be obtained in terms of Hall interdiffusion
coefficient on the plateaus of the interdiffusion profiles.
Single crystals could be used as benchmark materials in order to check the
validity of the results as well as their precision.
A way of enhancing precision in the interdiffusion coefficient values versus
concentration would be to use several interdiffusion couples with intermedi-
ate compositions.
The C/C++-language software developed in this work is available on request
for whom is interested in.
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❬●■◆❇✷✵✶✷❪ ●❛❧② ■♥❣r✐❞ ◆❦♦✉ ❇♦✉❛❧❛ ❊t✉❞❡ ❞✉ ❢r✐tt❛❣❡ ❞❡ s②stè♠❡s s✐♠♣❧✐✜és ♣❛r ♠✐❝r♦s❝♦♣✐❡
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❬▼❆✷✵✵✻❪ ▼♦✉♥✐❛ ❆❥❞♦✉r ❉é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ❝♦❞❡ ❞❡ ❝❛❧❝✉❧ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡
❡♥ ♣❤❛s❡ s♦❧✐❞❡✳ ❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ➱❝♦❧❡ ❞❡s ▼✐♥❡s ❞❡ ❙❛✐♥t✲❊t✐❡♥♥❡✱ ✷✵✵✻✳
❤tt♣ ✿✴✴✇✇✇✳s✉❞♦❝✳❢r✴✶✶✸✼✷✾✾✵✶

❬▼❇✷✵✵✺❪ ▼✳ ❇r❛❣✐♥s❦②✱ ❱✳ ❚✐❦❛r❡✱ ❊✳ ❖❧❡✈s❦② ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥ ♦❢ s♦❧✐❞ st❛t❡ s✐♥t❡r✐♥❣
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❬▼❇✶✾✼✺❪ ▼✳ ❇✐s❝♦♥❞✐ ▼♦❞è❧❡s t❤é♦r✐q✉❡s ❞❡ ❧❛ str✉❝t✉r❡ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s✳ ▲❡s ♠♦❞è❧❡s ❞❡
str✉❝t✉r❡ ❞❡s ❥♦✐♥ts ❞❡ ❣r❛✐♥s ❡t ❧❡✉r ✉t✐❧✐s❛t✐♦♥ P❤②s✳ ❈♦❧❧♦q✉❡s ✸✻ ✭✶✾✼✺✮ ❈✹✲✺✼✲❈✹✲✻✾
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❬▼❈✷✵✵✸❪ ▼❛rt✐♥ ❘✳ ❈❛st❡❧❧ ❲✉❧✛ s❤❛♣❡ ♦❢ ♠✐❝r♦s❝♦♣✐❝ ✈♦✐❞s ✐♥ UO2 ❝r②st❛❧s P❤②s✳ ❘❡✈✳ ❇ ✻✽✱
✷✸✺✹✶✶ ✭✷✵✵✸✮

❬▼❋✶✾✽✷❪ ▼✐❝❤❡❧ ❋♦rt✐♥ ✱ ❘✳ ●❧♦✇✐♥s❦✐ ▼ét❤♦❞❡s ❞❡ ▲❛❣r❛♥❣✐❡♥ ❆✉❣♠❡♥té ✿ ❆♣♣❧✐❝❛t✐♦♥s ➚ ❧❛
❘és♦❧✉t✐♦♥ ◆✉♠ér✐q✉❡ ❞❡ Pr♦❜❧è♠❡s ❆✉① ▲✐♠✐t❡s✳ ❱♦❧✉♠❡ ✾ ❞❡ ▼ét❤♦❞❡s ♠❛t❤é♠❛✲
t✐q✉❡s ❞❡ ❧✬✐♥❢♦r♠❛t✐q✉❡✱ ➱❞✐t❡✉r ❉✉♥♦❞✱ ✶✾✽✷✱ ■❙❇◆ ✷✵✹✵✶✺✹✻✺✺✱ ✾✼✽✷✵✹✵✶✺✹✻✺✸✳

❬▼❋✷✵✶✵❪ ▼✳ ❋r❛❝③❦✐❡✇✐❝③ ✓❉♦♣❛❣❡ ❛✉ ❝❤r♦♠❡ ❞✉ ❞✐♦①②❞❡ ❞✬✉r❛♥✐✉♠ ✿ ♠♦❞✐✜❝❛t✐♦♥s ♣❤②s✐q✉❡s
✐♥❞✉✐t❡s✔ ▼❛tér✐❛✉① ❡t ●é♥✐❡ ❞❡s ♣r♦❝é❞és✱ ❚❤ès❡ ❞❡ ❧✬■♥st✐t✉t P♦❧②t❡❝❤♥✐q✉❡ ❞❡
●r❡♥♦❜❧❡✱ ✷✵✶✵

❬▼❋❆✶✾✼✹❪ ▼✳❋✳ ❆s❤❜② ❆ ✜rst r❡♣♦rt ♦♥ s✐♥t❡r✐♥❣ ❞✐❛❣r❛♠s ❆❝t❛ ▼❡t❛❧❧✉r❣✐❝❛✱ ✶✾✼✹✱ ✷✷✱ ♣♣
✷✼✺✲✷✽✾

❬▼❏✶✾✾✾❪ ▼✳ ❏❡❛♥ ❚❤❡ ♥♦♥ ❙♠♦♦t❤ ❈♦♥t❛❝t ❉②♥❛♠✐❝s ▼❡t❤♦❞s ❈♦♠♣✉t❡r ♠❡t❤♦❞s ✐♥ ❛♣♣❧✐❡❞
♠❡❝❤❛♥✐❝s ❛♥❞ ❡♥❣✐♥❡❡r✐♥❣✱ ✶✼✼✱ ✶✾✾✾✱♣♣ ✷✸✺✲✷✺✼

❬▼❏❋✷✵✵✺❪ ▼✳❏✳ ❋♦rt✐♥✱ ❖✳ ▼✐❧❧❡t✱ ●✳ ❞❡ ❙❛❝①❝é ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥ ♦❢ ❣r❛♥✉❧❛r ♠❛t❡r✐❛❧s ❜②
❛♥ ✐♠♣r♦✈❡❞ ❞✐s❝r❡t❡ ❡❧❡♠❡♥t ♠❡t❤♦❞ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ◆✉♠❡r✐❝❛❧ ▼❡t❤♦❞s ✐♥
❊♥❣✐♥❡❡r✐♥❣✱ ✷✵✵✺✱ ✈♦❧✳ ✻✷✱ ♥♦✺✱ ♣♣✳ ✻✸✾✲✻✻✸

❬▼❍▼✷✵✵✽❪ ▼✳✲❍✳ ▼❛t❤♦♥ ❈❛r❛❝tér✐s❛t✐♦♥ ❞❡s t❡①t✉r❡s ♣❛r ❞✐✛r❛❝t✐♦♥ ♥❡✉tr♦♥✐q✉❡ ❈♦❧❧❡❝t✐♦♥
❙❋◆ ✾ ✭✷✵✵✽✮ ✹✾✲✻✹✱ ❞♦✐ ✿ ✶✵✳✶✵✺✶✴s❢♥ ✿✷✵✵✽✵✵✺

❬▼❑✷✵✵✾❪ ▼❛s❛t♦ ❑❛t♦✱ ❑❡♥❥✐ ❑♦♥❛s❤✐✱ ◆♦❜✉♦ ◆❛❦❛❡ ❆♥❛❧②s✐s ♦❢ ♦①②❣❡♥ ♣♦t❡♥t✐❛❧ ♦❢
♣U0.7Pu0.3qO2✟x ❛♥❞ ♣U0.8Pu0.2qO2✟x ❜❛s❡❞ ♦♥ ♣♦✐♥t ❞❡❢❡❝t ❝❤❡♠✐str② ❏♦✉r♥❛❧ ♦❢
◆✉❝❧❡❛r ▼❛t❡r✐❛❧s ✸✽✾ ✭✷✵✵✾✮ ✶✻✹✲✶✻✾

❬▼❖▼✶✾✻✾❪ ▼✳❖✳ ▼❛r❧♦✇❡ ❍✐❣❤ t❡♠♣❡r❛t✉r❡ ✐s♦t❤❡r♠❛❧ ❡❧❛st✐❝ ♠♦❞✉❧✐ ♦❢ UO2 ❏♦✉r✲
♥❛❧ ♦❢ ◆✉❝❧❡❛r ▼❛t❡r✐❛❧s✱ ❱♦❧✉♠❡ ✸✸✱ ■ss✉❡ ✷✱ ◆♦✈❡♠❜❡r ✶✾✻✾✱ P❛❣❡s ✷✹✷✲✷✹✹✱
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❬▼❲✷✵✵✼❪ ▼❛r❝ ❲♦❧✛ ▼♦❞é❧✐s❛t✐♦♥ ❞✉ ❢r✐tt❛❣❡ à ❧✬é❝❤❡❧❧❡ ❣r❛♥✉❧❛✐r❡✳ ❘❛♣♣♦rt ❞❡ st❛❣❡ ▼✶
❙P❯❆✴▲▼P❈ ❏✉✐♥✲❙❡♣t❡♠❜r❡ ✷✵✵✼ ✲ ❯♥✐✈❡rs✐té ❞❡ ❙tr❛s❜♦✉r❣✳

❬P❈✷✵✵✽❪ P✳ ❈❤❡♥ ❛♥❞ ❏✳ ◆✐ ❉✐s❝r❡t❡ ❊❧❡♠❡♥t ▼♦❞❡❧✐♥❣ ♦❢ ▼✐❝r♦✲❋❡❛t✉r❡ ❍♦t ❈♦♠♣❛❝t✐♦♥
Pr♦❝❡ss ❚r❛♥s❛❝t✐♦♥s ♦❢ ◆❆▼❘■✴❙▼❊✱ ✈♦❧✳ ✸✻✱ ✷✵✵✽✱ ♣♣✲✺✼✲✻✹

❬P❘✷✵✵✶❪ P✳ ❘✉❡❧❧♦ ✓➱t✉❞❡ ❞✉ ❝❤❛♥❣❡♠❡♥t ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ❞✐♦①②❞❡ ❞✬✉r❛♥✐✉♠ ❛✉
✈♦✐s✐♥❛❣❡ ❞❡ ✶✸✵✵❑ ✿ ♣r♦♣r✐étés é❧❡❝tr✐q✉❡s✱ ♦♣t✐q✉❡s ❡t str✉❝t✉r❛❧❡s✔ t❤ès❡ ❡♥
❙❝✐❡♥❝❡s ❞❡s ▼❛tér✐❛✉①✱ ❊❝♦❧❡ ❈❡♥tr❛❧❡ ❞❡s ❆rts ❡t ▼❛♥✉❢❛❝t✉r❡s ✓❊❝♦❧❡ ❈❡♥tr❛❧❡
P❛r✐s✔✱ ✷✵✵✶
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s♦✉s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ●✳ P❛♥♥❡t✐❡r✱ ▼❛ss♦♥✱ ✶✾✼✶
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❬❘❉✷✵✵✻❪ ▲✳ ❘♦❧❛♥❞ ❉✉❞✉❝❤❛✈❛✱ ❉♦r✐♥❛ ▼✐tr❡❛✱ ❛♥❞ ▼❛r✐✉s ▼✐tr❡❛ ❉✐✛❡r❡♥t✐❛❧ ♦♣❡r❛t♦rs ❛♥❞
❜♦✉♥❞❛r② ✈❛❧✉❡ ♣r♦❜❧❡♠s ♦♥ ❤②♣❡rs✉r❢❛❝❡s✳ ❱♦❧✉♠❡ ✷✼✾✱ ■ss✉❡ ✾✲✶✵✱ ♣❛❣❡s ✾✾✻✲✶✵✷✸✱
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❬❘❍✶✾✻✶❪ ❘✳ ❍♦♦❦❡ ❡t ❚✳ ❏❡❡✈❡s ❉✐r❡❝t s❡❛r❝❤ s♦❧✉t✐♦♥ ♦❢ ♥✉♠❡r✐❝❛❧ ❛♥❞ st❛t✐st✐❝❛❧ ♣r♦❜❧❡♠s
❏♦✉r♥❛❧ ♦❢ t❤❡ ❆❈▼✱ ✈♦❧ ✽✱ n✆2✱ ♣♣✷✶✷✲✷✷✾✱ ✶✾✻✶

❬❘▲❈✶✾✺✽❪ ❘✳▲✳ ❈♦❜❧❡ ■♥✐t✐❛❧ s✐♥t❡r✐♥❣ ♦❢ ❛❧✉♠✐♥❛ ❛♥❞ ❍❛❡♠❛t✐t❡ ❏♦✉r♥❛❧ ❆♠❡r✐❝❛♥ ❈❡r❛♠✐❝s
❙♦❝✐❡t② ✈♦❧ ✹✶✱ ✷✱ ♣♣✺✺✲✻✷✱ ✶✾✺✽

❬❘❚✷✵✶✸❪ ❘✳ ❚❤♦♠❛s ▼❖❳ ❞♦♣é ❝❤r♦♠❡ ✿ ♦♣t✐♠✐s❛t✐♦♥ ❞✉ ❞♦♣❛❣❡ ❡t ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❞❡
❢r✐tt❛❣❡ ❚❤ès❡ ❞❡ ❞♦❝t♦r❛t ❡♥ P❤②s✐q✉❡ ❡t ❝❤✐♠✐❡ ❞❡ ❧❛ ♠❛t✐èr❡ ❝♦♥❞❡♥sé❡ ❙♦✉t❡♥✉❡
❧❡ ✶✼✲✵✼✲✷✵✶✸ à ❇♦r❞❡❛✉① ✶✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬➱❝♦❧❡ ❞♦❝t♦r❛❧❡ ❞❡ ❙❝✐❡♥❝❡s ❝❤✐♠✐q✉❡s✱
❡♥ ♣❛rt❡♥❛r✐❛t ❛✈❡❝ ❧✬■♥st✐t✉t ❞❡ ❝❤✐♠✐❡ ❞❡ ❧❛ ♠❛t✐èr❡ ❝♦♥❞❡♥sé❡
❈r✷❖✸✲❞♦♣❡❞ ▼❖❳ ❢✉❡❧ ✿ ❞♦♣✐♥❣ ❛♥❞ s✐♥t❡r✐♥❣ ❛t♠♦s♣❤❡r❡ ♦♣t✐♠✐③❛t✐♦♥
❤tt♣ ✿✴✴✐♥✐s✳✐❛❡❛✳♦r❣✴❙❡❛r❝❤✴s❡❛r❝❤✳❛s♣① ❄♦r✐❣❴q❂❘◆ ✿✹✺✵✽✾✸✾✼
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