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entreposage de longue durée ou d'un stockage en couche géologique profonde. Cette recherche est menée dans
le cadre de l'axe 3 de la loi Bataille de 1991.

En effet, le CEA a lancé en 1998 le Programme de Recherche sur l'Evolution à long terme des Colis de
Combustible Irradiés (PRECCI) dont le but est d'étudier et d'évaluer la capacité du colis de combustible
irradié à assurer ses fonctions initiales dans le cas d'un entreposage de moyenne ou longue durée (< 300 ans)
ou d'un stockage géologique profond : assurer le confinement total des radioéléments et la reprise des colis
pour des périodes allant jusqu'à des centaines d'années (entreposage de longue durée ou entreposage
temporaire à court terme et/ou stockage réversible en formation géologique profonde) ainsi que le confinement
partiel (contrôle des flux de RN) pour des dizaines de milliers d'années en stockage profond.

Dans un premier temps sont déclinés les besoins opérationnels justifiant la mise en place de ce programme,
puis leur déclinaison en un programme scientifique et technique cohérent et complet. Enfin, l'ensemble de ces
activités de R&D est articulé en 12 sous-programmes techniques qui ont été confiés à la responsabilité de
diverses unités. Pour chacun de ces sous-programmes, ce document présente les mécanismes d'évolution les
plus pertinents ainsi qu' une synthèse scientifique complète sur le meilleur état de l'art international. Ces
synthèses permettent de faire clairement ressortir les grandes lignes directrices des enjeux scientifiques
majeurs pour les prochaines années.
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Abstract - The aim of this report is to present the major objectives, the key scientific issues, and the
preliminary results of the research conducted in France in the framework of the third line of the 1991 Law, on
the topic of the long term behavior of spent nuclear fuel in view of long term storage or geological disposal.

Indeed, CEA launched in 1998 the Research Program on the Long Term Behavior of Spent Nuclear Fuel
(abbreviated and referred to as PRECCI in French; Poinssot, 1998) the aim of which is to study and assess the
ability of spent nuclear fuel packages to keep their initially allocated functions in interim storage and
geological disposal : total containment and recovery functions for duration up to hundreds of years (long term
or short-term interim storage and/or first reversible stages of geological disposal) and partial confinement
function (controlled fluxes of RN) for thousands of years in geological disposal. This program has to allow to
obtain relevant and reliable data concerning the long term behavior of the spent fuel packages so that
feasibility of interim storage and/or geological disposal can be assessed and demonstrated as well as
optimized.

Within this framework, this report presents for every possible scenario of evolution (closed system, in
presence of water, in presence of gases) what are estimated to be the most relevant evolution mechanism. For
the most relevant scientific issues hence defined, a complete scientific review of the best state of knowledge is
subsequently here given thus allowing to draw a clear guideline of the major R&D issues for the next years.
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SUMMARY

The aim of this report is to present the major objectives and the key scientific issues of

the research conducted in France in the framework of the third line of the 1991 Law, on the

topic of the long term evolution of spent nuclear fuel in view of long term storage or

geological disposal. After a presentation of the general objectives and of the research

structure, this report presents, for each major research sub-program, the key scientific issues

associated with the state of the art of what we identify to be the major evolution mechanisms.

Synthesis on the long term behavior of spent nuclear fuel



STRUCTURE OF THE REPORT

VOLUME I

Chapter 1 — Introduction 8

Chapter 2 — Operational and scientific objectives of the PRECCI program 12

Chapter 3 — Organization of the researches conducted in France on the spent 23
nuclear fuel long term evolution

Chapter 4 — Spent nuclear fuel intrinsic data (SP1) 29

Chapter 5 — Spent nuclear fuel evolution in closed system (SP2) 39

VOLUME II

Chapter 6 — Evolution of the thermo-mechanical properties of the cladding 313
(SP3)

Chapter 7— Spent nuclear fuel evolution in open system, unsaturated with 341
respect to water (SP4)

Chapter 8 — Spent nuclear fuel evolution in open systems, saturated with 445
respect to water (SP5 & SP9)

Chapter 9 — Operational researches (SP6-SP8) 587

Chapter 10 — Integration and operational modeling (SP10) 599

Chapter 11 — Conclusion 606

Synthesis on the long term behavior of spent nuclear fuel



DETAILED STRUCTURE OF THIS VOLUME

CHAPTER 1- INTRODUCTION 8

1.1 THE FRENCH 1991 LAW 8

1.2 THE RESEARCH PROJECT FOR WASTE LONG TERM BEHAVIOR (CLTC PROJECT) 9
1.3 THE RESEARCH ON SPENT NUCLEAR FUEL IN FRANCE 9

1.4 REFERENCES 11

CHAPTER 2 - OPERATIONAL AND SCIENTIFIC OBJECTIVES OF THE PRECCI PROGRAM (DR.
C.POINSSOT) 12

2.1 OPERATIONAL QUESTIONS RELATED TO THE LONG TERM INTERIM STORAGE 12

2.2 OPERATIONAL QUESTIONS RELATED TO THE GEOLOGICAL DISPOSAL 15

2.3 A SCIENTIFIC PROGRAM ORGANIZED ACCORDING TO THE VARIOUS BOUNDARY CONDITIONS \1

2.4 SCIENTIFIC AND OPERATIONAL MODELLING IN THE PRECCI PROGRAM 19
2.5 OVERALL PLANNING OF THE RESEARCH 2 0

2.6 REFERENCES 22

CHAPTER 3 - ORGANIZATION OF THE RESEARCH CONDUCTED IN FRANCE ON THE LONG
TERM EVOLUTION OF SPENT NUCLEAR FUEL (DR. C. POINSSOT) 23

3.1 GENERAL CONTEXT 23

3.2 DESCRIPTION AND OBJECTIVES OF THE SUB-PROGRAMS 24

3.3 OPERATIONAL SYNTHESIS 26

3.4 CO-ORDINATION OF THE PROGRAM 27

3.5 INTERNATIONAL CONTACTS 28

CHAPTER 4 - SPENT NUCLEAR FUEL INTRINSIC DATA SP1 (J. PAVAGEAU) 29

4.1 MAJOR SCIENTIFIC GOALS OF S P 1 2 9

4.2 THE CURRENT SPENT FUEL DATA BANK 29

4.3 THE CESAR CODE : A SIMPLIFIED EVOLUTION CODE FOR REPROCESSING APPLICATIONS 31
4.3.1 The input data 32
4.3.2 The depletion calculations 33
4.3.3 The application calculations 33
4.3.4 The Graphical User Interface 53

4.4 THE EXPERIMENTAL VALIDATION PROCESS OF CESAR : 34
4.4.1 The existing CESAR validation file 34
4.4.2 The new DARWIN-CESAR calculation scheme 36
4.4.3 Widening of the validation file 36
4.4.4 Comparison between CESAR and other isotopic evolution codes 37

4.5 REFERENCES 38

CHAPTER 5 - INTRINSIC EVOLUTION OF SPENT NUCLEAR FUEL IN A CLOSED SYSTEM (2 N D

SUBPROGRAM) 39

5.1 PRESENTATION OF THE KEY SCIENTIFIC ISSUES FOR THE SPENT NUCLEAR FUEL EVOLUTION IN A CLOSED

SYSTEM (DR. J.P. PlRON) 39
5.1.1 Evolution of the chemical state of irradiated fuel. 40
5.1.2 Helium generation in spent fuel. 43
5.1.3 Evolution of the physical state of irradiated fuel 45
5.1.4 Mechanisms for radionuclide migration 47

5.2 PHYSICAL AND CHEMICAL STATE OF THE NUCLEAR SPENT FUEL AFTER IRRADIATION (ED. BY DR. P.

DEHAUDT) 49
5.2.1 Introduction 50

5.2.1.1 Purpose and context 50
5.2.1.2 Purpose of the summary 50

5.2.2 Characteristics of assemblies and fuels before irradiation 53

Synthesis on the long term behavior of spent nuclear fuel



5.2.2.1 Fuel assembly and skeleton assembly (Framatome, 1, 2, 3, 4, 5) 53
5.2.2.2 Top nozzle and support system 53
5.2.2.3 Bottom nozzle 56
5.2.2.4 Thimble guides and instrumentation tube 57

5.2.2.4.1 Thimble guide / nozzle connections 58
5.2.2.4.2 Grids 58
5.2.2.4.3 Fuel rods 59

5.2.2.5 Characteristics of UO2 fuels 61
5.2.2.5.1 Preparation of UO2 fuel 61
5.2.2.5.2 Geometric characteristics ofUO2fuel 62
5.2.2.5.3 Microstructural characteristics of UO2 fuels 63
5.2.2.5.4 Chemical properties of UO2 fuels 64

5.2.2.6 Characteristics of MOX fuels 67
5.2.2.6.1 MIMAS type MOX fabrication process 67
5.2.2.6.2 Geometric characteristics of MIMAS MOX 69
5.2.2.6.3 Physicochemical characteristics of MIMAS MOX 71
5.2.2.6.4 Microstructural characteristics of MIMAS MOX 72

5.2.3 transformations in reactors 80
5.2.3.1 Heat generation in fuel 80

5.2.3.1.1 Source of energy generated in the fuel 80
5.2.3.1.2 Power density distribution in the pellet 80
5.2.3.1.3 Specificity of MOX fuel 81
5.2.3.1.4 Irradiation conditions in nominal operation 81

5.2.3.2 Temperatures in the fuel element 83
5.2.3.2.1 Thermal conductivity of fuel 83
5.2.3.2.2 Heat transfers in the fuel element 85

5.2.3.3 Start of life processes 87
5.2.3.3.1 Processes occurring during the first power ascension 87
5.2.3.3.2 Fuel densification 88
5.2.3.3.3 Loads in the clad 88

5.2.3.4 Processes occurring during the in-core life of the fuel element 89
5.2.3.4.1 Generation of fission products 89
5.2.3.4.2 Fuel swelling 90
5.2.3.4.3 Gap narrowing and oxide-clad contact 90
5.2.3.4.4 Release of fission gases 91
5.2.3.4.5 Changes in the clad 93

5.2.4 Heath review of rods at the end of the irradiation 95
5.2.4.1 Non-Destructive Testing methods employed 95

5.2.4.1.1 Length measurement 95
5.2.4.1.2 Visual inspection 95
5.2.4.1.3 Zirconia thickness measurement 96
5.2.4.1.4 Diameter measurements 96
5.2.4.1.5 Clad soundness inspection 97
5.2.4.1.6 X-ray inspection of the fuel stack 97
5.2.4.1.7 Axial distribution of fission products by y spectrometry 97

5.2.4.2 Elongation of the rod and fuel stack 98
5.2.4.2.1 Rod elongation 98
5.2.4.2.2 Fuel stack elongation 98

5.2.4.3 External rod corrosion 99
5.2.4.3.1 Zy4 clad rods 99
5.2.4.3.2 Rods with M5 and 5R clads 102

5.2.4.4 Diameter measurements 102
5.2.4.5 Axial fission product distributions 104

5.2.5 Condition of pellets 106
5.2.5.1 Pellet morphology 106

5.2.5.1.1 Before chemical development 106
5.2.5.1.2 After chemical development 106

5.2.5.2 Fuel microstructure 108
5.2.5.3 Fractography inspection by the scanning electron microscope 114

5.2.5.3.1 Examinations of UO2 fuels 114
5.2.5.3.2 Examinations of AUC MOX fuels 118

5.2.6 Chemical and structural composition of the spent fuel 121
5.2.6.1 Introduction 121
5.2.6.2 Chemical composition 122

5.2.6.2.1 Inventories of actinides and fission products calculated with the CESAR code 122
5.2.6.2.2 Measured Pu and FP contents 132

5.2.6.3 Compounds at thermodynamic equilibrium and compounds formed 148

Synthesis on the long term behavior of spent nuclear fuel



5.2.6.3.1 Compounds at thermodynamic equilibrium 149
5.2.6.3.2 Experimental identification of the phases formed 154

5.2.6.4 Changes in the mesh parameter during irradiation 157
5.2.6.4.1 Case of simulated burnup fuels 158
5.2.6.4.2 Case of irradiated UO2 fuel 159
5.2.6.4.3 Case of MOX fuels 165

5.2.6.5 Oxygen content and oxygen potential 167
5.2.6.5.1 Oxygen potential or redox power 168
5.2.6.5.2 Oxygen content 170

5.2.6.6 Lessons and prospects 172
5.2.7 Fuel fragmentation and density 174

5.2.7.1 Fuel fragmentation 174
5.2.7.2 Variation in fuel volume and porosity in the reactor 176

5.2.7.2.1 Variation in fuel density with burnup 177
5.2.7.2.2 Contributions to solid swelling 182
5.2.7.2.3 Gaseous swelling 185

5.2.8 Phenomena at the pellet periphery formation, characteristics and structure of the rim : chemical
interaction between pellet and clad 187

5.2.8.1 Formation, characteristics and structure of the rim 187
5.2.8.1.1 Conditions of appearance 187
5.2.8.1.2 Characteristics of the rim 188
5.2.8.1.3 Rim formation and structure 191

5.2.8.2 Properties of the rim 194
5.2.8.2.1 Thermal properties 194
5.2.8.2.2 Mechanical properties 194

5.2.8.3 Chemical interaction between pellet and clad 196
5.2.8.3.1 Variation as a function of burnup 196
5.2.8.3.2 Physical characterization of internal oxidation 199
5.2.8.3.3 Review 201

5.2.9 Location of fission gases 202
5.2.9.1 Volumes of gas created by irradiation and distribution associated with fissions 202
5.2.9.2 Review of mechanisms at play under irradiation 203
5.2.9.3 Methods for analyzing rare gases in irradiated fuels 207
5.2.9.4 Internal pressure and overall release of rare gases in PWR rods 209
5.2.9.5 Location of rare gases in the microstructure of irradiated fuels 211

5.2.9.5.1 Case of UO2 fuel 211
5.2.9.5.2 Case of MOX fuel 211

5.2.9.6 Distribution of cesium and iodine in irradiated fuels 213
5.2.9.7 Potential changes in storage conditions 214

5.2.10 Review, lessons and predictions 216
5.2.10.1 Summary of main results 216

5.2.10.1.1 Fuels 216
5.2.10.1.2 Transformations in the reactor 216
5.2.10.1.3 Review of rod soundness leaving the reactor 217
5.2.10.1.4 State of pellets 217
5.2.10.1.5 Chemical and structural composition 217
5.2.10.1.6 Fragmentation and swelling 218
5.2.10.1.7 Processes at the pellet periphery: rim and internal zirconia 219
5.2.10.1.8 Location of fission gases 220

5.2.10.2 Lessons and identification of gaps in knowledge 220
5.2.10.3 Attempts to analyze potential changes in irradiated fuel in a closed system 221

5.2.10.3.1 Change in irradiated fuel with sealed clad 221
5.2.10.3.2 Availability for radionuclide release in open system 222

5.3 STATE OF THE ART ON THE HELIUM ISSUES (DR. J.P. PIRON, D R . M. PELLETIER) 223

5.3.1 Introduction 223
5.3.2 Helium production in PWR fuels 223

5.3.2.1 assumptions and calculation methods 224
5.3.2.2 calculation results 225
5.3.2.3 accuracy of calculations 228
5.3.2.4 discussion of results 229

5.3.2.4.1 Assumption of total helium release 229
5.3.2.4.2 Assumption of helium retention 230

5.3.3 Solubility and helium release 233
5.3.3.1 thermodynamic solubility of helium in UO2 233
5.3.3.2 helium release 233

5.3.3.2.1 Diffusion coefficient 233

Synthesis on the long term behavior of spent nuclear fuel



5.3.3.2.2 Reactor feedback 235
5.3.3.2.3 Superfact 1: helium release in storage 236

5.3.4 Conclusions 237
5.3.5 Annexes : database on helium production for VOX and MOXfuels 238

5.4 STATE OF THE ART ON THE POTENTIAL MIGRATION OF SPECIES (DR. M. PELLETIER) 240

5.4.1 introduction 240
5.4.2 review of diffusion in oxides 242

5.4.2.1 general 242
5.4.2.2 formulation of diffusion 242

5.4.2.2.1 Self-diffusion 243
5.4.2.2.2 Heterodiffusion 245

5.4.2.3 difficulties of measuring diffusion in oxides 245
5.4.3 PWRfuel 245

5.4.3.1 UO2fuel 245
5.4.3.1.1 Initial state 245
5.4.3.1.2 Structural state at high burnup 246

5.4.3.2 MOX fuel 247
5.4.3.2.1 Initial state 247
5.4.3.2.2 Changes in plutonium clusters 247

5.4.4 state of fission products 248
5.4.4.1 fission gases 248
5.4.4.2 cesium 249
5.4.4.3 iodine 251
5.4.4.4 tellurium 252
5.4.4.5 other fission products 252

5.4.5 self-diffusion in oxide fuel 253
5.4.5.1 oxygen diffusion 253

5.4.5.1.1 Self-diffusion 254
5.4.5.1.2 Chemical diffusion 255

5.4.5.2 metal diffusion 255
5.4.5.3 diffusion under irradiation 258

5.4.6 Diffusion of rare gases and volatile FP 261
5.4.6.1 diffusion of fission gases 261

5.4.6.1.1 Atomic diffusion of gas 261
5.4.6.1.2 Diffusion of bubbles 263
5.4.6.1.3 helium diffusion 264
5.4.6.1.4 Production in UO2 and MOX fuels: 264
5.4.6.1.5 Diffusion and release 265

5.4.6.2 diffusion of volatile PF 267
5.4.6.3 influence of self-irradiation 269

5.4.6.3.1 Swelling: 272
5.4.6.3.2 Diffusion activated by self-irradiation 275

5.4.7 Recommendations for diffusion coefficients 276
5.4.7.1 self-diffusion of oxygen and metal 276

5.4.7.1.1 Stoichiometric oxide 276
5.4.7.1.2 Non-stoichiometric oxide 276

5.4.7.2 diffusion of fission gases 278
5.4.7.2.1 Atomic diffusion of xenon: 278
5.4.7.2.2 Diffusion of fission gas bubbles : 279

5.4.7.3 Diffusion of volatile FP and helium 280
5.4.8 Conclusions 257

5.5 SPECIFIC REFERENCES 281

Synthesis on the long term behavior of spent nuclear fuel



CHAPTER 1 - INTRODUCTION

1.1 The French 1991 Law

Since the end of 1991, research to manage nuclear wastes in France is conducted in the framework of

a law (Law 91-1381 in date of December 30, 1991), which defined three main lines to be studied for the next

15 years :

1- partitioning and transmutation of long-lived radionuclides, the aim of which is basically to

isolate the most radiotoxic long lived radionuclides and to reduce their activity through nuclear

reactions (transmutation);

2- Retrievable or non-retrievable geological disposal, the feasibility of which has to be

demonstrated through the construction of underground research laboratories (URL);

3- Conditioning processes and long-term interim storage; Long-term interim storage has to be

considered in this context as a temporary means to manage spent fuel for a few hundred years

(< 300 years) and not as an ultimate alternative.

The French Nuclear Energy Commission CEA (Commissariat à l'Energie Atomique) was appointed

by the French Government as responsible for lines 1 and 3 whereas ANDRA (Agence Nationale pour la

gestion des Déchets Radioactifs) is responsible for line 2. Research is regularly evaluated by the National

Commission of Evaluation and a general report on the results obtained during the 15-years period on the

three research lines will have to be submitted to the French parliament at the end of the law, in 2006.

In 1997, the French government required the CEA to increase the research effort on the third line of

the law, with the following major objectives (Bernard et ai, 1999) :

1 - to define and assess conditioning processes for nuclear waste;

2- to study the long-term behavior of waste packages;

3- to support the waste producers for the characterization of the waste and the building of a

knowledge reference file;

4- to study the design of long term interim storage facilities, either surface or sub-surface, in

order to evaluate this option. The duration considered in this case is typically of a few

centuries.
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1.2 The research project for waste Long term behavior (CLTC Project)

Although for many years the CEA had supported R&D on the conditioning of waste and the long

term behavior of the various types of waste packages : bitumen, concrete-based, nuclear glass, hulls and end-

pieces, in 1998 the CEA launched a wide R&D project, the aim of which was to study and assess the long-

term behavior of all types of potential nuclear waste packages (CLTC project, "Comportement à Long Terme

des Colis") so that research could focus on the major milestones until 2006. The objectives of the CLTC

project is to study and assess the ability of the various types of waste packages (glass, spent fuels, bitumen-

or concrete-based B types ...) to maintain their functions in interim storage (whatever the duration can be)

and geological disposal (Toulhoat et al., 2000). Emphasis is put on total containment and recovery functions

for durations up to hundreds of years (long term -100 y's- or classical -50 y.- interim storage and/or first

reversible stages of geological disposal) and partial confinement function (controlled fluxes of RN) for

10,000 years. The final aim of this program is to obtain relevant and reliable data concerning the long term

behavior of the waste packages so that the feasibility of interim storage and/or geological disposal can be

assessed and demonstrated as well as optimized.

1.3 The research on spent nuclear fuel in France

Spent nuclear fuel has never been considered as a nuclear waste in France since it is still composed

of valuable energetic matter, namely uranium and plutonium. Furthermore, up to the end of the 80's,

reprocessing was the reference option for the back-end of the fuel-cycle although various studies about other

options were conducted between 1983 and 1991 after the publication of the Castaing report. However, in the

framework of the French 1991 Law, the aim of which is to evaluate any potential option for waste

management, the CEA, ANDRA, COGEMA and EDF launched a work group in 1991 on the issue of direct

disposal of spent nuclear fuel ("Groupe de Travail Stockage Direct", 1996). The purpose was to assess the

potentiality of such an option. At the same time, research had been performed in the CEA since 1993 on the

release of radionuclides from spent nuclear fuel.

The major change took place in the middle of the 90's when EDF decided to modify its industrial

policy in order to balance the fluxes of plutonium : reprocessing of spent nuclear fuel was reduced so that the

total amount of plutonium recovered was equal to the amount of plutonium used in MOX fuels. The aim of

such a policy was to eliminate any stock of plutonium. This was also related to the progressive remuneration

of the fast breeding reactors. Consequently, the final fate of the spent nuclear fuel inventory is not currently

defined in France and only 2/3 of the annual amount produced is currently reprocessed, the other part being

temporarily stored, waiting for further decisions. These decisions on the long term fate of spent fuel are the

responsibility of the French government and parliament but also of utilities and will only occur after the end

of the current 1991 Law {i.e. after 2006).
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In this context, it is thus of prime importance to acquire the basic knowledge on the long term

evolution of spent nuclear fuel so that any decision concerning the final fate of spent nuclear fuel can be

taken accordingly. Research has hence to qualify and quantify the evolution mechanisms of spent nuclear

fuel in generic conditions of long term interim storage and geological disposal. The results of this research

will be used while designing long term interim storage facilities or geological disposal facilities. It is

important to mention here that long term interim storage can refer to either the very long term interim storage

studied in the framework of the French Law with durations up to 300 years, or to the long term storage

studied by utilities like EDF for durations between 50 and 100 years.

Finally, EDF, which is the producer of spent nuclear fuel is responsible in France for its ultimate fate

whatever it may be. In this context, EDF is in charge of :

(i) supporting the R&D which has to be performed to assess the potential evolution of

spent nuclear fuel in geological disposal,

(ii) building up the knowledge bank for ANDRA which is in charge of nuclear waste

management in France,

(iii) managing the spent nuclear fuel during the time between the end of irradiation and

the decision on its final fate (geological disposal or reprocessing).

In this context, EDF largely supports and partly co-manages with the CEA the Research Program on the

Long Term Evolution of Spent Nuclear Fuel (PRECCI program) which is performed in the CEA

laboratories.

The PRECCI program has therefore three natural customers which are :

1- first of all, Electricité de France EDF which is responsible for its own spent nuclear fuel

management. Consequently, EDF has to manage the part of the spent nuclear fuel inventory

which is not reprocessed (MOX fuels for example). EDF is also in charge of acquiring and

giving to ANDRA the scientific knowledge related to the evolution of spent nuclear fuel.

2- The CEA project "Very long term interim storage" which aims to develop and validate

surface or sub-surface concepts of secular interim storage for nuclear waste and spent fuel.

3- Partly, l'ANDRA, "Agence Nationale de gestion des Déchets Radioactifs", which is in charge

of designing the geological disposal and which is the final client via EDF of most of the studies

described here. ANDRA specifically supports some integration exercises performed in the CEA

with the purpose of evaluating the radionuclide source term of spent nuclear fuel.

Finally, COGEMA also has to be mentioned since it partly supports some studies for the

qualification of the code for the isotopic evolution of spent nuclear fuel (cf. PRECCI/SP1).
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CHAPTER 2 - OPERATIONAL AND SCIENTIFIC

OBJECTIVES OF THE PRECCI PROGRAM (DR.

C. POINSSOT)

The aim of the Research Program on the Long Term Evolution of Spent Nuclear Fuel (abbreviated

and referred to as PRECCI in French; Poinssot, 1998) is to study and assess the ability of spent nuclear fuel

packages to keep their initially allocated functions in interim storage and geological disposal : total

containment and recovery functions for durations up to hundreds of years (long term or short-term interim

storage and/or first reversible stages of geological disposal) and partial confinement function (controlled

fluxes of RN) for thousands of years in geological disposal. The final aim of this program is to obtain

relevant and reliable data concerning the long term behavior of the spent fuel packages so that feasibility of

interim storage and/or geological disposal can be assessed and demonstrated as well as optimized. Such

objectives make it necessary to obtain a basic knowledge of the long term evolution of spent nuclear fuel and

to develop models that fit the operational needs in the conditions of interim storage and geological disposal.

Below are listed the generic operational questions we identified as well as the related key scientific issues for

both interim storage and geological disposal.

2.1 Operational questions related to the long term Interim storage

Interim storage is conceived as a temporary means to manage nuclear waste packages, especially

spent nuclear fuel, and to allow the necessary time for political and industrial decisions to be taken. Such a

facility is therefore a means to manage flexibility in the nuclear fuel cycle and nuclear industry. It is clearly

not designed to become permanent like a geological disposal and is consequently not an ultimate

management solution. Operational constraints can be derived from such a definition. First, spent nuclear fuel

packages must be retrieved at the end of the interim storage period, no matter what. Second, spent nuclear

fuel must thereafter be able either to be reprocessed, or to be disposed of deep underground, so that interim

storage is not an implicit decision concerning the ultimate fate of spent fuel. Several operational questions

have similarly been identified and define the final objectives of the French research program. They are

presented here below together with their scientific translation :

How can the retrievability of the spent fuel packages in interim storage be guaranteed, in terms of

waste forms and spent fuel integrity ?
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• Retrievability implies accounting for the evolution of the mechanical and physical

properties of spent nuclear fuel assemblies, i.e. the UO2 matrix, the cladding and the arrays, in

nominal and incidental conditions : an inert gas is considered as the normal atmosphere in the

fuel package, oxidizing atmosphere, as the incidental one.

• First of all, can we rely on the confinement properties of cladding in dry interim storage ?

Indeed, the cladding is submitted to a quite significant damage in the reactor due to the presence

of hydrides and to the presence of internal and external corrosion layers. Simultaneously, the

internal pressure of the rods, already high at the end of the irradiation, is expected to increase

with the potential release of fission gases and He in the free volume. In the conditions of dry

interim storage, the temperature may be as high as 300 to 400°C (particularly for MOX fuels)

and long term creep strain may therefore be a significant deformation mechanism and could be

responsible for breaching of the cladding.

• In long term dry storage, the UO2 matrix will undergo significant physical, chemical and

mechanical evolutions due to (i) the accumulation of He in the matrix, (ii) the accumulation of a

irradiation defects, the temperature being probably lower than the annealing thresholds, (iii) the

potential evolution of the oxygen potential of the matrix due to the progressive thermal decay

and the variation of chemical composition, and the potential formation of a local oxidized U-

bearing phase like U4O9 ... (iv) the potential migration of labile radionuclides and aggregation

of gas bubbles at the grain boundaries. Are these potential mechanisms all relevant to the

conditions expected in an interim storage ? Can they yield significant physical changes of the

UO2 matrix : either swelling of the fuel matrix, or the formation of micro-cracks within the

pellet with an increase of the specific area as a consequence, or a full disaggregation of the

matrix by a loss of cohesion of the grains and the progressive break up into grains ?

Simultaneously, what can be the consequences of these evolutions on the radionuclide inventory

at the grain boundaries.

• In case of an incidental contact between the fuel and any oxidizing atmosphere, i.e. in case

of cladding failure and loss of package containment, the basic issues are related to (i) the

knowledge of the physical degradation state of the fuel rods in the package, (ii) the

consequences of fuel oxidation on radionuclide dissemination. These issues raise two

questions :

U3O8 being well known as the crystalline phase responsible for fuel swelling and

disaggregation when oxidized, which physical parameters are relevant for U3O8

generation in irradiated UOX and MOX fuels : temperature range, irradiation effect,

radionuclide content ?

What can be expected of volatile fission products release and radionuclide

dispersion during oxidation ?
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• Finally, are the mechanical properties of the arrays reliable after irradiation ? This question

is quite similar to those related to the cladding since the whole fuel assembly undergoes similar

damage.

Can we ensure that delayed reprocessing of the aged spent nuclear fuels which have evolved in interim

storage for up to hundreds of years will be possible ?

• The reprocessing process is strongly linked to (i) the nature of the chemical phases present

in the initial fuels for the dissolution step, (ii) more importantly the elementary and isotopic

inventories of the fuels for the separation step. What effect can be expected from the isotopic

evolution of a fuel over 300 years ? Is there any evidence of major problems for the

reprocessing of aged spent fuels, in particular for the separation process, taking into account the

decay of the major actinides for example ?

• In addition, what could be the effect of the isotopic evolution on the vitrification process ?

Is it still possible to run a process similar to the current one while for example Am will be

present in much higher concentrations ?

What about the compatibility between long-term interim storage and deep geological disposal, in terms

of spent nuclear fuel irreversible transformations and subsequent physico-chemical state ? In other

words, can an aged spent fuel, which has evolved in interim storage, be thereafter disposed of ?

• An acceptable behavior of spent fuel in geological disposal is directly related to its physical

and chemical state (RN location and inventory, nature of U-bearing phase ...). A long term dry

storage may significantly and irreversibly modify the physical and chemical state of spent fuel

by comparison to the fresh spent fuel, and subsequently modify its behavior in disposal

conditions.

• In particular, can the formation of U(VI)-bearing phases be expected, which will have a

significant incidence on the evolution in geological disposal due to the strong differences in

solubility between U(IV) and U(VI) phases ? Is any evolution of the water-accessible surface

expected (cf. Fig. SP2) which will also influence the dissolution rate if the dissolution is

oxidizing ? What will be the effect of accumulated irradiation defects on the dissolution

behavior of the matrix ?

• Finally, will there be any evolution of the different fraction of inventories, instant release

fraction, grain boundaries fraction and matrix fraction; during dry storage at relatively high

temperatures (300-400°C) ? In particular, any evolution of the instant release fraction is a

crucial point since instant release fraction has a major impact on the performance assessment of

spent nuclear fuel in a geological disposal.
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What about the monitoring of spent fuel in interim storage ? What are the major parameters and

irreversible thresholds to monitor ? This question is particularly relevant to MOX fuels which are

known to be more reactive.

• The operation of a long term interim storage facility, requires the guarantee that the safety is

ensured at any moment (instantaneous monitoring), and furthermore, the demonstration that the

safety is ensured for the following years. In other words, spent fuel is initially predicted to

follow a certain evolution pattern which guarantees the retrievability, the feasibility of delayed

reprocessing, the geological disposal .... Monitoring has to ensure that the actual evolution is

similar to the prediction and will not lead to a loss of functions or performances in the near

future. To reach these rather ambitious and difficult objectives, R&D needs to identify the key

parameters to monitor and the thresholds which are associated with these parameters and which

must not be reached.

• For spent fuel, the key evolution parameters have to be identified which are reasonably

measurable and make it possible to understand the actual fuel evolution in order, to ensure the

strategic functions (retrievability, delayed reprocessing, geological disposal), and to predict

further evolutions from this state.

Since spent fuel is potentially highly reactive (mechanical, physical and chemical disequilibrium), is

there any economically and technically viable re-conditioning process to consider ?

• This question is not as important as the previous ones since it mainly concerns a kind of

brainstorming about a potential optimised conditioning process of spent fuel. Spent nuclear fuel

packages do not exist in France and R&D has to bring technical elements that can help optimise

their design by decreasing the risks of reactivity in order to lower the constraints on the

facilities.

• Interaction on that topic may take the form of an exchange of ideas rather than formal

answers to clearly defined questions.

2.2 Operational questions related to the geological disposal

By opposition to interim storage, final disposal, reversible or not, is designed from the very

beginning to be ultimate. Such a definition implies that final disposal relies on the geological containment for

time scales compatible with long-lived RN management. Consequently, the major function devoted to the

spent nuclear fuel package in these conditions is to maintain a controlled and predictable flux of

radionuclides outside the waste package. This flux has to be null during the first -10,000 years and to be
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limited thereafter (the RN confinement has to be ensured by the waste package alone during this time

according to the safety regulations in France). The major operational question is therefore :

Can we know and predict the radionuclide flux outside the waste package and ensure that no

radionuclides will leave the waste package during the first 10,000 years in a "normal scenario?

• The initial confinement is not directly related to the performance of spent fuel but rather to

that of the canister and will thus not be discussed here. However, the controlled and predictable

flux of RN outside the waste package is directly related to the confinement performance of the

spent nuclear fuel system. Two scientific questions are strategic for a possible direct disposal of

spent fuel.

• What is exactly the origin and the meaning of the instant release fraction which largely

controls the RN release from spent nuclear fuel ? It is necessary to answer these questions in

order to be able to assess the variability of the instant release fraction with fuel types, burnup,

irradiation history, environment conditions ...

• What is the long-term governing mechanism of spent nuclear fuel dissolution : dissolution

limited by UO2 solubility (or others), or an oxidizing dissolution related to the radiolysis of

water at the UCVwater interfaces ?

Finally, answering all the previous questions clearly requires the development and validation of

evolution models for spent fuel which will make it possible to predict the coupled evolution of relevant

physical and chemical parameters. Long term extrapolations as well as the credibility of our research

requires assessing the robustness of our evolution models whatever the conditions may be :

What about the robustness and demonstrability of the spent fuel evolution models that are developed

for the various boundary conditions that can be encountered by spent nuclear fuel ?

• The credibility and demonstrability of our research are directly related to the robustness of

our prediction models which need to be qualified and capable of accounting for various

boundary conditions. These questions need to be addressed regularly and kept in mind while

developing models. Thus, it would be rather interesting to discuss the meaning of robustness

and the adapted method used to achieve this ambitious goal.

The aim of the PRECCI program is to bring the necessary technical elements in order to answer the

above generic operational questions, so that spent nuclear fuel packages can be defined and considered in the

design of the potential interim storage or geological disposal facilities. Beyond these applications, the

PRECCI program also has to upgrade the reliability and robustness of the knowledge about the long-term

evolution of spent nuclear fuel.
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2.3 A scientific program organized according to the various

boundary conditions

Although the final aim of the PRECCI program is to answer the above executive operational

questions, it seems quite difficult to structure the research only from the operational viewpoint, and scientific

approaches needed to be accounted for. It clearly appears that even if interim storage and geological disposal

are two options for the management of spent nuclear fuel that are completely opposed from the operational

viewpoint, the scientific issues related to both options are quite similar except for the time scale which is

considered : a few hundred years for interim storage, a few thousand to a few hundred thousand years in

geological disposal. We therefore structured the whole R&D according to the various boundary conditions

that can be encountered by the spent nuclear fuel in a geological disposal or in a (very) long term interim

storage (Poinssot et ai, 1999).

Schematically, we can distinguish three various types of boundary conditions :

• The closed system evolution. The spent nuclear fuel only exchanges energy with the

external medium, either heat or radioactivity. There is no alteration by any external

medium and it is therefore an intrinsic evolution driven by the internal imbalance. These

conditions correspond to the nominal situation expected in an interim storage during a

few hundred years, but also in a geological disposal during the first confinement period,

before the breakdown of the various confinement barriers, roughly during the first 5,000-

10,000 years.

4 4
Figure 1 : Evolution of spent nuclear fuel in a closed system. The system only exchanges
heat with the external medium, emits radioactivity and can be submitted to mechanical

stress.

• The open system evolution in water-unsaturated conditions. In these conditions, the

spent nuclear fuel, and particularly the pellet, is submitted to alteration by a vapor phase,

the composition of which can be basically air-like or neutral gases (helium ...). This

boundary condition basically refers to the problem of spent fuel oxidation and the related

potential RN release. This scenario corresponds to an incidental scenario in an interim

storage or during the first stages of a geological disposal before water re-saturation of the

site.
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Figure 2 : Evolution of spent nuclear fuel in an open water-unsaturated system. The

system exchanges heat with the external medium, emits radioactivity, can be submitted to
mechanical stress and is altered by a gaseous phase.

• The open system evolution in water-saturated conditions. In this case, the spent

nuclear fuel is in contact with water and is submitted to a leaching process which leads

to the progressive release of RN in the environment. It corresponds to the nominal

situation in a geological disposal after the re-saturation of the site and the breakdown of

the various confinement barriers.

saturated

a, p,y

H20 liq.
^ — — (dissolved

Figure 3 : Evolution of spent nuclear fuel in an open water-saturated system. The system
exchanges heat with the external medium, emit radioactivity, can be submitted to

mechanical stress and is altered by an aqueous phase

The whole evolution of spent nuclear fuel in an interim storage and/or a geological disposal can be

totally described by a combination of the three previous boundary conditions and evolution scenarios.

Schematically, we can therefore estimate the following evolution scenario :

Interim
Storage

Final
disposal

Oy.

CLOSED

CLOSED

(unsaturedlsatured)

(unsatured/satured)

300y.

j CLOSED

~10'000y.

(satured) \ SATURATED

Figure 4 : Scenario of evolution of spent nuclear fuel in interim storage and in
geological disposal. Both situations can be described in terms of similar generic

boundary conditions, [red capitals refer to a nominal situation whereas black italics
(resp. black small fonts) refer to an incidental (resp. accidental) situation]
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In an interim storage, spent nuclear fuel will basically evolve in a closed system during time scales

which are of the order of a few centuries. In geological disposal, spent nuclear fuel will also evolve in a

closed system conditions but during longer time periods, roughly 1,000-10,000 years, before evolving in an

open system, saturated with respect to water. In any case, the open water-unsaturated system corresponds to

an incidental scenario.

Such an approach makes it possible for the R&D to simultaneously consider the various potential

options for the management of spent nuclear fuel, interim storage, whatever the duration can be, and

geological disposal. In addition, such an approach by combining interim storage and geological disposal is

the right way to optimize the R&D effort and to ensure that the evolution scenario and models are self-

consistent.

2.4 Scientific and operational modelling in the PRECCI program

The final aim of the PRECCI program is to develop and validate the evolution models for spent

nuclear fuel which will allow to answer the above operational questions related to the performances or

functions that can be allocated in interim storage or geological disposal. These evolution models will

probably depend on the boundary conditions as illustrated before and have necessarily to account for the

potential coupling with the near-environment.

One of the significant tasks of this program is also to integrate all the data available on the long term

evolution of spent fuel from the basic scientific data to the operational model :

1) the basic R&D has to identify, qualify and quantify the evolution mechanisms that govern the

long term behavior of spent nuclear fuel. Information on each single mechanism can be obtained

accordingly by experiments on active or inactive samples or by molecular modeling (ab-initio,

molecular dynamics, Monte Carlo techniques). The different mechanisms are classically studied

separately (when possible) in a first step in order to be able to derive the relevant parameters for

a further long term prediction.

2) All the previous evolution mechanisms are subsequently classified and coupled together in order

to develop scientific models which describe the evolution as a function of time and of the

relevant physical and chemical parameters, for the prediction of the long term behavior. These

models are validated through integrated experiments which allow a large-scale coupling of the

major evolution mechanisms in a reasonable time.

3) At the end of the process, operational models are derived from the scientific models in order to

make specific models available that are related to the operational needs associated with the

performances of functions allocated to the spent nuclear fuel either in interim storage or in

geological disposal. These models will represent a strong commitment of the CEA accounting

for the best state of the art of the long term evolution of spent fuel.
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These three different levels are schematized on the following figure :

To he used for conception, performance
and safely assessment

SctewlHIc iftodriBfm z
corrosion/alteration

radionuclide release vs time

Figure 5 : relative position of the basic R&D, the scientific and the operational models
in the framework of the PRECCI program.

2.5 Overall planning of the research

The 1991 Law which aims to obtain consolidated and self-consistent data on the various technical

options for nuclear waste management for the year 2006 so that any political decision can be taken based on

the best current state of knowledge. In this context, the PRECCI program has been structured in three phases

in this time period in order to obtain the widest consolidated state of knowledge possible with respect to the

operational objectives assigned to the program. In addition, the PRECCI program also has to regularly

provide the designers in charge of the interim storage or geological disposal facilities with up-to-date

answers to conception-related questions so that they can take into account the very last technical results

when choosing the design options or performing the safety or performance assessment studies. In particular,

both the ANDRA project for geological disposal and the CEA project for the Very long term Interim

Storage, plan a major milestone in 2001 when the first safety evaluations for geological disposal as well as

the first choice of facility design for the long term interim storage have to be made.

In this context, three main periods have been initially defined for the PRECCI research program :

1- from mid-1998 to mid-1999 : synthesis of the present state of international knowledge on the

long term evolution of spent nuclear fuel both in interim storage and geological disposal
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conditions. The identification of (i) the main mechanisms which potentially govern the long term

evolution of spent nuclear fuel, (ii) the current lack of knowledge, and (iii) the related key

scientific issues, allow the CEA to define and plan the R&D to be conducted on spent nuclear

fuel at the end of this first phase.

2- From mid-1999 to the end of 2001 : launching and support of some major R&D activities in

particular about current fuel in order to make it possible in 2001 to delimit the potential

significance of the major evolution mechanisms. In 2001, the CEA has hence to supply EDF and

ANDRA with a first evaluation of the evolution of spent nuclear fuel in interim storage and

geological disposal under the form of some operational models and their related operational

synthesis, the aim of which is to make a link between the scientific knowledge and the potential

performance of the waste form in interim storage or geological disposal.

3- From the end of 2001 to the end of 2005 : completion of the knowledge bank on the long term

evolution of spent fuel so that any potential evolution mechanism can be either quantified, or

conservatively evaluated at the end of the program. At the same time the CEA will also perform

some large scale experiments on spent nuclear fuel in order to validate the more restricted and

decoupled experiments performed in the previous phase. One of the major challenges of this

period is indeed to evidence the coupling between the various parts of the fuel assembly

(cladding and pellet for example) and the coupling between the evolution of the spent nuclear

fuel and the environment, especially in the case of geological disposal conditions.

1999 2000 2001 2002 2003 2004 2005 w

«State of the art»

PRECCI

synthesis I

CLTC

consolidated synthesis

Experimental validation and integrate

uisitfon of basic knowledge

l

preliminary answer * jl" answer to ,
^ i tjo Oper. Questions ^lOJper. Questioijs Consolidated

to Oper. Questions

•j

Figure 6 : general planning of the research on the long term evolution of spent nuclear
fuel.

The year 2006 is the key date for the decisions on nuclear waste in France. All the research performed in

France on that topic will have to converge and to be synthesized in an easily readable and understandable

form so that any political decision made in 2006 can account for all aspects of the problem and for the best

state of the art. Integration of all data and general syntheses will therefore be a significant part of the
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PRECCI research program at the end. However, it evidently does not mean that all the research on spent

nuclear fuel will stop in the year 2006. Some questions will probably still remain open but the demanding

goal of the CEA is to gather sufficient knowledge to have a reasonable "best-estimate" of the long term

behavior of the waste package.
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CHAPTER 3 - ORGANIZATION OF THE

RESEARCH CONDUCTED IN FRANCE ON THE

LONG TERM EVOLUTION OF SPENT

NUCLEAR FUEL (DR. C. POINSSOT)

3.1 General context

Research performed on the long term evolution of waste packages is performed in France under the

framework of the third line of the 1991 Law, the responsibility of which was given to the CEA. In order to

optimize its means in view of this responsibility, the CEA launched transverse R&D program in 1998 under

the supervision of the Program Direction for the Research on Waste Management, also involving laboratories

and skills from various departments in the CEA. Currently, 8 departments are involved in the PRECCI

program :

Nuclear Energy Division Department for Physical Chemistry (DEN/DPC)

Department for Nuclear Materials (DEN/DMN)

Department for Fuel Studies (DEN/DEC)

Department for Reactor Studies (DEN/DER)

Department for Wastes Studies (DEN/DED)

Department for Radiochemical Process Studies(DEN/DRCP)

Advanced Technology Division Department for Engineering and Confinement Studies (DEN/DIEC)

Physical Science Division Department for Research on condensed state, Atoms and Molecules

(DSM/DRECAM)

Table 1 : list of the various CEA departments involved in the Research Program on the
Long Term Evolution of Spent Fuel (PRECCI program).

Through these teams, the PRECCI program mobilizes the major hot laboratories of the CEA in order

to perform work on active and irradiated materials :

• Laboratory for Studies on Spent Fuel (LECI, "Laboratoire d'Etudes des Combustibles

Irradiés"), which is located in Saclay, and where most of the studies on nuclear cladding

are performed;
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The ATALANTE hot facility, in particular the High Activity Laboratory (DHA,

"Déchets de Haute-Activité"), which is located in Marcoule and which is involved in the

intrinsic evolution of spent nuclear fuel (SP2) and on the evolution of spent nuclear fuel

in the presence of gas (SP4) or water (SP5).

The LECA / STAR hot facility located in Cadarache where work on the intrinsic

evolution of spent nuclear fuel and on the spent fuel oxidation is performed.

In addition to the CEA research teams, some collaborations have also been developed with

laboratories in French universities or in CNRS, in particular with the CNRS-CERI (Orléans) on the topic of

radiolysis.

In view of this complexity, the research program has been structured in 12 sub-programs, the

responsibility of which has been given to a department and to a technical coordinator. In parallel, the

technical co-ordination of the whole program as well as its relevancy and reliability is assured by a program

coordinator by delegation of the HLW project leader P. TOULHOAT. Dr. Christophe POINSSOT is

currently the PRECCI program coordinator.

3.2 Description and objectives of the sub-programs

The PRECCI program is structured in twelve sub-programs :

• 5 general sub-programs, the aim of which is to acquire the basic knowledge on the long

term evolution of spent nuclear fuel

• 5 specific sub-programs, devoted either to rather specific operational studies (delayed

reprocessing for example), or to more specific scientific issues (radiolysis at the interface

for example)

• 2 technical sub-programs which are related to the fabrication of specific active material

and to the global management of the active samples in the program.

A brief description of each sub-program is given in the following table. A more detailed description

is given further in this document.
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Réf.

SP1

SP2

SP3

SP4

SP5

SP6

SP7

SP8

SP9

Title

Spent fuel intrinsic data

Closed system
evolution

Evolution of the
mechanical properties

of Cladding

Open system evolution,
in water-unsaturated

conditions

Open system evolution,
in water-saturated

conditions

Delayed reprocessing

Surveillance of interim
storage

Re-conditioning of
spent fuels

Radiolysis at the spent
fuel / water interface

Sub-program
coordinator

Dr. J. Pavageau

(DEN/DER/SPR
C)

Dr. J.P. Piron

(DEN/DEC/SES
C)

Dr. C.
Cappelaere

(DEN/DMN/SEM
I)

Dr. L.
Desgranges

(DEN/DEC/SE3
C)

Dr. C. Jegou
(DEN/DIEC/SCD

N)

Dr. M. Masson

DEN/DRCP/SEA
A

Dr. M. Masson

DEN/DRCP/SEA
A

J.C. Ciccariello

(DÉN/DEC/)

Dr. C. Corbel

(DSM/DRECAM/

Scientific objectives

Develop and validate a database gathering
the evolution with time of the intrinsic data of

spent fuel (residual activity, isotopic
composition, residual heat...) for various

types of spent fuel representing of the EDF
fuels (UOX, MOX URE) and various burnups.

Identify and quantify the potential evolution
mechanisms of spent fuel in closed system

conditions for a time scale up to 10 000 years
in order to develop and validate a scientific
evolution model which has to describe the
coupled evolution with time of the relevant

physical and chemical parameters and
properties of spent fuel

Develop and validate a mechanical model for
irradiated cladding which is adapted to the

long term (up to 300 years) / low stress / low
temperature conditions. In particular, the
model has to account for long term creep
strain and to propose a suitable rupture

criterion.

Identify and quantify the potential evolution
mechanisms of spent fuel in contact with a

gaseous external medium in order to develop
and validate a scientific evolution model which

has to describe the coupled evolution with
time of the relevant physical and chemical
parameters and properties of spent fuel, in

particular the RN release.

Identify and quantify the potential evolution
mechanisms of spent fuel in contact with an

aqueous phase in order to develop and
validate a scientific evolution model which has
to describe the coupled evolution with time of

the relevant physical and chemical parameters
and properties of spent fuel, in particular the

RN release

Study the feasibility of a delayed reprocessing
of an aged spent fuel (up to 300 years) and

identify the associated key issues with respect
to the current PU REX process

Qualify and quantify the potential RN source
terms in interim storage and propose technical

solutions to reduce the radio-toxic impact.

Identify the potential re-conditioning
processes capable of reducing the safety

constraints on the storage facility by
decreasing the potential reactivity of spent

nuclear fuel in this facility.

Qualify and quantify the radiolysis
phenomenon at the spent fuel surface in the
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SP10

SP11

SP12

Integration and
reconstruction

Management of spent
nuclear fuel rods in the

program

Fabrication of doped
materials

SCM)

(DEN/DPC/SCP
A)

P. Guedeney
(DEN/DEC/SE3

C)

G. Fernandez de
Grado

DEN/DRPC/SEA
A

presence of water or atmosphere in order to
account for this interaction in the long term
evolution models of spent fuel (SP4 & SP5)

Develop spent fuel operational models which
are related to some specific operational needs

expressed by the facility designers. In
particular, develop performance assessment

calculations for waste disposal under the
supervision of ANDRA

Identify the irradiated fuel rods needed for the
program and organize with EDF the supplying
and management of these rods between the

various contributors of the program

Fabricate some active doped materials which
are necessary for other sub-programs.

Table 2 : Scientific objectives and coordinators of the various PRECCI sub-programs.

3.3 Operational synthesis

As it was previously emphasized, the final aim of the PRECCI program is to bring technical

elements allowing spent nuclear fuel packages to be designed, their long term behavior to be understood and

consequently, these packages to be accounted for in the interim storage or geological disposal facilities.

These general objectives led to the formulation of the seven operational questions presented before.

It is thus of prime importance to regularly give the facilities designers some partial answers to these

operational questions, to be taken into account in the facility designing process. In order to optimize this

feed-back from R&D toward the concept studies, another kind of product of the PRECCI program has been

identified, namely the operational synthesis. The purpose of these documents is to answer the operational

questions with the current state of knowledge at regular and determined dates, for example each year. Such

products are essential since they represent the actual transfer of knowledge from the R&D people to the

engineers in charge of the design of the facilities, as schematized on the following figure :
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ANDRA

Conclusive and temporary
answer of the R&D

Figure 7 : Exchange of information between the R&D (PRECCIprogram) and the final
users of the long-term evolution models, the designers of facilities (interim storage or

geological disposal)

Some experts have therefore been appointed to write these documents taking into account the whole

set of data acquired in the PRECCI program at a given date. First answers to the operational questions were

written at the end of 1999 and were essentially based on the bibliographic review.

3.4 Co-ordination of the program

In order to ensure the exchange of scientific information between the different teams involved in the

program as well as the management of PRECCI, three complementary co-ordination committees have been

set up.

• technical co-ordination committee : the meetings are held quarterly under the program

coordinator's supervision and are opened to all the scientists and technicians working on

the PRECCI research program. All the results acquired in the various sub-programs are

presented and discussed in these meetings before any publication is made. Such a

committee is essential to ensure that a scientific debate takes place between the various

participants in the program and therefore to guarantee the scientific quality of the results.

• International scientific Advisory Board : composed of international experts in the

field of long-term behavior of the spent fuel, the international scientific advisory board

contributes to the assessment of the scientific program in view of the operational

objectives which are defined in the program, in order to help managing this program.

This committee meets once every year and a half, the first meeting was in May 2000.
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3.5 International contacts

Finally, many countries are supporting research on the long-term evolution of spent fuel for the

purpose of either the long term interim storage of waste (whatever the duration can be), or the geological

disposal. In addition, since any decision concerning nuclear waste management is not a purely technical

decision but also involves political and sociological aspects, it is essential for the credibility of the research

to ensure that there is a worldwide consensus on the performance allocated to the waste packages. One can

not claim that spent fuel will last for hundreds of thousands of years and someone else declare that

everything will be degraded in ten thousand years !

In this context, the CEA is developing collaborations on the topic of the long term evolution of spent

nuclear fuel with other countries involved in similar research. Technical exchanges have been organized in

1999-2000 with the following institutions :

• Institute for Transuranium Elements, European Joint Research Center (ITU-Karlsruhe)

• Electrician Power Research Institute (EPRI - USA)

• Lawrence Livermore National Laboratory, Department of Energy (LLNL DOE - USA)

• Pacific Northwest National Laboratory, Department of Energy (PNNL DOE - USA)

• Argonne National Laboratory, Department of Energy (ANL DOE - USA)

• National Cooperative for the Disposal of Radioactive Waste, NAGRA (Switzerland)

• The Swedish Nuclear Fuel and Waste Management Company, SKB (Sweden)

• Central Research Institute of Electric Power Industry, CRIEPI (Japan)

In parallel, general presentations of the program and results ware made in scientific conferences such as

GLOBAL'99, MRS'99, MRS'2000, ANS'2000 ...

The objective of the following chapters is to detail :

(1) the scientific objectives of the most significant R&D subprograms of PRECCI.

(2) what we consider to be the current key scientific issues and the experiments which are

under way to facilitate the understanding of the spent fuel complex evolution;

(3) the state of the art for each sub-program based either on the data available in the open

literature and in the CEA, or on the first results obtained in the PRECCI program. In

most cases, these technical parts are taken from the CEA internal scientific reports which

have been compiled to obtain this general report on the long term behavior of spent fuel.

The continuation of the report is therefore structured by sub-program, each constituting an individual

chapter.
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CHAPTER 4 - SPENT NUCLEAR FUEL

INTRINSIC DATA SP1 (J. PAVAGEAU)

4.1 Major scientific goals of SP1.

Since the PRECCI program aims to give access to the long term behavior of spent fuel in interim

storage or geological disposal conditions, it is therefore necessary to know the evolution with time of the

intrinsic physical parameters (material balance, activity, decay heat, neutron and y source and spectrum, He

production) of every type of spent fuel considered. In addition, since the spent fuel isotopic data are used in

every study thereafter, it is also of prime importance to ensure the self-consistency and the reliability of the

isotopic data used in the PRECCI program, that have to be updated and qualified by experts in that field.

Therefore the main goals of SP1 are :

• to make the calculations that will lead to all the data needed for spent fuel

characterization;

• to develop a specific and user-friendly database which will make it possible to extract

specific data under a numerical or graphical format (using the CEA intranet);

• to validate the results according to the expressed needs and to quantify the uncertainties.

In addition to that, SP1 is meant to be acts as the support unit for spent fuel characterization and

therefore will provide specific calculations for spent fuels that will be studied experimentally, according to

the needs of other PRECCI sub-program.

4.2 The current spent fuel data bank

In the framework of the PRECCI program, several types of nuclear fuel were selected to cover the

range of fuels used by EDF. There are UOX, MOX and URE fuels (Reprocessed Uranium Fuels) with 4

burn-ups for every type of fuel, ranging from 33 to 60 GWd/t. The table below gives an overview of all the

different fuels considered, with their associated 235U and Pu initial content :
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The spent fuel considered for PRECCI

Fuel

G1 UOX

G1 URE

G1 MOX

G2UOX

G2URE

G2MOX

G3UOX

G3URE

G3MOX

G4UOX

G4URE

G4 MOX

Bum-up (GWd/t)

33

33

36.5

41.2

41.2

41.2

47.5

47.5

47.5

60

60

60

235U initial
content (%)

3.250

3.560

0.250

3.700

4.100

0.250

4.000

4.460

0.250

4.500

5.400

0.25

Pu/U initial content

(%)
-

-

5.3
-

-

7.35
-

-

8.3

-

-

10.0
Table 3 : initial isotopic composition of every type of fuel accounted for in the PRECCI

database.

To cover the time scale considered in the PRECCI studies, the decay calculations for the spent fuel

characterization were made for the following cooling times (after irradiation) : 2, 4, 6, 8, 10, 15, 20, 25, 30,

40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800 ,900, 1000, 5000, 10000, 50000, 100000 et

500000 years.

For every type of spent fuel and every step of the cooling time scale, the following physical

parameters are provided :

• material balance in mass;

• alpha, beta and gamma, total activity;

• decay heat;

• neutron and y source and spectrum;

• He production;

These data are given for isotopes and elements, and both spent fuel matrix and sub-assembly

structures (REP 900 MWe currently) ; fabrication impurities are also considered.

All the depletion calculations that feed the spent fuel data base were processed by the CESAR code

(Samson et al, 1998), which is presented below.

The first and existing version of the database are presented in the Excel format. The next version will

be more user friendly by using a database software named CATALOG ; it has been specifically developed to

extract and handle the data provided by the CESAR calculations according to the user is requests. As for the

current version of the data base, CATALOG will be widely available through the CEA intranet.
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4.3 The CESAR code : a Simplified Evolution Code for

Reprocessing Applications

In the framework of a collaboration between the CEA and COGEMA, CESAR has been developed

to provide the required characterization data for spent fuels from PWRs, BWRs and FRs. It can quickly

calculate the evolution of the spent fuel physical parameters in and out-of-pile : material balance, activity,

decay heat, neutron and y source and spectrum, radiotoxicity by ingestion and inhalation. CESAR uses

depletion chains describing 46 actinides, 208 fission products and 125 activation products. CESAR can also

make flux depletion calculations of radioactive sources such as fuel or waste, up to geological times (106

years), using a specific and wider depletion chain.

The neutronic data banks (cross section sets) are supplied by the CEA reference calculation codes for

neutron physics : APOLLO for thermal spectrum systems (Kavenoky & Sanchez, 1987; Sanchez & Mondot,

1987) and ERANOS for fast spectrum systems (CAPRA, 1997). In the near future, these data will be

supplied by the DARWIN package (Marimbeau et al, 1998).

For the main nuclides, the code has been validated using two types of experimental results: isotopic

analysis of samples spent fuel rods and also after dissolution of a full assembly in the COGEMA/LA-

HAGUE reprocessing plant.

The structure of CESAR is presented below :
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CESAR FLOW-CHART

Depletion
calculationsTransport

calculation
«APOLLO
-BISTRO»

«DARWIN>

Application
calculations

Subassembly

Source
waste

input data
G.U.I. : Graphical User Interface

Figure 8 : flow-chart of the CESAR isotopic depletion code.

CESAR is structured in three parts :

• the input data;

• the depletion calculations;

• the application calculations;

Moreover, CESAR offers a user-friendly Graphical User Interface.

4.3.1 The input data

The nuclear constants (half-lives, branching ratios, decay energies, fission yields...) come from the

CEA libraries and the library compiled by Meek & Rider (1974).

The cross section sets come from the CEA reference calculation codes for neutronics : APOLLO (see

references) for the thermal spectrum systems and ERANOS (s.r.) for the fast spectrum systems. Activation

products are taken from the European Activation File (s.r) (Sublet et ai, 1997; 1998).

These cross section sets are given as a function of burn-up and initial 235U enrichment, and initial Pu

content for MOX fuel.

For the existing PRECCI depletion calculations, the APOLLO 1-CESAR route using the CEA86

library (Santamarina & Tellier, 1988) was used.
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4.3.2 The depletion calculations

In this section, the differential equation system below that describes the fuel evolution in and out-of-

pile is solved. Two solving methods are used : the RUNGE KUTTA method for the in-pile evolution and the

matrix method for the out-of-pile evolution.

We have as many equations as isotopes N (A, Z) to solve :

V • m\i j+tA«- m\tA]+ ^ m\r
la+ATI+Asf).N(dA

where X are the decay constants, a the cross sections and O the neutron flux.

4.3.3 The application calculations

In this section, the important physical parameters which vary with the cooling time, for the back end

of the fuel cycle are calculated : material balance, activity (alpha, beta, Isomeric Transition), decay heat

(alpha, beta, gamma), neutron source and spectrum (spontaneous fission and (a,n) reactions), gamma source

and spectrum and radiotoxicity source. For the radiation source, CESAR proposes the energy network of

MERCURE and TRIPOLI codes but the user can also create his own energy network.

For short cooling times (3 months) as well as geological cooling times (106 years), the important

physics parameters can be calculated for radioactive sources such as fuel and wastes (glasses, hulls and end

pieces, technological waste).

For out-of-pile depletion calculations up to geological cooling times, CESAR takes into account the

fission products produced by spontaneous fissions.

4.3.4 The Graphical User Interface

Using the Graphical User Interface (GUI), the input data which are the fuel type, the initial

composition, the irradiation history ... can be prepared easily which allows calculation to be performed

without having a complete knowledge of the neutron or fuel cycle physics.
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4.4 The experimental validation process of CESAR

The validation process uses two types of experimental results : isotopic analysis of spent fuel rod

samples and also after dissolution of full assemblies in the reprocessing plants at COGEMA/La Hague.

For each type of experimental result a specific model is defined in APOLLO 1 : for fuel rod samples,

the calculation scheme should be as precise as possible and is very specific to each sample, no matter what it

costs in calculation time, whereas for isotopic analysis of full assemblies reprocessed in COGEMA/La

Hague, the calculation scheme gives an average value for every assembly of the same family (UOX PWR

17X17 or UOX BWR 7X7 for example). Therefore in the CESAR GUI, the user chooses different cross

section sets depending on the type of fuel he wants to characterize. Each cross section set is qualified for a

specific fuel and has its own range of initial enrichment and burn up.

These two types of experimental results, though completely different by nature, are complementary

and essential to fulfil the validation process. Indeed, the precise modeling of irradiated fuel rod samples

reduces the bias introduced by the calculation scheme (the algorithm itself) and therefore emphasizes the bias

due to the uncertainties on the input nuclear constants. The validation performed with a group of full

assemblies reprocessed in La Hague should confirm these conclusions and has the main advantage of giving

an evaluation of the code's behavior over a very large number of analyzes (several hundreds for the same fuel

family). Moreover, the experimental analysis of spent fuel rod samples can give access to much more

isotopes than U and Pu usually analyzed at the COGEMA/La Hague reprocessing plant.

The final goal of the experimental validation is to give the uncertainty associated with every

calculation. The conclusions of this process can also be used to adjust some neutronic data that cause

systematic discrepancies, and therefore reduce the code's global uncertainties.

4.4.1 The existing CESAR validation file

The first part of the CESAR experimental validation process has just come to an end : the validation

has been carried out using the APOLLO 1(CEA86)-CESAR route, and covers the range of EDF PWR(UOX)

fuels with U235 initial content ranging from 1,4% to 4,5% and burn-up ranging from 10 to 62 GWd/t.

Experimental validation from spent fuel rod samples is given in the table below :
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AP0LL01 (CEA86) - CESAR (Version 4) route

Discrepancies (C-E)/E *(%) for PWR(UOX) fuel rod samples

(U235 initial content : 4,5% ; burn-up from 29 to 62 GWd/t)

Isotopes

Actinides (ratios xf^U) :
234U, 235U, 236U, 237Np,239Pu,240Pu, 241Pu,
238pU] 242pUi 2 4 i A m i 2 4 3 A m i 244C m ] 2 4 7 ^

242mAm] 2 4 5 C m i 246C m

243Cm

Fission products (ratios xf38^ :
143Nd, 144Nd, 145Nd,146Nd, 148Nd**, 15ONd,133Cs, 135Cs, 137Cs, 147Sm,

149Srn,152Sm,
134Cs, "Te, 101Ru, 106Ru, 103Rh, 95Mo, 150Sm,

144Ce,151Sm,155Eu,155Gd,
154Eu,154Gd

Discrepancies

< +/- 5 %

<+/-10%

- 30 % < x < 0
50 % < x < 65 %

< +/- 5 %

<+/-10%

< + 30 %
< + 55 %

Table 4 '.current status of the validation of CESAR evolution code (version 4) from spent
fuel rod sample analyses and related discrepancies for actinides and fission products. *:
C : CESAR Calculations; E : Experimental value; ** : the ratio 148NaVmU is used

for burn-up calibration.

Part of the experimental validation from full PWR(UOX) assembly dissolution at the COGEMA/La

Hague reprocessing plant is given in the table below, and corresponds to the PRECCI needs :

APOLL01 (CEA86) - CESAR (Version 4) route

Discrepancies (C-E)/E *(%) for PWR(UOX) full assemblies

(around 300 assemblies (1401 of HM) with U235 initial content from 3% to
3,5% and burn-up from 23 to 45 GWd/t)

Isotopes
234U/U
235U/U
236U/U
238U/U

238Pu/Pu
239Pu/Pu
24OPu/Pu
241Pu/Pu
242Pu/Pu

Pu/U

Average discrepancy

6.1 %
*

- 0.6 %

0.0 %

- 8.9 %

1.9 %

-1.9%

-1.2%

- 5.0 %

2.2 %

+/- 2*a
29.6

-

7.3

0.0

4.6

0.7

1.1

1.5

2.0

2.6

Table 5 : current status of the validation of CESAR evolution code (version 4) from
statistical analyses of dissolution solutions at La Hague reprocessing plant; * 235U/U

ratio is used for burn-up calibration
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As we can see, the results of the two ways of experimental validation (for U and Pu isotopes) are

consistent. Therefore we can benefit from the very large COGEMA/La-Hague experimental data bank to

back up the results obtained from the spent fuel analysis (fewer points but with much more isotopes).

4.4.2 The new DAR WIN-CESAR calculation scheme

The existing calculations for the PRECCI fuel characterization were performed by the CESAR code

using the validated APOLLO 1(CEA86) calculation scheme to create cross section sets, as presented before.

But now, the new DARWIN package (Marimbeau et al., 1998) is used as a reference for other neutronics

calculations ; for the EDF PWRs, it uses the APOLLO2 (Sanchez & Mondot, 1987) calculation scheme with

updated data banks : CEA93 from JEF 2 (NEA, 1994a; 1994b) whereas CEA86 came from JEF 1

(Santamarina & Tellier, 1988), EAF99 data bank (Sublet et al., 1998) for activation products whereas

CESAR uses EAF97 (Sublet et al, 1997). Therefore the next step for a future version of CATALOG is to

use the DARWIN package to feed CESAR with cross section sets and nuclear data. From the operational

point of view, the shift from CESAR to DARWIN which is a significant change of calculation scheme and

nuclear data, will not be complete as long as the DARWIN package does not reach the same level of

validation as the existing CESAR validation file.

The DARWIN validation is in progress and we are confident about moving towards the DARWIN-

CESAR calculation scheme during the year 2001.

4.4.3 Widening of the validation file

As shown just before, the CESAR validation file doesn't cover all the fuels studied in the PRECCI

program nor all the isotopes that could be important for the interim storage or the geological disposal. That's

why one of the major goal of SP1 is to widen the validation file of the calculations.

For that purpose, a first selection of isotopes has been made to choose the most significant isotopes

that would contribute to the global residual radiotoxicity, to the residual heat load, or which play a significant

role in the long term dose in the performance assessment exercise for a geological repository (in particular,

the mobile elements). The first list given below will be the basis for widening the validation file :
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Isotope

C14

CI36

1129

Mo93

Nb93m

Nb94

Ni59

Pd107

Se79

Sn126

Sr90

U233

Zr93

Origin in the

fuel pellet

IAP

IAP

FP

IAP

FP

FP

IAP

FP

FP

FP

FP

Actinide

FP
Table 6 : isotopes selected for widening the validation file. Isotopic analyses of spent fuel

dissolution batches will be performed to qualify the codes for these isotopes (* IAP :
impurity activation product, FP : fission product).

This list is a result of a discussion between the CEA, EDF, COGEMA and ANDRA taking into

account the existing validation file, mobility of isotopes in the environment and radiotoxicity upon ingestion

to point out what main isotopes should be taken into account and therefore validated.

In parallel with the validation process, a study is under way to progress in the knowledge of

impurities that can be found in the fuel pellet as well as in the sub-assembly structure (hulls (clads, grids, end

plugs, springs) and nozzles). This is a very important issue too, especially for isotopes that cannot yet be

measured easily or for structure activation products, since fuel inclusions into the clad after irradiation

prevent a satisfactory interpretation of an experimental analysis. Moreover, the existing CESAR calculations

generally take into account a maximum value for impurity concentration that is usually far from reality and

that could penalize future calculations.

If possible, the ultimate goal of the validation file is to give the uncertainty associated with each

isotopic material balance calculation.

4.4.4 Comparison between CESAR and other isotopic evolution codes

Even though the experimental validation is sufficient to give credit to the results from CESAR, it is

interesting to know how these results are positioned in comparison with other depletion calculation codes

such as international ones.
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That is why, the CEA will initiate and support the launching of an international intercomparison

exercise between the common depletion calculation codes such as ORIGEN and the French reference code,

CESAR, in order to validate the estimation of inventory evolution which subsequently governs the potential

source terms.
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CHAPTER 5 - INTRINSIC EVOLUTION OF

SPENT NUCLEAR FUEL IN A CLOSED

SYSTEM (2ND SUBPROGRAM)

5.1 Presentation of the key scientific issues for the spent

nuclear fuel evolution in a closed system (Dr. J.P. Piron)

The main purpose of this subprogram is to develop and validate models describing the

physical and chemical evolution with time, of irradiated fuel in a closed system, which means without

any exchange of matter with the external medium. Only energy exchanges are considered : residual

thermal power, alpha, beta and gamma radiations. These conditions are relevant not only to dry

interim storage (50 to a few hundred years), but also to the first stages of a potential geological

disposal, prior to the resaturation of the near field and the access of water to the spent fuel waste form,

which we can assume to take place after 1,000 to 10,000 years. It is consequently one of the major

sub-program of PEECCI in terms of both scientific issues and R&D investment.

In this subprogram, we intend to identify, select and quantify the various evolution

mechanisms and their coupling in a fuel rod. At the end of this program, this will also allow us to

propose some assessments on the physical parameters important for dry interim storage design, like

the highest acceptable temperature for fuel behaviour, in normal and incidental conditions.

The potential evolution mechanisms which can alter the performances assigned to the spent

fuel waste packages, have been actually identified as :

• Evolution of the global chemistry of the fuel due to decay of radioniclides decay or to

thermal decrease ;

• Production with time of helium and potential consequences within the fuel rods ;

• Evolution of the physical state of the fuel pellet ;

• Potential migration of radionuclides and evolution of the radionuclides distribution within

the fuel rod.
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As a consequence, this subprogram has been structured according to the following plan :

1-Chemical state

Chemical form of
the elements

Oxygen potential
of the fuel

Internal oxidation
of the cladding

3- Physical state Physical state
evolution

Grain boundaries
evolution

RN migration
mechanisms

RN fraction
evolution

4- RN migration

Fuel rod evolution
model

Integreted
experiments

5- Evolution model

Figure 9 : Pertt 's diagram of the second sub-program "evolution in closed
system ", enlightening the major scientific key issues.

The following is a brief review of the present state of knowledge on these four topics and the

steps initiated to fill in the gaps.

5.1.1 Evolution of the chemical state of irradiated fuel.

Natural radioactive decay yields to the formation of elements with different oxidation valence

and consequently, can modify the oxygen potential of the irradiated fuel : i.e. the most significant

decays are 137Cs to 137Ba (half life time 30 years), 90Sr to 90Zr (29 y.), 241Pu to 241Am (14 y.), this latter

transformation being quantitatively important for MOX fuel. Moreover, at the end of irradiation, the

chemical form of the impurities located in the uranium or mixed oxide fuel is not yet fully understood,

due to experimental difficulties in analysing irradiated material and to the complexity of a chemical
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system including heavy metals and around 30 fission products, several of them presenting a limited

thermodynamic solubility in UO2.

It is known that the oxide fuel is not in thermodynamic equilibrium at the end of irradiation :

the major part of the fission products with a low solubility is still present in the crystal lattice. Two of

them with a high fission yield, molybdenum and cesium, are important for the oxygen balance in the

fuel. The chemical state of cesium in the lattice is not well known ; for molybdenum, it is easier, as

long as molybdenum is present in the metallic inclusions. This is usually the case in PWR fuel, but

some deficiency in metallic molybdenum has been observed in MOX fuel at high burn up. The other

oxygen buffer in a fuel rod is the zirconium from the cladding material (Zircaloy-4). At burnups above

30 GWd/tM, when a hard contact is established between clad and pellet under irradiation, a thin layer

of zirconium oxide is growing on the internal face of the cladding, due to the very low oxidation

potential of zirconium. The cladding acts as a hap for excess oxygen resulting from the nuclear fission

and the partition of oxygen between fission products, the mean valence of which is, toughly, lower

than four.

Important questions for the long-term behaviour of the fuel rod are related to the fuel chemical

evolution :

• Can the evolution of element composition by radioactive decay influence the oxygen

potential of the fuel and its oxidation state ? In particular, what will be the oxidation state

of uranium after up to 10,000 years intrinsic evolution in a closed system when water

arrives in contact with spent fuel in a geological disposal ? The occurrence of any Up-

bearing phase would significantly increase the spent fuel solubility and alteration rate ?

• Similarly, we know that the equilibrium between the oxide and metallic form of RN is

temperature-dependent as shown in the following figure :
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Figure 10 : Ellingham's diagram for the phase of interest for the spent nuclear fuel
after Kleykamp (1985).

In interim storage and geological disposal, absolute temperature of the spent fuel is

supposed to slowly decrease with time. What will be the consequence of such a

temperature decrease both on the RN chemical form, which governs the RN mobility, and

on the oxidation state of the matrix, which governs the alteration rate ?

• Oxygen and some corrosive fission products, like iodine are present in the fuel. Is there

any possibility that corrosion (by cladding oxidation or stress corrosion cracking) could

affect the cladding integrity and reduce the lifetime of the tight rod ?

In order to answer the previous key questions, several approaches are currently supported in the CE A :

• Thermochemical calculations of the fuel equilibrium state are performed in order to

evaluate the effects of composition and temperature decrease on the oxygen potential of

the fuel. Preliminary calculation results, as well as simple oxygen balance evaluations as a

function of time, indicate that, for homogeneous fuel, the oxygen potential is stable at a

given temperature and the chemical composition is not sufficiently modified to

significantly affect the oxidation state of the oxide matrix. The temperature dependency of

oxygen potential is not modified with time, which means that the oxygen potential will

decrease with temperature for the long term. However, these results have to be confirmed
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for MOX fuel, taking into account some heterogeneity in the microstructure as fabricated.

This approach is only valid if the fission products have enough mobility for chemical

ordering, which is also addressed later on (see § 5.1.4).

Chemical environment of the main insoluble fission products will be validated by

spectroscopic techniques, like EXAFS, on UO2 inactive samples which are previously

implanted with cesium, iodine or molybdenum.

Evaluation of oxygen and iodine availability for the clad will be performed, with the

support of thermodynamic data, thermochemical calculations and kinetic data, if

necessary.

5.1.2 Helium generation in spent fuel.

Helium is generated in the fuel primarily by alpha decay of isotopes either present before

irradiation (case of MOX fuel) or generated under irradiation. At the end of irradiation, 242Cm is the

main source of helium ; after a few years, 244Cm, 238Pu, 239Pu, 240Pu, and 241Am (activity of the latter

increasing during the first century) contribute mainly to helium generation. All these alpha emitters

result, directly or indirectly, from plutonium isotopes. As a result, the generation of helium in UOX

fuel is essentially a function of the burn up, whereas, in the case of MOX fuel, the initial plutonium

content and isotopic composition are also factors that influence the helium generation. Helium

behaviour in the fuel has been identified as a major topic for the long term fuel evolution due to the

restricted knowledge of helium mobility in uranium or mixed oxide and to the potential consequences

for fuel rod integrity at long time.

In the following paragraph, we summarize the conclusions that are developed further in a

spécifie section of this report (see § 5.3).

The helium generated in UOX fuel at 47.5 GWd/tU, typically amounts to 0.08 at.%/at.iHM

(')' after 100 years, 0.15 and 0.7 at.%/at.iHM after 300 and 10,000 years respectively. In MOX fuel of

the same burn up, the corresponding figures are 0.55, 1 and 4 at.%/at.iHM as shown in the following

figure.

1IHM = initial Heavy Metal
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Figure 11 : helium production by alpha decay in UOX and MOXfuel rods 900
Mwe PWRat43 GWd/tiHM.

To evaluate the consequences, let us consider two extreme cases : full retention in the fuel and

total release to the free volume of the fuel rod.

• If we assume that helium is retained in the fuel, values above 0.7 at.%/at.iHM exceed our

experience of irradiated uranium or mixed oxide. At lower content, we know that no

detrimental effect is observed on the physical state of the irradiated pellet, like

microcracking or grain boundaries separation, but the solubility limit is unknown at low

temperature. This means that we have to improve our knowledge on helium solubility and

location in irradiated fuel (in crystal lattice or porosity) in order to predict helium

behaviour, mainly in MOX fuel.

• If we assume, on the contrary, that helium is released more or less quickly, calculated

overpressures remain moderate in UOX fuel, they reach several ten bars in one century

and several hundred bars in 10,000 years, in a typical fuel rod from a 900 MW PWR.

Helium diffusion as a function of the temperature and irradiation defects has to be

evaluated more accurately than presently known. The influence of chemical impurities,

like the interaction between helium and fission gas, on helium mobility also has to be

investigated.

For this purpose, the R&D program combines several complementary approaches :
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• Measurements of helium solubility and diffusion properties in non-irradiated UO2, using

implantation techniques and Thermal Desorption Spectrometry. The influence of crystal

microstructure and chemical impurities will be simulated by ionic bombardment in order

to generate structure defects and introduce rare gas in the lattice. Any swelling of the fuel

over saturation will be evaluated.

• Helium release will be studied on UO2 pellets doped with 244Cm, to verify the relevance of

theoretical laws defined from the above measures, on a polycrystalline solid doped into

the mass by an alpha emitter. Attention will be paid to the physical properties of the pellet.

Similar work will be performed on old 238PuC>2 sources, with high decay time.

• Helium content and release will be studied by thermal treatment of irradiated fuel,

especially old MOX fuel from PWR rods stored in the power station pool. An attempt will

be made to estimate the partition between helium in the crystal lattice and fuel porosity.

• Helium stability in UO2 crystal lattice will also be theoretically studied by atomistic

calculations, as a function of the defects located in the solid. Stable sites and diffusion

properties will be deduced and compared with available experimental results.

After gathering these experimental and theoretical results, the conclusion of this work will be

the modelling of helium behaviour and release in the fuel for the long term.

5.1.3 Evolution of the physical state of irradiated fuel

Under irradiation, the fuel pellet is submitted to thermal stress, resulting in a fracture network

throughout the pellet. At a macroscopic scale, its dimension is modified, due to densification under

irradiation at low burn up, then swelling due to irradiation defects, solid and gaseous fission products

generation. At high burn up, the main evolution of fuel microstructure concerns :

• The central part of the pellet : Due to volatile fission products migration within the fuel

grain, fission gas bubbles are observed in the grain and on the grain boundaries.

• The fuel periphery, where fission density is enhanced by high plutonium generation : the

fuel microstructure asfabricated is modified in the narrow band where fuel burn up

exceeds 70 GWd/tU; it is characterized by an important micrometric porosity and a small

grain microstructure, due to grain subdivision and recristallization under high damage at

low temperature during irradiation (called "rim effect").
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• The MOX fuel : asfabricated heterogeneities in plutonium distribution, then in fission

density, generates local high burn-up microstructure in the plutonium rich agglomerates,

similar to the rim structure, in the outer half of the pellet radius.

Two phenomena are considered of practical significance for the fuel evolution with time.

• Annealing of irradiation defects generated under irradiation can occur in the first stages of

dry interim storage, if the temperature is high enough to allow some defects annealing

during this period of time. A consequence could be a modification of the radionuclides

inventory at the grain boundaries or some limited fission gas or helium release.

• Over the long term, due to temperature decrease with time, self-irradiation defects from

alpha decay will be created in the oxide matrix and helium will be generated in large

quantities, mainly in MOX fuel. The question is to know if this can affect the pellet

integrity by swelling, microcracking or grain decohesion. It can be shown that uranium or

mixed oxide lattice parameter practically reaches a saturation value at the end of

irradiation or a few years later, when the fuel is stored at room temperature. This means

that no significant lattice swelling is expected, but it does not give any information about

the further evolution of the spent fuel : in particular, what would be the grain boundaries

evolution under high alpha damage or with a high helium content if helium mobility in the

grain is confirmed, which is expected.

These questions are of prime importance since they will allow us to assess the actual physical

state of spent nuclear fuel more precisely after 10,000 years when water reaches the spent fuel matrix

in a potential geological disposal. It is rather clear that depending on the physical state of the spent

fuel, RN source term will be different. However, current RN source terms models published in the

literature implicitly assume that spent fuel did not evolve before water access (see later the chapter on

the evolution of spent fuel in presence of water). One of the demanding goals of this sub-program is to

address this central question as expressed by the following figure :
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Figure 12 ; what will be the actual physical state of spent fuel when water reaches
spent fuel in a potential geological repository, close to the well-known physical

state at the end of irradiation or completely disturbed ?

The physical evolution of irradiated fuel will be studied using a theoretical approach, atomistic

calculations, and experimental work on alpha doped material and irradiated fuel :

• Atomistic calculations are performed with ab initio, molecular dynamics and Monte Carlo

techniques in order to analyse , with storage time, the effects of self irradiation and of the

main impurities on the crystal lattice disorder and on the grain boundaries evolution, in a

polycristalline UO2 model.

• Heat treatment experiments on alpha doped UO2, simulating different damage rates of

irradiated fuel between 100 and 300 years, will be performed in order to analyse the

physical properties and the annealing conditions of self irradiation defects in UO2. Similar

work is foreseen on simfuel damaged by external irradiation with heavy ions to simulate

in reactor damage. This kind of experiments will be repeated using irradiated UOX and

MOX fuels.

5.1.4 Mechanisms for radionuclide migration

If the transport mechanisms of the volatile fission products under irradiation conditions are

quite well known (mainly for the fission gases), this is not the case for out of pile, conditions in the

temperature range lower than 1000°C. Extrapolation of diffusion coefficients determined at high

temperature, down to temperatures of interest for dry storage (100 to 400 °C), leads to negligible
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diffusion paths : thermally activated diffusion of radionuclides within the grain is thus inefficient.

However, it is conceivable that, at high alpha fluence levels, the accumulation of damage due to the

recoil nuclei which locally cause a high defect density in the lattice, could play a role in activating

diffusion (see further dedicated paper 5.4).

It is also important to deal with the possibility of radionuclide release when a fuel stored in

cold conditions (like in a power station pool) is heated at moderate temperature, as it has been

sometimes observed for iodine and fission gases. In this case, some irradiation defects annealing could

be responsible for a limited and fast release at the beginning of dry storage.

Two consequences of radionuclide mobility in the fuel pellet have to be considered for storage

• When gaseous fission products are released in the free volume of the fuel rod, the internal

pressure is increased and, consequently, cladding creep in the first stage of dry interim

storage.

• When the radionuclides remain in the pellet, but migrate only from the grain to the grain

boundaries, they will be easily removed by gas or water if these fluids come in contact

with the fuel. Especially, in deep storage, when water reaches the fuel, the grain

boundaries inventory will not be the same as defined at the end of irradiation. Fast

radionuclides release in water would be higher than foreseen.

This topic is studied in close relationship with the work performed on the physical state of the

pellet. The mobility of the main fission products under self irradiation will be evaluated by atomistic

calculations and an experimental simulation will be worked out.

On irradiated material, the effect of thermal annealing on radionuclide mobility will be studied

in two ways : release of volatile fission products during heat treatment and evolution of the grain

boundaries inventory. In the latter case, leaching of fission products will be compared with the

leaching properties of the same fresh irradiated fuel and another way will be investigated to measure

the krypton and cesium content in the grain boundaries by a dry technique (selective oxidation of

irradiated fuel).

Finally, on the basis of the knowledge gathered in this subprogram, models for fuel long-term

evolution will be developed. A global validation of the fuel rod behaviour will be performed in a hot

cells laboratory, where refabricated small rods from UOX and MOX fuel assemblies will be kept for a

few years at temperatures close to the highest values expected at the beginning of dry interim storage.

Careful characterisation of the fuel before and after experiment will allow us to verify, in these severe

experimental conditions, the validity of our understanding of the phenomena and the models that
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proceed from it. Results of this experiment will also affect other subprograms, like subprogram 3,

dedicated to the cladding properties.

5.2 Physical and chemical state of the nuclear spent fuel after

irradiation (Ed. by Dr. P. Dehaudt)

The following paragraph has been already published as a CEA internal report edited by Dr. P.

Dehaudt, entitled "The physical and chemical state of spent nuclear fuel at the end of irradiation " and

referenced to as CR DEC 99-007. Coauthors are P. Dehaudt, G. Delette, L. Desgranges, S. Dubois, G.

Eminet, Y. Guérin, N. Hourdequin, B. Lacroix, M. Pelletier, R. Salot, C. Struzik
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5.2.1 Introduction

5.2.1.1 PURPOSE AND CONTEXT

The French law of 30 December 1991, in its third guideline, recommends the investigation of

conditioning processes for the long-term near-surface storage of high level or long lived radioactive

waste. The storage or disposal of each type of nuclear waste package - glass, concrete, bitumen, hulls

or end pieces - and of the irradiated fuels - which cannot be considered in France as a waste insofar as

they still possess energy value - correspond to two functions.

(Very) long-term storage, considered for a century-long period, is seen as a tool for flexibility

in the management of the fuel cycle. It is an interim solution, in safe and economic conditions,

awaiting a subsequent decision for final disposal. A waiting period of 300 years corresponds to ten

half-lives of 137Cs and 90Sr, which are the two most active fission products on leaving the reactor.

Reversible disposal in the first thousands of years demands total containment of the long lived

radionuclides. Beyond this period, the controlled release of the radionuclides is not inconceivable.

Clearly today, disposal represents the only alternative for final RN management.

In this context, the CEA has structured R&D with the CLTC* project, in which the PRECCl"

program is aimed to acquire knowledge serving to predict the long-term behavior of irradiated fuels in

storage and disposal conditions. The summary contained in this document is part of Subprogram 2

(SP2) dedicated to evolution in a closed system, i.e. without exchange of material with the external

environment.

5.2.1.2 PURPOSE OF THE SUMMARY

Owing to the residual power supplied by the decay of the fission products and actinides,

the fuel assemblies, after irradiation in the reactor, are stored today for a few years in the

ponds of the power plants, where their temperature does not exceed 40 to 50°C. Some rods

are retrieved from their assemblies on completion of irradiation, for destructive and

nondestructive tests, in connection with surveillance or research programs, and also for

supplementary analytical irradiations in experimental reactors, for a better understanding of

their behavior in normal and accidental conditions.

" CLTC: Long-term behavior of packages

" PRECCl: Research program on long-term changes in irradiated waste packages
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Hence irradiated fuel from PWR reactors is an object, or rather a family of objects, examined

and investigated for many years. The results of this work are available in an abundant literature, with a

concern to highlight the changes it has undergone during its residence in the reactor, as well as the

mechanisms governing its transformations.

The detailed description of the physicochemical state of the fuel rod, on leaving the reactor or

after pond cooling for a few years, as available at the end of 1999, is the primary aim of this summary.

Fuel behavior or performance in the reactor lies beyond the scope of this summary. The abundance of

the documents precludes any exhaustive review of the data. The focus of this document is the state of

an average standard PWR fuel representative of the all French rods and pellets, and not the rare

atypical cases resulting from specific experiments or analytical irradiations.

Work done so far has shown little concern for potential changes in the sealed irradiated fuel

rod, in long-term storage conditions or during the first period of life in a repository. In both cases, the

temperature of the assemblies decreases steadily over time, from -400 to ~150°C in a few centuries of

storage, and then from -150 to 50°C in a few centuries or millennia of disposal. By contrast, the

behavior of the non-sealed rod, subject to oxidation by air, has already attracted investigations of

which several summaries McEachern & Taylor (1998), Gras et al. (1998), Dehaudt (1999), report the

results and offer recommendations.

The second concern of the writers is to try to predict the changes liable to occur during this

evolutionary phase in a closed system, to ascertain the amplitudes and possibly to propose research

guidelines for acquiring the necessary knowledge to predict the long-term changes in irradiated fuels

in a closed system.

This report is based on eight main topics, each forming a chapter. The first reviews the initial

state of the fuel rods containing UO2 and (U,Pu)O2 (MOX) pellets, through the designer's

specifications and the real characteristics commonly obtained by the industrial fabricators. The life of

the fuel in the reactor is a sequence of events and physical processes, interlinked in complex and many

ways, which condition the physicochemical state of the irradiated fuel, of its clad and even of its

assembly.

Before describing the state of the fuel, the second topic, by way of introduction to the

following chapters, discusses the main processes occurring in the life of the fuel as they are described

and used in the CEA computer codes to simulate the fuel transformations under irradiation. The third

chapter reviews the health of the rods leaving the reactors, based on the main geometric characteristics

of the assemblies and rods measured in nondestructive tests. This is followed by the fourth part,
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devoted to illustrating the morphology and radial and longitudinal microstructure of the fuel, by

presenting and commenting on several photographic plates.

The chemistry of the fuel, resulting from the creation and localization of fission products, is

addressed in the fifth chapter, which mentions the inventory of the elements, the nature of the phases

anticipated and observed, and the changes in the crystalline parameters, oxygen potential and O/M

ratio.

The seventh chapter compiles a status of the general fragmentation of the pellets, formation of

the rim, changes in swelling, and the creation of open porosity. During irradiation, the cortical zone of

the pellet is thoroughly transformed, leading to the appearance of a specific structure called rim. The

pellet also enters into progressive contact with the clad, causing clad deformations. The transfer of

oxygen causes internal oxidation of the clad, providing continuity between the clad and the pellet.

Peripheral processes are addressed in the eighth chapter.

The final chapter is devoted to the localization and release of fission gases and volatile

products, which cause sweeping changes in the fuel microstructure.

This report focuses on the current knowledge about the physicochemical state of the fuels

leaving light water reactors, and particularly pressurized water reactors. The reader can also benefit

from the work on nuclear fuel by Bailly et al. (1996), which covers the area devoted to design and

behavior, including in fast breeder reactors.
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5.2.2 Characteristics of assemblies and fuels before irradiation

5.2.2.1 FUEL ASSEMBLYAND SKELETON ASSEMBLY(FRAMATOME, 1,2,3,4, 5)

The PWR fuel assembly, type AFA, AFA 2G or AFA 3G, is made up (Figure 13) of 264 fuel

rods supported by a 17 x 17 square grid perpendicular structure called a skeleton assembly. The latter

itself consists of:

•f 1 top nozzle,

S 1 bottom nozzle,

S 24 thimble guides,

•S 1 instrumentation tube

S 8 grids (in 900 MWe version) and 10 grids (in 1300 and 1450 MWe versions).

The instrumentation tube is placed in the central position of the assembly and allows the

passage of the glove finger to introduce a neutron activity detector. The thimble guides allow the

insertion of various assembly rods (control rod or thimble plug assembly) of which the type depends

on the position of the assembly in the core.

The fuel rods are loaded in the skeleton assembly to form the fuel assembly, by providing a

gap between the ends of the rods and the top and bottom nozzles in order to accommodate the

differential elongations of the skeleton assembly and rods during operation.

5.2.2.2 TOP NOZZLE AND SUPPORT SYSTEM

The top nozzle is a structural component of the assembly. It represents the coolant outlet zone

and the protective housing for the components associated with the assembly. It also serves to handle

the fuel assembly (Figure 14).

The top nozzle consists of a square-section AISI 304L stainless steel weld-fabricated

structure, comprising an adapter plate and a top plate, joined together by a thin enclosure, and

four sets of multi-leaf springs held by four hold down bolts forming the maintenance system

(Inconel718).

The adapter plate is provided with slits for the passage of coolant. It also comprises

machinings designed to link the nozzle with the thimble guides, as well as the passage of the rods of

the associated elements. The thin-walled enclosure surrounds the coolant outlet zone and connects the

adapter plate and the top plate with the top nozzle.

Two pads located in two diagonally opposed corners of the top plate receive the centering pins

located on the upper plate of the core for lateral positioning of the fuel assembly. The other pads are

also machined to house and secure the four sets of springs. They protect the ends of the blades and the

hold down bolts during handling operations.
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The bolts of the hold down springs are locked by pins welded to the pads. The free end of the

upper blade of the springs is curved downward and passes through the lower blades. Its "key-" shape

holds it in a slit provided for the purpose in the top plate, and accordingly prevents any loss of the

spring blades.

The springs hold the assembly bearing against the bottom plate of the core. This system also

absorbs the differential elongations between the assemblies and internal structures occurring during

changes in temperature and during irradiation.
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Figure 13: Sketch of a Framatome 17x17 fuel assembly with control rod cluster
(by courtesy of Framatome)
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Figure 14: Sketch of top nozzle (by courtesy of Framatome)

5.2.2.3 BOTTOM NOZZLE

The bottom nozzle distributes the coolant in the assembly and withstands the vertical loads

imposed on the structure. It consists of an adapter plate perforated with circular orifices (AFA, AFA

2G) or a ribbed structure fitted with an anti-debris plate (TRAPPERTM nozzle by AFA 3G),

supported by four feet. These feet welded to the corners of the plate form the coolant inlet zone

(Figure 15). The bottom nozzle is of AISI 304 stainless steel.

The axial loads applied to the assembly (tensile or compressive) are absorbed by the 24

thimble guides connected to the bottom nozzle. The guides are rigidly connected to the adapter plate of

the nozzle by means of bolts. The perimeter of the bolt housings is machined to lock the bolts in

rotation and prevent their loss by deformation of a shell provided for the purpose on each bolt head. A

shouldered bore at the center of the plate permits the passage of the glove finger and the housing for

the end of the instrumentation tube. Its geometry is identical for all types of assembly (compatibility

with core instrumentation).

The two housings which serve to position the assembly on the core support pins are located in

two diagonally opposed feet. These pins transmit the lateral loads between the assembly and the

bottom plate of the core.

The bottom nozzle of the AFA 2G type assembly is equipped with an anti-debris device

designed to prevent any migrant bodies likely to circulate in the primary circuit from lodging in the

assembly and damaging the fuel rods. The principle adopted is to add a 0.44 mm thick plate under the

adapter plate, perforated with several square cut-outs combined in patterns facing the water passage

holes of the bottom nozzle. The square cut-outs have 3.3 mm sides, this value guaranteeing sufficient
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filtration capacity while limiting the pressure drops to an acceptable level. The anti-debris device, held

pressed against the bottom nozzle at the nozzle/thimble guide connections, is fixed to the adapter plate

by six rivets. It is also supported at the corners by a system of slots machined in the feet angle

sections.

Figure 15: Sketch of bottom nozzle (by courtesy of Framatome)

The bottom nozzle of the AFA 3G type assembly is equipped with a 3 mm thick anti-debris

plate added on to the top of the ribbed structure. In addition to its anti-debris function, this plate limits

the axial downward movement of the rods. It is provided with 3.30 x 3.30 mm square cutouts and

0.45 mm wide ligaments. Its filtration capacity is greater than that of the AFA 2G anti-debris device.

The size of the cutouts is the same but the component is thicker. AISI 660 was selected for its high

hardness (resistance to abrasion by migrant bodies) and its thermal expansion coefficient is similar to

that of the ribbed structure (AISI 304L). The anti-debris plate is kept pressed against the ribbed

structure at the 24 nozzle/thimble guide connections and two pins, positioned in two diagonally

opposed angles, hold it during any repairs on site.

5.2.2.4 THIMBLE GUIDES AND INSTRUMENTA TION TUBE

The thimble guides guide the absorbent rods of the control rod clusters, and as housings for

the burnable poisons rods of the new cores, the neutron source rods and the thimble plugs. They are of

recrystallized Zircaloy-4. In the upper portion, the annular gap between the thimble guide and the rod

cluster assembly is sufficient to permit rapid insertion of the control rod assembly in case of

emergency shutdown of the reactor and satisfactory cooling in normal operation. In its lower portion,

called "dash pot", the inside diameter is reduced to limit the annular gap with the control rod thereby

making it act as a hydraulic shock absorber. The thimble guide has calibrated holes above the dash pot
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to allow fluid to circulate in normal operation and to expel it during the fall of a rod assembly. The

instrumentation tube, located at the center of the network, is designed to receive the core

instrumentation. Its radial dimensions are identical to those of the thimble guide in its standard

portion, but it is simply guided and its travel stopped at the nozzles.

In the AFA 2G type version, the thimble guide has a constant thickness. It is welded to a

Zircaloy 4 threaded sleeve connecting it with the top nozzle. In the AFA 3G type version, the

MONOBLOC™ thimble guide has a constant outside diameter. Its thickness increases from 0.5 mm

(in the standard portion) to 1.18 mm in the shrunk portion. An AISI 316L stainless steel threaded

sleeve is fixed to its top end by rolling to permit the connection with the top nozzle.

5.2.2.4.1 Thimble guide / nozzle connections

5.2.2.4.1.1 Thimble guide /bottom nozzle connection (AFA 2G and 3G)

The bottom end of the thimble guide connected to the bottom nozzle has a welded plug drilled

with a threaded hole for connection of the guide to the plate of the bottom nozzle via a bolt. The plug

also permits centering of the thimble guide on the nozzle plate. This bolt is drilled with holes along its

entire length, allowing coolant to flow in the thimble guide and cooling of the absorbent rod

introduced into it.

5.2.2.4.1.2 Thimble guide / top nozzle connection

In the AFA - AFA 2G type versions, the upper end of the thimble guide is flared and fitted

with an internally threaded welded sleeve of Zircaloy 4. In the AFA 3G type version, the AISI 316

stainless steel threaded sleeve is connected to the thimble guide for two rows of four-leaf expansion

bolts (rolling).

5.2.2.4.2 Grids

The grids guarantee the uniform spacing between the rods throughout the life of the assembly.

They consist of Zircaloy 4 plates to which 718 allow bow springs are fixed (Figure 16). The grids are

of two types:

six (900 MWe) or eight (1300 and 1450 M We) intermediate grids with mixing fins in the

upper portion designed to improve the mixing of the coolant,

two end grids without fins.

The inner straps have slots and guide plunged bosses and are assembled to form a regular

12.6 mm sided square network. The ends of the inner straps have tenons which fit into the slots cut out

of the outer straps which are thicker. A tack weld is made at each intersection of the inner straps, for
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both sides of the grid thus formed. The end tenons of the inner straps are also welded to the outer

straps. The junction of the outer straps is positioned on the side and secured by welding.

The assembly of the inner and outer straps forms a network of 289 cells of which 24 receive

the thimble guides and one the instrumentation tube. At each of these 25 cells, the preformed inner

straps have contoured tabs matching the outer shape of the thimble guide or the instrumentation tube,

and connecting the grids to them. Each tab is connected to the thimble guide or the corresponding

instrumentation tube by one or two tack welds.

The remaining 264 cells receive the fuel rods. In a cell, each rod is held by a double system of

springs and dimples which act in two perpendicular planes. The dimples are produced by stamping in

the straps. The Inconel 718 springs are bow shaped. Two resistance tack welds, made on the bow,

keep it closed to the strap. Most of the springs are double and act simultaneously on the rods of two

adjacent cells. Some of the cells have single springs with only one active branch.

The AFA 2G / AFA 3G type grids primarily differ in the metallurgical state of the strip

(expanded / recrystallized) and by the width of the grid (213.4 mm on AFA 2G and 213.8 mm on AFA

3G).

5.2.2.4.3

Figure 16: Portion of a grid with mixing fins (by courtesy of Framatome)

Fuel rods

The rods consist of a tubular clad with inside and outside diameters of 8.36 and 9.5 mm. It is

filled with cylindrical pellets of enriched UO2 or MOX, with or without beveled edges, obtained by

cold pressing followed by sintering (). At the top end, a plenum is provided for the gaseous fission
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products. A stainless steel helical spring holds the pellet stack during transport preceding loading in

the reactor and during handling operations (Figure 17 ).

The pellet-clad gap and the plenum volume are determined to be compatible with the release

of the fission gases, with the differential thermal expansion between clad and pellet, as well as the

swelling of the pellets (Chapter III). The rod is pressurized with helium, improving the thermal

conductivity of the pellet-clad gap, thereby reducing the fuel temperature and limiting the release of

fission gases. The length of the AFA 2G 900 MWe fissile stack is adjusted so that the plenum is equal

to 164,57 ^''4
2
7 mm for UO2 and 164,57 ^ m m for MOX. In the AFA 2G MOX rods, a 72 mm long

Zy4 spacer is lodged at the bottom of the fuel stack.

The clad alloy today is Zircaloy 4, the composition of which is given in the table below

(Table 1). Zr-Nb type alloys are destined to steadily gain importance in the future. For comparison, the

grades of several alloys used in water reactors are listed. The compositions of the Zircaloy-2, Zircaloy-

4 and Zr-2,5Nb alloys are those of the ASTM standard (1998), (CEA & COGEMA, 1996). The

composition of Zr-lNb alloy is the standard composition of the Russian El 10 alloy (Nikulina et al,

1996) The Zr-lNb-0,12O alloy corresponds to Framatome's M5 (Mardon et al, 1999) a grade

optimized by heat treatment in the a + P domain of the 5R alloy of the same composition.

Reactor type

Name

Sn

Fe

Cr

Ni

Nb

O

BWR

Zircaloy-2

1.2-1.7

0.07-0.20

0.05-0.15

0.03-0.08

-

0.10-0.14

PWR

Zircaloy-4

1.2-1.7

0.18-0.24

0.07-0.13

-

-

0.10-0.14

CANDU

Zr-2.5Nb

-

-

-

-

2.5-2.8

0.12

VVER

Zr-lNb

-

0.006-0.012

-

-

0.95-1.05

0.05-0.07

PWR

Zr-lNb-0,12O

-

0.015-0.060

-

-

0.8-1.2

0.09-0.18

Table 1: Compositions of different zirconium alloys, % by weight.
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Figure 17: Sketch of a fuel rod (by courtesy of Framatome)

5.2.2.5 CHARACTERISTICS OF UO2 FUELS

5.2.2.5.1 Preparation of U02 fuel

235TThe enrichment of natural uranium with U uses uranium hexafluoride. This compound is

converted to UO2 powder by a number of processes, either gaseous or in aqueous solution. To fabricate

PWR fuels, the process employed is gaseous conversion or the "dry method" (Figure 18) which uses

superheated steam. It yields a fine powder, whose crystallites are about 0.2 urn in size, with a low

specific surface area of about 2 m2.g"\

M,

-p—

Î O steam

_i
H2O steam

hydrolysis -UO2F2 sol id-

H 2

i
Reductive

pyrohydrolysis UO2 powder

Figure 18: Preparation ofsinterable UO2 oxide powder by the dry method

The UO2 pellets of PWR fuels are prepared by powder metallurgy techniques. The UO2

powder is shaped by a uniaxial press, and the blank obtained is densified by natural sintering. After

this first step, the pellets all have the requisite characteristics and properties, with the exception of the

diameter, which requires cylindrical grinding because of the extremely tight specification (François,

1984).
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5.2.2.5.2 Geometric characteristics of UO2 fuel

In the sintered pellet state, the UO2 fuel is a refractory ceramic with an anthracite gray

appearance. It is in the form of a cylinder close to 13.5 mm in height and 8.19 ± 0.012 mm in

diameter.

The end faces systematically have a dish in the form of a 0.3 mm deep hemispherical dome

(Figure 20) and possibly a bevel on the edges. The dishes are designed to accommodate the difference

in height caused by the radial thermal expansion gradient and thereby to provide a free volume to

offset the swelling inherent in the production of fission gases (see 5.2.3).

Annual production is about 160 106 pellets. Their fabrication is fully under control and

regular, as testified by the pellet characteristics recorded during a year (Table 3). The averages and

their dispersion, as well as the highs and lows recorded for each of the characteristics of each batch,

are presented facing the specifications (Chotard, 1984).

The averages observed are properly centered on the specified nominal values and only display

limited dispersion. The lows and highs clearly remain within the tolerance interval of the

specifications.

The density is deliberately limited to ~ 95% of the theoretical density of the material to allow

for residual porosity of about 4 to 5% of the total volume. To avoid being eliminated by "fission

spikes" (see 5.2.3), this porosity must be stable, i.e. more than 2 um in size. The introduction of a

pore-forming organic substance to the initial UO2 powder, which is eliminated by sintering, guarantees

this characteristic.

The stability of the porosity is confirmed in two ways for industrial pellets.

S The first is to perform a long-term thermal stability test lasting 24 hours, at a temperature equal to

or higher than the sintering temperature, which reproduces the densification caused by irradiation.

This is the reference test. The relative density increase must remain less than 1.29%. Industrial

pellets generally display low average densification, equal to 0.6%, and never more than 1%.

S The second is to evaluate the volume fraction of the porosity smaller than 2 um. These are the only

pores liable to be eliminated partly during irradiation, and thereby cause most of the

redensification. This porosity, of which the maximum allowable quantity is not specified, does not

account for more than 1% of the pellet volume.
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5.2.2.5.3 Microstructural characteristics of UO2 fuels

The pore spectrum (Figure 19) and the optical microscopy observation of a cross-section of a

polished pellet, before development of the granular structure (Figure 21) clearly show the two types of

pores present in the UO2 fuel.

S one, caused by the pore-forming agent, consists of pores of more or less irregular shape, and as

large as 30 um or more.

S the second, inherent in sintering and the addition of U3Og, is fine (< 2 um), uniformly distributed

and relatively spherical.

1.2 -

^ffect of pore-forming a g e n ^

O Tl

Pore size (pm)

Figure 19: Pore spectrum of a standard UOi + 8% U3O& + 0.5% pore-forming
agent fuel pellet (supplied by Framatome)

After development of the granular structure (Figure 22), the first class of large pores is mostly

located at the grain boundaries, while the second is preferentially located in the core of the grains.

The size of the UO2 fuel grains is not specified. Given the physicochemical properties of the

UO2 powder normally used and the fabrication process, it averages 9 um, but is never smaller than 7

um . Exceptionally, it may reach more than 30 um, as recorded in a batch accidentally polluted with

alumina. The effect of alumina on grain size is well known. Bourgeois (1992), demonstrated that

corundum type oxides like Cr2O3, A12O3 and Ti2O3 (or TiO2), added in very small concentrations, are

crystal growth activators capable of increasing grain size to several tens of microns.

* grain size defined by linear intercept
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5.2.2.5.4 Chemical properties of UO2 fuels

The impurities present in the standard fuel after sintering are in the state of traces, with

contents one to two orders of magnitude lower than the specified limits (Table 4), often below the

detection thresholds.

The weight enrichment in 235U is 2 to 5%, and a value of 3.7% permits a burnup of 50 GWd.t"1

or more. The uranium isotopes, measured for 13 batches of 4% enriched U, are listed in the table

below:

Uranium isotopes

234U
235U
2 3 6 u
238U

Minimum
(wt % U)

0.037

4.014

0.001

/

Maximum
(wt % U)

0.038

4.020

0.002

/

Average
(wt % U)

0.038

4.017

0.001

95.944

Table 2: Isotopic composition of13 consecutive batches of a fuel enriched to 4%
with mU (data from FBFC)

uo2

Geometric density
(% Da)

Diameter
(mm)

Height
(mm)

Dish diameter (mm)

Dish depth (mm)

Densification
(% Dth)

Porosity < 2um
(%)

Porosity < 10 urn
(%)

H2 (ug .g 1 of UO2)

Grain size (urn)

O/U ratio

Specified
values

95 ± 1

8.192 ±
0.012

13.5 ±1.3

6 ±0.25

0.3 ± 0.07

< 1.29%

Not
specified

Not
specified

1

Not
specified

2.00 ±0.01

All pellets examined

Mean

94.95

8.192

14.16

5.96

0.29

0.59

0.81

2.42

0.15

9

1.999

Standard
deviation

0.23

0.003

0.13

0.08

0.01

0.16

0.19

0.34

0.037

2.4

/

Maximum observed
for each property

Mean max.

95.47

8.197

14.45

6.15

0.325

0.96

1.35

3.13

0.3

33.0*

2.000

Standard
deviation

0.43

0.004

0.31

0.21

0.03

0.19

/

/

0.20

3.6

/

Minimum observed for
each property

Mean min.

94.32

8.185

13.89

5.70

0.25

0.06

0.4

1.81

0.06

7

1.999

Standard
deviation

0.04

0.001

0.04

0

0

0.04

/

/

0

0.1

/

All batches

Difference
between
batches

0.18

0.0015

0.09

0.07

0.006

0.13

/

/

0.029

2.4

/

Synthesis on the long term behavior of spent nuclear fuel 64



Table 3: Mean properties of pellets produced during one year (data supplied by
Framatomej

2SL batch polluted by alumina

Impurity

Al

B

Ca

Cd

Cr

Fe

Mg

Mo

Ni

Si

Specification

(ppm/UO2)

<300

<1.5

<300

<2

< 1000

<500

<50

<300

<300

<500

Measured content

<12

<0.35

<20

<0.53

<12

<14

< 6

<20

< 6

<12

Impurity

Ti

Dy

Eu

Gd

Sm

F

C

Cl

N

Specification

(ppm/UO2)

<80

sum

<0.6

<25

< 100

<25

<75

Measured content

< 10

<0.05

<0.05

<0.1

<0.15

< 2

<7.5

<5

<7.5

Table 4: Impurity contents measured on 13 consecutive industrial batches (data
supplied by FBFC)
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Figure 20: Macrography of a longitudinal section of a standard UO2 fuel pellet
observed in optical microscopy (not etched).

Figure 21: Optical microscope examination of a polished section of a U02fuel
pellet before chemical etching.
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5.2.2.6

Figure 22: Optical microscope examination of a cross-section of a UO2 fuel pellet
after development of the granular structure by chemical etching.

CHARA CTERISTICS OF MOX FUELS

The program for loading MOX fuel in EDF reactors commenced in 1987 with the irradiation

of 16 MOX assemblies in the St Laurent des Eaux B1 power plant. Since then, and until September

1999, 1300 MOX assemblies have been loaded in 19 900 MWe reactors. MOX is currently authorized

in 20 900 MWe reactors, in third-core reload fuel management, with a maximum authorized burnup of

42 GWdt"1.

Until 1995, MOX fuel for PWR reactors was fabricated in two plants, Belgonucléaire at

Dessel in Belgium, in operation since 1973, and the Cadarache fabrication complex in France, which

has been fabricating FBR fuels for 30 years and, since the late 1980s, MOX fuel for PWR reactors. In

1996, the Melox plant supplied its first MOX assemblies (Provost, 1996) (Bairiot et al, 1999).

The characteristics of MOX pellets before irradiation reflect the original fabrication process,

the MIMAS process (Krellmann & Chiarelli, 1999) (MIcronization of a MASter blend), which is

different from the one used for UO2 fuel, because it requires the use of two distinct powders, UO2 and

PuO2.

5.2.2.6.1 MIMAS type MOX fabrication process

This process integrates two essential steps (Figure 23):

i. in a ball mill, dry co-grinding of a mixture of the two oxides UO2 and PuO2, in concentrations of

about 25 to 30% by weight of PuO2,
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ii. dilution of this stock mixture by mixing in a blade mixer, with UO2 powder, bringing the mixture

to the target plutonium concentration, typically between 2.5 and 8%.

The grinding step promotes the fragmentation and homogenization of the two precursors.

Grinding quality is primarily governed by the powder and pebble filling ratio, as well as the speed of

rotation of the ball mill and the grinding time (Seiss, 1995).

PWR MOX assemblies are composed of three zones with plutonium content decreasing from

the center to the periphery of the assembly. The zonings of the first loads were defined at the rates of

2.6, 3.9 and 5.9% PUO2, which represented volumetric fractions of the stock mixture, in the final

mixture, in the range of 9.4%, 14.2% and 21.4%. The dilution step also imparts good flow properties

to the powder, facilitating the regular feed of the press dies, and avoiding appearance defects in the

pellets (cracks, splinters Kerboul, 1992). The mean content of the MOX assemblies is currently 5.5%.

Due to the isotopic degradation of PuO2, after recycling (Van Vliet & Deramaix, 1999) and to boost

the performance of the MOX, higher average plutonium contents are planned, between 6 and 9%. The

authorization to increase the content to 7.08% was granted in 1999 (Krellmann & Chiarelli, 1999). The

burnup target in 2010 is 70 GWd.t"1, with PuO2 concentrations of about 11 or 12% (Guerin, 1999).

UO7 PuO2 (U,Pu)O2 Chamotte

CO-GRINDING
dry in ball mill

Content 25-30% PuO2

SCREENING - FORCING
to 250 urn

DILUTION by mixing -
Content 2.5 to 8% PuO2

ADDITION of pore-forming
agent and lubricant

PELLETIZING

SINTERING

GRINDING

Figure 23: Flowchart of the MIMAS process
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The MIMAS process offers considerable flexibility in recycling fabrication scrap of powders

or sintered (U,Pu)O2 (Krellmann & Chiarelli, 1999) in the form of "chamotte". It can be ground

previously in a ball mill before reinsertion in the grinding step or added during dilution. Its

concentration varies between 45 and 70% by weight of the stock mixture and can be up to 5% by

weight in the dilution mixture. In the thermodynamic conditions of sintering, an oxygen potential

AGO2 ~ -420 kJ.mol"1, and for the usual Pu contents, the U-Pu-0 phase diagram shows that the solid

solution (Ui.y,Puy)O2 is formed in a wide domain which broadens with temperature (Sari et al, 1970),

Markin & Street, 1967). For kinetic reasons, however, the formation of the solid solution is

incomplete, so that the MOX microstructure displays certain features described in § II.3.5.2.2.6.4. The

source of the UO2 powder is also a contributing factor.

For many years, depleted UO2 powder from the AUC (Ammonium Uranyl Carbonate) process

was employed. Today, the powder produced at the TU2 facility in Pierrelatte, by spray drying of a

suspension of ammonium diuranate, is the reference for the products of the Melox plant (Marcoule,

South France). The dry conversion powder, used to fabricate UO2 fuels, is also under examination for

the future fabrication of MOX.

A distinction is normally drawn between MOX from AUC and from TU2 today by the source

of the UO 2 powder. This consists of spherical aggregates and its specific surface area is close to 3

rr^.g1 . The PuO2 powder is produced by reprocessing irradiated fuel at the La Hague plant. It has an

anisotropic morphology in plates and a mass surface area of 3.5 to 5 m2.g"\

The type and proportion of the isotopes of the two elements U and Pu (isotopic vector) are

listed below:

Isotope of U

Isotopic percentage of U (%)

234U

0.002

235U

0.252

238U

99.745

Burnup

(GWd.f1)

33

41.2

47.5

60

Isotopic perc
238pu

1.74

2.54

3.21

4.64

entage of Pu (
239Pu

56.70

53.54

51.60

48.01

%)
240Pu

23.03

23.48

23.60

23.84

241Pu

13.04

13.70

13.99

14.23

242Pu

5.49

6.74

7.60

9.28

Table 5: Isotopic vector of Pu as a function of burnup of a UOjfuel according to
the CESAR code.

P decay of the Pu produces Am in about 5% by weight of Pu per year.

5.2.2.6.2 Geometric characteristics of MIMAS MOX

The sintered pellets are inspected for shape and appearance (Figure 24), by visual and

microscopic examination or with a profile projector.
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Figure 24: Drawing of a MOX pellet

The table below summarizes the average geometric characteristics over one year of production

of MOX fuel. The means and standard deviations are given for all the pellets (all batches combined),

as well as the maximum and minimum values recorded on each batch. The standard deviation between

all the batches is mentioned for information.

Characteristic

Pellet height
(mm)

Pellet diameter
(mm)

Dish depth (mm)

Bevel length
(mm)

Bevel height
(mm)

Sintered
geometric density
(% of Da,)

Redensification
C/oofDth)

Measure
ment
accuracy

0.02

0.002

0.002

0.002

0.002

0.2

0.2

All pellets

Mean

11.62

8.191

0.28

0.50

0.19

95.4

0.9

Standard
deviatio
n

0.26

0.003

0.01

0.05

0.03

0.2

0.2

Maximum
observed for each
characteristic

Mean

11.94

8.198

0.30

0.59

0.20

96.0

1.3

Standard
deviatio
n

0.43

0.007

0.014

0.05

0.02

0.4

0.3

Minimum observed
for each
characteristic

Mean

11.25

8.188

0.25

0.50

0.20

94.7

0.4

Standard
deviatio
n

0.11

0.001

0.010

0.01

0.008

0.1

0

All
batches

Standar
d
deviatio
n

0.11

0.002

0.005

0.04

0.02

0.2

0.1

Specifications
(Henry, 1992)

Mean

11.50+1.15

8.192 ±
0.012

0.28+0.03

0.40 ±0.20

0.25 ±0.10

95+1.5

<1.29
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Table 6: Geometric characteristics (Framatome data)

The typical mass of a MOX pellet is 6.42 g. The closed porosity is about 4.5% and the open

porosity is less than 0.1% of the total volume of the pellet. Considering the very narrow dispersion of

each characteristic, these values demonstrate the control and uniformity of production.

5.2.2.6.3 Physicochemical characteristics of MIMAS MOX

The essential chemical properties measured on MOX pellets are listed below:

Characteristic

Pu content (%)

U content (%)

241Am content (%)

235U content (%)

Pu isotopes
238Pu (%)

239Pu (%)
240Pu (%)
241Pu (%)

O/M

(M=U+Pu+Am)

Impurity content
(ppra)

Carbon content
(ppm)

Nitrogen content
(ppm)

H2 content (ng/g)

Gas content (jil/g)

Fluorine content
(ppm)

Chlorine content
(ppm)

Solubility in %

Method

X-ray y fluorescence

Calculated from O/M
and isotopy

a or y spectrometry

Mass spectrometry

Mass spectrometry

or y spectrometry

Thermogravimetry

Emission spectrometry
or ICPMS

Infrared spectrometry

Catharometry

Catharometry

Spectrophotometry

Specific calorimetry

Fragema test

Accuracy

0.2

0.3

2

/

depending
on

isotope

0.005

2%

5%

10%

0.1

5%

10%

10%

5%

All pellets

Mean Standard
deviation

Maxi observed
for each
property

Mean

Mini observed
for each
property

Mean

depends on zoning

depends on zoning

0.946

0.252

1.022

60.021

23.954

9.017

0.084

0.001

0.044

0.173

0.131

0.1176

1.241

0.256

1.151

60.549

24.311

9.433

0.81

0.249

0.873

59.336

23.552

8.746

1.999

list given in Table 8
total « 2500 ppm

6

6

<0.3

<30

< 1

<5

0.53 0.19 1.44 0.12

Specifications

Um+PuM+24'Am
>87.7%

UM+Pum+24'Am
>87.7%

UM+Pu,o,+
24'Am

287.7%

/

/

2.00 (+0.01-0.02)

total < 2500ppm
boron equivalent

<2.5ppm
< lOOppm

< 75 ppm

< 1.2 ppm

/

< 25 ppm

< 25 ppm

<1%
Table 7: Chemical properties (Framatome data)

The solubility characterizes the insoluble Pu proportion of a virgin pellet subject to a

dissolution test in nitric acid following a preset procedure (Henry, 1992). It assesses the kinetics of

dissolution and the residual Pu content which must not exceed 1% of the initial content. The

determination of Pu in the insolubles shows that the effective solubility limit (CEA & Cogema, 1996)

corresponds to a PuO2 content of 55% in the solid solution (U,Pu)O2. This measurement is a means of

evaluating the degree of uniformity of Pu in the MIMAS type MOX.
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Element

Al
B
Bi
Ca
Cd
Co
Cr
Cu
Fe
In

Mg
Mn
Mo
Ni
Pb
Si
Sn
Ti
V
Zn

Typical measurements
(in ppm at +/-20%)

46
<0,l
<1

<10
<1

<0,25
<10
<1
120
<0,l

6
<1

<10
28
<1
40
<1
25
<1

<10

Specified maximum
limit (ppm)

300
1,5
4

300
2

25
1000
100
500
20
50
100
300
300
100
500
25
80
2

100

Table 8: Residual impurities measured in MOXaccording to data from COGEMA
and data on a fabrication for an experimental irradiation (Ménard, 1995)

5.2.2.6.4 Microstructural characteristics of MIMAS MOX

Industrial macrographic and micrographie inspection (pore spectrum, grain size, faciès,

microstructural defects) is carried out by optical microscopy. Figure 25 shows a macrography of

MIMAS MOX fuel. Some optical density contrasts attest to the heterogeneity of the microstructure

which is clearly identified by a autoradiography (Figure 26). The characteristics recorded on all

products manufactured in one year of production are given in the table below, for extreme batches and

all the batches.

Characteristic

Grain size in the UO2
matrix (\im)

Mean diameter of Pu rich
agglomerations (urn)

Accuracy

10%

1

All pellets

Mean

5.9

23.9

Standard
deviation

0.9

3.41

Maximum observed for
each characteristic
Mean

9.5

34.5

Standard
deviation

3.4

8.1

Minimum observed for
each characteristic
Mean

4.3

17.8

Standard
deviation

0

0

All
batches

Standard
deviation

0.6

2.9

Table 9: Characteristics of the microstructure (Framatome data)

The average grain sizes in the matrix and in Pu rich agglomerations are determined by the

linear intercept method after selective UO2 (Figure 27 and Figure 28) or (U,Pu)O2 attack (Figure 29

and Figure 30). The grain size in the UO2 matrix in MOX fuel is about 6 |im, smaller than the grains

of a UO2 fuel at 9 urn. Metallographic examinations after different chemical attacks (gys & Verwerft,

1999) reveal a wide dispersion of the grain size related to the Pu content and local porosity. In
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particular, the matrix displays small grains at the interfaces with the agglomerations, while in the core

of the latter, the grains are up to 10 um. The average grain size in the Pu rich agglomerations is not

systematically determined. However, it would appear that it is approximately the same as that of the

grains in the matrix (Charollais, 1997).

The grain size spectrum of the Pu rich agglomerations is evaluated by analyzing the images of

a polished and chemically etched surface. This method recently supplanted a emission

autoradiography, which reveals Pu, coupled with the analysis of images (Vandezande, 1999). Figure

26 and Figure 31 are pictures obtained by these two techniques. The criterion of homogeneity of the

grain size distribution of the plutonium bearing agglomerations (Henry, 1992) stipulates that at least

95% of the number of agglomerations have an effective diameter (defined by the square root of the

surface area of the object) less than 100 urn and that the average effective diameter is less than 50 um.

Moreover, no particle of pure PuO2 must be larger than 400 um. The measurements reveal that the size

of the agglomerations varies from a few um to several tens of um, with a mean of 24 um. In all the

batches analyzed (Vos & Verwerft, 1998), about a quarter of the Pu is located in agglomerations at

least 30 um in size. An attempt is made to decrease the average size for the new microstructures

designed for high burnups (Guérin, 1999).

Laboratory microscopic examinations show that the MOX microstructure is more complex

than a simple juxtaposition of two phases: the UO2 matrix and the agglomerations of stock mixture.

The analysis of a virgin MIMAS TU2 type MOX fuel by the Castaing electron microprobe rather

reveals the presence of three phases (Figure 33) (Vos & Verwerft, 1998; Boulore, 1998; Garcia et al.,

2000):

i. a phase with a low Pu content (« 2.7%) but which contains 14.4% of the total Pu, wrongly called

the UO2 matrix (in black),

ii. a phase of agglomerations with a high Pu content (« 20.2%) which cumulates 37.7% of the total

Pu, called Pu rich agglomeration, while the stock mixture has an initial content of 25 to 30% PuO2

(in white),

iii. a phase with an intermediate Pu content (« 7.3%), which encapsulates the other two and accounts

for 45.5% of the total Pu (in light gray).

Unlike this microstructure identified on MIMAS type MOX from TU2 powder, the product

using AUC powder does not reveal this encapsulating phase (Figure 34) with a resolution of 1 um.

The other two phases have respective average Pu contents of 2.6% and 14.2% (Vos & Verwerft,

1998). The " UO2 matrix" contains about 40% of the total Pu.
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iii. a phase with an intermediate Pu content (= 7.3%), which encapsulates the other two and accounts

for 45.5% of the total Pu (in light gray).

Unlike this microstructure identified on MIMAS type MOX from TU2 powder, the product

using AUC powder does not reveal this encapsulating phase (Figure 34) with a resolution of 1 jxm.

The other two phases have respective average Pu contents of 2.6% and 14.2% (Vos & Verwerft,

1998). The " UO2 matrix" contains about 40% of the total Pu.

The presence of these heterogeneities is confirmed by the U-Pu interdiffusion kinetics, which

is not sufficient to form the theoretical homogeneous solid solution (Ui.y,Puy)O2, where y is the total

content of the final mixture between 2.5 and 6%, after sintering heat treatment. Un-irradiated MIMAX

MOX hence displays a more complex microstructure than UO2. The microprobe analyses revealed

good agreement of the surface fraction of the Pu rich agglomerations, more than 20 um in size, with

the fraction measured on industrial ceramographies (Boulore, 1999). Other characterization

techniques, like the one using X-ray diffraction spectra (Buisson, 1999), are promising with a good

correlation with the microprobe.

Figure 25: Radial macrography of a MIMAS MOX fuel.

Synthesis on the long term behavior of spent nuclear fuel 74



Figure 26: a autoradiography of a MIMAS MOXfuel on longitudinal cross-
section.

Figure 27: Optical micrographies of a MIMAS MOXwith selective U02 chemical
attack.

Synthesis on the long term behavior of spent nuclear fuel 75



Figure 28: Optical micrographies of a MIMAS MOX with selective U02 chemical
attack.

Amas = Agglomeration - Matrice = Matrix

Figure 29: Optical micrographies of a MIMAS MOX with selective (U,Pu)02
chemical attack.
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Figure 30: Optical micrographies of a MIMAS MOX with selective (U,Pu)02
chemical attack.

Figure 31: Micrographies of a MIMAS MOX fuel chemically attacked to reveal the
plutonium rich agglomerations (Gys & Verwerft, 1999). Pu rich agglomerations in

white
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Figure 32: Micrographies of a MIMAS MOXfuel chemically attacked to reveal the
plutonium rich agglomerations (Gys & Verwerft, 1999). Pu rich agglomerations in

white

Figure 33: Electron microprobe microstructure of a MIMAS MOXfrom TU2 (Vos
& Verwerft, 1998; Boulore, 1998).
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Figure 34: Electron microprobe microstructure of a MIMAS MOX from AUC (Vos
& Verwerft, 1998; Boulore, 1998).
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5.2.3 transformations in reactors

During its residence in the reactor, the fuel rod of pressurized water reactors (PWR) is the

subject of processes of neutron, thermal, mechanical and physicochemical origin, which are

completely interdependent. To a variable extent, they contribute to transform the UO2 and MOX fuels

during their irradiation.

5.2.3.1 HEAT GENERATION IN FUEL

5.2.3.1.1 Source of energy generated in the fuel

The production of heat in the fuel pellet stems from the energy released by the fission of the

heavy U and Pu atoms (Chapter VI). It is typically 200 MeV, most of which, around ~80%, results

from the kinetic energy of the two fission products emitted which, by their successive collisions with

the lattice atoms, increases its internal energy, which is then dissipated in the form of heat. The rest of

the energy results from P and y radioactive emissions. This dissipation chiefly occurs via the following

two processes (Matzke, 1982) :

•S electronic excitation of the atoms along the whole route of the two FP (7 to 9 |im) and on a

diameter of about 10 nm,

•S elastic collisions on the lattice nuclei, primarily at the end of the path, producing a cascade of

displacements (~105 displaced atoms / source atom).

These effects associated with fission occur over a very short interval (10"ns). They are

followed by partial recombinations of the local defect cascades created (Frenkel pairs) in the crystal

lattice, which depend on the local temperature of the fuel. Thus the restoration of the effects of

damage of the UO2 and MOX fuels by "fission spikes" is less at low temperatures, so that irradiation

causes changes in certain properties of the material like thermal conductivity, and transformations of

the initial microstructure.

5.2.3.1.2 Power density distribution in the pellet

The fission density in the PWR fuel pellet is not uniform along a radius. This mainly results

from the radial distribution of the thermal neutron flux which penetrates from the periphery to the

center due to the absorption of the isotope 235U (self-protection effect). Added to this effect is the

production of 239Pu resulting from epithermal captures of 238U isotope, which is the cause of the ... ,

and whose probability of occurrence is much greater in the outer zone of the pellet (self-protection

effect). Accordingly, the periphery is increasingly enriched in Pu, of which the probability of

occurrence is greater at the periphery of the pellet. This fission density distribution directly affects the
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local power density, because the fissions of the odd isotopes of Pu, 239Pu and 241Pu become

preponderant with increasing consumption of the isotope 235U. Figure 35 shows an example of a radial

power profile of a UO2 fuel.
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Figure 35: Radial power density profile in UO? and MOX fuels, normalized to the
mean power in the pellet

5.2.3.1.3 Specificity of MOX fuel

Since the plutonium distribution is not uniform in MIMAS type MOX fuels, the location of the

fissions, at least at the start of life, is directly correlated with the initial location of Pu. Since the fission

energy is dissipated along the whole path of each of the two FP, and the length of this path (7 to 9 um)

is not negligible compared with the size of the Pu rich agglomerations (a few um to a few tens of urn),

the heat is thus generated more uniformly than the Pu distribution. The heterogeneity effect is further

diminished at high burnup, because the Pu content of the agglomerations is accordingly lower and that

of the initially Pu poor matrix, on the contrary, has increased by neutron capture of 238U nuclei.

Moreover, heat transfer calculations at agglomeration scale show that the local superheating

caused by this locally higher fission density always remains slight (< 1°C) even for the large

agglomerations. For most applications, heat generation can therefore be considered as directly

proportional to the local neutron flux density. Like the UO2 pellet, the MOX pellet is the center of a

radial flux penetration: the fission density and hence power are lower at the center than at the

periphery, and this effect is more pronounced in MOX than in UO2 (Figure 35).

5.2.3.1.4 Irradiation conditions in nominal operation

5.2.3.1.4.1 Power variations

Most of the processes occurring during irradiation in the fuel depend on the change in the

power it undergoes during its different irradiation cycles. The total power of the core of a PWR
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remains virtually constant during an irradiation cycle, and displays a relatively flat axial profile, only

altered by the neutron shield provided by the presence of the fuel assembly grids. Accordingly, the

axial burnup distribution at the end of the cycle, and particularly at the end of irradiation, is relatively

uniform over a large portion of the height of the fissile stack (Figure 36).

Figure 36: Axial burnup distribution of a PWR UO2 rod irradiated for 3 cycles.
(bcf: bottom of fissile stack)

In nominal operation, fuel rods function at mean linear power densities of 150 to 250 W.cm"1.

An example of the variation in the linear power density of a UO2 fuel rod which has undergone five

cycles of irradiation, is shown in Figure 37. Under the effect of fuel depletion, the average power

density logically tends to decrease over time. However, this effect is less pronounced for MOX fuel

than for UO2, particularly from the third irradiation cycle. The optimization of core management also

brings the lead assemblies towards the center.
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Figure 37: Linear power density (at maximum Plin level) of a PWR UO2 rod
irradiated for 5 cycles

5.2.3.1.4.2 Coolant pressure and temperature

The nominal pressure of the primary circuit water is 155 bar. The coolant temperature at the

core inlet is ~280°C, related to the pressure, set so that the water remains below its saturation point

throughout the core.

5.2.3.2 TEMPERATURES IN THE FUEL ELEMENT

5.2.3.2.1 Thermal conductivity of fuel

UO2 and MOX, like most oxides, have fairly low thermal conductivities. At low temperature

(T < 1400°C), conductivity primarily occurs via phonons and decreases with temperature (Figure 38).

The rise in conductivity at high temperature is due to a growing contribution of the electronic

conductivity.
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Figure 38: Changes in the thermal conductivity of non-irradiated fuels, UOi
according to J.H. Harding (Harding & Martin, 1989), and MOX according to Y.

Guerin (Guérin et al, à paraître).

The conductivity of the fuels decreases with porosity. Similarly, any deviation from the

stoichiometric composition, whether upward or downward, causes a decrease in the conductivity: the

local defects represented by the vacancies or oxygen interstitials, are centers of diffusion of the

phonons.

The thermal conductivity of MOX fuel is slightly lower than that of UO2 fuel. The difference

is about 10% under 1000°C and narrows and finally disappears at higher temperature (Figure 38). The

substitution of U atoms by Pu atoms creates phonon diffusion centers. Under irradiation, apart from

the consequences of certain changes in microstructure (cracks, changes in porosity) on the

conductivity, the thermal conductivity of the fuel decreases, regardless of the type of fuel, associated

with the presence of FP, both those substituting in the cationic sublattice and those forming nano- or

microprecipitates. This is more pronounced at higher bumup. The presence of these FP also acts

chiefly on the phononic conductivity and degradation is more consequential at the low temperatures

(Figure 39).
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Figure 39: Degradation under irradiation of thermal conductivity of a UOJ
irradiated to 60 GWd/tM, after Lucuta (Lucuta et al, 1992)

Added to this FP dependent degradation is further degradation connected with local defects,

primarily Frenkel pairs, created in the cascade of elastic collisions at the end of the FP path. It also

occurs fairly rapidly during residence in the reactor and reaches saturation upon covering of the zones

damaged by the displacement cascades. This occurs mainly at low temperature (< 700 to 800°C),

because at higher temperature, the vacancies and interstitials migrate sufficiently fast for the local

defects to be annihilated by recombination. By way of example, Figure 39 shows the conductivity

values for a virgin UO2 and for a UO2 irradiated to 60 GWd.t"1, and for the latter, breaks down the two

effects: FP related degradation and defect related degradation.

5.2.3.2.2 Heat transfers in the fuel element

Since oxide fuels are mediocre conductors of heat, the fuel pellet is subject to a high radial

temperature gradient.

Figure 40 shows the change in the radial temperature profile in a UO2 fuel element at different

times of its life in the reactor: at the start and end of irradiation (60 GWd/tM) and during the second

cycle corresponding to maximum power. The amplitude of the difference between the temperature at

the center and at the periphery of the pellet is related to the mean linear power density by the equation

derived from Fourier's equation:

Ts

lin

where:

Ts and Tc are the surface and central temperatures of the fuel pellet,

X (T) is the thermal conductivity of the fuel at temperature T,

Piin is the average linear power density on the pellet,

fis the flux depression factor in the pellet.
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Figure 40: Radial temperature distribution in a UOjfuel element at start of life
(open gap), in the 2nd irradiation cycle (maximum power) and at the end of

irradiation (after METEOR calculation (Struzik et al., 1997).

In nominal operating conditions, the temperature difference between the center and periphery

of the pellet is typically around 500 to 700 °C. At equivalent power, since the thermal conductivity of

MOX is lower than that of UO2, the core temperature of this type of fuel is higher by about 50°C at the

start of life.

At the start of life, the flux depression in the pellet is low and has little effect on the radial

temperature profile: a quasi parabolic profile is observed. By contrast, at high burnup, two opposite

effects act on the temperature gradient :

S high production of Pu in the cortical zone (200-300 um) increases the fission density in this zone,

causing the flux to dip: the thermal gradient decreases at the periphery;

S the increase in the FP and Pu concentration, as well as the porosity, deteriorates the thermal

conductivity, thereby increasing the radial temperature profile.

It is also necessary to stress the importance of the thermal barrier created by the gap between

oxide and clad. At the start of irradiation, the gap is open and, despite the presence of a filling gas,

helium, a good conductor of heat, the temperature difference between clad and fuel can reach 150-

200°C. The progressive reduction and ultimate closure of this gap, and the increase in the contact

pressure during irradiation, substantially reduce this difference (a few tens of degrees) but without

completely nullifying it: contact resistances subsist due mainly to the surface roughness of the oxide

and the clad, but also due to the formation at high burnup of a fine 5 to 10 um thick layer of zirconia at

the fuel-clad interface.

A thermal barrier is formed by the zirconia layer on the outer surface of the clad, resulting

from progressive corrosion by the coolant. Its effect is much greater than that of the internal zirconia.
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5.2.3.3 START OF LIFE PROCESSES

5.2.3.3.1 Processes occurring during the first power ascension

UO2 and MOX fuels are ceramics and display their mechanical behavior: completely brittle at

low temperature (T < 0.5 Tf, or 1200°C to 1400°C), viscoplastic at high temperature. The temperature

in the pellet in nominal operating conditions of PWR fuels coincides with the brittle domain of the

oxides, causing a significant change in its morphology from the first power ascension.

5.2.3.3.1.1 Thermal stress relief and fracturing of the fuel

During the first power ascension, the thermal gradient between the center and periphery of the

pellet increases progressively. It is the source of differential stress relief: the center expands more than

the periphery, generating a thermal stress field in the material. The tensile stresses at the periphery

rapidly become higher than the tensile strength of the oxide, causing radial and axial cracking of the

pellet (Chapter VII). The first fragments formed in turn undergo a stress field which can lead to a new

fragmentation. Figure 41 shows an example of radial cracking.

Figure 41: Radial cross-section in optical metallography showing the main cracks
in a UO 2 pellet at start of life.

Under the effect of differential thermal stress relief, the deformation of the free surfaces of the

fragments causes a centrifugal displacement called delocalization, which partly helps to make up for

the initial gap. This random repositioning of the fragments causes changes in heat transfer in the pellet

by creating variable thermal bridges.

5.2.3.3.1.2 Hourglass shaping of the pellet

In the neighborhood of the end faces of the pellets, the approximation of the plane deformation

no longer applies. A thermoelastic calculation reveals that under the effect of the thermal stresses, the

pellet assumes an hourglass shape at the convex faces. The radial displacement at the ends of the pellet

is accordingly maximal. While this additional deformation has no effect on the clad at the start of life,
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this no longer applies when the gap is reduced; under the effect of a power variation, it can cause a

stress concentration on the clad at the level of the interpellet planes. In normal operation, this

"hourglass effect" results in the "bamboo" morphology that appears on the clad when the oxide-clad

gap narrows (Figure 42).

Cote axiale (mm/bas crayon)

Figure 42: Pellet fragmentation and hourglass shaping under the effect of thermal
stresses, "bamboo" morphology of rod by simulation with the TOUTATIS code

after S. Bourreau (Bourreau et al., 1998), (Bourreau et al., 2000).

5.2.3.3.2 Fuel densification

Under irradiation, the pellets undergo densification due to the progressive disappearance of a

part of the porosity, chiefly the small pores (< 2 um). This mechanism occurs in two steps :

•f interaction of the fission spikes with the small pores injects vacancies produced by the pores into

the crystal lattice;

S by diffusion under irradiation, these vacancies can then reach the grain boundaries which offer

perfect wells for this type of defect.

This fuel densification hence results in a decrease in the volume of the pellets, which can be

identified by density measurements on irradiated fuel and by length measurements on the fissile stack

(Chapters IV and VII). This densification is 0.5% to 1% in UO2 fuel, and is higher in MOX fuel,

where it reaches figures in the range of 1 to 2%.

5.2.3.3.3 Loads in the clad

The loadings applied to the clad are of thermal and mechanical origin. The heat flux leaving

the fuel generates a thermal gradient in the clad thickness. The temperature difference between the

inner and outer surfaces is 20 to 30°C in nominal conditions. At the start of irradiation, the main
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mechanical load is due to the difference between the coolant pressure (155 bar) and the internal

pressure of the rod (40 to 70 bar at the start of irradiation). The primary stresses generated in the clad

by this loading remain far below the tensile strength of the material. As long as the pellet-clad gap is

not narrowed, the compression loaded clad is distorted by a thermal creep mechanism activated by

irradiation (fast neutron fluence).

Under the action of this rapid flux, the hexagonal crystal structure of zirconium accumulates

dislocation loops which chiefly cause axial growth of the clad, called magnification, which increases

as the material is textured by the stretching of the clad.

5.2.3.4 PROCESSES OCCURRING DURING THE IN-CORE LIFE OF THE FUEL ELEMENT

We have addressed above a number of major processes which occur from the onset of rod

irradiation. The present section mentions other events, most of which are directly associated with the

increasingly significant presence of fission products as irradiation proceeds.

5.2.3.4.1 Generation of fission products

5.2.3.4.1.1 Production

The increase in the amount of fission products in UO2 and MOX fuels (12 to 12.4% foreign

atoms at 60 GWd.f') plays a major role in the physical and chemical changes of the fuel. The

histogram (Figure 43) below shows the probability of appearance of the elements, which is roughly

distributed along a curve with two peaks. This probability of appearance of FP depends on the type of

heavy nucleus that undergoes fission: the Pu nucleus produces more elements (Ru, Rh, Pd) forming

stable metallic precipitates in the irradiated fuel than that of U (5.2.6).
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Figure 43: Relative abundance ofFP created by a fission for UO? and MOX fuels
irradiated to 60 GWd.f1 .from the fuel database ofj. Pavageau (Pavageau, 1999)

5.2.3.4.1.2 Case of fission gases
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The production of fission gases (Xe and Kr) is about 0.31 atoms of rare gas per fission,

representing about 13% by weight of all fission products. They are by nature chemically inert and

virtually insoluble in UO2 and MOX. The proportion of gas in the FP is practically independent of the
235U enrichment, but in the case of MOX, it is lower with higher initial Pu content, particularly for

krypton. Production increases with burnup, but the total amount created at a given fission rate remains

less than that of UO2 for a MOX fuel (5.2.6 & 5.2.9).

Furthermore, like the fission density distribution in the pellet, gas production is not uniform. It

is significantly higher at the periphery of the pellets and in the Pu rich agglomerations of MOX

because these zones display substantially higher burnups than the pellet average. Table 10 below gives

some values for fission gas production for UO2 and MOX fuels irradiated to an average burnup of 60

GWdf1:

Production of Xe + Kr (cm3 TPN/g

oxidey

Fuel mean

Pellet periphery

Pu rich agglomerations

Table 10: Distribution of volumes of fission
on the Pu content of the

5.2.3.4.2 Fuel swelling

UO2 (4.5%
235U }

1.55

2.5

/

gas produced in pellets
agglomerations)

MOX ( 6% Pu)

1.45

4 - 5 *

^depending

Each fission has the effect of replacing an atom of actinide (U or Pu) by two atoms which

together occupy a volume larger than that of the source actinide. Fission hence roughly results in an

increase in volume of the fuel which is called swelling. The swelling rate, with the burnup, is a

function of the physical and chemical state of the different FP atoms. Experimental data are supplied

by pellet density measurements and fissile stack elongations measurements. It is also possible to assess

the respective contributions of the different FP families to this overall swelling by calculation (see

5.2.7).

5.2.3.4.3 Gap narrowing and oxide-clad contact

During irradiation, several mechanisms contribute to the progressive closure of the gap

between the pellets and the clad, and ultimately the establishment of strong contact between them. The

main processes are:

S repositioning of the fuel fragments in the free space;

S swelling of the fuel, with a first component, called "solid" swelling produced by the solid FP

included in the crystal lattice, and a second component called gaseous swelling when the fission

gas bubbles become larger than 0.1 um in size at high burnup (see 5.2.7);
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•S diametral deformation of the clad by creep under irradiation, due to the external pressure which is

substantially higher than the internal pressure.

At the start of life, solid swelling is offset during the cycle by fuel densification under flux. In

nominal operating conditions and for a UO2 fuel, the hot gap is completely closed between the first

and second cycles if the clad is of stress-relieved Zircaloy 4, i.e. for an average burnup between 15 and

20 GWd.t"1 (Figure 44), or between the second and third cycles if it is of Zr-Nb alloy (after Mardon

1997).
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Figure 44: Kinetics of closure of radial oxide/clad gap for a PWR UOifuel
element irradiated for 5 cycles (after METEOR calculation).

Initially, the contact pressure between pellets and clad remains low during the period

corresponding to a rearrangement of the fragments. Subsequently, since the swelling of the fuel cannot

be accommodated, "strong" contact is established, progressively leading to a reversal of the clad

deformation due to the circumferential tensile stresses.

5.2.3.4.4 Release of fission gases

Due to their very low solubility in the lattice, the fission gas atoms tend to diffuse into the

grain and also to precipitate in the form of intragranular bubbles on the structural defects, and in the

form of intergranular bubbles on the grain boundaries. For the gas to be released into the free volumes

of the rod, the local temperature and/or fission density must be sufficiently high to activate the

diffusion processes (atomic diffusion of the gas and migration of the bubbles). In the nominal rod

operating conditions, less than 5% of the gases formed is normally released by the UO2 and MOX

fuels (Figure 45). The release rates are systematically higher, at medium and high burnups, for MOX

fuel elements than for UO2. A higher power combined with lower thermal conductivity, which results

in a higher temperature at this moment in the life of MOX, is the cause of this difference. It is possible
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that the particular microstructure of MIMAS type MOX also affects the release mechanisms (see

5.2.9).
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Figure 45: Fraction of fission gas released as a Junction ofburnup for PWR UO2

and MOX fuels (CEA database).

5.2.3.4.4.1 UO2 fuel

Fission gas release is a thermally activated process, but it can be highly stimulated in the fuel

zones subject to lower temperatures by means of the displacement cascades generated by the fission

spikes. Two athermal mechanisms lead to a slight immediate release of the gas produced (< 1%). By

fission recoil along a distance shorter than 10 \im, an atom of gas can be ejected directly outside the

oxide. Similarly, the gas atoms already present in the lattice near a free surface can undergo collisions

of nuclei created by new fissions and be ejected outside the fuel in turn. This second mechanism is

accentuated as the quantity of gas produced increases, particularly in the peripheral zone of the pellet,

where the fission density is the highest.

Within each grain, release depends on diffusion mechanisms of isolated atoms, the

germination of intragranular nanobubbles on the pre-existing defects of the lattice, migration of these

bubbles to the grain boundaries, growth of the bubbles by capture of isolated atoms, or their total

(small bubbles) or partial (large bubbles) redissolution by the recoil nuclei. At the grain boundaries,

gas release involves surface diffusion mechanisms (many orders of magnitude higher than volumetric

diffusion), the germination of lens-shaped bubbles often associated with metallic FP precipitates,

growth and interconnection of these microbubbles on the boundary surfaces, formation of gas tunnels

at triple grain boundaries, leading to the movement of the gas to the free volume of the rod.

In UO2 fuels irradiated to high power and/or high burnup, significant precipitation of fission

gas bubbles occurs in the central zone of the pellets. Micrographie observations (see 5.2.5) show that

this relates partly to precipitation of the intragranular bubbles and also the interconnection of the
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intergranular bubbles. Electronic microprobe measurements show that a growing share of the gas

initially supersaturated in the grains is found in these bubbles, and that a fraction of the gas can be

released into the free volumes of the rod.

5.2.3.4.4.2 MOXfuel

In MIMAS type MOX fuel, the elementary mechanisms of migration and release are similar.

However, the action of these mechanisms is more complex because of the heterogeneous distribution

of the fission gases. The Pu rich agglomerations concentrate a large quantity of gas and FP on

themselves and at their immediate periphery by implantation. Each agglomeration is also the seat of a

very high fission density which accelerates the mechanisms discussed in the previous section, and

generally leads to the appearance of a large quantity of bubbles in the agglomerations ranging in size

from 1 to 10 urn according to the burnup and temperature (see 5.2.6).

5.2.3.4.4.3 Fuel microstructure at periphery (rim)

At medium burnups in the pellet, higher than 45 GWd.t"1, micrographie examinations of the

fuel reveal a complete disappearance of the initial granular structure at the rim of the pellet, associated

with a high increase in porosity in this zone up to 10-15%. In this outer shell of the fuel, called rim,

which is 150 to 200 urn thick, the burnup is 1.5 times on average, and a maximum of three times,

higher than the mean pellet value, while the temperature never exceeds 500 to 700°C during

irradiation. These conditions promote a high accumulation of irradiation damage (local defects and

dislocation loops) which, above a certain energy build-up, cause restructuring into a lattice of very

small subgrains, 0.15 to 0.3 |im, surrounded by micron sized bubbles. The apparent disappearance of

xenon measured by the electronic microprobe in this zone supports the presence of this gas in the

bubbles. On the contrary, it is not currently demonstrated that a significant share of the gas in the

"rim" zone can be released (see 5.2.7 & 5.2.9).

5.2.3.4.5 Changes in the clad

The clad cannot be dissociated from the fuel, because most of the processes occurring there

have consequences on the fuel itself, and also on the fuel element as a whole.

5.2.3.4.5.1 Internal oxidation

As soon as the oxide-clad gap is closed and a strong contact is established, oxidation of the

inner wall of the clad develops due to the affinity of zirconium for oxygen. The ZrO2 layer thus

formed reaches -10 um at 60 GWd.t'1 for UO2 but only 40 GWd.t"1 for MOX (see 5.2.8).

5.2.3.4.5.2 External corrosion and hydriding
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The zirconium alloy clad of PWR fuel elements is in contact with the pressurized water at high

temperature (> 300 °C) of the primary circuit. In nominal operating conditions, it oxidizes uniformly

on its outer wall. The amplitude of the thickness of the oxide layer depends mainly on the temperature

of the clad/coolant interface and the rod residence time in the operating conditions. Oxidation of the

clad is discussed in Chapter IV. The maximum thickness of zirconia formed on a Zircaloy 4 clad is

about 85 to 100 |a.m in the top portion of the rod after five irradiation cycles. This oxide layer modifies

the overall mechanical strength of the clad (reduction of sound thickness) but also causes a significant

drop in its thermal conductivity because zirconia is a very poor conductor of heat. The presence of two

zirconia morphologies, one dense, fine and adhesive to the metal/oxide interface, and the second

porous at the oxide/water interface, can cause the development of circumferential stresses at the

interface of the two morphologies, liable to lead to spalling of the outer layer and locally influencing

the heat transfer of the clad.

Hydriding of the zirconium alloy clad is concomitant with external oxidation. The protons

released by the oxidation reaction diffuse rapidly into the material. A good correlation is normally

observed between the hydrogen concentration of the alloy and the outer zirconia thickness. The

solubility of hydrogen, about 100 ppm at 340°C, is virtually zero at low temperature. Hydrides

precipitate in the Zircaloy and contribute to a sharp deterioration in the mechanical properties of the

material, particularly its ductility and toughness.
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5.2.4 Heath review of rods at the end of the irradiation

This chapter compiles a review of the rods as appearing from nondestructive tests that are

regularly performed on leaving PWR reactors. It is based on a series of results (Lacroix & Jegou,

1996a, b, c, d, e; Lacroix 1997a, b, c, d, e, f; Lacroix, 1998a, b, c, d; Lacroix, 1999a, b, c,; Lacroix &

Jegou, 1995a, b, c, d; Lacroix, 1997a; Lacroix & Martella, 1993; Martella & Lacroix, 1992a, b;

Lacroix & Martella, 1994a, b; Lacroix & Martella, 1996; Martella, 1995) obtained on 67 rods

irradiated for one to five cycles for UO2 fuel, and one to four cycles for MOX fuel. The UO2 rods

exhibit different clad alloys, the most common being Zircaloy 4 and M5.

The measurement methods used and their accuracy are first discussed. The main

characteristics measured on the rods are presented, as a function of the number of cycles,

distinguishing between the type of fuel or clad as required. This description begins with overall

measurements, elongation of the fuel stack and rod, with subsequent details on the outer corrosion and

diameters, given in the form of axial distributions, as well as the fission product distribution.

5.2.4.1 NON-DESTRUCTIVE TESTING METHODS EMPLOYED

Non Destructive Testing methods (Martella, 1995) routinely conducted include:

•S rod length measurement,

S visual inspection,

S zirconia thickness measurements,

S diameter measurements,

S inspection of clad soundness by eddy currents,

•S inspection of the state of the fuel and measurement of the length of the fuel stack by X-

radiography,

•/ axial distribution of fission products by gamma spectrometry.

5.2.4.1.1 Length measurement

This is done by comparison with a 4000 mm long standard, certified by the French National

Testing Laboratory, CEREM in Nîmes, and is estimated by the difference in movement of the carriage

supporting the rod. The accuracy of this measurement (Martella, 1995), is estimated at ± 0.5 mm.

5.2.4.1.2 Visual inspection

Visual inspections are performed on a video cassette recording of the rod which travels under

a dedicated periscope, along four generating lines at 90°, with about two magnification. The film and

the photos obtained from the film are completely identified, without any risk of error. Accuracy on the
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dimension (Martella, 1995), is ± 1 mm. An additional recording, in a wide view and in rotation at the

level of each grid, generally supplements the overall view.

5.2.4.1.3 Zirconia thickness measurement

This is done with a point eddy current probe at high frequency, measuring the insulation

thickness between the probe and the metal surface of the clad. The probe must be perfectly

perpendicular to the generating line measured and its contact with the rod as good as possible.

Positioning defects may be the source of major errors.

The measurement accuracy (Lacroix, 1995), is ± 5 um. By comparison with measurements

obtained from metallographic inspection, the zirconia thickness, if low, is underestimated. The error

on the measurements can thus effectively be this order of magnitude. By contrast, if two consecutive

measurement points are compared, a small difference, even 2 um, is significant. One measurement is

taken every millimeter, from the 100 mm/rod head level to the 20 mm/rod foot level.

5.2.4.1.4 Diameter measurements

These are taken along the same generating lines as the zirconia measurements, with one

measurement every millimeter. The announced accuracy, of ± 5 um, is a high value because the

quality of the keys in contact with the rod and the calibration actually guarantee higher accuracy.

Gross measurement of outside diameter integrates the deformations of the clad as well as the

zirconia thicknesses on the two corresponding generating lines. A calculation is systematically made

giving a "corrected diameter", i.e. the diameter that the clad would have without the formation of

zirconia. This provides values independent of the zirconia thicknesses, representative of changes by

creep and swelling. The accuracy on the corrected diameter is not as good as on the gross diameter.

This is because in addition to other results of the diameter measurement, the calculation uses the two

corresponding zirconia thicknesses and a coefficient derived from the density ratio between zirconia

and zircaloy. The corrected diameter contains an error estimated at ± 10 um.

The corrected diameter values are often compared with the fabrication diameter to express the

relative deformation. An additional error is accordingly estimated, due to the ignorance of the real

fabrication diameter. In fact, even with characterized rods, whose diameters have been measured

before irradiation, values for a precise rod are seldom available. If Framatome does not provide with

the fabrication diameters, it can be estimated that their (nominal) value contains an error of ± 20 um.

This readily leads to a relative error of 30% on the deformation. Hence these values must be used with

discernment. In our ratios, the relative deformations are usually given in absolute value (knowing that

they are in fact negative).

Synthesis on the long term behavior of spent nuclear fuel 9 6



5.2.4.1.5 Clad soundness inspection

This type of inspection serves to detect local defects in the clad: cracks, missing or surplus

material, major metallurgical changes.

Any defects are determined by eddy currents using an encircling coil (Lacroix, 1995), but

without identifying their directions. This inspection is very sensitive to the presence of folds, resulting

in the recording of waves in the pellet pitch. The settings are selected to detect any other defect despite

the interference caused by the presence of these folds.

5.2.4.1.6 X-ray inspection of the fuel stack

X-ray inspection, which consists of a video recording of the image provided by a camera, is

performed on the same principle as visual inspection, with real-time integration of the recordings

concerning the rod examined and the examination level.

The radiation does not penetrate a uranium oxide pellet, even at the dishes. It cannot identify

the state, but can detect the start and end of the stack, the pellets themselves, the spacing between

pellets, even small (0.1 mm), and broken pellets if the fracture is properly oriented.

Absolute accuracy on the dimensions of ± 1 mm is admitted. However, the stack length is

measured by a travel with a better accuracy (Jegou, 1995), ± 0.5 mm.

5.2.4.1.7 Axial distribution of fission products by y spectrometry

This measurement (Lacroix & Leila, 1995) gives the axial distribution of long-lived y emitting

FP, on which the counting statistics are very good. All the interpellet planes are detected - allowing a

count of the pellets - and the large spacings between them, if greater than 1 mm. The length of the fuel

stack can also be estimated, but with lower accuracy than by X-ray inspection.

The main isotopes examined are 137Cs, 134Cs, I06Ru, 144Ce and 154Eu. Due to its half-life of

300 years, 137Cs is the best representative of the axial burnup profile of the rod, provided this element

has not migrated to the cold zones due to operation at a power level higher than the nominal values.

The non-volatile isotopes 106Ru, 144Ce and 154Eu are the best fuel tracers : with a half-life of about one

year, 106Ru and 144Ce provide a good profile of the last irradiation cycle. 106Ru is also an excellent

tracer of Pu (Ducros et al, 1996).

As a rule, the measurements are taken by rotating the rod, to avoid being dependent on a

heterogeneity in the gamma emitter distribution in a cross-section or on the oxide density at a given

level.
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5.2.4.2 ELONGA TION OF THE ROD AND FUEL STA CK

5.2.4.2.1 Rod elongation

Rod elongation is normally an inherent characteristic of the clad. It results from the creation

and distribution of dislocation loops in specific planes of the hexagonal structure of Zr, as well as the

thermal creep and irradiation creep of the clad which is textured.

Figure 46 shows that it varies directly with the burnup for Zy4 clads, up to 40,000 MWd/t. It

then tends to accelerate, reaching values of 0.8 % at 50,000 MWd/t. 5R clad rods are 0.5% longer after

five irradiation cycles, but the elongation reaches this limit from the fourth cycle.

The tendency observed in M5 clad rods is rather the reverse of the stress relieved Zy4 clads.

The elongations are fairly high in the first and second cycles, but then increase more slowly. The

differences between the different types of clad are only pronounced after 40,000 MWd/t. For a given

alloy, the values are relatively little dispersed.

• Zy4

• M5

Burnup (GWd . t1 )

Figure 46: Rod elongation as a function of burnup

5.2.4.2.2 Fuel stack elongation

The elongation of the stack formed by the fuel pellets is basically inherent in its composition,

UO2 and MOX. It reflects the longitudinal swelling. The two elongations, of the rod and stack, are

nonetheless linked in case of mechanical interaction between the pellets and the clad, with fixing of

the pellets. It is also indispensable to distinguish between the different types of clad to explain the

stack elongations (Figure 47).
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Figure 47: Elongation of fissile stack as a function ofburnup

For MOX type fuel, stack elongations are virtually nil up to the end of the second cycle, due to

greater densification. They then increase linearly, reaching values of 0.6 to 0.8% after four cycles.

Dispersions are rather high because the types of MOX fuel (composition, Pu content) are also fairly

varied, but no significant difference is observed between the batches.

On the contrary, the variations observed in UO2 fuels are much greater, depending on the type

of clad. UO2 rods with Zy4 clad display the highest stack elongations, more than the elongations

measured on MOX. Stack elongations of M5 clad rods display exactly the same shape as the rod

elongations, i.e. high values at two and three cycles, followed by a slowdown at four cycles. As to the

5R clad rods, the stack elongations at five cycles are less than 0.3%, hence extremely low. The texture

of these clads, less sensitive to growth, explains these low values, rather than the influence of the

irradiated fuel. This assumption also explains why the rod and fuel stack elongations with M5 clad

rods are so similar. On this type of rod, incipient mechanical interaction occurs between the clad and

pellet from the first cycle, but is less pronounced than with Zy4.

5.2.4.3 EXTERNAL ROD CORROSION

Corrosion is uniform on all the irradiated rods, higher on Zy4 clad than on the other alloys.

However, the latter sometimes display local corrosion also superimposed on the uniform corrosion.

5.2.4.3.1 Zy4 clad rods

Examples of axial zirconia thickness distributions, measured on rods with one to five cycles

(Figure 48) reveal an increase up to stage 6, followed by a decrease on the last two stages, with an

increasing curvature at each stage. This shape is explained by the steady rise in outside temperature
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from the bottom to the top of the rod, and by the decrease in the metal-oxide interface temperature at

the grids and at the rod ends. The overall increase in oxide thickness as a function of burnup is

primarily a consequence of the temperature holding time in contact with the coolant.
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Figure 48: Zy4 dads - Axial changes in zirconia thickness as a function of number
of cycles

The zirconia thicknesses in stage 6, the most corroded, can exceed 100 pm after five

irradiation cycles. Wide disparities are sometimes observed from one generating line to another, on the

same rod (Figure 49). In this example, the fact that the generating lines displaying the same zirconia

thicknesses are diametrically opposed, is difficult to explain by the orientation to the thimble guides,

which is often advanced as the underlying cause.

An examination of the raw measurements, without smoothing on ± 5 mm, reveals rapid

variations in the zirconia thickness measurements at the pellet interfaces. For the most irradiated rods

(four and five cycles), the presence of extra zirconia thicknesses at the pellet interfaces is systematic in

the higher stages of the rod (Figure 50). Some rods display decreases in zirconia thicknesses at the

pellet interfaces in the lower stages.
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Figure 49: Zy4 rod irradiated for 5 cycles — Example of axial zirconia thickness
distributions along four generating lines.
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Figure 50 : Stage 6 of a Zy4 rod irradiated four cycles - Detail of an axial raw
zirconia thickness distribution along four generating lines.

During visual inspection, the uniform corrosion of the Zy4 clads leaves no specific visible and

interprétable traces. Many changes in color are generally observed, often at the grids, and all sorts of

stains sometimes imparting a mottled appearance to the rod.

Spalling is clearly observed visually, also revealed by the differences in zirconia thickness,

liable to appear from four cycles at stage 6. It occurs in the form of small marks in the zirconia

thickness, with rounded edges, increasing elongated and closer together on the rods with five cycles.

However, depending on the batch of clad and perhaps on the irradiation conditions, spalling is not

systematically observed on Zy4 class rods irradiated for five cycles.
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5.2.4.3.2 Rods with M5 and 5R dads

All the M5 clads, irradiated from one to four cycles, and the 5R clad rods, are roughly

corroded much less than the Zy4 clads (Figure 51).
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Figure 51 : Examples of smoothed axial zirconia thickness distributions for three
types of clad. Rods irradiated 4 cycles.

On the M5 rods, the average zirconia thicknesses at stage 6 do not exceed 20 um after four

cycles. However, corrosion displays a particular appearance at the grids, especially the lower grids.

The zirconia thicknesses may be higher in places, up to 30 um, on the localized corrosion sites.

Comparing the visual examinations with the zirconia thickness measurements, the presence of halos of

varied shape is observed, of which the pale edge corresponds to the zirconia surplus thicknesses. This

corrosion first develops at grids 2 and 3 from two irradiation cycles, and then includes grids 4 and 6 as

well as stage 1 after four cycles.

5.2.4.4 DIAMETER MEASUREMENTS

The values of the outside diameters provide information on high temperature pellet-clad

contact, and indirectly on the fuel deformations. After one irradiation cycle, the rods display helical

ovalization resulting from the preparation process, liable to exceed 0.1 mm (Figure 52). This

ovalization is an indication of the persistence of the pellet-clad gap at high temperature. In general,

this gap is closed from the second irradiation cycle for Zy4 and the third cycle for M5. However, this

is not systematic, since this attenuated ovalization subsists in the upper half of certain rods after two

cycles, and even exceptionally after three cycles.
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Figure 52 : Axial variations in diameters of a rod irradiated one cycle.

Once the pellet-clad gap is closed, the clad displays folds at the inter-pellet plane, i.e. small

local increases in diameter, of 10 to 15 um, due to strong mechanical interaction at high temperature

between the clad and the hourglass shaped pellets (Figure 53). The presence of these primary folds is

not systematic on rods irradiated four cycles, but is normal for five-cycle rods, on which small

secondary folds can also be observed at the median plane of the pellets.
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Figure 53 : Details on the axial distribution of the mean diameter on a rod
irradiated three cycles.

Relative decreases in clad diameter, calculated from the diameters corrected for the zirconia

thicknesses, result from creep under pressure of the coolant, until the pellet-clad gap is closed. They
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are generally in the range of 0.5% at one cycle, and advance up to 1% after two cycles. During the

subsequent cycles, swelling of the fuel causes the diameter to increase, reducing the previous

deformations. This pattern is not valid at a rod end, where clad creep and fuel swelling are much more

significant. The real outside diameter, as measured, can finally exceed the fabrication diameter (Figure

54).
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Figure 54 : Axial variation in diameters after correction for zirconia thickness on a
rod irradiated 5 cycles.

The deformations display wide dispersions depending on the burnup. They are smaller for

UO2 fuels than for MOX, which indicates a lower densification of the UO2 pellets. This is consistent

with the stack elongation measurements for Zy4 clad rods.

5.2.4.5 AXIAL FISSION PRODUCT DISTRIBUTIONS

This is a qualitative examination. It is normally considered that the axial 137Cs distribution

attests to the variation in burnup along the rod. The axial 137Cs distribution is generally fairly flat on

stages 2 to 6, with relative decreases at the grids of about 10% (Figure 55). The count rate drops on

stages 1 and 7, reaching about 50% of the plateau count rate. Small increases are observed on the end

pellets, due to the rise of the neutron flux. Decreases at the interpellet locations are due to lacks of

material (bevels and dishes), and do not reflect drops in burnup. This axial distribution of y emitters

helps identify the dimensions of the pellets, precisely situating the deformations or zirconia thickness

variations with respect to the pellets, and allowing the correlation of certain processes connected with

the presence of the interpellet distances.

Synthesis on the long term behavior of spent nuclear fuel 104



1.4 -r

a:

Figure

1000 2000 3000 4000

Axial distance (mm/rod bottom)

55 : Axial distribution of isotope J37C on a rod irradiated 5 cycles.

•134/The axial distribution of '^Cs, which results from a neutron capture by 133Cs, is different from

that of 137Cs, particularly at stages 1 and 7, because it is more proportional to the square of the burnup.

Thus the decreases in the count rate and the rod ends are greater, around 70%.

Short-lived FP, like 106Ru and 144Ce, display fairly different axial distributions, representative

of the power at end of life of the rod in the reactor.

On certain MOX rods irradiated for four cycles, the interpellet distances at the top of the rod

are substantially decreased for the two cesium isotopes only. This is explained by a migration of this

element towards the cold spots, i.e. the interpellet spaces.
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5.2.5 Condition of pellets

5.2.5.1 PELLET MORPHOLOGY

5.2.5.1.1 Before chemical development

Macroscopic examinations provide a good image of the pellets in the clad after irradiation.

The following are easily identified from a cross-section (Figure 56) :

radial cracks which fragment the fuels into six to ten sectors, sometimes more (see 5.2.7) ;

porosity of the fuel, first consisting of the large pores deliberately produced in fabrication

by the introduction of the pore-forming agent and the fine porosity which diminishes

towards the center of the pellet, i.e. with the increase in temperature ;

in cold conditions, a gap between the pellet and the clad for burnups lower than 50

GWd/tHM. For higher burnup, the gap disappears, the pellet being joined to the clad via a

zirconia layer that has formed on its inner surface (see 5.2.8) ;

a zirconia layer on the outer surface of the clad produced by corrosion of the alloy by the

coolant (see 5.2.8).

In MOX fuels (Figure 57), the Pu rich agglomerates lying in a ring corresponding to r/r0 > 0.4

are distinguished by a high local concentration of fine pores. This is why they appear in the form of

dark spots in the macrographies. After three cycles in the reactor, or slightly over 40 GWd.t"^ the

pellet-clad gap has been filled in operation: a zirconia layer on the inside of the clad is present and a

small residual cold service gap persists.

On a longitudinal section (Figure 59), the initial morphology of the pellet appears to be

preserved after irradiation: the dishes and bevels are preserved. The pallet is fragmented along two

transverse planes, dividing the length of the pellets into three parts. The overall radial and transverse

cracks ultimately lead to the creation of 15 to 20 fragments per pellet.

5.2.5.1.2 After chemical development

Chemical attack specifically develops the UO2 grains, revealing a central zone in the

macrographies, appearing in a darker gray :

in the form of a disc at the center of the pellet on a cross-section (Figure 58).

in the form of a band, slightly barrel-shaped, symmetrical about the pellet centerline on a

longitudinal section.
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Intragranular precipitation of fine gas bubbles has occurred in this central zone, revealed by

chemical attack, magnifying the size by a larger corrosion pattern, and also exacerbating the number

by the many planes cleared by the depth of attack.

The boundary of this zone is not diffuse but is positioned to within one grain, i.e. to closer

than 10 |im. Given the thermal gradient which reaches 100 K.mm"1, this limit describes an isotherm to

the nearest K. After this chemical attack, a peripheral layer of the pellet appears darker than the rest of

the sample. Here also, the pore density is high but different from that of the central zone. This is a

particular structure of the fuel called rim (see 5.2.8).

This type of chemical attack, specific to UO2, has no effect on the Pu rich agglomerations. By

contrast, they are easily identified in the pictures. In-core irradiation has not caused them to disappear.

However, their identification, even with this method, helps relate the presence of the agglomerations

with high local bubble concentrations.

Another type of chemical attack is employed to develop the hydrides in the clad. They are

directed circumferentially, and the density is higher nearer the outer surface.

Figure 56 : Cross section of a
3 cycles UO2 (without

chemical attack)

Figure 57 : Cross section of a
MIMAS MOX ex A UC icy des
(without any chemical attack)
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Figure 58 : Cross section of a
5 cycles UO2

(after chemical attack)

Figure 59 : Longitudinal cross
section of a 5cycles UO2
(after chemical attack)

5.2.5.2 FUEL MICROSTRUCTURE

The alignment of the photographic pictures taken along a radius of a UO2 pellet helps

distinguish four main concentric zones, from the center towards the periphery:

S 0 < r/r0 < -0.50: This is the zone of intragranular precipitation of small bubbles. Others of micron

size are present at the grain boundaries.

S -0.50 < r/r0 < 0.90: This zone, which has preserved the initial microstructure, is the memory of the

fabrication. However, the grain boundaries are easily revealed by chemical attack. Grains are

frequently dislodged if attack is excessively prolonged. This results from the accumulation of

fission gases at the grain boundaries without the appearance of gas bubbles that are visible by

optical microscopy or SEM: this segregation results in atomic layers on the grain surfaces.

•f 0.90 < r/ro < 0.96: This zone is identical to the previous one but sometimes displays small sticks or

needles, revealed by chemical attack, their shape recalling that of the U4O9 rods in a UO2+X

hyperstoichiometric fuel with x < 0.25. These needle-shaped defects are decohesion zones along

the [111] planes as suggested by Thomas et al. (1992). Other experiments by Dehaudt et al. (1996)

and by J.H. Davies (Davies et al., 1999) et al. have confirmed the absence of U4O9 germination in

the irradiated UO2+X fuel: starting with hyperstoichiometric UO2.01 to UO2.05 fuels which clearly

displayed the characteristic needles of this phase, irradiations caused the needles to disappear
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regardless of the precautions observed to prevent any oxygen transfer to the clad. No hot cell

annealing or power transient has favored the germination of the U4O9 needles.

S 0.96 < r/ro < 1: This zone, 75 to 140 |j.m thick, is very porous. The bubbles have an average size of

1 um and add more than 10% local porosity. The grain boundaries are no longer revealed by

specific chemical attack of UO2 due to a high local Pu concentration.

In MOX fuels, the microstructure displays many differences. Two concentric zones can be

identified, from the center to the periphery:

•S 0 > r/r0 > 0.50: This central zone contains no intragranular precipitation of fine gas bubbles in the

UO2 grains, which could be revealed by chemical attack. The Pu rich agglomerates are

unidentifiable by the optical microscope from the rest of the matrix. They are dense, with grains of

standard size but exhibiting a large cavity or pore at their center.

S 0.50 > r/r0 > 1: The Pu rich agglomerations are excessively porous and display a rim type structure.

The pore size decreases and the number increases from the hotter zone to the colder periphery. The

UO2 matrix appears unchanged. However, no restructuring of the rim type is present continuously

along the entire periphery. It only exists in the UO2 grains adjacent to a Pu rich agglomerates,

which is itself restructured.

Shiny precipitates of metallic appearance, consisting of the elements Mo, Ru, Tc and Rh and

Pd (see 5.2.6), are easily identified by metallographic inspection:

in the central part of the UO2 pellets where the temperature is high enough.

in the rim or the Pu rich agglomerations of MOX where the burnups are very high.

The zirconia layer between the pellet and the clad is identified without chemical reagent. The

interface between the zirconia and the fuel and between the zirconia and the clad display a wavy

surface. The zirconia on the outside of the clad displays a first dense layer in contact with the clad 3 to

4 um thick, followed by a second thicker, porous layer, apparently consisting of many strata separated

by thin wavy cracks, oriented circumferentially.
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60 : Evolution of the micrography of a 5cycles UO2 (after chemical attack)
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Figure 61 : Micrography for r/r0 ~ 0,3 of a 5 cycles U02 - guide (D -(after
chemical attack)
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Figure 62 : Micrography for r/ro ~ 0,5 of a 5 cycles UO2 at the boundary (blue
line) of the zone where the bubbles precipitate whithin the grains - guide ® -(after

chemical attack)
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Figure 63 : Micrography for r/r0 ~ 0,9 of a 5 cycles UOJ - guide ® showing the
acicular defaults which look like U4O9 crystals but are decohesions -(after

chemical attack)
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Figure 64 : Evolution UO2 of the microstructure of a MIMAS MOXexAUC 3
cycles (without any chemical attack)
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5.2.5.3 FRACTOGRAPHY INSPECTION BY THE SCANNING ELECTRON MICROSCOPE

5.2.5.3.1 Examinations of U02 fuels

Dehaudt et al. (1994) made a review of many SEM observations of fractographies in U02

fuels, their analyses supported by metallographic inspection. The samples observed were taken from

PWR operating in nominal conditions, or experimental fuels. Although some of them underwent

transients, most of them experienced steady state conditions of temperature, even virtually isothermal.

The range covered extends from 0 to 60 GWd.t"' and from 400 to 1800°C. This document focuses on

the temperature range normally encountered in PWR.

Four observation criteria were selected to account for the microstructural changes

accompanying the migration and release of fission gases:

S the inter- or transgranular fracture faciès;

S the presence and shape of bubbles at the grain boundaries;

S the presence and size of channels at the triple boundaries;

S the existence of metallic precipitates of fission products (see 5.2.6), analyzable by EDS.

The deeply modified zone which appears in a high concentration at the periphery of the pellet,

called rim, is not included in the following analysis of these criteria. Its case will be addressed later.

5.2.5.3.1.1 Fracture fades

For an un-irradiated UO2 pellet, fracture is always transgranular. However, the fracture faciès

of irradiated fuel is primarily intergranular. Yet transgranular fractures are still observed below a

temperature limit which decreases with rising burnup. The transgranular fracture domain narrows

above 10 GWAt"1: the temperature drops from 1100°C to 580°C at 24 GWd.t4, then to 500°C at 60

GWdt"1. The fracture mode is also observed to become transgranular again in the central zone of the

pellets with the intragranular precipitation of fine bubbles, requiring a burnup of at least 30 GWd.f'.

As a rule, the brittleness of the fuel goes hand in hand with the presence of an intergranular fracture

faciès.
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Figure 65: Influence of burnup and temperature on fracture fades

5.2.5.3.1.2 Fission gas bubbles

Apart from the fabrication porosity, no intra- or intergranular gas bubble has been detected by

scanning microscopy:

S below a limit defined by the points: 10 GWdf1 - 1000°C and 30 GWdt"1 - 800°C

S if the temperature remains below 700°C regardless of the burnup.

Above the limit, for burnups below 22 GWd.t"1, small bubbles of irregular shape and

sometimes facetted are observed from 1200°C at the grain surface. However, it is impossible to

determine whether facetted bubbles exist in the central part of the fuel due to the transgranular fracture

mode occurring in the intragranular bubble precipitation zone. In general, a faceting of the open grain

boundary planes is encountered, but cannot be referred to as bubbles.

Above 1150 to 1200°C, at over 20 GWd.f\ bubbles are readily observable. They are lens-

shaped at the grain boundaries and larger with higher temperature. They interconnect or coalesce to

form large channels at the triple boundaries (see 5.2.9).
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Figure 66: Influence ofburnup and temperature on the presence of bubbles

5.2.5.3.1.3 Presence of channels at the triple boundaries

Owing to the transgranular fracture mode at low temperature, it is difficult to observe the triple

boundaries. However, the fracture surfaces which intercept them fail to reveal the presence of channels

observable by SEM, no matter how fine they may be. Below 1250°C for burnups higher than 10

GWd.t"' and above 500°C for burnups higher than 22 GWd.t-1, fine channels highlight the grain

boundaries. Their diameter is less than a few tenths of um and they appear to mark the intersection of

the boundary surfaces of the more or less decohesioned grains. This separation of the surfaces, even if

very narrow, results in a faceting at the higher burnups. This process reflects the segregation of gases

at the grain boundaries where they accumulate at the triple boundaries. Above 1250°C, as soon as the

burnup is sufficient, the channels widen with higher temperature, reaching 1 um or more in diameter.
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Figure 67: Influence ofburnup and temperature on the presence of channels at the
triple boundaries

5.2.5.3.1.4 Precipitates of metallic fission products

It is relatively easy to analyze the metallic FP precipitates Mo, Ru, Tc, Rh, Pd above 1150°C

for burnups higher than 22 GWd.f1. This is the same domain as the appearance of large lens-shaped

bubbles at the grain boundaries. As a rule, these precipitates tend to burst the bubbles. They range

from a few tenths to a few um in diameter, increasing in size with rising temperature. Very fine

metallic precipitates are also found in the zone of the facetted bubbles which they perforate.

Below 1150°C, more and more very small precipitates are observed as the burnup increases.
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Figure 68: Influence ofburnup and temperature on the presence of metallic
precipitates
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Figure 69 : Example of intra-granular rupture with some very thin canals at the
triple grain boundaries in the intermediate zone of the pellet

Figure 70 : Example of trans-granular rupture in the zone of intra-granular
precipitation of thin bubbles

5.2.5.3.2 Examinations of AUC MOX fuels

SEM examinations of fractographies of AUC MIMAS MOX rods are rare. Observations are

available on a three-cycle fuel, allowing proper visualization of the microstructure of the

agglomerations and the UO2 matrix. On the peripheral two-thirds of the pellet, the agglomerations
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display many pores and a structure with small fragmented grains: the appearance of these

agglomerations is similar to the rim (Figure 71).

Figure 71: Agglomeration of a three-cycle AUC MOXat 1200jum/fuel edge (1999)

The pore size increases and the number of pores decreases as the position of the

agglomerations approaches the center of the pellet. Two categories of grains are distinguished:

angular and faceted grains about 1 um in size, and around the pores, rounded submicron grains

(Figure 72).

Figure 72: Detail of an agglomeration at 1200/um /fuel edge

In the central third of the pellet, the agglomerations are no longer distinguished from the

matrix. The very porous fragmented structure has disappeared, the (UPu)O2 grains having the
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same size as the grains of the adjacent UO2 matrix. WDX imaging must be used to identify the

agglomerations of the UO2 matrix (Figure 73).

Imaee électroniaue ïmnap Y Hn Plutonium

Figure 73 : (U,Pu)O2 agglomerations of a three-cycle AUC MOX at center of fuel

On the whole, the microstructure of the UO2 matrix is similar to that of a standard UO2

fuel. Note however that the UO2 grains adjacent to the agglomerations at the periphery of the

pellet are subdivided (Figure 74). Under the influence of the kinetic energy communicated

during fission, the fission products created in the neighboring agglomeration are implanted in

the UO2, and their concentration rises locally to a sufficient extent to cause the subdivision of

the UO2 grains.

Figure 74: Detail of a UO2 grain at the edge of a peripheral agglomeration
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5.2.6.1

5.2.6 Chemical and structural composition of the spent fuel

INTRODUCTION

The variation in the chemical composition of UO2 and (U,Pu)O2 fuels results from the fission

of the isotopes of U and Pu, according to the thermal and fast components of the neutron flux. The

relative contribution of the main isotopes to the number of fissions is taken from the work of Deffain

(1992).

Fuel

Burnup (GWd.W1)

235U

235U

2 3 8 u
2 3 9Pu

2 3 9Pu

2 4 0Pu

2 4 I Pu

2 4 1Pu

2 4 2Pu

<j) the rmal

<|>fast

<|> fast

<)> the rmal

()) fast

<t>fast

<)) thermal

<j) fast

§ fast

UO2 at 4.5% 235U

36

34.3%

8.7%

8.1%

35.9%

3.8%

0.1%

7.6%

1.5%

-

48

25.5%

6.1%

8.7%

41.8%

4.3%

0.1%

11.3%

2.1%

-

60

17.6%

3.9%

9.4%

46.9%

4.6%

0.2%

14.7%

2.6%

0.1%

MOXatl0%Pu

36

0.6%

0.7%

8.2%

45.7%

19.4%

1.0%

12.8%

11.7%

0.2%

48

0.6%

0.6%

8.2%

44.6%

17.3%

1.0%

15.0%

12.5%

0.2%

60

0.6%

0.6%

8.4%

43.7%

15.5%

1.0%

17.1%

13.0%

0.2%

Table 11: Relative contribution of different isotopes to fission, for UO2 andMOX
fuels, as a function of burnup.

The chemical composition of the irradiated fuel is the result of three effects:

i. decrease in the U and/or Pu content associated with fission

ii. production of other isotopes of U and Pu as well as various additional actinides Am, Np, Cm, etc

iii. creation of many fission products (two per fission, three in a very small proportion).

As a consequence, for a fission rate of N atoms per 100. the final quantity is 100+N atoms.

The inventory of actinides and fission products, compiled from fission yield calculations, is

first presented. The results of local microanalyses by Castaing microprobe and by radiochemistry help

to confirm the matching of calculations with measurements.
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A classification of the elements will be provided on the basis of compounds likely to be

formed at thermodynamic equilibrium. These results will be compared with the observations and

microanalyses on irradiated fuels. An analysis of the variation in the mesh parameter will then serve to

support a discussion on the most probable location of the fission products and the creation of

irradiation defects.

Whereas each fission produces twice as many cations or elements as heavy nuclei which

disappear, the quantity of oxygen in a sealed rod remains constant. Thus the oxygen content, denoted

by the initial ratio O/U or O/M (M = U + Pu), also varies with the concentration of cations or elements

which contribute to the constitution of the crystal lattice. Depending on their valence and location in

the fluorine mesh, the valence of uranium can be adjusted by three degrees of oxidation (+IV, +V and

+VI) which this element is likely to assume. The evaluation of the O/M ratio is discussed. A review of

the change in the oxygen potential, before and after irradiation, will be made from measured values.

5.2.6.2 CHEMICAL COMPOSITION

5.2.6.2.1 Inventories of actinides and fission products calculated with the CESAR code

CESAR code calculations are made on all the isotopes of each element (see first sub-

program). For this summary concerning irradiated fuel chemistry, Table 15 to Table 17 give the data

on each element as follows:

S mass fraction: mj/Emj (with Emi = 11 of initial heavy metals)

•S gram atomic number per ton of initial heavy metals: n;/ Sm;

•S atomic fraction referenced to the initial number of atoms: n;/ Enj(t=0)

S atomic fraction referenced to the number of atoms at time t: n; / Dni(t), where Sn;(t) = Sn;(t =tO) +

nb fissions

The fission yields are given in Table 18. However, these mass and atomic fractions do not

account for the mass or the corresponding number of oxygen gram atoms, knowing that there are two

atoms of O per atom of initial actinide according to MO2 with M = U or U+Pu or U+Pu+Am. Table 19

hence completes this series by giving the mass fraction referenced to MO2, hence the balance £irij(t) =

M/MO2.

These inventories were determined for three types of fuel in the following conditions:

• a UO2 fuel containing 4.5% 235U;

S a MOX initially containing 10% Pu;
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S a homogeneous component (U,Pu)O2 containing 25% Pu initially to simulate the Pu rich

agglomerations of MIMAS MOX.

The first two fuels produced 60 GWd.tM"1 after six cycles in the core. The third case is

examined to reconstruct the specific situation of MOX in which fission occurs chiefly in the Pu rich

agglomerations: the burnup there is evidently higher than the mean value in the pellet. A burnup of

150 GWd.tM"1 was selected, corresponding to a mean of 60 GWd.tM1 for a MOX. In all cases, the

calculation is made after cooling of 2 and 100 years following the end of the last cycle in the reactor.

The inventory of all the FP isotopes and actinides is compiled, followed by a grouping by

atomic element in six main classes, which resume the classification of H. Kleykamp (1985) (§ 5.2.6.3)

but without adhering to it completely..

5.2.6.2.1.1 Case of UO2 fuel

It may first be observed (Table 15) that the proportion of major classes of actinides or FP does

not change between 2 and 100 years of cooling, with the following mass fractions:

• actinides 93.83%;

• lanthanoids 1.83%;

• "oxide precipitates" class 1.60%;

• metallic precipitates 1.64%;

• gases and volatile elements 1.06%;

• class consisting of some metalloids 0.0096%.

With a fission rate of 6.02% (see summation at the bottom of 9th and 10th columns of

Table 15), it may be said that the four main classes of FP have approximately the same weight. Thus

the overall chemical composition of UO2 fuel changes extremely little during the cooling period

considered. However, within these classes, the proportion of certain elements changes to the benefit of

others by decay of certain isotopes:

/ by a decay for actinides; the Am, Np, Pa ,Th and Ra contents increase, those of Pu and Cm

decrease and the U content remains constant.

S by (3- decay for FP; 137Cs disappears in favor of 137Ba and 90Sr if favor of 90Zr via 90Y.

The variation in radioactivity connected with the presence of some FP isotopes and actinides

must not mask the stability of the chemical composition, associated with a majority of actinides of

which the transmutation is very slow in comparison with the storage periods, and the existence of a

high proportion of stable FP. Thus the main two chemical changes anticipated during storage concern

the conversion of part of the Cs (valence +1) to Ba (valence +11), and a part of Sr (valence +11) to Zr

(valence +IV). This occurs within the same class: "oxide precipitates". Added to this is the production

of helium produced by a decay of the actinides.
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5.2.6.2.1.2 Case of MOX

• Compared with a UO2 fuel at the same burnup, the changes in overall and 93.83 for UO2;

naturally the proportions of U and Pu are modified, one in favor of the other, while the

sum of the two is approximately identical between the two types of fuels;

• the mass fraction of lanthanoids in MOX (1.64%) is slightly lower than in UO2 (1.83%);

• similarly, the mass fraction of the class of "oxide precipitates" is smaller for MOX

(1.36%) than for UO2 (1.60%): the difference primarily stems from Zr and Sr;

• by contrast, the mass fraction of metallic precipitates is higher for MOX (1.97%) than for

UO2 (1.64%), the difference mainly concerning Ru, Rh and Pd;

• the mass fraction of gases and volatiles is relatively unchanged: 0.99% for MOX and

1.06% for UO2;

• the mass fraction of some metalloids decreases but its contribution is very small.

Thus at these burnups, few differences between MOX and UO2 affect the total inventory of the

elements, although the fission yields between Pu and U are different for some isotopes (see

5.2.6.2.1.4). This is not surprising insofar as 69% of the fissions, in a UO2 at 60 GWd.t"1, are provided

by Pu produced by the activation of 238U. However, differences occur locally through accumulations of

actinides and FP in the Pu rich agglomerations of MOX (see 5.2.6.2.1.3).

It is also confirmed that the chemical composition is unaffected between 2 and 100 years. The

a and P transmutations concern a few rare isotopes - the same as for UO2 - and are circumscribed in

the same classes.

5.2.6.2.1.3 Case of Pu rich agglomerations

This case cannot be compared directly with those of UO2 and MOX fuels because the burnup

is comparatively higher than for these fuels (150 instead of 60 GWd.t"1), but it helps evaluate the FP

and actinide content of the Pu rich agglomerations of MOX fuels (Table 17). It turns out that the

content of the different classes of FP, in comparison with MOX, are proportional to the burnup

(150/60 = 2.5) with the following mass fractions:

• actinides only 84.8%;

• lanthanoids 4.07%;

• "oxide precipitates" class 3.24%;

• metallic precipitates 4.97%;

• gases and volatiles 2.51%;

• for some metalloids, it is 0.016%.
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The cationic atomic fraction of actinides not including U represents 12% and that of

lanthanoids 6%: this is reflected by doping by the substitution of at least 18% UO2 for U in the

fluorine lattice.

Examining the fission yields (Table 18), there is little difference between these results and

those obtained for MOX at the same fission rate. Fissions in a MOX are provided by Pu, since the U is

depleted, and the UO2 matrix contributes little to the total burnup.

5.2.6.2.1.4 Fission yields

The fission yield of an element at time t is defined here by the ratio of the number of atoms of

this element present to the number of fissions. Hence it depends on the type of fuel, its isotopy, the

irradiation conditions and the burnup, as well as the cooling time.

The small difference in yields between MOX and the Pu rich agglomerations is first confirmed

(Table 18).

When fission is provided by Pu, the fission yields are low for all the classes with the exception

of metallics. This explains the more oxidizing fission of Pu insofar as the quantity of oxygen, which is

constant, is allocated to a smaller number of cations.

The elements most affected by the source of the fission include:

•/ Zr, Sr, Rb and Cs;

S platinoids Ru, Rh and Pd;

V Kr.

5.2.6.2.1.5 Comparison with data in the literature

Without trying to make a comparison of the computer codes for creating actinides and FP, this

section presents a number of inventories on which other authors have worked. Kleykamp (1985) gives

the FP concentration produced during fission, by fast neutrons, for a fission rate of 1 at% and 1 year of

cooling (Table 12). These results can be compared with those of Table 19, considering the relative

contribution of U and Pu fissions (

Table 11), and the total fission of 6.2% for UO2 and 6.0% for MOX.
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Fission
product

Kr
Rb
Sr
Y
Zr
Nb
Mo
Te
Ru
Rh
Pd
Ag
Cd
In

Concentration (ppmj

U-235

120
130
260
180

1000
7

890
HO
480
130
110

8
8
1

Pu-239

60
60

100
60

650
7

790
210
800
230
580
80
35
4

Fission

product

Sn
Sb
Te
I
Xe
Ci
Ba
La
Ce
Pr
Nd
Pm
Sm
Eu

Concentration (ppm)

U-235

32
14

140
80

1050
960
390
290
690
340
980
90

140
20

Pu-239

35
M

170
100

1150
950
310
260
630
260
870
110
220
40

Table 12: FP inventory in ppm oxide per % fission in fast flux and after one year of
cooling after Kleykamp (1985)

Kurosaki et al. (1999) use the ORIGEN-2 code to calculate the FP and actinide concentrations

of stoichiometric UO2 and MOX fuels containing 6.1% PuO2, in light water reactor conditions, for

burnups of 55 and 100 GWd.t"1, followed by five years of cooling (Table 13). The data on the main

elements at 55 GWd.f1 are identical to those obtained with the CESAR code (Table 15 and Table 16)

(at.%)

U

Pu

Zr*

Mo*

Ru*

Cd*

Te*

I*

a*
Ba*

Nd*

(KrandXe)

55 GWoVt

UO,

88.14

1.06

1.37

\n
1.86

0.08

0.17

0.08

0.88

0.74

2.72

1.64

(Uo.,»PiK>.o<i)01

78.86

10.56

1.09

1.17

2.36

0.13

0.22

0.10

1.11

0.60

2.49

1.32

100GWd/t

UO, ( l

80.24

1.17

2.12

2.13

3.70

0.21

0.30

0.13

1.38

1.23

4.53

2.85

b.»»Puo.<».)0,

70.51

11.08

1.87

2.04

4.17

0.23

0.37

0.17

1.90

1.06

4.31

231

Total 100.00 100.00 100.00 100.00

Table 13: Atomic fraction compared with elements (not including O) ofFP and
actinides in LWR at 55 GWd.t-1, after Kurosaki et al. (1999)

Zr* represents Zr + Nb
Mo* Mo + Tc
Ru* platinoids
Cd* Cd + Sn
Te* Te + Se + Sb
I* I + Br
Cs* Cs + Rb
Ba* alkaline earth metals
Nd* rare earths
U and Pu actinides

Imoto (1986) gives the table of fission yields calculated with the ORIGEN code (Table 14)

whose values are in good agreement with those of the CESAR code (Table 18). The influence of

fission in a fast flux (FBR: Fast Breeder Reactor) results in a greater abundance of noble metals or

platinoids.
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s»
Kr
Rb
Sr
Y
Zr
Nb
Mo
Te
Ru
Rh
Pd
Te
1
Xe
Cs
B»
La
Ce
Pr
Nd
Pm
Sm
Eu

Total

Bumup (MWd/l)

3630

0.0021
0.0356
tt0337
0.1132
0.OS33
0.3038
0.0134
0.1947
0.0591
0.1416
0.0188
0.0232
0.0222
0.0U1
0.2621
0.1415
0.0779
0.0656
0.1802
0.0458
0.1500
0.0168
0.0197
0.0026

1.9920

10890

0.0051
0.0338
0.0319
0.0923
0.0464
0.2911
0.0088
0.2178
0.0599
0.1418
0.0277
0.0391
0.0220
0.0110
0.2656
0.1454
0.0711
0.0638
0.1608
0.0528
0.1634
0.0127
0.0210
0.0040

1.9892

21780

0.0051
0.0329
0.0306
0.0816
0.0417
0.2788
0.0043
0.2286
0.0588
0.1450
0.0281
0.0590
0.0231
0.0117
0.2687
0.1448
0.0708
0.0627
0.1462
0.0546
0.1734
0.0079
0.0210
0.0060

1.9854

33000

0.0052
0.0334
0.0305
0.0765
0.0395
0.2705
0.0028
0.2305
0.0571
0.1464
0.0251
0.0761
0.0240
0X1123
0.2705
0.1419
0.0727
0.0619
0.1385
0.0551
0.1793
0.0052
0.0200
0.0072

1.9822

48000 FBR

0.0028
0.0195
0.0168
0.0405
0.0212
0.1939
0.0047
0.2066
0.0580
42311
0.0585
0.1193
0.0317
0.0193
0.2283
0.2009
0.0684
0.0S80
0.1264
0.0514
0.1448
0.0166
0.0356
0.0060

1.9603

Table 14: Fission yields in light water reactor and FBR after Imoto (1986)
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Element

Actinides
Ra
Th
Pa
U
Np
Pu
Am
Cm
Bk
Cf

total actinides

- Material balance in gram/TMLi -or pp

before "J
irradiation i

1.000E+06

1.000E+06

Rare earths -Lanthanoids
Y
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho

total lanthanoids

Oxide precipitate!

Zr
Nb
Rb
Cs
Sr
Ba

total oxide precip

Metallic
Mo

Tc
Ru
Rh
Pd

Ag
Cd
In
Sn
Sb
Te

total metallics

Gases&volatiles
Br
Kr
1

Xe
total gases&volat

Metalloids
Ge
As
Se

total metalloids

grand total

tates

es

1.000E+06

time after irradiation

2yrs

4,201 E-07

4.240E-03

1.109E-03

9.233E+05

8.865E+02

1.324E+04

6.822E+02

2.203E+02

8.744E-05

5.554E-04

9.383E+05

7.787E+02

2.147E+03

4.255E+03

1.967E+03

7.149E+03

1.236E+02

1.289E+03

3.017E+02

2.888E+02

3.853E+00

2.269E+00

2.676E-01

1,831 E+04

6.242E+03

3.445E-02

5.946E+02

4.792E+03

1.422E+03

2.919E+03

1.597E+04

5.987E+03

1.404E+03

4.181E+03

7.356E+02

2.779E+03

1.372E+02

2.010E+02

1.903E+00

1.005E+02

2.188E+01

8,671 E+02

1.642E+04

3.481E+01

6.129E+02

3,831 E+02

9,601 E+03

1.063E+04

7.179E-01

1.999E-01

9.555E+01

9.647E+01

9.998E+05

100 yrs

4.345E-05

1.302E-01

1.673E-03

9.237E+05

1.139E+03

1.118E+04

2.289E+03

2.351E+01

4,031 E-39

4.562E-04

9.383E+0S

7.785E+02

2.147E+03

4.192E+03

1.967E+03

7.212E+03

7.003E-10

1,401 E+03

2.373E+02

3.644E+02

3.853E+00

2.269E+00

2.673E-01

1,831 E+04

7,001 E+03

1.296E-02

6.286E+02

2.804E+03

6.639E+02

4.907E+03

1.600E+04

5.987E+03

1.404E+03

4,121 E+03

7.356E+02

2.839E+03

1,331 E+02

2.050E+02

2.150E+00

1.004E+02

1.494E+01

8,741 E+02

1.642E+04

3.481E+01

5.790E+02

3,831 E+02

9,601 E+03

1.060E+04

7.179E-01

1.999E-01

9.555E+01

9.M7E+01

9.997E+05

n - Mass balance in gram atoms/TMLi -

before "I time after Irradiation

irradiation | 2 yrs

1.871E-09

1.840E-05

4.802E-06

4.204E+03 3.880E+03

3,741 E+00

5,521 E+01

2.816E+00

9.024E-01

3,511 E-07

2.227E-06

4.204E+03 3.943E+03

8.749E+00

1.544E+01

3.018E+01

1.395E+01

4,931 E+01

8.408E-01

8.625E+00

1.968E+00

1.849E+00

2.423E-02

1.405E-02

1,621 E-03

1.310E+02

6.690E+01

3.632E-04

6.883E+00

3.549E+01

1.595E+01

2.124E+01

1.465E+02

6.134E+01

1.418E+01

4.095E+01

7.142E+00

2.627E+01

1.259E+00

1.806E+00

1.656E-02

8.206E-01

1.779E-01

6.697E+00

1.S07E+02

4.298E-01

7.213E+00

2.978E+00

7.155E+01

8.217E+01

9.494E-03

2.665E-03

1.180E+00

1.193E+00

4.204E+03 4.464E+03

100 yrs

1.923E-07

5.655E-04

7.242E-06

3.882E+03

4.804E+00

4.668E+01

9.484E+00

9.598E-02

1.619E-41

1,831E-06

3.943E+03

8.747E+00

1.544E+01

2.974E+01

1.395E+01

4.975E+01

4.764E-12

9,391 E+00

1.552E+00

2.340E+00

2.423E-02

1.405E-02

1.620E-03

1.310E+02

7.533E+01

1.394E-04

7.282E+00

2.096E+01

7.524E+00

3.577E+01

1.469E+02

6.134E+01

1.418E+01

4.038E+01

7.142E+00

2.683E+01

1,221 E+00

1.842E+00

1.875E-02

8.203E-01

1.224E-01

6.752E+00

1.606E+02

4.298E-01

6.814E+00

2.979E+00

7.155E+01

8.177E+01

9.494E-03

2.665E-03

1.180E+00

1.193E+00

4.464E+03

Atomic fraction / all cations present

before irradiation

before time after irradiation

irradiation j 2 yrs

4,451 E-13

4.377E-09

1.142E-09

1.000E+00 9.229E-01

8.897E-04

1.313E-02

6.699E-04

2.146E-04

8.352E-11

5.298E-10

1.000E+00 9.378E-01

2,081 E-03

3.673E-O3

7.179E-03

3.318E-03

1.173E-02

2.000E-04

2.052E-03

4,681 E-04

4.399E-04

5.764E-06

3.342E-06

3.857E-07

3.115E-02

1,591 E-02

8.639E-08

1,637E-03

8,441 E-03

3.794E-O3

5.052E-03

3.484E-02

1.459E-02

3.374E-03

9.740E-03

1.699E-03

6.248E-03

2.994E-04

4.296E-04

3.938E-06

1.952E-04

4.232E-05

1.593E-03

3,821 E-02

1.022E-04

1.716E-03

7.085E-04

1.702E-02

1.954E-02

2.258E-06

6.339E-07

2.808E-04

2.837E-04

1.000E+00 1.062E+00

100 yrs

4.573E-11

1.345E-07

1.723E-09

9.233E-01

1.143E-03

1.110E-02

2.256E-03

2.283E-05

3.851E-45

4.355E-10

9.378E-01

2,081 E-03

3.673E-03

7.075E-03

3.318E-03

1.183E-02

1.133E-15

2.234E-03

3,691 E-04

5.565E-04

5.764E-06

3.342E-06

3.854E-07

3.115E-02

1,792 E-02

3.315E-08

1.732E-03

4.985E-03

1.790E-03

8.509E-03

3.493E-O2

1.459E-02

3.373E-03

9.605E-03

1.699E-03

6.382E-03

2.904E-04

4.381E-O4

4.459E-06

1,951 E-04

2.911E-05

1.606E-03

3.821E-02

1.022E-04

1,621 E-03

7.085E-04

1.702E-02

1.945E-02

2.258E-06

6.339E-07

2.808E-04

2.837E-04

1.062E+00

Atomic fraction / all elen

present a t t
lents

before "| time after irradiation

irradiation | 2 yrs '

4.191E-13

4.122E-09

1.076E-09

1.000E+00 8.692E-01

8.379E-04

1.237E-02

6.309E-04

2,021 E-04

7.866E-11

4.989E-10

1.000E+00 8,8326-01

1.960E-03

3.459E-03

6,761 E-03

3.125E-03

1.105E-02

1.883E-04

1.932E-03

4.408E-04

4.143E-04

5.429E-06

3,147E-06

3.632E-07

2.934E-02

1.499E-02

8.136E-08

1.542E-03

7.950E-03

3.573E-03

4.758E-03

3.281E-O2

1.374E-02

3.177E-03

9.173E-03

1.600E-03

5.884E-03

2.820E-04

4.046E-04

3.709E-06

1.838E-04

3.986E-05

1.500E-03

3.599E-02

9.627E-OS

1.616E-03

6.672E-04

1.603E-02

1,841 E-02

2.127E-06

5.970E-07

2.644E-04

2.671E-04

1.000E+00 1.000E+00

100 yr«

4.307E-11

1.267E-07

1.622E-09

8.695E-01

1.076E-03

1.046E-02

2.124E-03

2.150E-05

3.626E-45

4.102E-10

8.832E-01

1.959E-03

3.459E-03

6.663E-03

3.125E-03

1.114E-02

1.067E-15

2.104E-03

3.476E-04

5,241 E-04

5.429E-06

3.147E-06

3.629E-07

2.934E-02

1.687E-02

3.122E-08

1,631 E-03

4.695E-03

1.685E-03

8.013E-03

3.290E-02

1.374 E-02

3.176E-03

9.046E-03

1.600E-03

6,011 E-03

2J34E-04

4.126E-04

4.199E-06

1.838E-04

2,741 E-05

1.513E-03

3.599E-02

9.627E-05

1,526 E-03

6.672E-04

1.603E-02

1.832E-02

2.127E-06

5.970E-07

2.644E-04

2,671 E-04

1.000E+00

Table 15: Inventory calculated by the CESAR code ofFP and actinides in a UO2
fuel at 60 GWdtj'
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Eléments

Actlnides

Fia

Th

Pa

U

Np

Pu

Am

Cm

Bk

Cf

total actinides

Terres rares -Lanthamc

Y

La

Ce

Pr

Nd

Pm

Sm

Eu

Gd

Tb

Dy

Ho

total lanthanoldes

total précipités oxydas

Zr

Nb

Rb

Cs

Sr

Ba

total précipités oxyde

Métalliques

Mo

Te

Ru

Rh

Pd

Ag

Cd

In

Sn

Sb

Te

total métalliques

Gaz et volatils

Br

Kr

1

Xe

total gaz et volatils

Métalloïdes

Ge

As

Se

total métalloïdes

total global

- Bilan matière en Gramm> /TMLi -ou p

avant temps après irradiation

irradiation i 2 ans '

7.766E-08

1.711 E-03

2.070E-04

9.000E+05 8.61SE+05

2.026E+02

9.884E+04 6.911E+04

1.160E+03 5.760E+03

2.264E+03

1.159E-03

7.809E-03

1.000E+06 9,391 E+OS

Ides

3.821E+02

1.990E+03

3.777E+03

1.802E+03

6.190E+03

1.323E+02

1.413E+03

4.289E+02

3.135E+02

8.398E+00

5.431E+00

4.456E-01

1.644E+04

4.352E+03

2.956E-02

3.166E+02

5.371E+03

7.202E+02

2.759E+03

i 1.352E+04

5.448E+03

1.393E+03

4.971 E+03

1.256E+03

4.799E+03

2.730E+02

4.316E+02

3.720E+00

1.452E+02

2.921E+01

9.206E+02

1.967E+04

2.764E+01

3.495E+02

4.761E+02

9.086E+03

9.940E+03

5.532E-01

1.733E-O1

7.129E+O1

7.202E+01

1.000E+06 9.988E+05

100 ans

1.300E-04

4.056E-01

3.646E-04

8.644E+05

1.831E+03

5.755E+04

1.487E+04

3.836E+02

5.345E-38

6.655E-03

9.390E+05

3.820E+02

1.990E+03

3.723E+03

1.802E+03

6.245E+03

7.494E-10

1.520E+03

3.383E+02

4.293E+02

8.398E+00

5.432E+00

4.453E-01

1.644E+04

4.734E+03

9.041E-03

3.361E+02

3.403E+03

3.382E+02

4.727E+03

1.354E+04

5.448E+03

1.393E+03

4,881 E+03

1.256E+03

4.889E+03

2.653E+02

4.389E+02

4.184E+00

1.451E+02

2.007E+01

9.298E+02

1.967E+04

2J64E+01

3.300E+02

4.761E+02

9.086E+03

9.920E+03

5.532E-01

1.733E-01

7.129E+01

7.202E+01

9.987E+05

>nv Bilan matière en atom

avant temps ap

irradiation i 2 ans

3.453E-10

7.438E-06

8.957E-07

3.782E+03 3.621E+03

8.548E-01

4.123E+02 2.881E+02

4.813E+00 2.380E+01

9.272E+00

4.656E-06

3.132E-05

«.199E+03 3.943E+03

4.293E+00

1.432E+01

2.679E+01

1.278E+01

4.267E+01

8.998E-01

9.439E+00

2.797E+00

2.006E+00

5.282E-02

3.364E-02

2.701E-03

1.161E+02

4.651E+01

3.115E-04

3.666E+00

3.978E+01

8.077E+00

2.008E+01

1,181 E+02

5.574E+01

1.407E+01

4.B57E+01

1.220E+01

4.523E+01

2.504E+00

3.885E+00

3.237E-02

1.185E+00

2.376E-01

7.112E+00

1.908E+02

3.412E-01

4.118E+00

3.704E+00

6.779E+01

7.595E+01

7.333E-03

2.311E-03

8.819E-01

8.916E-01

4.199E+03 4.445E+03

gramme /TM

rès irradiation

! 100 ans

5.753E-07

1.763E-03

1.576E-06

3.632E+03

7.724E+00

2.400E+02

6.159E+01

1.566E+00

2.147E-40

2.671E-05

3.943E+03

4.292E+00

1.432E+01

2.642E+01

1.278E+01

4.304E+01

5.098E-12

1.017E+01

2.213E+00

2.757E+00

5.282E-02

3.364E-02

2.699E-03

1,161 E+02

5.076E+01

9,721 E-05

3.895E+00

2.540E+01

3.833E+00

3.446E+01

1.183E+02

5.574E+01

1.407E+01

4.772E+01

1.220E+01

4.608E+01

2.434E+00

3.951 E+00

3.647E-02

1.185E+00

1.645E-01

7.186E+00

1.908E+02

3.412E-01

3.890E+00

3.704E+00

6.779E+01

7.572E+01

7.333E-03

2.311 E-03

8.819E-01

8.916E-01

4.44SE+03

Fraction atomique / tous les cations pré

i - avant irradiation

avant ~[ temps après irradiation

irradiation i 2 ans

8.225E-14

1,7716-09

2,1336-10

9.007E-01 8.624E-01

2.036E-04

9.820E-02 6,8616-02

1.146E-03 5,6676-03

2.208E-03

1,1096-09

7,4596-09

1.000E+00 9.391E-O1

1.022E-03

3,4106-03

6.3816-03

3,0446-03

1,0166-02

2,1436-04

2,2486-03

6,6626-04

4,7796-04

1.258E-05

8,0126-06

6,4326-07

' 2.765E-02*

1.108E-02

7.418E-08

8,7316-04

9,4746-03

1.924E-03

4,7826-03

2,8136-02

1,3286-02

3,351 E-03

1,1576-02

2.905E-03

1.0776-02

5,9636-04

9.252E-O4

7,7096-06

2,8236-04

5.658E-05

1.6946-03

4.543E-02

8,1276-05

9.809E-04

8,8216-04

1.614E-02

1.809E-O2

1.747E-06

5,5046-07

2.100E-04

2.123E-O4

1.000E+00 1.0S9E+00

100 ans

1.370E-10

4.199E-07

3.754E-10

8.651E-01

1.840E-03

5,7166-02

1.467E-02

3.730E-04

5.112E-44

6362E-09

9.391E-01

1.022E-03

3.410E-03

6,291 E-03

3.044E-03

1.025E-02

1.214E-15

2.422E-03

5,271 E-04

6.566E-04

1.258E-05

8.012E-06

6.427E-07

2.765E-02

1.209E-02

2.315E-08

9.276E-04

6.049E-03

9.129E-04

8.207E-03

2.S18E-02

1.328E-02

3.350E-03

1.137E-02

2.905E-03

1.097E-02

5.796E-04

9.409E-04

8.686E-06

2.822E-04

3.917E-05

1.711 E-03

4.543E-02

8.127E-05

9.264E-04

8,821 E-04

1.614E-02

1.803E-02

1.747E-06

5.504E-07

2.100E-04

2.123E-04

1.059E+00

entfraction atomique / tous les élément
présents à t

avant "[ temps après irradiation

irradiation i 2 ans |

7.769E-14

1.673E-09

2.015E-10

9.007E-01 8.147E-01

1.923E-04

9.820E-02 6,481 E-02

1.146E-03 5.353E-03

2.086E-03

1.048E-09

7.046E-09

1.O0OE+00 8,871 E-01

9.658E-04

3.221E-03

6.028E-03

2.875E-03

9.599E-03

2.024E-04

2.124E-03

6.293E-O4

4.514E-04

1.188E-05

7.568E-06

6.076E-07

2.612E-02

1.046E-02

7.008E-08

8.247E-04

8.949E-03

1.817E-03

4,517E-03

2.6S7E-02

1.254E-02

3.166E-03

1.093E-02

2.744E-03

1.018E-02

5.633E-04

8.740E-04

7.2B2E-06

2.667E-04

5.345E-05

1.600E-03

4.292E-02

7.677E-05

9.265E-04

8.332E-04

1.525E-02

1.709E-02

1.650E-06

5.199E-07

1.984E-04

2.006E-04

1.000E+00 1.000E+00

100 ans

1.294E-10

3.967E-07

3.546E-10

8.172E-01

1.738E-03

5.399E-02

1.386E-02

3.523E-04

4.829E-44

6.009E-09

S.S71E-01

9.656E-04

3,221 E-03

5.943E-03

2.875E-03

9.684E-03

1.147E-15

2.288E-03

4.979E-04

6.203E-04

1.188E-05

7.569E-06

6.071E-07

2.611E-02

1.142E-02

2.187E-08

8.762E-04

5.714E-03

8.623E-04

7.752E-03

2.662E-02

1.254E-02

3.165E-03

1.074E-02

2.744E-03

1.037E-02

5.475E-04

8.888E-04

8.205E-06

2.666E-04

3J00E-05

1.617E-03

4.292E-02

7.677E-05

8,751 E-04

8.333E-04

1.525E-02

1.704E-02

1.650E-06

5.199E-07

1.984E-04

2.006E-04

1.000E+00

Table 16: Inventory calculated by the CESAR code ofFP and actinides in a MOX
fuel at 60 1
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Eléments

AcrJnides

Ra

Th

Pa

U

Np

Pu

Am

On

Bk

a
total actinidas

Terres rares -Lantrwmoïd

Y

U

Ce

Pr

SU

Pm

Sm

Eu

Gd

Tb

Dy

Ho

total lanttianoides

Précipités oxydes

Zr

Mi

Rb

Cs

Sr

Ba

total précipités oxydes

Métalliques

Nb

Te

Ru

Rh

Pd

Ag

Cd

In

Sn

sb
Te

total métalliques

Gai et volatils

Br

Kr

1

Xe

total gaz et volatils

Métalloïdes

Ge

As

Se

total mâtaHoKdes

total global

-Blan matière

avant :

irradiation •

7.500E+O5

2,4716*05

2,9006+03

1,0006*06

2,0186-02

6,6036-01

5,6716-02

2,1006-02

7.582E-01

22686*01

2.268E+01

3,4036*02

1,1346+01

3,5166*02

1,0006*06

an Gramrre/TMJ -ou ppm

temps après irradiation

2 ans ;

9,0106-08

2,7455-03

3,5006-04

7,1076+05

1,9925+02

1,1616+05

1,3255+04

7,7696+03

1,1426-02

7,3516-02

6,4806*05

8,7686+02

4,9266+03

9,3966+03

4.3906*03

1,5306*04

2.718E+02

3.339E+03

1,0945+03

1,0565+03

2,1456*01

1,5816*01

1,7936+00

4,0696+04

1,0366*04

2,2405+01

7,3476*02

1.261E+O4

1,6756*03

7,0136*03

3,2416*04

1,3636+04

3,2786+03

1,2646*04

2.745E+03

1.282E+O4

5.9996+02

1,2756*03

7.3176+00

3,6526*02

7.027E+01

2,2596*03

4,9706*04

6.297E+01

8,1326+02

1.126E+O3

2,308E+04

2,5086+04

1.319E+00

4.036E-01

1.673E+02

1.690E+02

9,9806*05

100 ans

2,7906-04

8,7626-0

5.325E-04

7,162E+05

3.4796+03

9,3986*04

3,2596+04

1,4196*03

5.266E-37

6.146E-02

8V477E+O5

8.766E+O2

4.926E+03

9.244E+03

4,3906*03

1,5485+04

1,925602

3,5636+03

8,1626*02

1,3816*03

2,1456+01

1,5816*01

1,7916*00

4,0696*04

1.125E+04

2,2356*01

7,8136*02

7,5386*03

7,8396*02

1,2086*04

3,2466+04

1,3636+04

3,2775+03

1,2376*04

2,7456*03

1,3096*04

5,7345+02

1,3016*03

8,6975+00

3.6S0E+02

4.680E+01

2,2826*03

4,9706*04

6,2976+01

7,6666+02

1,1266+03

2,3085+04

2,5046*04

1,3196*00

4,0365-01

1,6736+02

1,6906*02

9,9586*05

- Blan matière en atome gramme/TMLJ-

avant ;

irradation •

3,1515+03

1,0315+03

1,2036+01

4,1946*03

1,4016-04

4.3836-03

3,7375-04

1,3516-04

5,0326-03

2,4396-01

2.439E-01

3,5435+00

9,5476-02

3,6396*00

4,1986*03

terrps après inradatîon

2 ans ;

4,0035-10

1,1946-05

1,5155-06

2.9865+03

8,4045-01

4,8326+02

5,4696*01

3,1826*01

4,5875-05

2.947EO4

3.557E+03

9,851E+00

3,5446+01

6,6656+01

3,1145+01

1,0556+02

1,8496+00

2,2306*01

7,1356+00

6,7566*00

1,349E-01

9.792E-O2

1.086E-02

2,8686*02

1.107E+O2

2.4O8E-01

8,5066+00

9,3326+01

1,8796+01

5,1066*01

2,8266*02

1,3956*02

3,3126*01

1,2356*02

2.6656*01

1.2096*02

5.5026*00

1,1496+01

6.3675-02

2.9666+00

5.7126-01

1,7456*01

4,8176*02

7,7745-01

9,5836+00

8,7555+00

1,7216+02

1,9126*02

1,7485-02

5,3826-03

2.0696+00

2.0926*00

4,8016+03

100 ans

1,2356-03

3.8O9E-O3

2301E-05

3,010E+O3

1.468E+0

3,9146*02

1,3496*02

5,7946*00

2,1156-39

2,4666-04

3,5576*03

9,8496*00

3.5446*01

6,5596*01

3,1146+01

1.0656*02

1.337E-O4

2^3836*01

5,3396*00

8.865E+00

1.349E-01

9.793E-Û2

1.085E-02

2,8686+02

1,2055+02

2,4036-01

9,0556+00

5,6265+01

8,8846*00

8,8125+01

2,8326*02

1.395E+02

3,3116+01

1,2105+02

2,6655+01

1.2346+02

5,2606*00

1,1716*01

7,5885-02

2,9855+00

3,8346-01

1.784E+01

4,8176+02

7.774E-01

9,0346+00

8,7555+00

1,7215+02

1,9076+02

1,7486-02

5,3825-03

2.0696*00

2,0926*00

4,801 E+03

Fraction atonique/ tous les calions présents
avant irradabon

avant ;

irradation i

7,5075-01

2,4555-01

2,8665-03

9,9916-01

1,0445-OS

8,8855-08

3,2175-08

1,1656-06

5,8105-05

5,810605

8,4406-04

2,2746-05

8,688604

1,0006*00

temps après irradabon

2 ans i

9,5366-14

2,8436-09

3,6095-10

7,113601

2,0025-04

1,1515-01

1,3035-02

7,5806-03

1,0935-08

7,0215-08

8,4726-01

2,3476-03

8,4426-03

1,5886-02

7,4176-03

2,5126-02

4,4046-04

5,3126-03

1,7006-03

1,6096-03

3,2135-05

2,3335-05

2,588606

6,8326-02

2,6375-02

5,7365-05

2.0265-O3

2,2236-02

4,4766-03

1,2165-02

6,7326-02

3,3245-02

7.888BO3

2,9426-02

6,348603

28795-02

1,3116-03

2,7366-03

1,5175-05

7,113604

1,3615-04

4.1576-03

1,1486-01

1,8525-04

2.283E-O3

2.0966-03

4,0995-02

4,555E-O2

4.165E-06

1,282606

4,928604

4,983604

1,1446*00

100 ans

2.941E-10

9.074E-07

5,481 E-10

7,1705-01

3,4976-03

9,3225-02

3.214E-O2

1.380E-O3

5,0376-43

5,8756-08

8,472*2-01

2,3466-03

8,4425-03

1,5625-02

7,4175-03

2,5375-02

2,4955-15

5.677E-O3

1,272503

2.112E-O3

3,2136-05

2.333E-05

2,585E-O6

6vS32E-02

2,8736-02

5,7246-05

2,1576-03

1,3406-02

2,1165-03

2,0996-02

6,7456-02

3,3246-02

7,8866-03

2882E-O2

6.348E-03

2.940E-O2

1,2536-03

2,790EO3

1,8076-05

7,1105-04

9,1345-05

4,2025-03

1,1486-01

1.852E-O4

2.152E-O3

2036603

4,099602

4,5426-02

4,1656-06

1,2826-06

4,9285-04

4,9836-04

1,1446+00

Fraction atomique / tous les éléments

avant )

irradiation •

7,5075-01

2.455E-O1

2,8666-03

9.991E-O1

3,338E-O8

1,0446-06

8.902E-OB

3,2176-08

1,199608

5,8105-05

5,8106-05

8,4405-04

2.274E-05

8,6686-04

1,0006+00

présentsàt

temps après irradation

2 ans ;

8,338E-14

2.485E-09

3,1556-10

6,219601

1,750604

1.006EO1

1.139E-02

6.628E-03

9.554E-09

6.139E-06

7,4086*1

2,0525-03

7.382E-03

1,3886-02

6,4856-03

2,1976-02

3,8515-04

4,6455-03

1,4866-03

1,4076-03

2,8105-05

2,0406-05

2,2635-06

5.974E-02

2,3066-02

5,0166-05

1,7726-03

1,9446-02

3,9146-03

1,0636-02

5,886602

2,906542

6,8986-03

2,5735-02

5,5516-03

2,5186-02

1,1465-03

2,3926-03

1,3266-05

6,2206-04

1,1906-04

3,6355-03

1,0036-01

1,6196-04

1,9965-03

1.8246-03

3,5856-02

3,9836-02

3,6426-06

1,1216-06

4,3096-04

4,3576-04

1,0006*00

100 ans

2,5716-10

7,9346-07

4,7926-10

6,2695-01

3,0575-03

8,1515-02

2,8105-02

1,2076-03

4,4055-43

5,1376-08

7.40BE-O1

2,0515-03

7,3825-03

1,3665-02

6,485E-03

2,2195-02

2,7845-08

4.964E-03

1,112603

1.846E-O3

2,8096-05

2,0406-05

22606-08

5,9746-02

2,5125-02

5,0056-05

1.8866-03

1,1725-02

1,8505-03

1.8355-02

5,8986-02

2,9066-02

6,8955-03

2,5206-02

5,551603

2,5715-02

1,0965-03

2,4406-03

1,5805-05

6,2176-04

7,9876-05

3,6746-03

1,0036-01

1,6195-04

1,882603

1.824E-03

3,5855-02

3,9716-02

3.642E-06

1,1215-08

4.309BO4

4,357604

1,0006*00

Table 17: Inventory calculated by the CESAR code ofFP and actinides in a
(U,Pu)C>2fuel at 150 GWd.tM''', representative of Pu rich agglomerations of a MOX
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Element

Rare earths -Lanthanoids

Y

La

Ce

Pr

Nd

Pm

Sm

Eu

Gd

Tb

Dy

Ho

total lanthanoids

Oxide precipitates

Zr

Nb

Rb

Cs

Sr

Ba

total oxide precipitates

Metallic

Mo

Tc

Ru

Rh

Pd

Ag

Cd

In

Sn

Sb

Te

total metallic

Gases and volatiles

Br

Kr

1

Xe

total gases and volatiles

Metalloids

Ge

As

Se

total metalloids

grand total

UO2

Fission yield at t

time after irradiation

2 year?

3,36%

5,92%

11,58%

5,35%

18,91%

0,32%

3,31%

0,75%

0,71%

0,01%

0,01%

0,00%

50,23%

25,66%

0,00%

2,64%

13,61%

6,12%

8,15%

56,18%

23,53%

5,44%

15,71%

2,74%

10,08%

0,48%

0,69%

0,01%

0,31%

0,07%

2,57%

61,62%

0,16%

2,77%

1,14%

27,44%

31,52%

0,00%

0,00%

0,45%

0,46%

200,00%

100 year

3,35%

5,92%

11,41%

5,35%

19,08%

0,00%

3,60%

0,60%

0,90%

0,01%

0,01%

0,00%

50,23%

28,89%

0,00%

2,79%

8,04%

2,89%

13,72%

56,33%

23,53%

5,44%

15,49%

2,74%

10,29%

0,47%

0,71%

0,01%

0,31%

0,05%

2,59%

61,62%

0,16%

2,61%

1,14%

27,44%

31,36%

0,00%

0,00%

0,45%

0,46%

200,00%

MOX

Fission yield at t

time after irradiation

; 2 years

1,71%

5,71%

10,68%

5,09%

17,01%

0,36%

3,76%

1,11%

0,80%

0,02%

0,01%

0,00%

46,27%

18,54%

0,00%

1,46%

15,85%

3,22%

8,00%

47,07%

22,22%

5,61%

19,36%

4,86%

18,03%

1,00%

1,55%

0,01%

0,47%

0,09%

2,83%

76,03%

0,14%

1,64%

1,48%

27,02%

30,27%

0,00%

0,00%

0,35%

0,36%

200,00%

100 year

1,71%

5,71%

10,53%

5,09%

17,16%

0,00%

4,05%

0,88%

1,10%

0,02%

0,01%

0,00%

46,27%

20,23%

0,00%

1,55%

10,12%

1,53%

13,73%

47,17%

22,22%

5,61%

19,02%

4,86%

18,36%

0,97%

1,57%

0,01%

0,47%

0,07%

2,86%

76,03%

0,14%

1,55%

1,48%

27,02%

30,18%

0,00%

0,00%

0,35%

0,36%

200,00%

Pu rich agglomerations

Fission yield at t

time after irradiation

2 year?

1,58%

5,70%

10,71%

5,00%

16,95%

0,30%

3,58%

1,15%

1,09%

0,02%

0,02%

0,00%

46,09%

17,79%

0,04%

1,37%

15,00%

3,02%

8,21%
r 45,42%

22,42%

5,32%

19,85%

4,28%

19,43%

0,88%

1,85%

0,01%

0,48%

0,09%

2,80%

77,42%

0,12%

1,54%

1,41%

27,66%

30,73%

0,00%

0,00%

0,33%

0,34%

200,00%

100 year

1,58%

5,70%

10,54%

5,00%

17,12%

0,00%

3,83%

0,86%

1,42%

0,02%

0,02%

0,00%

46,09%

19,38%

0,04%

1,46%

9,04%

1,43%

14,16%

45,51%

22,42%

5,32%

19,44%

4,28%

19,83%

0,85%

1,88%

0,01%

0,48%

0,06%

2,83%

77,42%

0,12%

1,45%

1,41%

27,66%

30,64%

0,00%

0,00%

0,33%

0,34%

200,00%

Table 18: FP fission yield for UO2, MOX and Pu rich agglomerations after 2 and
100 years of cooling
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5.2.6.2.2 Measured Pu and FP contents

The FP and actinide inventories obtained with the CESAR code have been refined and

validated by means of radiochemical analyses on dissolution liquors of irradiated fuels. This section

reviews the examinations and microanalyses commonly performed with the Castaing microprobe on

metallographic samples and compares these results with the calculation results. These local elementary

analyses are undertaken to investigate the residual concentrations of fission gases (Xe, Kr) and volatile

elements (Cs) for a closer assessment of the local release of these elements. For the sake of reference

and fitting with the burnup, the Pu and Nd contents are always recorded: Pu in terms of creation (in

UO2) or loss (in MOX), while Nd serves as an internal reference because its concentration is

proportional to the burnup.

With this type of measurement, the contents are expressed in mass fractions with respect to the

mass of oxide, taking account of the presence of oxygen, and not with respect to the initial mass of

heavy metals only. The data on the calculated inventory were accordingly retranscribed in Table 19.

5.2.6.2.2.1 CaseofUO2

Concentration profiles are commonly recorded, for different elements, along a radius or a

diameter of the pellet. These are generally flat except at the rim of the pellet, where the concentration

rises sharply. This zone, called the rim, displays a burnup 1.5 to 3 times higher than the mean burnup

of the pellet: resulting from fissions of Pu created by absorption of the epithermal neutrons by 238U, at

the rim of the pellet.

As the burnup increases:

•S the base level corresponding to the mean content rises,

•/ the accumulation of Pu and Nd increases in the rim,

S the width of the rim grows.

Pu profiles along a pellet diameter (Figure 75) were obtained for several burnups by Geoffroy

et al. (1994), by Noirot et al. (1998) and by Guedeney et al. (1991). It is confirmed that at about 60

GWd.t"1, the measured content is equivalent to the anticipated value of 1.17%, to within the

measurement uncertainty. At the rim, over a width of 200 um, the content rises rapidly to reach 3.71%

at the surface. The variation in the mean content with burnup follows the calculated curve. The points

corresponding to analyses can be adjusted by an equation including a creation term, from 238U, and a

loss term by fission (Figure 76).

Equation 1 [Pu] = 1.1215[exp(17.58 r)-exp(-34.85 r)] [Pu] in %
by weight ofMO2

x en GWd.f1
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Figure 75: Radial Pu profile obtained by EPMA after Geoffroy et al. (1994)

• Pu Cakujls parApollo

A Pu Analysas isotopiques

• Pu Dosages à la Microsonde
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Taux de combustion (MWj/tU)

Figure 76: Variation in mass fraction of Pu with burnup after Geoffroy et al.
(1994) and points by Noirot et al. (1998).

The profiles corresponding to Nd display the same shape (Figure 77). The concentration is

proportional to the burnup (0.630% at 60 GWd.f' or 0.0105% per GWd.t"' or even 0.102% per at% of

fission) when measured by radiochemistry (Figure 78): for information, the creation codes which are

validated on this type of measurement. On the contrary, a systematic error in the microprobe

measurements results in an underestimation (0.0092 to 0.0098% per GWdt"1) of the concentrations on

the polished sections, according to the terms of Mogensen et al (1999). This element nonetheless

helps to check the local burnups because the mean burnup of the pellet is known (Figure 79). Thus the

increase in the content at the rim of the pellet tends towards 1.1%, corresponding to a local burnup of

105 GWd-f1 for a mean of 62 GWdf1 .
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Figure 77: Radial Nd profile obtained by EPMA after Geoffroy et al. (1994).
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Figure 78: Variation in mass fraction ofNd with burnup after Geoffroy et al.
(1994) and points by Noirot et al. (1998)
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Figure 79: Burnup profile estimated from the Nd content for a mean burnup of 62
GWd.f1 afterNoirot et al (1998).

Cs displays similar profiles without depletion (Geoffroy et ai, 1994; Noirot et ai, 1998) at the

center of the pellet if the power has not been excessive in the last cycle: no macroscopic migration is

then observed. However, Manzel et al. (1994) present profiles revealing a depletion at the center of the

pellet (Figure 80), located similarly to that of Xe. In their case, the power in the 5th cycle is 170 to 180

W.cm"1 and the maximum power is 230 to 270 W.cm"1 (instead of 160 and 235 W.cm"1, respectively

after Geoffroy et al. (1994)). The mean concentration is properly confirmed by calculation (0.422% at

60 GWd.t"', two years after the end of the cycle), insofar as the cooling time is fully taken into

account. The content is proportional to the bumup.

As for Nd and Cs, the production of Xe is also a linear function of the fission rate. However,

from the end of the 3rd cycle, the diametral profiles display a weakening of the microprobe signal, at

the center of the pellet (Geoffroy et ai, 1994; Noirot et al., 1998; Guedeney et al., 1991; Manzel et al,

1994), on a zone about 3 to 4 mm in diameter (r/ro > 0.4). This results from the creation of inter- and

intragranular bubbles by diffusion of the gas atoms. The opening of the bubbles at the metallographic

polishing plane, combined with a weaker response of the atoms in the bubbles, explains the source of

the local reduction in the signal. A similar effect is found in the rim where the porosity is high: local

gas release is sometimes observed from the 4th cycle, but always in the 5th cycle (Geoffroy et al,

1994; Noirot et al, 1998; Guedeney et al, 1991; Manzel et al, 1994). There is only a limited zone,

r/ro between 0.6 and 0.8, where the measured Xe concentration corresponds to the expected value

(0.85% at 60 GWd.1"1). A precise example is supplied by Noirot et al (1998) who make a balance by

concentric zones: the undetected fraction of Xe corresponds to the release, and also to the quantity

retained in the large bubbles. Identical results are obtained for Kr.
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The Mo and Ru profiles (Figure 83), the two most abundant metallic elements (respectively

0.53 et 0.37%), are identical in shape to that of Nd and Pu. The Mo/Ru ratio is constant nearly

throughout the pellet, apart from the rim zone where Pu fissions, which become predominant, produce

more Ru and less Mo than the U fissions (compare the Mo and Ru inventories of MOX and UO2 in

Table 18 and Table 19). The measurements corroborate the expected values. Local overconcentrations,

concerning Mo and Ru simultaneously, attest to the presence of metallic precipitates.

Ceasium Cone. wt%

1.0-

0.5-

0.0

O pellet bu. 49.7 MWd/kgU
A pellet bu. 73.0 MWd/kgU

73.0 MWd/kgU

/
generated

\ 49.7 MWd/kgu

o o o;
o 0 o o

o o o

0.0 0.2 0.4
• i •

0.6 0.8 1.0

Relative Radius r/ro

Figure 80: Radial Cs profile obtained by EPMA after Manzelet al. (1994).

Xenon Cone. wt%

1.5

1.0-

0.5-

O pellet bu. 49.7 MWd/kgU
A pellet bu. 73.0 MWd/kgU

0.0 0.2 0.4 1.0
Relative Radius r/ro

Figure 81: Radial Xe profile obtained by EPMA after Manzel et al. (1994).
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5 cycles

total pellet
zone a (0 to lOOum)
zone A CO to 500pm)
zone B (100 to 1900)im)
zone C (1900um at center)

Xe created

0,871 %
1,224%
1,037%
0,843 %
0,789 %
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Figure 82: Xe detections and balances in a UOifuel at 62 GWd.f1 after Noirot et
al. (1998).

In red, Xe creation profile; in blue, distribution of measured values
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Figure 83: Profile of Mo and Ru by EPMA in a UO2fuel at 62 GWd.f1 after Noirot
etal. (1998)
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5.2.6.2.2.2 Case of MOX and Pu rich agglomerations

A large part of the fissions taking place in the Pu rich agglomerations lead to very high local

burnups: over 120 GWdt"1 after 3 cycles. These values explain the faciès observed: intense fracturing

of the grains, many fission gas bubbles and metallic precipitates. The radial distribution of the

plutonium content (Figure 84) helps to visualize the agglomerations with high concentrations, and the

creation in the UO2 matrix by neutron capture with a low concentration. The total plutonium content of

the pellet corresponds to the combination of these radial distributions.

Plutonium
Radius 1
Radius 2
Radius 3 /

"0 25 5i) 75 10 12 15 fi 20" 22" 25" 2*7 30" S S ff 4iD
n n n 00 50 00 50 00 50 00 50 00 50 00 50 00

pm/edge of fuel

Figure 84: Radial distribution, by microprobe analysis, of plutonium content along
three radii, on an A UC MIMAS MOX irradiated 4 cycles, (Pasquet et ai, 1996).
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Figure 85: Experimental and calculated variation in the Pu concentration as a
function ofburnup and for different initial Pu contents (Maunier et al., 1994).

The radial distribution of neodymium (Figure 86) also reveals high concentration spikes in the

agglomerations, and low concentration points in the matrix, like the plutonium distribution profile.
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Figure 86: Radial distribution ofneodymium content on an A UC MIMAS MOX
irradiated 4 cycles

Since its concentration is proportional to the burnup, the burnup profiles can be visualized on

the agglomerations (Figure 87), using the ratio of pellet burnup to the total measured neodymium

content.
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Figure 87: Radial burnup profiles of an A UC MIMAS MOX 4 cycles

While the local neodymium concentration measured by the Castaing microprobe is a linear

function of the fission rate, this is not the case of the measured xenon content. In fact, above a certain

concentration, and specifically in the MOX agglomerations, gas is precipitated. This creates the

presence of bubbles of size no longer permitting detection on a polished section. Moreover, as for a

high burnup UO2 fuel, the microprobe measurement of Xe in the UO2 matrix reveals a loss of

detection at the center of the pellet and in the cortical zone (Figure 88). By referring to the Xe creation

profiles in the UO2 matrix, for its entire intragranular fraction calculated with the METEOR code (see

5.2.9), the quantity of gas measured at the center can be observed to correspond to the intragranular

gas expected, and the low concentration points are associated with the Pu rich agglomerations. By

contrast, the loss of visibility at the rim is not due to intragranular gas.
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Figure 88: Radial distribution of xenon content on an A UC MIMAS MOX
irradiated 4 cycles.

The measured Xe content differs increasingly from the creation term with higher burnup

(Figure 89). A limit value appears to be reached, depending only on the radial thermal profile (mean

rod linear power densities during the 3rd cycle).
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Figure 89: Mean concentration estimated by the CESAR calculation and measured
by microprobe

After three cycles in the reactor, part of the Cs is delocalized. Its radial distribution dips at the

center under the effect of temperature (Figure 90). The migration of Cs also affects the agglomerations

in the center. These variations are more visible with higher power density.
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Figure 90: Radial distribution of cesium content on an A UC MIMAS MOX
irradiated 3 cycles to a mean 3rd cycle linear power density of 214 W.cm1

Detailed analysis of agglomerations

In normal irradiation conditions, no significant Pu diffusion has ever been demonstrated from

the agglomerations to the surround UO2 matrix. However, homogenization of Pu occurs due to its

consumption in the agglomerations (from 25% initially to less than 10% after three cycles) and its

creation in the matrix by neutron absorption (from 0% at the start to over 2% after three cycles).

While the plutonium contents in the agglomerations and the matrix vary, the different between

agglomeration and matrix remains significant. The virgin fuel appearance is recovered as seen in the

X-ray images of Pu in Figure 91 in the agglomerations and in the grain boundaries of the UO2 matrix.

On the other hand, the internal structure of the agglomerations has changed (see 5.2.5).

Colored X-ray mappings and quantitative analyses of agglomerations in different radial

positions offer a qualitative and quantitative estimate of the loss of Xe detection (Figure 92). Using the

white line on the X-ray image which bounds the contour of the Pu rich agglomerations, it can be seen

that xenon is clearly visible in the UO2 matrix but not in the agglomerations at mid-radius and at the

rim. At the center, however, slightly more Xe is measured in the agglomeration than in the matrix.

Overconcentration is observed around the agglomerations at mid-radius, Xe exiting the

agglomerations and implanted in the matrix. By contrast, at the rim, implanted Xe has precipitated in

the form of bubbles and is therefore no longer detected. It would appear that for a concentration above

0.7%, the precipitation threshold is reached at the pellet rim.

Many metallic precipitates are found in the agglomerations, consisting of the five elements

Mo, Ru, Tc, Rh and Pd. X-ray images of Mo (Figure 93) reveal that these precipitates are larger since

they are located near the center. Similarly, small precipitates edge the agglomerations.
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Quantitative penetrations of molybdenum and ruthenium, at the center and at mid-radius, show

that these two elements are present in a ratio close to 1, which agrees with the CESAR calculation that

gives Mo/Ru equal to 1.08. By contrast, the precipitates in the peripheral agglomerations contain much

more ruthenium than molybdenum (Mo/Ru = 0.6), and the latter is found in the precipitates in these

agglomerations.
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Figure 91: X-ray images of oxygen and plutonium
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Figure 92: Colored X-ray of agglomerations in different radial positions for xenon.
The white line on the X-ray image corresponds to the contour of the Plutonium rich

agglomerations.
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Figure 93: Colored X-ray of agglomerations in different radial positions for the
elements Mo andRu
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Elements

Actinides
Ra
Th
Pa
U
Np
Pu
Am
Cm
Bk
Cf

total actinides

Rare earths -Lanthanok
Y
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho

total lanthanoids

Oxide precipitates
Zr
Nb
Rb
Cs
Sr
Ba

total oxide precipitates

Metallic
Mo
Tc
Ru
Rh
Pd
Ag
Cd
In
Sn
Sb
Te

total metallics

Gases&volatiles
Br
Kr
1

Xe
total gases&volatailes

Metalloids
Ge
As
Se

total metalloids

grand total

s

UO2
time after irradiation
2 yrs [

0,000%
0,000%
0,000%

81,382%
0,078%
1,167%
0,060%
0,019%
0,000%
0,000%

82,707%

0,069%
0,189%
0,375%
0,173%
0,630%
0,011%
0,114%
0,027%
0,025%
0,000%
0,000%
0,000%
1,614%

0,550%
0,000%
0,052%
0,422%
0,125%
0,257%
1,408%

0,528%
0,124%
0,369%
0,065%
0,245%
0,012%
0,018%
0,000%
0,009%
0,002%
0,076%
1,447%

0,003%
0,054%
0,034%
0,846%
0,937%

0,000%
0,000%
0,008%
0,009%

88,120%

100 yrs

0,000%
0,000%
0,000%

81,415%
0,100%
0,986%
0,202%
0,002%
0,000%
0,000%

82,705%

0,069%
0,189%
0,370%
0,173%
0,636%
0,000%
0,124%
0,021%
0,032%
0,000%
0,000%
0,000%
1,613%

0,617%
0,000%
0,055%
0,247%
0,059%
0,432%
1,411%

0,528%
0,124%
0,363%
0,065%
0,250%
0,012%
0,018%
0,000%
0,009%
0,001%
0,077%
1,447%

0,003%
0,051%
0,034%
0,846%
0,934%

0,000%
0,000%
0,008%
0,009%

88,119%

MOX
time after irradiation
2 yrs !

0,000%
0,000%
0,000%

76,083%
0,018%
6,102%
0,508%
0,200%
0,000%
0,000%

82,911%

0,034%
0,176%
0,333%
0,159%
0,546%
0,012%
0,125%
0,038%
0,028%
0,001%
0,000%
0,000%
1,452%

0,384%
0,000%
0,028%
0,474%
0,064%
0,244%
1,193%

0,481%
0,123%
0,439%
0,111%
0,424%
0,024%
0,038%
0,000%
0,013%
0,003%
0,081%
1,737%

0,002%
0,031%
0,042%
0,802%
0,877%

0,000%
0,000%
0,006%
0,006%

88,177%

100 yrs

0,000%
0,000%
0,000%

76,313%
0,162%
5,081%
1,313%
0,034%
0,000%
0,000%

82,902%

0,034%
0,176%
0,329%
0,159%
0,551%
0,000%
0,134%
0,030%
0,038%
0,001%
0,000%
0,000%
1,452%

0,418%
0,000%
0,030%
0,300%
0,030%
0,417%
1,195%

0,481%
0,123%
0,431%
0,111%
0,432%
0,023%
0,039%
0,000%
0,013%
0,002%
0,082%
1,737%

0,002%
0,029%
0,042%
0,802%
0,876%

0,000%
0,000%
0,006%
0,006%

88,167%

Pu rich agglomérations
time after irradiation
2 yrs |

0,000%
0,000%
0,000%

62,883%
0,018%

10,272%
1,173%
0,687%
0,000%
0,000%

75,033%

0,078%
0,436%
0,831%
0,388%
1,354%
0,024%
0,295%
0,097%
0,093%
0,002%
0,001%
0,000%
3,601%

0,917%
0,002%
0,065%
1,115%
0,148%
0,621%
2,868%

1,206%
0,290%
1,119%
0,243%
1,135%
0,053%
0,113%
0,001%
0,032%
0,006%
0,200%
4,398%

0,006%
0,072%
0,100%
2,042%
2,219%

0,000%
0,000%
0,015%
0,015%

88,134%

100 yrs

0,000%
0,000%
0,000%

63,377%
0,308%
8,316%
2,884%
0,126%
0,000%
0,000%

75,010%

0,078%
0,436%
0,818%
0,388%
1,368%
0,000%
0,315%
0,072%
0,122%
0,002%
0,001%
0,000%
3,601%

0,996%
0,002%
0,069%
0,667%
0,069%
1,069%
2,872%

1,206%
0,290%
1,095%
0,243%
1,158%
0,051%
0,115%
0,001%
0,032%
0,004%
0,202%
4,398%

0,006%
0,068%
0,100%
2,042%
2,215%

0,000%
0,000%
0,015%
0,015%

88,111%

Table 19: Mass fraction ofFP in the oxide for UO2, MOX and Pu rich
agglomerations after 2 and 100 years of cooling
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5.2.6.3 COMPOUNDS AT THERMODYNAMIC EQUILIBRIUM AND COMPOUNDS FORMED

Kleykamp (1985, 1993), working mainly on FBR fuels, and based on a thermodynamic

approach for light water reactors also, has classed the fission products into four main classes:

• elements soluble in the fluorine lattice of the matrix: lanthanoids (La, Ce, Pr, Nd, etc) and

other rare earths like Y, as well as elements like Zr, Nb, Sr

• elements forming oxide precipitates: Rb, Cs, Ba, Zr, Nb, Mo, Te

• fission products forming metallic precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sb, Te

• fission gases and volatile elements: Kr, Xe, Br, I .

The observation of metallic precipitates, ranging in size between 10 nm and 50 nm, is

common for PWR fuels, and microanalysis clearly reveals the presence of Mo, Pd, Tc, Ru and Rh. By

contrast, it is exceptional to observe a few oxide precipitates (second class above) in these fuels. The

corresponding elements are generally located in the matrix, without distinction of precipitates, and are

associated with other classes:

•S either in class 1 (Zr, Nb, Ba),

S or in class 3 (Mo, Te),

•S or in class 4 (Rb, Cs).

However, the classification of Kleykamp is mentioned because it identifies the potentially

observable phases at thermodynamic equilibrium, considering the elevated temperatures encountered

in the FBR fuels, or at the center of the hottest PWR pellets. Many isothermal calculations based on

thermodynamic equilibria, which minimize the free enthalpy of the system, and requiring iterations of

the change in oxygen potential, establish the list of stable compounds, in solid, liquid or gaseous form,

from the inventories of FP and actinides.
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IA IIA MIA IVA VA VIA VIIA VINA

1MB IVB VB VIB VIIB VIII VIII VIII IB MB

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

PF in solid solution: rare earths (Y, La, Ce, Pr, Nd, Pm, Sm, Eu and Gd and alsoZr, Nb, Ba, Sr

PF forming oxide precipitates : Rb, Cs, Sr, Ba Zr, Nb, Mo & Te

PF causing metallic precipitates : Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb and Te

gaseous FP- He, Xe & Kr - anrfolatiles - 1 , Br, Rb, , Se & Te

Table 20: H. Kleykamp's classification, reviewed for some elements associated
with PWR

5.2.6.3.1 Compounds at thermodynamic equilibrium

5.2.6.3.1.1 Case of UO2

Guérin et Moulin (1999), using the SAGE thermodynamic code (advanced version of

SOLGASMIX), for temperatures between 550°C and 1100°C and for burnups from 10 to 100 GWd.t"1,

established the proportion of FP constituting the different phases present. They find that it is virtually

independent of the temperature and burnup (Table 21).

S actinides and lanthanoids form a solid solution in the fluorine lattice.

•S zirconium is in equal proportion in the form of oxide precipitates of BaZrO3 perovskite type,

captured by all the Ba, and in the form of ZrO2 zirconia in solid solution in the fluorine lattice

mentioned above. However, zirconia precipitates are expected at very high burnups.
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•S half of the platinoids and Mo are found in the metallic state.

S half of the Mo is metallic, in oxide form MoO2 for one third and cesium molybdenate CS2MOO4, for

the rest.

S cesium is 10% captured by all the iodine in Csl iodide form, for 30% by all the Te in the form of

the telluride Cs3Te2, and the remainder, or 60%, is in molybdate form Cs2MoO4.

The oxygen potential of the fuel is about -420 kJ.mol"1.

These results were obtained first considering that the zircaloy clad consumed no oxygen. However, if

this assumption is discarded to account for the observations - 10 um of zirconia formed on the inner

side in contact with the fuel - it appears that only the Mo distribution is modified (Table 22): a

fraction of the oxide MoO2 is reduced to metal (68 to 80% instead of 48%) while the proportion of

Cs2MoO4 remains unchanged, because it integrates all the Cs which is not in the form of Csl and

Cs3Te2.

60
GWd/t

100
GWd/t

823 K (550°C)

Mo : 48 % Mo, 34 % MoO 2 (ss),
18%Cs2MoO4

Cs : 58 % CS2MOO4, 32 % Cs3Te2,
10% Csl

Te : 100%Cs3Te2

Ba : 100%BaZrO3

Zr : 51 %BaZrO3, 42 %ZrO2

(ss), 7%ZrO2(sc)
I : 100% Csl

O/M= 1,996
AG(O2) = -433kJ/mol

1023 K (750°C)
Mo : 48 % Mo, 34 % MoO 2 (ss),

18%Cs2MoO4

Cs : 58 % Cs2MoO4, 32 % Cs3Te2,
10% Csl

Te: 100%Cs3Te2

Ba : 100%BaZrO3

Zr : 51 % BaZrC-3, 49 % ZrO 2 (ss)
I : 100% Csl

O/M= 1,997
AG(O2) = - 420 kJ/mol

Mo : 48 % Mo, 34 % MoO 2 (ss),
18%Cs2MoO4

Cs : 58 % Cs2MoO4, 32 % Cs3Te2,
10% Csl

Te: 100%Cs3Te2

Ba: 100%BaZrO3

Zr : 51 % BaZrO3, 42 % ZrO 2

(ss), 7%ZrO2(sc)
1: 98 % Csl(l), 1,3 %Csl(g)

O/M= 1,996
AG(O2) = -415kJ/mol

1373 K (1100°C)

Mo : 53 % Mo, 27 % MoO 2 (ss),
20 % Cs2MoO4 (1)

Cs : 63 % Cs2MoO4(l), 27 %
Cs3Te2, 8%CsI(g), 1,7%
Cs2I2(g)

Te : 82 % Cs3Te2, 17 % Te2(g)
Ba:86%BaZrO3 , 11 %

BaUO4(ss), 3,5 % BaO(ss)
Zr : 44 % BaZrO3, 56 % ZrO 2

(ss), 42 % ZrO 2 (sc)
1: 83 % Csl(g), 17 % Cs2I2(g)

O/M= 1,995
AG(O2) = - 369 kJ/mol

ss: solid solution sc: second phase 1: liquid g:gas

Table 21: Thermodynamically stable compounds and FP distribution in UO2, after
Guerin & Moulin (1999).

Synthesis on the long term behavior of spent nuclear fuel 150



60 GWd/t

100 GWd/t

Zrgaine = 0mol m

ép. ZrO2 = 0 jim

Mo : 48 % Mo,
34%MoO2(ss),
18%Cs2MoO4

AG(O2) = - 420 kJ/mol

Mo : 48 % Mo,
34%MoO2(ss),
18% CsiiMoCU

AG(O2) = -415kJ/mol

Zrgaine = 5.10"3mol lM

ép. ZrO2 = 10 um

Mo: 80% Mo,
1 , 5 % M O O 2 ( S S ) ,

18% CS;>MoO4

AG(O2) = - 449 kJ/mol

Mo : 68 % Mo,
14%MoO2(ss),
18%Cs2MoO4

AG(O2) = - 425 kJ/mol

[1] per mol of fuel

Table 22: Influence of internal oxidation on the state of Mo afler Guerin & Moulin
(1999)

5.2.6.3.1.2 CaseofMOX

The first calculations made by Guerin & Moulin (1999) concern a (U,Pu)O2 fuel containing

5.6% Pu having supplied 47.5 GWd.t"1. Significantly, the results only affect Mo, which is chiefly in

oxide form MoO2, instead of metal (Table 23). This is the result of the fission yield, of Pu in

comparison with U, which is low for Zr and nearly identical for Mo, which releases a higher

proportion of available oxygen: this is referred to as a more oxidizing Pu fission. Taking account of

the internal oxidation of the clad, Mo again becomes mainly metallic. At low temperature, the

proportion of ZrO2 inclusions increases due to the low cold solubility of this element in the fluorine

lattice of UO2 or (U,Pu)O2.
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823 K (550°C)

Mo: 10% Mo,
68%MoO2(ss),
22%Cs2Mo04

Cs:61%Cs2MoO4,
29%Cs3Te2,
10%CsI

Te:100%Cs3Te2

Ba:100%BaZrO3

Zr:57%BaZrO3,
22%ZrO2(ss)
21%ZrO2(sc)

I:100%CsI

O/M= 1,998
AG(O2) = - 432 kJ/mol

1023 K (750°C)

Mo: l l%Mo,
67 % MoO2 (ss),
22 % Cs2MoO4

Cs:61%Cs2MoO4,
29 % Cs3Te2,
10%CsI

Te:100%Cs3Te2

Ba:98%BaZrO3

2%BaUO4

Zr:56%BaZrO3,
44%ZrO2(ss)

I:97%CsI(l),3%CsI(g)

O/M= 1,998
AG(O2) = - 402 U/mol

1023 K (750°C)
+ 5.10'3 mol Zr gain.
ép. ZrO2 = 10 urn

Mo: 55% Mo,
23 % MoO2 (ss),
22 % Cs2Mo04

Cs:61%Cs2MoO4,
29 % Cs3Te2,
10%CsI

Te: 100%Cs3Te2

Ba:98%BaZrO3

2 % BaUO4

Zr:56%BaZrO3,
44 % ZrO2 (ss)

1: 97 % Csl(l), 3 % Csl(g)

O/M= 1,998
AG(O2) = - 423 kJ/mol

ss : solid solution sc : second phase 1 : liquid g:gas

Table 23: Thermodynamically stable compounds andFP distribution in MOX,
after Guerin & Moulin (1999)

5.2.6.3.1.3 Comparison with data in the literature

Kurosaki et al. (1999) also employ the CHEMSAGE software and the FP and actinide

inventories obtained by the ORIGEN-2 code, but they set the oxygen potential at given values of -400

and -350 kJ.mor\ anticipated respectively at 55 and 100 GWd.f1. Their calculations at 1000°C

indicate that:

•S lanthanoids are in solid solution with (U,Pu,Am,...)O2;

S Zr is in the form of oxide precipitates BaZrC^ which mobilize all the Ba, the remainder in solid

solution in the fluorine lattice of the fuel;

•S Mo and Ru form metallic precipitates with the other platinoids, but the compound Cs2MoO4 is very

stable at the highest oxygen potential considered;

S Te, I and Cs form Csl compounds, mobilizing all the I, Cs2Te, Cs and CS2MOO4.

Moriyama & Furuya (1997) make similar calculations with the same software as the above authors,

attempting to determine the radial distribution of the phases formed. For them, the oxygen potential is

the key parameter affecting the results. It is nonetheless difficult to estimate the change in the oxygen

potential with burnup because a fraction of the oxygen is captured by the clad. Direct FEM

measurements yield a value of-450 to -500 kJ.mol1 at the highest burnups. However, according to an

estimation of the final O/U ratio, they preserve a radial distribution of AG0 from -200 kJ.mol"1 at the

center to -350 kJ.mol'1 at the rim, for a linear power density of 200 W.cm'1, where AG0 corresponds

to O/U = 2.01. A large fraction of Mo is in MoO2 form because the oxygen potential used above is

higher than that of the Mo/MoO2 pair. This oxide reacts with Cs to form the molybdate Cs2MoO4
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(-87% of Cs). All the Cs and I form Csl (-13% of Cs). Traces of liquid and gaseous Cs subsist, as

well as CS2O, but no CS2TC Te is liquid.
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Figure 94: Radial distribution of phases or compounds ofFP after Moriyama & Furuya
(1997). O/U= 2.01 andP,= 200 W.crri1

Imoto (1986) also uses the same ORIGEN and SOLGASMIX softwares to determine the

compounds or phases. He determines that the oxygen potential, at 1000°C, is -373 kJ.mol'1. The

representations of the proportion of stable compounds for the main elements reveal similar results to

those of the previous authors, but with some qualifications (Figure 95). At this oxygen potential:

S Zr is mostly in the form of an oxide because it is not mobilized by Ba, Sr, Cs or Rb to form one or

more zirconates (Ba,Sr,Cs,Rb)ZrO3,

S Mo is equally distributed in metal form allied to platinoids and in molybdate form Cs, Rb, Sr and

Ba, the oxide form MoO2 not being mentioned,

^ Cs forms two compounds, Csl mobilizing all the I and Cs2MoO4,

S Rb only forms molybdate, probably in the form (Cs,Rb)2MoO4,

S Ba and Sr are found in the zirconate, molybdate, uranate and in oxide form dissolved in the fluorine

lattice.

If the medium is slightly more reductive:

S Mo becomes increasingly metallic,

S zirconate becomes a predominant form for most of these cations,

S the proportion of Csl is unchanged,

S traces of Cs2Te and Cs(g) appear.
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fuel between 20 and 60 GWd.f', after Imoto (1986).

These investigations all lead to similar FP and actinide inventories, giving rise to the

formation of the same phases, and corroborating the Kleykamp classification:

S lanthanoids, Y, Zr in solid solution in the fluorine lattice of UO2 with the other actinides,

S precipitates of the oxide BaZrO3, containing all the Ba,

S Mo mostly in the metallic precipitates with platinoids Pd, Ra, Ru, Rh and Tc,

S Mo oxidized in the form of MoO2 and Cs2MoO4,

S Cs captured by all the I in Csl form,

S divergences on Te, in the forms Cs2Te and Cs3Te2, or in the atomic state depending on the oxygen

potential.

This parameter plays an essential role on the stabilization of certain phases like molybdate.

Differences between the different authors depend on their choice or their method for calculating the

oxygen potential. No author mentions the formation of Cs uranates at thermodynamic equilibrium.

5.2.6.3.2 Experimental identification of the phases formed

5.2.6.3.2.1 The fluorine structural matrix
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The principal phase identified in the fuel, and the only one by X-ray diffraction, is the one

displaying the fluorine structure of UO2, in which the actinides and lanthanoids are dissolved in solid

solution. This section addresses the study of its mesh parameter as a function of burnup, the proportion

of FP and Pu, and the contribution of the irradiation defects.

5.2.6.3.2.2 Metallic precipitates

These are easily identified in the form of white phases by optical microscopy and consist of an

alloy containing Mo, Ru, Tc, Rh and Pd with a close packed hexagonal structure, an isotope of Ru e.

The composition differs with the authors, although each declares that the abundance of each element

corresponds to the proportion of the fission yields, meaning that all the Mo is in metallic state. In fact,

the relative proportion of these elements, according to the CESAR code, for a UO2 fuel at 60 GW&f1,

is identical, to within the measurement uncertainty, to that of Thomas et al. (1992).

Mo

55-60%

35%

39.7%

Ru

26-32%

30%

27.7%

Tc

12%

10%

9.3%

Rh

5-6%

5%

4.9%

Pd

2-4%

20%

18.4%

after Kohli (1987)

after Thomas et al. (1992)

after the CESAR code

Table 24 : Compositions expressed in % by mass of metallic precipitates, observed
and calculated.
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Figure 96: Section at 1700°C of the ternary diagram of metallic precipitates after
Kleykamp (1985)
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Thomas et al. (1992)
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By transmission electron microscope examinations on UO2 fuels at 44 and 48 GWd.t"1, L.E.

Thomas et al. were able to detect metallic precipitates, of spherical shape, 10 to 100 nm in size, in the

ring stretching from the rim to mid-radius of the pellet. They are located both in the core and the grain

boundaries. In the central part of the pellets, these precipitates retain a fission gas bubble of the same

size, up to 150 nm, and display an angular shape. The combination, precipitate and bubble, is

surrounded by a network of dislocations. By contrast, the examinations they perform at the center of a

pellet which has undergone a power transient, raising the central temperature to 1700°C, are richer

because these thermal conditions have put the chemical species in equilibrium. The main results are

given here:

S Metallic precipitates of the Ru e type, containing Mo, Ru, Tc, Rh and Pd in the same proportions,

are larger, their size between 3 and 10 urn, located at the boundaries and in the core of the grains.

Auger analysis reveals enrichment of the surface of the intragranular precipitates in Pd and Ag.

These elements constitute very small a phase particles, cfc structure, also containing Sn and Cd.

S Cs, Ba and Te is sometimes detected on the surface of some particles of phase 8, but not

systematically.

S A second type of precipitate (Nd, Ce, Zr, U)O2.X rich in lanthanoids, with a cfc structure like UO2,

but with a slightly higher mesh parameter (a = 548 nm), is detected by transmission electron

microscope inside the 8 metallic particles.

S A third type of precipitates containing Ba, Sr and Zr, treated as Ba zirconate, is identified in the s

metallic precipitates located at the grain boundaries.

S However, most of the Nd, Ce, Zr, Ba, Sr and Cs remains in solid solution in UO2.

Ray et al. (1992) also observe metallic precipitates by transmission microscopy, at the center

of a UO2 pellet at 4.5 at % of fission, where the central temperature was measured at 1200°C. Fission

gas bubbles are associated with this. If the fuel has undergone a power transient, which has raised the

temperature by 300°C, the size of the precipitates can reach 10 to 500 nm, and their Mo content may

vary considerably from one precipitate to another.

5.2.6.3.2.3 Precipitates of oxide compounds

Anticipated from thermodynamic calculations and identified in FBR fuels as gray phases

difficult to detect by the optical microscope, they are exceptionally mentioned in the case of PWR

fuels. The use of transmission microscopy was always necessary. Above, Thomas et al. (1992) detect

some of them included in the metallic precipitates of a rod subjected to a temperature transient raising

the central temperature to 1700°C. They find zirconates (Ba,Sr,Cs)ZrO3 and compounds deriving from

lanthanoid oxides (Nd,Ce,Zr,U)O2.x.

Similarly, Ray et al. (1992), using transmission microscopy, detect some precipitates at the

center of pellets subjected to a power transient raising the local temperature to around 1500°C. The
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electronic diffraction picture is consistent with the one of the perovskite phase BaZrC>3. These rare

identifications of precipitates of oxide compounds are always associated with high temperatures at the

core of pellets subjected to high power densities. Their volumetric fraction is obviously insufficient to

represent the fraction of elements expected. Consequently, Zr and the alkaline earth metals, Ba and Sr,

remain located in the fluorine lattice of the fuel.

Cs compounds, like the molybdate and iodide, are never identified, no more than uranates.

However, the XPS analyses reveal an excess concentration located at the grain boundaries. This

element is chiefly in valence +1, but also, in a small proportion, in valence 0 in the core of the grains.

5.2.6.4 CHANGES IN THE MESH PARAMETER DURING IRRADIA TION

The mesh parameter of irradiated UO2 is affected by four main effects:

i. the presence of cations that are crystallo-chemically compatible with the fluorine lattice:

these are actinides (Pu, Np, Am, Cm, etc), fission products of the lanthanoid family, or Y,

Zr, Ba, etc;

ii. the formation of self-irradiation defects (Frenkel pairs) due to the presence of a emitter

actinides;

iii. decrease of the O/M ratio of the fluorine lattice with fission, i.e. with the proportion of

foreign atoms of valency less than 4 substituting for U4+ or Pu4+;

iv. the creation of defects in the traces of fission products, defects stabilized by implanted

elements (atom of gas or cations thermodynamically slightly or not miscible in the fluorine

lattice).

The first three effects also concern non-irradiated fuels like UO2, doped with soluble species in

solid solutions, or like (U,Pu)Û2 subject to the a radiation of Pu. a self-irradiation acts as a function of

time until the defect saturation threshold is reached : according to Philipponnneau (1994), it

corresponds to an integrated dose of about 5.1024 cc.m"3. This is reached for a MOX fuel before the end

of life in reactor and after ~ 5 years for a high burnup UO2 fuel. The fourth effect is specific to fission

and, as a first approximation, depends on the fission rate, in other words the burnup.

In consequence, four remarkable values of the mesh parameter are defined for the irradiated

fuel:

i. ao the raw irradiation parameter, which, to be known accurately, requires prompt analysis at

the end of the power cycle and, since this condition cannot be satisfied, ao is inaccessible to

measurement and must be estimated by extrapolation;
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ii. as the parameter of the irradiated fuel after saturation with a self-irradiation defects, for

which the regularly repeated measurements serve to monitor the changes, with 1000 to

2000 days possibly necessary before a stable value is reached;

iii. aR, whose value can be measured immediately after annealing at a given oxygen potential,

which eliminates the defects created by a self-irradiation and those of irradiation by

favoring the coalescence of the gas atoms in the bubbles, and also brings the O/M ratio to

2;

iv. aRS the saturation value of the mesh parameter of an annealed sample subject to a self-

irradiation, whose changes are monitored by regular measurements.

5.2.6.4.1 Case of simulated burnup fuels

The mesh parameter of virgin UO2 is usually considered as 547.02 pm, according to the

former data sheet JCPDS 78-0664. However, this has been replaced by sheet 41-1422, annotated*,

mentioning a = 546.74 pm, which should be used as the crystallographic reference, but it corresponds

tO UO2,06.

Remark: For practical reasons, the mesh parameter is expressed in picometers, because the

variations mentioned do not exceed a few tenths of this unit.

The use of simulated burnup fuels (more simply called simulated fuels or Simfuel) is a

conventional approach for analyzing irradiated fuel without having to handle high level materials in

hostile conditions. It mainly serves to determine the chemical effect induced by the presence of fission

products, to distinguish it from the overall effects due to irradiation (chemical effect and irradiation

defects). This approach generally provides the limit towards which a quantity tends when annealing is

used to eliminate the defects. The intrinsic chemical effect of the soluble fission products is known

from the study of solid solutions (Ui.y,My)02. The mesh parameter obeys a linear change with the

solute molar concentration y, according to a law of Vegard, provided the O/Ecations ratio remains

equal to 2. For most actinides, lanthanoids, alkaline earths and for some metallic oxides, it decreases

with increasing y (Figure 97). This influence is confirmed on simulated fuels whose total content of

supplementary elements corresponds to the creation yield for a given fission rate. K. Une et al. (Une &

Oguma, 1983), prepared samples of the (U,PF)O2 type by substitution of Zr, Ce, Pr, Nd and Y cations

for U. They propose the following Equation 2 to formulate the change in the mesh parameter.

Equation 2 a = 547.02 - 0.0122 x where a expressed in pm and x in

atom%

Remark: A fission of 1 at% represents about 10 GWd.t'1, because a burnup of 60 GWd.f'

requires 6 at% of fission for a MOXand 6.2 at%for a UO2.
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(1983)

5.2.6.4.2 Case of irradiated UO2 fuel

Davies et al. (1971) first observe the change in the mesh parameter ao of irradiated UO2 at low

burnup, by a flux of thermal neutrons, at 400°C, which is sufficiently low to avoid annealing the

irradiation defects (Figure 99). They attribute the expansion of the mesh parameter to the creation of

isolated local defects and clusters, which coalesce into larger defects around 1018 fission.cm"3. The X-

ray diffraction lines are broader. The maximum increase Aa/a = 6.10"4 corresponds to a crystal

parameter of 547.3 pm. If irradiation continues, the clusters are segregated, causing subdivision of the

grains. The mesh parameter simultaneously decreases and the X-ray diffraction lines become narrow,

indicating a reduction of the stresses and strains. Above 1019 fission.cm"3, expansion is very low and

about 547.1 pm.
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Figure 99: Mesh parameter ofUO2 during irradiation at 400°C
(1020 fission.cm3 = 3.83 GWd.tu')

Une et al. (1991; 1992) provide series of points for U02 fuels, chiefly for boiling water

reactors (BWR) and also PWR. They find that the mesh parameter of a fuel in base load operation,

around 200 W.cm"1, increases approximately linearly from the central portion of the pellet to the rim

(Figure 100): the value is slightly greater than that of virgin UO2, at the center where the temperature

is rather high on average (~1000°C), reaching ~ 547.6 pm at the surface where the temperature

(-^00°C) is insufficient to eliminate the irradiation defects. By contrast, if the rod has undergone a

power transient at 430 W.cm"1 for 12 h, the profile of the mesh parameter is flat up to a radius r = 0.9

ro, its value being 547.0 pm, i.e. that of virgin UO2. However, it rises at the rim of the pellet (r/ro > 0.9)

to a value close to 547.5 pm as for base load irradiation. These results confirm the important role of

temperature and its radial profile on the concentration of irradiation defects, which is responsible for

expansion of the mesh.
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Figure 100: Mesh parameter along pellet radius (Une et al., 1991)

The influence of burnup is examined both in terms of mesh parameter as and X-ray diffraction

line width at mid-height. The samples are taken at 1.5 mm from the surface, i.e. in a region r/ro

between 0.6 and 1, where irradiation defects are preserved. Parameter as is directly proportional

(Figure 101) to burnup between 6 and 35 GWcLt"1, according to Equation 3.

Equation 3 as = 547.02 + 0.017 % with a expressed in pm and T in

GWd.f'
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According to the same authors, the widening of the X-ray diffraction lines (Figure 102)

appears to reach a limit faster than the change of as with burnup. This appears to indicate that this

effect is not only due to the concentration of local defects, but could be attributed to the coalescence of

defects into larger clusters like dislocation loops. Moreover, annealing at 1600°C for 5 h would not

completely restore the lattice if the burnup is too high.

Figure 103 shows the results obtained by:

S Davies & Ewart (1971), on UO2 monocrystals highly enriched and irradiated under a fast neutron

flux;

V Une et al. (1991, 1992) developed above;

S CEA/LECR, concerning mesh parameters of irradiated fuel after saturation with self-irradiation

defects as, and after annealing aR;

S Clavier & Gourel (1994) and Clavier (1995), limited to a few points concerning UO2, before and

after annealing at 800°C for 5 h at an oxygen potential AGo2
 = -450 kJ.mol"1.

Good agreement is obtained with all these data. The mesh parameter as grows linearly up to a

burnup of 55 to 60 GW&t1, where it reaches a value of 548.10 pm. Clavier and the CEA/LECR

provide Equation 4 - nearly identical to Equation 3 - of which the line is plotted in Figure 103.

Equation 4 as = 547.02 + 0.0206 x with a expressed in pm and x in GWd.f'
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Above 60 GWd.t"1, the mesh parameter stabilizes and differs slightly from 547.6 pm. This

burnup corresponds to the threshold of appearance of the porous structure called rim (see 5.2.8), which

forms by coalescence of defects in supersaturation, giving rise to many microbubbles and a restoration

of the grains in sub-grains of UO2.

The swelling associated with increasing mesh parameter according to Equation 4 corresponds

to:

A V A a o 2 O 6
3 3

V a 547,02

or 0.0113% per GWd-t"1, representing about six times less than solid swelling, measured

macroscopically on the rods. Moreover, Une et al. (1992) estimate a 20% contribution of a self-

irradiation to the value of Aa. However, it is conceivable that this overall swelling results from the

creation of new crystal meshes from insoluble FP, which are implanted in the lattice.

If Vo denotes the initial volume occupied by No, mesh with side ao, and V is the volume

occupied by N mesh of average side a, it can be shown that the mesh number ratio is given by

Equation 5:

N V
Equation 5 = —

AV
In this equation, the term — does not represent the total solid swelling (3.84% at 60 GWd.t"

') but the share remaining after calculating the volume occupied by metallic precipitates (including

Aa
50% Mo), or 2.73%. With this value of swelling and — = 0.678%, the mesh number rises 2%,

ao

consistent with an increase in the number of cations (not including platinoids and 50% Mo) by 3.1% at

this fission rate (6.2% at 60 GWdt"1).

The internal energy calculations of Petit (1996), based on the theory of the density functional,

show that the Schottky defect is the most favorable, from the energy standpoint, for integrating the Kr

atom according to the equation :

UO2 + Kr - • (UO2,SCH,Kr) + U + 20

However, the substitution of a uranium atom by a Kr atom, which can be written

UO2 + Kr -» (Ui.y O2,Kr) + yU

is nearly as satisfactory from the energy standpoint.
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This approach, which uses a Schottky defect or a U vacancy, is not inconsequential for the

oxygen balance, generally expressed by the O/M ratio, where M represents cations crystallo-

chemically compatible with the actinides and lanthanoids. In fact, in agreement with this assumption, a

fraction of the oxygen is mobilized to construct the lattice around these fission gases.
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Figure 103: Variation in mesh parameter ofUO2 with burnup before and after
annealing

As to the points showing the parameter aR after annealing, reported by the different authors,

they are clustered around a line, with the exception of the series provided by Davies & Ewart (1971),

which lies below. The CEA/LECR proposes Equation 6 which agrees well with these points and those

ofXJne et al. (1991, 1993)

Equation 6 aR = 547.00 - 0.0068 x with a expressed in pm and x in

GWd.f

The slope of this line is slightly lower than that obtained by Une et al. (1991, 1993) for

simulated fuels (Equation 2). Hence it appears that either the simulated fuels insufficiently reflect the

chemical effects, or the annealings incompletely restore the crystal lattice while maintaining some

defects. However, Davies & Ewart (1971), to adjust their points (samples annealed at 1100°C under

wet H2), use Equation 7 below, which is very similar to Equation 2.
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Equation 7 aR = 547.02 - 0.0127 t with a expressed inpm and r
in atom%

5.2.6.4.3 Case of MOX fuels

B. Clavier devoted a study to the mesh parameters of AUC type MIMAS MOX fuels

irradiated from 1 to 4 cycles, in which the initial Pu/(U+Pu) cationic mass fraction was 2.9, 4.4 and

5.6% Pu. The initial heterogeneous structure of this type of fuel, exhibiting Pu rich agglomerations

(25% or more) in a UO2 matrix, theoretically prevents the consideration of a single crystal parameter.

In fact, the parameter of the (U1.y,Puy)O2 virgin solid solution is calculated by the following

recommendation provide by Philipponneau (1990) :

Equation 8 a = 547.00- 7.4 y a expressed in pm

Thus, for example, a is 546.00 pm for y = 0.135.

Reference can be made to the many investigations on the U-Pu-0 system to observe the

influence of the oxygen potential on the phases present and on the change in the mesh parameter

(Potter, 1972),. Moreover, the wide difference in burnup between the clusters and the matrix normally

makes it difficult to establish a single change with the mean burnup of the pellet. These two effects

have been underscored by the author, who attempted to perform a deconvolution of the X-ray

diffraction lines of the samples by the Rietveld method. He found that the refinement, by considering

two components with a fluorine structure, is less satisfactory than with a single phase. However, he is

certain that irradiated MOX fuels consist of a multitude of crystals of solid solutions in which the Pu

and FP concentrations are different, due partly to the local initial Pu content, and also to the resulting

local burnups. More than two components are needed to complete this refinement, which remains to

be done on irradiated MOX fuel. Here is a recapitulation:
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Initial Pu content

Pu/U+Pu
(%)

2,9

4.4

5.6

Bumup

(GWd.t"1)
10.86

10.86

40.1

14.74

14.740

14.740

14.740

29.16

29.16

29.16

29.16

44.41

44.41

44.41

28.74

27.9

27.9

45.44

45.44

a»
(pm)

547.33

547.49

547.15

As irradiated

as
(pm)

547,69

547.76

547.79

547.75

547.83

547.82

547.82

547.68

547.77

547.78

547.81

547.76

547.80

547.78

547.77

547.81

547.84

547.74

547.79

time from end of
irradiation (days)

1 100J

2212d

1 391 d

1 135 d

1973 d

2 167d

1 952 d

724 d

1474d

1466d

1783 d

950 d

1392d

1 134 d

948 d

1 511 d

1 775 d

900 d

1 414 d

aoR
(pm)

546.92

546.85

546.79

546.87

546.87

546.84

546.81

546.82

546.74

546.79

546.78

546.78

546.74

546.78

546.65

546.70

Annealing

aRs
(pm)

546,99

547.00

546.94

547.22

547.21

547.23

547.03

547.10

547.15

547.20

time from end of
annealing (days)

2 H j

109 d

511 d

919 d

extrapolation

660 d

463 d

672 d

339 d

525 d

588 d

Table 25: Mesh parameter ofAUC type MIMAS MOX as a function of initial Pu
content, for 1, 2 and 3 cycles in PWR, as irradiated or after annealing

The time necessary after the end of irradiation to reach the saturation value a$ is found to be

1000 to 2000 days (~3 to 6 years). This value is independent of the initial Pu content and burnup

(Figure 104): as is 547.78 ± a = 0.04 pm and corresponds to the limit to which UO2 tends at very high

burnup. This shows that the contribution of the agglomerations, for which the burnup is always higher

than 60 GWd.t"1 - even for a mean pellet burnup of 11 GWd.t"1 .predominates over that of the matrix.

Just after annealing, the mesh parameter decreases with higher burnup and initial Pu content.

B. Clavier derives the following three expressions form his experimental points:

Equation 9 aR = 546.94 - 0.00194 x for y0 = 2.9% Pu

Equation 10 aR = 546.91 - 0.00266 T for y0 = 4.4% Pu

Equation 11 aR = 546.9 - 0.00414 t for y0 = 5.6% Pu

All the slopes of these lines are slightly lower, in absolute value, than the one obtained for

UO2 (-0.0068 pm/GWd.f'). As for UO2, they are also lower than the expected values (respectively

-0.0055, -0.0048 and -0.0044 pm/GWd.t"1) and, above all, in a reverse order with respect to the initial

Pu content. These results confirm that the purely chemical effect of the fission products is

demonstrated by a decrease in the mesh parameter, but that annealing does not completely restore a

defectless lattice. After annealing, a self-irradiation causes an expansion of the mesh parameter which
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is greater with higher initial Pu content and bumup. In less than two years, the saturation value aRS is

reached but nonetheless remains lower than the one obtained as on irradiated fuel. This confirms the

stabilizing role of defects by the implantation of insoluble FP and, also perhaps, the creation of

additional crystalline meshes. Laws of distribution, in the form aR(t) = aRs - m2 exp(-irii t), have been

proposed to describe the effect of a self-irradiation on annealed samples. In some cases, they have

been applied to determine a0, the mesh parameter at the end of irradiation, by assuming that this effect

was identical on a given sample before and after annealing. It is nonetheless to early to confirm the

grounds of this assumption and the significance of these values.

548.00

546.60
20 25

Burnup (GWd/tM)

Figure 104: Variation in mesh parameter, before and after annealing, ofAUC type
MIMAS MOX, with burnup

5.2.6.5 OXYGEN CONTENT AND OXYGEN POTENTIAL

The oxygen content, normally denoted by the O/U ratio for virgin UO2 fuel or by the O/M

ratio for virgin MOX and irradiated fuels, is a concern of many researchers because all the properties

depend on it. Any deviation from the stoichiometry, O/M = 2, aggravates the diffusional physical

mechanisms, including creep, and degrades the thermal conductivity. The diffusion coefficients are

magnified because they depend on the fraction of cationic vacancies in the hyperstoichiometric

domain and anionic vacancies in case of hypostoichiometry. As to the irradiated fuel, the

concentration of vacancies or defects is not only governed by the thermal equilibria of Frenkel and

Schottky, but by cascades of atom displacements giving rise to a much larger defect rate. As long as
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the crystal lattice has not been effectively restored, the application of equations linking diffusion

coefficients to deviations from stoichiometry must be handled with care.

Thermodynamic approaches based on solid solutions have led to equations between the

deviation from stoichiometry and the oxygen potential, for UO2 (Lindermer & Besmann, 1985),

l'(UPu)O2(Lindermer& Besmann, 1985) and (ULn)O2 (Lindermer & Besmann, 1985; Une & Oguma,

1983; Garcia et al.,), which are validated by the experimental data. For irradiated fuel, no model has

yet been established linking the O/M ratio to the oxygen potential (Matzke, 1995).

This is why in this summary, these two characteristics are addressed independently, without

trying to establish a formal link between them, but nonetheless remembering that these two quantities

are interdependent, given the abundance and the capacity of Mo to oxidize.

5.2.6.5.1 Oxygen potential or redox power

This terms designates the molar partial free enthalpy of oxygen AGo, at equilibrium with the

fuel. During pellet fabrication, the oxygen potential is imposed by that of the gaseous mixture in the

sintering furnace (Figure 105). The range covered, between a highly reductive atmosphere and the

most "oxidizing", is between -500 and -400kJ.mor'. As a rule, a mixture H2 + 1 vol% H2O

corresponds to the industrial sintering conditions of UO2: the oxygen potential corresponds to ~ -450

kJ.mol'1. On the other hand, the MOX sintering atmosphere is humidified (PHz /PH2O =20) to

promote the diffusion of Pu: the oxygen potential of MOX stabilizes at —420-430 kJ.mor1 on cooling.
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Figure 105: Oxygen potential of gaseous environments in sintering. The solid black
line corresponds to stoichiometric UO2.
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After irradiation, the oxygen potential is determined from the electromotive force E of a

galvanic cell of which the cathode is a fuel fragment and the anode a couple, metal and its oxide, like

Fe/FeO or Ni/NiO, to serve as a reference oxygen potential.

4FE = AGo, - AG0

This method was first validated on virgin UO2 samples prepared at different stoichiometries

(Matzke, 1994). The values determined agree with the thermogravimetric methods and the model of B.

Lindermer and M. Besmann linking the oxygen potential to the deviation from stoichiometry. It was

also applied to virgin fuels at simulated burnup (Simfuel) (Une & Oguma, 1983), revealing that the

presence of elements in solid solution in UO2 raises the oxygen potential for a given deviation from

stoichiometry. Measurements were also taken on fuels irradiated in BWR (Une et ai, 1991) and on

experimental irradiation samples representative of PWR and BWR (Matzke, 1994, 1995).

The results obtained (Figure 106 to Figure 109) show that:

S the oxygen potential varies slightly if at all from its fabrication value, regardless of the burnup

reached, including in the rim where it is two to three times higher than in the rest of the pellet;

S the highest values approach the oxygen potential of the Mo/MoO2 pair, reflecting the role that this

element, among the most abundant of the FP, could play as an oxygen buffer.

In consequence, the redox power of the fuel does not appear to have changed, at least

substantially, between the virgin and irradiated state, regardless of the burnup. It can be associated, by

an upper bound value, with that of the Mo/MoO2 pair with the activity of Mo in the alloy forming the

metallic precipitates, i.e. -410 kJ.mol"1 or -1062 mV/eH2
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Figure 106: Oxygen potential of UO2
fuel at 34.5 75 GWd.f'

Figure 107: Oxygen
potentials at 750°C of fuels at

different burnups.
(Uo sPuoiJO, 982 is an FBR

fuel

Matzke (1994) reported that, for a UO2 fuel at high burnup 75 GWd.t"', the oxygen potential at

the center of the pellet is higher than in the rim (Figure 108). By contrast, Une et al. (1991) report the
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opposite finding in the case of BWR fuel at 30 GWd.t"1 and less (Figure 109). The samples and power

histories were not identical. This point deserves clarification.
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Figure 108: Oxygen potentials at
center and rim (3 samples) of a fuel

at high burnup 75 GWd.f1
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Figure 109: Oxygen potentials at
center and rim of a BWR fuel at

18 and 30 GWd.f1

5.2.6.5.2 Oxygen content

This quantity is normally represented by the O/M ratio where M, for a non-irradiated fuel,

represents any cation crystallo-chemically compatible with the lattice of the fluorine structure of UO2.

Thus in the case of a (U,Pu)O2 fuel, M denotes the sum of the atoms of U and Pu. It is clear that the

lanthanoid oxides, which form solid solutions (U,Ln)O2 in a very wide concentration range, are

involved in the M count.

For a fuel irradiated in normal PWR conditions, the other FP, apart from the metallic elements

and a gas fraction in the form of bubbles, are in supersaturation in the lattice and can thus participate

in its construction and be considered in the term M. The terms O and M accordingly represent the total

number of oxygen and cations or elements which, depending on the assumptions made, participate in

the construction of the fluorine lattice MO2±X. The assumptions below were used to evaluate the O/M

ratio according to the type of element counted in M (Figure 110).

i. The formation of zirconia on the inside of the clad corresponds, for a thickness of 10 um,

to a removal of oxygen from the fuel, lowering the total available quantity from 2 to 1.995.

This causes a systematic reduction of the O/M ratio of 0.25%. On the other hand, only a

maximum of 20% of the Mo for UO2 and 45% for MOX is able to oxidize to MoO2 or

MoO3
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ii. The cations are in their stable valence for the mean oxygen potential of the fuel, scaled to

the M0/M0O2 pair, or +IV for the actinides, Zr and Ce, +III for the lanthanoids, +11 for the

alkaline earths, +1 for the alkalis and 0 for the rare gases.

iii. The mean valence of U, which fluctuates easily, is adjusted to ensure electroneutrality.

iv. Br and I capture a fraction of Rb and Cs which cannot be converted to oxide,

v. One element, not included in the M count, is considered as constituting a secondary phase

capturing a fraction of oxygen corresponding to its valence. Hence this fraction does not

contribute to the O/M ratio.

The classes of elements are progressively integrated in the M count, in order to account for:

i. actinides first, of which the oxide has a fluorine structure;

ii. lanthanoids which easily form solid solutions with MO2;

iii. Zr, followed by the elements likely to be formed from the oxide precipitates, but which

are never detected in nominal PWR operating conditions;

iv. gaseous or volatile elements.

Thus after two years of cooling, the oxygen content as O/M ranges from 1.995 to 2.005 for

UO2 or 2.008 to 2.015 for MOX. However, the presence of insoluble elements in supersaturation in the

lattice, like Cs, Rb, Xe and Kr, causes a reduction in this ratio to values as low as 1.98 to 1.99.

The O/M ratio shows a maximum decrease of 0.003 between 2 years and 200 years of cooling.

The differences observed derive exclusively from the transmutation of Cs to Ba. That of Sr to Zr is

transparent in these calculations because these two elements are included in the same group.
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Figure 110: Determination of the 0/M ratio according to classes of elements
counted in M

The vast majority of the elements have a very stable valence. However, the valence of U

serves to adjust the electroneutrality which coincides with an oxygen availability O/M, = 1.995. Hence

for inventories at 2 and 100 years, the mean valence of U lies in a restricted range slightly above 4.

This range is compatible with the values measured by coulometry by Sarkar et al. (1997) on pellets of

BWR fuels at 34 GWdt'1, for which they found 4.035 to 4.040.

Fuel

type

UO2

MOX

Storage time

2 years 100 years

4.045 4.037

4.067 4.060

Table 26 : Mean valence of uranium UO2 and MOX at 60GWd.f', with 2 and 100
years of cooling

5.2.6.6 LESSONS AND PROSPECTS

The inventory of actinides and fission products for determining the chemical composition of

irradiated fuel is clearly established. Local microanalyses, like radiochemistry which has validated the

creation codes, confirms these results. The overall chemical composition undergoes an insignificant

change between 2 and 100 years since the main p transmutations, which convert the chemical

elements, exclusively concern 134Cs to 134Ba, 137Cs to l37Ba and 90Sr to 90Zr. The abundance of these
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isotopes is very low since their cationic fraction after 2 years of cooling is 2.4.10"4 for 134Cs, 3.4.10"3

for 137Cs and 2.1 10'3 for 90Sr. However, this inventory does not include the production of He resulting

from a disintegrations. This aspect, which is novel in light of investigations of PWR fuel, is addressed

by other PRECCI SP2 studies.

The type and number of phases detected by transmission microscopy are more limited than

predicted by thermochemical calculations. In fact, only the majority phase is easily identified, the

phase which retains in solution or in supersaturation most of the FP, with the exception of Mo and

platinoids, which constitute the metallic precipitates, and a fraction of the gases released in the free

volumes or in the form of inter- and intragranular bubbles. This out-of-equilibrium state, which is

nonetheless created at a temperature higher than the storage temperature, can only evolve at a rate

dictated by the kinetic data, particularly the diffusion coefficients which are very low at the

temperatures concerned.

The oxygen potential or redox power is slightly different before and after irradiation.

Regardless of the burnup, it tends to approach that of the M0/M0O2 pair. This element is abundant and

unoxidized on leaving the reactor: it plays a buffer role eliminating any risk of rapid change in oxygen

potential in storage. Consequently, little or no change is foreseeable in the chemical and structural

composition of PWR irradiated fuel. The main change concerns the production of He in MOX.
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5.2.7 Fuel fragmentation and density

5.2.7.1 FUEL FRAGMENTATION

From the first power ascension of a fuel rod in the reactor, the low thermal conductivity of the

oxide UO2 or (U,Pu)O2 gives rise to a non-negligible radial temperature gradient in the pellets

(Chapter III). The resulting expansion, which is greater at the center than at the rim, generates thermal

stresses which, above a certain level, cause the pellets to crack (Maunier, 1993). The appearance of

free volumes between these fragments is reflected by the increase in volume occupied by the pellets,

commonly called rearrangement (Walton & Husser, 1983).

The analyzing of cracking derives from observations made on irradiated fuel pellets (Walton

& Husser, 1983; Merckx, 1988). A balance is compiled, concerning 71 transverse metallographic

sections, performed on 63 rods (Pince, 1994a, b, c; Pince, 1995), irradiated for one to five cycles. The

longitudinal sections are too few in number (10) to extract an equivalent balance to that of radial

cracking.

The qualitative analysis of the metallographies reveals that the cracking faciès are specific to the

power level experienced by the fuel. As a rule, after irradiation at nominal power (Merckx, 1988)

(Figure 11 la and b).

A number of main trends can be identified in the studies of Walton & Husser (1983) on fuel

irradiated in light water reactors.

S At the start of irradiation (low burnup) the number of radial cracks only depends on the power

level initially reached. It increases slightly with power up to a limiting value of about ten cracks. A

minimum power is apparently necessary to initiate radial cracking.

S During irradiation, regardless of the power regime, the pellets finally fragment into about ten

pieces. The kinetics of this process depends both on the power level reached and the burnup. This

is rapid if the power is high from the start of irradiation, whereas it is much slower if the power

level remains low during irradiation. Fragmentation is then due to progressive damage of the fuel

under irradiation and to the power variations.
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Figure Ilia : Fuel fragmentation as a function ofburnup and mean local power
density (P > 200 W/cm)
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Figure 111b : Fuel fragmentation as a function ofburnup and mean local power
density (P < 200 W/cm)
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The variation in the number of cracks with burnup (Figure 112) reveals a wide dispersion of

the values, suggesting a random aspect to the cracking and rearrangement mechanisms, also clearly

visible on the corresponding metallographies (Figure I l i a and lb). The number of cracks, on a cross-

section, is usually no more than 15. Bonnin (1995) estimates that the number of fragments observed on

a cross-section changes rapidly up to a power density of 250 W.cm'1, and then stabilizes around 350

W.cm"1: power at 14 for UO2 and 10 for MIMAS MOX from AUC. However, the number of

representative points for MOX is smaller than the number for UO2.

These observations agree with the conclusions of Walton and Husser (1983) concerning the

fact that, at the start of irradiation, the number of cracks only depends on the power level initially

reached, while it also depends on the burnup during irradiation. However, they are significantly

different on two points. The first concerns the number of fragments finally forms: about 15 in EDF

PWR reactors compared with about ten in the study of Walton & Husser (1983), probably due to the

nature of the fuel, very likely different in the two studies. The second concerns the cracking kinetics

which do not appear to depend on the mean power level during irradiation in EDF PWR reactors.

In agreement with the results of Walton & Husser (1983), a decrease in the number of cracks

with burnup appears to occur above 50 GWd.t"1, probably due to the healing of the cracks caused by

irradiation, similar to the restructuring of the core of the pellet observed at high temperature. A

circumferential crack (Figure I l ia: section of rod 1089 irradiated five cycles) begins to appear, similar

to the one produced by a high power transient in an experimental reactor.
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Figure 112: Number of cracks as a function of burnup (PWR standard rods)

5.2.7.2 VARIATION IN FUEL VOLUME AND POROSITY IN THE REACTOR

Each fission has the first result of replacing an actinide atom (U or Pu) by two atoms which,

together, occupy a larger volume than that of the parent actinide. Hence fission roughly results in an

increase in volume of the fuel which is called swelling. The rate of swelling, as a function of burnup,
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is a function of the physical and chemical state of the different FP atoms. Experimental data are

supplied by pellet density measurements and by elongation measurements of the fissile stack. The

respective contributions of the different FP families to this overall swelling can also be evaluated by

calculation.

In recent years (Sanzone et al, 1997), it has been possible to measure the apparent or true and

hydrostatic2 densities of irradiated fuels, by impregnating them with wetting agents or not. The

knowledge of these two quantities offers access to the values of the open and closed porosity in the

fuel, and their change as a function of different parameters : burnup and irradiation power particularly.

The change in porosity under irradiation is the result of many physical mechanisms:

densification, solid swelling, interconnection of pores at the surface. The open porosity hence

originates either from cracking or the connection of the closed porosity. It could facilitate the release

of fission gases. Its knowledge is important for controlling the gas release mechanisms as well as the

variation in the free volume of the fuel rod : open porosity of 0.5% of the volume of the fissile stack is

equivalent to 1 cm3 or about 6% of the initial volume of the plenum.

5.2.7.2.1 Variation in fuel density with burnup

The only mass variations likely to occur in a fuel pellet during irradiation are mass losses

caused by the departure of a part of the fission gas released in the plenum, by the implantation of FP in

the clad, and the transfer of oxygen which participates in the internal oxidation of the clad. Since these

variations are small, it is first assumed that they can be ignored, and that the mass of fuel can be

considered constant during irradiation : the density variations of the fuel hence directly reflect the

changes in its volume. We shall then examine the error committed by ignoring the variations in mass.

5.2.7.2.1.1 Case of UO2 fuel

2 The true or apparent density is the ratio of mass to apparent volume which includes the volume of material, the volume of the
closed pores, and the volume of the open pores.

app.

The hydrostatic density is the ratio of the mass to the hydrostatic volume which includes the volume of material and the volume of
the closed pores.

M ., ,,. , , „
Phydro. = y W l t h Vhydro. = V M + V n f

hydro.

In consequence, the volumetric fraction of open porosity is equal to
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This change in the hydrostatic density as a function of burnup occurs in three phases (

Figure 113).

• For a burnup close to 10 GWcLt"1, the irradiated fuel density is approximately equal to its

initial value. During this first phase of irradiation, which approximately corresponds to the

first cycle in the reactor, the swelling caused by the presence of FP offsets the

densification connected with the disappearance of a portion of the small pores (Chapter

III).

• Between 15 and 45 GWd.tr1, the density decreases more or less linearly. Metallographic

inspection of irradiated fuels in nominal conditions fails to reveal the presence of gas

bubbles, because they are smaller than 100 nm according to transmission microscopy

examinations. The variation in volume is hence mainly caused by the FP inserted into the

crystal lattice, which is abusively referred to as "solid swelling" because the nanometric

gas bubbles participate in this swelling (§ 5.2.7.2.2).

• Swelling accelerates above 45 GWd.t"\ This third phase is correlated with the appearance

of bubbles of observable size by metallography (> a few tenths of a um). In this phase, a

gaseous swelling term adds to the solid swelling.
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The solid swelling rate of the fuel is determined from the relative changes in volume

i i n e a r
V-V d

calculated from hydrostatic density measurements, by the equation : 2. = —2—\
v o d

regression line accounts for all the points between 15 and 45 GWd.t"' (Figure 114).
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Figure 114 : Evaluation of solid swelling ofU02 (Garcia, 1998)

The following lessons can be drawn :

• the Y-axis at the origin reflects the scale of the mean densification of these fuels,

or ~ 0.7 to 0.8%;

• the X-axis at the origin shows that solid swelling offsets densification at a burnup

of - lOGWdt 1 ;

• the slope of the regression line corresponds to a solid swelling rate of 0.064% per

GWd.f1.

Measurements of fissile stack elongation provide perfectly comparable data (Garcia, 1998)

(see 5.2.4). The elongation slope (0.016% per GWdt"1 for the points located between 10 and 45

GWd.t"1) corresponds to a swelling rate of 0.05% per GWd.t"1, slightly lower than the one determined

from density measurements, probably due to the axial anchoring of the fuel to its clad which occurs at

the end of the second cycle : the fuel can no longer elongate freely.

The errors made by ignoring the weight loss of the fuel under irradiation can be evaluated.

S A UO2 fuel irradiated to 60 GWd.t"1 contains 1.6 cm3 of fission gases (Xe+Kr) per gram of fuel, or

a mass of 9 mg or 0.9% of the oxide mass. The release of this gas into the plenum reaches a

maximum of about 4% of the gas created, or a mass of gas equal to 0.036% of the mass of fuel. The
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error made by ignoring this release causes an underestimation of the swelling rate by 0.00074% per

GWdt"1, which is acceptable.

S Part of the oxygen leaves the fuel to form a zirconia layer on the inside of the zircaloy clad. The

thickness of this layer is about 10 um for a burnup of 60 GWdt"1. Along a height of 1 cm, the

formation of a 10 um thick zirconia layer has consumed an oxygen mass of 0.32 mg for an oxide

mass of 5.3 g, or a mass decrease of 0.006% or 0.0001% per GWd.t"', hence the error committed is

again acceptable.

Open porosity, which is nil or negligible when the fuel is fabricated, appears during

irradiation. For burnups between 45 and 55 GWd.t"], it is more than 1% and as high as 1.7% of the

volume occupied by the fuel (Sanzone et ai, 1998).

5.2.7.2.1.2 Case of MOX fuel

The results of apparent and hydrostatic density measurements performed on MOX fuel (Figure

115) reveal the same three steps as for UO2, but with the difference that MOX fuel only recovers its

initial density at about 25 GWdf1. It is the subject of longer and stronger densification than UO2.
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Figure 115: Variation in density of MOX fuels with burnup

The swelling rate of MOX fuels is determined from the regression line for all the points

(Figure 116) between 15 and 45 GWd-t"1.
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Figure 116 : Evaluation of swelling of MOXfuels

The slope of the line gives a swelling rate of 0.067% per GWdt"'. This slope, barely higher

than the one determined for UO2 fuels, can no longer be considered in case of MOX as representative

of solid swelling alone, because from the end of the second cycle (-25 GWdf1), metallographies

reveal gas bubbles of micron size in the Pu rich agglomerations : gaseous swelling hence adds to solid

swelling.

Elongation measurements on the fissile stack give results consistent with the hydrostatic

density measurements. As with UO2, and undoubtedly for the same reasons, the elongation kinetics

(0.019% per GWd.t"1) corresponds to a swelling rate of 0.06% per GWd.t"1, slightly lower than that

determined from the density measurements.

The knowledge of the open porosity of irradiated MOX fuel is very recent. The database is

gradually growing to reveal other correlations with maximum power density, burnup, fission gas

release and free volume of the fuel rod at the end of irradiation. The results mentioned here only

represent an embryonic knowledge which will be supplemented and interpreted in the coming years.

At the start of life in the reactor, the open porosity of MIMAS MOX demonstrates a

dependence on the linear power density when it rises above 150 W.cm"1. Values of up to 2% have thus

been measured (Sanzone et al., 1998). They result from microcracking specific to MOX fuel, because

the absence of a variation in hydrostatic density precludes any interconnection of the closed porosity.

At higher burnup (Sanzone et al., 1998), between 15 and 50 GWdf1, the results reveal no

dependence on the maximum power density (Figure 117).

Similarly, it does not appear that the release of fission gases observed can simply be correlated

with the fraction of open porosity, although the highest values are recorded for the highest open

porosities.
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5.2.7.2.2 Contributions to solid swelling

To assess the contribution of the different FP to solid swelling, let us consider with D.R.

Olander (Olander, 1976), the changes in molecular volume corresponding to the fission of a UO2

molecule. Swelling can accordingly be expressed by :

V-Vn

where Vu is the volume of a UO2 molecule,
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V; the atomic or molecular volume of the phase formed by the FP subscript i,

Y; the fission yield of the FP i

P the burnup.

The fluorine mesh of UO2 which contains four uranium atoms has an elementary volume

vu = (0.547)3 / 4 = 0.0409 nm3

The molecular volume of each type of FP can be estimated from the nature of the phase it

forms in the irradiated fuel (Chapter VI ). This calculation obviously demands a number of simplifying

assumptions, and with the exception of the rare gases, it is initially assumed that the FP are at

thermodynamic equilibrium and that the crystalline parameter of the fluorine structure is unchanged.

Lanthanoids, yttrium and zirconium in excess over the proportion entering the composition of

zirconate (Ba,Sr)ZrO3 cause substitution in the cationic sublattice and, as a first approximation,

occupy the same partial molar volume as the actinide (v;/ vy = 1).

The volume of the zirconate molecule (Ba,Sr)ZrÛ3 is 0.071 nm3, or v;/ Vu = 1.74.

The mean atomic volume of the noble metals (Ru, Pd, Rh, Tc and Mo as long as it is not

oxidized) forming the metallic inclusions is 0.0147 nm3, or v/vu = 0.36.

So-called volatile FP are in the following ionic states : Cs+, Rb+, I", Te2". Their mean partial

volume calculated from the Pauling ionic radii (Olander, 1976) is 0.031 nm3, or v;/ vy = 0.76.

The rare gases xenon and krypton, in over-saturation in the matrix, enter a Schottky defect

where, by assumption, they occupy the same volume as the UO2 molecule : v/ vu = 1.

The swellings thus determined are listed in Table 27.
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Lan + Y

Zr (sol)

Ba Sr (Zr)

Ru Pd Tc Rh

Mo

Cs Rb Te 1

XeKr

V/VO

Swelling

Xe Kr bubbles
V/VO

Swelling

Mo metal
Mo oxidized

V/VO

Swelling

Yi

0,502

0,112

0,147

0,357

0,236

0,195

0,304

0,54

0,056

0,304

0,075

0,118
0,118

0,064

UO2
vi/vu

1

1

1,74

0,36

0,36

0,76

1

% / at %

Yi vi/vu

0,50

0,11

0,26

0,13

0,08

0,15

0,30

1,54

% / GWd/t

1,62

% / GWd/t

0,36
1

% / GWd/t

0,49
1,72

0,04
0,12
1,61

Yi

0,462

0,078

0,111

0,506

0,22

0,215

0,297

0,45

0,046

0,297

0,065

0,11
0,11

0,053

MOX
vi/vu

1

1

1,74

0,36

0,36

0,76

1

% / at %

Yi vi/vu

0,46

0,08

0,19

0,18

0,08

0,16

0,30

1,45

% / GWd/t

1,62

% / GWd/t

0,36
1

% / GWd/t

0,48
1,64

0,04
0,11
1,53

Table 27 : Evaluation of solid swelling in UO2 and MOX

In UO2, the calculated swelling rate is 0.056% per GWd.f1, hence slightly lower than the rate

determined from the hydrostatic density measurements, 0.064% per GWd.f1. The difference

probably results from the fact that part of the fission gases is not in over-saturation in the crystal

lattice, but precipitated in the form of very small bubbles, 1 to a few nm, hence unobservable

except by the transmission electron microscope. The elementary volume occupied by a gas atom is

then greater than that which it occupies when inserted in the lattice, but the difference is not

excessive because the pressure in these bubbles is enormous, around GPa. According to the

calculations of the equation of state of gases (Muller, 1998), this volume is about 0.066 nm3, or v;/

Vu = 1.62. The swellings calculated with this assumption are higher than the previous values

(Table 27), the difference is about 0.02% per GWd.f1 assuming that all the gas is precipitated in

nanobubbles. Reality probably lies somewhere between the two assumptions. However, the

proportion of gas making up the bubbles increases with the burnup.

In MOX fuel, due to the higher proportion of FP in the metallic state, the swelling rate calculated

with the same assumptions as UO2 is 0.046% per GWd.f1, significantly lower than that of UO2.

This calculated swelling rate is also lower than the rate determined from the density measurements,

considering the contribution made by gaseous swelling to the change in density.

If molybdenum is partially oxidized, it occupies a larger volume than in the metallic state.

Assuming that half of the Mo is oxidized (Table 27), the swelling rate is increased by slightly under
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0.01% per GWd.t"1. This assumption is an upper bound for UO2 but could approach reality in the

case of MOX at high burnup (see 5.2.6). Due to this partial oxidation of molybdenum which is

slightly higher in MOX than in UO2, the solid swelling rate of MOX fuel hence approaches that of

UO2 fuel.

•S We also assumed that the crystalline parameter of the dioxide was unchanged. In fact, section 5.2.6

showed that this parameter evolves with the burnup. After annealing, hence when the fuel can be

considered at thermodynamic equilibrium, the parameter decreases slightly, the slope corresponds

to a volume decrease of-0.0037% per GWd.t"1. On the contrary, as irradiated, the mesh parameter

increases with a slope corresponding to a swelling of 0.0113% per GWd.t"1 : this increase is

connected with the presence of FP out of equilibrium, inserted into the lattice in substitution or in

interstitial spaces, and locally disturbing the electrical neutrality. It is difficult to account for this

effect in the evaluation, because FP in supersaturation should be subtracted in calculating the

variations in volume associated with precipitates, and the quantities concerned are unknown. The

error made by ignoring this effect is smaller than 0.01% per GWd-t"1, and is clearly the order of

magnitude of the uncertainties of this type of calculation.

In conclusion, the swelling rate of about 0.06% per GWd.t"1 determined in UO2 fuel from

density measurements clearly reflects the solid swelling of the fuel. This figure can be approximated

correctly by calculation, if so-called "solid" swelling includes not only the contribution of solid FP, but

also that of the fission gases in supersaturation in the fuel, or partly precipitated as nanometric

bubbles.

In MOX fuel, since fission creates more metallic FP, the solid swelling rate is perhaps slightly

lower than in UO2, but the difference is partly offset, at least at high burnup, by greater oxidation of

molybdenum. The value determined from the density measurements (0.067% per GWd-f1) includes a

contribution connected with the presence of fission gas bubbles not treatable as solid swelling.

A solid swelling rate of 0.06% per GWd.t'1 hence represents a good approximation both for

UO2 and MOX fuel. This is nonetheless six times greater than the variation determined from the mesh

parameter (see 5.2.6).

5.2.7.2.3 Gaseous swelling

The metallographic observation of UO2 fuels unloaded from PWR and having operated in

nominal conditions, reveals two types of gas bubble above 45 GWd.t"1 :

S at the rim of the pellets, bubbles between 0.6 and 1 um in size,

S at the center of the pellets, i.e. in the hottest zone, intergranular micron-sized bubbles appear,

alongside intragranular bubbles, revealed by chemical attack, ranging in size between about 10 nm

and 100 nm from the rare transmission electron microscope observations available (Thomas et al,

1992; Ray et al, 1992).
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The pressure prevailing in the micron-sized bubbles is a few tens to a hundred MPa and the

mean volume per atom of gas becomes much higher than the volume occupied in supersaturation in

the crystal lattice of fluorine. Hence it is no longer possible to evaluate the contribution of the gases to

swelling by a simple calculation like the one presented in Table 27, except by describing the different

components of this population of bubbles: intra-granular and inter-granular gas, bubble size spectrum,

pressures, temperatures. This is the aim of the models which simulate the changes in fission gases in

the reactor (see 5.2.7).

When most of the gas is concentrated in the bubbles, the latter no longer make any

contribution to solid swelling: the corresponding share, or 0.3% per at% (Table 27) must therefore be

deducted and the solid swelling rate is then no more than approximately 0.03% per GWd.f1.
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5.2.8 Phenomena at the pellet periphery formation, characteristics and structure of

the rim : chemical interaction between pellet and clad

5.2.8.1 FORMATION, CHARACTERISTICS AND STRUCTURE OF THE RIM

5.2.8.1.1 Conditions of appearance

From the fourth irradiation cycle, the rim of the PWR pellet has undergone micro-structural

transformations that are sufficiently intense to be easily detected. It then displays three specific

characteristics :

S a significant increase in the porosity ;

•S a division of the initial grains into subgrains ;

S a loss of xenon detection by the electron microprobe.

These three features are observed in this zone where the burnup and associated FP

concentration are high : 2 to 3 times the average burnup of the pellet, or more than 13% of FP atoms

(see 5.2.3 & 5.2.5). This is the characteristic of this particular zone called the rim Guedeney et

al., (1991).

The rim is a generic feature of the PWR UO2 fuel. By analogy, other types of fuel contain

similar zones to the rim : PWR MOX (Barner, 1991), BWR UO2 (Nogita, ??; Une, 1995), BWR MOX

(Walker et al., 1997), FBR (U,Pu)O2 (Lozano, 1998) CANDU UO2 (Boczar, 1999) and also CERMET

UO2 (Dehaudt, 1999). Its conditions of appearance are similar for all these fuels, because it results

from an accumulation of defects in the crystal lattice, simultaneously requiring :

S an FP concentration corresponding to a minimum fission rate of 6 to 7 at%, or 60 to 70 GWd.f1 ;

S with a temperature remaining under 800°C.

Lozano (1998) translated the range of appearance of the rim in a temperature-burnup diagram, based

on the results obtained on UO2, MOX and FBR fuels.

The rim is the result of many cascades of displacements in the FP arrest zone, leaving defects

at a sufficiently low temperature to prevent restoration of the crystal lattice. An identical effect is

hence found :

S in the Pu rich agglomerations of MOX contained in a zone where the temperature remains low ;

S in fissile material grains dispersed in the CERMET metallic matrix (research or experimental

reactor fuels) which are cold fuels ;

Synthesis on the long term behavior of spent nuclear fuel 187



S in the first U02 grains adjacent to the Pu rich agglomerations of MOX after four cycles ; the

stopping zone of the FP leaving the agglomerations generates defects in these UO2 grains, where

the burnup is lower than the rim appearance threshold (Guerin, 2000).

On the other hand, the characteristics of the rim are not found in two cases in which the FP

concentration or defect criterion is not satisfied :

S in the cortical layer of the pellet, 5 um thick, in contact with the clad, because a fraction of the FP

produced in this layer is implanted in the clad Lozano et al, 1978).

S in granules of CERMET fissile material if their size, smaller than 10-15 um, no longer contains

the stopping zone of all the FP (Dehaudt et al, 1999).

5.2.8.1.2 Characteristics of the rim

5.2.8.1.2.1 Burnup profile

The resonant absorption of epithermal neutrons by 238U enriches the periphery of the pellet in
239Pu. Hence the burnup is higher than in the rest of the pellet (see 5.2.3). The FP concentration

follows the burnup profile as shown by the elementary analyses performed by electron microprobe

(see 5.2.6). This high local FP content, in a zone which always remains fairly cold (< 800°C) gives rise

to the rim structure of the pellet periphery.

5.2.8.1.2.2 Porosity

The pores formed on appearance of the rim have a roughly spherical shape whose surface is

facetted. The facets correspond to the surfaces of the polyhedral subgrains. The porosity rate (Noirot,

et al., 1998) increases with the average burnup above 60 GWd.f1 up to 100 GWd.t"1 (Figure 119). The

pore size, which depends on the analytical methods (optical or electron microscope), ranges from 0.65

urn (Noirot et al, 1998) to 2 um (Spino et al, 1996), but remains centered at 1.2 um regardless of the

burnup (Figure 120).
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This high porosity zone extends over a width of 70 to 140 um representing a boundary

independent (Walker, 1999) of the average burnup when it exceeds 40 GWdt"1. Below this level, it

rises with the average burnup (Barner, et al, 1991). This width is defined from optical microscope

observations hence its name "optical rim" (Figure 121).

Avctags Fuel Bum-uo. CWd/tM

Figure 121 : Variation in width of optical rim and microprobe rim as a function of
average burnup of pellet after Walker (1999)

5.2.8.1.2.3 Xenon concentration

By following the radial profile of the Xe concentration, three different zones can be observed

(Figure 122 and 5.2.3, 5.2.6 & 5.2.9) :

S at the center of the pellet, the content measured by electron microprobe is lower than the quantity

created : the difference corresponds to thermal release ;

S in an intermediate zone, with r/ro = 0.6 to 0.85 approximately from 60 GWdt'1, the measured

concentration conforms to the created value ;

S at the periphery, the amount detected decreases to about 0.2% at the surface of the pellet.
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The radius from which the concentration drops indicates the boundary of the "microprobe

rim". The width thus defined increases steadily with burnup and hence becomes increasingly large in

relation to the optical rim (Figure 121).

The loss of microprobe detection does not mean that the corresponding gas has been released.

In the optical rim zone, the pores contain gas as shown by the images (Mogensen, et al., 1999)

obtained by X-ray fluorescence. However, the microprobe is inappropriate for determining the

quantity of gas present in a bubble of which the size exceeds that of the electron beam in the solid,

which is about 1 um3.

o

0.4 0.6

Relative Radius, r/r

0.8 1.0

Figure 122 : Radial Xe distribution in a PWR UO2 pellet at average 67 GWd.f1

after Walker (1999). TheXe concentration drops in the recrystallized zone which
displays a high burnup. The profile ofXe created is calculated from the local

burnup. The error bars correspond to a confidence interval of 95% or 2c

5.2.8.1.2.4 Grain subdivision

In the "optical rim", the microstructure resulting from fuel fabrication is thoroughly

transformed, due to the appearance of many pores, and also to the subdivision of the grains. The

structure is qualified as a cauliflower structure.

Two types of subgrain are distinguished : rounded and polyhedral.

• Polyhedral subgrains have a size centered on 0.5 um for a UO2 fuel at 5 cycles (Lozano,

1998). This size is rather around 1 um for MOX agglomerations in the coldest part of the

pellet and rises with temperature up to 2 um. Their faces primarily appear to be square and

hexagonal. The TEM images show that the subgrains are slightly disoriented with respect

to one another (less than 5°) (Nogita & Une, 1995; Fray et al, 1997). They are

characteristics of the appearance of the rim.
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• Rounded subgrains are about 0.1-0.2 um in the rim. They have been observed on the free

surfaces of the pellet or in the interior of the pores, or along a crack. Electron microprobe

measurements have shown that a process of chemical segregation occurs at the surface of

the rounded subgrains. This appears to result from the relaxation of the stresses generated

by the superficial segregation of FP (Lozano et al., 1999).

In the MOX, most of the fissions occur in the Pu rich agglomerations, causing a very high

local burnup compared with the average burnup. The formation threshold of the "optical rim" is

reached from the second cycle in the agglomerations located at r/ro > 0.6, where the temperature is

sufficiently low. The rim effect in the MOX agglomerations displays the same characteristics as for

the UO2 rim, with slight differences :

S the size of the polyhedral subgrains increases by about 0.5 to about 2 um and that of the rounded

subgrains ranges from 0.2 to 0.6 um ;

S the xenon concentration detected by microprobe is not more than its lowest value observed in UO2,

because the burnup there is much higher.

The defect accumulation zone and the recrystallized structure are probably intermingled, but

no TEM examination is available to our knowledge, to challenge or validate this assumption.
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5.2.8.1.3 Rim formation and structure
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The distinction between the "optical rim" and the "microprobe rim" shows that this zone of the

pellet is broken down into two domains which attest to the chronology of the formation of the rim.

However, the mechanisms leading to the rim are not yet fully elucidated and are the subject of ongoing

research. The succession of processes listed below, which secured a certain consensus until recently,

appears to be questioned by recent investigations (Spino et al., 1998; Une et al, 2000). Noteworthy

are the complexity and intensity of transformation affecting this zone.

The accumulation of defects or defect clusters, vacancies and interstitial, in the crystal lattice,

is relaxed by three mechanisms :

S vacancy-interstitial recombination

S pore creation

S formation of dislocations.

These dislocations combine to form dislocation walls in this defect accumulation zone. They

divide the initial grains into subgrains of 0.17 to 0.5 urn, with slight disorientations to one another.

Hence an accumulation zone progressively gives way to a recrystallized structure with small grains.

For a burnup above 44 GWd.t"1, the dislocation density in the rim reaches a saturation level estimated

at at least 5.4.1014 m"2 (Nogita & Une, 1995). Simultaneously, many intragranular bubbles present in

the defect accumulation zone, with an average size and density of 7 nm and 5.4.1022 m"3 respectively,

are swept by the recrystallization front to give rise to much larger bubbles of 0.5 to 1 urn. These are

always facetted, surrounded by recrystallized subgrains and bordered by a high dislocation density.

These large facetted bubbles are favorable sites for the emission of dislocations. However, no

dislocation is observed inside the recrystallized subgrains. Intergranular nanobubbles, measuring 1 to

3 nm, also develop and interconnect on these grain sub-boundaries.
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Figure 124 : Clear field image of the rim structure and electron diffraction
pictures corresponding to different zones after Nogita & Une (1995)

A, defect accumulation zone B, recrystallized zone C, bubbles

Hence the zone consisting of recrystallized polyhedral subgrains, containing bubbles or pores

from 0.5 to 1 um, displays the characteristics of the "optical rim". The domain covering the difference

between the "optical rim" and the "microprobe rim" corresponds to a transition zone containing initial

grains in a defect accumulation phase and already recrystallized subgrains. This mixture of two states

of advancement explains the progressive loss of Xe detection due to the progressive coalescence of the

nanobubbles and the increase in the number of large bubbles. This description requires the approval of

most of the research teams (Nogita & Une, 1995; Spino et al, 1996; Walker, 1995; Mogensen et al,

1999; Raye/al, 1997).
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Figure 125 : Variation in Xe concentration as a function of local burnup, for r/ro
between 0.7 and 1 after Walker (1995). The concentration decreases sharply above

60 GWd.f1 as a result of recrystallization. The broken line corresponds to the
quantity ofXe created.

The minimum threshold of appearance of the "microprobe rim" corresponding to the loss of

Xe detection is estimated at 60GWd.t"'. The one corresponding to the "optical rim", for which

recrystallization is complete, is estimated at 120 GWd.t"1. Thus given the power dip in the pellet, this

threshold corresponds to an average burnup of 40 GWd.t"1, above which the appearance of the "optical

rim" is detected by metallographic inspection.

5.2.8.2 PROPERTIES OF THE RIM

5.2.8.2.1 Thermal properties

Since the rim is thin, no direct measurement has yet been made of its thermal conductivity.

However, the high porosity rate and the high defect concentration deteriorate this characteristic.

5.2.8.2.2 Mechanical properties

The micro-hardness (Matzke & Spino, 1997) of the rim is lower than in the central part of the

pellet. However, it is tougher (Spino et al., 1996) : cracks propagate with greater difficulty than in the

rest of the pellet, according to metallographic observations. The mechanical properties of the rim have

been measured by acoustic microscopy. This technique shows that no pellet-clad gap exists (Roque et

al., 1999) at low or high temperature, but a continuity of material by the formation of a zirconia layer

adhering to the fuel and the clad.
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5.2.8.3 CHEMICAL INTERACTION BETWEEN PELLET AND CLAD

The internal corrosion layer has not been intensively investigated, because it is considered as

having little influence on the behavior of the PWR fuel rod up to three cycles. This attitude is tending

to change with the high burnups obtained, at which the internal oxide layer may play a thermal,

mechanical or chemical role. In the international literature, articles are devoted to it for Boiling Water

Reactors (BWR) (Nogita et al, 1996) and MOX (Walker et al, 1997).

5.2.8.3.1 Variation as a function of burnup

5.2.8.3.1.1 Closure of the pellet-clad gap

Oxidation occurs on the inside of the clad when strong contact is established between the clad

and the pellets (Figure 128) causing chemical interaction. The study of Walton and Husser (Walton &

Husser, 1975) concerning the cold residual diametral gap between the pellet and the clad, shows that

these values are dispersed at the start of irradiation, but come together and decrease as the burnup

increases, finally tending towards zero gap if the power has been stable during irradiation, or reduced

but not zero in case of power cycling of the load follower type. This change in the residual gap clearly

reveals that of the rearrangement of the fragments (see 5.2.7) : random at the start of irradiation with

maximum pellet-clad gap, it then stabilizes during irradiation due to the contraction of the clad by

creep under the action of temperature and pressure of the coolant causing a reduction in the pellet-clad

gap. This rearrangement may be complete and lead to the absence of residual gap in case of irradiation

to a stable power level, while a residual gap persists due to the partial irreversibility of the

rearrangement in case of power cycling.

This analysis is confirmed for EDF PWR fuels (Figure 128). In fact, in stable power

conditions, the residual gap tends to disappear faster with higher average power density during

irradiation (P > 200 W.cm'1). By contrast, in case of load following, the decrease in the residual gap

during irradiation stabilizes at a non-zero value, about 14 um from 40 GWd.f'.
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burnup

5.2.8.3.1.2 Development of internal zirconia

Oxidation develops with burnup. Zirconia grows discontinuously, first developing in spots

never less than 5 um thick, and then covering the entire surface with a slowly increasing thickness

(Figure 129).
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The comparison of Figure 128 and Figure 129 shows that the internal zirconia layer is formed

when the hot gap is closed. A correlation with linear power density and burnup has been proposed to

identify the conditions of appearance (Bazin et al, 1975).

The morphology of the internal oxide layer is shown in the case of MOX and UO2. Figure 130

shows a radial section in a UO2 rod irradiated for five cycles in a PWR. The zircaloy is at the top of

the figure, just below the internal oxide layer with a thickness of about 10 um and very high roughness

at the interface with the fuel. The fuel is characterized by the high porosity associated with the rim.

The fuel and internal corrosion layer are intimately imbricated. A material continuity exists between

fuel and clad, with high adhesion : at high burnups, the gap no longer opens on return to low

temperature, but a crack develops in the fuel parallel to the surface.

Figure 131 shows a radial section in a MOX rod irradiated for three cycles in PWR. The

internal oxide layer begins to form opposite a Pu rich agglomeration. The agglomeration is easily

identifiable with its high porosity and its diameter of about 80 um. The internal oxide layer displays

high roughness on both the clad and the fuel side.

Some authors (Walker et al., 1997) postulate that the formation of the internal oxide layer

could be associated with the availability of oxygen from the Pu rich agglomerations. However, by

diffusion, oxygen also issues from the rest of the pellet and not only the Pu rich agglomeration. The

formation of the internal oxide layer at a Pu rich agglomeration is consistent with the fact that close

contact is necessary between pellet and clad. In fact, observation of agglomerations outcropping the

surface of the pellets shows that the latter swell and are the first to enter into contact with the clad. The

increase in volume associated with the oxidation of zirconium to zirconia is 50%. This swelling

participates in reducing the gap.
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Figure 130 : Optical
micrography of a UO^fuel

irradiated 5 cycles showing the
interpénétration of the internal

zirconia and fuel

Figure 131 : Optical
micrography of an internal

oxide layer formed opposite a
Pu rich agglomeration on a

MOXfuel irradiated 3 cycles

5.2.8.3.2 Physical characterization of internal oxidation

Before the zirconia layer is formed, the clad is subject to the implant of recoil FP on a

thickness of about 10 um. This superficial zone contains 2% of implanted atoms for three irradiation

cycles. This implantation alters the behavior of the internal surface of the clad (Schuster & Lemaignan,

1998).

The chemical composition of the zirconia layer has been determined by electron microprobe.

Figure 132 shows the result of a continuous elementary analysis of the fuel clad, for different FP (at

top) and for the main elements U, Zr and O (at bottom). The boundaries between the zircaloy and the

zirconia layer, and between the zirconia layer and the fuel, are shown by two dotted lines. They help to

identify :

• a decrease in the zirconium concentration and an increase in the oxygen concentration

corresponding to the zirconia layer.

• a decrease in the zirconium and oxygen concentration and an increase in the uranium

concentration corresponding to the fuel.
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The fission product concentration increases from the interior of the pellet to its periphery : this

is a consequence of the rim effect. At 10 um from the edge, it decreases steadily across the pellet and

the internal zirconia layer to reach zero in the clad. The isotropic emission of fission products helps

explain this decrease : at the fuel surface, half of the flux of fission products is implanted in the oxide

layer adjacent to the fuel.

The fuel-zirconia layer interface is not defined with better accuracy than 2-3um with the

electron microprobe. Some authors have proposed the existence of an intermediate phase (U,Zr)O2

(Nogita et al, 1996). SEM observations do not confirm this.
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Figure 132 : Mass concentration ofBa, Mo, Nd, U, Zr and O at the clad-fuel
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Figure 124 shows an SEM image of the interior of a fabrication pore open to the clad. The

internal oxide layer can be recognized at the left of the image by its very bright appearance. This

luminosity can be attributed to a charge effect which proves the electrically insulating property of the

oxide layer.

Figure 124 shows two clearly separated phases, fuel and oxide layer, without any sign of the

existence of a (U,Zr)O2 phase. The figure also shows the morphology of the oxide layer in the absence

of fuel, with the wavy appearance. This tends to prove that the morphology of the oxide layer is not

changed by the fuel and that, on the contrary, it is the rim which tends to match the contours of the

oxide layer. Since the oxide layer is primarily composed of zirconia, the hardness of the material can

be signaled as having imposed its morphology.

X-ray diffraction measurements were taken showing that the internal zirconia has a CFC

structure (Gibert & Couvreur, 1996). The stabilization of this structure, rather than the stable

monoclinic phase at low temperature, is probably due to the irradiation damage caused by the presence

of FP and the compression stresses generated by swelling associated with the oxidation of Zr to ZrO2.

Figure 133 : SEM image of a zirconia layer opposite a fabrication pore in the fuel

5.2.8.3.3 Review

At high burnup, the zirconia layer, produced by internal oxidation of the clad, covers the entire

contact surface between the clad and the fuel. It creates a mechanical coupling between the clad and

the fuel and kinetically regulates the oxygen transfer from the clad to the fuel, as well as iodine.
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5.2.9 Location of fission gases

The location of the fission gases (Xe and Kr) and volatile FP (Cs, I, Te, Br and Rb) in the

microstructure of irradiated fuels may affect their availability in case of clad fracture occurring during

storage or disposal. The gases present are distinguished :

S in the free volumes of the fuel, plenum and open porosity, accessible upon piercing of the rod,

S at the grain boundaries of the fuel material likely to be released relatively easily during a change in

temperature or pressure or during oxidation of the fuel,

S in the grains, basically unavailable,

S in the pores of the highly restructured zones, at the periphery of the UO2 fuels, and in the Pu rich

agglomerations of MOX fuels which operated at low temperature, whose behavior is still under

investigation.

5.2.9.1 VOLUMES OF GAS CREATED BY IRRADIATION AND DISTRIBUTION ASSOCIATED

WITH FISSIONS

Table 28 shows the quantities of rare gases (Xe + Kr) and volatile fission products (I, Cs, Br,

Rb and Te) created in a PWR rod after 60 GWd/tm for a UO2 fuel and a MOX fuel. The values,

obtained from a calculation by the CESAR code, are given after 2 and 100 years of cooling and

expressed in mois and in cm3 at 20°C at 1 arm. per rod.

The fission products, created with a kinetic energy of about 80 MeV, are implanted in the fuel

after a path of about 6 fim corresponding to their slowdown in the lattice. A small part of the fission

products (< 0.1% of the total inventory emitted from the pellet periphery) is directly implanted in the

clad by recoil. The location of the FP by implantation in the pellet depends on the spatial distribution

of the fissions.

•S In the UO2 pellets, the radial profile of fission product creation is superimposed on the burnup

profile, which becomes higher at the periphery of the pellets (rim effect, see 5.2.3, 5.2.6 & 5.2.9).

S The fabrication microstructure of MIMAS MOX type fuels leads to a heterogeneity of the Pu

fissions due to the Pu rich zones distributed in a matrix poor in fissile species (see 5.2.2). The

heterogeneity of the FP location is slightly attenuated, due to the progressive contribution of the

matrix to the fissions (creation of fissile Pu by neutron capture on 238U) and also by implantation by

FP recoil in the matrix. Accordingly, only the very large Pu agglomerations (diameter > 50 um)

display special behavior and acquire a burnup (in terms of concentration of irradiation defects and

FP) which is actually much higher than the rest of the pellet (see 5.2.3).
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U02

Rb
Cs
Te
Br
1

Kr
Xe

Xe+Kr

- Mass balance in atom
gram /TMLi -

time after irradiation
2 years
6.883E+00
3.549E+01
6.697E+00
4.298E-01
2.978E+00
7.213E+00
7.155E+01
7.876E+01

100 years
7.282E+00
2.096E+01
6.752E+00
4.298E-01
2.979E+00
6.814E+00
7.155E+01
7.836E+01

- Mass balance in atom
gram /rod

time after irradiation
2 years

1.21E-02
6.26E-02
1.18E-02
7.58E-04
5.25E-03
1,27E-02
1.26E-01
1,39E-01

100 years
1,28E-02
3.69E-02
1.19E-02
7.58E-04
5.25E-03
1,20E-02
1,26E-01
1.38E-01

- Mass balance in cm3
(20°C,1atm)/rod

time after irradiation
2 years

291
1504
284

18
126
306

3032
3338

100 years
309
888
286

18
126
289

3032
3321

MOX

Rb
Cs
Te
Br
I

Kr
Xe

Xe+Kr

- Mass balance in atom
gram /TMLi -

time after irradiation
2 years
3.666E+00
3.978E+01
7.112E+00
3.412E-01
3.704E+00
4.118E+00
6.779E+01
7.191E+01

100 years
3.895E+00
2.540E+01
7.186E+00
3.412E-01
3.704E+00
3.890E+00
6.779E+01
7.168E+01

- Mass balance in atom
gram /rod

time after irradiation
2 years

6.46E-03
7,01 E-02
1,25E-02
6.02E-04
6.53E-03
7.26E-03
1,20E-01
1,27E-01

100 years
6.87E-03
4.48E-02
1,27E-02
6.02E-04
6.53E-03
6.86E-03
1.20E-01
1,26E-01

- Mass balance in cm3
(20"C,1atm)/rod

time after irradiation
2 years

155
1686
301

14
157
175

2873
3048

100 years
165

1076
305

14
157
165

2873
3038

5.2.9.2

Table 28 : Creation of rare gases and volatile FP in PWR fuels irradiated to 60
GWd.tM' evaluated from the CESAR code.

REVIEW OF MECHANISMS A T PLA Y UNDER IRRADIA TION

The location of fission products of the rare gas and volatile type in the irradiated fuel depends

on the mechanisms and kinetics of migration of these species in reactor operating conditions. These

fission products, created in atomic form, can diffuse in this form in the UO2 or l'(U,Pu)O2. The rare

gases also display very low solubility in the fluorine matrix (Petit, 1996), causing their clustering in

small bubbles (nucleation and growth by diffusion) which can be observed in the grains of fuel

material Kashibe et al, (1993), after irradiation. Their size ranges between 10 and 100 nm. Transfer of

the gas to the grain boundaries results in an equilibrium between diffusion and trapping of the gas in

the intragranular bubbles.

The diffusion coefficients of Xe, Kr, I and Br atoms, in PWR nominal conditions, are about

10"21 - 1018 m2.s"' (Kashibe et al, 1993), which, over the duration of an irradiation, leads to diffusion

paths of about the grain size of the nuclear ceramics (5-10 um). The atomic diffusion coefficient of

cesium appears to be lower than that of the rare gases, by a factor of about 2 (Kashibe et al, 1993).

On leaving the reactor, the fission products are thus distributed between the grains and the

grain boundaries of the fuel material, as a function of the diffusion kinetics of the species which

depends on the local temperature reached in the fuel. Figure 134 shows the three components of the

diffusion coefficient of the rare gases currently used in the METEOR code (Struzik et al, 1996), for

analyzing fuel behavior. The activation of diffusion mechanisms, due to the thermal gradient present

in irradiation, results in a change in the distribution (grains/grain boundaries) along the radius of the
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fuel pellet. Despite a high uncertainty on the intrinsic value of the coefficients, two domains can be

defined : athermal operation, which roughly concerns the external portion of the pellet, up to about

mid-radius, and, up to the center of the pellet, a mixed diffusion regime controlled both by the fission

density and the temperature. In the nominal conditions of EDF PWR reactors, purely thermal regime is

very seldom reached.
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Figure 134 : Components of the atomic diffusion coefficient of xenon in UO2 under
irradiation

The grain boundaries have a retention capacity for rare gases and volatiles. When the local

temperature under flux exceeds 800°C and the concentration is sufficient, these can form intergranular

bubbles ranging from 0.1 to 1 um in size. The liberation of rare gases (Xe, Kr) outside the fuel can

occur when this intergranular porosity is connected, presuming that a significant amount of gas has

reached the grain boundaries (threshold mechanism). The parameters controlling the release by

percolation are the difference between the gas pressure in the pores and the pressure of the free

volumes, as well as the permeability of the fuel.

In the intermediate radial zones (0.95 < r/ro < 0.5) of a UO2 fuel, where the temperature is

lower, and in the UO2 matrix of MOX fuels, the gas present at the grain boundaries is considered to be

in the form of atomic layers (segregation without bubbles), and can diffuse in the atomic state along

the boundaries to the free surfaces (Dehaudt et ai, 1994).
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The fission gases are also present in significant quantities in the pores of the restructured zones

of irradiated fuels (see 5.2.5 & 5.2.9), which display very high burnups (> 60-70 GWd.t"1). This

concerns the rim of the UO2 pellets and the Pu rich agglomerations of MOX fuels, where the operating

temperature remains lower than 900°C, and where a large accumulation of irradiation defects, through

a process of restructuration, leads to a subdivision of the initial grains into small grains (about 0.1 to

0.3 \im, in the case of the rim) and the formation of high porosity (10-15%, about 05 to 1 um in size in

the case of the rim). Given the short diffusion paths required, and thanks to the role of the diffusion

short-circuit played by the interfaces between the small grains, this restructuring causes a rapid supply

of fission gases to the pores by surface diffusion mechanisms (Hermitte, 1996).

The representations in Figure 135 recapitulate the observations on the size and morphology of

the pores associated with the retention of fission gases in the intragranular (Dehaudt et al, 1994;

Thiele et al, 1991; Winter et al, 1994; Manzel & Eberle, 1991; Thomas, 1991; Menard, 1997) and

intergranular position (Dehaudt et al, 1994; Fleury et al, 1993; Iltis, 1999), as a function of the

operating parameters of PWR fuels (burnup, local temperature). The colored zone shows the

temperature in the pellet during irradiation.
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function of temperature and burnup in PWR UO2 fuels (summary of
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Figure 135b : Characteristics of intergranular porosity in PWR UO2 fuels as a
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Synthesis on the long term behavior of spent nuclear fuel 206



5.2.9.3 METHODS FOR ANAL YZING RARE GASES IN IRRADIA TED FUELS

The description of the behavior of rare gases (Xe + Kr) in PWR fuels is the subject of specific

modeling and experimental techniques, particularly to assess the impact of the release on the change in

internal pressure of the rods. These softwares, some of which are under development, also provide

information on the retention of rare gases after irradiation in PWR related to the microstructure of the

fuel material. The behavior of volatile FP (Cs and I) is mainly addressed by studies on incidental or

accidental operating situations not representative of the state of the fuel after nominal irradiation.

Several experimental techniques are employed to characterize the behavior of the fission gases. Only

the main features are recalled here, to offer a glance at the present contributions and experimental

limitations.

Drilling the rods provides access to the measurement of the total release, the free volumes and the

internal pressure at the end of life. This type of examination is systematically performed as part of the

surveillance programs on PWR rods, thereby allowing the compilation of a large database.

Examinations by optical micrography and scanning electron microscope (SEM) of irradiated fuels

(Dehaudt et al, 1994) help observe and characterize the microstructure of the fuel by gathering

information about :

• the (inter- and intragranular) porosity which can be the subject of a detailed quantification

by image analysis (pore spectrum),

• grain size and location of restructured zones.

These techniques are routinely associated with analytical means like the Castaing microprobe,

which provides local inventories per element (Boidron et al, 1991). In this case, however, given the

experimental limitations (sample polishing, low electron penetration) the gaseous species present in

the large pores (at the grain boundaries, rim, etc) elude analysis : for the rare gases (via Xe) only the

local inventories retained in the form of atoms or nanometric bubbles are quantified. The application

of these techniques to cross-sections of irradiated fuels is shown in Figure 136a-3d (UO2 5 cycles;

Fleury et al, 1993), and the associated quantitative data are described in detail in § 5.2.9.5.

Other techniques are used to characterize the fission product distribution.

S The Adagio (Ravel & Salot, 1998), technique, by re-irradiation of the samples, followed by

oxidation heat treatment, associated with gamma spectrometry measurements of the radioactive

gases released (133Xe, 85Kr), serves to discriminate the retention of the rare gases at the boundaries

from total retention in a zone of fuel (microcore) but without allowing a distinction of the

populations of gas retained in the grains,

S Elementary analysis techniques like SIMS, X-ray fluorescence X (XRF) (Morgensen et al, 1999)

and gamma spectrometry (cross-section scanning, gamma emission tomography (Ducros et al.
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1994) serve to determine the spatial distributions of the FP in the fuel without distinction between

the different inter- and intragranular populations.

The results supplied by these investigative resources, given their own experimental limitations, must

be cross-checked or combined with rare gas migration calculations to fully characterize the retention

of gaseous FP.

Figure 136a : Radial profile of
Xe and Cs retention in a UO2
fuel irradiated to 60 GWd/tm

obtained by Castaing
microprobe analysis

Figure 136b : SEM image of
zone 1 showing the

restructuring of the fuel at the
periphery (rim effect)

associated with a large loss of
visibility of xenon by

microprobe
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Figure 136c : Optical
micrography of transition

between zones 3 and 3
showing precipitation of gases

in the form of inter- and
intragranular bubbles

Figure 136d : Optical
micrography of zone 3

associated with a loss of
visibility of xenon by

microprobe

5.2.9.4 INTERNAL PRESSURE AND OVERALL RELEASE OF RARE GASES INPWR RODS

On leaving the reactor, the rare gas release rates in the free volumes of the rod are about 1 to

4% for a U0 2 fuel irradiated five cycles (Kapusta, 1997; Thouroude & Desgranges, 1999). MOX rods,

given their slightly hotter operating conditions and their diffusion properties, can reach 6-7% release

after four operating cycles (Chapter III). The internal pressure of the rods is about 40 bar (20°C) after

irradiation to 60 GWd.t"1 for an initial pressure of 26 bar He. Rods clad with new zirconium alloys

(M5, Zr - l%Nb), which are less pressurized (15 bar) at the start, preserve a lower internal pressure at

the exit, although release is slightly higher (Figure 137). This is because the contribution of fission gas

release to the increase in internal pressure is added to the reduction in the free volumes in the rods

(clad creep, fuel swelling) which goes from about 17 cm3 initially to 12 cm3 at the end of irradiation.

For MOX rods, the initial pressure is always 26 bar, explaining the more uniform shape of the curve

(Figure 138).
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5.2.9.5 LOCA TION OF RARE GASES IN THE MICROSTRUCTURE OF IRRADIA TED FUELS

5.2.9.5.1 Case of U02 fuel

For U02 fuel irradiated five cycles, as shown in Figures 3a-3d, three radial zones are generally

distinguished (Boidron et al., 1991) :

• a central zone (r/r0 <~0.5) in which inter- and intragranular porosity is observed,

developing from the fourth irradiation cycle. The intergranular porosity appears to be

largely connected, indicated a release of fission gases in this zone. The microprobe

analysis reveals a large loss of visibility of Xe associated with the precipitation of the gas

and the release outside the fuel. The METEOR code, which includes a fine modeling of

the behavior of the gases, can be used to calculate that about 9% of the gas locally created

is located at the grain boundaries, 53% is retained in the intragranular bubbles (partly

visible by microprobe) and 4% has been released outside the fuel, the remaining 34%

being retained in atomic form in the grains (detected by microprobe).

• an intermediate zone (0.5 < r/r0 < 0.9) in which the microstructure of the fuel has not

evolved (no inter- and intragranular porosity) and the elementary analysis reveals that the

Xe present corresponds to the quantity created. This zone has hence released little fission

gas (< 1% of the quantity created locally). It can be estimated by calculation that about 6%

of the gas created locally is found at the grain boundaries in the form of small bubbles (<

100 nm) or atomic planes.

• a peripheral zone (r/r0 > 0.9) which has been restructured (high porosity, small grains),

revealing a very high loss of Xe visibility to the microprobe. Hence it can be estimated

that 33% of the fission gases locally created have been retained in the pores, representing

about 3% of the total inventory created in the fuel. The estimate of the share of fission

gases released in this RIM zone appears small (~ 6% of the local inventory), and is under

investigation experimentally and theoretically (Noirot, 1998).

5.2.9.5.2 Case of MOX fuel

For MOX fuel, microstructural changes are distinguished between the matrix and the Pu rich

agglomerations more than 50 um in size.

5.2.9.5.2.1 Matrix

In the central zone (r/r0 <~0.5) a significant decrease is observed in the Xe signal delivered by

the microprobe, which is correlated with a gas release. However, few if any intergranular bubbles are
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detected, unlike U02 fuel with the same burnup. In the intermediate zone extending to about 300

from the edge of the pellet, the measured fraction corresponds to the quantity created. At the periphery

of the fuel, the rim does not clearly appear in the matrix, initially poor in Pu, except in the zones

adjacent to the Pu rich agglomerations where the fission products are implanted by recoil. A loss of Xe

detection by the microprobe is also observed, indicating an imminent restructuring.

5.2.9.5.2.2 Pu rich agglomerations

At the center of the fuel, these agglomerations display large single pores at the center instead

of the precipitation of intragranular bubbles, and a large loss of xenon visibility is observed with the

microprobe. For this zone of the fuel, the thermal operating conditions are sufficient to anneal the

defects generated by irradiation. In the rest of the pellet, the agglomerations display a rim type

structure : however, the size of the grains and the pores increases with operating temperature, going

from a hundred nanometers at the periphery of the pellet to a micron at mid-radius (see 5.2.5). These

details are listed in Table 29. It is important to note that these results were obtained by calculations

performed using the METEOR code. They are consistent with the total releases measured and the local

quantitative data obtained by microprobe analyses for the UO2 (Noirot et al., 1998) and MOX

(Pasquet & Cuisset, 1996) rods concerned. However, the description of certain mechanisms is still to

brief and, particularly for MOX fuels, requires further developments and the acquisition of a fuller

experimental base, on which work is currently under way.
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Type of fuel UO2 5 cycles, 60 GWd.t1

Creation 3185 cm3 NTP Xe+K
per rod

MOX 4 cycles, 53 GW GWd.f1

Creation 2637 cm3 NTP Xe+Kr
per rod

Overall distribution fraction /
total creation

(Xe+ Kr)

volume per
rod cm 3

NTP

fraction /
total creation

(Xe+ Kr)

volume per
rod cm 3

NTP

free volume of rod

Intragranular gas for rod

Intergranular gas for rod

3%

87%

10%

95

2771

319

5 % 131

Local distribution Fraction/

local creation

Estimate in
cm3 on

volume

Fraction/

local creation

Estimate in
cm3 on

volume

central zone of fuel

grain boundaries

grains

9 %

87%

/•//•„ < 0.46 or 0. 21 % of total volume

60 10%

581 6 5 %

55

359

intermediate zone

grain boundaries

grains

0.46 <r/ro< 0.95
or 69% of total volume

0.46 < r/r0 < 1
or 79% of total volume

6%

9 3 %

131

2043

34%

64%

708

1333

peripheral zone

porosity

grains

r/ro>0.95
or 10% of total volume

33 % 96

61 % 177

5.2.9.6

Table 29 : Location and distribution of rare gases in PWR UO2 fuels at 60 GWd.f'
and MIMAS MOX fuels at 53 GWd. f1 evaluated by the METEOR code

DISTRIBUTION OF CESIUM AND IODINE IN IRRADIATED FUELS

The Cs and I atoms produced by fission can migrate in the fuel in this form by diffusion, with

iodine exhibiting a diffusion coefficient close to that the rare gases, while that of cesium is lower. This

point is undoubtedly the cause of greater cesium retention compared with the rare gases in the volume

of UO2 and MOX fuels (after nominal operation).

Contrary to Xe, no loss of Cs detection is observed in the central zone and the periphery of a pellet of

a UO2 fuel at 60 GWd.t"1 which has operated in nominal conditions (Figure 136 and § 5.2.6). Its

profile is identical to that of Nd, which itself reflects the profile of burnup or the creation of FP. This

situation appears to be confirmed when the temperature remains locally lower than 1200°C, which is

generally the case for nominal operation of present PWR rods. Similarly, no significant departure of

cesium (Walker et al., 1996), is observed in the highly irradiated restructured zones of UO2 and

MIMAS MOX fuel, rim or Pu rich agglomerations.
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The experimental results of Peehs et al. fPeehs et al. 1983J and Valin (Valin, 1999) show

indirectly, via the analysis of the release kinetics and isothermal annealings of irradiated fuels, that a

part of Cs and I may be present after nominal operation (T<1200°C) at the grain boundaries of a UO2

fuel. However, their release, which occurs in "gusts" in these experiments, requires a temperature

above 1500°C.

For reactor operation generating temperatures above 1200°C (resulting from higher power

density or different core management), a significant decrease is observed in Cs retention in the central

zones both in UO2 fuel (Perrot & Gauvin 1997; Manzel & Coquerel 1994) and in MOX fuel (Perrot,

1996). This situation is associated with a large release of rare gases outside the fuel (> 7%).

As to iodine, given its diffusion properties, its distribution in the irradiated fuel can be

estimated to be similar to that of the rare gases as a first approximation. Given the greater fission yield

of Cs compared with I, this element should be combined with Cs in the form of Csl (see 5.2.6), and

located in the intragranular bubbles and the grain boundaries (Frégonèse, 1997). In the reactor,

however, Csl can be decomposed by radiolysis.

5.2.9.7 POTENTIAL CHANGES IN STORAGE CONDITIONS

The major contribution to the change in internal pressure of the fuel rods leaving PWR

reactors is made by reducing the free volumes and by the release of the rare gases outside the fuel,

representing about 100 cm3 per rod (at 20°C, 1 atm) leaving the PWR. For UO2 fuel irradiated to

60 GWd.f1, about 10% of this inventory of gases created (or about 350 cm3 at 20°C, 1 atm) is retained

at the grain boundaries of the fuel, in the pores or in atomic form, as well as 3% in the rim pores (or

about 100 cm3 at 20°C, 1 atm). Part of this gas could flow towards the free volumes in case of

interconnected porosity, until equilibrium is established between the pressures in the free volumes and

pores. This assumption, which derives from the understanding of the present modeling of the behavior

of fission gases in the reactor, remains to be confirmed in storage and disposal conditions. To evaluate

this effect, it would be necessary to determine the pressures of the gas present in the pores at the end of

PWR irradiation and the permeability constants of the associated fuels. Few experimental data are

available on these points to clarify the quantities and kinetics associated with this potential long-term

release of fission gases by the process.

Among the volatile fission products, only cesium, present at the grain boundaries (a few % of

the inventory) can react chemically with the irradiated fuel (formation of cesium uranates). In the

laboratory, the reaction of Cs in the vapor or liquid state with virgin UO2, above 600°C, leads to

selective attack of the grain boundaries and/or crystal growth at the surface (Valin, 1999). This
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mechanism, which could be involved in the large fission gas releases observed at high temperature

(>1500°C), must be investigated in storage conditions.

The presence of iodine is also important for the risks of stress corrosion in the clad. However,

this element should be completely combined with Cs in the absence of radiolysis. In fact, even if the

results of laboratory experiments currently available and which are limited to durations of a few

hundred hours, reveal that the compound Csl does not cause any clad damage by stress corrosion

(Frégonèse, 1997), this point merits specific investigation.
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5.2.10 Review, lessons and predictions

This memorandum is aimed to establish a reference state of PWR fuel leaving the reactor,

which is generally observed after a few months or years of cooling in a BK pond. Without being too

cursory, two parameters have a dominant influence on the physicochemical state of the irradiated fuel.

• Dissipation of power, produced in a radius geometry, causes a radial temperature gradient

which decisively modifies all the characteristics of the pellet up to 60 to 70 GWd.t"1.

• The fission rate causes the fuel chemistry to change and contributes to the microstructural

transformations and restructurings, and this is more pronounced at higher fission rates.

These changes cause slow degradation of the thermal conductivity, and consequently a

change in the radial temperature profile.

In other words, the final state of the fuel depends on the power history of the rod in the

reactor. This is why this summary refers to the standard fuel subjected to rated operating conditions.

A summary of the main results is first proposed. It is followed by a review of the lessons

which can be drawn on the state of our knowledge and of the gaps in this knowledge, with the

expression of subjects on which our efforts should focus. An attempt to predict the changes in the

irradiated fuel during storage or disposal is made for the sealed rod, and also for the availability of

radionuclides in an open system.

5.2.10.1 SUMMARY OF MAIN RESULTS

5.2.10.1.1 Fuels

The product - pellets, rods, assemblies - entering the reactor is fully defined. It is covered by

very precise specifications and close inspection. The characteristics are very little dispersed and the

quality is constant, reflecting perfect control of fabrication. The impurity levels are much lower than

the accepted values, often by 1 to 2 orders of magnitude.

5.2.10.1.2 Transformations in the reactor

The physical processes governing the life and transformations of the fuel in the reactor are

well known. Their modeling and the simulation of operation serves to define the radial power and

temperature profile, the local burnups, the inventory and location of the fission products. At higher

burnup in rated conditions, the central temperature does not exceed 1200°C at the center of the pellets.
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5.2.10.1.3 Review of rod soundness leaving the reactor

This is made from a set of nondestructive tests regularly performed under surveillance

programs. The elongation of the rods at 50 GWd.f1 is ~ 0.8% with a Zy4 clad and ~ 0.5% with Zr-Nb

(M5) alloy clads. The difference occurs above 40 GWd.f1. The elongation of the fissile stack at 50

GWd.f1 is - 1 % for UO2 and 0.6 to 0.8% for MOX, which densifies at the start of life.

External clad corrosion results in the formation of a zirconia layer with a maximum thickness

of 70 to 100 um at 60 GWd.t4 for Zy4. However, this change occurs half as rapidly for Zr-Nb alloys.

The axial distribution of the burnup is fairly constant except at the ends and in the neighborhood of the

grids, where it is lower.

5.2.10.1.4 State of pellets

Thermally generated stresses cause large radial and transverse cracks giving rise to 15 to 20

fragments, with no difference between UO2 and MOX. The change in the microstructure along a

radius serves to distinguish three main concentric zones for UO2 fuel :

• a central zone (r/r0 < ~ 0.5), where fine intragranular bubbles are precipitated and bubbles

at the grain boundaries;

• an intermediate zone (~ 0.5 < r/r0 < 0.96) apparently unchanged in terms of the fabrication

microstructure, but with an accumulation of gas at the grain boundaries without the

presence of bubbles;

• a cortical zone (0.96 < r/r0) intensely restructured and porous, called the rim.

For MOX, the fission concentration in the Pu rich agglomerations cause substantial

transformations:

• their structure is very porous and the grains are subdivided, like the rim, for

agglomerations located at r/r0 > 0.4 to 0 ;

• their structure is dense with a central cavity in the hot central part of the pellet.

Branched inclusions in the metallographic plates correspond to the precipitation of metallic

FP, Mo and platinoids, in the hot zones or at very high burnups, particularly in the Pu rich

agglomerations of MOX fuels. An internal zirconia layer develops on the inside of the clad when

contact with the fuel is fully established. It is about 10 um thick at 50 GWd.t"1.

The analysis of the clad is part of sub-program 3 of the PRECCI project. Its examination is not

developed here. For information, the clad is corroded by the coolant, with the formation of hydrides.

5.2.10.1.5 Chemical and structural composition
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The change in the chemical composition, in the reactor and then in storage, is predicted by

neutron computer codes which compile the isotopic inventories of all the elements, actinides and

fission products. They have been validated by isotopic analyses by radiochemistry, with variable

accuracy depending on the abundance and activity of the isotopes. The mean local concentrations of

the most characteristic elements (Pu, Nd, Cs, Xe, Mo, Ru), measured by microprobe on metallographic

samples, reveal a good correlation with the calculation results. However, the experimentally recorded

Xe content reveals a loss of detection in the hot central zone of the pellets, and in the restructured zone

of the rim or the Pu rich agglomerations of MOX fuels. This result reflects migration of the fission

gases which form bubbles. Their location in the pellet and the rod in an important factor for storage

and disposal.

The nature of the phases and chemical compounds likely to form actinides and FP is

determined, from their inventory, by thermodynamic calculations of free enthalpy minimization. They

are all more or less obtained from the same original code, the main difference concerning the

treatment of the oxygen potential. However, the same main compounds appear. Yet the observations

do not show good agreement with predictions. In particular, the precipitates of oxide compounds of

the BaZrO3, Cs2MoO4, MoO2 and Csl type have never been detected or identified, even by

transmission microscopy. The majority phase displays the fluorine structure of UO2 or (U,Pu)O2, in

which the microprobe analyses detect the elements with anticipated contents, even if they are slightly

soluble or insoluble. Only the metallic precipitates are clearly identified, but their Mo content appears

to be higher than predicted by the calculations given the expected oxidation of this element. In

conclusion, the fuel leaving PWR is a product eminently outside thermodynamic equilibrium.

Galvanic measurements of the oxygen potential of irradiated fuel fail to reveal any significant

differences to that of virgin fuels. All the values, even for burnups as high as that of the rim, tend

towards the redox potential of the Mo/MoO2 pair, or - 410 kJ.mol"1 at 750°C. Coulometry

measurements were used to determine that the average valence of U, for BWR fuels at 34 GWd.t-1, is

close to 4.03 - 4.04. These values would effectively validate the calculation results for determining the

oxygen content represented by the O/M ratio. However, due to the state outside thermodynamic

equilibrium of the irradiated fuel, no law or model has yet been developed to link this O/M ratio to the

oxygen potential, although they do exist for virgin fuels.

5.2.10.1.6 Fragmentation and swelling

The volume occupied by the pellet in the rod results from:

• cracking and rearrangement of the fragments from the first power ramp

• decrease in density with increasing burnup.
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The swelling which characterizes the change in density includes a first component called solid

swelling induced by an increase in the number of atoms resulting from fission, but with the negligible

contribution of the gas bubbles, followed by a second component corresponding to gaseous swelling

when the bubbles grow in sufficient proportions.

Regardless of the fuel, UO2 or MOX, the solid swelling rate is 0.064 to 0.067% per GWd.t"1. It

is about six times higher than the rate of expansion of the mesh parameter or 0.011% per GWd.t"1. To

interpret and simulate solid swelling, it is indispensable to consider the volumetric contribution, in the

fluorine lattice, of slightly soluble or insoluble elements like gases and volatile FP, which are

supersaturated in the crystal lattice. To explain the difference between the change in swelling and the

mesh parameter, it must be assumed that these excess elements create 2% of new crystal meshes.

The porosity of the irradiated fuel remains low: < 2.5% by volume. Its value is not linked

today clearly to the operating parameters or the fraction of gas released.

5.2.10.1.7 Processes at the pellet periphery: rim and internal zirconia

The term rim applies to a cortical zone of the UO2 pellets in which the fission rate (> 6 to 7%)

and consequently the very high FP concentration, cause a significant change in the microstructure. The

Pu rich agglomerations of MOX fuels located at r/r0 > 0.4 display similar characteristics to those of the

rim of the UO2 pellets. Thus for MOX and for UO2, the temperature must remain sufficiently low (<

800°C) throughout the accumulation period of the fission rate, so that no restoration of the defects

inhibits the appearance of this new structure.

The rim exhibits three characteristics:

• The development of high porosity, due to a high bubble density, easily observable by the

optical microscope, has led to the concept of "optical rim" between 70 and 140 um thick.

Its appearance occurs when the threshold of 120 GWd.t"1 is locally exceeded.

• A loss of Xe detection by microprobe is observed not only in this high porosity layer but

also in an adjacent zone once the 70 GWd.t"1 threshold is locally exceeded. This is referred

to as the "microprobe rim", whose width, greater than that of the "optical rim", is

approximately proportional to the average burnup of the pellet.

• A subdivision of the grains gives rise to elementary grains, slightly disoriented, restored or

recrystallized, ranging from 0.1 to 0.3 um in size. A high dislocation density at saturation

(-5.1014 m"2), in the form of dislocation walls, is observed at the sub-boundaries and the

bubbles.

As soon as the hot gap between pellet and clad is filled, the zircaloy oxidizes. A zirconia layer

is formed and reaches a limit thickness of 10 to 12 um at 50 GWd.t"1. For high burnups, this zirconia
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continues to adhere to the clad and the fuel. On return to low temperature, circumferential cracks may

appear in the fuel.

5.2.10.1.8 Location of fission gases

The creation of fission gases, their migration, and above all, their accumulation in the bubbles

or grain boundaries, significantly alter the microstructure of the fuel. Their location in the pellet, and

hence their potential availability, is a crucial factor for predicting the behavior of the radionuclides in

storage or disposal.

A UO2 fuel at 60 GWd.t"1 has released about 3% of the quantity of Xe and Kr created, issued

identically from the central zone, the intermediate zone and the rim, which represent respectively 20%,

70% and 10% of the volume of the pellet. A MOX at 53 GWd.t"1 has released about 5% of the gas

created, of which 3% issues from the central zone and 2% from the rest of the pellet.

The gases are mainly located in the grains, either in atomic form or in the form of

intragranular bubbles. Thus this intragranular fraction in the UO2 is 87% in the central zone, 93% in

the intermediate zone and 61% in the rim. Moreover, the average proportion of gas at the grain

boundaries, not including the rim, is less than 10%. In MOX fuel, the intragranular fraction does not

exceed 65%.

5.2.10.2 LESSONS AND IDENTIFICATION OF GAPS IN KNOWLEDGE

Fuel irradiated in PWR is a material outside thermodynamic equilibrium which contains many

irradiation defects and which retains slightly soluble or insoluble fission products in supersaturation in

the crystal lattice. The analysis of solid swelling demands the consideration of a certain contribution of

these FP. The difference between the swelling rate and that of the expansion of the crystal lattice can

only be explained by the creation of new meshes from these supersaturated elements. In consequence,

they can no longer be excluded in listing the elements which contribute to the M term of the O/M

ratio. This is probably lower than the values normally suggested, which only include the actinides and

elements soluble in the fluorine lattice in M. It is clear today that no relation is established between the

O/M ratio and the oxygen potential of a PWR fuel, provided this quantity, for a system outside

thermodynamic equilibrium and under a thermal gradient like a fuel rod, has the same thermodynamic

meaning.

Nor does the evaluation of the O/M ratio of the irradiated fuel allow a clear prediction of the

effects on the diffusional quantities. The rate of vacancies and interstitials engendered by irradiation

would have to be incorporated to define the overall atomic model with the use of complex defects.

This task of analysis and experimental verification is only in its inception. Large-scale resources
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drawing on transmission microscopy, and also on "warm or hot" lines on large scientific systems (high

neutron flux, synchrotron radiation, etc) will obviously be necessary.

Other macro- or microscopic characteristics are also lacking today:

• the knowledge of the specific surface area of the fuel would be useful for predicting the

potential exchange area with a surrounding environment. This characteristic is determined

from adsorption isotherms which would also help to check the existence of ultra-

microporosity ((() < a few nm) in which gases like helium are likely to be trapped

• the presence of microcracking, invisible to the optical microscope, can be detected by

acoustic impedance rupture using ultrasonic methods. The necessary techniques have been

developed on virgin UO2 pellets and should be employed on irradiated fuels. They would

also provide the local elastic parameters of the pellet as well as the clad.

5.2.10.3 ATTEMPTS TO ANALYZE POTENTIAL CHANGES IN IRRADIATED FUEL IN A CLOSED

SYSTEM

5.2.10.3.1 Change in irradiated fuel with sealed clad

No change in chemical composition is expected between 2 and 100 years of storage, and

especially beyond. P transmutations, which mainly transform the chemical elements, only concern
134Cs to 134Ba, 137Cs to 137Ba and 90Sr to 90Zr. The abundance of these isotopes is low. After 2 years of

cooling, the sum of their cationic fractions is 5.5 10~3. As to the a transmutations, they replace one

actinide by another. Thus the chemical composition remains unchanged to 99.9% for thousands of

years. However, this inventory does not include the production of helium resulting from a decay. This

aspect is novel with respect to the usual concerns involving irradiated fuel.

The oxygen potential has varied slightly during irradiation. It is finally matched to the

Mo/MoO2 redox pair. Molybdenum, which is an abundant fission product, is not totally oxidized. It

should preserve a buffer role. Similarly, the affinity of zirconium for oxygen is high, conferring

reductive power on the clad. However, the transfer of oxygen from the fuel to the clad is limited by its

diffusion kinetics across the internal zirconia layer, whose temperature remains fairly low during

storage and disposal. It would have the effect of reducing the oxygen potential of the fuel and

approaching that of the Zr/ZrO2 pair, thereby reducing the gradient in the zirconia layer and

consequently the driving force for diffusion.
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These two effects, chemical composition and oxygen potential, would, on a first examination,

cause progressive stabilization of the system over time.

The fuel is a material outside equilibrium, in which many stable compounds are not detected.

Their formation and, above all, their growth, presumes diffusion of the component atoms. The self-

diffusion and diffusion coefficients induced by a self-irradiation are very low at these temperatures. It

seems unlikely that a complete return of these species to equilibrium could occur during the storage

period.

The increase in the mesh parameter of the crystal lattice reaches an upper limit around 60 to

70 GWd.f1 before decreasing slightly. Its measurement, which occurs a few years after it leaves the

reactor, corresponds to the mesh parameter at saturation of the a self-irradiation effect. No further

solid expansion need be feared connected with the a self-irradiation defects. Incidentally, if the

slightly or insoluble atoms, in supersaturation, were to leave into the crystal lattice, the solid material

would contract, and expansion would also occur associated with the formation of these new less dense

phases. The boundary cases can be evaluated.

The generation and location of helium in PWR fuel is a concern that is too recent today to

predict the repercussions on the swelling rate of the material.

5.2.10.3.2 Availability for radionuclide release in open system

The immediate availability corresponds to the fraction of elements released in the free

volumes, or 3 to 5% of Kr and Xe, respectively for UO2 at 60 GWd.t"1 and MOX at 53 GWd.t"1. 10%

of the inventory is present at the grain boundaries and could be released fairly easily. The availability

of the gases and volatile fission products present in the pores of the rim and the Pu rich agglomerations

of MOX fuels is more difficult to estimate. It depends in particular on the possible development of

open porosity or microcracks.

As to the intragranular share, or 87% for UO2 and 65% for MOX, its dispersion is related more

to the degradation kinetics of the matrix and the exchange area with the surrounding environment. As

a first approximation, a similar location could be considered for iodine and cesium. However, since no

migration affects this element in the central zone, the immediate availability, corresponding to the

release in the free volumes, should be less than that of the gases.
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5.3 State of the art on the Helium issues (Dr. J.P. Piron, Dr.

M. Pelletier)

The following paragraph has been already published as a CEA internal report written by Dr. J.P.

Piron & M. Pelletier, entitled "Helium in UOXand MOXfuels -preliminary analyses" and referenced

to as NTSESC DIR/99-2004 (Dec.99).

5.3.1 Introduction

In connection with research on the long-term behaviour of irradiated waste packages, the

generation of helium by alpha decay in the fuel raises a number of questions, which we shall

try to address by various approaches in the PRECCI program:

• What are the quantities of gas generated in the UOX and MOX fuel rods over

time?

• What are the consequences on the physical state and integrity of the fuel pellet?

• Does the helium remain occluded in the crystal lattice of the irradiated oxide, or

can it migrate to the grain boundaries and pores, and escape in the voids in the fuel

rod?

The technological consequences of this potential evolution would be an increase in the

internal pressure of the rod in case of gas release, swelling of the fuel if gas bubbles are

formed in the pellet, modification of the radionuclide inventory at the grain boundaries in case

of degradation of the integrity of the fuel, by increasing the surface area accessible to

oxidizing atmosphere or water.

This paragraph presents a comparative assessment of the quantity of helium produced in UOX

and MOX fuels, and a preliminary analysis of the few data in the literature and from the CEA on the

behavior of helium in heavy metal oxides.

5.3.2 Helium production in PWR fuels

Helium is primarily generated by alpha decay of certain heavy metal isotopes present in the

fuel. Since from its fabrication, MOX fuel contains alpha emitting plutonium isotopes with various

half-lives, in significant amounts, greater production of helium is anticipated in this fuel than in UO2.
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We have evaluated this production in irradiated UOX and MOX fuels based on the isotopic

composition and activity data supplied by the CESAR code developed at DRN/DER/SPRC (Pavageau,

1999).

5.3.2.1 ASSUMPTIONS AND CALCULATION METHODS

Calculations were carried out for three typical fuels taken from the CESAR database (cf

chap.3) :

• a G3 management UOX fuel, average assembly burnup 47.5 GWd/tU, initial enrichment

4% 235U. Irradiation consists of five cycles of 250 days intersected by 60-day intervals.

• a G3 management MOX fuel, average assembly burnup 47.5 GWd/tM, initial enrichment

8.277% Pu. Irradiation also consists of five cycles of 250 days intersected by 60-day

intervals.

• a G4 management MOX fuel, average assembly burnup 60 GWd/tM, initial enrichment

9.026% Pu. Irradiation consists of six cycles of 263 days intersected by 60-day intervals.

The isotopic compositions in heavy nuclei, before and after irradiation, are given in Table 1

for the three fuels.

The database obtained from the calculations of the CESAR code, version 4.32, was developed

for PRECCI sub-program 1. It supplies material balances and residual activities of the fuels from the

end of irradiation to 500,000 years (without considering spontaneous fissions). Helium production per

rod3 and per second has been determined from the residual alpha activity, and the total amount

generated in the fuel was calculated by manual integration, by the trapezium method between two time

steps. The method slightly overestimates the integrated dose, but the choice of a shorter time step

during the first century minimizes this discrepancy.

The following isotopes were considered in this calculation: 224Ra, 226Ra, 228Th, 229Th, 230Th,
232Th, 231Pa, 232U, 233U, 234U, 235U, 236U, 238U, 237Np, 236Pu, 238Pu, 239Pu, 240Pu, 242Pu5

 244Pu, 241Am,
243Am, 242Cm, 243Cm, 244Cm, 245Cm, 246Cm, 247Cm, 248Cm, 249Cf. In practice, the significant isotopes

are: 242Cm5
 243Cm, 244Cm, 238Pu, 239Pu, 240Pu, 241Am, 243Am.

The amount of helium produced during irradiation was calculated for the two UOX and MOX

G3 fuels from data supplied by DER/SPRC for these two irradiations. We do not have the value of

MOX G4, but it will be shown that this does not alter the conclusions which can be drawn on the long-

term helium content. Estimated production of 227 cm3 STP per rod, at the end of irradiation, was

introduced in the calculation. For G3 fuels, to the helium generated after irradiation, we added 25 cm3

STP per rod for UOX and 187 for MOX (Grouiller, 1998). This represents concentrations of 12.5 and

3 * We have considered a mass of 2 kg of uranium oxide or mixed oxide per PWR 900 type fuel rod to

calculate helium production per rod.
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93.5 mm3/g oxide respectively at the end of irradiation. We shall return to these values in the

discussion on the results.

5.3.2.2 CALCULATION RESULTS

The results of the residual alpha activity and helium production calculations are gathered in

Tables 2 and 3, as well as the cumulative alpha dose per unit volume of fuel. Figures 1 and 2 below

show the variation in the alpha activity of the fuels up to 10,000 years of cooling, and Figure 3 (page

10) shows the cumulative production of helium per rod over the same period. Volumes are expressed

in cm3 STP.

At the end of irradiation, 242Cm (isotope with half-life of 163 days) accounts for 80% of the

residual alpha activity and is the main factor responsible for the helium formed under irradiation. It is

generated by the transmutation of 241Am, itself resulting from the decay and transmutation of the

higher isotopes of Pu (Guerin, 1999). After three years of cooling, 244Cm (half-life 18.1 years) and
238Pu (half-life 877 years) account for most of the alpha activity for about 20 and 50 years respectively.

The activity of 241Am (half-life 432 years), obtained from 241Pu (half-life 14.4 years) by beta decay,

increases during the first century and dominates the residual activity between 50 and 1,000 years.

After this, 239Pu (half-life 24,110 years) and 240Pu (half-life 6,560 years) account for most of the

residual activity. The temporal distribution and activity level of UOX fuel should good agreement with

the data published in (IAEA, 1991).
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Figure 139: Alpha activity of UOX fuels 47.5 GWd/tM
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Figure 141 : Alpha activity ofMOXfuel 60 GWd/tM

All the alpha emitters result directly or indirectly (by capture and decay) from the plutonium

isotopes. In the UOX fuel, the plutonium is only formed by neutron capture on 238U in the reactor, or

about 1% at the end of irradiation at the burnup considered in this calculation. In these fuels, the

burnup (directly related to residence time under flux) is the only parameter affecting the residual alpha

activity.

In the MOX fuel, the influence of the initial composition in plutonium and americium isotopes

is found directly: only the activity of fissile 239Pu is significantly decreased (by half in the calculations

presented) during irradiation. It follows that the increase in the total Pu content, the use of a Pu
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containing a higher proportion of isotopes 238, 240 and 241, and the increase in burnup, are the factors

which tend to significantly increase the creation of helium every three years, not only at the end of

irradiation, but also for several thousand years. The MOX calculations presented here foreshadow this

situation: the initial Pu contents are approximately 8 and 9%, while the irradiated fuels examined

today do not exceed 6%. On the whole, at the same burnup (47.5 GWd/tM), the residual alpha activity

of MOX is 8.5 times that of UOX at the end of irradiation, 8 times at 10 years, 6.3 times at 100 years

and 4.8 times at 10,000 years of cooling, for a ratio of 5 in the respective plutonium contents at the end

of irradiation. While there is no simple relation between the alpha activity and initial isotopic

composition of MOX, it may be observed in these calculations that the quantities of the most

significant isotopes of plutonium (excluding 239Pu) are 5 to 8 times higher in MOX than in UOX at the

end of irradiation, the isotopes of Am being more abundant by a factor of over 10. The alpha activity

of MOX varies over time according to the type and relationship of the element dominating the alpha

activity over the period concerned.
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Figure 142 : Helium production in UOX and MOX rods
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5.3.2.3 ACCURACY OF CALCULATIONS

The accuracy of the calculations chiefly depends on the accuracy of the calculations of the

concentrations of the most significant actinides with respect to helium production. According to

DER/SPRC, the inventories of the main actinides are calculated with an accuracy generally less than

10%, except for the isotopes of curium which sometimes have much greater uncertainties, like the

isotope 243Cm. We summarize below for the present calculation scheme: APOLLO 1 - CESAR and for

a UOX fuel for which the average burnup ranges between 10 and 60 GWd/tM, the discrepancies

between calculations and measurements for the main alpha emitter actinides (Grouiller, 99):

Isotopes: (C-E)/E (%)
239pU; 240pU) 241pu [0 . 5]

238pU) 242pU) 241 ̂  243Am [5 . l 0 ]

244Cm, 245Cm, 246Cm [10-30]
243Cm [30 - 100]

According to this table and given the radioactive decay constants, it appears that the accuracy

of the helium production calculation is improved with long cooling times. The isotopes of curium, on

which the uncertainty is greatest, have considerable weight at short periods, whereas the plutonium

isotopes 239Pu and 240Pu, which have the lowest uncertainties, have the greatest weight with long

cooling times.
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5.3.2.4 DISCUSSION OF RESULTS

The helium generated by alpha decay increases continuously as long as long-lived alpha

emitters remain present. The presentation in Figure 3 relates the production of helium to the total fuel

in a rod. It provides an idea of the volumes of gas which could be spread in the voids in case of the

total release of the helium produced. Another aspect of the problem concerns the occluded gas

concentrations in the fuel which could be reached, on the contrary, in the absence of any significant

release. We shall address these two aspects below.

5.3.2.4.1 Assumption of total helium release

The volumes of helium produced in UOX at 47.5 GWd/tU reach 25 cm3 STP/rod at the end of

irradiation, 127 in 100 years, 243 in 300 years and 1171 in 10,000 years (for comparison, the volume

of fission gas generated in irradiation is 2,500 cm3). Given the void volumes of about 13 cm3 in the rod

at the end of irradiation, these amounts of helium represent (without clad deformation) an overpressure

of less than 10 bar at 20°C up to 100 years in case of total release, about 20 bar at 300 years and 90 bar

at 10,000 years. In case of clad creep at high temperature, at the onset of dry storage, a drop in internal

pressure must be considered (about 30 to 40% for 1% diametral deformation distributed over the entire

length of the rod). At the scale of a century, the increase in the tangential stress in the clad" will not

exceed a few MPa. At 10,000 years, however, it will reach 66 MPa at 20°C if the clad has escaped

other forms of aggression.

In the case of MOX, as much helium is generated in one century as in 5,000 years in UOX. In

the long term, volumes of several thousand cm3 STP per rod are reached. In the calculation at 47.5

GWd/tM (the volume of fission gases generated in irradiation is 2220 cm3 STP here), we obtain 187

cm3 STP at the end of irradiation, 911 to 100 years, 1,627 at 300 years and 6,763 cm3 STP at 10,000

years, corresponding respectively to overpressures of 70, 125 and 520 bar cold after 100, 300 and

10,000 years. The corresponding increase in tangential stress in the clad is at least 51,91 and 380 MPa

at 20°C, using the same assumptions as above. The table below summarizes these data with the

corresponding temperatures, which help to determine the orders of magnitude of the important values

for the rest of the study.

** Calculation of the stress corresponds to one nominal clad thickness.
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uox
time

(years)

0.25

100

300

10,000

MOX

time

(years)

0.25

100

300

10,000

T = 20°C

overpressure

(bar)

1.9

9.6

19

90

additional
tangential

stress

M Pa

1.4

7

14

66

T = 20°C

overpressure

(bar)

14

70

125

520

additional
tangential

stress

MPa

10

51

91

380

T= 150°C

overpressure

(bar)

2.7

14

27

130

additional
tangential

stress

MPa

2

10

20

95

T=150°C

overpressure

(bar)

20

101

180

751

additional
tangential

stress

MPa

15

74

132

548

T = 250°C

overpressure

(bar)

3.4

17

34

161

Additional
tangential

stress

MPa

2.5

13

25

117

T = 250°C

overpressure

(bar)

25

125

223

928

additional
tangential

stress

MPa

18

91

163

678

Table 30 : Evolution with time of the internal pressure and related additional
cladding tangential stress for UOX and MOX fuels as a function of temperature.

An exploratory calculation carried out on a MOX irradiated to 47.5 GWd/tM with the

following assumptions : storage temperature uniform and constant at 350°C, total release of helium

produced in void volumes of the rod and closed pores, no additional fission gas release, calculation of

large deformations with first SRAM recommendation of the creep law based on tests at 40 days, leads

to a diametral deformation of the clad after 300 years of less than 0.5%, for a final tangential stress of

165 MPa (Cappelaere, 1999). This type of calculation should be repeated with the successive

recommendations of the creep law.

The problems of helium release, the exact change in the internal pressure as a function of clad

deformation and its creep behavior over time, merit further investigation for MOX fuels.

5.3.2.4.2 Assumption of helium retention

On the opposite assumption of total retention of helium in the fuel, we can situate the

concentrations reached in light of past experience on irradiated fuels. To provide an idea, we

summarize below some of the values recorded during the cooling time (Tables 2 and 3 give the

concentrations at each time step) :
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uox
time

(years)

0.25

10

100

300

10,000

Cm3 STP
/gUOX

0.013

0.021

0.064

0.122

0.59

[He]

% at. / at.
MLi

0.015

0.025

0.077

0.146

0.705

mmol/
cm3 UOX

0.006

0.010

0.029

0.056

0.27

MOX

time
(years)

0.25

10

100

300

10,000

cm3 STP
/gMOX

0.094

0.165

0.456

0.814

3.38

[He]

% at. / at.
MLi

0.113

0.199

0.549

0.980

4.073

mmol/
cm3 MOX

0.043

0.077

0.212

0.378

1.57

Table 31 : Evolution with time of the helium concentration in UOX and MOX fuels.

Let us first mention the preliminary results of occluded helium measurement in the fuel, made

by the sublimated of the oxide and the analysis of the gases collected (Menut, 1995): we resume here

the gist of the analysis made in (Struzik, 1997). UO2 fuels irradiated for three and four cycles in PWR

(pellet burnup 36.5 et 49.9 GWd/tU) contain 13 and 20 mm3 STP of helium/g respectively.

Sublimations on MOX fuel only helped to recover a part of the fission gases expected, probably due to

fuel ejection mechanisms during heating. On the assumption that sublimation has collected the same

proportion of helium occluded in the fuel as fission gas, we can infer that MOX fuel irradiated for

three cycles (pellet burnup 42 GWd/tM) would contain about 100 mm3 STP of helium per gram of

oxide. In the typical calculations presented here, we clearly find the approximate values measured

after irradiation.

Moreover, the quantities of helium collected during gas samplings made on MOX rods

irradiated in PWR are generally smaller, and from the very first irradiation cycle, than the quantities

initially introduced in filling the rod. Two mechanisms can be invoked: either the diffusion of helium

from the plenum to the closed pores of the fuel via the grain boundaries, or implantation in the clad

and in the fuel by elastic collisions between the neutrons and the gas atoms (Struzik, 1997; Pelletier,

1999). It is therefore possible that part of the helium occluded at the end of irradiation (at most 10

mm3/g) originates in the filling helium (« 450 cm3 STP/rod).

Superfact 1 irradiation also gives us significant information on the helium retention capacity in

the oxide fuel: this is a (U0.6, Npo.2, Am0.2)O2 fuel irradiated to 45 GWd/tM in the Phénix fast breeder

reactor (FBR) (Chauvin, 1993; Chauvin, 1996). The gas retention measurements performed by

sublimation of the fuel some three years after its exit from the core reach values of ~ 0.66 cm3 STP/g.

In metallographic examinations, a large number of gas bubbles were observed throughout the surface

of the pellet, which are probably, but without certainty, formed under irradiation, at high temperature.

The comparison with the microstructure of the mixed oxide UPuO2 irradiated in the same capsule fails

to offer a positive conclusion due to the different thermal regimes to which the two oxides were

subjected in the reactor. Non-destructive examinations (measurements of length of fissile column and

clad diameter) also reveal the signs of greater swelling of the fuel loaded with americium, probably

during irradiation. The helium retained in the fuel was generated after the end of irradiation, and the
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helium formed in the reactor was totally released at the temperatures prevailing in FBR fuels in

irradiation, particularly since these rods are filled at atmospheric pressure, hence low in comparison

with the PWR rod. However, the measurement technique does not serve to determine whether the gas

is present in the crystal lattice of the oxide or in its closed pores.

Alongside the creation of helium in the fuel, we can add a comment concerning the

corresponding integrated alpha doses. It has been known for years that alpha self-irradiation distorts

the crystal lattice of the irradiation oxide or not, up to the saturation of the local defects in the crystal.

This point is developed in (Pelletier, 1999; Philipponneau, 1993). We observe here that a dose of

about 5 1024 alpha disintegrations / m3 of fuel is admitted for reaching saturation of the cross-linkage

parameter at ambient temperature, and in consequence, the mesh deformation limit (maximum crystal

swelling of ~ 1.2% by volume). Tables 2 and 3 show that this dose is reached in less than five years

after irradiation for UOX, and that it is already exceeded at the end of irradiation for MOX. If we

assume, from above, a total restoration of the defects in core, it would take some 30 years for UOX

and only two to four years for MOX to reach saturation. The reality is certainly somewhere in

between, because the restoration of defects in core can only occur in the hottest central region of the

fuel pellet. In the case of MOX fuel irradiated for at least three cycles in the reactor, we observe that

the deformation of the mesh by self-irradiation is saturated virtually on its arrival in the hot laboratory.

At this stage, we can accordingly draw a number of conclusions:

• the order of magnitude of the quantities of helium generated in PWR irradiation is in good

agreement with the retention measurements in the fuel.

• the helium created in irradiation remains occluded in the fuel, at least in the range of

burnups experimentally explored (< ~ 50 GWd/tM for MOX). However, its precise

location is uncertain (distribution between oxide matrix and pores).

• the helium partial pressure in the rod plays an important role in the retention of this

element in the fuel pellet.

• the irradiated oxide fuel can accept a concentration of some 0.66 cm3 STP / g (or

0.77%at/atMLi). It is unclear, however, at this level, whether the gas generated after

irradiation remains inserted in the crystal or whether it accumulates in bubbles. Nor can

we identify the temperature threshold of the appearance of helium bubbles.

• it is expected that the saturation of the cold mesh parameter is reached at the latest in the

first few years for UOX and very soon after irradiation for MOX.
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5.5.5 Solubility and helium release

We shall now present the data in the literature that we have compiled so far, without claiming

completeness on the subject. Reports are few in number and access sometimes difficult due to the

types of program with which they are associated.

5.3.3.1 THERMODYNAMIC SOLUBILITY OF HELIUM IN UO2

Unlike xenon and krypton, helium displays measurable solubility in UO2 and can be

introduced into the solid under high gas pressure. Rufeh et al. (Rufeh, 1965) measured the diffusion

kinetics of helium in particles (~ 4um) of UO2 under gas pressure, at 1200°C. They confirmed that the

[UO2 - He] system obeys Henry's law. They infer a saturation solubility of 6.71 10"4 cm3 STP/(g.

atm). For the fuel rod at high temperature, under helium pressure of 60 atm., this would represent a

thermodynamic solubility of 40 mm3 STP/g. oxide (about 500 appm), a low figure compared with the

helium concentrations anticipated in irradiated MOX. The authors conclude from their work at two

comparable temperatures (1200 and 1300°C), a heat of solution of helium of -142 kJ/mol (~ 1.5

eV/at.). Other results cited in Rufeh et al. (1965) declare a heat of solution of -46 U/mol (~ 0.47

eV/at.), for ten times lower solubility. One could well question the meaning of such a negative energy.

The uncertainty is particularly great if one extrapolates the value of the solubility obtained at 1200°C

to temperatures low than ~ 500°C, the temperature range of interest to us in the storage and disposal of

irradiated fuels. Moreover, this strong temperature dependence of the equilibrium solubility seems to

be questioned on theoretical bases (Vanveen, 1999): due to its small size, the helium atom could easily

be inserted into the crystal lattice of UO2, and its solubility would be more dependent on the site and

the defect density of the crystal than on the temperature. In an irradiated material, irradiation and self-

irradiation defects could accordingly play a non-negligible role in the solubility of helium in the

crystal lattice. Hence it is important to clarify the solubility of helium in UO2 as a function of

temperature and of the defects introduced in the crystal (deviation from stoichiometry, irradiation

defects). The experimental results will have to be compared with the atomistic calculations initiated on

this subject.

5.3.3.2 HELIUM RELEASE

5.3.3.2.1 Diffusion coefficient

Few data are available in the open literature on the diffusion of helium in UO2, unlike the

diffusion of fission gases, extensively investigated. Rufeh et al. (1965), based on their experiments on

the infusion of helium under gas pressure, estimated a diffusion coefficient of 1.5 10"17 m2/s at 1200°C,

some 500 times higher than the coefficient for xenon at the same temperature.
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By roughly analyzing the helium release measurements taken in various American

laboratories, on particles of plutonium 238 dioxide of different sizes (centered around 80 and 200 um),

Stark determined a reduced diffusion coefficient (D/a2, where a is the radius of the particle), in good

agreement with Rufeh's measurements at 1200°C, with the activation energy of 230 kJ/mol to the

nearest 10%. The measurements were taken by heating the samples to final temperatures between 600

and 1900°C; Curiously, the coefficient is independent of particle size (80 or 200 um). Yet the author

mentions a significant dispersion of the results, attributed to the pores and to the various prior

temperature history of the samples. He also found that half of the results did not obey a kinetic

corresponding to simple atomic diffusion in a solid (gusts of gas, delayed release). Examining the

results obtained at the onset of heating, he also noted that at temperatures under 400 - 600°C, the

Arrhenius line displays a slope break, with an activation energy of about 20 kJ/mol at the low

temperatures. This mechanism is unexplained, and the author suggests the possibility of the effect of

self-irradiation damage, by analogy with similar observations made on the diffusion of xenon in

irradiated alumina. Prudence is therefore the watchword in using these data: there is no assurance of

obtaining a volume atomic diffusion coefficient, but probably an RMS (root mean square) coefficient

integrating the travel of the helium in the pores before the release measurements. This interpretation,

based on a single reduced coefficient, prevents the extrapolation of the low values to different

temperatures and grain sizes in the ceramic. This means an uncertainty of at least two orders of

magnitude on the characteristic diffusion paths. (Figure 4).
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Reactor feedback

Feedback from fuel irradiations in different types of reactor, in other words, at a wide variety

of temperatures, also teaches us that the release of helium during irradiation occurs at lower

temperature than for the fission gases. In Fast Breeder Reactor fuel, it is found, to within the

measurement accuracy, that all the helium is released while the (calculated) temperatures of the fuel

are always above about 800°C, and that the helium partial pressure in the voids does not exceed a few

bar. An analysis made on the behavior of the fission gases in FBR fuel elements also suggests that on

the Phénix fertile fuel rods filled with air at atmospheric pressure in fabrication, 50% of the helium

formed during irradiation issued from an oxide which had only released 1% of the fission gases

formed.(Guérin, 1984).

We shall resume here the main lessons developed in Pelletier & Blondel (1999). Helium

release measurements on fuels and especially MOX fuels, irradiated to 7 to 64 GWd/tM, have shown

that helium release was greater than that of fission gases in low or unpressurized rods (Billaux et al,

1988). Qualitatively speaking, this means that the diffusion of helium is significantly greater than that

of the fission gases at the same temperature.

Helium retention measurements were taken on samples of UO2 and MOX fuels from BWR

rods, irradiated to 36.5 and 30.4 GWd/tM respectively (Kamimura et al., 1999). A comparison of the

retention measurements of helium and fission gases taken on these samples at their respective
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production helped to determine their release. The ratio of helium released to fission gas released is

about 5 for MOX and 15 for UO2. The authors suggest that although the atomic diffusion of helium is

many orders of magnitude greater than that of fission gases, its release in the voids is nonetheless

strongly conditioned by that of the fission gases.

In MOX rods irradiated in a Pressurized Water Reactor and initially pressurized with helium

to a few tens of bar, no helium release is observed in the reactor at burnups lower than 45 GWd/tM,

for fuel temperatures remaining under about 1200°C. Yet the precise location of the helium generated

in the fuel at the end of irradiation is not experimentally known: is it occluded in the oxide matrix, or

has it diffused into the closed pores during irradiation? It was mentioned earlier that the volumes of

helium collected by post-irradiation volumetry were generally smaller than the quantities introduced in

filling, in EDF MOX PWR rods (Guerin, 1997). This result can be explained by the diffusion of

helium from the voids to the closed pores in fuel fabrication which are initially under a pressure of a

few bar. Similarly, the helium generated under irradiation can, if the temperature is sufficient, initially

diffuse preferentially towards these closed pores under low pressure, and only exit when the pressure

differential between the pores and the voids is reversed. On the basis of a 5% porosity, or 10 cm3 for a

PWR 900 rod, Guerin et al. estimate that 150 cm3 STP per rod of helium could be accommodated by

the fuel porosity, in irradiation, taking account of the temperature difference between the plenum and

the fissile column (Struzik, 1997). This virtually corresponds to the production of helium for a burnup

of about 40GWd/tM. As mentioned by the authors, it is therefore conceivable that helium release

could be observed in MOX irradiated to higher burnups, at the end of irradiation. The forthcoming

volumetric results on fuels irradiated for five cycles will tell us more on the subject. In dry storage, the

temperatures are virtually isothermal. If the reasoning is valid, the closed pores of the fuel could

accommodate larger quantities of helium before it escapes to the voids: hence it can be estimated that

400 cm3 STP of helium is retained in the pores of a fissile column (or 0.2 cm3 STP/g fuel),

considering that helium accounts for about 80% of the pressure at the end of irradiation of a MOX rod,

which is close to 50 bar at 20°C. Over time, these values could change in accordance with the

deformation of the rod clad: if helium is released, equilibrium is established between the decrease in

the hydrostatic pressure by clad creep, and the increase by helium release.

5.3.3.2.3 Superfact 1: helium release in storage

We discussed above the Superfact 1 experimental irradiation, with a fuel loaded with

americium241 which retained, in absolute value, a large quantity of helium generated after its

removal from the core. We must nonetheless add that the helium formation calculations made some

ten years ago and the balance of the gases collected in volumetry and by fuel sublimation, led to an

estimated release rate of 58% of the helium formed during the 34 months of rod storage : one year in
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the conduit of the Phénix reactor at about 200°C, and the rest of the time in a hot laboratory (T <

50°C) (Chauvin, 1993; Chauvin, 1996). Yet no conclusion can be reached on the kinetic mechanisms

of release, because the microstructure of the fuel formed in irradiation may very easily be able to

liberate helium subsequently. Many gas bubbles had in fact been observed. This microstructure does

not correspond to the state of a PWR MOX fuel, at least, as far as we know, in the first few years after

its unloading from the reactor. It would be interesting to regard at present the evolution of the helium

content of this fuel which is rich in alpha emitters.

5.3.4 Conclusions

Helium is generated in the fuel primarily by alpha decay of isotopes present before irradiation

(case of MOX) and generated under flux. During irradiation, 242Cm is the principal source of helium;

after irradiation, 244Cm, 238Pu and 241Am in succession dominate the alpha activity, and the latter's

contribution practically increases tenfold due to the decay of its parent 241Pu, during the first century of

cooling. All these alpha emitters result directly or indirectly from plutonium isotopes. This means that

the generation of helium in UOX is essentially a function of the burnup, whereas in the case of MOX,

the increase in the initial plutonium content, a higher proportion of 241Am, of 238Pu and of the higher

isotopes of plutonium, are also factors which increase the generation of helium over the centuries.

In the calculations presented here, the quantities of helium generated in MOX, in three

centuries, reach values corresponding to the limits of our knowledge about the retention capacity of

irradiated oxide. In particular, an atomic concentration of 4% at 10,000 years is largely beyond the

experience gained on gas retention in the UO2 matrix and its consequences on the physical state of the

pellet.

We also evaluated the overpressure generated by a helium release in the fuel rod, in the

absence of clad creep. For a burnup of 47.5 GWd/tM, the overpressure remains under 20 bar (at 20°C)

for three centuries in the case of UOX, and 70 and 125 bar respectively at 100 and 300 years in the

case of MOX. These estimates show the importance of further investigating the mechanisms and

kinetics of helium release, which are poorly understood today.

We also made a first analysis of the data in the literature on the solubility and diffusion of

helium in UO2 and PuO2, as well as the results obtained in various experimental irradiations and in

power reactors. It appears that the diffusion of helium at high temperature (1200°C) is at least twice as

much as that of the fission gases Xe and Kr. The activation energy of diffusion is apparently lower for

helium than for xenon, which would mean an even higher relative mobility at low temperature. The

uncertainty on the interpretation of the few data at lower temperature (atomic diffusion in the crystal

lattice or mobility in the pores of a polycrystalline solid?) prevent any easy extrapolation in the

temperature range of irradiated fuel storage or disposal. The role of structural defects, generated under
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irradiation, and the role of self-irradiation, on the solubility and mobility of helium in uranium dioxide,

are not clearly established and deserve further investigation.

Finally, it appears from the reactor feedback that the hydrostatic pressure prevailing in a PWR

fuel rod plays a role in the retention capacity of helium in the fuel, not only because the solubility in

the crystal lattice increases with pressure, but probably also by the confinement of helium in the closed

pores of the fuel, competing with the helium pressure in the plenum. During the fuel containment

period in storage or disposal, it is therefore possible that helium release may be different, according to

whether the fuel is maintained under pressure or not.

5.3.5 Annexes : database on helium production for VOX and MOXfuels.
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temps refroid
années
0,2466

2
4
6
8
10
15
20
30
40
60
80
100
200
300
500
800

1000
5000
10000

act. alpha
Tbecq/TMLi

3123
758
598
588
578
578
558
548
508
488
435
397
366
270
215
154
107
87

28,6
20,2

act. alpha
Tbecq/TMLi

26373
6473
4988
4874
4674
4574
4275
4075
3665
3336
2857
2550
2304
1662
1292
913
623
505
148
97

He / cr. s.
cm3/s.cr
2.05E-07
4.97E-08
3.92E-08
3.86E-08
3.79E-08
3.79E-08
3.66E-08
3.60E-08
3.33E-08
3.20E-08
2.85E-08
2.60E-08
2.40E-08
1.77E-08
1,41 E-08
1,01 E-08
7.02E-09
5,71 E-09
1.88E-09
1.33E-09

He / cr. s.
cm3/s.cr
1.73E-06
4.25E-07
3.27E-07
3.20E-07
3.07E-07
3.00E-07
2.80E-07
2.67E-07
2.40E-07
2.19E-07
1.87E-07
1.67E-07
1.51E-07
1.09E-07
8.48E-08
5.99E-08
4.09E-08
3,31 E-08
9,71 E-09
6.36E-09

UOX
He / crayon
cm3 TPN/cr

25,00
32,04
34,85
37,30
39,71
42,10
47,98
53,70
64,62
74,93
94,02
111,24
127,02
192,82
242,99
319,34
400,34
440,47
918,82
1171,24

MOX
He / crayon
cm3 TPN/cr

187,00
246,58
270,29
290,70
310,45
329,58
375,35
418,54
498,61
571,04
699,17
811,04
911,47
1321,75
1627,34
2083,55
2560,24
2793,62
5495,71
6762,96

[He] ds comb
cm3 TPN/g.

0,013
0,016
0,017
0,019
0,020
0,021
0,024
0,027
0,032
0,037
0,047
0,056
0,064
0,096
0,121
0,160
0,200
0,220
0,459
0,586

[He] ds comb
cm3 TPN/g.

0,094
0,123
0,135
0,145
0,155
0,165
0,188
0,209
0,249
0,286
0,350
0,406
0,456
0,661
0,814
1,042
1,280
1,397
2,748
3,381

[He] ds comb
% at/at MLi

0,015
0,019
0,021
0,022
0,024
0,025
0,029
0,032
0,039
0,045
0,057
0,067
0,077
0,116
0,146
0,192
0,241
0,265
0,553
0,705

[He] ds comb
% at/at MLi

0,113
0,149
0,163
0,175
0,187
0,199
0,226
0,252
0,300
0,344
0,421
0,488
0,549
0,796
0,980
1,255
1,542
1,683
3,310
4,073

dose
alpha / m3
3.49E+24
4.48E+24
4.87E+24
5,21 E+24
5.55E+24
5.88E+24
6.70E+24
7.50E+24
9.03E+24
1.05E+25
1.31E+25
1.55E+25
1.77E+25
2.69E+25
3.40E+25
4.46E+25
5.59E+25
6.15E+25
1.28E+26
1.64E+26

dose
alpha / m3
2,61 E+25
3.45E+25
3.78E+25
4.06E+25
4.34E+25
4,61 E+25
5.24E+25
5.85E+25
6.97E+25
7.98E+25
9.77E+25
1.13E+26
1.27E+26
1.85E+26
2.27E+26
2,91 E+26
3.58E+26
3.90E+26
7.68E+26
9.45E+26

Table 32 : Helium production in UOX and MOX fuels 47.5 GWd/tM.
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cooling time
years

0.25
2
4
6
8
10
15
20
30
40
60
80
100
200
300
500
800
1000
5000
10000

alpha act.
Tbecq/TMLi

34719
10726
8800
8414
8113
7832
7199
6651
5766
5094
4174
3591
3189
2143
1629
1112
750
606
179
122

MOX 60 GWd/tM
He/rod/s

cm3/s.cr

2.28E-06
7.04E-07
5.77E-07
5.52E-07
5.32E-07
5.14E-07
4.72E-07
4.36E-07
3.78E-07
3.34E-07
2.74E-07
2.36E-07
2.09E-07
1.41E-07
1.07E-07
7.30E-08
4.92E-08
3.98E-08
1.17E-08
8.00E-09

He/rod
cm3 TPN/cr

214
295.60
335.66
370.97
404.87
437.58
514.66
585.69
712.72
824.11
1013.07
1171.74
1310.47
1857.37
2244.31
2796.09
3357.44
3634.39
6855.39
8398.21

[He] in fuel
cm3 TPN/g

0.107
0.148
0.168
0.185
0.202
0.219
0.257
0.293
0.356
0.412
0.507
0.586
0.655
0.929
1.122
1.398
1.679
1.817
3.428
4.199

[He] in fuel
%at/at Mli

0.129
0.178
0.202
0.223
0.244
0.264
0.310
0.353
0.429
0.496
0.610
0.706
0.789
1.119
1.352
1.684
2.022
2.189
4.129
5.058

dose
alpha/m3

2.99E+25
4.13E+25
4.69E+25
5.18E+25
5.66E+25
6.11E+25
7.19E+25
8.18E+25
9.96E+25
1.15E+26
1.42E+26
1.64E+26
1.83E+26
2.60E+26
3.14E+26
3.91 E+26
4.69E+26
5.08E+26
9.58E+26
1.17E+27

Table 33 : Helium production in MOX fuel 60 GWd/tM.

5.4 State of the art on the potential migration of species (Dr.

M. Pelletier)

The following paragraph has been already published as a CEA internal report written by Dr. M.

Pelletier & P. Blondel entitled "present state of knowledge on the diffusion of species in irradiated fuel

" and referenced to as NT SESC LSC/99-2004 (Dec. 99).

5.4.1 introduction

The behavior of the oxide fuel from PWR and FBR reactors under irradiation is well known

up to burnups of 60 to 70 GWd/tu for enriched uranium oxide, at lower burnups (50 GWd/tM) for

MOX fuel fabricated by the MIMAS process selected by the French companies, and at over 130

GWd/tM for mixed oxide containing 20 to 28% Pu from FBR reactors.

After irradiation, French and international experience shows that sealed fuel elements stored

for a few years in a pond (Twater ~ 30°C) undergo no significant degradation, and that the physico-
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chemical changes in the fuel in these thermal conditions is insignificant. By contrast, long-term

changes (century durations) of dry stored fuel rods, at a high temperature (a few hundred degrees), is

naturally unknown and requires an assessment.

The irradiated fuel, containing variable amounts of actinides and fission products (FP), subject

to radioactive decay, is liable to undergo a number of physical and physicochemical changes

including :

• progressive development toward thermodynamic equilibrium of the FP

compounds,

• the possibility of diffusion of volatile and gaseous FP with additional release of

these substances into the plenum,

• production and release of helium produced by a decay of the actinides,

• swelling of the fuel matrix under the effect of self-irradiation,

• possible ongoing internal corrosion.

Among the various topics identified in the program, for which a bibliographic summary of the

existing literature is needed, a study on the state of knowledge of the diffusion coefficients of the

species present in the irradiated fuel, and an assessment in the range of low temperatures and for long

time intervals, of the models of the migration and release of fission gases and FP used in our codes, is

a prerequisite for identifying the R&D guidelines on spent fuel long term behavior.

The present paragraph is aimed to review the experimental data available in the open literature

and mention the lacking data. It is organized as follows:

• Paragraph 5.4.2 offers a brief review of diffusion in oxide and its main

mechanisms,

• Paragraph 5.4.3 and 5.4.4 situate the different fuel elements and their structural

changes in operation and the physicochemical state of the main fission products,

• Paragraph 5.4.5 and 5.4.6 deal successively with self-diffusion, diffusion of rare

gases (fission gases and helium) and the diffusion of volatile fission products,

• Paragraph 5.4.7 proposes recommendations for intrinsic diffusion coefficients,

• the general conclusion recalls the major points of the study and indicates the

priority guidelines for R&D.
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5.4.2 review of diffusion in oxides

5.4.2.1 GENERAL

Metallic oxides (MOX) are generally characterized by a very high melting point (>2000°C) .

This specificity has frequently led to the use of these oxide ceramics in many technological

applications, particularly nuclear fuel for pressurized water reactors (PWR) and fast breeder reactors

(FBR).

These metal oxides may display various crystallographic structures (fluorine, rutile, NaCl

types) as well as significant differences in their type of chemical bond (ionic or covalent). These

compounds may often display substantial differences in stoichiometric composition. Consequently,

one of the most important chemical properties for an oxide is the oxygen partial pressure of the vapor

phase in equilibrium with the solid. Its composition (oxygen/metal or O/M ratio) is thus determined

from its temperature T and from the oxygen partial pressure p(C"2) or the oxygen potential AG(O2).

The latter two quantities are interrelated by the following equation (Olander, 1976) :

AG(O2) = RTlnp(O2) [1]

Diffusion in oxide ceramics has been addressed by many studies since the early 1950s. A

number of authors (Freer, 1980; Matzke, 1981; Monty, 1983; Matzke, ACS) have made critical

syntheses of the different aspects of diffusion, highlighting the experimental difficulties raised by this

type of measurement as well as the reasons for the high dispersions sometimes recorded in the results.

Some of these reviews also discuss progress achieved in calculating the energies of creation and

migration of local defects (vacancies and interstitial defects) as well as defect clusters (bivacancies,

Schottky's trio).

5.4.2.2 FORMULATION OF DIFFUSION

The diffusion coefficient D is characteristic of an atomic mobility; it depends on the agitation

of the atoms in the crystal lattice (temperature) as well as the defect concentration. It generally obeys

an exponential equation called the Arrhenius equation expressed in the form :

D = Doexp[-^-] (mV1) [2]

where :

Q: activation energy of the mechanism (eV mol-1, J mol-1)

R: ideal gas constant (5,192 1019 eV K-l mol-1, 8,314 J K-l mol-1)

T: diffusion temperature (K)
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DO: frequency factor (m2 s-1)

Several alternatives can be distinguished according to the type of diffusing element :

=> self-diffusion which concerns the mobility of the atoms in their own lattice; in this

case, the interaction of the atoms with the lattice defects is investigated (example : self-

diffusion of oxygen and uranium in UO2),

=> heterodiffusion, which concerns the mobility of an impurity in the lattice; the impurity

interacts both with the atoms and the lattice defects (example: diffusion of fission

products in UO2),

=> chemical diffusion or interdiffusion, related to diffusion in a chemical potential

gradient, which may concern several elements and involve their respective

concentrations.

The size of the diffusing element in comparison with the lattice atoms also has an influence on

the migration mechanism :

=> the diffusion of a small ionic radius impurity can occur from the interstitial sites of the

lattice (interstitial diffusion),

the diffusion of an impurity with an ionic radius equal to or greater than those of the lattice

atoms, as well as self-diffusion, occur by a substitution mechanism involving the vacancies in the

lattice (vacancy diffusion).

The possible creation and migration of these defects are thermally activated. They involve an

entropy of formation and an entropy associated with the movements of the local defects and atoms in

an interstitial position, as well as an enthalpy of formation and an enthalpy associated with the

movement of these defects.

5.4.2.2.1 Self-diffusion

The diffusion coefficient of a given species of atoms is expressed by :

_ 2 , faSf + ASm) f AHf+AHmï
D = a^fv0 expl I expl — I [3]

where:

a0: lattice crystalline parameter (cubic lattice)

f: correlation factor (depending on the crystallographic structure)

v0: vibration frequency of the atom (ion)

k: Boltzmann's constant

AS: entropies of formation (f) and migration (m) of the vacancies

AH: enthalpies of formation (f) and migration (m) of the vacancies
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The expression aofvo exp
+ AS

, independent of temperature, is the frequency factor Do

of the Arrhenius equation, while the sum (AHf + AHm)is the activation energy of the diffusion

mechanism.

The diffusion coefficient of the vacancies Dv is also equal to D/ [V]f, hence :

2 I ASm 1 f AHr

Dv = aovo exp —— exp — [4]
k ) { kT

This modeling applies to stoichiometric oxides or those deviating slightly from the

stoichiometric composition for which the local defects can be considered as isolated.

For wider deviations from the stoichiometric composition, the defect concentration becomes

high and the local defects tend to combine into two- or three-dimensional clusters (dislocation loops,

cavities). These clusters have been observed in a number of oxides, particularly in UO2+X , for

example, as Willis (Willis, 1978) type clusters (Figure 1). For wide deviations from stoichiometry

(x=0.25), they may subsequently form chains (Allen et al., 1982) in which 64 interstitial oxygens are

distributed over a super-mesh with parameter a = 4a0.

-o

Figure 145 : The cluster consists of two oxygen interstitials in the <110> direction
of the central mesh and two interstitials in the <111> direction of the two adjacent

meshes.
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5.4.2.2.2 Heterodiffusion

In case of diffusion of impurities in a lattice, the diffusion coefficient of the foreign atom is a

function of the concentration of defects available for jumps of the impurity atom (vacancies) and of

their mobility. The equation of the diffusion coefficient of the impurity is similar to equation [3], only

differing in the activation energy (AHf + AHm ).

5.4.2.3 DIFFICULTIES OF MEASURING DIFFUSION IN OXIDES

Diffusion measurements in ceramics are more difficult to make than in metals, although

similar procedures are followed. In general, the elements making up the oxide (cations and oxygen

anion) have very different diffusion rates (e.g. D°/Du # 5 107 to 0.6*Tf for UO2). Moreover, the high

vapor pressures of the components demand severe specifications concerning the atmosphere of the

furnace in which diffusion annealings are carried out to keep the composition of the oxide strictly at

the desired value. This maintenance of a constant composition at different temperatures is achieved by

adjusting the oxygen potential AG(O2), hence the oxygen partial pressure of the atmosphere of the

annealing furnace, with, for example, variations in p(O2) potentially ranging from 10"2to 10~18 atm. for

(U, Pu)O2±x, which is controlled with different types of gas mixture like CO/CO2 and H2/H2O.

5.4.3 PWRfuel

During its irradiation, the pressurized water reactor fuel is the location of numerous physical,

physicochemical and mechanical mechanisms under the influence of irradiation. Its main

consequences on the fuel pellet are high temperatures, accompanied by a high radial temperature

gradient, accompanied by a significant disturbance in the crystal structure under the impact of fission

fragments, with the appearance of a growing quantity of fission products with widely varying

properties.

5.4.3.1 UO2 FUEL

5.4.3.1.1 Initial state

The geometric density is equal to 95% of the theoretical density. The porosity is mainly closed

(4.9%), with open porosity terminating in free volumes accounting for only 0.1% of the volume (for a

Normal Double Cycle pellet fabrication process).
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The addition of a pore forming agent during fabrication helps to obtain a pore size spectrum

containing a limited proportion of fine pores (< 2 um) which tend to favor resintering at the start of

irradiation (densification). The average grain size of the fuel polycrystal is 8 um to 10 um.

5.4.3.1.2 Structural state at high burnup

Above three irradiation cycles, three radial zones can be distinguished in the fuel pellet

(Figure 2).

1 mm

REP UO2 E06-5109 CR13054.5 mm/bcf.
(après 2°°° attaque).

Figure 146 : Macrograph of a PWR UO2Juel element irradiated to high burnup.

5.4.3.1.2.1 Peripheral zone :rim effect

The formation of fissile 239Pu when 238U captures resonance neutrons and the resulting high

fission density (self-protection mechanism) causes substantial changes in the morphology of the oxide

in this zone. The grains are no longer visible to the optical microscope, making way for a structure

with very high porosity (~10%). On high burnup UO2 fuels, recent observations conducted at CEA
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(Lozano, 1998a; Lozano, 1998b) with a high magnification SEM reveal the existence of two types of

sub-grains: rounded -0.1 um grains and polyhedral 0.5 to 0.8 urn grains, the latter only present in the

rim zone.

At an average burnup of 60 GWd/tM, this structure penetrates the fuel to a depth of 150 to 200

um, with a local burnup of up to two to three times the average burnup.

5.4.3.1.2.2 Central zone

This zone, where the temperature reaches a maximum during irradiation, is marked by the

appearance of high porosity: a high concentration of micron size intragranular bubbles is observed, as

well as strings of intergranular bubbles sometimes forming tunnels. The fission gas concentration

profiles are characteristic (see Section 4.1).

5.4.3.1.2.3 Intermediate zone

In this zone, the oxide structure is relatively unaffected by irradiation: apart from the

densification occurring at the start of irradiation, no change at macroscopic scale is observed in the

morphology of the grains.

5.4.3.2 MOXFUEL

5.4.3.2.1 Initial state

The microstructure of the MOX fuel pellets prepared by the conventional MIMAS fabrication

process is heterogeneous. It displays clusters of high plutonium concentration (25 to 35%) in which

the size ranges from a few microns to a few tens of microns. These clusters are distributed in a

virtually pure UO2 matrix.

5.4.3.2.2 Changes in plutonium clusters

The plutonium content in the clusters decreases by the consumption of plutonium during the

fissions and, to a lesser extent, by diffusion towards the surrounding matrix (it becomes less than 10%

beyond an average pellet burnup of 40 GWd/t). In the plutonium rich clusters, the burnup soon reaches

values much higher than the average burnup of the pellet: up to 150 GWd/t after three irradiation

cycles.

A microstructure comparable to the one observed at the periphery of the UO2 fuel then

appears in the clusters : fragmentation into submicron grains and high concentration of bubbles
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measuring a few microns. In the hot central zone, these bubbles make way for large cavities measuring

some tens of microns.

The fission products are distributed slightly less non-uniformly than the clusters, due to their

partial installation by recoil in the neighboring matrix. The release of fission gases in the MOX is also

greater than that in UOX (release rate 4 to 5% for MOX fuel rods with three irradiation cycles between

30 and 40 GWd/tjy[ examined as part of the EDF MOX PWR monitoring program, to be compared

with less than 1% for UOX rods), due to a higher irradiation linear power density at the end of life (>

200 W/cm) and at higher fuel temperatures, which is also explained by a slightly lower thermal

conductivity of MOX fuel.

5.4.4 state of fission products

5.4.4.1 FISSION GASES

Krypton and xenon have been closely investigated in connection with reactor design. By

precipitating in the form of bubbles, they cause the fuel to swell. As a rule, the authors have focussed

on the study of release mechanisms.

Kr and Xe (rare gases) are considered to be chemically inert. However, their spatial

distribution in the fuel is still poorly known. As pointed out by Matzke (1980), the experimental

release curves from which diffusion coefficients are derived do not answer the question "where does

the released gas come from?".

Since the 1990s, microstructural studies of high burnup fuels (>50 GWd/tjj average) have

been conducted, providing a closer knowledge of FP behavior. As recalled by Ray (1992), in normal

operation in the reactor, most of the fission gases (90% of Xe and 10% of Kr) is either in solution in

the matrix, or precipitated in the form of small gas bubbles (<10 nm). The gas from these bubbles is

continuously redissolved under the action of the thermal peaks associated with fissions, thereby

limiting the formation of larger bubbles.

These studies have shown that at the rim, a large part of the fission gases (up to 90%) is

contained in the porosity resulting from the change in microstructure (Walker, 1992). Thomas (1992)

observed large bubbles (about 1 urn ), bordered by small recrystallized grains of about 200 nm (the

initial grains being around 10 um) and linked by grain boundaries containing chains of nanometric

bubbles. Nogita (1995) made the same observations and inferred that the large bubbles are formed by

the expulsion of the intragranular bubbles during the growth of the small grain by recrystallization and

their interconnection at the new grain boundaries.
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A bimodal distribution of nanometric bubbles (Kashibe, 1993) appears in the rest of the fuel

above an average burnup of over 45 GWd/t. Added to the 2 nm bubbles initially formed by the

combination of vacancies and Kr and Xe atoms, are bubbles measuring a few tens of nanometers.

Experiments in post-irradiation annealing performed by different authors highlight this

process. Matzke (1984) reconstructed this distribution (bubbles measuring about 2 nm and 6 nm) by

ion bombardment followed by annealing. Thus as the burnup rises, the average size of the gas bubbles

increases, and their average volumetric composition decreases. Kashibe proposed two growth

mechanisms: coalescence of small adjacent bubbles as their concentration increases and growth by

vacancy capture; these large bubbles are preferentially located in the neighborhood of the vacancy

sources (surface or grain boundaries, cf. the Evans model (Evans, 1996). Chkuaseli (1993) prefers to

speak of surface and volume diffusion mechanisms to explain this distribution.

At the center of the pellet, the microprobe reveals a large deficit of fission gases in the matrix

(Guedeney, 1991) (Figure 3), which can be partly explained by the presence of micron size bubbles

undetectable by the microprobe, and a significant gas release above a threshold temperature which

tends to decrease with burnup (Mogensen, 1985).

Profil du Xenon pour un crayon ]
5 cycles

©
en
ta
£

microns

Figure 147 : Analysis by microprobe of the diametral profile of xenon in solution
in a PWR UO2fuel rod pellet irradiated 5 cycles (Guedeney, 1991).

5.4.4.2 CESIUM

In "Observations on the release of cesium from UO2 fuel", Walker (1996) recalls the

importance of this FP in the reactor and its inherent properties: the fission yields of its most stable

isotopes (for UO2 , IY(I34Cs+133Cs+135Cs+I37Cs) = 0.197), its low boiling point (670°C), the low

dissociation temperature of its oxides (< 700°C), the high y activity of its isotope 137Cs, and its great

chemical reactivity. As explained by Kleykamp (1985), this alkaline metal can react not only with the

fuel but also with the components of the clad (steels) of the FBR needles, and with many fission
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products, causing corrosion of the clad at high oxygen potentials (as in FBR fuels) as well as swelling

of the fuel.

Walker (1996) adds that it is even more crucial to predict the cesium distribution in the UO2

with the advent of irradiated fuel storage, in order to determine the source term towards the

environment in case of clad failure.

If Kleykamp (1985) evokes the possibility of finding cesium oxides (U, Pu, Cs, FP)O2.X , like

Cs2(U, Pu)4Oi2, Cs2MoO4, or the uranate Cs2(U, Pu)O4 (identified in FBR fuels), these have never

been observed in significant quantities in PWR fuel. Walker confirms this result: he cannot find any

uranate in the fuel/clad gap, but only a few % of cesium in the internal zirconia layer, at the same level

as the traces of uranium, plutonium and other FP. On the contrary, by a microprobe examination of

UO2 fuels irradiated to temperatures in the range of 1200 °C, he finds an identical radial distribution

of cesium and xenon in the fuel (Figure 4), hence similar steady state behavior in the reactor.

Sontheimer (1985) reaches the same conclusion, observing the radial profiles of Xe and Cs release for

PWR UO2 fuel irradiated at a power of 213 W/cm to 48 GWd/tu, and of which the maximum central

temperature was 1250 °C.
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Figure 148 : Radial concentration profiles of cesium (boxes) and xenon (black
dots) measured by microprobe in a UO2 fuel pellet irradiated at high power to 4.7

at%. (Walker, 1996).

By contrast, at the rim, the apparent behavior of Cs is totally different from that of Xe:

whereas a small quantity of Xe is released during the restructuring, Cs is totally retained (Figure 5).
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Figure 149 : Apparent relative distributions of xenon and cesium in the outer zone
of a fuel rod irradiated to 6.6 at%

Walker (1996) explains this by the fact that below 1200°C, at the fuel pressures in the reactor,

cesium or its compounds may be in the liquid state, which is probably not the case of xenon, and that

they can hence form relatively immobile films on the surface of the grains.

Rubidium, an alkali like cesium, has displayed similar behavior to cesium in ion implant

experiments (ITE, 1994).

5.4.4.3 IODINE

Kleykamp (1985) reports that iodine is the most volatile of the fission products. Various

experiments under irradiation show in fact that the fraction of iodine released is larger than those of

xenon and cesium. Peehs (ITE, 1994) concludes that iodine and cesium, which are rare gases, have

absolutely similar release mechanisms but different activation energies. Kleykamp associates the high

mobility of iodine in UO2 with its chemical state: despite the thermodynamic stability of cesium iodide

Csl, the analysis of the experimental radial profiles showing that iodine migrates much faster than

cesium contradicts the presence of Csl. The microstructural analysis of Thomas (1992) who observes

no Csl in the irradiated fuel, confirms this point. Csl appears to be dissociated and then ionized under

irradiation. The formation of Csl has been suggested out-of-core and traces of Csl have been detected

in the cold parts of the pellet (~500°C), particularly on the inside of the clad. Kleykamp (1985) reports

these experiments and recalls the boiling point of Csl (1280 °C).
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5.4.4.4 TELLURIUM

Alongside iodine and cesium, tellurium is one of the three FP that Prussin (1988) considers as

volatile, apart from the rare gases Xe and Kr. The experimental diffusion activation energies of Te and

I are in fact similar.

On the contrary, Kleykamp (1985), while recalling its corrosiveness to the clad (particularly

for FBR fuel elements) and the complexity of its chemical state, merely reports the multiple solid

phases in which it is stable: metallic inclusions (Te-Pd-Sn) or oxides containing many FP (clearly

observed on the XR spectra of FBR fuels). Tellurium may be dissolved directly in the UO2 matrix. By

contrast, the formation of the compound Cs?Te is not observed in the operating conditions of PWR

fuel (Thomas, Klevcamp). although it is anticipated by the thermodynamic calculations.

5.4.4.5 OTHER FISSION PRODUCTS

Molybdenum, technetium, ruthenium, rhodium and palladium form the second large metallic

phase with the alloy (Te-Pd-Sn) (Kleykamp, 1985) : white inclusions, varying in composition

particularly with temperature, the burnup and oxygen potential (buffer effect of the M0/M002 pair).

Kleykamp also suggests a radial transport of Mo and Ru in the form of gaseous molecules of MoO3

and RuO3. These phases are observed in FBR fuels.

As may be seen, palladium is combined with many FP, fuel or clad components, to form

metallic compounds or mixed phases, which are observed in FBR fuels (like Pd-Ag-Cd in the clad/fuel

combination).

Zirconium may be soluble in UO2 in its dioxide form, and its solubility increases rapidly with

temperature (50% at 1700 °C). Z1O2 is completely miscible in PuO2.

While strontium oxide is miscible in large quantities in UO2 and (U, Pu)C>2 matrices, this is not

the case of barium, which combines with Zr to form an oxide precipitate BaZrO3, which solubilizes

small amounts of Sr, Cs, U, Pu, Zr, Mo, and rare earths (RE) to form (Ba,Cs,Sr)(U,Pu,Zr,Mo,RE)O3, a

grey precipitate.

As to the rare earths (Y, La, Ce, Pr, Nd, Pm, Sm, and Eu), they are quite soluble in UO2 and

(U, Pu)O2 in the form (RE)O2 or (RE)2O3, and virtually do not migrate in the pellet (Ce and Nd are

also good local indicators of burnup).

The table below summarizes the (thermodynamically) stable state of the FP.
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Metallic inclusions

FP oxidized in solution in the
fuel matrix

Oxide inclusions

Alloy {Mo, Tc, Ru, Rh, Pd}, Alloy {Pd, Te, Sn}

Rare earths:

Y, La, Ce, Pr, Nd, Pm, Sm, Eu

Zr(highG), Sr, Nb

Zr (low 6), Ba, Cs, Te

BaZrO3

Quite miscible in the matrix in
oxide form

Oxides soluble in large quantities
in the matrix

Soluble in small quantities

Solubilizes the small amounts of
Sr, Cs, U, Pu, Zr, Mo and RE

Table 34 : chemical forms of RN within the fuel matrix.

It must nonetheless be kept in mind that while these phases are thermodynamically calculated

and clearly observed (either by X-ray diffraction or by optical microscopy) in "hot" FBR fuels, their

presence in PWR fuel is more debatable. Since the UO2 and MOX fuel in PWR reactors is irradiated

on average at much lower temperature (< 1000 °C) and for lower average burnups, the compounds

thermodynamically likely to be formed preserve very small sizes (nanometric precipitates). Hence

their identification bv conventional experimental techniques is extremely difficult if not impossible.

5.4.5 self-diffusion in oxide fuel

In "fluorine" type oxides like ThO2, UO2, PuC>2, etc, the oxygen anions are more mobile than

the cations (Matzke, 1980). Hence cationic diffusion controls the mechanisms governed by diffusion

such as creep, sintering and grain enlargement.

The dominant defects are the oxygen vacancies for oxygen-low oxides (UO2-X) and oxygen

interstitials for UO2+X • Metallic vacancies and metallic interstitials in particular are in the minority.

5.4.5.1 OXYGEN DIFFUSION

The self-diffusion and chemical diffusion coefficients of oxygen in UO2 and UO2+X have been

measured on several occasions, and have been discussed in many reviews 5 (Matzke, 1976; Matzke,

1983; Murch & Thron, 1978; Breitung, 1978; Murch, 1983; Murch & Catlow, 1987). Figure 6

summarizes the data on the coefficients D (self-diffusion) and D (chemical diffusion) for uranium and

plutonium oxides exhibiting more or less significant deviations from stoichiometry.
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Figure 150 : Diffusion of oxygen in UO? (U, Pu)O2 andPuO2. The measured
values are given by bands, and the lines represent the calculated values

(Breitung, 1978).

Self-diffusion

As to self-diffusion, the enthalpy of activation (AH) for the diffusion of oxygen of the

stoichiometric oxide UO2 can be broken down into two terms: one term corresponding to the enthalpy

of formation of defects (oxygen Frenkel pairs), and a mobility term for the mobile defect, the oxygen

vacancy in this case. For hyper-stoichiometric oxides (UO2+X), in which the predominant effect is the

oxygen interstitial, the enthalpy of migration of the oxygen interstitials is the chief factor determining

the temperature dependence of the diffusion coefficient of this type of oxide. By similarity, the

enthalpy of migration of the oxygen vacancies is the predominant factor for hypo-stoichiometric

oxides (UO2.x) (Olander, 1981).

In brief, in hypo- and hyper-stoichiometric oxides UO2±X and MO2±X (Bayoglu & Lorenzelli,

1984), oxygen diffuses much faster than for the corresponding stoichiometric oxides, in which the

defects necessary for diffusion (Frenkel pairs) must be created.
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D u 0
For example, the ratio ^ - i s equal to -30 at 1300°C but rises to -5000 at 800°C

Duo2

(Harding, 1990).

5.4.5.1.2 Chemical diffusion

As to the chemical diffusion coefficient D, which is obtained by UO2+X oxidation and

reduction experiments, its dependence on the deviation from stoichiometry (x) is much less

pronounced (Lozano, 1998). In fact, Dis proportional to D and to the oxygen potential AG(O2) which

vary inversely with the deviation from stoichiometry "x", thereby engendering a virtual independence

of D from " x".

5.4.5.2 METAL DIFFUSION

Unlike the mono-oxides of the transition metals, like NiO, for which the metallic cation

diffuses much faster than the oxygen, fluorine type oxides UO2±X, (U, Pu)O2±x have a cationic diffusion

rate several orders of magnitude lower than that of oxygen. In fact, for the fluorine structure of UO2,

the energies of formation of local defects in the oxygen sub-lattice are lower than those required for

the formation of local defects in the cationic sub-lattice (Petit, 1996). In consequence, it is not

surprising that the diffusion coefficient of oxygen is higher than that of the cations U and Pu.

Accordingly, the diffusion of uranium or plutonium is of capital importance for a number of

mechanisms which are controlled by cationic diffusion, such as creep and densification.

Figure 151 offers examples of cationic and anionic self-diffusion for a number of oxides with

a fluorine structure including UO2 and PuO2.
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Figure 151 : Diffusion of oxygen and metal for different fluorine type oxides as a
function of the ratio melting point/T(Oishi, 1979; Matzke, 1976; Matzke, 1983)

In this figure, the x-axis is expressed in reduced temperature compared with the melting point

of each material. In this way, the diffusion coefficients for materials with very different melting points

are directly comparable.

The low diffusion rate of all the cations (Ca, U, Th) in comparison with the anions (O and F)

is clearly observable. The enthalpy of activation of metal self-diffusion in UO2 is generally high

(5.6 eV).

Moreover, as for oxygen self-diffusion, the enthalpy of activation is highly dependent on the

deviation from stoichiometry of the oxide, hence on the concentration of vacancies or interstitials in

the metal sub-lattice. In conclusion, the diffusion of the cation is substantially increased for hvper-

stoichiometric oxides as shown in Figure 152.
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Figure 152 : Diffusion coefficient of Pu in (U, Pu)O2±x as a function of oxygen
partial pressure at 1500 and 1600°C (Matzke, 1983). The higher partial pressure

corresponds to an oxide with composition M02ojat 1500°C. The lower
corresponds to an oxide with composition M0!92at 1500°C. The diffusion

coefficient minimum is explained by a change from a vacancy mechanism to an
interstitial mechanism and is located at a slightly hypo-stoichiometric composition

(MO,,9S).

Most of the cationic diffusion measurements were taken with tracers of which the valency may

be different from that of the matrix atoms, and which could accordingly lead to oxidation or reduction

of the oxide. However, experiments (Matzke, 1981) have shown a slight influence of ion size on the

cationic diffusion rate in comparison with the deviation from stoichiometry.

Another effect to be accounted for is the potential contribution of vacancy clusters,

particularly bi-vacancies. Cationic diffusion (Catlow et al, 1986) can be correctly described assuming

that the bi-vacancy is the defect which contributes most to cation migration for small deviations from

the stoichiometry composition.

The data on the energies for the different defects in UO2±X are listed in the table below, for the

low values based on the experimental results, and for those based on theoretical calculations.
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Energies of formation of
defects (ev)

Energies of migration of
vacancies and interstitials

(ev)

Energies (enthalpies) of
Arrhenius activation

(ev)

Oxygen Frenkel pair

Uranium Frenkel pair

Schottky trio *

Oxygen vacancy

Oxygen interstitial

Uranium vacancy

Uranium interstitial

Oxygen

Uranium

3 to 4

-9.5

6 to 7

0.5 to 0.7

0.8 to 1.0

-2.4

low

uo 2 + x
UO2

UO2.X

uo 2 + x
UO2

UO2.X

0.8 to 1.0

2.6

0.5 to 0.7

-2.6

-5.6

-7.8 (x < 0.02)

-5 (x > 0.02)

Table 35 : structural defects in UO2±S and associated energy; * tri-vacancy: combination of one U
vacancy and two O vacancies

5.4.5.3 DIFFUSION UNDER IRRADIATION

Under irradiation, the outer zone of the fuel pellets remains in a temperature range for which

thermally activated diffusion is negligible. At 1100°C, in fact, the cationic self-diffusion coefficient is

already very low (Du < 1 10~21 m2 s"1) for all nuclear fuels (Matzke 1976), corresponding to an average

diffusion length of less than 0.1 um for one month of irradiation.

In this zone, the diffusion of the species is hence controlled by irradiation and particularly by

the interaction between the high energy fission fragments (100 Mev) and the atoms of the crystal

lattice. The slowdown of the fission fragments in the lattice takes place over an average distance of

about 8 um in oxide fuels. During most of its path (first 5 to 6 microns), each fission product gives up

its energy (96%) by ionization, electron excitation and local warming, and the remainder (4%) by

nuclear slowdown (cascades of atom displacements from the lattice) in the last microns (Figure 153).

dE/dR
eV/Â

vo~10 cm/s

Figure 153 : Electron (Sg) and nuclear (SJ stopping energies for a fission
fragment in UO2 (Soullard, 1977).
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Matzke summarizes the main physical effects of the fission fragments in the oxide fuel matrix

(Matzke et al, 1980):

Formation of two fission fragments

Length of fission spike

Number of Frenkel pairs formed

Number of permanent pairs

Typical duration of event

average light

average heavy

-70 MeV

-100 MeV

~8 urn

1.5104

5 1 0 3

2 10"11s

Table 36 : summary of the physical effects of the fission fragments within the oxide
fuel matrix (Matzke et al, 1980).

The "thermal spike" associated with each fission fragment consists of a strong heating (Tiœai >

)) along its path, of a volume of fuel of about 10"15 cm3, with the simultaneous formation of a

thermoelastic pressure field of 5 102 to 1 103 MPa in this volume under the effect of thermal

expansion. These thermal and mechanical effects considerably increase the recombination and

mobility of the Frenkel pairs initially created and contribute to the formation of defect clusters.

This specific point was confirmed by Nakae (1978) on UO2, who identified a variation in

density of one order of magnitude higher (defect clusters) than normally anticipated from the variation

in the mesh parameter (dispersed local defects). According to Soullard (1978), at ambient temperature,

recombination concerns 80% of the defects created.

Moreover, the isolating character (low electrical and thermal conductivities) of the oxides

tends to intensify the thermal and mechanical gradients of the fission spike, and consequently

accentuates the mobility of the atoms and hence their recombination, thereby accentuating diffusion.

Figure 154 (Matzke, 1983) shows this effect for UO2 and (U, Pu)O2 fuels on the cationic self-

diffusion in the low temperature range.
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Figure 154 : Self-diffusion of U and Pu activated by irradiation for different Pu
contents (0, 2.5 and 15%) and normalized to a fission density F of 5 1012

fission/(cm3 s) (Matzke, 1983).

Between 1300°C and 1000°C, diffusion preserves a thermally activated contribution with a

much lower activation energy than at high temperature. At 1000°C, the ratio between the fission

activated diffusion coefficient (D*) and the thermally activated diffusion coefficient (D) is already

greater than 105, and continues to rise as the temperature falls. It is obvious that D* is completely

athermal under 1000°C and only proportional to the fission density (Figure 155):
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Figure 155 : Linear dependence between diffusion and fission density for UO2 and
(U, Pu)O2
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D* = AF

The coefficient A is estimated for the self-diffusion of uranium and plutonium from uranium

and mixed oxides at 1.2 10 "39 m5 (Matzke, 1983).

5.4.6 Diffusion of rare gases and volatile FP

5.4.6.1 DIFFUSION OF FISSION GASES

At high concentration, the fission gases (Xe and Kr) present in the UO2 lattice display a strong

tendency to precipitate in the form of bubbles in the irradiation defects in the grains, due to their very

low solubility. However, these small intragranular gas bubbles (called nanobubbles) are partially or

totally destroyed at all times by fission fragments. Part of the gas redissolves in the matrix during

irradiation, with the effect of preventing the gas bubbles from acting like ideal wells. Thus the gas

atoms diffuse from the interior of the grains to the grain boundaries via a succession of traps by the

bubbles and redissolution in the matrix, and finally reach the grain boundaries. These atoms then form

intergranular bubbles and then coalesce and interconnect in turns to form channels allowing the gas to

escape towards the free volumes of the fuel element (Kashibe & Nogita, 1993).

The authors can in fact be divided into two groups: those focussing on mechanisms relative to

the gas bubbles (like Kashibe), and those who have investigated the entire diffusion chain: diffusion of

atoms in the matrix, between bubbles or from the bubbles to the grain boundaries, considering the

trapping by the irradiation defects (like Matzke).

5.4.6.1.1 Atomic diffusion of gas

Matzke's reports raises the problem of defining the diffusion coefficient and introduces the

concept of effective coefficient. He accordingly defines five coefficients depending on the mechanism

investigated or the experiment described :
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Mechanism represented

D

Dlab

p.in-pile
L-'trap

Dbubble

Deff

Comments

Intrinsic diffusion of single
gas atoms in an intact UO2

lattice

Diffusion in the presence of
traps and in the absence of

irradiation

Diffusion in the presence of
traps and irradiation

Diffusion of the gas bubble
in the absence of

redissolution

Effective diffusion in the
grain including the effects of

precipitation and
redissolution of the atoms

from the bubbles

Affected by the deviation from stoichiometry and by the
accumulation of FP in solution

These traps are aggregates of vacancies or dislocation
loops formed by the fission spikes:

Irradiation causes a faster redissolution of the gas:
T^in-pile p.lab

•'-'trap ^trap

In the absence of irradiation, the gas is transported by
mobility of the bubbles, particularly under the temperature
gradient, via processes of surface, volumetric diffusion or

evaporation-condensation

Depends on the probabilities of capture and redissolution
(g and b respectively):

D nb

eff (b + g)

In which D'= D'"r;p
pile rather than D .

Table 37 : mechanisms related to the various type of diffusion coefficient within the
fuel matrix after Matzke.

The diffusion coefficients are normally calculated from gas release measurements (by plotting

the released fraction as a function of-v* ), under irradiation in the reactor or in laboratory furnaces if

ions are first implanted by bombardment in an accelerator or the adsorption of recoil atoms.

Matzke reports that as the irradiation rate rises (i.e. the concentration of defects), the diffusion

coefficient decreases to a low saturation value which is simply D 'j£p, and that this value is highly

dependent on the deviation from stoichiometry of UO2, since the gaseous release of Xe is faster for

UO2+X than for UO2.

He confirms that the thermal diffusion of Xe takes place via Schottky trios (neutral tri-

vacancies formed of one U vacancy and two O vacancies) in the UO2 matrix, with an enthalpy of

activation of 3.9 eV. These results are confirmed by the calculations of Jackson (Jackson, 1985), who

approximates the experimental activation energy and considers the diffusion of Xe via neutral tri-

vacancies in UO2 and UO2-X, whereas other types of defect appear to be involved in UO2+X.

Une (1987), investigating the influence of the oxygen potential by doping the matrix, attempts

to correlate the increase in the mobility of the Xe atoms in hyper-stoichiometric UO2 with that of the

concentrations of cationic vacancies and interstitial oxygens. Recent calculations (ITE, 1994) also

confirm the possibility of localization of the Xe atoms in the U vacancies for UO2+X.
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Matzke (1980) proposes the atomic diffusion coefficient of Xe for stoichiometric UO2 :

D = 0.5 exp(-3.9 eV /kT) c m V

With an increase in the activation energy from +0.5 to +0.8 eV in case of trapping by the

irradiation defects.

5.4.6.1.2 Diffusion of bubbles

As recalled by Matzke (1980), fission gas bubbles are formed at high gas concentrations

(hence high burnups). The gas is transported to the grain boundaries by simple atomic diffusion or by

mobility of the gas bubbles. These two flows are closely linked by continual redissolution processes

activated by irradiation and precipitation (Chkuaseli, 1993). Evans (1992) discounted the possibility of

thermal redissolution.

Matzke recalls the three main mechanisms that serve to interpret the migration of the gas

bubbles in UO2, becoming preponderant in turns as the temperature rises :

Surface diffusion of matrix atoms

Volumetric diffusion of matrix atoms

Evaporation-condensation of matrix
atoms

o T\bubble / \ 4

D(SD) = —-;—-
2TT \r J

o r\bubble / \ 3

D(VD) - v \ a \

D(VT) - 2a%P Dbubble

Table 38 .'formulation of the diffusion coefficients for the gas bubbles within the
spent fuel matrix (Matzke, 1980). Where : a = interatomic distance (a3 = 41 10~M

m3), r = cavity radius, P = saturation vapor pressure, b = deviation from ideality
of the gas.

These expressions are reported by Perryman (1988) and employed by Chkuaseli (1993) to

model the behavior of the bubbles and particularly their bimodal size distribution following post-

irradiation annealing experiments. He attributes this mechanism to the joint action of surface and

volumetric bubble diffusion modes, and proposes the following coefficients :

R ubble
e x p ( . 2 y a 3 / r k T ) m 2 / s Ds0 = surface diffusion on plane surface

=5.64 103exp(-5.24 eV/kT) m2/s

y = surface energy = 0.9 J/m2

Table 39 : Expression used by Chkuaseli (1993) to model the behavior of gas
bubbles within spent nuclear fuel.
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Evans (1992), experimenting on the implant of Xe and Kr ions, identifies a temperature

threshold of about 300°C to 400°C below which bubbles are not observable under the transmission

microscope. He associates this observation with the fact that the uranium vacancies are only mobile

above this temperature range, to correlate the formation and growth of the bubbles with the thermal

mobility of the uranium vacancies. While, like Chkuaseli, he observes that the migration of the

bubbles can be ascribed to surface and volumetric diffusion mechanisms, he believes that the essential

parameter common to both mechanisms is the availability of the uranium vacancies (Evans, 1992),

particularly in the neighborhood of the vacancy sources (grain surfaces or boundaries).

5.4.6.1.3 helium diffusion

The literature contains little data on the behavior of helium in the fuel element. However, the

few results available serve to compare the behavior of helium with the fission products.

5.4.6.1.4 Production in UO2 and MOX fuels:

Helium is mainly produced by the a decay of actinides existing and formed during irradiation

and by ternary fissions (Yang & al, 1984). Production by ternary fission is proportional to the power

of the fuel, whereas production by a decay largely derives from 242Cm (TV2 = 162.5 d) produced from
241Pu. At low burnup and for UO2 fuels, negligible amounts are formed compared with the fission

products. Production increases non-linearly as a function of irradiation time and becomes significant

for MOX fuels in particular at high burnup (Figure 156) :

On the left : Helium production cm3 NTP (PWR 900 UO2 rod)
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Figure 156 : Helium production in a PWR 900 type MOX fuel element.
Comparison with the initial quantity of filling helium and the production of fission

gas. (cf. PRECCI/SP1)
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Moreover, production mainly due to a decay continues during the scheduled reactor

shutdowns and is prolonged after the end of irradiation (Figure 13).
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Figure 157 : Helium production during irradiation and storage ofPWR type UO2

and MOX fuels irradiated to 47.5 GWd/tM(Pavageau, 1998). On the left : Helium
production cm3 (NTP) PWR 900 rod

5.4.6.1.5 Diffusion and release

Measurements taken on UO2 and particularly MOX fuels, irradiated between 7 and

64 GWd/tM, revealed a significant correlation, at least for MOX fuel rods, between helium releases and

fission gas releases, as shown by the table below (Billaux et ai, 1988) :

Release ranges of

fission gas and helium

(% / creation)

Fission gas

R F G < 2

10 < RFG < 15

RFG > 35

Helium

0<R h e <15

40 < Rhe < 70

50 < Rhe < 100

Table 40 : Correlation between the fission gases and helium release for both UOX
and MOX fuels (Billaux et ai, 1988)

The accuracy of the release measurements is heavily dependent on the initial amount of

helium present in the fuel element (pressurized or unpressurized rods). Hence the ranges of values

given in the foregoing table were primarily obtained on low- or unpressurized rods for which the

uncertainty on the helium release measurement is the lowest.

These results are chiefly interesting because they offer qualitative indications about the

diffusion in oxide fuel elements of helium, of which the atom is small compared with that of xenon.

On the whole, He diffusion proves to be significantly greater than that of the fission gases, regardless

of the thermal regime or the rod burnup.
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For highly pressurized rods, such as PWR fuel rods, the amounts of helium collected in

volume measurements taken on MOX rods after irradiation (EDF's PWR MOX Surveillance

Program), even after only one irradiation cycle, are slightly lower than or even equal to the amounts

introduced on filling (Figure 158) (Guérin et al, 1997).
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Figure 158 : Quantities of helium collected after irradiation compared with
helium initially present,

This result, which is basically surprising, can be explained by the high diffusion of helium,

whose atoms tend more to migrate from the free volumes (oxide/clad gap, inter-pellet voids) which are

highly pressurized in operation (P > 50 bar) towards the closed fuel fabrication pores which are

initially under a few bar. Similarly, the helium created under irradiation first diffuses preferentially

towards these closed low pressure pores, and only leaves when the pressure differential between the

pores and the free volume is reversed.

Another important result worth noting concerns the significant helium release observed during

storage for about three years at temperatures under 200°C, of a fuel with a high actinide content from

the Superfact 1 experimental capsule irradiated in the Phénix FBR. This fuel (Am20, Np20> U6o)C*2

irradiated to 45 GWd/tjyj, was subjected to measurements of gas release and retention by sublimation,

as well as calculations aimed to determine the formation of helium by a decay of the actinides, which

helped identify a very high helium release (60%) during the storage period (Chauvin, 1993)

In conclusion, with the support of these experimental results, it can be assumed that the

apparent diffusion of helium in UO? and MOX oxide fuels is qualitatively higher than the diffusion of

fission gases, and that it can lead to significant releases even at low temperature (<200 °C) and over

limited periods not exceeding a few years.
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5.4.6.2 DIFFUSION OF VOLATILEPF

While most investigations are concerned with the fission gases Xe and Kr, the behavior of

volatile FP appears to be similar, considering the comparable release rates recorded (cf. 5.4.4).

Walker (1996) concludes in particular that cesium and xenon reach the free volume of the pellet by the

same path. He gives a detailed description of the release of cesium from the center of the UO2 fuel, in

the reactor (Tmax~1200°C) :

• Migration by simple atomic diffusion to the grain boundaries, at a rate

depending on the local temperature of the fuel,

• Transfer of cesium (like xenon) to the grain boundaries by bubble

migration,

• Axial migration of cesium from the grain boundaries in the vapor phase,

to the ends of the pellet, via tunnels created by a network of gas bubbles;

the migration direction is conditioned by the axial temperature profile in

the rod.

In normal operating conditions of UOX and MOX fuels in the reactor, a small proportion of

the cesium reaches the clad/pellet gap or the inter-pellet volume. Like xenon, most of the cesium is

trapped in the fuel.

Prussin (1988) classes the different FP by their mobility and makes a correlation between the

valency state (i.e. electronegativity) of a compound and its release rate during high temperature

annealing (T> 1700°C). If a species is present in the UO2 lattice in the form of a substitution cation, it

is much less mobile than if it were in the form of an interstitial neutral atom. Matzke (1983) compares

the Xe diffusion and U4+ self-diffusion coefficients, finding that the latter is much lower.

• Elements with high electronegativity have high release rates, like I and Te.

• Elements with low electronegativity, but insoluble in the UO2 lattice, have

lower release rates : this is the case of the Cs and Ba ions. The atoms Xe,

Ru and Tc have similar rates.

• Species with low electronegativity and soluble (by substitution) in UO2

display no measurable release : this is the case of Zr, Nd, La and actinides

in general.

This gives the following table :
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High
electronegativity

Soluble ions

Insoluble atoms

Multivalent
compound

Soluble ions

Elements

1

Te

Cs+

Ba2+

Xe

Ru

Tc

Mo/Mo4+

Nd3+

Zr4+

Np4+

La3+

Release rate*

0.85

0.96

0.31

0.42

0.37

0.58

0.22

0.05

o
 

o
 

o
 

o

Ea (kcal/mol)

122±19
115±7

99 + 6
/

156±23

/

205 ±42

351 ±24

/
/
/
/

Table 41 Correlation between the valency state of elements and the release rate
(Prussin, 1998). *The release rate is measured after annealing at 1750°C of a 1

mm thick disk and the activation energies of the activation coefficients are
determined using Booth's model4. Only the relative aspect of the values are of

interest here.

It is interesting to observe that experiments on ion implants in UO2 help to distinguish two

groups (Cs with Rb and I with Te) displaying distinct behavior during the formation of gas bubbles

(ITE, 1994).

By applying Booth's model to the study of FP release in hyper-stoichiometric UO2+X irradiated

and then annealed, Mansouri (1998) observes similar behavior of Mo and Ru for different values of x.

Figure 159 serves to compare the self-diffusion coefficients (oxygen and metal) in UO2 and

(U, Pu)C>2 with the diffusion coefficients proposed for xenon and tellurium, in the same diagram.

4 Booth: Simplified diffusion model in which the UO2 grains are treated as spheres of equivalent radius

a = 3(V/S), in which the fission gases diffuse with a diffusion coefficient D related to the gas fraction

1/2

released by fr =-—jJ\—j\ • The dtermination of D amounts to evaluating the specific surface area S/V,

which is not always simple.
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Figure 159 : Comparison of self-diffusion coefficients in UO2±X andMO2±x with
atomic diffusion coefficients of xenon at low concentration (no interaction between

atoms) and high concentration (effect of trapping by other atoms and lattice
defects) and of the volatile fission product tellurium (Matzke, 1980)

INFL UENCE OF SELF-IRRADIA TION

During irradiation in the reactor, UO2 and MOX fuels are subjected to intense irradiation

giving rise to a considerable number of atomic displacements. Matzke (1980) reports that at least one

atom of the lattice is displaced several times per hour under the effect of thermal spikes of the fission

fragments. Despite this, even at high burnups, very slight deformation of the matrix crystal lattice is

observed, the result of permanent annealing of the defects created, which is inherent in the temperature

prevailing in the fuel during irradiation. In storage conditions, the fuel temperature is significantly

lower, with the effect of partly or even completely eliminating the process of annealing of defects

newly created by self-irradiation.

The actinides (plutonium, neptunium, americium and curium) created during irradiation have

an essentially a type radioactive decay, with half-lives ranging from a few days to several million

years depending on the isotope (Cf. Figure 16).
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Figure 160 : a activity of a PWR UO2fuel irradiated to 33 GWd/tU. Contribution
of the different isotopes. After (Vienne, 1991); total act. - other act. - activity - time

after unloading (years)

a decay is characterized by the emission of a helium ion (4He2+) with a kinetic energy of about

5.5 Mev, which travels a distance of about 10 um in the lattice. This energy is mainly dissipated (95%)

by the ionization of the lattice atoms on the passage of the particle, and the remaining 5% causes the

displacement of atoms, in the range of 100 to 200 isolated Frenkel pairs, at the end of the path.

Besides, no thermal annihilation of local defects or formation of defect clusters is observed on the path

of the (X particle. By conservation of energy, the emitting actinide nucleus undergoes a recoil motion

of which the energy is typically -100 kev. As opposed to the a particle, the recoil nucleus, which only

travels some 20 nm in the lattice, gives up its energy chiefly (85%) by atom displacement cascades

(-1500 Frenkel pairs of which part recombine immediately around the thermal spike associated with

the displacement of the recoil atom) and the rest in the form of ionization. According to Matzke

(1982), in the a self-irradiation process, 90% of the material damage can be considered to result from

the heavy recoil atom.

A number of actinide isotopes display a type radioactive decay (241Pu and 239Np for example).

However, this type of decay only induces a very low recoil energy in the emitting atom (a few eV),

lower than the minimum energy (Ed - 25 eV) needed to create a displacement. At the same time, a

radiation does not create local defects in nuclear oxides.

Two other mechanisms are liable to cause damage in the lattice, but they only play a marginal

role out-of-core :
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• the spontaneous emission of fast neutrons (~1 Mev), whose free mean path in

the oxide is about 1 cm, can transmit a maximum energy of 20 kev to the heavy

atoms of the lattice, which is likely to give rise to a hundred or so isolated local

defects,

• the spontaneous fissions of actinides whose half-lives are generally much longer

(factor of 104 to 1010) than the a decay half-lives, but which, in the same way as

fission in the reactor, can give rise to a large number of defects, in the range of

105 Frenkel pairs. However, substantial recombination of the pairs initially

created occurs due to the thermal spike accompanying the FP path with the

creation of clusters.

Given their low level of occurrence, these two mechanisms only account for a minimal share

of the damage in the oxide out-of-core: only a few per cent of the OC damage (Weber, 1986).

1.E+08
10 15

Cooling time (years)

20 25

Figure 161 : Comparison of a activity, fast neutron emission and spontaneous
fission density of a PWR UO2fuel irradiated to 33 GWd/tU. (Mill, 1983). Q decay -

fast neutrons - spontaneous fissions - • flux of neutrons and fission density -
cooling time (years)

In conclusion, the different degrees of damage between the various damage sources intrinsic in

the irradiated fuel (a, (3 and y decay, fast neutron emission and spontaneous fission) are due chiefly :

• to different partitions of the total energy between ionization (electron effect) and

displacement cascades (nuclear effect),

• to unequal defect creation densities (Frenkel pairs) (quantity a function of mass

of the incident particle),
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• to different probabilities of defect recombinations during the interval of the

thermal spike (function of the pressure field generated in the lattice by the

particle).

5.4.6.3.1 Swelling:

One of the most significant effects of a self-irradiation on oxides is the volumetric swelling of

the material due to an increase in the crystal parameter resulting from the presence of stable local

defects in the lattice.

The mathematical expression translating the mechanism is an exponential function of the type:

Aa/ao = A [1 - exp(- BD)] where A is the increase in the crystal parameter at saturation, B the increase

in volume per stable Frenkel pair, and D the a dose per unit volume. Nakae (1978) for the damage due

to a alone in UO2 at ambient temperature, thus proposes the following values for parameters A and B:

A = 8,4 10"3, B = 0,85 10"16 with D (a /cm3). Thus the volume increase at saturation is no more than

2.5%, corresponding to the formation of 1.8 102' stable pairs/cm3, or 1 pair per 3 to 4 UO2 lattices.

However, this saturation threshold, which is proportional to the number of stable Frenkel

pairs, is strongly dependent on the temperature at which self-irradiation occurs. The lower the

temperature, the smaller the number of spontaneous recombinations compared with the number of

pairs formed by the incident a particle. This effect was clearly identified by Benedict (1980) on the

compound AmO2., and by Turcotte (1973) in annealing experiments on samples of 238PuO2.

Weber ( 1998) investigated the growth of the crystal parameter in UO2 monocrystals irradiated

by a particles alone, and compared this damage (in terms of relative variation of the parameter of the

crystal lattice) to the damage resulting from a self-irradiation (a particles + recoil nuclei) and to the

fission damage (Figure 162).
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Figure 162 : Variation in lattice parameter of a UO2 monocrystal under the effect

of a particles alone, a self-irradiation and fission products (Weber, 1981).

It turns out that the effect of the of a particles alone is twice as great as, a-recoil damage, and

eight times greater than fission damage. The table below summarizes the orders of magnitude of the

energies transferred, the stopping distances and the number of Frenkel pairs created in UO2.

a particles

a recoil nuclei

Fission fragments

Energy

5MeV

100 keV

100MeVand60MeV

Stopping distance

12 urn

10 to 20 nm

8 urn

Number of pairs created

100 to 200

1500

100000

Table 42 : summary of the energy, stopping distance and defaults created by alpha
particles, alpha recoil nuclei and fission fragments.

Thus at equivalent kinetics, the highest energy particles do not generate the greatest

dimensional variations, because by transferring a great deal of energy pre unit length to the lattice,

they promote the recombination of the defects.

At saturation, equilibrium is reached between the number of recombinations and the formation

of Frenkel pairs. In consequence, for a given material, the density of isolated defects is limited as a

function of temperature. Yet the problem is not quite as simple. In fact, the presence of defect wells

like gas bubbles, vacancy clusters and dislocation loops, can play a role on the saturation threshold

over time as demonstrated by Matzke (1979) by experiments on an advanced (U, Pu)C fuel highly

enriched in 238Pu, and also Roof (Roof, 1974) on PuO2. In fact, as shown in Figure 19, swelling at

saturation is actually a maximum followed by progressive densification.
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238,Figure 163 : Increase in volume of a (U0,s, PuoJC sample due to self-
irradiation as a function of time at ambient temperature (Matzke, 1979)

This process results from the accumulation of vacancy clusters: the interstitials tend to be

annihilated on the dislocation loops, whereas the vacancies contribute to the growth of the cavities or

may be dissipated in the gas bubbles.

Situation of stored PWR UOX and MOX fuels with respect to swelling :

To evaluate the behavior of these fuels in light of the results of the investigated discussed in

this section, it is necessary to have the orders of magnitude of the a doses received. We have the

following values from the CESAR code (cf. PRECCI/SP1).

a doses (a/cm3 oxide) after:

3 years of storage

300 years of storage

UOX 47 GWd/tu

5.5 1017

2.9 1019

MOX 47 GWd/tM

9.8 1018

2.0 1020

Table 43 : Comparison of the integrated alpha doses for UOX and MOX fuels at 3
and 300 years storage

If these doses are introduced into the mesh parameter equation proposed by Nakae, the

saturation threshold is reached in all cases examined. However, we believe that these results should be

weighted :
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• because the Nakae equation only applies to oxides implanted with (X, and as

shown by Weber (Figure 162), the saturation amplitude in oxides subject to a

self-irradiation is approximately half (Aa/ag saturation ~ 0.45%).

• because the temperature of the stored fuels (a few hundred degrees C) is

sufficient to achieve partial annealing of the defects created, as pointed out

above. For example, the restoration of a self-irradiation in PuC>2 for different

isochronous annealings (Figure 20) already appears to be significant for the

temperature range covering the fuels stored.

o

1
«fct
•ao

0,8

o

0,2

0
-400 -200 0 200 400 600 800 1000 1200

annealing temperature (°C)

Figure 164 : Schematic representation of the restoration of a damage in PuO2

samples subjected to annealing at different temperatures (Turcotte, 1973;
Jacquemin, 1973); annealed fraction - annealing temperature (°C)

In consequence, in the present state of knowledge on the consequences of a self-irradiation on

the swelling of the crystal lattice of irradiated oxides, we can expect, even with short storage intervals,

an expansion of the crystal lattice, which nonetheless remains moderate (-1%).

5.4.6.3.2 Diffusion activated by self-irradiation

While a bombardment leads to significant swelling of the UO2 matrix (lattice mesh increased

by the presence of a high stable concentration of Frenkel defects), Matzke (1979) reports that no

diffusion has been observed activated by a bombardment alone. In fact, it is acknowledged that the

irradiation activated diffusion process is initiated during the duration of the thermal spike (~2.10"n s) .

In consequence, as opposed to swelling, the activation of diffusion depends more on the total number

of defects produced, hence on the energy of the particle, than the remaining number of defects after

recombination (Matzke, 1983; IAEA, 1991).
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In consequence, the helium nucleus, with its low mass, does not seem to be able to play a

significant role in activating diffusion. However, with high a fluence levels, it is conceivable that the

accumulation of damage due to the recoil nuclei which locally cause a high defect density in the

lattice, could play a similar but probably lesser role than that of the recoil FP in activating diffusion.

a recoil nuclei

Fission fragments

Energy

100keV

100MeVand60MeV

Atomic weight

240

140 and 100

Number of pairs created

1500

100000

Table 44 : Comparison of the effects of alpha recoil nuclei and fission fragments
on the spent nuclear fuel structure.

In conclusion, atomistic studies (ab-initio and molecular dynamics calculations) and, if

possible experimental studies, of the effect of a disintegrations on the UO2 lattice are necessary before

we can quantify the displacement cascades created by the recoil nuclei and their effects on irradiation

activated diffusion.

5.4.7 Recommendations for diffusion coefficients

5.4.7.1 SELF-DIFFUSION OF OXYGEN AND METAL

5.4.7.1.1 Stoichiometric oxide

For the diffusion coefficients of atomic oxygen and metal (uranium and plutonium) in the

stoichiometric UO2 lattice, the coefficients used are those given by Matzke (1983) and listed in the

following table :

For the oxygen atom:

For the metal atom:

D° -2 ,6 .10 - 5 . exp | 2>6eV) m2.s-i

DM -6,5.10~5.exp ' e m2.s"1

\ kT I
V K1K )

5.4.7.1.2 Non-stoichiometric oxide

As to the diffusion of oxygen and metal in hypo- and hyper-stoichiometric oxides, the

recommendations of Harding (1990) proposed for mixed oxides in connection with the European fuel

catalogue are followed :
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For the oxygen atom:

Hypo-stoichiometric oxide UO2.X

Hyper-stoichiometric oxide UO2+X

For the metal atom:

Concentration of anionic vacancies

Hypo- and hyper-stoichiometric oxides
UO2.xetUO2+x

D° 2,2.10-8^|exp[ 5 8 8 4 ] m2.s"1

Z)o=2,5.10-^exp(-1059()) m2.s-1

C , - | + l ( x» + 6 ,7« .10»«p( - 4 f ^

.^S^lSexpp1 5 ;1 9)

+ C^l,97.10-exp(-70^)

Tableau 45 : recommendations of mathematical formulations for the diffusion
coefficient within spent nuclear fuel from the European Fuel Catalogue (Harding,

1990).

Hence the following orders of magnitude for stoichiometric UO2 at the standard storage

temperatures (100°C, 300°C, 500°C) and for a duration t = 100 years:

Oxygen atom in the lattice

T (in K)

373

573

773

Diffusion coefficient (in m2.s"1)

-10"40

-10-28

-10-22

Characteristic length s yJDxt (in m)

-10-16

-10-9

~10"6~1|jm*

Table 46 : recommendation for diffusion coefficient of oxygen and related
characteristic length as a function of temperature. * order of magnitude of the

grain diameter in the rim for high burnup UO2 fuels.

Uranium atom in the lattice

T (in K)

373

573

773

Diffusion coefficient (in m2.s-1)

-10-80

-10-54

-10-41

Characteristic length = Erreur! Des
objets ne peuvent pas être créés à

partir des codes de champs de mise
en forme.(in m)

-10-36

-10-22

-10-16

Table 47 : recommendation for diffusion coefficient of uranium and related
characteristic length as a function of temperature.

Thermal diffusion of cations is non-existent at the storage temperatures.
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5.4.7.2 DIFFUSION OF FISSION GASES

5.4.7.2.1 Atomic diffusion of xenon:

The thermal diffusion coefficient generally accepted is in the form of the Arrhenius law

(Matzke, 1980) :

zre=5.i(r.exp - ^

Hence the following orders of magnitude:

Xenon atom in the lattice

T (in K)

373

573

773

Diffusion coefficient (in m2.s"1)

~10"57

HO"39

~10"30

Characteristic length = jDxt (in m)

~10"24

~10"15

~io-11

Table 48 : recommendation for diffusion coefficient of xenon and related
characteristic length as a function of temperature. * order of magnitude of the

grain diameter in the rim for high burnup UO2 fuels.

At these temperatures, the thermal diffusion coefficient is totally irrelevant from the

standpoint of xenon migration.

The atomic diffusion coefficient of xenon used in the METEOR code is composed of three

distinct terms, according to the approach of White and Turnbull (1982). The first represents the

intrinsic high temperature behavior (thermal coefficient), and the other two the effect of activation by

irradiation by the fission spikes (NT Presentation METEOR VI.7.1):

Thermal term:

Athermal term:

Mixed term:

V 1K )

1,2.1(T39.F

0,5.1,39.10-V^expf-1387°l
V *-K )

Table 49 .formulation of the thermal, athermal and mixed diffusion term in the
METEOR code for xenon. (F is the fission density (in m~3.s~')).
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While the athermal term directly reflects the activation of diffusion by irradiation (effect of

fission spikes), the mixed term is related to the concentration of cationic vacancies, whose mobility

promotes the diffusion of the xenon atoms.

In the next section, we have estimated the average a disintegration density of a UOX over a

100-year period. It is about 1 1015 m'3.s4, corresponding to a linear power of about 0.002 W/cm. This

estimation was only made to activate the above coefficient in storage conditions: in the absence of

irradiation, there is virtually no fission, but this makes it possible to simulate the possibility of an

activation of the diffusion of the xenon atoms by a self-irradiation.

D thermal

T (in K)

373

573

773

Diffusion coefficient (in m2.s'1)

~10"51

~io-36

~10"29

Characteristic length s y/Dxt (in m)

~icr21

~10"13

~10-10

Table 50 : recommendation for thermal diffusion coefficient of xenon and related
characteristic length as a function of temperature.

This term is only relevant at temperatures above 1100°C.

D athermal (with F = 1 1015 n r fV )

VT (in K) Diffusion coefficient (in m2.s-1)

~10"25

Characteristic length s ^Dxt (in m)

~10"9~1 nm

D mixed (with F = 1 1 0 1 5 m V )

T (in K)

373

573

773

Diffusion coefficient (in m2.s"1)

~io-34

~10"28

~io-25

Characteristic length s ^Dxt (in m)

~10"12

~10'9~1 nm

~10-8~10nm

Table 51 : recommendation for athermal and mixed diffusion coefficient of xenon
and related characteristic length as a function of temperature.

This mixed term is hence preponderant on the other components of the diffusion coefficient at

the typical storage temperatures. This is particularly true around 500°C, where the characteristic

diffusion length becomes significant.

5 .4.7.2.2 Diffusion of fission gas bubbles :

As seen above, two main mechanisms are introduced to explain the diffusion of gas bubbles in

oxide UO2: mass transport at the surface of the bubble (surface) and mass transport across the matrix
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(volumetric). The commonly accepted diffusion coefficients are the following (Chkuaseli, 1993;

Perryman, 1988):

Surface diffusion:

Volumetric diffusion:

Table 52 : mathematical formulation of the common diffusion coefficients for
fission gas bubbles (Chkuaseli, 1993; Perryman, 1988).

The orders of magnitude of these two diffusion coefficients for typical storage temperatures

and for a duration t = 100 years are the following, for bubbles measuring r = 2 nm :

D volumetric

T (in K)

373

573

773

Diffusion coefficient (in m2.s'1)

~10"69

~10"48

~10"38

Characteristic length s ^Dxt (in m)

~io-30

~1Cr21

~10"14

D surface

T (in K)

373

573

773

Diffusion coefficient (in m2.s"1)

~10"74

-10"48

~10"36

Characteristic le= -jDxt (in m)

~io-30

~io-20

~10"14

Table 53 : recommendations for the diffusion coefficient of fission gases bubbles
and related characteristic diffusion length.

In this temperature range, the bubbles can be considered to be immobile with respect to the

xenon atoms.

5.4.7.3 DIFFUSION OF VOLATILE FP AND HELIUM

We do not offer any recommendations for the intrinsic diffusion coefficients of volatile FP

(Cs, I and Te) or for helium.

For volatile FP, reference can be made to the table in paragraph 5.4.6.3, which ranks their

behavior with respect to release at high temperature.
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5.4.8 Conclusions

The study presented here was aimed to expand the state of knowledge on diffusion

mechanisms in irradiated fuels, chiefly in connection with UOX and MOX fuel elements unloaded

from EDF power reactors.

The first three chapters recalled the diffusion mechanisms in fluorine type oxide ceramics,

changes in UOX and MOX microstructure at high burnup, and the most probable physicochemical

state of the main fission products in these fuels.

We have dealt with thermally activated diffusion (self-diffusion of cations and oxygen) and

the heterodiffusion of fission gases and volatile fission products, irradiation activated diffusion, i.e.

under the thermoelastic effect generated in the lattice by fission spikes, highlighting the ranges of

validity currently admitted: in the temperature range currently anticipated for storage (100 to 500°C)

and for century-long durations (100 to 300 years), the extrapolation of the thermal diffusion

coefficients of the cations, fission gases and volatile fission products leads to characteristic diffusion

lengths shorter than the interatomic distance. Hence thermal diffusion is inoperative.

By contrast, in a long-term storage situation, physical (damage to the matrix with expansion of

the crystal lattice) and chemical mechanisms (formation of a large amount of helium, particularly with

actinide rich MOX fuels), caused by a self-irradiation, are likely to be decisive for the long-term

behavior of the fuel. Further R & D is therefore needed on these topics in order to predict the behavior

of helium and fission products in the irradiated fuel.
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SUMMARY

The aim of this report is to present the major objectives and the key scientific issues of

the research conducted in France in the framework of the third line of the 1991 Law, on the

topic of the long term evolution of spent nuclear fuel in view of long term storage or

geological disposal. After a presentation of the general objectives and of the research

structure, this report presents for each major research sub-program, the key scientific issues

associated with the state of the art of what we identify to be the major evolution mechanisms.
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CHAPTER 6 - EVOLUTION OF THE

THERMOMECHANICAL PROPERTIES OF

THE CLADDING (THIRD SUBPROGRAM)

6.1 Presentation of the key scientific issues (Dr. C. Cappelaere)

6.1.1 Scientific objectives

6.1.1.1 CONTEXT

During irradiation in the reactor, all the metallic parts of the fuel assembly are submitted to a

high irradiation field which progressively yields to the formation of numerous irradiation defects

within the metal. In addition, progressive external corrosion of the metallic fuel components in the

reactor introduces hydrogen in the Zircaloy. Consequently, the original mechanical properties of the

fuel components are altered. Simultaneously, rods are submitted to over-pressure due to (i) the final

pressure after irradiation (40-60 bars NTP) and (ii) the potential release of fission gases and helium

with time, which further increases the rod pressure. Within the temperature field which is expected in

dry interim storage, long term creeping of the cladding due to over-pressure is expected to be a

relevant strain and rupture mechanism.

From the facility design viewpoint, functions that can be allocated to cladding and fuel

assembly in interim storage depend on the evolution of the cladding and the structure elements of the

fuel assembly, and the reliability of their integrity. In this context, it is of prime importance for

designing dry interim storage to know exactly :

(i) how the long term creeping strain is related to temperature, stress, time and

metallurgical state of the cladding (hydride content, irradiation conditions,

temperature history) ;

(ii) what the conditions are beyond which rupture of the cladding can occur.
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Performance of the cladding in long term interim storage can only be assigned thereafter

which will make it possible to determine whether the spent nuclear fuel assembly can be considered,

in interim storage, as a nuclear package which has to be retrieved later on.

In order to deal with these rather ambitious objectives, a predictive mechanical model of the

behavior of irradiated cladding as well as structural materials of fuel assembly have to be designed and

qualified. In addition, in order to ensure the robustness and reliability of the prediction, the mechanical

model has to be based on a microscopic understanding of the strain mechanisms and has to account for

the evolution with time of the intrinsic mechanical properties of the cladding materials (e.g. annealing

of the irradiation defects).

We therefore identified several scientific tasks which are summarized in the following figure :

Rupture criterion for
irradiated cladding (1.2)

Influence of the nature of
the cladding materials (1.3)

Creep reference
model (1.1.1)

Irradiation defects
annealing (1.1.2)

Corrosion
effects (1.1.3)

Irradiation
effects (1.1.4)

Creep model for
Zy4 cladding (1.1.5)

Creep law for
irradiated
Zircaloy4

cladding (1.1)

Mechanical model
of cladding (1)

| Fuel assembly long term
mechanical evolution (3)

Structural materials long
term evolution (2)

/
Thimble -tube
brittleness(2.1)

Singular
zones (2.2)

Figure 1 : Pertt's diagram of the PRECCI/SP3 sub-program of the major scientific
tasks.

6.1.1.2 MECHANICAL MODEL OF IRRADIATED CLADDING

Creep experiments on active materials associated with modelling work are in progress in CEA

in close collaboration with EDF in order to define and qualify the long term mechanical properties of

the cladding. In particular, we are on the way to defining a long term creep law and relevant rupture

criterion. The difficulty of this work is related to the conditions relevant to interim storage : low stress

level, slow deformation, relatively low temperature, but for the long term. Only a stepwise approach
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from the highly reactive in-reactor conditions to conditions representative of interim storage,

associated with a microscopic understanding of the strain mechanisms will make it possible to derive

robust and predictive mechanical models for irradiated cladding.

6.1.1.2.1 Internal pressure thermal creep model

The thermal creep of the cladding has been mostly studied in the CEA with temperature and

strain conditions associated with normal and incidental in-reactor conditions. A few models were

therefore developed for Zircaloy-4 AFA 2 G in the following conditions :

• Long term thermal creep on unirradiated material (310-380°C / 80-220 MPa / 5000h)

• Short and long term thermal creep on unirradiated material (310-400°C / 80-450 MPa /

18000h)

• Short term thermal creep on irradiated material (350-380°C / 300-550 MPa / 80h / <2.3 1025

n.m2 ) and unirradiated material (350-400°C / 90-450 MPa / 0.2-140h) (IAEA, 1996).

However, the expected duration of interim storage is much longer than the time range in which

the creep laws have been established. Morever the temperature range only covers the first step of the

storage and the lowest strain studied is about 2.5 times higher than that expected during storage.

Finally, the open literature provided very little information on that topic.

Because of the change of the cladding mechanical properties due to irradiation, it is necessary

to study irradiated cladding.

6.1.1.2.1.1 Reference thermal creep model

Consequently, the CEA and EDF have developed a stepwise approach in which the

representative interim storage conditions are progressively approached from more reactive conditions

during thermal creep tests. The first step of this work consists of long creep experiments, lasting a few

months, using samples regarded as made of an homogeneous material, and of the formulation of their

results. This first law will be provided from test results conducted in more reactive conditions, and will

be completed to take into account some parameters described below and representative storage

conditions. To validate the extrapolation of the model to storage conditions, it will be necessary to

assume that short and long term mechanisms are the same.

6.1.1.2.1.2 Annealing of irradiation defects
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During the storage period, due to the relatively high temperature and the long period of time,

annealing of the irradiation defects may occur, which could affect the intrinsic mechanical properties

of the cladding. In particular, any annealing of the defects can contribute to progressively restore the

initial mechanical properties of the cladding and enhance the cladding strain (irradiation yields to a

hardening of the materials). If not accounted for in the modelling and extrapolation, these mechanisms

can yield to a more significant strain than expected and a faster breaching. It is thus of prime

importance for a long term extrapolation, to quantify the annealing mechanisms and kinetics.

6.1.1.2.1.3 Corrosion effects

The corrosion of the cladding during irradiation in reactor leads to (i) the formation of an outer

zirconia layer on the cladding, 60 to 80 urn thick correlated to a decrease of the Zircaloy-4 thickness,

(ii) a significant uptake of hydrogen by the cladding. Up until now, hydriding and oxidizing effects on

mechanical properties have not often been studied separately. Moreover, only the remaining cladding

thickness has been taken into account in the mechanical calculations while the oxide thickness has

been neglected. However zirconia can contribute to all the mechanical properties of the material and

we have to be able to quantify the potential contribution of the zirconia to the global mechanical

properties of the cladding.

In addition, studies on unirradiated Zircaloy 4 cladding tubes have shown an inhibiting effect

of hydriding on the recovery of the cold work at elevated temperatures between 470 and 520°C

(Bouffioux & Rupa, 1998). Even if the defects induced by fast neutron irradiation are different from

those created by experiments on inactive samples, we have to assess whether this phenomenon can

affect the irradiated material.

Finally, axial migration of hydrogen may occur and lead to hydrogen concentration in the cold

parts of the rod. Indeed, the hydrogen diffusion may be driven by the initial axial thermal gradient and

axial hydrogen concentration gradients in the cladding. This point also has to be assessed.

6.1.1.2.1.4 Irradiation effects

Cladding materials are strongly affected by their stay in reactor under irradiation. Several

irradiation parameters can subsequently influence the long term thermal creep (neutronic fluxes,

irradiation temperature). The influence of these parameters on the long term creep law has to be

quantified so that the history of the spent fuel rod can be accounted for when predicting its long term

evolution.
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6.1.1.2.2 Breaching criteria

A 1% strain which is usually considered as the breaching threshold is clearly not adapted to

the storage conditions which are quite different from those undergone in reactor. First results on

irradiated cladding seems to confirm that such a criterion is over-conservative. A breaching criterion

adapted to the storage conditions will have therefore to be defined in order to assess the potential

breaching of the cladding due to the evolution of the internal pressure in the rod (see SP2).

6.1.1.2.3 Cladding material influence

Because low-tin content Zircaloy-4 is the current reference for cladding material, most of the

experimental work was performed with this grade of cladding material.. However, other Zircaloy

grades are either used or under study. For example, new materials like ZrNb alloys are currently being

studied to replace Zircaloy-4 in the near-future. The influence of the material grade has to be assessed

and integrated in the thermal creep model.

6.1.1.3 MECHANICAL BEHA VIOR OF THE WHOLE FUEL ASSEMBLY

The spent fuel assembly is made up of thimble-tubes, grids, bottom and top end pieces, and

numerous junctions (mechanical, welding junctions...) which are affected by irradiation. The storage

temperature may lead to an annealing of irradiation defects, which could affect the mechanical

properties of the cladding and the junction strength in hot and/or in cold conditions.

We have to assess the mechanical behavior of the spent fuel assembly, both span and

discontinuities, both in hot (storage) and cold (handling) service.

6.1.2 Program description

6.1.2.1 MECHANICAL MODEL OF CLADDING

The stepwise approach in which the representative interim storage conditions will be progressively

approached from more reactive conditions is described below:
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• Short term creep tests : Creep test conditions were defined as close as possible to the storage

ones by using the creep law of Soniak et al. (1998). Representative conditions would have led

to very low strains because the test duration (40 days) is much shorter than storage time. So,

temperatures and stresses were chosen high enough to obtain significant strains (380-470°C /

80-250 MPa).

• Long term creep tests : Creep tests, up to one year long, will be conducted in more

representative conditions. They will be used to propose a new formulation for the creep model

which will be more adapted to extrapolation to actual storage duration.

• Very long term creep tests duration (up to 5 years) on some samples could be conducted if

necessary.

6.1.2.1.1 Cladding creep law

6.1.2.1.1.1 Reference model

• Short term creep tests : the irradiated cladding sample, closed at one end, is submitted to

internal pressure at constant temperature for about 40 days in the creep test facility. During the

test, a computer records and displays the external diameter variations, the argon pressure, and

sample temperature. A first creep model was established, founded on a first set of creep tests

on CWSR Zircaloy-4 (Bouffioux & Rupa, 1998). Regarded as homogeneous, the tested

samples were taken from cladding of FRAMATOME fuel rods irradiated during 4 cycles in an

EDF's PWR (at a burn-up of 47200 ± 500 MWd/tU). They came from the lower end of the rod

(2,3,4). This model does not take into account any irradiation (neutron flux, irradiation

temperature...) nor corrosion (oxidation, hydriding...) parameters.

• Long term creep tests : a new facility is being set up in the hot cell laboratory in the CEA

(Saclay) and should make it possible to begin experiments on irradiated cladding in 2001 for

temperatures ranging from 250 to 400°C and stress from 80 to 150 Mpa. They will last up to a

year. Their results will be used to improve the previous model.

6.1.2.1.1.2 Irradiation defects annealing

The thermal and strain dependence of annealing will be studied by observing the influence of a

first stage (with and without stress) at high temperature on the subsequent creep behavior. By coupling

the mechanical experiments with micro-structural (HRTEM, XRD) and mechanical characterizations,
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we expect to identify the annealing mechanisms and their kinetics, in order to determine the complete

mechanical behavior of the material.

6.1.2.1.1.3 Corrosion effect

To assess the influence of hidriding on irradiated Zircaloy-4 recovery, creep tests coupled with

hydrogen content measurements will be carried out on samples cut at different locations. The

hydrogen content will become a parameter of the model if some influence is observed. Moreover, both

a theoretical and experimental study will then allow to model and validate the hydrogen migration and

the evolution with time of the hydride distribution.

The potential influence of the zirconia layer on the mechanical properties of Zircaloy-4

cladding will be identified and quantified by comparing oxidized and non-oxidized tubes and by

deriving relevant parameters for modelling.

6.1.2.1.1.4 Effect of existing SCC damage

Creep tests will be carried out on irradiated cladding, with and without stress corrosion

simulating crack, in order to evaluate the potential influence of any existing crack on the creep

behavior under internal pressure. The first step in this study is the fabrication of a cracking device

adapted to hot cells .

6.1.2.1.1.5 Irradiation influence

The influence of the irradiation conditions will be enlightened by performing mechanical

experiments on samples coming from various locations from different types of fuel (UOX and MOX),

and at different neutron fluences.

6.1.2.1.1.6 Zircaloy-4 model

All of these results will be integrated in the complete creep model which will take into account

the following parameters : temperature, stress, hydriding, oxidation, CSC, fluence,...

6.1.2.1.2 Breaching criteria

The objective is to replace the 1% criterion by a new value better adapted to the conditions

representative of long term interim storage. This will be achieved by coupling experiments,

characterization and mechanism studies. The first step will be a critical analysis of the current
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breaching criteria which can be found in the open literature. In a second step, every creep breaching

result obtained in the CEA will be analyzed in order to derive a more realistic breaching criterion,

whatever the irradiation conditions can be. Finally and accounting for the conclusion of the previous

steps, some creep experiments coupled with complete micro-structural characterization may be carried

out up to rupture.

6.1.2.1.3 Cladding material influence

An experimental program for each grade of material is necessary, particularly for new material

like M5 alloy. Few differences are expected between Zircaloy-4 grades. The volume of tests will

depend on observed differences between the tested materials and Zircaloy-4.

6.1.2.1.4 Mechanical model for cladding

All the previous results will be synthesized in a global mechanical model of the irradiated

cladding which will subsequently be used in the closed system scientific model which has to be

developed and validated in the SP2.

6.1.2.2 MECHANICAL BEHA VIOR OF SPENT FUEL

6.1.2.2.1 Mechanical behavior of span thimble tubes

A specific mechanical device will be chosen and developed to characterize the embrittlement

of hydrided irradiated thimble tubes, resulting from cold service, such as assembly handling. A

mechanical characterization of irradiated thimble-tubes at temperatures reached at the beginning of a

storage period (higher than in reactor-temperature) will be carried out.

6.1.2.2.2 Mechanical behavior of the assembly discontinuities

The aim of this task is (i) to identify the relevant discontinuities that may become a significant

weak point for the assembly mechanical integrity in long term interim storage, (ii) to assess the

potential damages and induced risks. The first step consists of describing the state of the art :

The irradiation damages to the assembly (worn cladding zones, spalled zirconia zones...)

All the assembly discontinuities (junctions)

Any existing characterization results obtained on spent fuel.
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Given the results of this preliminary analysis, further experiments (mechanical tests,

metallurgical observations...) or calculations may be carried out.

6.2 First experimental results on irradiated cladding (T. Bredel, C

Cappelaere, R Limon, P Bouffioux)

The first experimental results on creep behavior of irradiated cladding have been presented at

the MRS symposium "Scientific Basis for Nuclear Waste Management" (Boston, Dec.99) in a paper

entitled "Long term creep behavior of spent fuel cladding for storage and disposal" by Bredel,

Cappelaere, Limon, Pinte & Bouffioux.

6.2.1 Introduction

In the framework of the orientation law of 1991 which defines three major lines for the waste

management, the CEA and EDF have implemented a wide program dealing with the long term

behavior of spent fuel in various boundary conditions representative of interim storage and geological

disposal.

For the long term interim storage studies, it has to be pointed out that this phase has to be

considered as a provisory mean to manage long term nuclear waste while political decisions are been

made (Poinssot et al., 1999; Bernard et al, 1999). It is therefore necessary to study the long term

behavior of the cladding in order to determine if it may be considered as the primary confinement

barrier for radionuclides, for how long and in which conditions.

After irradiation, the thermomechanical properties of the spent fuel cladding are altered in

comparison to those of the non irradiated material : the presence of numerous irradiation defects due

the high irradiation fields can be observed as well as the presence of external zirconia layers and

hydrogen within the Zircaloy due to the external corrosion. Furthermore, the cladding is submitted to a

relatively high internal pressure field which is related to the production and release in the free volumes

of fission gases and helium. Since the cladding is expected to undergo a relatively high temperature

field (~300 - 400°C), in dry storage conditions long term creep is expected to become a relevant

deformation mechanism which can potentially lead to a breaching of the cladding. The prediction of

the creep behavior of the irradiated cladding necessitates the establishment of a long term creep law

and an adapted breaching criterion that can be extrapolated to the long term interim storage conditions.
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6.2.2 State of the art

At the CEA, the thermal creep of the cladding has been mostly studied in the temperature and

stress ranges representative of reactor service conditions. The following model has been developed by

Soniak et al. (1998) and Yvon et al. (1999) for the following conditions :

Short term thermal creep on irradiated and unirradiated material for test duration from 1 h
to 140 h,

temperatures between 350 and 400°C for unirradiated materials and between 350 and

380°C for irradiated ones,

stress between 100 and 445 MPa for unirradiated materials and between 310 and 550 MPa

for irradiated ones,

fluence between 0 and 1026 n.m-2.

A new type of formulation has been developed for creep under constant temperature and stress

conditions :

s = alog(l+b(exp(ct)-l))

For general conditions with the strain hardening hypothesis, the following law of

viscoplasticity is obtained

de__

dt ~ V

In which vp and vs are functions of temperature, stress and fluence correspond relatively to the

primary and the secondary strain rates and are linked to the a, b and c parameters by the following

relationships :

vp = abc and vs=ac

However, the expected duration of storage is much larger that the time domain in which the

creep laws are known. Moreover, the temperature range covers only the first stage of the storage, and

the lowest stress studied is about 2.5 times higher than that expected during storage. Finally, the open

literature provided little information.

6.2.3 Program

In order to deal with this issue, a wide program of creep tests on irradiated samples associated

with extensive metallurgical characterizations is in progress at CEA with the support of EDF and
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FRAMATOME. These creep tests are performed for more severe stress conditions than those

estimated during the interim storage in order to obtain significant strain levels and even ruptures. The

main objective is to establish a deformation law and a new rupture criterion that will be recommended

for the long term interim storage.

6.2.3.1 CREEP TEST DESCRIPTION

The samples are part of a cladding tube, the fuel of which has been previously removed

chemically. The minimal sample length is 60 mm. This length has been determined by calculation and

experimentally confirmed. It has been chosen in order to obtain the best compromise between the

absence of end-effect perturbation and the minimum use of irradiated material. The pressure-tightness

at the two ends is obtained with adapter plugs crimped at room temperature.

The zirconia layer is systematically removed by mechanical cleaning at the two ends of the

tube. The risk of cracking due to the low ductility of the irradiated material can only be minimized by

a soft cutting and a mechanical polishing of this cutting to remove the surface which prevents crack

initiation. After this preparation, the samples are accurately measured (diameter and thickness) in

order obtain reliable stress and strain.

The CEA creep test facility holds six independent furnaces implanted in the same lead cell.

Three independent heating zones for each furnace ensure a thermal gradient less than 1°C around

25 mm on each side the sample medium part. The test sample is pressurized with argon in order to

obtain the stress according to the test specification. The mean stress is chosen as a=Ge-ar=PDm/2e

where ae and crr are respectively the diametral and radial stresses, Dm and e are respectively the mean

diameter (at mid thickness) and the tube thickness.

During the tests, a computer records and displays the displacement (two probes by sample),

the pressure (one gauge by sample), the sample temperature (one thermocouple by sample), the cell

and under-cell temperature.

6.2.3.2 CREEP TEST RESULTS AND COMPARISON WITH MODEL

The creep tests have been performed on samples coming from two similar rods irradiated for

four cycles in a French PWR and whose burnups are in the 47200 ± 500 MWd/tU. They have been cut

at the second and third grid spans ensuring therefore comparable corrosion (of about 25 \im) and

average hydride content of 200 ppm. This last point is particularly relevant in regard of the impact of

hydrogen on the creep behavior (Bouffioux & Rupa, 1998). By this way, the fluence and the hydrogen
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content influence on the creep behavior can be studied by performing different series of tests on

samples cut at different spans and with different doses.

The creep tests have been performed during about 40 days in the temperature range 380-420°C

and stress values of 150 and 200 MPa.

The Figure 2 & Figure 3show creep tests performed at 380°C, 400°C and 420°C for two stress

values of 150 and 200 MPa respectively.
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Figure 2 : Influence of the temperature on creep deformation — a— 150 Mpa
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Figure 3 : Influence of the temperature on creep deformation - u = 200 MPa
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The model to which the tests are compared has been established on unirradiated and irradiated

Zircaloy 4 cladding tubes for shorter duration and at higher stress creep tests. It clearly appears that the

extrapolation of this model shows a tendency of underestimating the creep deformation. This

underestimation is more severe as the stress and the temperature increase. It might be due (at least

partly) to the material recovery and annealing of irradiation defects during the test duration (up to 40

days) despite the temperature values (below 420°C). This hypothesis has to be confirmed by further

metallurgical observations and microstructural characterizations.

These microstructural characterizations will also be used to understand the mechanisms that

govern the creep behavior. They will also provide information on how parameters such as hydriding

and irradiation affect the creep behavior and eventually lead to the development of a more physical

modelling which could be used for reliably predicting the deformation.

6.2.4 Conclusion

The extrapolation of the model for high stress to the long term interim storage conditions

drives to creep deformation previsions of the cladding very different for irradiated and unirradiated

material. The model predicts that a creep deformation of 0.01 will be reached after 1 year for

unirradiated material and after more than 300 years for irradiated materials.
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Figure 4 : Predicted thermal creep of Zircaloy 4 under internal pressure.
T=350°C, a=100 MPa (Soniak et al, 1998).
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During interim storage, the material will have probably an intermediate behavior due to a

partial recovery (at least at the beginning of the storage) and the hydrides that will probably slow

down this phenomenon.

In order to take into account the parameters that may influence the creep deformation such as

the irradiation temperature, the oxidation, the fluence... it is necessary to enlarge our database with

creep tests performed on samples coming from different spans and with different fluences. After

reaching the limits of the model used, the next step is to realize very long creep tests (longer than 1

year) in order to improve this empirical model and to refine the parameters.

A more ambitious long term goal is to eventually develop a physical creep model which would

predict the creep deformation more accurately and more convincingly than the empirical model.

6.3 A formulation of the creep behavior of spent nuclear fuel

cladding for long term storage (R. Limon, C. Cappelaere, T. Bredel, P.

Bouffioux)

The first creep model devoted to long term interim storage was presented at the American

Nuclear Society symposium on Light Water Nuclear Reactor Fuel Performances (Utah Park, April

2000) in a paper entitled "a formulation of the spent fuel cladding creep behavior for long term

storage" by Limon, Cappelaere, Bredel & Bouffioux. The corresponding paper is presented here

below.

6.3.1 Introduction

In the framework of the 1991 French law which defines the major research lines for the

management of nuclear wastes, the CEA is supporting a wide research and development program

dealing with the long term behavior of spent nuclear fuel in conditions of interim storage or final

disposal. One major issue concerns the behavior during long term dry storage of the irradiated

cladding and its integrity. So one has to know if the fuel cladding can be considered as a first

confinement barrier for radionuclides and what the storage conditions required for that are. The design

and the safety analyses of the interim storage will evidently strongly depend on the performance

allocated to the cladding.

After irradiation in a PWR, the mechanical properties of the spent fuel cladding are changed

by the defects which are induced by the fast neutron flux and also by the external zirconia layer and
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the hydrogen uptake resulting from corrosion on the water side. Furthermore, the fuel rod contains a

relatively high amount of helium, introduced during fabrication or produced by a decay, and fission

gases, produced and released during irradiation.

Since the fuel rod is expected to undergo a temperature of about 400°C at the beginning of

storage, the cladding is submitted to a relatively high internal pressure due to the above mentioned

gases. Its estimated circumferential stress (the maximal principal stress) ranges from about 70 to 120

MPa. Although this temperature and this stress decrease during storage, long term creep is considered

as the relevant deformation mechanism which could potentially lead to cladding rupture (IAEA, 1996;

Spilker et al, 1997) because of the very long storage duration (50, 100, even 300 years). Furthermore,

during the few days of transport from the power plant to the storage site, the clad temperature might

reach about 470°C in the worst cases. Such conditions may lead to partial annealing of irradiation

defects which could affect subsequent behavior during storage.

In order to predict the creep behavior of the fuel cladding during storage, experiments on

irradiated cladding samples and modelling work have been undertaken by the CEA with the support of

EDF and FRAMATOME. The objective is to establish an adequate creep law and rupture criterion

through a stepwise approach from short term (few days or less) and high stress experiments to long

term (few years) and low stress experiments. The short term and high stress experiments were

previously carried out to study the irradiation transient Pellet-Clad Mechanical Interaction (PCMI)

(Soniak et al, 1998). The first step of this work consists of medium term (few tens days) creep

experiments and the formulation of their results.

6.3.2 Material

The studied material was Cold Worked Stress-Relieved (CWSR) Zircaloy-4 cladding. Its

chemical composition, within the ASTM specification, is shown in table 1 for the allowed elements :

Sn

1.37 to
1.52

Fe

0.19 to
0.23

Cr

0.10 to
0.12

O

0.10 to
0.14

Table 1 : Chemical Composition of Zircaloy-4 (by weight %)

The cladding geometry before irradiation was the following : external diameter of 9.5 mm and

thickness of 0.57 mm.
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The creep samples were taken from cladding of FRAMATOME fuel rods irradiated for 4

cycles in an EDF PWR. Their burn-ups were in the 47200 ± 500 MWd/tU range. The samples were

cut in the rod span between the 2nd and 5th grid from the bottom of the fuel assembly (and then fuel

was taken off). The external and internal zirconia thickness ranged respectively from about 20 to 50

|j.m and from 8 to 15 urn. The corresponding hydrogen concentration was estimated between 100 and

400 jig/g and the hydride alignments were circumferential.

In the present work, samples are considered as coming from a single and homogeneous

material despite differences in their hydrogen concentration and their oxide layers. So, the hydrogen

and zirconia effects are not analyzed here but are implicitly included in the results scatter. It is justified

by their small influence compared to the very great influence of neutron irradiation (Soniak et al.,

1998). Nevertheless, according to studies on unirradiated Zircaloy-4 (Bouffioux & Rupa; Berat-Robert

et al, 2000), hydrogen and zirconia have a real influence that we shall consider later especially after

having carried out experiments on samples from higher rod spans. Furthermore, the influence of tin

concentration on Zircaloy creep, which is important on the unirradiated material (Mclnteer et al,

1988), will be studied by testing irradiated low tin Zircaloy-4.

6.3.3 Experimental Procedure

6.3.3.1 TEST PROCEDURE

The cladding sample, closed at one end, is submitted to an internal pressure at constant

temperature.

Figure 5 : Cladding sample with end plugs and pipe for argon pressurization

The sample length is between 60 and 120 mm. It is chosen in order to obtain a good

compromise between the absence of end-effect perturbation and the minimum use of irradiated

material. The minimal length was determined by calculation and experimentally confirmed.

Before the test, the sample diameter and thickness are accurately measured in order to obtain

reliable stress and strain.
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The creep test facility holds six independent furnaces implanted in the same lead cell. Three

independent heating zones for each furnace ensure a thermal gradient below 1°C along about 25 mm

on both sides of the sample middle in the axial direction. After the sample temperature is stabilized, it

is pressurized with argon in order to obtain the specified stress. The pressure-tightness at both ends is

obtained with adapter plugs previously crimped at room temperature.

During the tests, a computer records and displays :

the sample external diameter variations (two opposite displacement probes per

sample at its middle),

the argon pressure (one gauge per sample),

the sample temperature (one thermocouple per sample).

The accuracy of temperature (taking into account measurement uncertainties, gradient and

variations) is within 3°C. The relative accuracy of stress (taking into account the uncertainties of

pressure and initial diameter and thickness measurements) is about 1.6%. The accuracy of the strain

measurement is about 0.0003.

6.3.3.2 INTERPRETATION

In such conditions, one can assume that the radial r, the circumferential 0 and the axial z

directions of the tube are the stresses and strains principal directions near the sample middle because

of the symmetry of material and the sample length. Taking into account the slight thickness of the tube

relative to its diameter, one can relate mean stresses and mean strains to obtain the material

deformation law.

Creep behavior is only a function of the differences between the principal stresses, because

strains are due to glides and then depend only upon the shearing stresses applied on the slip planes

(Schmid and Boas' law, Schmidt & Boas, 1965). Thus, one has only to consider both aee - an and

azz - arr stress differences in these conditions. In such a pressurization test, the mean values of the

principal stresses in the tube thickness are given by the following relations :

and
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2e

where pt and pe are the internal and the external pressure acting on the tube, Dm and e are

its mean diameter (at the middle of the tube wall) and its thickness.

The expression of the mean circumferential strain in the tube wall is :

with the following expression of the mean circumferential relative elongation :

e -
Dm0

where Dm0 and ADm are the initial value and the variation of the tube mean diameter during

the test. Because ADm is not directly measurable it is approximated to the associated variation of the

external diameter of the tube ADe.

In the expression of tr^ - arr, Dm and e vary during the test because of strains. Their ratio is

calculated as follows with their initial values and the mean strain values :

This expression takes into account the volume conservation and assumes that sz2 « 0 in the

present stress conditions. It is a good approximation for the plasticity of the CWSR Zircaloy-4,

notably for creep considered here.

According to the above considerations, the creep law is established by relating the mean true

stress difference aee - crrr and the mean true strain s66.

6.3.4 Experimental Results

6.3.4.1 TEMPERATURE RANGE AND STRESS DOMAIN INVESTIGATED

Creep test conditions were defined as close as possible to the storage ones by using the creep

law of (Soniak et al, 1998). Truly representative conditions would have led to very low strains

because the test duration is much shorter than storage time. Therefore, temperatures and stresses were
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chosen high enough to obtain significant strains. These nominal test conditions are mentioned

hereafter.

Stress

(MPa)

150

200

250

Temperature (°C)

380

1

1

1

400

2+3*

2

420

1

1

Table 2 : Number of tests for each condition

In order to estimate the potential effect of the transport period on creep behavior during

storage, three tests (*) were preceded by a period of 10 days at 470°C with or without stress.

Test durations were between 23 and 57 days.

6.3.4.2 INFLUENCE OF TEMPERA TU RE

The effect of temperature on creep is shown in Figure 6 & Figure Vrespectively for stresses of

150 and 200 MPa. In Figure 7 one test curve shows a cyclic increase and decrease of strain : it is due

to an experimental problem which appeared in the first experiment series and was suppressed

afterwards. Despite this fluctuation, the result of this test matches the result of the other one in the

same conditions. The temperature influence is regular between 380 and 420°C for the lower stress

(150 MPa). Nevertheless it appears greater between 400 and 420°C than between 380 and 400°C for

the higher stress (200 MPa). This last observation is due in part to the applied stress which is 226 MPa

instead of 200 MPa at 420°C.
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Figure 6 : Influence of temperature for a stress of 150 MPa.
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63.4.3 EFFECT OF ANNEALING

The effect of a previous period at 470°C, without stress or under 80 or 120 MPa, on creep

behavior is shown in Figure 9 for creep tests at 400°C and 150 MPa (the annealing conditions are

mentioned in parentheses).

Neither the treatment nor the stress during this treatment has any clear effect on creep

behavior. The three samples treated in this way show a smaller strain than the other two. For two of

the three treated samples, the strain decreases down to a negative minimum during the first creep hours

and, after this minimum is reached, the creep strain rate decreases less and is higher than for the non

treated ones. No explanation for these results have been found and more investigations are necessary

to understand the effect of such a treatment.

6.3.4.4 RUPTURE

A rupture was observed during the test at 420°C and 226 MPa after 42 days. The sample failed

at a relative elongation equal to about 0.1 even though the creep acceleration appeared for a strain

hardly higher than 0.01 (see creep curve in Figure 10). This ductile behavior might be due in part to
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dynamic annealing (at least partial) of the irradiation defects. Transmission Electronic Microscopic

observations will be carried out to verify this assumption.

Several other tests performed until rupture, or at least to obtain tertiary creep or up to a much

higher strain than 0.01, are necessary in order to be able to propose a reliable rupture criteria without

excessive conservatism.
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Figure 9 : Influence of 10 days at 470°C on creep at 400°C and 150 MPa.
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Figure 10 : test results with rupture, at 420°C and 226 MPa.

6.3.5 Formulation of a viscoplasticity Law

4000000

6.3.5.1 GENERAL FORM OF THE LA W

To predict the creep behavior of the rod cladding during storage, the creep law has to be valid

within a wide range of conditions because temperature and stress will decrease with time. For this

reason we chose a viscoplasticity law as follows :

de a

dt
•=f((Tee -

which relates the creep strain rate at any time to the stress, the temperature and the strain

(according to the strain hardening assumption).

6.3.5.2 EFFECT OF STRAIN

In the present tests, strains remain lower than 0.01, except for the test at 420°C and 226 MPa

for which we only consider strains under 0.01. Therefore, in each test, we can consider stress as

constant and keep its average value on the strain range under 0.01. Because the temperature is also
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constant, the previous differential equation can be integrated for each test to obtain a creep formula as

follows :

see =F(cree -arr,T,t)

The shape of the strain evolution with time in creep tests, which is described by the above

formula, is then directly bound to the influence of strain in the viscoplasticity law.

No clear distinction between a primary and a secondary creep can be made (Figure 6, Figure 7

& Figure 8). Longer tests are necessary to know if such a distinction is founded. Therefore a

secondary creep rate determined only by present experiments would not be reliable. Thus it would be

the most important term in the case of long duration storage. For this reason we have chosen the

following simple form of a viscoplasticity law instead of a law with a primary and secondary creep

phase :

) P
;;

at

where v, and p are functions of stress and temperature. e0 is a constant which is only

introduced to avoid an infinite initial creep strain rate.

For each test at constant temperature and stress, integration of the above equation gives ;

(For e0 - 0 , it becomes a classical formula such as : see = A' Jp , with evident expressions of

A' and p'.)

6.3.5.3 INFLUENCE OF TEMPERATURE AND STRESS, COMPLETE LA W

Within the whole temperature and stress ranges, the mean value of the p parameter and its

standard deviation are respectively 0.89 and 0.18. But in spite of this fairly wide dispersion,

temperature and stress have no clear influence on p. Other tests are necessary to give a reliable

description of their possible effects. At this stage we consider/? as a constant equal to 0.9.
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The evolution of creep strain rate with the absolute temperature appears to fit an Arrhenius

law at both 150 and 200 MPa stresses. The effect of stress at 380°C on this strain rate fits better an

hyperbolic sine (sh) than a power function.

Finally, the complete form of the viscoplasticity law, which is selected is the following :

0 ( ) p ( ^ ) ( g g o)
at <7C 1

The fit for all results has led to the following values of the law parameters with stress in MPa,

absolute temperature in K and time in s :

p = 0.9

s0 = 0.000045

Vo =3.47xlO7 s'1

ac = 34 MPa

Ta = 32000 K

Comparison of this law with the experimental results is shown in Figure 11, Figure 12 &

Figure 13. One can observe that experimental results are well reproduced by the model within the

whole domain under investigation, except at 420°C for the highest strains. This tends to confirm the

validity of an Arrhenius law and hyperbolic sine for describing respectively the temperature and stress

influence on the creep strain rate, at least in the studied domain. Nevertheless, only three temperatures

and three stresses have been studied and other experiments, notably at lower temperatures and stresses,

must be performed in order to extend the domain of validity of the present viscoplasticity law or to

improve it.
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Figure 11 : Comparison between the law and experimental results : temperature

influence at 150 MPa.

0.012 T —

0.010 -

0.008

0.006 -

0.004 -

0.002 -

0.000

True* /
Circumferential

Strain/

/ /
i l

fl
il

?/
I l

••<>-testat378oC200MPa

—o—test at 399°C 199 MPa

—•— test at401°C199MPa

- « - test at 420°C 226 MPa

- • " law at 378°C 200 MPa

law at 400°C 199 MPa

law at 420°C 226 MPa

I
•1

1000000 2000000 3000000 4000000 5000000
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Figure 13 : Comparison between the law and experimental results : stress influence
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6.3.6 Conclusion

Creep experiments using 4 cycles-irradiated CWSR Zircaloy-4 cladding were carried out

under internal pressure within the temperature range from 380 to 420°C and the circumferential stress

range from 150 to 250 MPa. They have led to a cladding circumferential strain between 0.001 and

0.009 after 23 to 57 days without rupture except for one sample. This particular sample, submitted to

420°C and 226 MPa, failed at a strain equal to about 0.1 after 42 days.

A viscoplasticity law applied to the cladding creep behavior during long term dry storage was

established. It will also be used to define the conditions of much longer creep experiments (about 1

year) which are under consideration to improve the law.
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CHAPTER 7 - LONG TERM EVOLUTION OF

SPENT NUCLEAR FUEL IN AN OPEN

SYSTEM AND WATER-UNSATURATED

CONDITIONS (SP4)

As shown in the second and third sub-programs, rod pressure is expected to increase significantly with

time in storage or final disposal. In these conditions, it is reasonable to assume that cladding breaching may

occur at a certain time which will depend on the boundary conditions (thermal aspect) and on the type of spent

fuel. However, any cladding failure will lead to the intrusion of the storage atmosphere and possibly, of oxygen,

in the fuel rod and a contact with the nuclear ceramic. UO2 is known to be quite unstable in the presence of

oxidizing agents and tends to be further oxidized in oxides like U3O7, U4O9 and U3O8. Such an oxidation reaction

may be important since the transformation of U4O9 into U3O8 yields to a molar volume increase of 36%. This

volume expansion can therefore contribute to increase the cladding stress and related strain inducing a crack

propagation from the original failure of the fuel rod.

The case of a cladding failure has to be looked at very carefully from the point of view of

irradiated fuel storage, because it can affect the mechanical evolution of the fuel rod and thus prevent

its reprocessing or disposal, and because it can lead to the dissemination of radio-nuclides, threatening

the safety of the storage facility.

It is thus of prime importance for the safety analyses (i) to know the potential secondary phases that can

be formed in the fuel, (ii) to obtain reliable long term kinetics data on fuel oxidation and (iii) to quantify the RN

release associated with such transformations.

7.1 Presentation of the key scientific issues (Dr. L. Desgranges)

7.1.1 Strategy of the fourth sub-program

The aim of the fourth subprogram is to provide an evolution model that will describe the fuel

long term evolution in the presence of various oxidants for a wide temperature range. Such a model
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will have to be used by the designer of storage facilities to take into account the evolution of a failed

rod in a gaseous environment. This model must not be connected to a precise storage scenario but

should fit the different options which are now under discussion. As a consequence, this model will be

presented from a general point of view, then its main features will be developed according to the needs

which are now identified.

7.7.2 Description of the sub-program structure

The evolution of the fuel rod in an unsaturated open system, is mainly governed by the

ceramic evolution which can lead to the degradation of the cladding and the dissemination of radio-

nuclides. That is why the model is divided in three parts : the first part is devoted to ceramic evolution,

the second part to radio-nuclide dissemination and the last part to fuel rod behavior.

Each part is divided in subparts and the next diagram schematically represents the model

structure. Each part is discussed further in the newt paragraphs.

OVERALL BEHAVIOUR (3)

Available Radioeitutters (2)

Figure 14 : structure of the fourth sub-program emphasizing the key research
issues, namely the thermodynamics and kinetisc of matrix oxidation, the RN release

and the evolution model.
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7.1.2.1 PART 1: CERAMIC OXIDE

This part is about modelling of the chemical and physical evolution of the irradiated ceramic

due to the chemical reaction taking place with the storage atmosphere. The main objective of this part

is to give a realistic description of the ceramic degradation for a time scale which is not compatible

with a laboratory experiment. That is why this part is divided into three subparts.

The first subpart is focused on the determination of the chemical products that should be

obtained at the thermodynamic equilibrium, after the reaction between the ceramic oxide and different

atmospheres. These atmospheres can be air, air and water vapor, air and nitrogen oxide, air with water

vapor and nitrogen oxides together or else different chemical components of air such as carbon

dioxide, etc..

The second subpart is devoted to the acquisition of kinetics data to determine the rate of

formation of the final products evidenced in the first subpart. These data will be fitted with

mathematical expressions, and the obtained values will be used to perform a numerical extrapolation

of the reaction rate for a large time scale.

The third subpart deals with solid physics and should provide description of the mechanisms

of ceramic oxidation. This description will be correlated to the mathematical expression used in the

second subpart, giving a physical meaning to the numerical parameters. It will provide a physical

justification to the mathematical extrapolation for a time scale which can not be tested in laboratories.

7.1.2.2 PART 2 : A VAILABLE RADIO-NUCLIDES

This part is devoted to the determination of the evolution of the source term associated with

ceramic degradation through its oxidation. It is indeed of importance to know which radio-nuclides are

released from the fuel rod, and with which chemical form the source term is associated when released

out of the storage facility during fuel rod degradation. This part is divided into two subparts.

The first subpart includes both experimental and theoretical aspects to determine which radio-

nuclides are actually released during the reaction between the ceramic oxide and the atmosphere. An

experimental determination of the released radio-nuclides during the oxidation tests will indeed be

compared to a theoretical prediction derived from the mechanism of the ceramic oxidation described

above.

The second subpart is a list of all possible chemical reactions of radio-nuclides with the

storage atmosphere, and their thermodynamic characteristics. Using these formula will give the

chemical form of the radio-nuclides and from there, their ability to be disseminated.
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7.1.2.3 PART3 : OVERALL BEHAVIOR

This part uses the results obtained in the two other parts to build a model of a failed fuel rod.

This model essentially deals with the coupling of all the physical phenomena occurring during the fuel

rod degradation. Special attention will be paid to the diffusion of air inside the fuel rod and a

description of this phenomenon, which can modify the kinetics of oxidation, will be proposed in a first

subpart. In a second subpart, all the couplings will be established : mechanical coupling between the

ceramic and the cladding (the mechanical properties of the cladding are established in subprogram 3),

coupling between the ceramic swelling and the air diffusion in the fuel rod, coupling between the

evolution of the failure in the cladding and the air inflow and so on.

This model will be validated with experiments carried out on fuel rod sections. Several tests

covering different time scales will be performed in different atmospheres at different temperatures. In

these experiments the reaction rate, the cladding deformation and the radio-nuclide release will be

measured as a function of time.

7.1.3 Main scientific issues :

The study of the oxidation by air of nuclear fuel, irradiated or not, has been a subject of

research for many years, and a lot of results are already available in open literature. The oxidation

reaction of uranium dioxide has also been extensively characterized to determine its thermodynamic

parameters, especially the activation energy.

However, some scientific issues are not sufficiently investigated to be readily usable for the

purpose of our modelling. These main issues are developed thereafter.

7.1.3.1 INFLUENCE OF ATMOSPHERE

In most of the papers dealing with the oxidation of nuclear fuel, the atmosphere is air.

Nevertheless air can have more components than only oxygen and nitrogen. Air can also contain some

impurities such as water vapor, carbon dioxide which are usually found in natural air. In the case of a

storage facility, it can also contain products created by radiological processes, among which nitrogen

oxide.

These products can modify the kinetics of oxidation even in small quantities. For example, it

has been demonstrated that nitrogen oxide can facilitate the oxidation of uranium dioxide.
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These products can also compete with oxygen for the oxidation of the ceramic. For example,

there is a competition in the reaction of the nuclear fuel between oxygen and water vapor at low

temperature.

7.1.3.2 DA TA ON CURRENT FRENCH FUEL

In open literature most of the studied fuels are UO2 fuel with a maximum burn-up of

approximately 30Gwd/tU. hi the French nuclear fuel cycle, this type of fuel is more likely to be

reprocessed. And storage will be effective for high burn-up UO2 fuel and MOX fuel. These two types

of fuels give rise to new scientific issues which have not been addressed before.

The burn-up is considered to slow down the oxidation process. But there is, up until now, no

indication of what happens with the rim effect. In fact, the influence of burn-up becomes non-linear

with the formation of the rim, and the data obtained for burn-up lower than 60 GWd/tU can not be

extrapolated beyond that threshold.

The fuel microstructure may have a great influence on the oxidation processes of a

heterogeneous ceramic. The MOX fuel can have several types of microstructure either fully

homogeneous or heterogeneous with of without plutonium at the grain boundaries. It would be

possible to add the oxidation of the matrix to the oxidation of the plutonium enriched clusters if

oxygen can be supplied to each of them in the same conditions. But this is no longer the case, if the

microstructure can influence the diffusion of oxygen, as it could be the case for MOX fuel with

plutonium at the grain boundaries.

7.1.3.3 EXTRAPOLATION OF KINETIC LAWS

The purpose of the modelling is to make predictions for time scales which are much longer

that the available time scale of experiments. This is why it is not sufficient to only fit the experimental

data with parametric formulae to make a prediction. It is also necessary to justify why these formulae

will still be valid over more than one hundred years. Two points are of major significance with respect

to the extrapolation :

(i) We need to demonstrate that the mechanisms which have been quantified and

modeled at the laboratory timescale are relevant for a longer timescale. In other words,

it is of prime importance to demonstrate that the mechanism which have been modeled

actually governs the long term evolution.
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(ii) The parameters involved in the mathematical laws have to be related when possible to

elementary solid state physics. Indeed, such parameters are not supposed to vary with

time.

These two demanding goals make it necessary to not only have a macroscopic understanding

of the phenomenon but also a microscopic description of the evolution of the materials and the

mechanisms which govern it.

The kinetics of the oxidation of irradiated nuclear fuel is usually described with two

processes : a diffusion process and then a nucleation and growth process. The nucleation and growth

process still is questionable because there is no consensus about the value of its activation energy. A

more accurate description of this phase, on the atomic scale, is necessary to obtain reliable laws.

7.1.3.4 RELEASE OFRADIO-NUCLIDES AND OVERALL MODELLING OF THE FUEL ROD

In this study, we shall consider no specific scenario for storage. This means that a tool is to be

built to predict the evolution of the fuel rod in any situation, taking into account our whole knowledge.

In the literature, no such tool is described and there is a real need to build it.

This tool should also take into account the release of radio-nuclides. Up until now little

attention has been paid to this issue, although it defines the source term for the safety of a storage

facility. One option is to consider that all fission products are released once the fuel rod has failed.

However it is far from being the case as it was demonstrated by some ADD AGIO experiments.

Getting a more realistic description of the release of radio-nuclides will improve the design of a

storage facility.

7.1.4 Main contribution of subprogram 4

In order to answer the scientific issues presented above, experiments are planned within the

subprogram 4. However these experiments deal, for most of them, with irradiated fuel. Because

irradiated fuel is difficult and expensive to handle, this experimental program is focused on the major

issues. That is why a priority list has been determined as a function of the atmosphere.

Because oxidation in dry air is the reference case for most of the oxidation studies, the priority

is set on this atmosphere using experiments with irradiated fuels. The influence of water vapor and
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nitrogen oxide was demonstrated and they will be taken into account using experiments with non

irradiated fuel, and if possible with irradiated fuel. For other atmospheres, only a bibliographic study

will be performed in a first step.

The experiments can not be performed at the same time. That is why a priority was given to

simple and fundamental experiments first, the more sophisticated experiments coming later, when the

basic phenomena are well understood. Experiments will be performed according to the following list.

7.1.4.1 OXIDATION OF IRRADIATED FUEL

These experiments are aimed at the determination of the oxidation rate of MOX and high

burn-up UO2 fuels.

A first test is conducted in Grenoble hot laboratories. The temperature is around 200°C, and

the atmosphere is the air of the hot cell including relative humidity. Several fragments of a UO2 fuel

with a 41 GWd/tU burn-up and of a MOX fuel with a 46 GWd/tM burn-up are studied. Preliminary

results have been presented.

Then other experiments will be performed in Marcoule hot laboratories. A five cycle UO2 fuel,

and MOX fuels with different microstructures will be oxidized. In this facility, the release of radio

nuclides will be estimated and the experimental atmosphere will be controlled.

7.1.4.2 UNDERSTANDING OF ATOMIC PHENOMENA

The goal is here to have a description of the oxidation at an atomic scale, in order to derive

kinetics laws which depends only on solid state physics parameters. For that purpose the following

themes will be treated.

The oxidation state of uranium as a function of oxidation conditions will be determined.

EXAFS experiments will be performed to have a description of the local environment of uranium and

of its oxidation state. The oxidation state and especially the changes of oxidation state during the

oxidation will give some clues about the type of defects involved in the oxidation.

A bibliographic review covering all the spectroscopic experiments will be performed to

determine which ones are the best suited to provide a description of the defects occurring during the

oxidation.

When the defects involved in the oxidation are better characterized, the interaction with fission

products, alpha dose and defects will be studied in order to get a better idea of what is going on in

irradiated fuel.

A specific study will be devoted to the disaggregation of the ceramic during oxidation. This

item is indeed of major importance for the release of radio-nuclides. All the mechanisms leading to

Synthesis on the long term behavior of spent nuclear fuel 3 4 7



this disaggregation will be examined and the one which best describes the experimental data, will be

soluted.

7.1.4.3 OVERALL MODELLING

The first model will originate from the data of the literature. The purpose is to make a

coupling between all the basic phenomena involved : oxidation of the ceramic and the associated

swelling, mechanical behavior of the cladding, inflow of the atmosphere to the fuel rod and the release

of the fission products.

It will then be improved by adding all the new experimental results detained in the program

and in the literature.

7.1.4.4 VALIDATION EXPERIMENTS

These experiments will be performed to test and to improve the model. A defect will be made

in a slice of a fuel rod. Which then will be oxidized in a furnace with controlled atmosphere and

temperature. The cladding deformation, the oxidation rate and the release of radio-nuclides will be

measured as a function of time. These experiments will address different time scales by adjusting the

temperature.

The design of the specific furnaces is under progress, and the experimental plan will be

adjusted after the first release of the model.

7.2 State of the art of the oxidation of spent nuclear fuel (Dr. P.

Dehaudt)

This paragraph corresponds to a CEA internal report written by Dr. P. Dehaudt, entitled "the

oxidation of spent nuclear fuel below 400°C - consequences on long term dry storage " and referred to

as "CRDEC99002"

7.2.1 Origin and framework of the study on fuel oxidation

The century-long dry storage of fuel assemblies unloaded from pressurized water reactors is

one of the guidelines to be addressed concerning their future, in the medium term, when they exit the
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power plant cooling pools. This is recommended by the law of 30 December 1991, in its third line,

considering interim storage as a flexible tool in the management of the fuel cycle.

Due to the residual power generated by the decay of the fission products, the fuel elements

retain a significantly higher temperature than ambient temperature. Heat transfer calculations

(Maunier, 1996) have served to estimate the change in temperature during storage, according to the

type of fuel, UO2 and MOX, the type of package, as well as the storage scenarios and conditions

(particularly pond cooling time). The temperature at the start of storage, and during a number of years,

appears to be greater than 200°C for a UO2 fuel and 300°C for a MOX fuel (Figure 15)
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Figure 15: Variation in temperatures during storage ofUO2 and MOX fuel rods
after different pool cooling times: example of the BNICASCAD.

It is well known that UO2 fuel x oxidizes to U3Og in the presence of air at this temperature.

This oxidation is accompanied by substantial swelling AV/V0 of 36.6%, mainly corresponding to the

decrease in the density of UO2, equal to 10.96 g.cm"3, to that of U3O8, equal to 8.34 g.cm"3, and also to

the weight gain Am/m0 of 3.95% during the reaction (see 7.2.7.2). Thus fuel oxidation is perceived as

a failure mode of the fuel rod if the clad displays one or more tightness defects: the swelling which

accompanies the formation of U3O8 imposes a stress in the clad at the defect, which can accordingly

propagate.

Dry storage is not only a recent concern. Chenebault (1984) had addressed the problem of the

oxidation of irradiated fuels in the case of the EL4 rods. His conclusions were absolutely clear:

1 The term fuel alone indicates the ceramic which is the seat of fission. The fuel rod, which is

sometimes referred to simply as a rod, includes the ceramic in its clad. The assembly is the unit device which

contains the rods.
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"storage in air at a temperature above 250°C must be prohibited," but he recommended verifying the

oxidation kinetics of U3O7 between 170 and 250°C. He finally estimated that the study of the

consequences of oxidation should be undertaken to identify the risks associated with the dissemination

of the fission products and a method devised for monitoring the changes in a defective fuel. To the

best of our knowledge, this study has never been carried out.

Of the 2000 PWR assemblies unloaded annually (Gras et al, 1998) 11 of them, or 0.55%,

exhibited a tightness defect in 1997. As a rule, a single rod is concerned per assembly, representing a

proportion of defective rods of 2.1 10"5. Thanks to the quality of production controls and the tracking

of operations between cycles, this figure is steadily declining: as many as 45 non-tight assemblies

were identified in 1994. The assembly is the unit element for storage. For a single non-tight rod, the

entire assembly must be considered as defective.

The refueling in the core of assemblies displaying a non-tight rod is tolerated, inasmuch as the

defect meets the acceptance criteria (Bournay, 1994). A dye penetrating inspection test has been

developed at the CEA and qualified on site to determine the size of the defect. If the rod is no longer

acceptable, it is withdrawn and replaced in the assembly by another rod (Bournay, 1994). A similar

approach could be applied in principle to guarantee the storage of initially sound assemblies :

y isolate the defective assemblies, or 11 of 2000;

V or extract, from each assembly concerned, the defective rod or rods, i.e. at least 11;

S or extract, from each assembly concerned, the defective rod or rods, and replace them by

dummy rods if necessary.

Any subsequent defect would result from damage to the clad by a collision or deformation

during handling.

This summary is aimed to review the state of knowledge about oxidation, below 400 to 500°C,

of the fuel in all its forms: powders or unirradiated pellets, fragments of irradiated fuel outside the clad

and fuel rods. In all cases, we are concerned to recall the crystalline and morphological changes

accompanying oxidation of the fuel, to present the reaction mechanisms between UO2 and U3O8, and

to assess the storage times elapsed before the complete formation of U3O8 or the ruin of the rod.

The behavior of the irradiated fuel is compared with that of unirradiated UO2. The results

obtained on simulated fuels help to assess the effects associated with the presence of fission products.

The characteristics of irradiated fuels kept in clads, either tight or defective, will first be briefly

recalled with a twofold purpose, first to identify the reference state, and secondly, to facilitate the

comparison with those of the new fuel.

The knowledge presented in this report will be analyzed in order to highlight the potential

consequences of oxidation on the longevity and flexibility of storage. Study proposals will be
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advanced whenever gaps in knowledge are recognized. Moreover, this summary aims to suggest

verification and qualification programs in order to ultimately simulate what happens to the fuel rod

subject to oxidation due to the appearance of a perforating defect in the clad.

7.2.2 Uranium oxides

The range of composition of uranium oxides is extremely wide due to the many degrees of

oxidation of this element: 3+, 4+, 5+ and 6+. As the oxygen content increases, and hence the average

valency of the cation, many compounds or phases can be identified in the range of storage

temperatures, namely UO2, UO2+X, U4O9.5, U3O7 and U3O8-Z- These are easily identifiable in the phase

diagram below.
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Figure 16: Phase diagram ofU-0 system in the UO2-U3O8 domain after Keim
(1977). The compounds UO2 or UO2+X and U4Og.y each display a cubic structure of

the fluorine type (cfc) and the U3O7 varieties a quadratic structure in which the
mesh c/a ratios are close to 1: these can be considered as quasi-cubic to

distinguish them from U3O8, which is orthorhombic. This classification into two
major areas is supported the change in density with oxygen content designated by

the O/U ratio (Figure 17): this increases linearly with UO2 (10.96 g.cm'3) and
U3O7 (11.20 g.cm'3), and then drops rapidly to U3O8 (8.34 g.cm'3). In consequence,
an increase in the O/U ratio to 7/3 has the effect of contracting the volume per unit

mass of the material, and then, beyond this value, of increasing it.
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respect to UÛ2-

This macroscopic approach should not obscure the full complexity of the structural

changes in the anionic sub-lattice when the O/U ratio rises from 2 to 7/3, disturbed by the

substitution of certain fission products in the cationic sub-lattice of the uranium ions. The

clearest possible view is necessary to hope to understand and, ultimately, predict the potential

structural developments.

According to Laval {com. pers.), the structural determination of uranium oxides with structure

derived from fluorine must be addressed differently according to whether the phase examined is a

stoichiometric compound or not, UO2+X or more generally MO2+X , where M denotes a

crystallochemically compatible cation as an actinide or as a tri- or quadrivalent lanthanoid. Only the

structure of the stoichiometric or quasi-stoichiometric compounds like UO2, U4O9.5, U3O7, and U3Og.z,

can be determined a priori without ambiguity, and even then provided the cationic and anionic lattices

are perfectly ordered. By contrast, the structure of the phases which display no order at long distance,

like solid solutions, cannot be determined directly. The structural resolution by X-ray diffraction, or

even better, by neutrons, only helps to determined a statistical occupation of a normal site occupied

either by U or M, a proportion of vacancies on the normal anionic site O of fluorine, an occupation

rate of one or two interstitial sites, or a relaxed interstitial site with respect to the normal O site. Based

on these results, one can then construct a defect model (cluster) which must both match the

experimental results and display internal consistency (probably interatomic distances, compliance with

the usual crystallochemistry of uranium and the doping cations).
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In addition to UO9, the ordered compound P-U4O9.a is the only one whose structural analysis

has led to the construction of a coherent structural model. This is based on the regular association of

structural defects (cubaoctahedral clusters) of composition U6O37, themselves deriving from the

homologous U6O32 blocs present in the fluorine structure (Figure 18). These blocs accommodate the

anionic surplus by replacement of an anionic cube Og by an octahedra O]2 imprisoning an additional

O2" anion (or On). Hence the addition of five anions to each cluster, denoted (8,12,1) according to the

WILLIS notation2, are accordingly integrated without causing any significant change in the volume of

the crystal lattice. This model had not been taken into consideration by many authors in their

refinements, who merely calculated the "ideal" atomic coordinates of the atoms in the sense of an

ordered cubic structure (a= 4 afluorine; space group 143d ).

Recently, Rocaniere (1998) perfectly validated this model from a complete structural analysis

carried out by neutron diffraction on powder, of a phase doped to 10 at% of cerium (Uo.9oCeo.10)409.5,

with an identical symmetry to that of P-U4O9.5 and with a similar lattice parameter. A preferential

location of the quadrivalent cations, U and Ce, on the most bulky cationic sites of the structure

(centaur sites) was revealed. It strongly contributes to the stabilization of the ordered P-U4C>9_g phase

which is mentioned on several occasions below, in the case of doped or simulated fuels (see 7.2.4.5)

and irradiated fuels (see 7.2.4.6).

The nature of the defects accommodating the anion surplus in the UO2+X solid solution is still

the subject of speculation. Described in the form of clusters (2,2,2), they correspond to excessively

short 0 -0 distances, which are difficult to justify. Subsequently, Murray and Willis admitted that if

the UO2.11 phase could be correctly described by the 2:2:2 clusters, the oxide UO2.13 should consist of

cubaoctahedral defects dispersed in a matrix with a fluorine structure. Recent investigations

(Rocaniere, 1998) on the solid solution (Ui.y,Cey)O2+x shed a new light on the matter. For y = 0.3 or

0.4, the clusters are all cubaoctahedral as attested by the number of vacancies and interstitial anions,

and also by their arrangement. On the contrary, for y = 0.5 or 0.6, the clusters are much smaller, of the

type (1,0,2) or (1,0,3) (Figure 19) and result from a location of the interstitial anions, initially at O1, on

the O" or O'" sites. The existence of these defects stems from the presence of a single vacancy for two

or three interstitial anions of the O" type associated with a slight relaxation in the O'" site. They have

moreover been reported in many other compounds like oxyfluorides of lanthanoids, as well as many

solid solutions like Cai_xLnxF2+x. These solutions, which contain (l,0,n) clusters, do not display any

long distance order. The same does not apply to those formed with the aid of cubaoctahedral defects

2 According to the Willis denomination (8,12,1) corresponds to 8 anionic vacancies, 12 interstitial

anions of the O' type and 1 of the O" type.
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which are more or less easily ordered for certain compositions, for example MX2.234, MX2.333, MX2.357

, MX2.37O , MX2.384-

Figure 19: Defect (1.0,2) after
Rocaniere (1998).

Figure 18: Véû^ bloc in the
cubaoctahedral defect

(8,12,0). The U6O37 bloc
comprises one additional O,

not shown, at the center of the
defect (8,12,1). After

Rocaniere (1998).

A number of further studies will provide interesting results from the fundamental standpoint

and also from the practical standpoint. The interpretation of the crystal structure common to the UO2+X

and MO2+X phases could be reexamined in light of the previously reported results, by considering the

existence of an equilibrium between the two types of cluster, cubaoctahedral or of the (l,0,n) type with

n = 2 or 3, described in relation to the phases (Ui.y,Cey)02+x. This equilibrium should depend on the

content but also on the conditions in which the oxides are obtained, temperature and annealing time,

oxygen potential, and cooling rate. The same interpretation should also help to explain the formation,

in similar conditions to the above, of solid solutions in which the uranium displays a high degree of

oxidation, like MO2.4 for example (see 7.2.4.6).

Finally, the still poorly known structure of the a-, (3-, y-, Ô-U3O7 phases could be related not

only to that of P -U4O9.8, but also to that of the superstructures already described in other systems and

containing ordered distributions of cubaoctahedral clusters.

In conclusion, the knowledge of the exact structure of these uranium oxides would

undoubtedly be an asset for understanding certain mechanisms during oxidation at low temperature

(T< 400-500°) of uranium oxides, in particular, to predict the stabilizing role of the actinide and

lanthanoid additives.
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7.2.3 Characteristics of initial materials

This section discusses the general characteristics of materials on which oxidation studies are

conducted. It first deals with powders, followed by sintered UO2 discs or pellets, and, from the early

1970s, irradiated fuels alone or in the form of rods made non-tight by perforations.

7.2.3.1 CHARACTERISTICS OF UO2 POWDERS

A number of industrial powder fabrication processes are available, although the dry

conversion method employed by Framatome is gradually dominating the scene. The dry method uses

superheated steam to convert uranium hexafluoride UF6 to the oxyfluoride UO2F2, while the wet

method employs this reaction in aqueous solution. The physicochemical properties of the resulting

uranium dioxides are different (Table 3).

Properties

BET specific surface area (m2.g"
1)

Aggregate size + (|jm)
O/U ratio

Moisture content (% by
weight)

C content (M9 9u"1)

Dry method

2.5 (1.5 to 3.5)

0.3

-2.04

-0.3

<50

Wet method

ADU*

3 (up to 12)

0.2 (0.07)

-2.07

-0.5 (upto i )

-50 (up to 150)

AUC**

6 (55 to 7)

0.08

2.11 to 2.17

<1

-150

Table 3: General properties ofsinterable UO 2 powders; * : ADU : process using
ammonium diuranate; ** : AUC : process using ammonium and uranyl carbonate;

+ : an aggregate is a particle consisting of monocrystals linked by solid bonds
(grain boundaries) ; aggregates are assembled together by weaker bonds to make

agglomerates

The O/U ratio is carefully monitored by the manufacturers to eliminate any risk connected

with the pyrophoricity of fresh UO2. To overcome this, very careful oxidation occurs at the end of the

U3O8 reduction process by the introduction of oxygen, sometimes accompanied by steam, very dilute

in an inert gas like nitrogen. Moreover, the powders naturally age during storage in ordinary

atmosphere and temperature, to the O/U values listed above, i.e. they superficially overlap a uranium

trioxide hydrate UO3. 2H2O with the developed formula [UO2(OH)2]. H2O (Danroc, 1982).

Kinetic studies of powder oxidation, by thermogravimetric analysis (TGA) and by

controlled Rate Thermal Analysis (CRTA) do not always indicate the characteristics of the

initial materials, with the exception of the specific surface area. However, it is mentioned

whether a prior reduction under hydrogen, in the measurement device itself, has taken place

before the start of oxidation in order to restore a known reference state.
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7.2.3.2 CHARACTERISTICS OF UNIRRADIATED SINTERED PRODUCTS

These are fuel pellets or generally discs cut out of the pellets, roughly polished (400 grade

paper) or finished with diamond paste. Taylor et al. (1992) recommend the use of a surface merely

polished with grade 400 paper which offers better reproducibility than reliance on a mirror polish.

The density of the UO2 and MOX fuels is fixed by the specifications of the designers, at 95%

of the theoretical density, representing a density of 10.40 g.cm'3. Reference is often made to this value

to calculate the swelling associated with the formation of U3O8 from UO2, instead of the theoretical

density, thereby increasing the anticipated value. At this density, the porosity is completely closed. It

consists of 1 to 1.5% micropores resulting from natural sintering and 3.5 to 4% of macropores (3 to

10 um) resulting from the poreformer introduced to control the final density.

The average grain size (defined by the RMS diameter) generally ranges from 7 to 12 urn, with

fairly good reproducibility around 9 um.

7.2.3.3 CHARACTERISTICS OF IRRADIATED FUELS

The irradiation conditions in the different reactors (PWR, BWR and CANDU) are mentioned

by the authors. They usually include:

•S name of the reactor from which the rods were unloaded

S burnup

S average power of the rod or assembly with mention of a load follow or transient

V cooling time, i.e. time elapsed since end of irradiation

•S fraction of fission gases released during irradiation

However, the morphological characteristics of the fuel rod are not always available: fuel

density, pore distribution, extent of nucleation of intra-granular micro-bubbles, good or poor contact

with the cold clad, continuity or not of the fuel with the zirconia layer developed on the inner surface

of the clad. Some of these data can be retrieved by computer codes for behavior.

Without going into detail, as indicated in the specific synthesis of the physicochemical state of

the irradiated fuel, some ideas or quantities are worth mentioning (Lemaignan, 1996) :

S the grain size does not change during irradiation

•S bubbles develop from the fission gases, but their shape and distribution, inter- and intragranular,

varies along the radius of the pellet following the thermal profile

•S the fuel swells 0.7% per 10 GWd.tu"\ Contact occurs with the clad during the second cycle or

~ 25 GWd.tu"1 and an internal layer of zirconia is formed on the inner surface of the clad

S after 4 cycles, pellet-clad contact persists after return to low temperature: continuity often exists

either with one or the other, and sometimes at both UO2-ZrO2 and ZrÛ2-Zr interfaces
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•S the total porosity increases from 5% by volume before irradiation to ~ 8.8% at 57 GWd.tu"1 and

57 GWd.tu"1 , including 1.3 to 1.6% open porosity, without any significant difference between

UO2 and MOX (Sanzone et al, 1998)

•f the fraction of fission gas3 located at the grain boundaries depends on the linear power

developed by the fuel rod and the burnup; for example, Elder et al. (1994) identify less than 2%

for a CANDU fuel at 17.5 GWd.tu1 for 400 W.cm"1 and 20% at 22.5 GWd.tu1 for a power of

560 W.cm"1. This result is confirmed by those of the Adagio (1998) experiment, which indicate

a fraction of 24% for a fuel irradiated in PWR with load follow to 51 GWd.tu"1 and re-irradiated

for 1 h 30 minutes at 390W.cm~1.

The properties of the fuel at the tightness defect are significantly altered in comparison

with those of healthy rods (Warlop, 1984; Schuster & Venet, 1991; Parrat et al, 1997) :

S material entrained outside the rod

S presence of uranium based phases (uranyl hydrates?) in the macro-cracks and in the pellet-

clad gap

S precipitation of fission gas bubbles at the grain boundaries, primarily in the central portion,

with risk of de-cohesion of the grains

S sometimes grain growth in the central zone.

Study proposals to complete our knowledge of the initial state of the irradiated fuel before

oxidation tests

i. by an acoustic impedance measurement (acoustic microscopy or micro echography) demonstrate

the continuity of the UO2-ZrO2 and ZrO2-Zr interfaces, in order to evaluate the axial penetration

capacity of air near a defect in the clad

ii. systematically measure the bulk density and open porosity

iii. accompany the oxidation by continuous measurement of fission gas releases, to evaluate or

supervise the propagation of the oxidation front in the grain boundaries and in the body of the

grain.

7.2.4 Structural changes in unirradiated and irradiated fuels during oxidation

Many experiments have been performed on powders and fuels, irradiated or not. At first

glance, it appears that the reaction path closely depends on the operating procedure. However, in the

temperature range covered by storage, two steps can be clearly identified:

3 First AECL and then the CEA have developed a method for determining the fission gas inventory by

facilitating the release by means of oxidation to U3O8 which fragments the fuel. The development of these

techniques ideally fits into the framework of the subject addressed here.
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i. oxidation of UO2 to U3O7, occurring by a mechanism primarily involving the fluorine type phases,

cfc or quasi-cubic;

ii. oxidation of U3O7 to U3O8, more complex and involving two mechanisms.

A morphological transformation occurs between these two steps, with a significant increase in

the specific surface area (see 7.2.5.1.3).

7.2.4.1 IDENTIFICATION OF INTERMEDIATE OXIDES DURING OXIDATION OF

UNIRRADIATED UO2

7.2.4.1.1 Effect of kinetic conditions

The heating rate during at TGA has a significant effect on the observation of the two oxidation

steps. Ohashi et al. (1974), for a heating rate of 10 K.min'', report the existence of an incubation

period at mid-step of the oxidation: its duration decreases as the plateau temperature rises and

disappears above 250°C. The separation of the oxidation by this threshold occurring with an O/U ratio

of 2.33 corresponding to U3O7 is observable as long as the rate stays below 15 K.min"1. On the other

hand, heating at 20 K.min"1 to 300°C only reveals one step because the oxidation only becomes

significant after this temperature is reached (Figure 20). In the case of sintered discs (Lozano, 1998), a

heating rate of 1 K.min"1 is still too high to reveal two steps, but oxidation only has a significant rate

above 400°C: the cause of this effect is explained below (§ 6.1.3).

Ultimate temperature:
Oxygen pressure : 150 Torr
(Broken lines indicate temperature evolution.)

Figure 20: Effect of heating
rate on identification of U}O7

after Ohashi et al. (1974).

40 60 80 100 120 140
TIME (MINUTES!

160 ISO 200

Figure 21: Effect of
temperature in isothermal

conditions on the identification
of U3O7 after Aronson et al.

(1957).
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For his thesis, Gilardi (1993) made a fairly complete review of the oxidation reactions (Table

4). He employed CRTA to control the oxidation rate of UO2 powders of different sources and with

different specific surface areas: the temperature is adjusted so that the oxygen flowrate consumed per

2 g of powder is kept at à 2 ml.h"1 at all times, corresponding to a rate of 3 10"5 s'1. In these conditions,

the two steps are clearly identified with a singularity of the curve representing the variation in

temperature as a function of degree of advance a when the latter is 0.5. The curve goes through a peak

when the oxidation of U3O7 begins (Figure 22).
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Figure 22: Identification of two mechanisms by Controlled Velocity Thermal
Analysis (v = 3.10-5 s-1) of three UO2 powders after Gilardi (1993) UO2-A 2.4

m2.g-l UO2-B 3.3 m2.g-l UO2-C 8 m2.g-l

7.2.4.1.2 Identification of phases by X-ray diffraction

Not all the authors identify the quadratic phase U3O7 from the first oxidation stages. Hoekstra

et al. (1961) observe P-U3O7 from the onset of oxidation between 120 and 250°C and the

disappearance of the cubic phase for O/U > 2.27. As to Blackburn et al, (1958), they recognize a

difference between pellets and powders, which they ascribe to the grain size. The quadratic phase

appears when O/U is 2.06 for pellets, but only 2.11 for powder, at a temperature of 250°C. However,

they suggest a lack of sensitivity to detect the characteristic peaks of U3O7, which then represents a 60

to 80 nm thick layer on the surface of the particles. Other authors, like Anderson (1953), Gronvold
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(1955), De Marco (1959), and Aronson et al. (1957), confirm the presence of the quadratic phase from

O/U = 2.16 to 2.25: the oxidation appears to be controlled by the diffusion of oxygen across a UO2+X

phase up to the solubility limit of this gas. The quadratic phase U3O7 appears if the temperature is

sufficient. U3Og is formed above 250°C.

Many authors report the successive formation of two quadratic phases: the a - U3O7 phase has

been identified below 160°C for a ratio O/U = 2.07; above this temperature, it is converted to the p

variant. On the other hand, Kuz'micheva et al. (1971) first identify the (3- U3O7 phase between 100 and

150°C, then y-U3O7 between 180 and 250°C.

Gilardi (1993) takes powder samples at different degrees of advance corresponding to rising

temperatures on his CRTA thermogram. He finds no splitting of line characteristic of a quadratic

phase, even for O/U = 2.29: the cubic structure is preserved up to 200°C. The compound U3O7 appears

when the corresponding O/U ratio is reached. He makes a second series of tests by carrying out

isothermal annealings of one hour, in air, at temperatures between 140 and 380°C, in 10° increments.

Only the cubic phase UO2+X is identified between 140 and 250°C, U3O7 appears at 260°C. The

quadratic U3O7 and orthorhombic U3O8 phases coexist at 320°C. Above 340°C, only U3O8 is

detectable.
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Phases rencontrées
identifiées par RX

P-UaOTpourTetlOO-ISO'C]
c/a = 1,01-1,02

Y-lhOvpourTe [180-250'C]
c/a = 1,027-1,032

U3O7,067

(pour3oL^!,5)

0/U = 2,335 pour Tna|jer = 250'C
0/U = 2,325 pour Tôlier = 300#C
0/U = 2,322 pour T^Her = 350'C

U3O7

U3Û7après139h
U3O3 après 853 h

• 1 phase cubique + 1 e phase
quadratique dès le début de réaction

• Pour 0/U = 2,27 seule une 2e phase
quadratique reste présente

UO2==>U3O7==>U3O8

U3O7 est formé dès le début

Phase quadratique apparaissant
pour 0/U = 2,06

Phase quadratique apparaissant
pour 0/U = 2,11

Limite du degré d'oxydation:
0/U = 2,34-2,39

Conditions opératoires
(T,p=dT7dt,p(O2))

p = 1,7K/min
[O/U]Q = 2,01-2,03

Air: p(Û2) = 200 mbar

T = 200'C pendant 36 h

P = 10K/min
Tpalier = 200*0

p = 10K/min

Tpa|ier£250-C

»

-5:

<

T = 350"C
Air:p(02)

T = 230'C pendant 1255 h
Air: p(Û2> = 200 mbar

T>160'C
[O/U]Q = 2,01 -2,04

Air: pfOg) = 200 mbar
a = 0,5m2/getd = 10,1

Ts [200-550"C]
Air: p(Op) = 200 mbar

d = 10,81 g/cm3

T = 250X
pastilles d'UOp

(particules + grandes)

Te [150-200'C]
poudre d'UO?

(particules +petites)

T<100'C
Air: p(Û2) = 200 mbar

Table 4: Summary of conditions of appearance ofU3O7 as intermediate, after
Gilardi (1993).

No author has detected the formation of the definite compound U4O9 at under 600°C by X-ray

diffraction, of which the spectrum must display several super-lattice lines due to the long distance

ordering of the complex cubaoctahedral defects (8,12,1) of the anionic sub-lattice. This order can only

be established by means of a re-crystallization treatment at moderate temperature and not during an

oxidation, even at low temperature. Hence it is better to speak of the cubic phase UO2.25 which does

not imply a long distance arrangement of the existing cubaoctahedra.

In short, the oxidation of UO2 to U3O8 is incomplete in air below 250°C and stops at U3O7. Yet

prudence should be observed concerning this limit, because on the one hand, Tempest et al. (1988)

report the formation of U3O8 at 230°C after 853 h, and the experimental time remains limited to a few

hours (see 7.2.6.4).
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7.2.4.2 FORMATION OF THE COMPOUND U3O8 WITHOUT IDENTIFICATION OF

INTERMEDIA TE COMPOUNDS

This process occurs whenever the kinetic conditions cause the start of oxidation at

temperatures above 250°C. this is the case of TGA, when the heating rate is greater than 20 K.min"1,

operating on powders (Hoekstra et al, 1961) or 1 K.min x on sintered discs or pellets (Lozano, 1998).

Similarly, the oxidation at a heating rate of 0.2 K.min'1 _ of sintered granules with a specific surface

area of 0.2 m^g'1, reveals no intermediate step corresponding exclusively to the formation of U3O7

(Mazoyer, 1996). The conversion of U3O7 to U3O8 becomes rapid above 250°C, and particularly above

275°C for powders.

7.2.4.3 FORMATION OF URANYL HYDRATES UO3. XH20: ROLE OF MOISTURE

Danroc (1982), using X-ray diffraction and infrared spectrometry, investigated the aging of

UO2 powders, which improves their compactibility, i.e. their ability to yield compressed blanks that

are sufficiently solid for handling. This property stems from the presence of a fine surface layer

consisting of uranyl hydrate UO3.2 H2O, with the formula [UO2 (OH)2], H2O , which appears in the

presence of moisture (HR > 60%), by oxidation at under 100°C, even at room temperature. At 100°C,

the hydrate assumes the composition UO3.0.8 H2O. The initial kinetics is fairly fast because the

hydrate fraction formed reaches more than 20% per mol after a few tens of days at 80°C and more

(Table 3 & Table 5). The thickness of the hydrate layer is estimated between 0.01 and 0.02 um

depending on the operating conditions, while the particle diameter, according to the specific surface

area, is 0.27 um.

Competition is thus established between the internal oxidation of the particles to UO2+X and the

formation of hydrates, quantitatively determining the O/U ratio and the molar fraction of hydrates. The

higher the temperature, the more the internal oxidation and the smaller the hydrate fraction (Figure

23); however, the study was not conducted at sufficiently high temperatures to identify the

temperature threshold above which hydrate formation becomes negligible compared with oxides.

However, one may observe (see 7.2.4.6 & Figure 25b) that at 175°C, the presence of moisture appears

to have no effect on the O/M ratio of irradiated fuels.

On the other hand, when the stoichiometry of the particles reaches 2.05 at 60°C or 2.06 at

80°C, the overall O/U ratio rises rapidly, implying that hydrate formation predominates over internal

oxidation.

This competition is formulated as follows:

r* UO3,2H2O forT<100°C

UO2 + O2 + H2O •» UO2+X +

"• UO3, 0.8H2O for 100°C< T < 200°C
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McEachern & Taylor (1998) mention that the formation of these hydrates is only observable

with a relative humidity above 40%. Below this level, the products formed are those of dry oxidation.
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Traitement

Température
°C

* 25

60

60

60

60

30

80

80

80

80

80
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5

9

16
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2,22,

2.08g

2,10g

2,145

2,17g

2,125

2,177

2,20g

2,234

2,26g

2,30g

2,14,

2,I83

2,26g

2,48g

Hydrate formé

Z molaire

=k
X
CM

1»

CI

o
»

«V.
X
00

o

S

2'66
18,80

5,12
6.7g

10,1g

12.7g

8 ,66

12,7g

15,28

18,25

21.9?

25,62

7,73

10,93

13,94

27,43

X

calculé

0,03I
0,05,

0,03g

0,044

0,04 g

0,052

0,047

0,05g

0,062

0,063

0,064

0,065

0,06g

0,O83

O,152

0,224

Paramètre
de maille
(+ 0,0004 A)

A

5,4669

5,4659

5,4666

5,4662

5,4660

5,4658

5,4652

5,4649

5,4650

5,4374

Table 5: Oxidation of powders in the presence of moisture, after Danroc (1982).
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T=Oxydation temperature

%H2O= relative air humidity
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Figure 23: Oxidation in the moisture. Hydrate formation and internal oxidation.

The line denoted "UO2+X oxidation", the first bisector, corresponds to dry

oxidation, after Danroc (1982).
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7.2.4.4 STRUCTURAL CHANGES DURING THE OXIDATION OF MOX AND SOLID

SOLUTIONS (U,CE) 02

Data on (U,Pu)O2 fuels are far less numerous than for UO2 , and most of them were acquired

on FBR fuels. MOX fuels of the MIMAS type, used today in PWR, have a dispersion of Pu rich

granules [Pu/(U+Pu) 24 to 30 at%] in a UO2 matrix. Potential changes in the matrix have been

described above. As to the mixture containing more than 24% Pu, which can be treated as a solid

solution (Ui.y,Puy)O2, we know that this Pu content stabilizes the cubic UO2+X structure.

In fact, Tennery et al (1973) oxidized solid solutions containing 20 and 25% Pu, in air, in

isothermal conditions, between 400 and 750°C, or by heating at 5 K.min"1. For (Uo.8Puo.2)02, they first

found rapid oxidation up to an O/M ratio of 2.33, followed by a second step to O/M between 2.53 and

2.57, a ratio equivalent to that of the mixture 0.8 UO2.67-0.2PuO2, as long as the temperature does not

exceed 600°C. Above this, the final O/M ratio at equilibrium decreases as the temperature rises: it

tends towards 2.33 at 750°C, a value obtained on completion of the first oxidation step. The X-ray

diffraction spectrum reveals the quadratic phase M3O7 when the ratio O/M = 2.35 and the

orthorhombic phase M3O8 when O/M= 2.54. On the other hand, when the Pu content reaches 25 at%,

oxidation is limited to the first step and the final O/M ratio rises from 2.35 at 525°C to 2.4 at 750°C

(Figure 24). The phase is then cubic but does not display any superstructure lines as indicated by the

authors, although they use the formula U4O9.
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The quadratic phase M3O7 is also mentioned by McEachern & Taylor (1999) in their review of

fuel oxidation in general, when the Pu content is less than 20%. Above this value, the oxidation of
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(U,Pu)02 leads to the formation of a mixture of two phases, one cubic MO2+X enriched in Pu, and the

second orthorhombic M3Og, depleted in Pu, with the proportion of MO2+X rising with the Pu content.

Many authors wrongly use the formulas U4O9 and even U4O9+X to designate the hyper-

stoichiometric cubic phase. In fact, U4O9 is a definite compound in which the anionic lattice displays

an order of complex defects at long distance: this results in the existence of superstructure lines in the

X-ray diffraction spectra, and especially, of neutrons. Rocaniere (1998) closely investigated the

formation and crystallographic structure of U4O9 and (Ui.y,Cey)4O9: the super-lattice lines are indexed

to the space group 143d for y = 0 to 0.1 inclusive. For y = 0.3 or more, the long distance order

disappears: the compound should no longer be designated by M4O9 but by MO2+X. However, the

compounds (Ui.y,Cey)4O9 are not stable in air but must be prepared with lower oxygen partial

pressures (Po2 ~10"5 atm.). By contrast, the disordered cubic phases (U!_y,Cey) O2.20 require annealing

in air, at over 600°C, to obtain this O/M ratio when y > 0.3: the stabilizing effect of Ce is observed as

announced with Pu and Th.

7.2.4.5 STRUCTURAL CHANGES DURING OXIDATION OF SOLID SOLUTIONS (U,LN)O2

Lanthanoids account for a significant fraction of the fission products (Table 6). They are

soluble in the fluorine lattice of uranium dioxide in the form of trivalent cations Ln3+. The element Y

is combined with them owing to its complete similarity of physicochemical behavior. By applying a

calculation with the CESAR code concerning the creation of FP, during irradiation representative of

six PWR cycles of a UO2 fuel containing 4.5% 235U, followed by two years of cooling, the cationic

atomic fraction, cumulating all the Ln elements, is found to be 2.4% at 60 GWd-t"1 (Table 6 & Table

V).

This fraction is small compared with the ranges generally studied, which lie above 5 at%.

Rocaniere (1998) investigated the formation of cubic phases (Ui.y,Lny)O2+x in the hyper-stoichiometric

domain for oxygen. However, for y contents of 0.375 or less, the oxygen pressure must be limited,

during preparation, to a value corresponding at most to the formation of U4O9. Once the solid solutions

are formed, the action of oxygen converts them, when y < 0.25, to a mixture of two phases, one cubic

and richer in Ln, and the second orthorhombic of the M3Og type and poorer in Ln. The solubility limit

of La or Nd in the latter phase is 0.5 at% at 1250°C for C. Keller et al. (1971; 1972), whereas it

reaches 10 at% for Y at 700°C according to Bartram & Fitsimmons (1970). This shows that the

presence of lanthanoids does not favor the formation of M3Og, and that the oxidation of solutions

containing a large amount of them gives rise at best to a cubic phase rich in Ln.

The formation of the quadratic phase M3O7 is never mentioned. However, its existence is

conceivable for very low Ln contents. McEachern et al. (1998) investigated the formation of U3O8 in

the case of discs containing 1, 2 and 3 at% of Nd, observing the relative intensity of the X-ray

diffraction peaks [200] and [130] for U3O8 and [111] for U3O7 or UO2+X. However, they do not
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precisely mention the compound M3O8 but the oxide U3O8. They do not mention M3O7 but rather

U3O7, and do not indicate any line splitting characteristic of this quadratic phase.

Element

Sr

Y

Zr

Ba

La

Ce

Pr

Nd

Pm

Sm

Eu

Gd

U

Np

Pu

Am

Cm

Atomic No.

38

39

40

56

57

58

59

60

61

62

63

64

92

93

94

95

96

S soluble elements - U

Atomic fraction

O G W d V 60GWd.tu"1

0.38%

0.21%

1.60%

0.51%

0.37%

0.72%

0.33%

1.18%

0.02%

0.21%

0.05%

0.04%

100,000% 92.87%

0.09%

1.32%

0.07%

0.02%

7.13%

Table 6: Cationic fraction of soluble elements, in the solid state, in
of an irradiated UO2fuel (the Tb, Dy and Ho contents are lower

the cubic phase
than 0.01%).

7.2.4.6 STRUCTURAL CHANGES DURING THE OXIDATION OF IRRADIATED FUELS

The composition of irradiated UO2 fuel on leaving the reactor is an essential factor for

understanding the changes in the phases likely to form during oxidation. Table 6 provides a glance at

the cationic fraction of FP and actinides making up the cubic phase. This corresponds to a total doping

by about 7.1% of atoms distributed into ~ 0.9% of divalent cations , -2.4 at% of trivalent cations and ~

3.8 at% of quadrivalent cations, which can be represented by the formula (Uo.929Mo.o7i)02+e- This

proportion helps to situate the average composition of an irradiated UO2 fuel in comparison with

observations on doped unirradiated fuels. During oxidation, a stabilization of the cubic phase can be

expected, up to a high value of O/M, followed by the hypothetical appearance of the phase M3O7, and

finally the final conversion to M3O8 only insofar as the solubility limit of the doping agents in this

latter phase should not be reached.
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Classes of elements

S (Sr, Ba)

Z (Y, La, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy,
Ho)

Z (Zr, Ce)

Z (Np, Pu, Am, Cm, Bk, Cf)

U

Atomic fraction at
60 GWd.tu'1

0.89%

2.41%

2.32%

1.50%

92.87%

Table 7: Proportions of the different classes of elements: mainly divalent, trivalent
and quadrivalent fission products and mainly quadrivalent actinides.

The oxidation of UO2 fuels irradiated in PWR, between 27 and 48 GWd.tu"1 , is distinguished

by two steps according to the work of Einziger et al. (1992) and Einziger & Strain (1986). As for

unirradiated UO2, the first step is only really observable if the temperature is kept at 250°C or less. In

this case, it is not U3O7 that is formed, but a fluorine cubic structure: in fact, no splitting of X-ray

diffraction peaks characteristic of U3O7 is observable. The value of the O/M ratio of this cubic phase

ranges from 2.35 to 2.40 around 175 - 195°C, but no direct relationship can be established between the

burnup and the O/M ratio. For temperatures between 283 and 380°C, the oxidation rate accelerates as

O/M becomes higher than 2.4, and tends towards a final value between 2.7 and 3. The compound U3O8

is detected when O/M reaches 2.59. The authors do not interpret the significance of such high O/M

ratios in terms of oxidation (Figure 25). It is conceivable that the oxidation of the metallic fission

products participates in the weight gain. The possible release of fission gases is not mentioned in the

mass balance. In the case of CANDU fuels, which feature low burnup, the quadratic phase seems to

appear according to McEachern and Taylor (1999).
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Ranking of fuels by initial weight gain rate (largest to smallest)

Weight
gain
order

104

105'
103'

106 b

Tpb

Grain
size
(y-m)

5-15

11-15
18.5

10-13
20-30

Gas
release
(%)

1.1

0.6
0.3

17.7
<0.3

Fuel
type

PWR

BWR
PWR

PWR
PWR

Burnup
(MWd/
kgM)

- 4 3

- 2 8
- 3 0

- 4 8
- 2 7

* Essentially equal weight gain.
b Essential equal weight gain but less than 105 or 103.
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7.2.4.7 SUMMARY OF STRUCTURAL CHANGES DURING OXIDATION

7.2.4.7.1 Temperature below 250°C

The oxidation of pure UO2 oxide, slightly doped (< 3 to 4 at%) or slightly irradiated (< 10

GWd.tu"1) leads to the formation of the quadratic phase U3O7. If the doping content rises or if the
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burnup is higher, the phase remains cubic of the fluorine type MO2+X with O/M ratios between 2.3 and

2.4 depending on the content of additional elements.

7.2.4.7.2 Temperature above 275°C

The UO2 powder first oxidizes to U3O7, which is then itself converted rapidly to U3Og. In non-

isothermal conditions, at over 20 K.min'1, only U3Og is detected. In the case of sintered pellets or

discs, this rate is decreased to under 1 K.min''.

Medium-doped solid solutions (< 20 to 25 at%) oxidize giving rise to two phase: one

orthorhombic of the M3Og type depleted of doping agents, and the second cubic of the fluorine type

MO2+X which, on the contrary, contains more doping agents. The oxidation temperatures shift towards

higher values.

During the oxidation of (Uo.8Puo.2)02, however, the quadratic phase M3O7 is first observed up

to 525°C, before the formation of M3Og. When the Pu fraction reaches 0.25, oxidation finally leads to

a cubic phase MO2+X with an O/M ratio between 2.35 at 525°C and 2.4 at 750°C.

Fuels irradiated at medium and high burnup (> 27 GWD.tu"1) acquire an M3O8 structure when

oxidation is complete.

7.2.4.7.3 Conclusions

The orthorhombic structure, which corresponds to low density products responsible for

swelling, is likely to form in many cases, inasmuch as the following two conditions are satisfied:

S the temperature is sufficient: lower limit estimated at 200°C for a unirradiated product or slightly

under 250°C for an irradiated UO2 fuel;

•f the doping agents content is insufficient: the limit is at about 20 at% while the content of an

irradiated fuel is only ~ 7 at% at 60 GWd.tu"1 .

In consequence, the conditions are satisfied in dry storage to form U3O8 as long as the

temperature is higher than 200 or 250°C. However, the oxidation of U3O7 to U3O8 is very slow in the

neighborhood of 200°C. It does not appear to occur for kinetic reasons. This limit temperature remains

to be clarified or confirmed.

These conclusions enjoy no equivalent bibliographic support concerning MOX, but changes in

the UO2 matrix can be expected. On the other hand, the residual Pu content in the Pu-rich

agglomerates is between 8 and 12 at%, to which many other fission products are added. A preliminary

estimate gives a lanthanoid content of 9 to 12 at%. Hence doping would be about 20 at%, a limit

beyond which oxidation preserves a cubic phase MO2+X. A precise balance must be compiled to

determine whether this limit is reached.

A moisture content above 40% promotes the formation of uranyl hydrates UO3. xH2O , below

175°C and especially at 100°C or less.
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Study proposals to complete our knowledge on structural changes

i. demonstrate the effect of the tri- or quadrivalent doping agent content on the nature of the

intermediate and final phases, in the following conditions:

- 7 < E(M3+,M4+)< 20 at%

- 170 < T < 250°C for uniformly doped UO2 fuels

- 170 < T < 300°C for MIMAS type MOX fuels.

ii. compile a precise balance of the doping produced by an irradiated MOX, in the Pu rich clusters and

matrix,

iii. the U4O9 and M4O9 structures corresponding, at equilibrium, to the maximum solubility of oxygen

in the fluorine cubic structure, investigate the theoretical aspects concerning the insertion of oxygen

into the cfc lattice for O/U and O/M values > 2.25, outside equilibrium,

iv. determine the driving force of topotactic conversion of UO2+X to U3O7, by determining how the

presence of a doping element can inhibit this conversion

v. determine whether the tri- and quadrivalent cations play a similar role with the phases encountered,

at the same doping level,

vi. identify the structure(s) to which an O/M >2.66 corresponds for an irradiated fuel.

7.2.5 Morphological changes during oxidation

7.2.5.1 UNIRRADIATEDUO2 POWDERS

7.2.5.1.1 First step: conversion of UO2 to U3O7

The authors do not universally agree on the degree of oxidation from which U3O7 appears.

Hoekstra et al. (1961) appear to be the only ones to observe p-U3O7 from the onset of oxidation

between 120 and 250°C. Blackburn et al. (1958) identify the quadratic phase at 250°C as soon as O/U

reaches 2.11. However, they suggest a lack of sensitivity for detecting the characteristic peaks of

U3O7, which accordingly only represents a 60 to 80 nm layer on the surface of the particles. Other

authors, like Anderson (1953), Gronvold (1955), De Marco et o/.(1959), Aronson et al. (1957),

confirm the presence of the quadratic phase for O/U between 2.16 and 2.25. T. Gilardi finds no line

splitting for O/U = 2.29. The cubic structure UO2+X appears to be preserved above O/U = 2.25 for

temperatures lower than 200°C.

The oxidation kinetics of UO2 powders, in this first step, is controlled, according to a parabolic

law, by the diffusion of oxygen through the layer that forms. For this to happen the layer must remain

tight, providing an argument in favor of an oxygen rich cubic structure.
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7.2.5.1.2 Second step: conversion of U3O7 to U3O8

The orthorhombic phase U3O8 is formed on the surface of U3O7 by a nucleation-growth

mechanism and is only detected when O/U is equal to 2.36 (Gilardi, 1993; Aronson et al, 1957).

Gilardi (1993) identifies the two phases simultaneously up to O/U = 2.62 , corresponding to

temperatures of 360°C. Ohashi et al. (1974) find that oxidation at 200°C stops for a ratio O/U = 2.35,

without the appearance of U3O8. These results seem to show that U3O7 can be slightly enriched in

oxygen (U3O7 05) above its theoretical content.

7.2.5.1.3 Variation in specific surface area or area per unit mass

The increase in the specific surface area during oxidation is often attributed to the formation of

U3O8. Aronson et al (1957) measured a specific surface area of 0.6 m2g"' for the initial product, 0.72

m^g"1 for UO2.35 and 2.4 to 2.8 m2g'! for U3O8. This change appears to result from cracks which

develop due to the wide difference in density between U3O7 (11.4 g.cm"3) and U3Og (8.34 g.cm"3).

Comparing the specific surface areas (in m2g"') for products of different densities introduces a

skew associated with the increase inherent in the change in density. Mazoyer (1996) measured the area

per unit mass at different stages of oxidation and calculated the area per unit volume by using the

theoretical densities of the phases (Table 8). The area per unit mass clearly increases during the

oxidation of U3O7 to U3Og, but not the area per unit volume: this means that the increase in specific

surface area is due to the increase in the volume per unit mass of the phases, without cracking of the

grains. However, this increase is small because the area per unit mass or volume of the initial product

is high.

Phase

UOa.15

UO2.23

u3o7
u3o8.z

Area per unit mass
(± 0.2 m2g"1)

4.6

4.5

4.2

5.8

Area per unit volume
(±2 m2cm'3)

51

51

47

48

Table 8: Change in area per unit mass and volume after Gilardi (1993).

The influence of the area per unit mass or volume of the initial powder is confirmed by the

work of Gilardi (1993), who subjected two powder samples, of 2.4 and 4.2 m2.g"', to oxidation and

reduction cycles to maximize the specific surface area. After three cycles (three oxidation reactions

and two reduction), the area per unit mass is the same in both cases and equal to 4.5 or 4.6 m .g"1. This

implies a asymptotic change towards this limit value, which means that the grains are more easily

fragmented as they increase in size. Moreover, the author calculates the change in area per unit volume

from the area per unit mass and the real density which he measures, and not the theoretical density. He

Synthesis on the long term behavior of spent nuclear fuel 373



thus clearly shows (Figure 26) that the increase in area per unit volume, from 23.3 to 36 ralcm'3,

occurs during the cubic-quadratic transformation, by the transition of UO2 to U3O7.05 (O/U = 2.35)

without the involvement of U3O8 (§ 5.1.2).
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7.2.5.1.4 Change in specific surface area during oxidation in the presence of humidity

The formation of uranyl hydrates is accompanied by an increase in specific surface area, the

area per unit volume not having been determined. It thus rises from 2.1 to 2.7 mlg'1 after 66 days of

treatment at 80°C and 80% relative humidity. However, Danroc (1982) clearly shows that the value of

the measured specific surface area, and hence of its variation, is not independent of the degassing

temperature of the samples which occurs before the start of the BET adsorption measurement: hence

the specific surface area of the same sample is calculated at 2.7 or 3 or 3.5 m2.g'! if the degasification

temperature is 25 or 160 or 400°C respectively; these temperatures correspond, in the following order,

to the presence of the compounds UO3 2H2O, UO3.O.8 H2O and UO3. This increase in specific surface

area is not simply ascribable to the increase in molar volume during the conversion of UO2 to UO3 ,

but clearly corresponds to a fragmentation of the grains.

7.2.5.2 CASE OF SINTERED PELLETS OR DISCS OF UNIRRADIA TED UO2

The oxidation of sintered samples requires an incubation period during which the weight gain

is very slow (Figure 27). After this, the kinetic regime, normally linear, is established. This incubation

period is shorter with higher temperature (Figure 28): it is 23 minutes according to Bachellerie (1997),

or 80 minutes according to Tucker (1987) at 400°C, and tends towards 0 at 500°C.

During this induction period, a layer of UO2+X,, soon covered with U3O7_ is formed at the

surface of the sintered sample (Figure 29), and this layer limits the diffusion of oxygen. The

conversion to UO2+X or to U3O7, denser than UO2, induces a superficial tensile stress which promotes

the opening of the grain boundaries and the appearance of cracks. Oxidation progresses by the creation

of diffusion paths towards a permanently renewed surface, hence the linear kinetics observed. The

nucleation of U3O8 finally appears on the surface of the U3O7 layer at the cracks (Tempest et al,

1988). Lozano (1998) examined the subdivision of the grains by systematically measuring the size

distribution of the U3O8 grains formed. The histogram displays a size distribution of 0.35 and 0.95 urn

centered on the range 0.5-0.6 um for the sample taken at 380°C. As the temperature rises, the

distribution narrows towards the smaller sizes: 0.3-0.4 um at 390°C and 0.05-0.15 um at 700°C.
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G = xl2.6 After chemical attack G = x 400

Figure 29: Observation of the surface layer and cracks after Bachelier ie et al.
(1997).

Negrello & Dehaudt subjected mirror polished metallographic samples to oxidation in air at

temperatures between 200 and 380°C, and examined them regularly during the induction phase. The

optical microscope or the scanning electron microscope (Figure 30) clearly reveals the opening of the

grain boundaries, without subdivision of the grains nor the presence of U3O8.

Figure 30: SEM (backscattered e) examination of a metallographic sample kept for
2 h at 300°C.

A superficial cubic layer of UO2+x, denser than U02, displays a smaller lattice parameter. The

strain gradient produced from the surface is sufficient to reach the elastic limit. A rapid calculation

helps to determine that a tangential variation Aa = 4 pm, distributed over a depth of 12 atomic meshes
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having a mesh parameter a of 547 pm, is sufficient to reach the tensile stress at break of 110 MPa (E =

180 GPa at 250°C for a dense UO2 at 95% duO (Ledac, 1992).

If the temperature is 500°c or higher, the incubation time is nullified because of the rapid

formation of U3O8 at the surface with the occurrence of spalling: intragranular cracks propagate

parallel to the surface. The reaction surface is permanently renewed.

Figure 31: Microscope image of a pellet kept for 30 min at 500°C after Bachellerie
et al. (1997) 20/um.

The schematic (Figure 32) proposed by Bachellerie et al, (1997) simply summarizes the

different situations proposed.
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Figure 32: Recapitulation of effects of temperature on the oxidation of sintered
products.

7.2.5.3 CASE OF IRRADIATED UO2 FUELS

The behavior of irradiated fuel appears to be similar to that of unirradiated sintered pellets, but

is distinguished by two essential points :

S incubation time

S propagation of the oxidation front
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The irradiated fuel pellet displays no incubation time at the onset of oxidation. This begins

immediately on contact with air even if the burnup is low. This was observed by Berry et al. (1972)

for EL4 rods having a burnup of 5.8 GWdty"1: the kinetic regime is linear between 200 and 350°C.

Bazin et al. (1973), continuing these investigations, oxidized fuel between 200 and 400°C and

confirmed the disappearance of the incubation period. Similarly, the curves in Figure 25 corroborate

this result for of unirradiated pellets and irradiated pellet fragments attest to two different types of

behavior with the disappearance of the incubation period (Figure 33).
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Figure 33: Comparison of
behavior of Point Beach

irradiated fuel fragments and
unirradiated pellets
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Figure 34: Spatial distribution
of18O after 2100 h at 176°C

Final O/M= 2.14

The oxidation front concerns all the grains inasmuch as an oxidized layer develops around

each grain. Woodley et al. (1989) oxidized irradiated fuels between 140 and 225°C using a gaseous

mixture consisting of 80vol% N2 and 20 vol% 18O2 having a dew point of 14.5°C. The spatial

distribution of 18O shows that oxidation develops at all the grain boundaries before reaching the core

of the grains (Figure 34). Thomas et al. (1989) observed fuel samples irradiated to 27 GWd-V1 after

oxidation at 155 and 175 °C (Figure 25b): their O/M ratios are limited to values of 2.027, 2.053 and

2.126. At these temperatures, the fuel preferentially oxidizes, from the outset, along the grain

boundaries. The advance of the reaction progresses by a coherent front (Y-U4O9) UO225/UO2, from the

grain boundary to its bulk. This internal oxidation interne throughout the volume of the pellet results

from the presence of fission gas micro-bubbles at the grain boundaries and the formation of

micro-cracks at the triple boundaries, which propagate along the boundaries (Figure 35). These

micro-cracks result from the stress generated by the contraction of the mesh parameter during the

transition from UO2 to UO225. The fuel becomes brittle even at low O/M ratios. This de-cohesion of

the grains (Einziger & Strain, 1986) is also clearly visible on samples oxidized for 5514 h at 250°C, of

which the individualized grains, forming a powder, are examined by SEM, revealing facets of the

initial grains (Figure 36). If the temperature is higher (295°C), inter-granular de-cohesion is combined
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with intra-granular cracking (Einziger & Strain, 1986; Thomas et al, 1993), which is initiated from

the grain surfaces (Figure 37). As for unirradiated sintered pellets, the formation of U3O8 which

ultimately occurs is accompanied by de-cohesion of the grains and spalling at 360°C (Einziger &

Strain, 1986).

During the first oxidation step, the kinetics is controlled by the diffusion of oxygen across

the more oxidized layer. Even for an O/U ratio = 2.03, the observation of the oxidation front

around each grain, instead of the periphery of the fragments or of the pellet, means that

gaseous oxygen can access the grain boundaries at all points. In consequence, a fragment of

irradiated fuel appears to be equivalent to a powder of which the grains have an average size

of about 10 um. This explains the disappearance of the incubation phase.

A*

a
Figure 35: Identification of the oxidized layer along the grain boundaries, after
Thomas et al. (1989); a - optical micrography at surface O/M = 2.03; b - SEM

micrography of oxidized layer (U-U4Oç) with micro-cracks at triple grain
boundaries.
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Figure 36: SE M observation of
separate grains 5514 h at

250°C after Einziger &
Strain (1986).

Figure 3 7: Appearance of
transgranular cracks at 295°C

after Thomas et al. (1989).

7.2.5.4 REVIEW OF MORPHOLOGICAL CHANGES

The morphological change which accompanies oxidation is different for a powder, a

unirradiated sintered pellet and a fragment of irradiated fuel. However, the type and kinetics of

conversion are sensitive to temperature, with a value or a threshold range which depends on the type

of initial product concerned. Schematics in which each compound is represented by a single color

serve to monitor the progress and location of the phases and conversions (UO2 in green, U3O7 in

yellow and U3O8 in purple).

7.2.5.4.1 Case of UO2 powders

The threshold temperature is about 250°C, corresponding to the evident and fairly rapid

formation of seeds of U3O8 which then grow. Between 200 and 250°C, the nucleation of U3O8 is not

systematically demonstrated. Below 200°C, oxidation stops at U3O7; however, this end-of-test O/U

ratio would perhaps be higher if the tests were prolonged.

A superficial layer with a cubic structure, then quadratic, when the O/U ratio increases,

develops on the surface of the particles or aggregates (Figure 38). It limits the diffusion of oxygen. If

the temperature is relatively low, the nucleation of U3O8 is slow or nil, enabling the particle to convert

completely to U3O7, before any potential oxidation to U3O8. On the other hand, if the temperature is

sufficient to activate the rapid nucleation of U3O8, it does not appear possible to demonstrate the

temporary existence of a layer of U3O7 even though this may seem probable. Examinations under the

transmission microscope seem necessary to clarify the issue.
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The formation of U3O7 is accompanied by an increase in area per unit volume and by the

formation of micro-cracks. These result from the stresses generated by the cubic-quadratic

transformation.

Virtually immediate germination and growth of
dUOs

intermediate layer of U3O7 ?

ace. to specific surface area

T > ~ 300°C for à 2 m2.g"1

T > - 250°C for S 0.1 m2.g"1

4> aggregate: ~0.5um
$ grain: - 0.05 |jm

UO2

ace. to specific surface area

T<-250°Cfor £2m2.g"1

2T<~200°Cfor
.g"1

m2.g'1

Surface layer
UCW / Y-U4O9 / U3Or U3O7

subdivided

U3O7 with
seeds of UaOs?

Stop at UO7
if T < 200 °C ?

Figure 38: Morphological changes during oxidation of a powder.

7.2.5.4.2 Case of unirradiated sintered pellets

On the whole, the entire pellet behaves like a single grain of powder: the U3O7 layer develops

on the surface of the pellet, while preferentially propagating via the grain boundaries where a cubic

phase UO2+X is found (Figure 39). Oxidation is first very slow. After an incubation period, oxidation

reaches its steady regime because the surface layer micro-cracks under the effect of surface tensile

stresses induced by the contraction of the crystal lattice with the increase in the O/U ratio. The specific

surface area increases. U3O8 seeds are formed on these micro-cracks and grow. The temperature

threshold, corresponding to a macroscopic change in the morphology, lies at about 350 to 360°C.

Above this temperature, oxidation causes spalling of the U3O8 grains. It is however conceivable that

the temperature of 200°C, as for the powders, is a threshold below which the reaction stops at U3O7.
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U 3O8
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Figure 39: Morphological changes during oxidation of a unirradiated sintered
pellet.

7.2.5.4.3 Case of irradiated fuel fragments

Irradiated fuel is distinguished from the unirradiated pellet inasmuch as the oxidized layer

surrounds each grain instead of being located at the periphery of the fuel (Figure 40). This means that

from the onset of oxidation, the oxygen reaches all the grain boundaries. In addition to the presence of

fission gas, which reduces the cohesion of the boundaries, the development of a denser oxidized layer

favors the appearance of microcracks, which then dot the grain boundaries and favor their

de-cohesion. In other words, the oxidation of an irradiated fuel is similar to that of a coarse-grained

powder. There is no incubation period. If the temperature is above 250°C, a layer of U3O8 develops

rapidly on the surface of the fragment, with spalling of the layer of grains, as in the case of a

unirradiated sintered pellet above 360°C.

Data are not available on the development of the specific surface area for irradiated fuels.

To the best of our knowledge, no similar study on irradiated MOX fuels is available.
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T > - 250 °C

Spalling of a
layer of grains

U3O8

Oxidation at the grain boundaries + microcracks

T < - 250 °C

Figure 40: Morphological changes during oxidation of an irradiated fuel fragment.

Study proposals to complete our knowledge on morphological changes:

i. perform transmission microscope examinations with electron diffraction pictures to

S detect the presence of an intermediate layer of U3O7, during powder oxidation, above the threshold

temperature of 250°C

S identify the presence of U3OS seeds at temperatures between 170 and 250°C, on powder and above

all on irradiated fuel

ii. measure the area per unit volume at all degrees of advance

iii. measure the area per unit volume during the formation of uranyl hydrates

iv. install the following in a hot cell, to determine the growth in the area per unit volume for irradiated

fuel:

S a device to measure the BET specific surface area

S helium volumetry to determine the hydrostatic density, in addition to or to supplement the usual

impregnation methodology

v. carry out similar studies on unirradiated and especially irradiated MOX fuel
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7.2.6 Oxidation kinetics

7.2.6.1 CASE OF U02 POWDERS

7.2.6.1.1 First step: oxidation of UO2 to U3O7

The oxidation of UO2 to U3O7 is controlled by the diffusion of oxygen through the more

oxidized layer which forms on the surface. Two approaches can be suggested:

S the layer formed, of the cubic type UO2+X, displays a concentration gradient from UO2.33.e at the

surface to UO2.20 at the interface with UO2 , which controls the diffusion

S the layer formed, first consisting of cubic UO2.25 then quadratic U3O7, displays a lower oxygen

diffusion coefficient than UO2

In both cases, the parabolic oxidation kinetics clearly reflects the growth of a surface layer of

thickness T according to Equation 1:

Equation 1 r = rz 1 - (l - a) M = 4kt

where t the time in s

k, reaction constant in m2^'1

a, advance of reaction

r, initial radius of powder grain or aggregate in m

z, ratio of molar volumes of layer and initial product

This equation is written in a formalism normally employed in heterogeneous

kinetics:

with

Thus in the case of a kinetics controlled by three-dimensional diffusion across a surface layer,

the equation proposed by Jander corresponds to Equation 2 :
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Equation 2

[ i i2 k(T)t F

l-(l-a)> =Kçr)t = -^L with k(T) = Aexp(-—)
1 (rz) Kl

McEachern (1997) made a thorough bibliographical review to compile the data and express

the values of k(J). He proposes the following formulation:

Equation 3 \n(k) = '• : 17,33

This equation can be used to calculate values of A: ranging, depending on the temperature, from

4.525.10'20 m V at 150°C to 1,111.10'15 mis'1 at 400°C.

The activation energy calculated from the regression made on k is 95.7 kJ.mol"1, a value

generally slightly lower than those proposed by the different authors (Table 9). Gilardi (1993), whose

data are not taken into account in the review by McEachern & Taylor (1999), obtains 100 ± 8 kJ.mol'1

by the temperature jump method, and 96 kJ.mol"1 by adjusting Jander's law on the experimental points.

Published estimates of the activation energy for the formation of U4O,/U3O7 oo unirradiated UO2 and spent LWR fuel

Investigator

Anderson et al. (1955)
Aronsonetal. (1957)
Blackburn et al. (1958)
Walker (1965)
Einziger el al. (1992)
Woodley et al. (1988,1989)

Material

UO2 powder
UO2 powder
UO2 pellets and powder
UOj powder
spent LWR fuel
spent LWR fuel

Temp, range CO

131-164.5
161-350
125-280
143-211
175-195
175-225

E^OcJrûoT1)

104*
102"
90.8
120 ± 8
100
113 ± IV

* Activation energy re-calculated from investigators original data using the discrete-layer kinetic model (rather than the concentration-gradi-
ent model).

Table 9: Activation energy of the formation ofU3O7for UO2 powders andPWR
fuel fragments.

Based on this law and these data, we plotted the oxidation advance in the first stage for

spherical powder grains 10 um in diameter (Figure 41), in a temperature range surrounding the

threshold range (§ 7.2.5.4.1). The coefficient z = 0.9804 was calculated using the theoretical molar

volumes of UO2 (24.64 cm3.mor') and U3O7 (24.15 cn^.mol"1 ). The parabolic shape of the curve

clearly appears, reflecting a rapid advance at the onset of the reaction, followed by a slower progress

towards the end. A logarithmic time scale serves to compare the changes more easily.
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The duration of this first step, despite a restricted temperature range, changes from 12 days at

275°C to 1346 days (or 3.7 years) at 175°C (but a - 0.996 after 2.5 years). Its expression can be

formulated from Equation 1 or Equation 2 assuming a = 1 :

by application of the numerical equation for k(ï) given by McEachern (1997), and recalled

above (Equation 3):

Equation 4 t
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where t in hours, to be directly comparable with the equations in the bibliographic data

r in (j.m

Table 10 offers a glance at the time necessary for completion of the first step, the calculation

being made for spherical grains 10 urn in diameter. If this size is reduced to 1 (xm, the time is divided

by 100.

Time

hours

days

years

150°C

16.8

175°C

1346

3.69

200°C

346

0.95

225°C

2449

102

250°C

811

33.8

275°C

297

12.4

300°C

119

4.95

325°C

51.3

2.14

350°C

23.7

0.99

375°C

11.6

400°C

6.0

Table 10: Duration of first oxidation step for 10 /am diameter grains.

However, a very long time is observed to be necessary to go from an advance of a = 0.9 to the

completion of the reaction. In fact, the time ta=\ must be multiplied by the coefficient l - ( l - a ) 1 to

determine the time ta at advance a. Hence the coefficient is 0.287 for a = 0.9.

7.2.6.1.2 Second step: oxidation of U3O7 to U3O8

The weight gain in the second step appears in the form of a sigmoid curve. All investigators

today agree that the formation of U3O8 occurs via a nucleation-growth process. The creation of the

seeds at the surface of the grains and their growth until they completely cover it, correctly explains the

first part of this step. However, when the surface is completely covered, the kinetics appears to be

controlled by a contracting sphere type process (Gilardi, 1993) (shift of the internal interface), a

process allowing a better adjustment of the experimental points above a — 0.2.

The dispersion of the activation energy values (Table 12) also reflects the differences in

behavior according to the type and operating conditions (powders, pellets, polished or rough,

temperatures, grain sizes). The activation energy varies with the degree of advance of this step after

Gilardi (1993) (Table 11):

•

Ea (kJ.mol"1)

0.2

160

0.31

159

0.42

152

0.53

144

0.64

140

0.74

148

0.84

143
Table 11: Activation energy during oxidation ofU3O7 to U3O8

Nucleation requires a higher activation energy than growth. This explains why the reaction

temperature, at constant rate, goes through a peak at the beginning of this step. An energy of 160

kJ.mol"1 would correspond to nucleation and 145 kJ.mol"1 to the propagation of oxidation. These

values corroborate those of Aronson et al. (1957) who announce 188 and 146 kJ.mol"1 respectively for

each of these processes. In their analysis, McEachern et al. (1998) suggest an average value of
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154kJ.mol"1 for nucleation-growth occurring below 325°C, but their quantitative analysis of the

bibliographic data, on the basis of a sigmoid kinetic law (Equation 6), leads them to recommend a

value of 146 kJ.moi"1.

By measuring the kinetic values on a powder with a lower specific surface area, Gilardi (1993)

demonstrates that the activation energy of this reaction step increases with particle size. Hence he

finds 205 ± 5 kJ.mol"1 for a powder of 2.4 mlg"1 instead of the values listed above for a powder of 8

m2.g"'. S Aronson et al. (1957) also emphasize the role of specific surface area, or of the size of the

aggregates, on the competition between nucleation and growth: with a low specific surface area, the

temperature must be higher to maintain a sufficient rate, favoring the possibility of nucleation, which

has a greater activation energy.

Published estimates of the activation energy for the formation of U,O8 on UO2 and used fuel

f^Odmol" 1 )

146
127.6
- 1 0 0 '
161.5
134.7
U0.5
170.2
48
124-139
102b

163 •
170 .

67
172
63
143
109
94.5
140
120
194

Sample

UO2 powder
UO2 powder
UO2 microspheres
UO2 powder
UO2 powder
UO2 pellets
AGR pellet fragments
AGR pellet fragments
CANDU pellets
LWR pellets
UO2 powder
CANDU pellets
CANDU pellets
CANDU fuel element
CANDU fuel element
UOZ pellet fragments
UO2 pellet fragments
used LWR fuel
unirradiaied CANDU fragments
irradiated CANDU fragments
used LWR fragments

Temp, range (°C)

278-325
315-360
300-450
365-400
312-352
279-361
200-300
300-550
200-300
200-250
200-350
330-350
350-450
250-300
300-350
250-350
350-400
300-400
175-400
175-400
250-360

Method

gravimetric
gravimetric
gravimetric
DTA
gravimetric
gravimetric
gravimetric

• gravimetric
XRD
gravimetric
gravimetric
gravimetric
gravimetric
progression of oxidation front
progression of oxidation front
gravimetric
gravimetric
gravimetric
gravimetric
gravimetric
visual exam.

Ref.

[1]
1132)
[7]
[109]
[35]
[351
[42]
[42]
[10]
[135]
[28]
[28]
128]
128]
128] "
[36]
[36]
[36]
[211
[21]
[207]

"The activation energy was observed to vary as a fonction of oxygen pressure.
bThe value of 102 kJ mol~ ' corresponds to the oxidation prior to powder formation. The post-spallation period displayed an activation
energy of 160 kJ mol~'.

Table 12: Activation energy during oxidation to UsO8

The nucleation-growth kinetics is reflected by the general law of Avrami-Erofe'ev:

Equation 5 g(a) = [-ln(l-a)j" = kt

where n = 3 for three-dimensional nucleation-growth

k expressed in s'1

McEachern (1997) formulates a sigmoid law (Equation 6), which only differs from the

previous one by a factor [ — I =1.015n
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Equation 6 -\n(\-a) =—k't

where k' in s"3

The numerical equation k'ÇT), derived from the best adjustment on the bibliographic data, is

given by the equation :

^2808
Equation 7 \n(k' ) = - -—^-+86,165

where k' expressed in h"3

The kinetic constant k of the Avrami-Erofe'ev law is derived from this. It is expressed as

follows:

Equation 8 ln(it) = '• '• +20,533

where k in s'1

We thus obtain the value of the activation energy recommended at once by S. Aronson et al.,

T. Gilardi and R.J. McEachern for the growth of the seeds.

Using these data and Equation 6, we plotted the advance of oxidation during this second step.

The temperatures of 175 to 250°C selected cover this threshold range of appearance of U3O8 seeds,

although the formation of seeds below 250°C is not positively demonstrated.
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Figure 42: Advance of oxidation ofU^Oj to UjOg according to Equation 6 and
Equation 7.

These data give an overestimate of the time of formation of U3O8 for a powder, particularly at

275°C or more. The kinetic values supplied by Mazoyer (1996), determined from the law of Avrami-

Erofe'ev, for tests on a powder of 4.1 m2.g"' , between 265 and 308°C, are expressed by the following

equation:

Equation 9 \n(k) = -200 kJ. mol
RT

-l

- + 32,767

where k expressed in s"1

This gives a high value of the activation energy of nucleation as proposed by Gilardi and

Aronson et al..

However, the values obtained by Mazoyer above 265°C, applied to temperatures lower than

200°C, overestimate the reaction time, because the activation energy is high for this author.

Using one or the other of the foregoing laws and kinetic values, Figure 42 and Figure 43 offer

a glance at the two limits probably surrounding the oxidation time of U3O7 to U3O8. However, the

nucleation of U3O8 is not observed below 200°C, and is uncertain between 200 and 250°C.
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Figure 43: Advance of oxidation ofU3O7 to U3Os according to Equation 5 and
Equation 9.

The duration of this step can be expressed from Equation 5 or Equation 6, considering an

advance of a = 0.999 for example.

Equation 10 t = -

Equation 11 t= -
3In(0,001)l1

nk' \

By integrating the kinetic values of R. Mazoyer in Equation 10 and those of R.J. McEachern

in Equation 11, the following two expressions of time (expressed in h) and their values at different

temperatures are obtained :

and

Equation 12

Equation 13

T

= 6,301
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Temperature

t according (hours)
to

Equation (days)
12

t according (hours)
to

Equation (days)
13

175°C

27 078

3 044

200°C

1 585

382

225°C

123

58.9

250°C

294

12.3

261

10.9

275°C

36.1

1.50

56.2

2.34

300°C

5.32

13.8

325°C

0.92

3.83

350°C

0.18

1.18

375°C

0.04

0.4

Table 13: Duration of the second step from the data ofR. Mazoyer (Equation 12)
and McEachern (Equation 13).

7.2.6.1.3 Comparison of the duration of the two steps

Each step corresponds to the same quantity of oxygen used, hence the comparison of their

apparent durations is similar to that of the average oxidation rate of each of them.

At high temperature, the duration of the second step is much shorter than of the first. On the

other hand, this order is reversed at low temperature. The specific surface area has a strong effect on

the duration of the fist step (formation of U3O7 controlled by diffusion), but, on the other hand, little or

no effect on the duration of the second (formation of U3O8 by nucleation-growth from a solid which

has been finely subdivided).
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Figure 44: Time necessary for completion of the 1st step (UOi to U3O7) and the
2nd step (U3O7 to UjOg). Extrapolation in dotted line, Red and purple curves: fine

powders (r = 0.5fim); Blue curves: powders or granules (r - 5jam)

These data serve to explain in which conditions the compound U3O7 is identified as

intermediate, whether during the weight gain or by X-ray diffraction. In fact, the case of powders with

large surface areas is a good example for illustrating these observations :
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i. the two steps have the same duration around 350°C

ii. at T > 350°C, the oxide U3O8 alone appears because the duration of the second step is shorter than

of the first

iii. at T < 300°C, the compound U3O7 is still detected before the appearance of U3O8

iv. finally, at T < 200°C, oxidation appears to stop at U3O7 because the duration of the first step is

much shorter than that of the second. Even if we consider that the tests are never continued long

enough to cause the appearance of U3O8, it is not evident that the nucleation of this compound

occurs below 250°C.

On the other hand, if the specific surface area is smaller, the temperature at which the duration

of both steps is identical, is no more than 200°C, in other words, in the temperature range in which

U3Og nucleation remains uncertain. At T < 200°C, U3O7 is identified. However, above 250°C, U3O7 is

not detected as an intermediate compound and only U3Os appears, the second step being shorter than

the first.

This can be explained easily. In fact, when the rate of the second mechanism is higher than of

the first, the surface layer of U3O7 can no longer develop because the entire increase in its thickness

has the effect of slowing the kinetics of this first step, which is controlled by diffusion across this layer

(the rate is maximum when the U3O7 layer has zero thickness - Figure 45). Thus the layer of U3O7 first

develops to a maximum thickness and then regresses so that the oxidation rate vy of UO2 to U3O7 is

equal before becoming lower tan the instantaneous conversion rate v2 of U3O7 to U3O8. Since the latter

step is rapid compared with the first, the U3O7 layer remains very thin (Table 14) and is not easily

identifiable under a layer of U3O8 except under the transmission microscope. The oxidation appears to

correspond to that of UO2 to U3O8.
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Figure 45: Curves representative of both mechanisms at 275°C (r - 5jum); a at
%naxrr n corresponding to vx = v2

da 3
v, =

(1-a)1

1 dt 2(rz)2i-(i-a)>
and v2=^- = 3k 2 (l - cc)[- ln(l - a)f

Temperature

W U 3 0 ? (um)

" a t x — u 3 o 7

275°C

0.93

0.466

300°C

0.50

0.274

325°C

0.28

0.164

350°C

0.17

0.102

375°C

0.11

0.064

400°C

0.07

0.042

Table 14: Maximum thickness reached by the U3O7 layer when the temperature is
sufficient to develop U^Os simultaneously

The competition between these two steps, in which the second becomes faster than the first

after a certain oxidation advance, is demonstrated by a specific curve of weight gain displaying a

barely pronounced intermediate pseudo-plateau (calculated curve: Figure 46 - experimental curve:

Figure 56 )
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so 60

Figure 46: Shape of advance curve when durations of both steps are similar

7.2.6.1.4 Shape of the total kinetics

The curves in

Figure 47 serve to consider a fairly simple process of oxidation, considering that :

S the powder has a small specific surface area (r = 5um)

S both steps occur in succession, without overlap of advance

S U3O8 can be formed below 250°C

In these conditions, 50 years of storage without containment or oxygen deficit is inconceivable

without total conversion to U3O8, at temperatures higher than 150°C maintained throughout the

storage period.

However, a more realistic representation, taking account of the conclusions and remarks

concerning the kinetics discussed above, as well as the observations of the morphology and the phases

identified during oxidation, appears in Figure 48. It is based on the following remarks:

•S above 250°C, oxidation displays a single apparent nucleation-growth step, with a fast

kinetics

•S below 200°C, the nucleation of U3O8 on U3O7 is considered non-existent

S between 200 and 250°C, the uncertainty concerning the nucleation of U3O8 on U3O7

prevents any positive conclusion: both assumptions are shown at 200, 225 and 250°C.
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Figure 48: Realistic curve of oxidation ofU02 to U}Og. The curves at 200, 225
and 250°C have been plotted considering either the end of oxidation at U3O7 or the

nucleation ofU)Os
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In consequence, the determination of the time required for complete conversion to U3Os, a

phase whose formation causes undesirable swelling, is reflected by the curves in Figure 49. The curve

in red shows the variation in conversion time to U3O8 with temperature. Considering that the

nucleation of U3O8 is potentially non-existent below 200°C - although this is not fully established - the

time tends towards infinity. Hence on this assumption, oxidation would stop at U3O7. The black curve

accordingly shows the time of complete oxidation which would not exceed 17 years at 150°C.
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1/T(1000/K)
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• 2nd slep Equation 13

20 15
0 0

2? 23 >A

Figure 49: Analysis of time for complete oxidation and conversion to UiOs

The oxidation time varies by several orders of magnitude within a small range of temperature.

Hence it is important to mention the significant effects induced by an uncertainty on the calculation of

the change in temperature during storage.

7.2.6.1.5 Effect of oxygen partial pressure

Blackburn et al. (1958) determined the variations in the kinetic constant k with oxygen partial
,-20

pressure for different temperatures. At 200°C, this varies between 6.78 1(T and 1.21 10"'* m .s"1 as

the oxygen partial pressure rises from 7 10"4 arm O2 to 0.97 arm O2. Below this, there is no apparent

variation between Po2 = 0.2 and 0.97 arm. According to the analysis of McEachern (1997), these

figures are confirmed by those of Anderson et al., who find that the kinetic constant k is proportional

to PQ , with n ranging from 0.13 to 0.16. However, these values of n do not allow a proper adjustment

of the data below. Blackburn et al. (1958) advance the hypothesis that the low oxidation rates, below

0.007 atm oxygen, are due to a deficiency of oxygen to saturate the surface layer of U3O7.
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VARIATION IN OXIDATION RATE WITH OXYGEN PHJSSSUBE
AT 200°

Oxygen
pressure,

atm.
0.97

.60

.40

.20

.10

* •

cm.Vsec.
X 10»
121
118
119
121
68.0

Oxygen
pressure.

atm.
0.014

.0074

.0027

.0007

*,
cm.V'ecX 10"
59.5
58.7
31,5
6.78

Table 15 : variation in oxidation rate with oxygen pressure after Blackburn et
al. (1958).

However, the kinetics, which is controlled by diffusion across a surface layer of UO2.25 and/or

U3O7, does not indicate any direct relation with the oxygen partial pressure, as would be the case with

an adsorption process, although this process cannot be discarded at low oxygen pressures. In fact, the

reaction rate at a given temperature can only be maintained if the oxygen flow reaching the surface is

sufficient to supply demand. This is a problem of transfer across the gas boundary layer, or of gaseous

diffusion, governed by gas transfers laws.

Thus an oxygen deficit with respect to potential demand regulates the oxidation rate. A simple

material balance serves to determine the oxygen flow-rate below which oxidation time is compatible

with storage time. For a fuel rod containing about 2 kg UO2, 7.4 moles of oxygen [or 0.830 m3
(STP) of

air] would be necessary for complete oxidation to U3O8. Assuming a storage time of 50 years, the

flow-rate of air, available per rod, must remain below 16.6 l(STP)-yr '•

7.2.6.1.6 Effect of humidity

Danroc (1982) determined the fraction of the species (UO2+X and UO3.xH2O) which contribute

to increasing the total O/U ratio during oxidation at 60, 80 and 100°C in the presence of a relative

humidity of 60% or more (Table 5).

At 60 and 80°C, hydrate formation mainly contributes to increasing the total O/U ratio,

whereas the oxide UO2+X tends towards an asymptotic value x = 0.06. At 100°C, however, the

formation of the hydrate and of the oxide UO2+X show a similar development, each of these species

contributing equally to the total O/U. In consequence, the lower the temperature, the larger the relative

proportion of hydrate.

For comparison, the representative curve of dry oxidation of UO2 to U3O7 (1st step: Equation 2

and Equation 3) has been plotted. This shows that the O/U ratio corresponding to dry oxidation is

higher than that of UO2+X formed in the presence of moisture. Two hypotheses can be suggested,

neither of them mutually exclusive:

i. the kinetic law evaluates, bu excess, the oxidation advance at low temperatures;

ii. a fraction of the surface layer of UO2+X, which is formed first, is then converted to hydrate by the

presence of water and oxygen.
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The variation in the O/U ratio appears to be intimately linked to the advance of the 1st

oxidation step. However, the knowledge of the mechanisms and kinetic laws of hydrate formation is

needed to be able to de-convolute and, at any time and any temperature, predict the fraction of UO2+X

produced by dry oxidation and the fraction of hydrates.
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Figure 50: Advance of wet oxidation of powders: total O/U, internal oxidation to
UO2+X and molar fraction of hydrates formed at 80°C (a) and 100°C (b).
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7.2.6.2 CASE OF SINTERED PELLETS

The oxidation of sintered pellets or discs actually begins after an incubation period (see

7.2.5.2, Figure 27 and Figure 28) during which a surface layer of U3O7 is formed. Instead of a

parabolic variation as for powders, a linear regime prevails, indicating that this layer is not "tight" due

to the micro-cracks across it.

Equation 14 r = kt(J)t

The numerical expression of the kinetic constant k, is given by McEachern (1997). The

activation energy is close to that of the parabolic regime.

r t. ,r , ,, , 98,6 KJ. mol" 1
 n c t 1

Equation 15 ln(&/) = ; 2,513
RT

The formation of U3O8 is covered by the same kinetics as that revealed by low specific surface

area powders (see 7.2.6.1.2) insofar as the material is particularly subdivided (Lozano, 1998)

(see 7.2.5.1.3 and 7.2.5.2 ) at this stage. Based on tests on unirradiated CANDU fuels, P.M. Tucker

gives Equation 16 linking the time tp (in h), needed to convert a pellet to U3O8 powder, and the

temperature. The corresponding activation energy is 163 kJ.mol"1, an intermediate value between those

proposed by McEachern and Mazoyer. The representative curve, shown in Figure 51, is similar to the

other two. However, it may be surprising that the time required to convert a pellet to U3Og powder is

slightly shorter or even equal to the time required to oxidize the powder: in actual fact, this highlights

the difficulty of experimentally identifying the real end of the reaction, especially considering the long

interval elapsing between a= 0.9 and 1.

Equation 16 t = 7.762.10~15 exp( —)

Taylor et al. (1992) also observe the formation of U3Og on the surface of the unirradiated

CANDU fuels, analyzing the ratio of intensities of the X-ray diffraction peaks. They supplement the

work of Tucker (1987), which they confirm by giving two t(T) equations, where t is expressed in h:

S the first reflects the presence of over 10% U3O8, without powder formation; the

corresponding "activation energy" is 139 kJ.mol"1, close to the value of 146 kJ.mol"1

suggested by McEachern (1997)

Equation 17 t = 5,754.10"13 exp^^

S the second indicates the limit of the range of existence, or more precisely of detection,

U3O8, noting that an extrapolation below 200°C would underestimate the time required for

the appearance of U3O8 (the tests were conducted between 200 and 300°C); the

corresponding "activation energy" is 124 kJ.mol'1.
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Equation 18

Thus Equation 12, Equation 13 and Equation 16 reflect the indispensable time required for

complete conversion to U3O8, whereas Equation 17 relates to an advance of 0.1 or more and Equation

18 relates to zero advance.
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Figure 51: Comparison of times required for partial or total formation ofU3Os

CASE OF IRRADIA TED FUELS

The morphological changes in fragments of irradiated fuel, outside the clad, reveals a layer of

cubic cfc oxidized phase around each grain with the concomitant appearance of cracks along the grain

boundaries. The oxygen has unrestricted access to each grain, to the point where a strong or even

complete de-cohesion of all the grains is observed. The irradiated fuel appears to behave like a coarse-

grained powder (see 7.2.5.3). This is the conclusion reached by McEachern as well as Taylor, who

consider this approach as realistic for most PWR fuels with the risk of overestimating the volume

propagation rate. This assertion is confirmed by the values of the kinetic constants and activation

energy, which are similar to those determined for unirradiated powders. This is especially significant

for the first step (UO2 to U3O7) in which the best approximation of the constant k and of the activation

energy of this mechanism integrates the values on unirradiated powders as well as irradiated fuels

(Table 9). By contrast, the activation energy determined for the formation of M3Og (~ 100 kJ.mol"1

Table 12) appears to be lower than the figures measured on powders or unirradiated pellets (146 to

200 kJ.mol"' ; see 7.2.6.1.2): in fact, this value is similar to that of the former mechanism, as if a single

activation energy represented the entire range covered by both mechanisms. Hence the formation of
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M3Og probably occurs at lower temperature than announced, since nucleation and growth are easier on

irradiated UO2 than on unirradiated UO2.

Einziger et al. (1992), for the case of a PWR fuel (Turkey Point: 27 GWd.f1) give a t2A(T)

equation to reflect the time (expressed in h) needed to reach an O/M ratio of 2.4, which would

correspond to the first step. All the /(1/T) points are properly aligned, although they were obtained

either at 250°C, in other words, at which the O/M ratio is close to 2.4, or above this temperature, at

which the O/M ratio is higher than 2.4 and even as high as 3. The corresponding activation energy of

111 kJ.mol"1 is slightly higher than that of the first mechanism.

Equation 19 ?2,4 =2,6.10"

Figure 52 shows that the time t24 clearly corresponds to that of the first step, particularly if the

grain radius is 4 to 4.5 um. On the other hand, it becomes higher than the oxidation time to U3O8

above 250°C, possibly suggesting the simultaneous occurrence of the second step.
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The time required for conversion to M3O8

is also interpreted from the work of Einziger et al.

(1992), for PWR fuel (Turkey Point: 27 GWd.f1).

It is the time after which spalling of MO2.9 (or of

M3O8) occurs, which serves as an experimental

base (Figure 53). The corresponding activation

energy of 195 kJ.mol"1 is determined either for

nucleation at the onset of the second step, or for

powders with large specific surface area

(Mazoyer, 1996). We determined the relation t(T)

representative of these points (t expressed in h).

Equation 20
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The time required for spalling of PWR fuels to M3O8 or MO2.9 appears to be one order of

magnitude higher than the time for the oxidation of a large surface area powder of UO2 to U3O8, and

even more than the experimental time for the conversion of unirradiated pellets to powder.

Finally, the time needed for spalling represents the time required for complete oxidation, while

t2.4 represents the equivalent time of the first step. The extrapolation of the line corresponding to the

total time or a calculation using Equation 20 indicate a minimum time of 100 years for a temperature

of 200°C or less. Here also, it is impossible to conclude whether or not M3O8 germinates below 250°C:

the analysis of the time for complete oxidation is similar to the one made in Figure 49.
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7.2.6.4 VERIFICATION OF THE BEHAVIOR OF A LOW OR HIGH SPECIFIC SURFACE AREA

POWDER

By the de-cohesion of the grains which occurs after a slight increase in the O/M ratio, the

oxidation of irradiated fuel could be treated as that of a low specific surface area powder

(~ 0.055 m2 g'1 ), corresponding to 5 um radius grains. However, it is not demonstrated whether a

grain UO2 having this size displays a kinetics representative of a micro-pellet or, on the contrary, of an

aggregate of high surface area powder.

For the purpose of verification, four TGA isothermal oxidations were carried out in order with

thermogravimetric monitoring, to examine the oxidation kinetics and to detect the formation of U3Os:

S at 275°C, one on two sintered discs, and the second on a powder with 0.07 m2 g"1 surface

area obtained by grinding a pellet {j^m% -3 .5 um)

S at 250°C, one on the above powder with low specific surface area and the second on a

powder with high specific surface area (3.3 m2.g"' , raggregates = 0.5 um and x^^m - 0.1 um)
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thickness T = 275 °C
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small surface area powder 0.07m2/g I
r = 3.5 urn T = 275 °C !
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high surface area powder 3.3 m2/g
r = 0.1 umT = 250°C
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Figure 56: Isothermal oxidations at 250°C and 275°C of discs or powders with low
and high specific surface area (CEA/DRN/DEC 1999).

Figure 56 illustrates the changes in mass expressed as variations in the O/U ratio. The main

conclusions are as follows :

i. The existence of an incubation period, at 275°C, before the oxidation of the sintered discs,

is confirmed : it lasts 2.5 days.

ii. The coarse-grained powder displays no incubation time at 275°C, but oxidation with an

infinite slope at the origin, characteristic of the kinetic law of the first step, as observed on

powders. However, the nucleation of U3O8 occurs rapidly, before the end of the first day,

yielding a sigmoid curve.

iii. For the coarse-grained powder, all the observations made at 275°C are renewable at 250°C.

The nucleation of U3O8 is shown by a break in the curve after two days.

iv. At 250°C, the high surface area powder oxidizes very rapidly to U3O7; as predicted from

the data in § 7.2.4.1. However, prolonged maintenance at this temperature, never

mentioned or actually carried out, shows that the weight gain is prolonged at a fairly slow

linear rate. The ratio O/U = 8/3 is reached after about 42 days. In consequence, the

formation of U3O8 can no longer be formulated by the previous nucleation-growth law of

which the representative curve is a sigmoid. This confirms the need to begin again research

about the formation of this compound at 250°C or less.

These few tests, which need to be supplemented, already provide a number of very useful

lessons :

Synthesis on the long term behavior of spent nuclear fuel 409



S a coarse-grained powder, i.e. with low specific surface area, behaves at the onset of oxidation

like any powder with a first step controlled by the diffusion of oxygen across a more oxidized

surface layer;

V the nucleation and growth of U3O8 is sensitive to the nature of the initial product. They appear

earlier in discs, and then coarse-grained powders, and are more spread out in time for small

grains. The formation of this compound below 250°C must absolutely be investigated.

This conclusion confirms that nucleation does not occur at a single temperature, but that it

depends on the size or state of the surface. Accordingly, this result agrees with the conclusions of

Gilardi (1993) and the operating precautions of Taylor and McEachern, who recommend a coarse

surfacing of the discs rather than a fine polishing, because nucleation occurs preferentially on the

defects: micro-cracks, dislocations. This explains why an apparent lack of reproducibility characterizes

the formation temperature of U3O8. For P.M Tucker, the destruction of the pellets to U3O8 powder

occurs above 175°C, whereas the oxidation of high specific surface area powders stops at U3O7 below

250°C.

Moreover, a comparison of the experimental curves and curves calculated with the foregoing

laws shows that the calculation evaluates, from above, the oxidation rate at low temperature of the 2nd

step (U3O7 - • U3Og), particularly in the case of powders with large specific surface areas. It is

probable that these laws, which were developed from tests conducted at 250°C or more, are incapable

of correctly fitting the observations at lower temperatures. It is therefore necessary to clarify or review

the kinetics below 250°C, especially below 200°C, so that the calculated U3O8 formation times - which

are conservative because reduced - should not pose excessive constraints with respect to the storage

conditions.

Synthesis on the long term behavior of spent nuclear fuel 4 1 U



™-~ hign surface area powOef experimental curve

•^— nigh surface area powder calculated curve

• i small surface area powder experimental curve

—— small surface area pcwder calculated curve

10 12

Tim* (days)

7.2.6.5

Figure 57: Comparison between experimental curves and calculated curves for
large surface area powder: 3.3 m2.g ; small surface area powder: 0.07 m2.g .

SUMMARY AND FURTHER WORK

The oxidation kinetics of UO2 are well known. Investigations on powders have helped clearly

identify the mechanisms and determine the kinetic constants. Its conversion to U3O7 obeys a parabolic

law which reveals that the oxidation is controlled by the diffusion of oxygen through the more

oxidized layer which forms at the surface of the grains. This step hence depends on the specific

surface area or grain size of the powders. The kinetic constant k(T) is extracted from the data

compilation, which is quite reproducible, and corresponds to an activation energy of 96 kJ.mol"1. The

conversion of U3O7 to U3O8 is attributed to a nucleation-growth mechanism. The activation energies

vary with the different authors; however, it appears to be relatively high at the start of advance (-200

kJ.mol"1) but then drops to 146 kJ.mol'1. Complete conversion appears to be better approximated by a

contracting sphere mechanism. Despite the dispersion in the kinetic values, which is reasonable all

things considered, the advance of the reaction can be predicted.

Below 250-300°C, the duration of the first step is shorter than the second. Above, the order is

reversed, explaining why U3O7 is not identified as an intermediate compound.

The oxidation of unirradiated sintered pellets only really begins after an incubation time, if the

temperature is lower than 500°C. The kinetics obeys a linear regime corresponding to the formation of

a layer of U3O7 on the pellet surface. The kinetic constant Ay(T) is determined, from reproducible data,

with an activation energy of 98 to 100 kJ.mol"1. The conversion to U3Og, accompanied by spalling, is

expressed by the time required for the conversion of the pellet to powder. The corresponding

activation energy of 163 kJ.mol'1 is equal to the average value identified on the powders.
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The oxidation of unirradiated of PWR fuels, outside clad, is comparable to that of a coarse-

grained powder for the first mechanism. The kinetic constants are identical to those of a powder.

Above 250°C, the behavior of these irradiated fuels is increasingly comparable to that of a unirradiated

sintered pellet, combining preferential oxidation at the grain boundaries to M3O7 and spalling of M3O8

at the surface. The time required for complete oxidation to M3O8 or MO2 9 is about ten times longer

than for a powder. Despite this, conversion is complete in less than one year at 250°C. The

extrapolation of this curve tends to imply that the maximum temperature for oxidation to last 100

years is 200°C.

This conclusion, however, is not definitive, because there are no reasons for extrapolating the

U3O8 formation temperature below 250°C. No U3O8 has been reported below 250°C for UO2 powders

and 175°C for unirradiated pellets, nor of M3O8 under 250°C for irradiated fuel. As long as the

elements of the surface texture influencing the nucleation of U3O8 are not identified, it is impossible to

predict the temperature below which oxidation is complete, either on U3O7 or on MO2.40. These

compounds, denser than UO2, eliminate any risk of swelling and associated ruin.

Similarly, complete oxidation is impossible if the storage temperature remains below 200°C,

or better at 175°C to preserve a margin. It is in fact important to remember the extreme sensitivity of

the oxidation rate at this temperature. An uncertainty of 10° to 20°C can create significant differences

in reaction time. This must be considered in storage heat transfer calculations.

Study program proposals:

i. determine whether a temperature threshold exists below which no U3O8 nucleation occurs. This

study must be conducted between 175 and 250°C, using UO2 or UO2 30 samples, trying to identify

the presence of seeds by Scanning and Transmission Electronic Microscope (SEM & TEM). In

addition, a theoretical study must be initiated to evaluate this threshold from the nucleation

formalisms. This action will be decisive for the conclusions on the risks incurred by the potential

oxidation during storage.

ii. supplement our knowledge of the kinetics of unirradiated and irradiated fuels at high burnups, in a

temperature range from 150 to 300°C for UO2, and 150 to 350°C for MOX. The operating

conditions and the frequency of the measurements will be adapted to the foreseeable oxidation

times. In all cases, the link will be sought between overall oxidation advance, the progress of the

oxidation front, the change in the specific surface area and the density (area per unit volume), the

release of fission gases and the identification of the phases. Microscope examinations will clarify

these data.
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iii. intensify the modeling of the oxidation steps by using the heterogeneous kinetics formalism

developed by Soustelle and his team. It will be necessary to add a mechanical approach to this

simulation, to reflect the micro-cracking. The elastic quantities relative to UO2.25, especially U3O7

and U3O8 will also have to be determined.

7.2.7 Oxidation behavior of the fuel rod

After having examined the oxidation of UO2 or MOX, unirradiated or irradiated, the analysis

will now address the behavior of the overall system consisting of the rod, i.e. the fuel in its clad, as it

leaves the reactor. In this case, the fuel is no longer surrounded by air with unlimited access, but

confined in an envelope, through which a small tightness defect has appeared in the reactor, or has

been created for investigative purposes. The oxidation of the fuel to a larger molar volume compound

then causes swelling which distorts the clad. In consequence, the stress to which it is subjected will

favor the development of a crack from the initial defect.

This section is aimed to identify the geometric and morphological changes in the system and

the oxidation and crack propagation kinetics.

7.2.7.1 TYPES OF STUDIES

A dozen studies on fuel rods can be identified between 1972 and 1995, concerned with

different types of product: EL4 (Bazin et al, 1973), CANDU (Boase & Vandergraff, 1977; Novak et

al, 1983; Novak. Et al, 1985), BWR (Einziger & Cook, 1985; Nakamura et al, 1995), and PWR

(Einziger & Strain, 1986; Einziger & Cook, 1985). The corresponding fuel rods display differences in

type of fuel and irradiation power.
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Réf.

Fuel Rods

Type

EL4

CAND
U

BWR

PWR

Reactor

cluster OAB 523

rod DD 95341

Pickering G.S
Unit 3

Bruce G.S Unit 3

Douglas G.S

Peach Bottom
Unit 2

Tsuruga

H.B.Robinson
Unit 2

Turkey Point unit
3

Bumup

(GWd.f1)

11.2

7.7

8.2

7.1

6.7

11.9

14 to 30.6

(25
average)

30.9

27.1

Power

(W.cm"1)

350 to
450

200 to
450

280 to
320

-240

212 to
327

182

Clad

Type

steel
Z10CNNb18/11

Zr-1.6%Cu

Zircaloy 4

Zircaloy 4

Zircaloy 4

Zircaloy 2

Zircaloy 2

Zircaloy 4

Zircaloy 4

Outside
diameter(m

m)

11.83

15.10

15.23

13.11

15.23

14.30

14.20

10.64

10.72

Thicknes
s

(mm)

0.4

0.75

0.38

0.38

0.38

0.94

0.6

0.62

0.62

Table 16: Summary table of studies on fuel rods.

The geometry of the clad (diameter, thickness) and its type represent an important variable for

the develop of a crack. The diameter of the fuel is an important factor because, although contingent on

density, it defines the amount of oxygen required for its complete conversion to U3O8. This is why

each of the conversions will be examined individually for each type of fuel before trying to make any

synthesis. At the last resort, we can focus on what happens to the PWR rods.

Oxidation tests mainly use rods made non-tight by drilling one or more holes. However, some

defective rods in the reactor are subjected to comparative tests. But the size of deliberate defects (0.5

to 2 mm) is always significantly larger than that of spontaneous defects (0eq < 0.05 mm). The

isothermal oxidation temperatures range between 200 and 300°C, all investigations combined, with a

majority of tests between 220 and 250°C. Whole rods and rod sections are employed.
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Type

EL4

CAN DU

BWR

PWR

Fuel rod

cluster OAB 523

rod DD 95341

Pickering G.S Unit 3

Bruce G.S Unit 3

Douglas G.S

Peach Bottom Unit 2

Tsuruga

H.B.Robinson Unit 2

Turkey Point Unit 3

Defect

Type

hole 0 2 mm

hole 0 2 mm

hole 0O.8 mm

hole 0 0.8 mm

primary and
secondary defects

hole 0 0.76 mm

hole 00.5 mm

0 1 mm

hole 0 0.76 mm

hole 0 0.76 mm

cracks 0 eq =
0.008 to 0.037 mm

Localization

at 5 mm from weld of
mobile plug

à 10 and 247 mm/ends

à 10 and 247 mm/ends

mid-height and ends

at mid-height for irradiated
and unirradiated rods

mid-height and ends

along entire rod

Oxidation

temperatures

250 and 300°C

250 and 300°C

220 to 250 and 300°C

220 to 250°C and
300°C

250°C

229°C

200, 220 and 240°C

229°C

250 to 360°C

7.2.7.2

Table 17: Summary table of main test conditions.

RELA TION BETWEEN OXIDA TIONAD VANCE AND DEFORMA TION

To simplify the formulation of oxidation, we can refer to the molar fraction of UO2 converted

to UO2.67 (U3O8) without trying to highlight the appearance of an intermediate phase very slightly

denser than UO2.

The weight gain , swelling of the fuel and clad deformation — are recalled below.
mo V() 0o

This is considered as equal to the diametral variation of the cylinder representing a pellet by a

geometric equation, without taking account of the effects of mechanical stresses.

with

and

Equation 21

Equation 22

Equation
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where F denote the fraction of UO2 converted to U3O8, i.e. the molar fraction of UO2.67

, density of UO2, Puo,6 » density of U3O8 and p , density of UO2 - UO267 mixture

2 , mass fraction of UO2 and mvo , mass fraction of U3O8

MU02 , molecular weight of UO2 ,MUO?6 , molecular weight of UO2.67 and M,

molecular weight of UO2 - UO267 mixture

iQU0 , molar volume of UO2 and Q , molar volume of UO2 - UO267 mixture

40% 60%

Fraction of UO-convened to U

Figure 58: Variation in diametral deformation, swelling and weight gain with the
fraction ofUO2 converted to U^Os-

7.2.7.3 CLAD DÉFORMA TION

7.2.7.3.1 EL4 rods

In a first step, for a hole drilled near the mobile plug, only the steel rod undergoes deformation

of 1.1%, after 147 h and 250°C. However, this is reached in the first 91 hours and then remains

unchanged. The authors consider that the swelling of the oxide compresses the clad and prevents air

from penetrating into the rod. Continued treatment at 300°C for 59 h (or 147 + 59 h) does not cause

any further deformation.

In a second step, a hole is drilled in the middle of the rods and the treatment is prolonged for

36 h (or 147 + 59 + 36 h) at 300°C. The steel clad then bursts completely at the level of the central
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hole. As to the zircaloy-copper clad, it displays diametral deformation of 5.1% with considerable

cracking around the hole.

7.2.7.3.2 CANDU rods

7.2.7.4 PICKERING RODS

After treatments at 220, 230 and 250°C, the metrologies supplied the following figures:

i. the diametral deformation was ~ 0.2% at 220 and 230°C at the central hole and

increased up to - 2 % at 250°C

ii. the rods which were drilled with six holes displayed average deformations of 0.5% at

220°C and 0.7% at 230°C. In this case, treatment at 250°C for 208 h caused tearing in

the central zone containing four holes, accompanied by 5 to 12% deformation. At the

ends of the rod, however, where there was no hole, deformation was only 1.2 and 2%

with the appearance of cracks.

7.2.7.4.1.1 Bruce rods

Measurements were taken after treatment for 601 h at 230°C. In the central zone containing

four holes, diametral deformation did not exceed 1% and was insignificant at the ends where there was

one hole. No deformation was observed at 220°C for this duration. However, treatment for 215 h at

250°C caused a 3 cm long crack on one side of the hole and 1.5 cm long on the other side,

accompanied by a maximum deformation of 8%.

7.2.7.5 DOUGLAS RODS

The rod displayed an involuntary tightness defect. Annealing at 250°C caused no significant

change in diameter for 155 h, but swelling rapidly reached 2% after 173.5 h and over 10% after 194 h.

The crack propagated 2 cm on both sides of the initial defect.

Table 18 shows the conditions of appearance of the severest damage for CANDU rods. At

250°C, a duration of about 200 h is generally enough to cause high diametral deformation

accompanied by crack propagation.
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Element

Pickering NGS Bundle H07696

Pickering NGS Bundle H07696

Bruce NGS Bundle F13566

Douglas Point NGS Bundle G01507

Defect

Artificial, 1 hole

Artificial, 6 holes

Artificial, 1 hole

Natural

Heating
Temperature

(°C)

250

250

250

250

Test Time
(h)

208

208

215

194

Maximum
Diametral
Increase

(%)

2

12

8

10

Sheath
Splitting

No

Yes

Yes

Yes

Reference

Novak et al.'

Novak et al.1

Current test

Current test

7.2.7.5.1

Table 18: Summary table of the main tests on CANDUrods after Novak et
al. (1983).

BWR rods

7.2.7.5.1.1 Peach Bottom rods

The entire rod was maintained at 229 ± 3°C. It was examined after 2235 h with a second

examination at the end of the test, at 5962 h. In the absence of crack propagation, the diameter of the

holes drilled increased no more than 12% (initial diameter = 0.76 mm). However, a crack propagated

on either side of the hole located at 559 mm from the tip of the rod (Table 19). Diametral deformation

was 9.8% at 2235 h and 15.8% at 5962h, corresponding to complete oxidation to U3O8.

Axial diameter of original defect (mm)
Transverse diameter of original defect*1 (mm)
Length of split up the rod (mm)
Length of split down the rod (mm)
Total length of split (mm)
Maximum split width (mm)
Maximum diametral deformation (Vo)

2235 ha

2.29 ±0.15
1.52 ±0.15
4.24 ± 0.08
7.04 ± 0.08

11.28 ±0.13
1.37 ±0.05

9.8

5962 ha

1.93 ±0.03
1.88 ±0.1

34.0 ±0.15
21.2 ±0.13
55.1 ±0.3
4.55 ± 0.05

15.8

"Errors are one standard deviation on measurement.
bMeasured transverse width less the average split width adjacent to the original defect.

Table 19: Characteristics of defect at 559 mm/top of Peach Bottom BWR rod
(229°C) after Einziger & Cook (1985).

The longitudinal profilometry along two generating lines (one containing the defect, the

second at 90°) revealed the change in the deformation. At the initial defect of the crack, deformation

was 15 to 15.8%. Over the 2 cm on either side of the crack, however, it was only about 5%. It was

very small at 9 cm from the initial hole, or 5 cm from the end nearest to this crack (Figure 59).
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Figure 59: Diametral profilometry at the upper defect of the Peach Bottom BWR
rod at the end of the test at 229°C. The initial defect and the shape of the crack are

shown at the appropriate distance from the bottom of the rod, after Einziger &
Cook (1953).

7.2.7.6 TSURUGA RODS

The diameters at different levels of the rod increased after an incubation period, its length

decreasing with rising temperature. Treatments were stopped when crack propagation became

excessive (i.e. a few tens of mm), corresponding to durations of 4000 h t 220°C and 1000 h at 240°C

(Figure 60).
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Figure 60: Maximum
diametral deformation of

irradiated Tsugura BWR rods,
after Nakamura et al. (1995)
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Figure 61: Maximum
diametral deformation of

unirradiated Tsugura BWR
rods, after Nakamura et al.

(1995)

10000

The deformation of the unirradiated rods was recorded up to 15 to 16%, without any mention

of the cracks in the clads (Figure 61).

7.2.7.6.1 PWR rods

7.2.7.6.1.1 H. B. Robinson rod

Like the Peach Bottom rod, this rod was treated in full at 229° ± 3°C. However, no

profilometry was practiced before treatment, so that the diameter changes after 2235 and 5962 h are

compared with those of a batch of equivalent rods. The authors reported no significant deformation

within the limit of the measurement or appreciation error, nor any appearance of cracks.

7.2.7.7 TURKEY POINT ROD

Metrology was performed along two generating lines (one containing the defects, the second

at 90°) at 13 mm (V2inch) intervals. When the temperature was above 250°C, the widest defects

propagated first. The reverse occurred below this temperature. The report mentions the clogging of the

fine openings when the temperature was sufficiently high to produce U3O8 rapidly: this appears to be

in contradiction with the deformation caused by its formation. The deformation is small (< 1%), or

very small, for small "natural" defects. However, it is greater than 5% for drilled holes ( 0 = 0.76 mm).

The authors reported two necessary deformations thresholds before the propagation of a defect: one at

6.5 - 7.5% for large defects and the second at less than 1% for small cracks.
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Cladding Strain at Breach

Sample
Number

A4B
A5B
A4A
A5C
A6A

B3C
A5A
A1A
A3A
A3C

A3B
B6B
BIB
B4B
B4A

Test
Temperature

(°C)

360
360
325
325
283

283
283
283
250
250

250
295
295
295
295

Defect
Size

(mm)

27
760

8
760
26

760
12*

760
12
37

760
760
34

760
19

Initial
Diameter
at Defect

(mm)

10.63
10.63
10.61
10.62
10.63

10.62
10.59
10.63
10.63
10.64

10.60
10.64
10.63
10.60
10.61

Cladding Strain
at Breach Site

(%)

0.69
6.83
0.05
7.49
0.26

6.87
5.29

b.c

0.57
0.50

d

>2.2b

<2.75b

>3.0b

b,c

Type of Breach

Flap
Axial
Spiral
Flap
Axial

Spiral
Axial/minor flap
Axial
Axial
Axial

d

Flap
Axial

] Axial
Axial

"The split occurred at a location away from the defect; strain at defect was 0.29%.
bThe split had widened too much to make a valid strain measurement.
cNot measured.
dDid not propagate.

Table 20: Types of defect and diametral deformation of Turkey Point PWR rod

after Einziger & Cook (1985)
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(b) FLAP
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126.8 h

(c) SPIRAL
283°C
1208 h

Figure 62: Examples of types of defect propagation after Einziger & Strain (1986).

7.2.7.7.1 Conclusions on clad deformation

Defect propagation appears to occur above a critical diametral deformation threshold. For the

EL4, CANDU and BWR rods, this point is located between 1 and 2% for deliberate defects. It could

even be less than 1% for very small defects or involuntary cracks in PWR rods. However, propagation

occurs above 6.5%, regardless of the type of rod, defect or burnup.

The temperature of 250°C also represents a threshold above which the formation and

propagation of a crack occur rapidly (< ~200 h). Figure 63 offers an example of this for CANDU rods.

With unirradiated rods, the clad tolerates the maximum deformation without crack

propagation. The difference in behavior with irradiated rods reflects the change in the mechanical

properties of the clad under irradiation, particularly the drop in its ductility.

According to Figure 58, for a clad deformation of 2.4%, corresponding to 3.7% swelling

caused by the formation of 10% by mole of U3O8; the associated weight gain is 0.40%. For a clad

deformation of 6.4%, the equivalent quantities are 9.9%, 27% and 1.03% respectively. These figures
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Figure 62: Examples of types of defect propagation after Einziger & Strain (1986).

7.2.7.7.1 Conclusions on clad deformation

Defect propagation appears to occur above a critical diametral deformation threshold. For the

EL4, CANDU and BWR rods, this point is located between 1 and 2% for deliberate defects. It could

even be less than 1% for very small defects or involuntary cracks in PWR rods. However, propagation

occurs above 6.5%, regardless of the type of rod, defect or burnup.

The temperature of 250°C also represents a threshold above which the formation and

propagation of a crack occur rapidly (< ~200 h). Figure 63 offers an example of this for CANDU rods.

With unirradiated rods, the clad tolerates the maximum deformation without crack

propagation. The difference in behavior with irradiated rods reflects the change in the mechanical

properties of the clad under irradiation, particularly the drop in its ductility.

According to Figure 58, for a clad deformation of 2.4%, corresponding to 3.7% swelling

caused by the formation of 10% by mole of U3O8; the associated weight gain is 0.40%. For a clad

deformation of 6.4%, the equivalent quantities are 9.9%, 27% and 1.03% respectively. These figures
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show that crack propagation only requires a partial conversion of UO2 to U3Og. This demonstrates the

importance of Equation 17, provided by P. Taylor et al, which indicates the time required to form

more than 10% U3O8 at a given temperature.

As another consequence, this result implies that a MOX fuel could potentially display similar

behavior inasmuch as 80% represents a UO2 matrix. However, this hypothesis is not substantiated by

any experimental results.
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Figure 63: Diametral increase as a function of test time and temperature on
CANDU rods after Novak et al. (1983)

7.2.7.7.2 Weight gain

7.2.8 EL4 rods

Bazin et al. (1973) reported a weight gain without any incubation period, following a linear

pattern.

7.2.8.1.1 CANDU rods

The weight gain again occurs without an incubation period, in a linear pattern. Oxidation is

faster with a larger number of holes and with higher temperature. However, with a single hole, the

effect of temperature appears to be insignificant (McEachern, 1997). At 220 - 230°C, the rate of

weight gain is -10 to IS.IO'VO. h"1 in the presence of six holes. It is ~ 3.10"4%.h "' in the presence of a
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single hole. At 250°C, this rate drops to 2.10 -3 % h"1 while a rather open crack develops. The change

in the morphology of the defect should encourage prudence in comparing the rates.
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Figure 64: Weight gain of
Bruce rods
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7.2.8.1.2 BWR rods

There was no monitoring of the weight gain of the Peach Bottom rod, but an approximate

balance of the oxygen/nitrogen ratio at the furnace exit. Oxidation was 3 to 6.10"3% after 5962 h for

three holes drilled on the entire rod.

On the other hand, the data on the Tsugara rods are more complete (Figure 66). The weight

increase occurs without incubation. A saturation effect appears to occur around 60%, corresponding to

a ratio O/M = 2.40. This result confirms the data previously advanced in this temperature range.

Moreover, the curves merge at 220and 240°C. In the presence of air diluted in argon (1 or 5%

air), the kinetics is much slower, reflecting the shortage of oxygen compared with potential demand.

Besides, the unirradiated rods are oxidized slightly more slowly than their irradiated counterparts.
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Figure 66: Weight increase of irradiated
and unirradiated Tsugura rods in air and

argon-air mixtures.

7.2.8.1.3 PWRrods

No information is available concerning the weight gain of these rods.

7.2.8.1.4 Conclusion on weight gains

The weight increase associated with oxidation occurs from the onset of the test without any

incubation period. The regime appears to be linear for small increases. The formulation in terms of

O/M ratio, which tends towards 2.4 as done by Nakamura et al. (1995), should nonetheless not

mislead us as to the precise nature of the oxides formed. In fact, the clad deformation associated with

it can only be explained by the appearance of a high molecular weight volume like U3O8. Thus the

O/M ratio of 2.4 corresponds to a mixture of several phases and not to a single phase with a cubic

UO2+X structure as presented by Einziger et al. (1992) and Einziger & Strain (1986) (see 7.2.4.6).

Prudence is necessary concerning the relative weight increase. If a defect is small compared

with the length of the rod or section, oxidation only concerns a small fraction of the fuel. It is

A wi

important to determine the fraction of fuel to which m0 corresponds in . An examination of Figure

59 shows that the length of the deformed, hence oxidized zone, is approximately equal to three times

that of the defect, i.e. the combination formed by the defect zone plus an equivalent length on either

side. It seems plausible to accept this idea and to consider that m0 represents the weight of fuel

corresponding to a rod length equal to three times the length of the defect present at time t.
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7.2.8.2 MORPHOLOGY AND CRYSTALLINE STRUCTURE

7.2.8.2.1 CANDU rods

For an irradiated rod, Boase & Vandergraff (1977) report that the oxidation front is more

difficult to define than with unirradiated products, due to the presence of cracks which facilitate the

penetration of air along the rod. The rod opens from the initial hole, and the crack displays two open

lips. Novak et al (1983) confirm that oxidation spreads along the radial and longitudinal cracks. The

O/U ratio of 2.40, measured in the central zone containing four holes, suggests the appearance of U3O7

in a first step. Metallographic inspections of various rod cross-sections, near or far from a defect,

reveal no significant change in morphology if the diametral deformation remains small. In the

neighborhood of the holes at the ends, the O/U ratio is 2.35 and 2.38, without a significant change in

diameter. Hence according to the authors, as long as the temperature remains lower than 250°C -

230°C, for example, U3O7 is approximately formed. In the intermediate sections without defects, the

O/U ratio is only 2.01. After 208 h at 250°C, the examination of a cross-section of a Pickering rod

(McEachern, 1997; Boase & Vandergraff, 1977) reveals propagation of the oxidation front along the

radial cracks, and a loss of fuel. A large proportion of the section is oxidized, as foreseeable with a

diametral deformation of 5 to 12%. The micrographs clearly reveal the oxidation of the grain

boundaries from the radial cracks, and the detachment of the grains: this observation confirms the

diagram in Figure 40. At the central defect, oxidation to U3O8 is complete, but the O/M ratio drops

rapidly to 2.1 in an adjacent section situated along the axis at 1 cm from the bottom of the crack. By

contrast, the O/M ratio drops from 2.40 at the level of the single hole near one end, to 2.15 in a section

adjacent to the hole. Further down, midway between the central part and the end, i.e. far from a defect,

the O/M ratio is between 2.008 and 2.015.

Remark: The O/M ratio (denoted O/U in these publications) is determined by gravimetry on

fragments according to standard ANSI/ASTM C 696-80.

7.2.8.2.2 BRW rods

7.2.8.3 PEACH BOTTOM RODS

After 2235 h at 229°C, the fuel visible through the crack disintegrates neither into particles nor

into fine powder51. However, a little black dust exits through the crack, mainly containing zirconia

ZrO2 and 137Cs, as well as small quantities of 80Co and 134Cs (activity three orders of magnitude lower

than that of 137Cs) as well as traces of 241Am. Yet the presence of 235U is undetected. After 5962 h, the

rod appears to consist of large pieces. However, its handling causes powder to be released outside the

crack. Complete de-cohesion of the fuel occurs into fine particles mainly consisting of U3O8 alongside
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some UO2. This de-cohesion of the grains is manifested by grains tearing off during metallographic

polishing of the sections.

The X-ray diffraction analysis of samples taken at different points from one or more sections

shows that U3O8 is present alone, even if the deformation is a maximum at the defect. The proportion

of U3O8 drops as the diametral deformation decreases, giving way to increasing proportions of U3O7,

followed by U4O9 and finally UO2. The latter two oxides are found when no deformation is observed.

In consequence, oxidation is not uniform in a section or along the axis (Figure 67 and Figure 68).
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Figure 67: Compounds identified as a function of distance from upper hole.
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7.2.8.4 TSUGURA ROD

Unirradiated rods, oxidized for 2140 h at 220°C, display periodic deformation along the axis.

It is a maximum in the median plane of each pellet, a plane corresponding to a minimum density

(Nakamura et al, 1995). For irradiated rods, oxidized at 220°C and especially at 200°C, the periodic

deformation reveals maxima at the level of the inter-pellet interfaces. The X-ray diffraction analysis

chiefly reveals UO2, U4O9 and U3Og. The compound U3O7 is not detected. If the proportion of air in

the argon is reduced to 1%, only U4O9 is observed. It is curious to find that the central core of the fuel

is converted to U3O8 or U4O9, but the pellets display circumferential cracking. Crystal growth occurs at

the center. The oxidation propagates along the grain boundaries, causing their de-cohesion when a

layer of U4O9 surrounds each grain.

7.2.8.4.1 PWRrods

The H.B. Robinson and Turkey Point rods appear not to have been subjected to metallographic

examination and structural analysis after oxidation. Only fragments of Turkey Point fuel, oxidized

outside the clad, were examined (see 7.2.5.3). The observations reveal de-cohesion of the grains by

oxidation to UO2+X at the grain boundaries, when the temperature remains under 250°C. Above this

temperature, U3O8 spalling occurs simultaneously.

7.2.8.4.2 Conclusions on the morphological and structural changes in the fuel in the rod

Oxidation does not advance uniformly in a fuel section, but first propagates from the clad

defect, and then along the radial transverse cracks present in the fuel. Oxidation first concerns the

grain boundaries with the development of an oxidized layer, denoted U4O9 , which favors the de-

cohesion of the grains. The formation of U3O8 first appears at the defect and its presence is detected in

the immediate neighborhood, with subsequent propagation due to the swelling cause. The average

O/M ratio in a section decreases rapidly in an axial direction. However, this average ratio does not

reflect the existence of a single compound, but may correspond to the simultaneous presence of UO2+X,

U3O7 and U3O8.

The detection of U3O7, in rods with low burnup (< 10 GWd.t-1), is only mentioned below

250°C, a temperature that represents a threshold for the appearance of a substantial amount of U3O8,

but also swelling associated with spalling of the fuel.

However, the authors report that the handling of the rods causes the exit of a significant

fraction of the fuel grains, of which the de-cohesion, recalled above, occurs even below 250°C
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7.2.8.5 INCUBA TION TIME

This concept designates the period elapsed between the onset of oxidation and the propagation

of the defect in the form of a crack. This crack is initiated when the diametral deformation of the clad

exceeds at least 2%, or even 6%.

The few values found in the different publications are reported in Figure 69. A number of

observations can be made.

i. On the whole, the incubation time of small undesired defects (< 0.037 mm), resulting from

stress corrosion, is longer than the time resulting from deliberately drilled holes, which are

larger (0.5 to 0.8 mm). This effect undoubtedly derives from a lesser accessibility to air

through these small defects. Also conceivable is containment of the fuel, of which the

oxidation is controlled by the leakage rate across the defect.

ii. The CANDU (< 10 GWdt"1) and BWR (31 GWdf1) fuel rods display an apparently

shorter incubation time than the PWR rod (27 GWdt"') with equivalent hole sizes. The

dispersion of the data, between 200 and 360°, covers about a decade. One could

nonetheless try to develop an equation to reflect the changes between time and temperature.
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Figure 69: Experimental points for incubation time before defect propagation

Gras et al. (1998) propose Equation 24, which integrates all the points corresponding to the

deliberate holes from 0.5 to 0.8 mm, made in the PWR and BWR fuel rods. The "activation energy" is

HOkJ.morV

Equation 24 = 6,2A0~9
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If one only considers the representative points of the PWR rod, three equations can be

formulated

Equation 25 = 1,692. for small defects

Equation 26 t = 3,198.10

defects

" n for large

Equation 27 for all defects

The equivalent activation energies are 113, 139 and 127 kJ.mol"1 respectively. From equations

25 and 26, whose representatives lines are secant at 225°C, the incubation time for small defects is

always longer than for large defects above this temperature.

The defect propagates always after the O/M ratio reaches 2.4 (i.e. t2.4). This conforms to the

need of a sufficient quantity of \]?,O% to cause critical deformation of the clad (Figure 70).
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A multiplication of 9 to 3 applies from 200 to 350°C, between the two expressions of

incubation times plotted in Figure 70, according to the fuels and defects considered. This

represents the present status of the available data.
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Above around 270°C, incubation time is longer than that necessary for spalling in the case of

fragments outside clad. This would tend to confirm the confinement effect a "elevated" temperatures

that would limit the oxidation rate of the fuel in a rod compared with that of free fragments. This is in

fact the temperature range where the formation of U3O8 is identified. Below 250°C, it is clear that the

defect propagates after the time necessary for O/M = 2.4 but before the spalling of U3O8. This is

compatible with a partial and sufficient conversion to U3O8 to reach the critical deformation threshold

of the clad, above which the defect propagates. This would mean no more containment by the clad,

with oxidation continuing at a natural rate without an oxygen shortage.

7.2.8.6 DEFECT PROPAGATION RATE

The ruin of the fuel rod depends on the size of the defect after a certain storage period.

Propagation of the defect is formulated by its average rate at a given temperature. Two approaches are

available for evaluating this rate: either observing the length of the defect, or the advance of the

oxidation front corresponding to a 6.5% deformation of the clad (Figure 59 & Figure 67). The

propagation rates available in publications are average values. The reading of Table 19, corresponding

to the Peach Bottom BWR rod, reveals that the length of the crack is 11.28 mm after 2235 h5 then 55.1

mm after 5962 h. Since the incubation time is 1200 h, it is clear that the rate is linear.

Novak et al. (1983) propose Equation 28 to express the effect of temperature (between 230

and 360°C) on the rate (in m.s"1) of the oxidation front for CANDU rods. The corresponding

"activation energy" is 81.5 kJ.mol"1.

9800
Equation 28 v = 2,18 exp(

Einziger & Strain (1986) combine in one figure all the data currently available on CANDU,

BWR and PWR rods. The processing of these data leads us to formulate the following equation

integrating all the points. The corresponding activation energy is 71.5 kJ.mol'1.

Equation 29 v = 4,94 exp( )

It is not demonstrated that these equations can be extrapolated to temperatures above 360°C,

because the corresponding heat treatment progressively restores the toughness of the clad, thereby

reducing or even canceling the defect propagation rate.
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To compare the propagation of the defect with other mechanisms, we have calculated and

shown (Figure 71) the time required for a 1 m crack to be formed, representing damage of more than a

quarter of the length of the rod. Three observations can be made.

i. 100 years storage would require a temperature under 150°C. The figure drops to only 33

years at 175°C.

ii. However, the extrapolation of the curves below 230°C is problematic. This is because the

defect propagation rate implies a shorter time than what is necessary to form significant

amounts of U3O8. However, the propagation of the defect does not require total oxidation

to U3O8. Hence some difficulty arises in predicting or extrapolating the effects below

230°C.

iii. Depending on the length of the crack adopted to define the ruin of the fuel rod, the

incubation time may be irrelevant or important. For example, a 10 cm crack is rapidly

formed after the incubation period.
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Figure 71: Comparison of time to propagate a crack up to 1 m compared with time
for O/M-2.4, time for spoiling to UiOs and incubation time

CONCLUSIONS ON THE OXIDA TION OF FUEL RODS

The database concerning the changes in non-tight rods is limited and covers four types of fuel.

However, it helps to draw many useful lessons.

The tests were mainly performed with whole rods or rod sections in which one or more

0.5 to 0.8 mm diameter holes had been drilled. These deliberate defects are at least 10 to 20
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times larger than the undesirable defects produced by corrosion in the reactor. The

temperature range explored is 200 to 360°C.

Under the effect of U3O8 production, the clad is deformed up to a critical value, which is

accompanied by the propagation of a crack, itself initiated on the primary defect. As long as this

diametral deformation has not reached 2% for the large defects, a crack does not develop. Above 6.5%

deformation, all the defects propagate. Above 250°C, deformation quickly appears and the defect

propagates rapidly. These deformation thresholds, 2 and 6.5%, are reached when 10 or 35% per mole

of UO2 is converted to U3O8. Propagation only requires partial oxidation to U3O8.

The length of the rod on which deformation is observed represents about three times that of

the defect, i.e. the size of the crack, and an equivalent length on either side of it. This is why we

recommend referring to this length of fuel to calculate the relative weight increase.

The weight increase by oxidation is immediate, and proceeds approximately linearly. No

mention is made of fission gas release which offsets the increased associated with oxygen fixation. On

the other hand, the defect propagates after an incubation period corresponding to the time required to

form a sufficient fraction of U3O8. At the defect and throughout the deformed zone, the compound

U3Og is found, but its proportion decreases with increasing distance from the defect. U3O7 is found at

low burnup below 250°C, and then U4O9 or generally a cubic phase which is denoted UC +̂x- The

morphology observed by means of metallographic examinations reveals that the oxidation propagates

massively via the radial and transverse cracks in the pellets. From this point on, the grain boundaries

are oxidized first, rapidly leading to de-cohesion of the grains which can spread outside the rod, in the

form of a powder, during handling.

The incubation time before defect propagation is, as foreseeable, slightly longer than the time

required for O/M to be equal to 2.4, since some U3O8 is necessary. It is only a few months at 250°C.

The dispersion of the experimental points implies several relations between time and temperature.

Note however that the incubation time at à T > 250°C is longer with smaller defects.

Comparing the incubation time with time before spalling to U3Og, we can conclude that the

fuel is confined in the clad above 270°C. Below this figure, the oxygen input, which is independent of

temperature, is sufficient to promote the natural oxidation of the fuel.

The potential collapse of the fuel is evaluated from the propagation rate of the crack or the

front of the oxidation advance or of the clad deformation. This average rate ranges from 0.2 mm.day'1

at 200°C to 22 mm.day'1 at 360°C. Hence a crack can reach 1 m in 25 months at 250°C.
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Finally, the compilation of the available research helps to predict with a fair degree of

reliability what occurs above 250°C. Below this temperature, the conclusions are less precise. The

spalling of the fuel outside the clad into U3O8 occurs after 100 years at a constant temperature of

200°C. A 1 m crack develops during this period for a temperature of 180°. However, these two

extrapolations are only meaningful if U3Og germinates at these low temperatures. This is in fact the

main uncertainty.

The second cause of uncertainty, as to extrapolation, stems from the few points available,

implying a lack of accuracy concerning the relation between time and temperature. Hence even with

such activated mechanisms, a small difference in the activation energy, or in the determination of the

real temperature and on the pre-exponential term, has a substantial effect on the duration of the

mechanisms observed.

Study proposals for fuel rods

i. complete our database by performing tests on PWR, UO2 and MOX fuel rods, in a temperature range

froml75°to250°C.

ii. perform tests with decreasing temperature histories to shorten incubation time at the start of life and to

measure the propagation rate at lower temperature.

iii. perform similar tests after carrying out treatment to restore the clad ductility,

iv. develop equations relating incubation time and propagation rate to temperature,

v. clarify the diametral deformation threshold of the clad above which the defect propagates,

vi. measure the release of fission gases accompanying the propagation of the oxidation front.

7.2.9 Summary, recommendations and research proposals

7.2.9.1 MAINRESULTS

Dry storage is one alternative for dealing with PWR fuel assembles when they leave the

reactor. According to the numerical simulations available today, the residual power will maintain a

temperature above 150°C, during a few years for UO2 and a few decades for MOX.

At these temperatures, the oxide UO2, which accounts for all or part (MOX) of the fuel, can

oxidize in the presence of air to form the compound U3O8. Its molar volume, smaller than that of UO2,

causes swelling, which could subject the clad to a sufficient stress to propagate any tightness defect.

This report provides an overview of the data available in the scientific and technical literature,

open on the one hand and also acquired at the CEA, concerning the oxidation of the fuel at
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temperatures representative of storage. The analysis and synthesis of the data concerns the oxide UO2

in all jts forms - powders with different specific surface areas, unirradiated pellets, doped products,

fragments of irradiated fuels - as well as the behavior of the non-tight rod consisting of pellets in their

clad.

This document is planned to address the following factors:

S changes in the compounds formed with the advance of the reaction

S morphological transformations which accompany their formation

S kinetic regimes as a function of temperature and type of initial products

These topics, which are developed for fuels outside the clad, are repeated, point by point, to

describe what happens to the fuel rod and to examine the extent to which oxidation can be a ruin mode

for the fuel in its assembly.

The U-0 system is complex, displaying many definite compounds and phases, more or less

stoichiometric in oxygen, especially at low temperatures at which the thermodynamic equilibria are

only slowly established. The progressive insertion of oxygen into the crystal lattice of the main

uranium oxides causes a complex rearrangement of the anionic sub-lattice, whose structure has been

described above for U4O9.8, but is not yet known for the other higher oxides. We still have no good

explanation as to why or how the presence of foreign cations stabilizes the cubic structure of oxide

UO2 , i.e. the process by which they modify the anionic sub-lattice and act on certain conversions, like

the formation of the compound U3O7 and particularly of the oxide U3O8.

The characteristics of PWR fuel before and after irradiation are recalled to provide a rough

description of the initial state of the products likely to be oxidized. The appearance of cracks and open

pores, the nucleation of fission gas bubbles, are factors which modify the conditions of air penetration

into the fuel. On the other hand, fission produces atoms soluble in the solid state (about 7% at 60

GWd.f1) in the UO2 cubic lattice; their presence alters the oxygen potential.

The succession of compounds formed during oxidation is complex. It depends primarily on the

temperature, but with differences according to the morphology or composition of the initial product. If

the temperature is limited to 250°C, in the case of pure UO2 oxide, which is slightly doped (< 4 at%)

or slightly irradiated (< 10 GWd.t"1), the quadratic compound U3O7 first appears, which is then

converted to orthorhombic U3O8. By contrast, for higher burnups or doping contents, a non-

stoichiometric phase of a fluorine structure, UO2+X or MO2+X - where M denotes U or any

crystallochemically compatible cations - formed instead of the oxide U3O7. The O/M ratio may tend

towards 2.4. If the temperature is above 250°C, the appearance of these compounds or intermediate
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phases is momentary if not undetectable. Finally, at 300°C or more, regardless of the initial product, as

long as it is not doped to 25 at%, the orthorhombic phase U3O8 or M3O8, is formed.

This description contains an uncertainty below 200°C, because these low-density oxides U3Og

and M3O8 have a rather slow, or very low kinetics of appearance, the rate essentially depending on the

surface texture of the initial products (slower with higher specific surface area). This is why many

authors do not detect the formation of U3O8 on powders, but without having prolonged experiments

over long periods. Hence we assume that the orthorhombic phase U3O8 and M3O8, whose appearance

is responsible for swelling, is likely to form if the temperature is at least 200°C for an unirradiated

product and 250°C for a fuel irradiated to a few tens of GWd.t"1. This conclusion is nonetheless

unsupported at low temperature, at which virtually no results are available. And moreover, if the

concentration of doping agents, deliberately introduced or resulting from fission, is 25 at% or more,

this phase is not formed. The doping threshold is nonetheless not reached by fuels unloaded from our

present reactors.

At 100°C or less, oxidation in the presence of high relative humidity (HR > 40%) causes the

formation of uranyl hydrates UO3XH2O at the expense of the oxides UC>2+X. At 175°C or more,

humidity appears to have no significant effect on the O/M ratio of irradiated PWR fuels.

Morphological changes in the fuels are intimately linked to the nature of the initial product.

For unirradiated UO2 powders, conversion to U3O7, which is the first step, is controlled by a parabolic

law characteristic of a diffusion mechanism of oxygen across a more oxidized surface layer. At the

onset of reaction, it preserves a cubic structure denoted UO2+X, which is converted to a quadratic

structure of the U3O7 type, starting with UO2.n and up to UO2.29 depending on the temperature. The

second step corresponds to the conversion of U3O7 to U3O8, by a nucleation-growth process, which is

perhaps followed by another mechanism like the contracting sphere, when the entire surface is covered

with seeds of U3O8.

All the authors found that the oxidation of UO2 powders to U3O8 is accompanied by a

significant increase in the specific surface area, up to a maximum level of 4.5 to 4.6 m2.g"'. However,

agreement is not complete concerning the step of the process at which this subdivision of the material

occurs. Initially credited to the formation of U3O8, this surface increase, according to the latest

investigations, in which the area per unit volume and not per unit mass has been measured, appears to

result from the cubic to quadratic transition association with the formation of U3C>7. The diagram in

Figure 38 summarizes the situation.
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For unirradiated pellets or sintered discs, oxidation only significantly begins after an

incubation period whose duration decreases with rising temperature: 80 minutes at 400°C but none at

500°C. The weight increase then obeys a linear regime. During the incubation period, the outer surface

is covered with a fine surface layer of U3O7. The tensile stresses resulting from the decrease of the

lattice parameter at the start of UO2 oxidation, produce many micro-cracks, through which the oxygen

penetrates into the sintered product. Oxidation can then propagate faster and these micro-cracks

promote the nucleation of U3Og. However, if the temperature is above 350°C, the growth of the U3O8

seeds is sufficiently activated for rapid spalling of the grains to occur at the surface. The diagram in

Figure 39 illustrates these mechanisms.

Irradiated fuel fragments are distinguished from unirradiated fuels inasmuch as the weight

increase is immediate, without an incubation period. Oxidation is detected by the presence of a cubic

type oxidized layer around each grain. Its development, which limits diffusion, and its specific

location, mean that oxygen infiltrates without any difficulty via the grain boundaries. The cubic phase

which develops generates tensions which favor inter-granular micro-cracking. Combined with the

presence of fission gases accumulated at the grain boundaries (about 20% of the inventory), this

mechanism explains why even below 250°C, oxidation causes de-cohesion of the fuel grains. If the

temperature is higher, the nucleation of U3Og, as above, makes oxidation non-uniform due to spalling

of the U30g grains. The diagram in Figure 40 summarizes the situations.

The oxidation of UO2 powers proceeds in two steps.

i - the first results from the conversion of UO2 to U3O7. It is controlled by the diffusion of oxygen

across the more oxidized layer formed at the surface. The advance of the reaction displays a

characteristic parabolic law, with an infinite rate at the origin. The rate increases with higher

specific surface area. The activation energy of this process is 95.7 kJ.mol'1. For example, less than

100 days at 200°C are enough to convert 90% of UO2 toU3O7 from 5 um radius grains.

ii - The second step leads to U3Og. It corresponds to a nucleation-growth mechanism of which the

representative curve is a sigmoid. The activation energy displays more dispersed values than those

of the first step. It is high, about 200 kJ.mol"1, at the onset of the 146 kJ.mol"1 for an advance over

0.4, and for powders with low specific areas or pellets. For example, the advance of the reaction

reaches 99.9% after 10 days at 250°C.

These two steps, which correspond to the same oxygen intake, have identical durations, either

at 350°C for large specific surface area powders, or 200°C for small specific areas. Above each of
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these values, the average rate of formation of U3O8 is higher than that of U3O7, explaining the

impossibility of detecting U3O7 as an intermediate compound. By contrast, below these threshold

temperatures, the oxide U3O7 is always identified; the nucleation of U3O8 is not even mentioned below

200°C.

The oxidation of unirradiated pellets or sintered discs obeys a linear regime whose activation

energy varies from 98.6 to 163 kJ.mol"1. However, the authors are more concerned with determining

the time needed to convert them totally to U3O8 powder. At 200°C, less than two months are needed to

produce 10% of this compound and less than one year to complete the conversion.

Irradiated fuel appears to behave like a coarse-grained powder. The kinetic constants are

identical to those of the first step for unirradiated powders, leading not to the formation of U3O7, but to

that of a cubic structure phase MO2.4. This is why the authors define the time necessary for its

formation: about one month at 250°C. The representative line is fairly similar to the one corresponding

to the first oxidation step of a coarse-grained powder (r = 4 to 4.5 um). The O/M ratio then rises until

the spalling of U3Og, of which the onset is also formulated as a function of temperature. It is less than

one year at 250°C, one order of magnitude longer than that of a powder of identical grain size.

A rapid experimental verification at 250 and 275°C served to confirm that a series of grains of

radius 3.5 um displays behavior similar to that of a powder with low specific surface area. The

nucleation of U3Og occurs after 1 and 2 days respectively. On the other hand, the oxidation at 250°C of

a large specific surface area powder rapidly produces U3C>7, obeying a parabolic law, but prolonged

maintenance causes a slow and linear change in the O/U ratio, which tends towards 8/3 after 42 days.

The nucleation-growth kinetics, represented by a sigmoid, is no longer applicable with the kinetic

constants determined above 250°C. It is indispensable to investigate the formation of U3Og at lower

temperatures, because the reality of this conversion has not been demonstrated. This is where the

maximum uncertainty is located, making it difficult to predict the limit temperature in storage.

The database concerning the behavior of fuel rods is more restricted: a total of nine

investigations spread over four types of reactor. The burnups are moderate, less than 12 GWd.t"1 for

CANDU and EL4 rods, and no more than 30 GWd.f ' for PWR and BWR rods. The test rods or

sections are in most cases perforated with one or more holes, from 0.5 to 0.8 and sometimes 2 mm in

diameter; some of them display involuntary defects produced by corrosion in the reactor.

The swelling associated with the formation of the compound U3O8 causes deformation of the

clad at the tightness defect. As soon as the diameter increase reaches at least 2% if the temperature is

over 250°C, or 6.5% in all cases, the defect propagates. These two thresholds correspond to 8 and 27%
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U02 converted to U3O8 respectively, revealing that partial oxidation is sufficient to provide the fuel

ruin. By contrast, similar tests performed on unirradiated rods do not lead to severe degradation,

because the ductility of the virgin clad withstands the maximum deformation produced by complete

oxidation to en U3O8, without propagation of the defect.

The different authors define the incubation period before propagation of the defect. The few

results available are fairly dispersed. Involuntary defects, which are small (< 0.037 mm) propagate

later than the holes drilled (0.5 to 0.8 mm). In this report, two equations between incubation time and

temperature are proposed, one concerning all types of rod with "large" voluntary defects, and the

second PWR rods with defects of all sizes. The first equation is fairly similar to the one giving the

time needed for the O/M ratio to reach 2.4: this result is logical because deformation requires the

production of a fraction of U3O8. The second equation shows that above 270°C, incubation time is

longer than the time needed for the spalling of U3O8 at the surface of the fragments outside their clad.

This means that the oxidation of the pellets in a rod is accordingly slower than in the open air, due to

confinement in the rod. However, this effect does not appear at low temperature.

The average propagation rate of the initial defect is determined after its elongation or by

supervising the advance of the oxidation front thanks to measurements of the diametral deformation.

As previously, an equation links the average rate to the temperature, but this cannot be used above

360°C, because of the progressive restoration of ductility in the clad. On the contrary, extrapolation to

low temperature - with all the reservations mentioned concerning the nucleation of U3O8 below 200°C

- shows that a i m crack is produced in less than 100 years if the temperature is 150°C or more.

7.2.9.2 RECOMMENDATIONS FOR STORAGE

On the basis of existing data and laws, dry storage in air, for a period of 100 years, at a

temperature above 150°C, cannot be recommended. By contrast, below this temperature, it is possible

that the oxidation of the fuel no longer constitutes a ruin mode if relative humidity remains low.

However, the kinetics of formation of uranyl hydrates, and their consequences, are not clearly known,

but justify a special focus because these hydrates have large molar volumes, and also because the

molar fraction of hydrates formed, in the case of powders, is high at 100°C or less.

This temperature of 150°C is not reached before 8 years for UO2 and a few decades for MOX,

after they leave the reactor. A first alternative would be to store the assemblies in an inert atmosphere

to cover this initial period. It therefore seems indispensable to be able to detect a clear break of the

containment under inert gas and to correct this situation. The time limit before action can reasonably
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treated as the incubation time before propagation of the tightness defect of the rod. Determined from

Equation 27, it is about one day at 350°C, one month at 280°C and one year at 230°C.

A second remedy would be based on the detection and isolation of the few assemblies

displaying non-tight rods. Thus the remaining assemblies, or over 99.5% of the total, would be sound

and could be stored without special precautions. Even better, this proportion could be raised to

99.998% by extracting the few defective rods, or 2 per 100,000. Storage, in a first stage under inert

gas, would be reduced to the isolated assemblies or rods.

However, in the eventuality of the failure of initially healthy rods during their storage, the first

alternative would have to be adopted for all the assemblies.

A third remedy would be to apply appropriate heat treatment to each whole assembly, under

inert and pressurized atmosphere, in order to restore the initial ductility of the clads. In these

conditions, oxidation, even if complete to U3O8, would clearly cause deformation of the clad, but this

would not be accompanied by any propagation of a potential defect. Moreover, this heat treatment

would help to simultaneously identify any tightness defect, due to the ensuing release of gas or volatile

fission products.

7.2.9.3 PROPOSALS FOR FURTHER RESEARCHES

The critical temperature of 150°C is obtained by extrapolating the laws developed from tests

conducted above 200°C and, more often, above 250°C. However, we do not have sufficient arguments

to categorically assert that the nucleation of U3Og occurs between 150 and about 200°C, or that growth

is sufficiently rapid to reach an unacceptable proportion in 100 years.

In consequence, the main effort at understanding must be focussed on the physicochemical

parameters and kinetic data of nucleation-growth of the oxide U3O8, relative to unirradiated and

unirradiated fuels, in the temperature interval 175 - 250°C. This research will demand a sufficiently

basic approach to address the slowness of the processes observable. This first research guideline must

also pay close attention to the formation of uranyl hydrates, which have large molar volumes, at under

175°C.

The second research guideline must be devoted to the construction of a database, fuller than

the base available today, concerning the oxidation of irradiated fuels, UO2 and above all MOX, in the

form of fragments outside the clad and fuel rods. An effort should be made to follow the fraction of

radionucleides emitted by the advance of the oxidation front.
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, The third project corresponds to the integration of all these data in a simulation code,

combining a new formalism of the kinetic laws and the states of mechanical stresses associated with

the developments in the compounds formed.

Each of these three major topics includes several elementary operations of tests and

understanding. Proposals for more detailed specific investigations are clearly identified at the end of

each section of this report, in order to complete our knowledge point by point.

These three guidelines have been proposed by decreasing order of priority, with due

consideration to provide the most urgent and the most important answers concerning the storage

possibilities and conditions.
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CHAPTER 8 - SPENT NUCLEAR FUEL LONG

TERM EVOLUTION IN OPEN SYSTEM AND

SATURATED CONDITIONS WITH RESPECT TO

WATER (SP5 & SP9)

8.1 Presentation of the scientific key issues (Dr. C. Jegou)

8.1.1 Scientific Objectives

The objective of subprogram 5 is to develop and validate models of spent nuclear fuel evolution in

contact with an aqueous phase. The models must be capable of predicting radionuclide release over the time

scale of an interim storage facility or a nuclear waste repository under variable boundary conditions. They

must be established on basic data and robust kinetic laws describing the mechanisms controlling spent fuel

alteration in a given environment.

It is essential that the models developed in this context be representative of the behavior of all the

spent fuel types produced in existing and future French nuclear power reactors and intended for interim

storage or ultimate disposal, depending on the corresponding political decision. The radioactive waste

management law passed in December 1991 specify that the results of the research programs must be

available by 2006, hence a fundamentally pragmatic scientific approach focusing on finished products and

operational deliverables.

The following approach is proposed for Subprogram 5:

• Identify any missing data or uncertainties in our understanding of the basic mechanisms of spent fuel

alterability in aqueous media, based on nearly a decade of CEA research and on the data available in

the literature.

• From this preliminary inventory, develop a pertinent and progressive approach to propose and

improve models of radionuclide release from spent fuel. This approach must extend beyond the

current paradigm, which discriminates between the labile fraction, the grain boundary inventory, and

the matrix inventory, to propose a more robust description taking into account the variability of

existing and future spent fuel, and the potential evolution of the fuel during the initial storage phase
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under closed-system conditions. The development of this approach will be based on presently

available findings, but will also require experimentation with actual spent fuel.

• On conclusion of this study, potential chemical coupling phenomena between the fuel evolution and

the environment under generic storage conditions must also be assessed.

By 2006, the progress achieved under Subprogram 5 will be sufficient to propose radionuclide

release models and spent fuel alteration models of increasing precision and accuracy.

8.1.2 Subprogram Description

Subprogram 5 covers two major areas of investigation related to the two major source terms or

radionuclide categories: radionuclides contained in the U(Pu)O2 fuel matrix and RadioNuclides situated

Outside the Matrix (RNOM). Based on present knowledge of spent fuel properties, the radionuclide

inventory outside the matrix includes the gap, grain boundaries, fractures and rim zones (we consider that by

virtue of its microstructure and damage characteristics, the matrix rim zone, which appears at high burnup,

cannot control radionuclide release in the same way as the core UO2 grains). Studies have been defined for

both radionuclide categories to quantify the inventories involved and the mechanisms limiting their release.

Figure 72 summarizes the structure of the fifth subprogram for each type of radionuclide, and

indicates all the models that are to be developed, as briefly described in the following paragraphs.
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8.1.3 Matrix Alteration Models

Two mechanisms may govern the intermediate or long-term alteration of the spent fuel matrix in a

repository environment: oxidizing dissolution under the effect of radiolysis, or uranium dissolution

controlled by solubility. The experimental studies defined within the scope of Subprogram 5 will thus focus

mainly on understanding these two mechanisms in order to develop three models.

8.1.3.1 KINETIC MODEL OF RADIOLYSIS

The objectives are (1) to assess the potential effect of a radiolysis and Py radiolysis on the fuel

matrix alteration kinetics under reducing conditions (the effects of radiolysis on spent fuel dissolution remain

to be demonstrated); (2) to develop quantitative models if necessary to describe dissolution under the effects

of a radiolysis and Py radiolysis; and (3) to propose a unified model capable of accounting for the coupled

effects of radiolysis on the fuel matrix alteration kinetics. The input data for these models must include easily

available characteristic fuel parameters (burnup, residual activity, etc.).
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8.1.3.2 „ DISSOLUTION MODEL BASED ON A CHEMICAL AFFINITY LAW

The goal here is to propose a kinetic law of matrix alteration in the absence of oxidants. The law will

initially be established for fresh UO2, and subsequently extended to spent UO2 by taking the fission products

and irradiation damage effects into account. The model will incorporate the effects of the water chemistry

(anions, cations, redox potentials, pH) as necessary.

8.1.3.3 MATRIX EVOLUTION MODEL

Finally, based on the two preceding models, a single model—which by no means implies a single

law—will be proposed to describe the matrix alteration according to the environmental conditions, allowing

for any domains of different behavior (e.g. a radiolysis effect threshold).

The electrochemical approaches developed in particular by Canadian researchers will be used as

required throughout this program. The potential contribution of this method will be assessed during a review

at the beginning of the work program.

8.1.4 Release Models for Radionuclides Outside the Matrix (RNOM)

In foreign safety assessments, a combined source term, the Instantaneous Release Fraction (IRF), is

increasingly used for the gaps and grain boundaries, from which releases occur instantaneously on the time

scale of a deep geological repository. Although the magnitude—or simply the pertinence—of instantaneous

release for a given radionuclide can be estimated on the basis of numerous experimental leaching results

together with solid chemistry considerations, some uncertainties remain. These include uncertainties on the

experimental measurement of the released fraction, which depends entirely on the test specimens and cannot

take into account the variability of the fuel parameters (burnup, position in the rod, irradiation history, etc.)

without numerous parameter studies. At another level, however, the issue concerns the representativeness of

the laboratory test material with regard to a given interim storage or ultimate disposal period. The order of

magnitude of the athermic diffusion coefficients calculated by the CEA shows that the labile radionuclide

inventory (gap + grain boundaries) may undergo a significant evolution before water ingress occurs. The IRF

estimates proposed to date in the literature (based on fuel samples with only a few years of cooling time after

removal from the reactor) therefore cannot be considered reliable. Only a keen understanding of the

mechanisms by which these inventories evolve in a closed system (prior to water ingress) will provide a

basis for substantiating or revising the currently available data.

Faced with these uncertainties, the scientific approach adopted under Subprogram 5 differs from the

previous orientations, and will consist in the following:
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1) Assume the localization of the various terms of the RadioNuclide inventory situated Outside the

Matrix (RNOM) based on the current state of knowledge: i.e. the gap zones, grain boundaries,

fractures and rim zones. We consider that by virtue of its microstructure and damage characteristics,

the matrix rim zone, which appears at high burnup, cannot control radionuclide release in the same

way as the core UO2 grains.

2) Investigate (by microscopic examination) the variability according to the type of fuel, or the variations

in time of the radionuclide inventory outside the matrix. This topic is directly related to the research on

closed-system radionuclide migration conducted under Subprogram 2.

The uncertainties on the currently available IRF values have led us to define three RNOM release

models as part of the new approach.

8.1.4.1 INSTANTANEOUS INCOMPATIBLE RNOM MODEL

In the first version, the RNOM will be considered to be chemical elements incompatible with the

crystallographic structure of (U,Pu)02. The model will take radioactive decay into account. This approach

obviously assumes a system at overall thermodynamic equilibrium that certainly does not correspond to

reality, but will allow us to quickly propose a highly conservative model, including the potential fuel

evolution during the initial phases of containment in a repository environment. The entire inventory

determined in this way will be assumed to be released instantaneously.

8.1.4.2 INSTANTANEOUS RNOM MODEL

This more realistic model will also assume instantaneous release of the RNOM, but will be based on

experimental determination and modeling of the inventories involved: gap, rim, grain boundaries and

fractures. It will notably be based to a large extent on the results obtained under Subprogram 2 on closed-

system radionuclide migration.

8.1.4.3 TIME-DEPENDENT RNOM MODEL

The final objective of the investigation is to develop a model capable of modulating the RNOM

release over time, and thus of attenuating their impact. It will be based on a percolation model of the grain

boundaries with a gradual release of the inventory at the grain boundaries according to the location. The

other RNOM components, however (fractures, rim and gap) continue to be released instantaneously. Such a

model will only be feasible if the evolution with time of the spent fuel fracturation (i.e. porosity and surface

area accessible to water) is known and modelled, which is not currently clear.

The three models will progressively more accurately approach the RNOM inventory from the initial

very conservative estimate, as indicated in Figure 73.
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8.1.5 Spent Fuel Alteration Model

The ultimate objective of this Subprogram will be to propose a model of radionuclide release,

including gradual release of the RNOM and congruent release of the matrix radionuclides. The model must

take into account environmental coupling phenomena that will be validated by integral experiments with

generic environmental materials. Similarly, the model will be tested with the characterization results

obtained for spent fuel rods with significant failures during decay storage in cooling pools, and thus

subjected to the effects of water.

8.2 State of the art of the leaching and RN release from spent fuel (Dr. C.

Jegou, Dr. J.L. Paul, J.F. Lucchini)

8.2.1 Introduction

It is generally accepted by the overall scientific community working in the field that the deterioration

of irradiated fuel in aqueous solution takes place by a mechanism that Johnson (1988) have virtually broken

down into three simultaneous processes as illustrated in the following figure :
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Figure 74 : Release of radionuclides in aquaeous phase in three simultaneous steps
(Johnson et al, 1988)

• Rapid dissolution (in a few hours to a few months) of the inventory of soluble fission products (FP)

and activation products (AP) (chiefly Cs, I, CI, C) located in the gap of the irradiated fuel. In the

literature, this process is often referred to as the release of labile activity, but also and above all, gap

release or instantaneous release.

• Selective attack of the grain boundaries with release into aqueous solution of the radionuclides of

the FP inventory (chiefly Cs, I, Tc and, at high burnups, Sr) and segregated phases. This step is

slower than the first because it remains significant up to several centuries.

• Dissolution of the irradiated UO2 grains with concomitant release of FP and actinides in aqueous

solution. This very slow step reflects the long-term behavior of the matrix and hence concerns the

release of more than about 90% of the FP and all the actinides.

Studies of irradiated fuel leaching conducted abroad for the last 20 years and at the CEA since 1993

(Vernaz et al, 1993) are aimed to identify the deterioration mechanisms controlling each release process

previously identified and the influential parameters, and the establishment of the kinetic laws in order to

develop predictive models of the long-term behavior of the irradiated fuel source term (CLT).
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This document reviews the state of the art in this field. The first part examines the case of the first

two releases (gap and grain boundaries), joined today in the literature by the expression combined release, or

instantaneous released fraction (IRF). The second part addresses the deterioration of the irradiated UO2

matrix and is focussed on the radiolytic dissolution mechanism, which has been the focal point of R&D for a

number of years. The final part is devoted to the presentation and discussion of the different models

proposed to address the irradiated fuel source term.

8.2.2 Combined Gap and Grain Boundary (or IRF) source term

8.2.2.1 INTRODUCTION

A close reading of the diagram in figure 3 highlights the difficulty faced by the scientists in the field

in circumscribing in time the material flows originating respectively from the inventories of the gap and the

grain boundaries. In other words, it is very difficult to define rigorously a gap source term and a grain

boundary source term. Experimentally, in fact, the dichotomy between these two material flows can only be

truly effected if care is taken to isolate each inventory by an ad hoc sampling technique, for example, by

working with fragments or powders. Yet this is evidently impossible in studies conducted on segments of

irradiated fuels, which is the most common case in the literature. In this case, in practice, the dichotomy

hence results more from an arbitrary choice associated with the leach time set by the experimental work, than

to a clear identification of the onset and end of each phase of the release process.

This is why, in the Canadian safety assessment exercises, increasing use is made of a combined gap

and grain boundary source term for which release is instantaneous with regard to the geological time scales

of a deep repository. It is referred to by the English acronym IRF. We shall therefore adopt this reasoning

logic in the structure of the document.

However, and to address the reality of international scientific production, we will distinguish

between two parts in this chapter. The first part relates the work relative to the release of the gap inventory,

historically the first published on the subject of IRF. As a rule, this represents studies conducted on irradiated

fuel segments and on leaching times not exceeding two months. The second part is devoted to the release of

the inventory at the grain boundaries. It relates to two types of study: those which, as previously, employ

irradiated fuel segments but with deterioration times prolonged by a few months to a few years; and those

employing fragments or powders of irradiated fuels and hence more closely targeted on the subject.

Each part reviews the effect of the different parameters liable to affect the quantities of materials

released for each type of inventory. It is agreed (Bailly et al, 1996) that the fuel irradiation conditions in the

power reactor impact on the microstructure of the fuel, on the release in the free volume - a generic term
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meaning the gap, cracks, inter-pellet spaces and plenum - of volatile FP (Xe, Kr, Cs, I and Te) some of which

may recondense in contact with the cold walls, and on the segregation of certain FP (volatile, platinoids and

Sr) at the'grain boundaries.

8.2.2.2 LABILE RELEASE (GAP INVENTORY)

The literature provides us with some data on the quantification of the release of the gap inventory.

We have data on several types of fuel (PWR, BWR and CANDU). For each type, the effect of the irradiation

parameters (burnup and linear power density PL) on the release in solution of the labile radionuclides 137Cs,
1291,90Sr, 99Tc and 14C is examined. In most of these studies, the authors compare the figures for the release

of these radionuclides into aqueous solution and the release F% of the fission gases (Xe, Kr) in the free

volume of the rod concerned. The idea is to demonstrate whether a simple correlation law exists linking the

labile release and ¥%, as it would normally appear to us to suggest the precursor mechanisms to release

under irradiation of the volatile species of UO2. If this were the case, then F%, a macroscopic parameter of

reactor operation defined for a given triplet (type of fuel, burnup, linear power density) could be integrated

with a safety assessment exercise on an irradiated fuel repository as an upper bound estimate of the labile

release.

8.2.2.2.1 Influence of irradiation parameters

This section distinguishes between two main families of irradiated fuel: CANDU fuels exclusively

investigated by the Canadians, and Light Water Reactor (chiefly PWR) fuels examined by the Americans

(reference fuel of the series ATM-10 to 106), the Swedes, Germans and French;

In fact, the irradiation conditions are completely different from one family to another, impacting on

the release of the volatile species and their gap and grain boundary inventories.

Industrial CANDU fuels (not including experimental fuels) are characterized by low burnups

(typically 6 to 12 GWd/t with a mean value of 8) and high linear power densities (20 to 55 kW/m, and for

65% of the fuels to under 43 kW/m) (Johnson et al, 1988). In terms of central temperature (Tc), this is

reflected by an operating range between 1000 and 1700°C, for which the RN diffusion/release mechanisms

are significantly activated.

By contrast, PWR fuels display higher burnups (20 to 60 GWd/t). The current trend in power

generation is to produce high burnup fuels - and rather low linear power densities (15 to 20 kW/m). This is

reflected in terms of central temperature by an operating range between 800 and 1000°C, with an average
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temperature closer to 900°C (Johnson et al, 1988; Bailly et al, 1996). At these temperatures, the RN

diffusion processes at the grain boundaries have not been observed, at least for French fuels (Bailly et al,

1996). This does not necessarily mean that they are non-existent.

8.2.2.2.1.1 CANDU type fuels

8.2.2.2.1.1.1 Effect of linear power density

On completion of a first campaign of leach tests on clad segments of irradiated fuels displaying

linear power densities from 30 to 53 kW/m, Johnson et al, concluded in a virtually linear relationship with

slope 1 between the fraction of the inventory of dissolved 137Cs (FIAPCs) and the fission gas release rate (F%)

(Johnson et al, 1983, 1985; Stroes-Gascoyne et al, 1987, 1992). A similar relation is demonstrated for 129I

(Stroes-Gascoyne era/., 1987).

Furthermore, F% even appears to consist of an asymptotic value of the release for cesium and iodine.

This means that the higher the linear power density, the more the corresponding released fractions tend more

rapidly towards F% (Johnson et al, 1985; Stroes-Gascoyne et al, 1987).

Stroes-Gascoyne (1987) interprets these results form the microstructural changes in UO2 under the

effect of temperature. As long as Tc remains close to 1127°C (< 35 kW/m), cesium and iodine migrate

towards the grain boundaries, where most of the inventory is condensed under the combined effect of

temperature and internal partial pressure of the microbubbles (Te
CsI = 1227°C). On the contrary, as it

approaches 1527°C, the crystal growth process is activated, causing the discharge of these elements to the

free volume, where they are released, via a scavenging effect.

This mechanism also applies to the rare gases insoluble in UO2 (Xe and Kr), explaining the

correlation between F% and FIAPCs,i- It also means that the leach time of the labile inventory varies with the

thermal properties of the fuel. It happens to be a few hours for a low Pi fuel to about ten days for a high Pi

fuel (Stroes-Gascoyne et al, 1987). Hence we must argue in terms of access time of leachant to the labile

release zones (I, Cs), namely the grain boundaries for low Pi or the gap in the opposite case.

8.2.2.2.1.1.2 Effect of burnup

No analysis has been made of the data for CANDU fuels to assess this effect. However, the

compilation of values reported in Table 25 (Stroes-Gascoyne, 1996) can provide a partial answer to this
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question. In fact, all other things remaining equal (especially Pi), the aqueous releases of 137Cs and 129I

increase with burnup while remaining within the range of F%.

8.2.2.2.1.1.3 Labile release in figures

Reference is made to the values reported in Table 25 and also taken from the literature.

We give a number of figures below for leaching of the free volume inventory (Stroes-Gascoyne et

al, 1987): for average linear power densities of 29, 39, 47 and 53 kW/m (or Tc of 1310, 1490, 1780 and 2050

K), with burnups of 780, 970, 1180, 610 GJ/kg respectively (or 9, 11.2, 13.6 and 7.1 GWd/t), the measured

values of F% are 0.062, 0.13, 2.75 and 8.9% respectively and the dissolved fractions obtained after five days

of contact are, for cesium, 0.009, 0.05, 1.35 and 3.55% and for iodine, 0.01, 0.007, 2.5, and ND (not

detectable) % of the total inventory. The behavior of 14C was also specifically investigated (Stroes-Gascoyne

et al, 1992; Stroes-Gascoyne et al, 1994). The released fractions corresponding to the free volume

inventory range from 0.02 to 1.02% of the total inventory after seven days of contact. No correlation was

observed between the release, burnup and linear power density of the fuel. Strontium and technetium releases

lie respectively in the interval 0.0005 to 0.037% and 0.001 to 0.23% of the total inventory.

8.2.2.2.1.2 Light Water Reactor fuels

Studies were also conducted on these fuels. While Forsyth (1986, 1987, 1994) like the Canadians,

conclude in a correlation between release of the inventory into solution and linear power density, the same

does not exactly apply for Gray (1992, 1995). The latter show that equivalence obtains between F% and the

solubilized fraction for cesium as long as F% < 2% (i.e. low Pi); above this (i.e. high Pi ), the solubilized

fraction of cesium decreases and tends towards a quarter of F%. These authors do not explain this behavior,

especially since they consider that the diffusional release mechanism proposed by the Canadians (Stroes-

Gascoyne et al, 1987) for CANDU fuels also underlies the inventory of light water fuels (Gray & Wilson,

1995) . The solubilization of this inventory is also rapid and complete after three weeks of contact (Forsyth et

al, 1994).

The influence of burnup on the leaching of this inventory was investigated by Paul (1995) on UO2

fuels irradiated between 22 and 47 GWd/t (or 0.14% < F% < 0.41%). An increase in the solubilized fraction

of cesium with burnup is reported. However, the tendency is also correlated between variations in F% and

the released cesium fractions, with the latter at a factor two to five times below F%, which accordingly

disagrees with the rest of the literature (Forsyth et al, 1986, 1987, 1994; Gray et al, 1992, 1995).

Few data on 14C release are given in the literature on light water fuels.

Synthesis on the long term behavior of spent nuclear fuel 455



On the other hand, Forsyth (1994) investigated the instantaneous leaching of strontium, which the

overall scientific community considers to be the best tracer of corrosion of the UO2 matrix. To do this, a

standard "reference fuel (Pi 15 kW/m) was reconditioned to undergo a new irradiation with a linear power

density ramp from 33 to 43 kW/m. As a result, 89Sr (newly generated by the ramp) and 90Sr (pre-existing) are

leached identically for the three fuels, hence indicating the absence of any strontium migration towards the

free volume, even at high Tc. By contrast, these authors demonstrate a slight influence of Tc on the migration

of rubidium, the parent of strontium, which therefore apparently lies at the source of the segregated phases of

strontium.

These conclusions accordingly support the choice of 90Sr as a tracer of corrosion of the UO2 matrix.

8.2.2.2.1.3 Influence of redox, temperature and ionic strength

Most leach investigations are normally conducted at ambient temperature and in oxidizing medium.

However, the influence of redox conditions, temperature and ionic strength have also been examined.

First, the release of the free volume inventory alone has been roughly examined on CANDU fuels

(Johnson et al, 1985). The conclusions put forward, albeit uncertain, tend to show that this solubilization

process is unaffected by this parameter, at least for burnups below 11 GWd/t (Johnson et al, 1985).

Other studies report results of total release of the inventories of the free volume and the gain

boundaries. A specific study was carried out by Stroes-Gascoyne (1992), covering some 45 leach tests

combining several specimens of CANDU fuels irradiated between 33 and 40 kW/m (i.e. 0.06 < F% < 4.31).

These tests were performed for 30 consecutive days in steady state conditions in different types of leachate

(deionized, granitic, saline water, etc) between 25 and 150°C. Since no precautions were observed in these

experiments to dissociate the contribution of the two total release inventories of the radioéléments analyzed

(137CS, 90Sr and 238U), we have decided to present the results at the end of the next section.

8.2.2.2.1.4 Conclusion

The literature in general tends to show that releases of cesium and iodine in aqueous solution are

related to the operating linear power density and that comparable amounts are dissolved (approximately

similar) to those of the fission gases released during irradiation and quantified by F%. In other words, the

respective quantities of these two dissolved elements during the first days of contact depend on the

temperature history to which the rod has been subjected. Nonetheless, it must be kept in mind that no simple

correlation has yet been found linking labile release and F%, particularly for light water reactor fuels.
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8.2.2.3 RELEASE OF THE INVENTORY AT THE GRAIN BOUNDARIES

The grain boundaries represent vacancy zones through which insoluble and mobile RN in UO2

migrate towards the gap. Hence the same type of inventory is naturally observed as with the gap (cf. 1.2.2.3).

Depending on the type of fuel and its thermal properties, strings of rare gas bubbles (Xe, Kr) and metallic

phases of platinoids are also found.

As before, the idea is also to demonstrate whether a simple correlation law exists linking labile

release and F%. Here also, if so, then F%, the macroscopic parameter of operation in the reactor defined for a

given triplet (type of fuel, burnup, linear power density) could be integrated with a safety assessment

exercise on an irradiated fuel repository, as an upper bound estimate of the release at the grain boundaries.

8.2.2.3.1 Influence of irradiation parameters

If the leach time extends beyond a few days, preferential release (i.e. not consistent with uranium) of

certain fission products is observed. This behavior is observed even after prolonged contact time.

Hence comparative kinetic studies with solution flow clearly (Gray et al, 1992, 1995) reveal this

process for cesium. With preleached grains, the coincidence of U, 137Cs, 99Tc and 90Sr is reached after one or

two days of contact, whereas with fragments, it is only reached after about 50 days for U, 99Tc and 90Sr,

while cesium continues to dissolve much faster, even beyond four months of contact. In light of the release

mechanism reported in section 8.2.2.2, this process should not be surprising, since the first step consists of

diffusion followed by an accumulation of fission products at the grain boundaries.

Many efforts are made to determine the distribution of radionuclides of the inventory at the grain

boundaries via leaching studies.

For the Canadians, the aim is to validate their ELESIM computer code, of which the numerical

models yield a theoretical distribution of the different radioéléments in the free volume and grain boundary

inventories, as well as the value of the fission gas release rate. This code provides a basis for assessing the

long-term behavior of their source term in a geological repository situation.

Based on leach tests with controlled flowrate, which offer the advantage of keeping the leachate in a

state of undersaturation with respect to uranium, Gray (1992, 1995) investigated the release of the inventory

at the grain boundaries. To do this, different LWR fuels irradiated between 30 and 50 GWd/t, at low Pi (i.e.

F%), were used in the form of fragments, multigrain particles and grains. The latter were obtained by
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grinding and sieving the fragments, some of which were first slightly oxidized by the dry method to decrease

their mechanical strength.

The leachants used were dilute hydrochloric acid (Gray & Strachan, 1991) and carbonated water

(pH 8) (Gray et al, 1992). It is important to note that although leaching was performed for relatively short

intervals, the UO2 matrix dissolves (mainly due to the presence of intragranular interfaces generated by

grinding), thereby releasing its own confined fission products which interfere with those of the inventory

investigated. Hence according to the assumption, in fact confirmed (Gray et al, 1991, 1995), by which the

release of cesium, strontium and technetium is coincident with UO2, the equivalent fraction of dissolved

uranium is deducted from the release results of the inventory.

From their first results, Gray (1991) suggest an analogy of behavior between the releases of cesium

from the free volume (i.e. F%) and the cesium at the grain boundaries, at least for low Pi fuels.

After further investigations (Gray et al, 1992, 1995), they mitigated their conclusions since the

release of cesium (i.e. content of the inventory at the grain boundaries) levels off at 1%, independently of the

value of F%; on the contrary, no analogy can be identified for high Pi fuels. The strontium and technetium

releases (estimated at about 0.1% (Gray et al, 1992) to 0.2% (Gray & Wilson, 1995) of the total inventory)

are much lower than that of cesium, and remain constant after a few hours of contact. On the contrary,

cesium continues to leach slowly, and this is ascribed to the probable existence of the cesium concentration

gradient in the phases at the grain boundaries (Gray et al, 1992). Note that the technetium releases are more

significant when the leached fuel has first been oxidized by the dry method up to U3O8 stoichiometry (Gray &

Strachan, 1991). This is explained by the change in structural group which causes an increase in the specific

surface area, thereby facilitating the leaching of the metallic phases.

The Canadians, also using the UO2 dry oxidation methodology to investigate the inventory at the

grain boundaries of CANDU fuels, first encountered the problem of structural change (Stroes-Gascoyne et

al, 1992) and then developed an experimental protocol (Stroes-Gascoyne et al, 1993) ultimately leading to

U3O7 (identical structure to that of UO2) at the grain boundaries.

After correction of the dissolution of the matrix, the results in a deionized water show that 0.15 to

2.22% of the total cesium inventory is released in solution, that this release increases with burnup, but that a

clear correlation does not exist with the linear power density (i.e. F%) (Stroes-Gascoyne et al, 1993).

On the contrary, the released fractions of strontium (between 0.01 and 0.67% of the total inventory)

and technetium (between 0.33 and 1.46% of the total inventory), lower than those of cesium, appear to be

independent of the burnup and linear power density. The high technetium release is actually attributed to the
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change in degree of oxidation of a fraction of the metallic phase resulting from the dry oxidation (Stroes-

Gascoyne et al., 1993).

Tests in dilute hydrochloric medium yield cesium release results much higher than those mentioned

earlier, between 2.8 and 9% of the total inventory, which is comparable to the F% of the fuels analyzed.

Stroes-Gascoyne (1993) attribute this to the differences in acidity of the two types of leachate, and conclude

that the kinetics of cesium release at the grain boundaries is on the whole very slow.

As to the behavior of 14C, an inventory study with fuel grains gives a combined inventory (free

volume plus grain boundaries) between 0.06 and 5.04% (Stroes-Gascoyne et al, 1994) of the total inventory.

Here also, no correlation has been found between the release of these inventories, the burnup, and the linear

power density of the fuel. However, Stroes-Gascoyne (1994) presumes that if these parameters have any

influence whatsoever, it must be obscured by variations in contents of N, the main source of the total 14C

inventory, from one batch of fuel to another.

Extrapolating their measurements over several periods of contact time, these authors conclude that

the total release of the combined inventory (free volume plus grain boundaries) demands several hundred

years, and this can be considered as an instantaneous activity release at the geological time scale.

8.2.2.3.2 Influence of leaching parameters

The experimental conditions are those reported in section 8.2.2.2.1.3.

8.2.2.3.2.1 Redox potential

For CANDU fuels, 137Cs release appears to be independent of the redox conditions of the medium

(Stroes-Gascoyne, 1992).

However, this does not necessarily apply to 90Sr, because its release appears to rise with potential.

The same can also be said of the temperature and ionic strength parameters. Yet given the methodology

employed to obtain these results, i.e. the correction of the Stroes-Gascoyne matrix effects, indicates that

these must be considered with caution (Stroes-Gascoyne, 1992).

As to 99Tc, experiments conducted at SKB (1992) in oxidizing medium have shown that 99TC is

leached differently from 137Cs and 90Sr, which is consistent with the existence of metallic phases at the grain
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boundaries. In a reducing medium, however, the problem no longer arises because the release of 99Tc is

controlled by the solubility and its concentration is kept at very low values.
r

8.2.2.3.2.2 Temperature

137Cs release is higher by a maximum of one decade at 100-150°C than at 25°C for specimens

irradiated to low Pi, i.e. it ranges from F% to about 10 F%. On the contrary, no effect is observed for those

irradiated to high Pi . The temperature rise apparently slightly accelerates the dissolution of the cesium

inventory at the grain boundaries, an inventory quantitatively slightly greater in the case of low Pi fuels due

to the thermal parameters.

However, over a geological time scale, it can be considered that temperature has no effect on the

release of these two inventories, which remain practically simultaneous and instantaneous.

The release of 90Sr appears to increase with rising temperature (cf. reservation expressed in section

8.2.2.2.1.2).

8.2.2.3.2.3 Ionic strength

Ionic strength leads to the same conclusions and according to the same power criteria for the

combined releases of the cesium inventories, which nonetheless remains between F% and 10 F% in the ionic

strength range 10"4 to 10"1 mol/kg.

Here also, 90Sr release appears to increase with rising temperature (cf. reservation expressed in

section 8.2.2.2.1.2).

8.2.2.4 IRF OF KEY RADIONUCLIDES FOR A SAFETY ASSESSMENT OF THE IRRADIA TED FUEL

PACKAGE.

The aim of this section is to review and summarize the IRF values (Johnson, 1997) of key

radionuclides (and for which data are available) for a safety assessment of the irradiated fuel package. We

will terminate with a discussion aimed to demonstrate "the robustness" which can be attributed today to these

values.
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8.2.2.4.1 Cesium

Cesium is present in U02 in still poorly identified chemical forms. Thermodynamics appears to

indicate the existence of Csl and cesium uranate phases. As we showed previously, many studies have

attempted to establish a relation between aqueous release and F%. Some of the latest values of aqueous

release of 137Cs as a function of the type of fuel, burnup and F% are reported in Table 25 (Gap), Table 26

(graion boundaries), Table 27 (Gap + grain boundaries). Note that apart from CANDU fuels, no simple

correlation exists between F% and labile release of cesium. The available data on cesium release at the grain

boundaries are also limited. The studies of Gray et al. (1992) served to determine the cesium inventory for

several light water fuels covering a wide range of F %. The results, shown in Tables 1 and 2, reveal that

although labile cesium release increases with F%, the inventory at the grain boundaries remains constant

around 0.5 to 1%. A similar result was obtained for CANDU fuels, although the inventories at the grain

boundaries are higher than for light water fuels.

8.2.2.4.1.1 Iodine

Iodine appears to be present in UO2 in the chemical form Csl and its labile fraction released in

solution with CANDU fuels is close to F% (tests on sections). Little data are available on light water fuels, as

shown in Table 1. In most of the studies on sections, 129I labile release remains lower or close to F%, causing

Johnson to consider F% as a conservative value.

As to the I29I inventory at the grain boundaries, no data are available for light water fuels. The

studies of Stroes-Gascoyne (1996) on CANDU fuels showed that the 129I inventory at the grain boundaries

does not increase with rising F%. This behavior is similar to that already observed on cesium. As shown by

Table 3, the released 129I fractions obtained on CANDU fuel powders can be much higher than F%. Hence it

should be noted that F% cannot be considered as a conservative value for labile release if all the fuel is not

preserved. The conversion of the fuel to powder would in fact sharply accentuate the labile release. At all

events, a reasonable value for the IRF of 129I would be about 3% with a more pessimistic value around 6%.

8.2.2.4.1.2 Technetium

Technetium is present in fuel in the form of metallic inclusions. Although a significant share of the
99Tc inventory can be present in these metallic inclusions, the fraction present at the grain boundaries is low

because of the low Tc diffusion coefficients compared with the other radionuclides like Xe, Cs and I. The

data in Tables 1, 2 and 3 show that the fraction of the 99Tc inventory present at the gap is very small (<0.1%),

like the fraction present at the grain boundaries. These low values are also partly due to the good alteration

resistance of the metallic inclusions with respect to natural waters. The higher values for technetium release

rates were obtained by Stroes-Gascoyne et Sellinger (1986) on CANDU fuels in the state of oxidized

powders in air and at high temperature as U3Og. The measured releases of about 5% were not taken into

account in estimating the IRF of technetium according to Johnson, since oxidation occurred in particular

conditions not representative of the disposal conditions. The value of the IRF of technetium proposed by
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Johnson is hence 0.2% with a pessimistic value around 1%. This value clearly ignores any change in the fuel,

for example, during a storage phase.

r

8.2.2.4.1.3 Strontium

Strontium has been detected at the grain boundaries in light water fuels (Jeffery, 1967), although

most of it is present and dissolved in the matrix. Leach data pertaining to the "labile" and "grain boundary"

inventories of 90Sr are given in Tables 1, 2 and 3. Release at the gap, which is 0.01 to 0.1/0.2% for light

water fuels, generally only accounts for a small proportion of the F%. Estimates of the 90Sr inventory present

at the grain boundaries were made by Gray et al. (1992). In some cases, the inventory at the grain boundaries

exceeds the gap inventory. Stroes-Gascoyne (1996) determined 90Sr releases for CANDU fuels at the gap and

the grain boundaries. The values obtained, ranging from 1 to 4%, are higher than those for light water fuels,

which is not surprising given the high linear power densities of CANDU fuels. Setting aside the results

obtained on CANDU fuels, which are not representative of light water fuels, an estimate of the IRF of 90Sr

for the latter fuels is about 0.2% with a pessimistic value of 1%.

8.2.2.4.1.4 Carbon

The release of 14C in a disposal situation will depend both on its distribution in the fuel and its

chemical form. Carbon is present in the fuel in the form of carbides or as the element C (Van Konynenburg

et al. 1987). I4C release was investigated for light water fuels over periods of several hundred days at 25 and

58°C (Wilson and Shaw 1987; Wilson, 1990). The fractions of the 14C inventory released obtained range

from 0.035% to 3.5%. Other tests conducted at 200°C (Neal et al, 1988) led to release rates from 2.4 to

7.3%, the latter certainly including a contribution of the matrix. Instantaneous release measurements of I4C

on CANDU fuels (Stroes-Gascoyne et al. 1994) yielded IRF values ranging from 0.06% to 5.05% with an

average of 2.7%. The leach data on CANDU fuels failed to show any correlation with power density or

burnup. This lack of a correlation is not surprising since nitrogen is the principal source of carbon formation

(14N(n,p)14C) and since the quantities of N impurities present in the fuel are poorly known and vary widely.

Note that the natural isotope of nitrogen 14N is abundant and inevitably present in the UO2 matrix and clad

zircaloy. Measurements of the total quantity of 14C present in CANDU fuels allowed an estimation of the N

impurities contents around 10 ppm.

In conclusion, although the 14C leach data are rare for light water fuels, the available data suggest

that the IRF of 14C is under 10%. For CANDU fuels, the IRF of 14C ranges from 1 to 5%. Since there appears

to be no dependence on the power density of the fuel or F%, a reasonable value of 5% has been proposed by

Johnson, with pessimistic estimates of 10% obtained in extreme conditions (Neal et al. 1988).

8.2.2.4.1.5 Chlorine

Chlorine is found as an impurity in the assembly materials and also in the UO2 matrix of the fuel.

Note that the natural isotope 35Cl (abundance 75%) leads to the formation of 36Cl via a reaction of the type

(35Cl(n,y)36Cl).
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Measurements of the Cl impurity content on CANDU fuels yielded an average close to 2.3 ppm (on

irradiated and unirradiated UO2) with no values higher than 5 ppm Tait et al 1997). Measurements of

instantaneous 36C1 release revealed a strong correlation between release into solution and burnup, F% and

linear power density of the fuel. This correlation is linked to the increase in the production of 36C1 with

residence time in the reactor, associated with a migration of 36C1 towards the gap with rising power and

temperature of the fuels. The studies of Tate et al (1997) also revealed the presence of some 36C1 at the grain

boundaries. The instantaneously released fractions of the total 36C1 inventory range from 0.5 to 20% for

leaching periods from 4 to 32 days. The highest values are obtained for the high burnups and high F%.

The only data available on instantaneous 36C1 release on UO2 fuels concern CANDU fuels. Given the

strong correlation between the release of 36C1 and F%, Johnson proposes an IRF in 36C1 equal to about

3 times F%. This factor of 3 causes a slight underestimate of the 36C1 release for low values of F% (<0.5%)

but remains conservative for the higher values.

8.2.2.5 DISCUSSION AND CONCLUSION

Other radionuclides (60Co, 59Ni, 93Zr, 94Nb, 107Pd, I51Sm, 154Eu, I66tnHo) must obviously be taken into

account by safety studies in accordance with their aptitudes to migrate (or segregate) outside the UO2 matrix

and to be leached preferentially in the presence of natural waters. Given the fact that data are not always

available on the release of these radionuclides, only considerations of solid chemistry, coupled with

characterization (microprobe) can allow an estimation of the value or simply the pertinence of an

instantaneous release. Hence it is clear that for lanthanides like 151Sm and 154Eu, present in solid solution in

the matrix, the very concept of IRF is meaningless. Moreover, for radionuclides to which an IRF must be

attributed, the estimation of the uncertainties associated with the proposed values is indispensable. Among

these uncertainties is obviously the uncertainty associated with the experimental measurement of the released

fraction, which is difficult for long lived radionuclides like iodine, for example, but this is compounded by

the problem of the representativity of the material analyzed in the laboratory, with respect to a given disposal

or storage interval. In particular, approximate calculations of athermal diffusion coefficients made at the

CEA (Poinssot et al. 1999), show that a significant change in the labile inventory (gap + grain boundaries)

before the water arrives is conceivable. This being said, the IRF estimates proposed above and obtained on

non-aged fuels (a few years of cooling after leaving the reactor) cannot be considered today as "reliable".

Only a fine understanding of the mechanisms of change of these inventories in a closed system (before the

arrival of the water) will make it possible in the future to confirm or review the data available today.

8.2.3 Deterioration of the irradiated fuel matrix

8.2.3.1 INTRODUCTION

Of all the factors influencing the reactivity and corrosion rate of irradiated fuel, or generally of its

UO2 matrix, radiolysis of the water certainly raises the most questions. In fact, generating oxidizing as well
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as reducing species, this can modify the redox conditions locally at the solid/liquid interface, and hence play

a decisive role in the oxidation and dissolution of UO2. This chapter presents the state of knowledge on the

potential 'effects of the radiolysis of water on the kinetics of oxidizing dissolution of irradiated fuel.

The first section discusses the action of water on the different radiations likely to be emitted by an

irradiated fuel, together with general details on radiolysis. The second deals with the influence of the

different stable oxidizing radiolytic species (O2, H2O2) on the different materials which can simulate an

irradiated fuel (UO2, Simfuel, natural analogs), or even on the irradiated fuel itself if the experimental data

are available. Studies on the singular effects of a or y radiation, interacting with water, on the dissolution of

UO2, are developed in Section 8.2.3.4. As to those conducted directly on irradiated fuel, attempting to

quantify the effect of the radiolysis of water on the matrix, they are addressed in Section 8.2.3.5. We discuss

the contribution of the experimental results in the knowledge of the dissolution of the fuel matrix in Section

8.2.3.6. A conclusion on this state of the art is given in Section 8.2.3.7.

8.2.3.2 GENERAL DISCUSSION ON WATER RADIOLYSIS

Radiolysis concerns the action of ionizing radiation on a substratum. Since water is the most

common substratum and the most widely used solvent, the radiolysis of liquid water has been and is still

intensively investigated. In fact, even if radiolysis is already well known with respect to pure water, aqueous

solutions still remain complex in view of the mechanisms at play.

We shall therefore focus deliberately in this section on the radiolysis of pure water to set the

foundations of this disciplines.

8.2.3.2.1 Mechanism

The radiation emitted is absorbed in the medium. The energy input to the water molecules causes

their radiolytic decomposition, which takes place in the following three steps/

O Physical step lasting 10'18 to 10"15 s after the passage of the radiation.

This causes ionization or excitation of the water molecule:

H2O - • H2O+ + e" ( R e l )

H2O - • H2O* (Re 2)

© Physicochemical step lasting 10"15 to 10'" s after the passage of the radiation.

This generates solvated electrons and H and OH radicals by reactions of the H2O+ ions on the water

and by fractionation of the excited species.

H2O -+ e ; q ,H 3O+ ,H,OH (Re 3)

© Chemical step lasting 10"11 to 10"7 s after the passage of the radiation.
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H30+

H +

e*i +

OH"

The main reactions

H +

+ e;q -> H

OH -+ H2O

OH -+ OH"

+ H3O
+ -» 2

forming molecular

H -> H.

+ H2O

H2O

products are

The species previously formed are grouped in clusters along the radiation path. These are

heterogeneous zones with high ionization and excitation density, of which the shape and distribution vary

according to the type of radiation.

In these clusters, the species react together to cause water regeneration reactions and the formation of

the molecular compounds H2 and H2O2.

The main water regeneration reactions are:

(Re 4)

(Re 5)

(Re 6)

(Re 7)

(Re 8)

2H2O + 2ea; -> H2 + 2 OH' (Re 9)

OH + OH -> H2O2 (Re 10)

It is at this stage that the primary products of water radiolysis are defined, before they are distributed

uniformly in the medium.

The overall result of the radiolysis of water is accordingly expressed by.

H2O -> e - q ,H ,OH,HO 2 ,H 2 ,H 2 O 2 ,H 3 O + (Re 11)

It is interesting to note that oxygen is not a primary product produced by the radiolysis of water. O2

is actually produced by the decomposition of H2O2 (cf. reactions Re 15 and Re 16).

Subsequently, during a so-called homogeneous phase spreading from 10'7 to 10"4 s after the passage

of the radiation, the radicals which have succeeded in escaping the clusters diffuse into the mass of solution.

We accordingly have the following reactions in pure water with the molecular products:

H 2 O 2 + e^ -> OH + OH" (Re 12)

H 2 O 2 + H -> OH + H2O (Re 13)

H2 + OH -+ H 2 O+ H (Re 14)

Then, when the H2O2 concentration is sufficiently high:

H 2 O 2 + OH -> HO2 + H2O (Re 15)

2 H O 2 -> O2 + H2O2 (Re 16)

The molecular oxygen formed is reduced in this case by the reducing radicals:
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0 2 + e;q -> 02" (Re 17)

0 2 + H - • H 0 2 (Re 18)

H 0 2 + H 2 0 -> 0 2 " + H 3 0 + (Re 19)

The reduction of O2 to H2O2 can be summarized by the following balance equation:

OH + H 2 + i o 2 - > - H 2 O 2 + H 2 O (Re 20)

Reactions Re 12 to Re 18 cause the destruction of the remaining free radical products by the

molecular products.

Since the half-life of the O2" oxhydril radicals is very short, the final result of the radiolysis consists

of molecular products H2, H2O2 and O2, in concentrations depending on the purity of the water and the dose

rate.

In the case of de-aerated pure water, the water behaves as if it did not decompose, and steady state

conditions are rapidly reached. There is no accumulation of molecular radiolytic products: O2 is reduced to

H2O2, H2O2 is itself reduced to H2O (chain reactions Re 13, Re 15 and Re 16 of Allen (1961)), and H2 is

involved in these two processes. Note however that these molecular products are the culmination of many

intermediate reactions that are chemically highly active and very important for the chemical aspects of

corrosion. Thus in aqueous solution as at the solid/liquid interface, the solutes and the solid surfaces are

exposed to highly active oxidizing and reducing effects. The list of radiolytic reactions taking place in pure

water, and their kinetic constants k, is given in Table 21.
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(R.1)

(R.2)

(R.3)

(R.4)

(R.5)

(R.6)

(R.7)

(R.8)

(R.9)

(R.10)

(R.11)

(R.12)

(R.13)

(R.14)

(R.15)

(R.16)

(R.17)

(R.18)

(R.19)

(R.20)

(R.21)

(R.22)

(R.23)

(R.24)

(R.25)

(R.26)

(R.27)

(R.28)

(R.29)

Réactions

eIq + H (+H2O)-> H2 +OH"

<=Iq + ê q (+2 H2O)-> H2 + 2OH"

eâq + OH -> OH"

eâq + H3O+-> H + H2O

eâq +H2O2 -+OH + OH"

e ! q + 0 2 - > 0 2 ~

e - q + 0 i - > 0 2
2 -

e~q + H2O -> H + OH"

OH + OH ->• H 2 O 2

OH + H 2 O 2 -> H2O + HO2

OH + H 2 - > H 2 O + H

OH + HO2 ->• H 2O + O 2

OH + OJ -> OH" + O2

O H " + H 3 O + - > 2 H 2 O

H + H - * H 2

H + O H - » H 2 O

H + H 2 O 2 ->H 2 O + OH

H + HO2 - » H 2 O 2

H + O 2 -> HO2

H + OH" -> H2O + e^q

HO2 + HO2 -* H 2 O 2 + O2

HO2 + O2 -> HO2 + O 2

H 2 O 2 + HO2 -> H2O + O2 + OH

O 2 + H 3 O + ^ H O 2 + H 2 O

OJ + H 2 O 2 -> OH + OH" + O 2

HO2 + H 3 O + -> H 2 O 2 + H2O

2H 2 O<-»H 3 O + +OH"

HO2 + H2O <-> H 3 O + + O2

H2O2 + H2O <-» H3O+ + HO2

(kJ.mor1)

16.3

22

14.5

10.0

11.0

31.7

14.0

17.6

16.4

6.2

38.4

20.6

k
(mor1.dm3.s'1)

3.4x1010

5.5x109

3.0x1010

2.3x1010

1.3x1010

1.9x1010

1.3x1010

1.0x103

5.5*109

2.7x107

3.9x109

1.1xio10

1.1x1010

3.0X1010

5.0x109

7.0x109

5.0x107

2.0x1010

1.2x1010

2.2x107

9.8x105

9.7x107

0.5

5.0X1010

0.13

2.0x1010

pKa = 14

pKa = 4,8

pKa= 11,7

Table 21 : Radiolysis reactions of pure water; k: rate constant in mot'.dm3.s~ at
25°C; Ea: activation energy in kJ.mol1. After (Pastina, 1997).
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8.2.3.2.2 Yields and properties of radiolytic species

The primary species produced by the radiolysis of water are quantified by the radiolytic yield g,
r

defined as the number of species formed or destroyed for lOOeV of energy absorbed in the medium. This

yield is observed 10"7s after ionization, before the recombination of the radicals in the mass.

Although the unit of the International System is mol.d"1, it is commonly expressed as the number of

molecules or atoms for lOOeV (lmol.d"^ 9.65xlO6 molecules x (lOOeV)"1).

A relation exists between the primary yields, deriving from the material balance. In fact, from the

redox standpoint, the number of oxidizing and reducing species formed by the decomposition of a molecule

of water must be the same.

Hence we can write:

g(OH)+2g(H 2 O 2 ) + 3g(HO 2 )=2g(H 2 )+g(e^)+g(H) (Eq 1)

8.2.3.2.2.1 Effect of certain parameters on primary yields

Primary yields are independent of the irradiation time and radiation intensity, but they are sensitive

to the type of radiation (which affects the LET) and the properties of the water (pH, temperature,

concentration of captors) (Hickel, 1996).

8.2.3.2.2.1.1 Effect of LET
The average Linear Energy Transfer (LET) denotes the energy deposited by the radiation averaged

over the total path.

d¥
TEL = - — (keV/(am) (Eq2)

dx

For charged particles (e.g. a), the loss of energy per unit length is given by the Bethe equation. It is

proportional to the square of the charge of the particle, and inversely proportional to its velocity. This means

that the particle deposits more energy in the medium penetrated as it approaches the end of the path (Bragg's

peak). The path of a 5.3 MeV a particle, the average energy of the a emitted by a spent fuel, is straight, and

36 um long in water. This short path for relatively high energy particles means that a particles are classed as

high LET particles, in the same way as ions. High LET particles generate clusters in the medium which tend

to overlap.

This is not the case of y or X electromagnetic radiations, for which the clusters are generally

separated from each other.

Photons cause indirect ionization of the medium. Their LET thus corresponds to that of electrons

ejected by Compton or photoelectric effect. The LET is low, varying slightly as a function of the energy of

the electron ejected. Between 1 and 10 MeV, electrons in fact have approximately the same LET, about 0.2

keV/um. The path of electrons in water, expressed in cm, corresponds approximately to half of their energy
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in MeV, while y are much more penetrating at equivalent energy (several tens of cm for a 1.25 MeV y, for

example).

The interaction of electrons with matter is similar to that of ions. However, due to its mass, the

velocity of an electron is much greater than that of a proton, and it can lose a large fraction of its energy in a

single collision. This is why electrons deposit most of their energy on the first thirty percent of their path.

The Table 22 shows the differences in yield of the primary species as a function of the LET of the

radiation.

Average
TEL

(keV.(jrrf1)

0.23

108

200

Radiation

y /p

a

a

a

a

Primary radiolytic yield g

e'aq

2.63

0.42

0.04

0.13

0.13

H

0.55

0.27

0.16

0.50

0.14

OH

2.72

0.54

0.1

0.18

0.44

. H2

0.45

1.11

1.7

1.28

1.17

H2O2

0.68

1.08

1.3

0.98

0.92

HO2

0.008

0.07

0.3

0.35

0.11

-H2O

4.08

2.84

3.34

2.97

2.63

Réf.

[Buxton,87]

[Hickel, 96-
97]

[Allen, 61,
Cohen, 69]

[Bibler, 74]

[Burns, 81]

Table 22 : Radiolytic yields according to type of radiation - implies disappearance of
water molecules.

It may be observed that at high LET, the free radical yields are low and the molecular yields high. A

low LET radiation, on the contrary, produces a large number of radicals and a small number of molecular

products. This is explained by the fact that in the former case, the radicals cannot interact immediately with

those of the neighboring cluster.

Moreover, in the same Table 22, different values of radiolytic yields can be found for the species

generated by a among the authors. If the radiolytic yields are in fact clearly established for y and electrons,

the same does not apply to a, whose short path and high LET hinder the experimental measurement of the

yields.

The variation in radiolytic yields as a function of LET is illustrated by Figure 75.
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Figure 75 : Variation in radiolytic yields as a function of the Lineic Energy Transfer
(after Allen, 1961)

8.2.3.2.2.1.2 Effect of pH

Between 3 and 13, pH has no effect on primary yields. At pH < 3, however, the yields of free

radicals and H2O2 increase, and g(H2) remains constant.

8.2.3.2.2.1.3 Effect of temperature

An increase in temperature causes an increase in yields of free radicals, due in particular to a larger

size of the clusters and increased diffusion of these products outside the clusters. However, the variation is

only 0.15% per °Celsius, at low LET, for the sum g(e"aq) + g(H) + g(OH) (Hickel, 1996).

The effect on the yields of molecular products is still not determined, because the experimental

results (too scattered) do not allow a positive conclusion.

Note that temperature also affects the kinetic constant of the reactions, as shown by the following

Arrhenius equation:

k = k0 exp
- E .

~RT~
(Eq3)

where ko is the rate constant at 25°C, and Ea the activation energy.

However, numerical simulations show that the impact of temperature on the kinetic constants is

small compared with that of the radiolytic yields (Pastina, 1997)
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8.2.3.2.2.1.4 Effect of solutes

Aqueous solutions can contain solutes capable of reacting with the radicals. These solutes are called

captors. The result depends on the kinetic constant of reaction k between the captor and the radical, and the

concentration [S] of the captor. If the product kx[S] > 10'7 s"1, then the radical is captured in the clusters, and

the radiolytic yield of the radical is hence reduced. Given the orders of magnitude of the reaction rate

constants of the radicals (109 to 10u mol'Vdm3^"1), this mechanism must be considered when the captor

concentration exceeds 10'4 mol.l"1.

8.2.3.2.2.1.5 Conclusion

In the case at hand, namely the dissolution of irradiated fuel, it may be observed that in principle,

only the LET can have a significant effect on the radiolytic yields. The properties of the water are not

directly involved in the radiolysis process, provided the concentration of dissolved impurities never exceeds

10'4 mol.l'1.

8.2.3.2.2.2 Chemical and physical properties

A number of general chemical and physical properties encountered in water radiolysis are detailed

below.

8.2.3.2.2.2.1 Acid-base equilibria
The main acid-base equilibria involved during the homogeneous phase are given below, with the

valueofpKatà25°C:

H2O o H+ + OH" pK=14 (Re 21)

HO2 <-> O2~ + H* pK=4.8 (Re 22)

H <-> H+ + e^ pK=9.6 (Re 23)

OH <-> H+ + O" pK=11.9 (Re 24)

H2O2 <-> H+ + HO; pK=11.9 (Re 25)

These equilibria indicate which species are preferentially found according to the pH of the medium.

8.2.3.2.2.2.2 Diffusion coefficients
Radiolytic species diffuse at the same rate as any other species in solution.

For information, here are the diffusion coefficients of certain products:

e"aq: D = 4.9xlO'5cm2.s"1
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02 : D = 2xlO"5cm2.s"1

OH": D = 5xlO"5cm2.s"1

+ D = 9xl0'5cm2.s'1

8.2.3.2.2.2.3 Redox potential

The radiolysis of water generates oxidizing species and reducing species which are extremely

reactive, judging from the redox potential of the following species compared with the normal hydrogen

electrode (NHE):

e-aq: E ^ - ^ V / N H E OH: E ° = 1 . 9 V / N H E

H: E 0 = -2.1V/NHE O": E ° = 1 . 6 V / N H E

8.2.3.2.2.2.4 Conclusion

It is quite clear that regardless of the aqueous medium selected for radiolysis, the oxidizing and

reducing properties of the radiolytic products are such that they locally cause an unstable state from the

thermodynamic standpoint. Hence any reaction system which involves the radiolysis of water is governed by

kinetic factors rather than thermodynamic factors. We therefore naturally focus on the kinetic aspect of

deterioration of irradiated fuel in the following discussion.

8.2.3.3 EFFECTS OF RADIOL YTIC MOLECULAR PRODUCTS ON FUEL DISSOL UTION

We have seen that the radiolysis of water is capable of creating oxidizing conditions at the

solid/liquid interface, by generating species like O2, H2O2 and OH. This is why many studies have focussed

on the analysis of the behavior of unirradiated UO2 in aqueous solutions in which the dissolved O2 or H2O2

content is controlled.

Note that these studies are not entirely representative of the conditions of water radiolysis in case of

irradiated fuel. In fact, the solutions do not undergo the direct effect of the radiation: there is the absence of

all the species produced during the passage of the radiation of the liquid, as well as the absence of irradiation

damage to the solid. However, these studies teach us about the role that each of the oxidizing radiolytic

species can play in the dissolution kinetics of the fuel matrix, independently of any other factor.

As a first approximation, let us consider the expression of the following rate law, commonly

accepted in homogeneous kinetics:

V = k'x[A]ax[B]bx[C]Cx... (Eq4)
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where A, B, C, etc, are the different radiolytic species likely to act (O2, H2O2, OH), and a,

b, c, etc, their respective partial order.

The kinetic constant k' includes the effects of all the other factors (complexants, temperature, etc.).

We shall present below and comment on the studies dealing with the effects of O2 (see 8.2.3.3.1) and

H2O2 (see 8.2.3.3.2) on the dissolution of UO2, uraninite, Simfuel and irradiated fuel. A concluding review is

given in section 8.2.3.3.3.

8.2.3.3.1 Effect of oxygen

Many studies have addressed the effect of dissolved oxygen on the oxidation/dissolution of the fuel

matrix, unirradiated and irradiated. Experiments in controlled oxygen atmosphere are relatively easy to carry

out.

8.2.3.3.1.1 Dissolution of unirradiated UO2

The Table 28 gives the dissolution rates of unirradiated UO2 taken from the literature. They highlight

the effect of dissolved oxygen.

According to the kinetic law Eq 4, we shall discuss below the partial order values relative to oxygen

and the values of the dissolution rate given in the literature.

a) Partial order relative to oxygen

The partial orders relative to O2 inventoried in the literature are not of equal value. On the Figure 76,

Christensen (1998) reported initial UO2 dissolution rates as a function of dissolved oxygen concentration,

obtained by three different authors: Shoesmith (1991), Casas (1993) and Grambow (1994).
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Figure 76 : dissolution rates ofUO2 as a Junction of dissolved oxygen concentration after
Christensen & Sunder (1998); o : Shoesmith et al., (1991); + : Casas et al, (1993); A :

Grambow et al, (1994)

These values refer to alterability experiments using aqueous solutions free of any complexant at

ambient temperature. The techniques used were different according to the experimental workers :

electrochemical for Shoesmith et al. (1991), chemical for Casas et al. (1993) and Grambow et al (1994),

who directly determined the quantity of uranium released in solution.

The results are similar. By linear interpolation, a 1 st order relation is inferred between the dissolved

oxygen concentration and the dissolution rate, agreeing with the conclusions of Thomas and Till reported in

1984.

However, other studies reveal a partial order lower than 1. Torrero (1997) found a dependence of

0.31, in flowrate experiments with three oxygen partial pressures (5, 21 and 100%) in the absence of

carbonate and for pH between 3 and 6.7.For dissolutions in carbonate medium, the literature gives partial

orders ranging from 0.3 to 1, obtained by chemical (Hiskey, 1979) and electrochemical (Needes et al, 1975)

dissolution methods. However, problems of experimental reproducibility for these studies prevent the

determination of a precise partial order (Shoesmith et al, 1996; Bruno et al, 1998). Shoesmith (1996) warn

against any mistaken interpretations which could be derived from electrochemical results. In fact, the

reaction system considered is the following:

at the anode 2e~

at the cathode: - O, + H O + 2 e ~ -> 2 OH"
2

(Re 26)

(Re 27)
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balance: UO2+-O2+H2O-+ UO2
2
+ +2 OH' (Re 28)

Electrochemical studies have led to a first order reaction, for the cathodic half-reaction (Re 27) in the

case of UO2 and various Simfuels. But this does not mean that the overall reaction (Re 28) is also of 1st

order. In fact, the half-reaction (Re 26) may also prove to the kinetically limiting, by the presence of

secondary phases at the surface of the material, for example.

Steward (1994), on UO2 pellets, found a dependence of about 0.5, independently of the pH,

temperature and bicarbonate concentration. In the same experimental conditions, powder dissolution

experiments (i.e. controlled S/V) were performed by Shoesmith (1996). Similar results were obtained. These

experiments were conducted in steady state conditions to overcome any saturation effects. These

experimental conditions tend to minimize, or even inhibit, the formation of secondary phases, and their effect

on the dissolution rate, by eliminating any species likely to precipitate on the material surface. However, it

was not stated whether the characterization studies of the surface of these solid samples had been performed

to confirm this assumption, before and above all after the experiments, in order to check whether the

oxidation state of the solid at the interface had not changed.

More recently, Gray (1995) found that the partial order depends on the dissolved oxygen

concentration. With a value of 0.5 in experiments performed at 10"6<pO2<0.2 (ambient temperature,

8<pH<10 . [CO3
2"]tot=2xl0"4M), they obtain a value of 0.39 only considering the results relative to

10'3 < pO2< 0.2 , all other conditions remaining equal.

In conclusion, the partial order attributed to oxygen in the dissolution of UO2 is less than or equal

to 1. This variation could depend on the oxidation state of the UO2 at the start of the experiment. At this time,

oxygen preferentially reacts with the UIV sites still available and accessible at the interface (Casas et al,

1995). The reduction of oxygen is generally a slow reaction (Johnson et al, 1988) but its progressive

diffusion in the first nanometers of the material could be even slower, thereby reducing its consumption. The

partial order related to oxygen would thus drop from 1 to a smaller fractional value.

Based on the experimental observations of Gray (1995); Bruno (1998) suggests a reaction

mechanism of oxygen at the solid/solution interface. According to them, the fact that the reaction is 1st order

at low dissolved O2 concentrations, whereas the order is less than 1 at high O2 concentrations, can be

explained in terms of adsorption of the oxidant on the material, a common process in heterogeneous kinetics.

In fact, for electron transfer to occur, the dissolved oxygen molecule is fixed to the UO2 surface, representing

the rate limiting step, and a fractional partial order is obtained when the adsorption sites of the interface tend

towards saturation with oxygen (Stumm & Furrer, 1987). The oxidation reaction rate can then be expressed

as:

K , [0V(aq)] (Eq5)
(l + K[O,(aq)D
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where [O2(aq)] is the dissolved oxygen concentration, K the adsorption equilibrium constant of

unknown value, and Vm the rate considered when all the available surface sites are occupied by the reactive

species, in this case oxygen.

The Figure 77 represents the plot of this equation by arbitrary values of K and Vm. Three apparent

orders corresponding to three different O2 concentration zones were determined by interpolation (Bruno et

al, 1998). These are in good agreement with the experimental results (Gray & Wilson, 1995; Casas et al,

1995) supporting the theory.
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Figure 77 : Interpolation values of apparent order n determined from rate equation
(Previous Eq.) plotted as a function of dissolved O2 concentration (after Bruno et al,

1998).

In short, in non-complexant oxidizing medium, an apparent rate order relative to dissolved oxygen is

initially equal to 1, decreasing as the UIV sites on the solid surface are saturated with oxygen molecules. The

availability of the UIV sites depends on the extent of the initial oxidation of the UO2 and the secondary phases

deposited at the interface.

8.2.3.3.1.1.1 Dissolution rates

We report in the Table 28 a compilation of UO2 dissolution rates obtained in different media. Each

result was obtained by the measurement of the quantity of uranium going into solution. It may be observed

that when the dissolved oxygen concentration (i.e. PO2) increases, the dissolution rate also increases. This

variation is not necessarily linear as stated above. Regardless of the medium, the initial rates are always

significantly higher than those obtained in the longer term, which tend towards a pseudo-steady state, at least

over the time scale of the experiment. To explain this process, Casas (1994) suggested a mechanism

reproduced in Figure 78.
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Figure 78 : synoptic diagram ofUO2 dissolution after Casas et al. (1994).

According to them, the passage of uranium into solution initially results from the dissolution of an

oxidized layer, occurring simultaneously with the UO2 oxidation/dissolution process. This oxidized layer

derives from the dry oxidation of UO2 during storage.

From the kinetic standpoint, it was experimentally found that the dissolution rdiss(i) of the UO2+X

oxidized layer (up to the composition UO2 6) is faster than the oxidation rox of UO2 to UO2.33, associated with

the dissolution r^p) of the latter.

The initial rate can thus tell us about the initial oxidation state of the solid, while the longer-term rate

truly corresponds to the UO2 oxidation/dissolution process.

Depending on the type of solution and particularly the initial degree of oxidation of the surface, the

dissolution of the overall oxidized layer may be slower, justifying the disparity of the initial rates listed in the

literature (Hiskey, 1979; Torrero et al, 1997; Casas et al, 1995; Grambow et al, 1996). An average value of

this initial rate rdiss(i) can be estimated at about lmg.m^.d"1 in air at ambient temperature (Steward & Gray,

1994; Shoesmith et al, 1996; Casas et al, 1995; Grambow et al, 1996). XPS measurements taken by Casas

(1995), in experiments on the dissolution of 1 mm UO2 powders in brines in steady state conditions, also

showed that the rate UVI/UIV decreased progressively, falling from 45% initially to 10% after three months.

In any case, the behavior of this surface layer initially masks the UO2 oxidation/dissolution kinetics,

which constitutes the limiting step of the oxidizing dissolution reaction.

In fact, the UO2 oxidation/dissolution kinetics, measured in aerated medium when steady state

conditions are reached, is a few hundredths to a few tenths of mg.m^.d'1 (Casas et al, 1995; Grambow et al,

1996). In anoxie medium (2 ppb O2), Shoesmith (1996) measured an initial rate of 0.02 mg.m'ld"1, similar to

the one in aerated medium. Thus very little variation in rate is observed with respect to the dissolved oxygen

concentration. Hence O2 does not contribute directly to the dissolution kinetics rdiss(2). As the oxidizing

species, it must nonetheless increase the oxidation kinetics rox. The kinetics of the UO2 oxidation/dissolution

process hence appears to be governed by the dissolution rate r^sp) of an oxidized secondary phase on the

surface.
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In conclusion, the dissolved oxygen content has a strong influence on the dissolution of UO2 in the

initial phase. O2 accelerates dissolution of the initial over-oxidized layer, and participates in the oxidation of

the UIV sites accessible at the solid/solution interface. However, once the interface is saturated with oxygen,

it no longer directly affects the dissolution of the matrix, since it does not accelerate the kinetically limiting

step of the process, which proves to be the dissolution of the oxidized secondary phase.

8.2.3.3.1.1.2 Combine effects of oxygen, ions and temperature
The effects of oxygen on UO2 are modified by variations of pH, temperature, temperature or the

addition of complexants like carbonates (see Table 28).

Effect of pH

In view of reaction (Re 28), the increase in the H* ion concentration should have an accelerating

effect on the oxidation of UO2 in the presence of oxygen.

Recent investigations by Torrero (1997) on the combined effect of pH and redox potential (via PO2)

on the UO2 dissolution kinetics, confirmed the observations of Thomas and Till (1984) and those of Sunder

(1991) obtained from electrochemistry.

The results are reported in figure 8.
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Figure 79 : Dissolution rates of unirradiated UO2 as a function ofpHandPO2 (after After
Torrero et al, 1997); the dotted curves correspond to the dissolution rate calculated after

the equation 6.

Two pH regions exist for which the dissolution of UO2 in oxygenated aqueous solution does not

obey the same kinetics.

• Acid pH (<6.7)
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For pH between 3 and 6.7, the dissolution rate is proportional to the dissolved oxygen and H* ion

concentrations. In this pH range, Torrero (1997) proposes the following rate equation:

n (Eq6)

Other authors also propose a similar kinetic law with respect to [IT"] assigned a partial order of the

same order of magnitude: 0.3 for Thomas and Till (1984) and 0.24 for Sunder (1991).

The formation of the UO2.33 film was not observed, UO2.33 being unstable at acidic pH. Regardless of

the oxygen partial pressure, the surface of the UO2 material, analyzed by XPS, remains perfectly

stoichiometric (Torrero at al., 1997). Hence it appears that the passage of UVI formed on the solid surface is

very rapid. This means that the kinetically limiting step of the UO2 oxidation and dissolution process at

acidic pH is the oxidation of UIV to UVI.

The dissolution rates can reach 4.5 mg.m^.d"1 at pH = 2.5, i.e. approximately 50 times more than at

pH = 9.7 (Sunders al., 1991).

• Basic pH (>6.7)

With pH above 6.7, the dissolution rates are relatively low. They are less than 0.2 mg.m"2.d"', and it

is impossible to demonstrate a dependence on pH or dissolved oxygen (Torrero at al., 1997).

The dissolution of UO2 is preceded by the growth of a UO2.33 film (Sunder et al, 1991) (UO2.25 after

three days (Torrero at al., 1997)). The thickness of this film, about 6 nm, is steady, and rises with pH.

Oxidation continues until the formation of UO3 along the grain boundaries, or of its hydrated forms UO3 x

H2O, destined for dissolution.

At basic pH, the oxidation of the surface is hence rapid, and the kinetically limiting step is in fact the

dissolution of the oxidized layer. In the Casas model, this is translated by rox > r^%(2y

In conclusion, it appears that the dissolution rate of unirradiated UO2 is strongly influenced by pH

and by PO2. Two areas of predominance have been identified. As long as the pH<6.7, the rate increases with

decreasing pH or with increasing PO2. At basic pH, the rate appears to be more or less constant

(<0.2 mg.m"2.d"'), and independent of the pH and PO2. In this pH range, the kinetics seems to be governed by

the dissolution of the oxidized surface layer, regardless of the dissolved oxygen concentration.

The presence of I-T ions in oxygenated solution hence appears to promote the dissolution of UO2,

and this synergistic effect with oxygen can go as high as a factor of 10 at pH 2.5.

Effect of carbonates

Of all the UO2 complexants in groundwaters, the effect of carbonates (CO3
2") and bicarbonates

(HCO3") makes an interesting study.

The high stability of the carbonate complexes of UVI (UO2(CO3)3
4" and UO2(CO3)2

2" particularly)

implies a higher solubility of uranium in solution. Hence the concentration passes from 6x10" mol.l"
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(5.5 ppb) in double-distilled water to 2xlO"5mol.l'1 (2 ppm) in a groundwater containing 2xlO"3 mol.l'1

(123 ppm) of in oxidizing conditions (Forsyth et al, 1992).

The effects on the dissolution of UO2 were detected above a total carbonate concentration of

10"4 mol.l"1 (Sunder et al, 1982).

In fact, for concentrations between lO^and 10"3 moU1, carbonates locally buffer the pH and

stabilize UVI complexed in solution, accelerating the UO2 dissolution rate. Above 10"3 mol.l"1, a film of

UO2CO3 is formed on the solid surface, and this causes a drop in the dissolution rate.

The experiments of Steward (1994) (see Table 28), carried out with solution flowrate for different

oxygen and carbonate concentrations, confirm the previous results (Sunder et al, 1982). Thus for example,

at 25°C, for an oxygen partial pressure of 0.2 atm and pH « 9.3, the UO2 dissolution rates are 2.55, 9.34 and

6.72 mg.m^.d"1 for respective carbonate concentrations of 0.2, 2 and 20 mmol.1"1. Note that these rates are

higher by more than one order of magnitude than those recorded in the absence of carbonates.

This raises the question of the preponderance, if any, of one parameter over the other in their impact

on the dissolution rate of UO2. The authors (Shoesmith et al, 1996; Bruno et al, 1998; Grambow et al,

1999) appear to agree that oxygen is preponderant compared with carbonates since its partial order ranges

between 0.3 and 1 against 0 and 0.6 for the total carbonate concentration. In the total carbonate concentrate

range from 2x10^ to 2xlO'2 mol.l"1, Shoesmith (1996) indicates a partial order with respect to carbonates of

about 0.25. This can reach 0.5 when this concentration exceeds lO^mol.l"1 (Hiskey, 1979; Shoesmith et al,

1996). The authors (Hiskey, 1979; Shoesmith et al, 1996) conclude that in this case, the dissolution of the

UO2CO3 film controls the dissolution rate of the solid. Bruno (1998) reports a dependence of 0.42. Grambow

(1999), based on experimental results of several authors, determines a value of 0.60. However, given the

dispersion of the results, a high uncertainty must accompany this value.

Hocking (1994), on the contrary, fail to observe any influence of carbonate concentration in the UO2

dissolution process in the presence of oxygen. Based on electrochemical experiments on CANDU fuel

pellets, using different (NaC104/NaHC03/Na2C03) aqueous solutions and dissolved oxygen concentrations

(10'5 to 10"3 mol.l"1), they conclude that the UO2 dissolution rate varies linearly with the oxygen

concentration (partial order of 1), and that it remains independent of the carbonate concentration.

To conclude, most of the authors (Shoesmith et al, 1996; Bruno et al, 1998; Grambow et al, 1999)

(except for Hocking et al, 1994) consider that carbonates only tend to accentuate the UO2 dissolution rate

(by a factor of 10 to 50 (Shoesmith et al, 1996)) in the presence of dissolved oxygen in solution. However, if

the total carbonate concentration is higher than 10'2 mol.l'1, they can then control the dissolution of UO2

independently of the oxygen concentration, by controlling the formation of a secondary phase of insoluble

uranium carbonates.

Effect of temperature

The role of temperature on the oxidizing dissolution of UO2 (see Table 28) has been little

investigated, and is therefore poorly understood today.
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It is estimated that the apparent activation energy Ea
app of the UO2 dissolution reaction ranges from

20 to 60 kJ.mol"1 (Hiskey, 1979; Grambow et al, 1999; Aronson et al; 1957; Schortman et al, 1958). This

scale of Values makes it impossible to determine whether the process controlling UO2 dissolution is of

diffusional origin (Ea
app < 40 kJ.mol"1) or surface origin (40 kJ.mol'1 < Ea

app < 85 kJ.mor1). In the former

case, it is assumed that the diffusion of the oxidizing species governs UO2 dissolution; in the latter, it is

considered that the reactivity of these species with the surface of the material controls the dissolution of UO2.

If a temperature elevation does not significantly increase the solubility of UVI in deionized water, in

aqueous solution it can nonetheless favor the formation of secondary phases liable to hinder the diffusion of

oxygen (Sunder et al, 1991). This is why, as the temperature rises from 30°C to 90°C, the UO2 dissolution

rate increases with distilled water, and decreases with granitic water, which contains carbonates (Thomas &

Till, 1984) causing the precipitation of insoluble uranium carbonates.

Recent studies by Steward (1994) and De Pablo (1997), attempted to determine the influence of

temperature as a function of oxygen and carbonate concentration. As a rule, an increase in temperature in the

25°C-75°C range causes a significant increase in the dissolution rate, as much as one to two orders of

magnitude. This effect is more pronounced with higher oxygen, and especially carbonate, concentrations. In

a solution containing 0.2.10-3mol.l-l of carbonates and 0.2% (80 ppb) of dissolved oxygen, Steward (1994)

measured UO2 dissolution rates of 0.23 mg.m-2.d-l at 26°C, and 0.51 mg.m-2.d-l at 75°C; while in a

solution containing 20. 10-3mol.l-l of carbonates and 20% (8 ppm) of dissolved oxygen, the UO2

dissolution rates are 2.42 and 77.4 mg.m-2.d-l respectively at 25 and 75°C.

Clearly, we must conclude that temperature increases the reactivity of the oxidants involved in the

dissolution of UO2, with the effect of considerably increasing the rates. Carbonates appear to be more

sensitive to a temperature increase than oxygen.

Conclusion

Finally, the effects of oxygen on UO2 dissolution are more pronounced with higher carbonate

content, lower pH and higher temperature. According to the scale of the influence they have on the UO2

dissolution rate, these parameters can be classed as follows:

Temperature > [carbonates] > pH

8.2.3.3.1.2 Dissolution of Simfuel

Simfuel is a quasi-inactive analog of CANDU fuel. Stable elements of the same chemical family are

substituted for the fission products and actinides. With 11 elements dissolved in the UO2 matrix (about 96%

of the impurities anticipated in irradiated fuel) and only 0.9% of 235U, this is a very low irradiating material,

simulating the chemical state and certain aspects of the microstructure of irradiated fuel (Le Lous, 1997).

Table 29 reports the different Simfuel dissolution rates published in the literature which we shall

discuss below.
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Leaching experiments on Simfuel pellets were performed in synthetic granitic waters, at 25°C, in

oxygenated conditions (PO2 = 0.2 or 0.97 atm) and anoxic conditions (pO2 < 1 ppm), in static, sequential or

dynamic fnode (Bruno et al, 1992; Casas et al, 1991; Ollila, 1992). The dissolution rates were calculated

from the quantity of uranium going into solution.

In oxidizing conditions, for Bruno (1992) and Casas (1991), the Simfuel leach rate is estimated at

0.008 mg.m"2.d'' in static or sequential mode, while in dynamic conditions, it averages 0.92 mg.m^.d"1 when

OO2 = 0.2 atm, and 1.22 mg.m^.d'1 when Po2 = 0.97 atm. The partial order relative to oxygen was

accordingly determined as 1 (Bruno etal, 1992).

In anoxic conditions, the studies of Ollila (1992) allow a graphic determination of the Simfuel leach

rate of about 0.08 mg.m^.d"1. This drops to about 0.04 mg.m^.d'1 in the presence of FeCl2. The presence of

Fe2+ ferrous ions enhances the reducing property of the solution, by consuming oxidants like O2 (Casas et al.,

1995). It must be noted that in anoxic conditions, the low rates determined contain a relatively high error,

because the element concentrations in solution are generally lower than those measured in the acid rinses of

the leach pots employed. This implies that sorption, colloid formation and/or precipitation processes occur

(Ollila, 1992; Rondinella & Matzke, 1996).

In oxidizing conditions, the Simfuel and UO2 leach mechanisms appear to be identical: a short

interval (< 10 days) of rapid dissolution of the oxide layer initially present on the surface, is succeeded by a

slower step attributed to the oxidizing dissolution of the matrix. However, in terms of kinetics, if the initial

uranium release rates are equivalent between the two materials, they are different as the dissolution reaction

proceeds (Garcia-Serrano et al, 1996; Shoesmith et al, 1996) In a NaHCO3/NaCl water, the Simfuel

dissolution rates were determined between 0.2 and 1.5 mg.m^.d"1, while they were between 1 and 3 mg.m"
2.d"' for UO2 (Bruno et al, 1995). This decrease can be explained by the presence of chemical analogs of

fission products, whose low solubility causes them to accumulate on the Simfuel surface, with the result of

slowing the dissolution of the uranium (Matzke, 1992).

Initial oxidation of the matrix was observed to UO2+X ( x<o.33)5
 a°d then to UO2.33, faster with Simfuel

than with UO2. This is attributed to the presence in the Simfuel of trivalent impurities (Y3+, La3+, Nd3+, etc)

capable of catalyzing the reduction of the oxidants, and of oxidizing the adjacent U4+ ions (Garcia-Serrano et

al, 1996; Shoesmith et al, 1996). Electrochemical experiments (Sunder et al, 1993; Shoesmith et al, 1994)

in 0.1 M NaC104 medium at pH = 9.5 confirmed the acceleration of the initial Simfuel oxidation rate. They

also showed that the subsequent Simfuel and UO2 dissolution steps are similar, leading to the same

interfacial films.

In conclusion, the leaching of Simfuel obeys the same oxidation/dissolution mechanism as UO2.

Minor differences are observed from the kinetic standpoint: Simfuel is oxidized faster than UO2; on the other

hand, the leaching of Simfuel appears to be slower than the dissolution of UO2 as the material deteriorates.

8.2.3.3.1.3 Dissolution of uraninite

Uraninite occurs in the natural state as a mixture of two phases U020o- UO207 and UO225 - UO233. It

has a cubic crystallographic structure crystallographic of the CaF2 type, like UO2. It contains impurities like
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calcium, silicon, lead, thorium and rare earths, in variable amounts depending on the deposit. Its oxidation

can reach UO298, because the equilibrium of the charges is guaranteed by the presence of cationic impurities,

unlike the oxidation of UO2, which cannot exceed UO2 33 according to the U-0 phase diagram (Cachoir,

1997).

One of the most thorough studies on the dissolution kinetics of uraninite is that of Grandstaff (1976).

He considered several parameters: concentrations of organic matter, carbonates and dissolved oxygen, pH,

temperature, and the molar fraction of cations not including uranium. For oxygen partial pressures from

0.002 to 0.02 atm, and pH from 4 to 7, he determined a virtually linear dependence of the dissolution rate on

the oxygen concentration. The dissolution rate does not appear to depend on the oxidation state of the

uraninite.

The values of the initial uraninite dissolution rate are given in Table 30. They are similar to those

obtained for UO2, and are similarly interpreted.

Similar studies were conducted by Posey-Dowty (1987). In the pH range between 7.2 and 8, and for

higher oxygen partial pressures ranging from 0.2 to 4 atm, the partial order relative to oxygen is only 0.5.

No effect of radiolysis, whether a or y, was found with this material. Based on the Cigar Lake

uranium deposit (Canada), where the average uranium mass assay is 8% (with "peaks" up to 55% in places),

Cramer and Smellie (1994) evaluated the dose rates absorbed by water in contact with the rock at 2.7* 10'5

Gy.s"1 in a and 6.3xlO"9 Gy.s"1 in y, figures they estimate insufficient to cause significant oxidation of the

UO2. According to these authors, the redox of the medium is controlled by the Fe2+/Fe3+ pair, and buffered by

the iron sulfates and siduite, imposing a potential under 0.2V. Since the potential required for oxidizing

dissolution is greater than 0.2V, the potential of the medium would hence rather impose control by the

solubility (Cramer, 1995).

The main difference between UO2 and uraninite in terms of dissolution stems from their solubility.

This is affected by the intrinsic impurities, such as lead, calcium, yttrium and rare earths. Their effects on

solubility are nonetheless masked by the presence of carbonates in solution (Casas et al, 1998).

In conclusion, the behavior under water of uraninite and UO2 turns out to be identical. The same

order of magnitude was obtained for the dissolution rates of both materials (mg.m^.d"1). It is interesting to

note that no effect of radiolysis was identified on the uraninite dissolution kinetics.

8.2.3.3.1.4 Dissolution of irradiated fuel

This section only discusses leach experiments on irradiated fuel related to the effect of dissolved

oxygen on the dissolution kinetics. The results on irradiated fuel involving water radiolysis are addressed in

Section 8.2.3.5.

So far, to the best of our knowledge, only the experiments of Steward and Gray (1992, 1994)

attempted to examine the combined effects of temperature (25°C-75°C), dissolved oxygen (0.003-0.2 atm),

pH (8-10) and dissolved oxygen concentration (0.2-20%, or 0.08-8 ppm) on the corrosion of irradiated fuel

and uranium dioxide. The experiments were performed in dynamic conditions (flowrate 5 to 25 ml.h' ),
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permanently guaranteeing undersaturation of the uranium. The dissolution rates were calculated from the

uranium concentration released into solution. The irradiated fuel, discharged from a pressurized water

reactor, had a burnup of 33 GWd/tu. Based on 15 experiments, the authors determined an average dissolution

rate of 3.1 mg.m^.d"1 for irradiated fuel, and 8.6 mg.m'2.d"' for UO2, all tests combined.

Both materials behave in the same way with respect to variations in pH, temperature and carbonate

concentration. This is not confirmed for a variation in the dissolved oxygen concentration, judging from the

fluctuating values of the partial orders determined. For a pH between 8 and 10, an oxygen partial pressure

like 3* 10'3 < pO2 < 0.2 atm, the partial order of the dissolution reaction relative to oxygen was determined as

0.05 with a total carbonate concentration ranging from 2x10"* to 2xlO"2 M and at ambient temperature. It is

0.79 with experiments where 10"3 < pO2 < 0.2 atm, [CO3
2"]tot = 2x 10"2 M and T = 75 °C.

The authors provide no explanation for these results. However, we can attempt to explain them by a

temperature effect, which enhances the reactivity of the oxidizing species (O2, CO3
2"). It is true that several

other studies (Grambow et al, 1996; Paul et al, 1997), conducted in different experimental conditions

(steady state for example) do not agree on a temperature effect on the dissolution of the matrix of the

irradiated fuel, so that the question remains unanswered. However, since the kinetic constant of any reaction

rises with temperature, many physical and chemical processes are thermoactive; and it is quite plausible that

with irradiated fuel, competition and predominance of one reaction over another could occur, making it

impossible to interpret the mechanism and yielding highly variable results in view of the complexity of the

system (secondary phases, radiolysis, heterogeneous solid/liquid interface). As to the partial order close to

zero determined at ambient temperature, this could result from the fact that an oxidized layer coats nearly the

entire surface; it is accordingly assumed that a clear elevation in temperature accelerates the

oxidation/dissolution rate of this surface layer, releasing new UIV sites to accommodate new oxidizing

species.

A study by Gray & Thomas (1994) substantiates this hypothesis. Dissolution tests in aerated

carbonate solutions were performed on irradiated fuel powders, some previously oxidized in air between 110

and 200°C to a stoichiometry close to U4O9. The dissolution rate of the pre-oxidized samples was found to be

five times greater than the rate corresponding to untreated samples. Oxidation to the U3C>8 stage (higher than

U4O9) further increases the dissolution rate by a factor of 2 with respect to U4O9.

The same tendency was observed with inactive UO2. The Table 32 gives the dissolution rates of two

uranium oxides U3O8 and UO3.H2O determined by Steward & Mones (1997) in the same experimental

conditions as above. The U3Os dissolution rate is 2 to 4 times higher than those of UO2 and U3O7, which are

comparable (~ 3 mg.m^.d"1) and also determined in the same experimental conditions. The UO3H2O

dissolution rates are two times higher than those of U3Og. The oxidation state of the surface hence determines

the dissolution rate of the material: the more the oxidation state of the uranium oxide approaches degree VI,

the faster the dissolution.

When the oxygen partial pressure goes from 0.2 to 0.003 atm, the leach rates of irradiated fuel drop

by a factor of 10 or even 100, as reported by Gray (1995). Previous leaching tests in reducing conditions

(imposed by bubbling of hydrogenated argon in the presence of palladium, or by prior percolation of the
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leachant on crushed granite), in a granitic water, at 25 °C and in sequential mode, already concluded in a

reduction of the irradiated fuel leach rate by a factor of 10 (Forsyth & Werme, 1992) compared with the rate

measured in aerated medium.

In short, irradiated fuel obeys the same oxidation/dissolution mechanism as its unirradiated UO2

matrix. It behaves in the same way according to variations in pH, temperature and carbonate and dissolved

oxygen concentrations. The dissolution rates of both materials are very similar. Note that the oxidation of

irradiated fuel by oxygen appears to be more sensitive to a temperature rise. Oxidation turns out to play a

decisive role in the overall dissolution kinetics: a uranium oxide dissolves faster as its oxidation state

approaches UVI.

8.2.3.3.2 Effect of H2O2

Of all the species produced by the radiolysis of water, H2O2 is the most reactive stable oxidizing

species.

The influence of H2O2 on the dissolution of UO2 has been less investigated than that of dissolved

oxygen. The effect of H2O2 on the dissolution of other materials of interest to us (uraninite, Simfuel,

irradiated fuel) has curiously not been investigated so far.

All the experience described below only concerns UO2 in solutions, containing variable

concentrations of H2O2 and degassed with nitrogen or argon to expel the dissolved O2 and CO2.

Even if data on the mechanisms involved are only in the hypothetical stage, a body of kinetic data

has been published in the literature (see Table 28 & Figure 80), on which we propose to comment.

The Figure 80, plotted by Christensen (1998), shows UO2 dissolution rates as a function of H2O2

concentration determined in non-complexant media and at pH«9. It contains the results of Grambow (1994),

Christensen (1990), Gimenez (1996) and Shoesmith and Sunder (1991).
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Figure 80 : dissolution rates ofunirradiated U02 as a function ofH2O2 concentration
(after Christensen & Sunder, 1998); Shoesmith (1991), Christensen (1990), Gimenez

(1996), Grambow (1994).

Regardless of the analytical method employed (electrochemical measurements of corrosion potential

for Shoesmith and Sunder (1991), determinations of the quantity of uranium going into solution for the

others (Grambow et al, 1994; Christensen et al, 1990; Gimenez et al, 1996), the results of the different

workers appear to be consistent.

From this figure 9 three H2O2 concentration regions can be distinguished, reflecting the different

behaviors of the UO2 dissolution rate (Shoesmith & Sunder, 1991).

[H2O2]> moLT
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The rate varies directly with the H2O2 concentration (Shoesmith & Sunder, 1991). Gimenez (1996)

found an identical dependence from an H2O2 concentration above lO^mol.l'1.

By expressing the rate law as follows,

V = kH^ x [ / / 2 # 2 ] avecVenmoleu.dm^.s"1 (Eq7)

the rate constant kH2C>2 is estimated on average at 10"10, or more precisely:

> 1.2xlO"10 for [H2O2]> 5.10"3 mol.l"1 according to Shoesmith and Sunder (1991),

> 4.28x 10"10 for Christensen (1990),

> 8x 10"11 when [H2O2]> 10'2 mol.l"1 according to Gimenez (1996).

For example, an H2O2 concentration of 5.10'2 mol.I"1, in a solution buffered to pH=8, yields a UO2

dissolution rate of 23 ± 1.9 mg.m'ld"1 (Christensen etal, 1990).

At H2O2 concentrations above 0.15 mol.I'1, the determination of the UVI/UIV ratio by XPS showed

that the surface oxidation of UO2 becomes complete, leading to the formation of a secondary phase of UVI

covering the surface (Diaz-Arocas et al, 1995).

• 104<[H2O2]< 5xlO-3 mol.11

The dissolution rate is independent of the H2O2 concentration.

It is estimated at about 1 mg.m"2.d"', referring to the work of Shoesmith (1991). For [H2O2] = 5xl0"3

mol.l"1, Gimenez (1996) obtains a value close to 2 mg.m^.d"1.

The oxidation of hydrogen peroxide is considered here as competing with the oxidation reaction of

UO2 to UO2.33. At these concentrations, hydrogen peroxide is unstable and is dismutated according to the

following equation:

2 H 2 O 2 - » O 2 + 2 H 2 O (Re 29)

which results from the following two redox half-equations:

H 2 O 2 + 2 e" -> 2 OH" (Re 30)

H2O2 ->O2 +2H+ +2e" (Re31)

The oxidation of H2O2 to O2 (Re 31) is catalyzed by the presence of UIV and UVI sites adjacent to the

solid/liquid interface, but is inhibited when these sites are blocked by the appearance of secondary UVI

phases (Shoesmith & Sunder, 1991). This was demonstrated in conditions of uranium saturation in solution,

and also by the addition of sulfate ions to the leaching solution (Eary & Cathles, 1983) : the dissolution rate

then probably decreases in this case because of the preferential adsorption of the sulfate ions on the UO2

surface, blocking the access of H2O2 to the potential oxidation sites.

The ability of UO2 to catalyze the decomposition of H2O2 decreases with increasing UO2 oxidation,

i.e. when the number of oxidation sites available at the interface decreases.
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• [H2O2]<2xlO4 mol.l1

The dissolution rate depends closely on the H2O2 concentration. It drops rapidly when approaching the

oxidizing" dissolution threshold.

Moreover, regardless of the H2O2 concentration range considered, the pH of the peroxide solution

also plays a role on the behavior of UO2 (Sunder et al, 1987). The UO2 oxidation rate rises with decreasing

pH in the range 2 to 12. Thus in a solution of 0.1 M NaC104 containing [H2O2] = 10"3 M, Sunder (1987,

1991) reports an increase by two orders of magnitude as the pH drops from 9.5 to 7.

Electrochemical studies carried out by the Canadians showed that in solutions close to neutral, the

UO2 oxidation rate is 200 times faster in the presence of H2O2 than in the presence of dissolve oxygen, at

equivalent concentrations (Shoesmith & Sunder, 1991; Shoesmith et al, 1985). Shoesmith (1985), trying to

explain this mechanism, implicate radicals like OH and HO2" produced by the decomposition of H2O2.

Recently, Shoesmith and Johnson (1997) refined their analysis by assigning importance to the type and

reduction kinetics of the oxidant. The reduction of oxygen, in which the strong O-O bond involving four

electrons is split, is very slow compared with the of H2O2, which only involves two electrons. Hence the

reduction of the oxidant partly controls the oxidation kinetics of UO2, according to the Canadian authors

(Shoesmith & Johnson, 1997).

The influence of carbonates in hydrogen peroxide solutions in the presence of UO2 was investigated

by Hiskey (1979). For H2O2 concentrations above 10"2 mol.l'1, in a solution of ammonium carbonate

(NH4)2CO3, for which the total carbonate concentration is maintained at 0.5 mol.l"1, the dissolution rate

obtained can be expressed as follows:

V = 21,6 x [H2O2 f
5 x [HCO; t f avec V en molu .drrf2 .s"1 (Eq 8)

The partial order relative to H2O2 is lower than the one observed by Shoesmith and Sunder (1991) in

this concentration range. Similarly as to the above observation, it is very probable that in such concentrated

carbonate solutions, the carbonates compete with the hydrogen peroxide for the oxidation of UO2. The rates

listed by Hiskey (1979) are out of all proportion to those presented elsewhere: they are higher than

lg.m"2.d"' !

The presence of iron filings in solution decreases the UO2 dissolution rate to the values found in

anoxic (N2) or reducing (H2 bubbling and Pd catalyst) conditions (Casas et al, 1995). This reducing agent

seems to slow down the oxidation of UO2, by acting directly on the oxidant H2O2 or O2. Moreover, contrary

to their earlier investigations (Casas et al, 1995), the Spanish researchers using SEM, recently observed a

uranium IV phase precipitated on the surface of the iron powders (Gimenez et al, 1998).

The salinity of the leach solution does not modify the effect of H2O2 on the dissolution of UO2.

Similar UO2 dissolution rates were obtained in H2O2 solutions containing 5M NaCl (Grambow et al, 1996)

and in deionized water containing the same H2O2 concentration (Shoesmith & Sunder, 1991), or « 1.3 mg.m'

Id"1 for [H2O2] = 10"2 moL.l"1.
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In short, even if the H2O2 decomposition kinetics is still poorly understood, we find that the UO2

oxidation processes observed in hydrogen peroxide solutions are identical to those observed in oxygenated

solutions.' Note that oxidation is faster in the presence of H2O2. The behavior of these two oxidants to

uranium dioxide and the other parameters considered (pH, carbonates) appears similar.

The comparison of figure 8 with figure 9 indicates that the UO2 dissolution rates are similar in

solutions containing dissolved oxygen or hydrogen peroxide in comparable concentrations. Since it has

already been demonstrated (Shoesmith et al, 1985) that the UO2 oxidation rate to UO2.33 is much faster in

the presence of H2O2 than O2, we can conclude that the dissolution reaction of this layer is the kinetically

limiting step for both systems (Christensen & Sunder, 1998).

8.2.3.3.3 Discussion

The effects of the oxidant molecules O2 and H2O2 which can be generated by the radiolysis of water

are already established.

Regardless of the sample (UO2, uraninite, Simfuel, irradiated fuel), the dissolution rates

experimentally observed vary in the same way. Hence the same mechanism (Casas et al, 1994) is implicated

for irradiated and unirradiated materials, in aerated oxidizing conditions and in the presence or absence of

carbonates. The initial dissolution rates rdiss(i) are always higher than the sum of the oxidizing dissolution

rates of the actual matrix, rox + rdiSS(2). This mechanism is independent of the sample investigated and the

experimental conditions. The difference between the two rates is generally about one order of magnitude

(Bruno et al, 1998). The initial dissolution period is dominated by the dissolution of a superstoichiometric

surface layer, in proportion to the concentration of oxidants (Casas et al, 1995; Grambow et al, 1996). This

interval ranges from a few hours to few days depending on the initial degree of oxidation of the surface

layer. The process of oxidizing dissolution of the UO2 matrix then takes over in kinetic terms. The

consumption of oxidants by the material surface obeys the laws of heterogeneous kinetics. The kinetics of

the overall process is controlled by the dissolution rate of the oxidized layer formed on the surface.

The UO2 dissolution rate is affected by the type of oxidant, as pointed out in section 8.2.3.3.2.

Besides O2 and H2O2, other oxidants can also cause the alteration of these materials. For example,

experiments in CIO" chlorate medium display UO2 dissolution rates UO2 (see Table 28) similar to those

obtained in peroxide and oxygenated solutions, all other experimental conditions being equal (Casas et al,

1995). Hence the CIO" ions are equally good oxidants for the dissolution of the solid as O2 and H2O2. Other,

electrochemical experiments on the corrosion of CANDU fuel in NaC104 solutions degasified by different

mixtures of nitrogen oxygenated with O2 percentages from 0 to 100%, at pH = 9.5, report a linear

dependence on oxygen for [O2]aq > SxlO^mol.l"1 (Shoesmith & Sunder, 1991; Hocking et al, 1992). At

ambient temperature and partial pressure pO2 = 0.2 arm, the corresponding oxidation rates approach

0.2 mg.m"2.d"' (Shoesmith & Sunder, 1991), i.e. identical values to those obtained in non-complexant

aqueous media, all other experimental conditions remaining equal (Grambow et al, 1996). Hence it appears

that CIO4" ions do not participate in the dissolution of the matrix, no doubt because of their high steric

hindrance.
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In conclusion, the oxidizing species (which can be generated by the radiolysis of water) can be

classed by increasing order of effectiveness on the acceleration of the UO2 oxidation rate as follows:

O2 < H2O2 < oxidizing radicals from radiolysis (OH and Oi)

with, for the aforementioned stable species, an additional accelerating effect of temperature,

carbonates and pH.

The same does not apply to the solid dissolution rate, which actually depends on the oxidant

concentration (Casas et al, 1995; Grambow et al, 1996) and the type of phase at the interface subject to

dissolution. Hence it is known that the transition of this surface phase of U3O7 to U3O8 causes an increase in

the dissolution rate (see 8.2.3.3.1.4) by a factor of 2 to 4.

As a rule, the experimentally observed dissolution rates are in the range of 1 mg.m'2.d"\ At very high

oxidant concentration, however, they vary linearly with the concentration of these oxidants, and can then

reach a few g.m~2.d"\

Note that the concentrations of oxidizing agents O2 and H2O2 are specifically a function of the

composition of the solution. In terms of solid dissolution, it has been shown for example that:

Cl" ions are inert (Grambow et al, 1996; Gray & Thomas, 1994),

Fe2+ ions catalyze the reduction of the oxidizing species (Casas et al, 1995). This also applied to the

S2", Mn2+, and Cu2+ ions (Le Lous, 1997).

Another parameter can also modify the redox balance of the system investigated: the radiolysis of

water, whose effects are evaluated in the next section.

8.2.3.4 EFFECT OF y AND a RADIOLYSIS OF WATER ON UO2 DISSOLUTION

We previously discussed the specific effects of the stable oxidizing radiolytic species O2 and H2O2

on the dissolution of UO2 observed on solutions simulating an irradiated water by the addition of dissolved

oxygen and H2O2.

It is nonetheless possible to integrate the presence of all the species produced by the radiolysis of

water in experiments on the dissolution of UO2, the inactive matrix of the fuel. In this case, it is possible to

estimate their combined effects on the UO2 dissolution rate. To do this, the UO2/solution system must be

irradiated by an external a or y source, each of them producing their own quantities of radiolytic species

according to the radiation yield (see Table 22).

The following sections describe the few experiments performed so far to investigate the impact of y

and a radiolysis on the dissolution kinetics of UO2 in water.

Note that P radiolysis was not considered, because it is commonly assimilated with y radiolysis. In

fact, the radiolytic yields of these two radiations are identical, and since y photons are more penetrating than

electrons, it is even considered that y radiolysis overestimates P radiolysis.
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8.2.3.4.1 y radiolysis

In the irradiated fuel, the y photons chiefly emitted by the fission products interact with the material

chiefly by Compton effect. They have a path of about 5 cm in UO2, and can reach 20 cm in water (Smellie &

Karlsson, 1996). Unlike a particles, they display the feature of not creating irradiation damage in the

material. Hence irradiation by an external y source of a UO2/H2O system only causes radiolysis of the water.

This is differentiated from a radiolysis by the fact that it preferentially generates free radical species, which

are highly reactive.

Few studies actually address the effects of y radiolysis of water on the dissolution of UO2. The values

of the dissolution kinetics obtained are reported in Table 33 and in Figure 81.
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Figure 81 : dissolution rates ofUO2 in aerated or oxygenated irradiated solutions as a
function of y dose (after Shoesmith & Sunder, 1998).

As of 1981, Gromov (1981) showed that in solutions containing 0.73 M total carbonate (pH=10) and

0.1N H2SO4 acidic solutions, the UO2 and U3O8 dissolution rates increase due to the y radiation contributed

by an external de 60Co source. For a dose rate of 12 Gy.s"1 for example, the UO2 dissolution rate at pH = 10 is

estimated at 3.5 mg.m^.d'1. It rises with increasing dose rate.
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The most complete study was made by Sunder (1990, 1991, 1992) who used electrochemical

methods to investigate the effects of the radicals OH, O2' and CO3' on the oxidizing dissolution of UO2.

These radicals were generated by the passage of y radiation from a 192Ir source, in a solution where a UO2

electrode is immersed. The experimental conditions of this study were as follows: the electrolyte was 0.1M

NaC104, buffered to pH«9.5 by HC1O4 or NaOH and degasified with argon to expel dissolved O2. The

chemistry of this solution was adjusted to favor the formation of specific radicals.

The formation of OH radicals is promoted by the irradiation of a solution saturated with N2O. In fact,

N2O captures the aqueous electron to form the OH radical by the following reaction:

H 2O + e"q + N 2 O -> N 2 + OH" + OH (Re 32)

If the solution contains HCO3" hydrogenocarbonate ions, CO3' radicals are preferably formed:

HCO" + OH -> CO" + H2O (Re 33)

The radiolysis of an oxygenated solution containing tertbutanol (CH3)3COH or HCOO" formate ions

chiefly produces O2' radicals by the following reaction mechanism:

OH + (CH3)3COH -> H2O + (CH3)2CH2COH (Re 34)

OH + HCOO" -> CO2 + H2O (Re 35)

CO2 + O2 -> CO2 + O2 (Re 36)

e * , + 0 2 - > 0 2 (Re 37)

Note also that tertbutanol and formate ions act as OH radical captors (Re 34 and Re 35). Two

reactions (Re 36 and Re 37) lead to the formation of O2". At first glance, the formate ions seem to be more

effective, since the concentration of O2" radicals is twice the figure that would be produced in a tertbutanol

solution, all other things remaining equal. However, the use of formate ions leads to the formation of CO2,

which is the source for generating CO3
2", whose accelerating role in the oxidizing dissolution of UO2 is well

known.

Other experiments were performed by privileging the formation of OH and e"^, and that of OH and

O2" , in the solution. By bubbling argon in the solution, no captor is introduced, so that the solution

preferentially contains OH and e"aq under irradiation. A solution saturated with oxygen produces a mixture of

OH and O2~ radicals under irradiation

Under irradiation, besides the radicals, the molecular products of the radiolysis of water, H2, O2 and

H2O2, are formed. To distinguish the effect of H2O2 from those of the radicals, some experiments were

conducted on solutions containing H2O2, irradiated or not. The experimental workers varied the

concentration of radicals in solution by adjusting the dose rate absorbed by the solution and the exposure

time to the iridium source. The dose rate, experimentally determined by Fricke dosimetry, varied from 1 to

300 Gy/h. This maximum dose rate corresponds approximately to the P dose rate in water generated by a
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CANDU fuel cooled for ten years. The oxidation of UO2 was followed by the variation in the corrosion

potential as a function of time. The surface of the sample was analyzed by two techniques: voltammetry and

XPS spectroscopy. The former served to estimate the thickness of the oxidized surface layer, and the latter

provided information about its chemical composition.

The results of these experiments provide information on the UO2 oxidation mechanism in the

presence of oxidants resulting from the y radiolysis of water. Some kinetic data were taken from the literature

and are reported in Table 33.

The proposed mechanism features two steps:

O Formation of a UO2 33 interfacial layer in a corrosion potential range from -500 mV/ecs to

-100 mV/ecs.

UO2 + 0.333H2O » UO2.33 + 0.667H+ + 0.667e- (Re 38)

The formation rate of this film appears to be proportional to the square root of the dose rate

(Sunder & Shoesmith, 1991).

© From -100 mV/ecs, oxidizing dissolution of UO2.33 with passage of U71 in solution and formation of

secondary phases of the hydrated UO3 type at the grain boundaries of the electrode. The oxidation of UO2 is

more pronounced and rapid in solutions favoring the production of O2" radicals (Sunder & Shoesmith, 1991).

In solutions privileging the formation of CO3" radicals, by contrast, the UVI/UIV ratio is lower than 0.5 due to

the greater solubility of the uranyl in the carbonate solutions.

Low doses (about < 10 Gy/h) cause the inhibition of step O, due to the recombination of the H and

OH radicals catalyzed by the surface of the solid. In fact, as already stated in paragraph 8.2.3.3.2, the two

oxidation states of uranium U1V and UVI (and even Uv) present at the interface can be the seat of oxidation

and reduction at the same potential.

AT high doses (>10Gy/h), the surface of the solid is rapidly oxidized to the UVI state, and the

catalytic properties of the surface disappear.

From the kinetic standpoint, it can be observed that the UO2 dissolution rates measured

experimentally (see Table 33) ranging from 10"3 mg.m^.d"1 in solutions saturated with argon and irradiated to

5 Gy/h, to 7.5 mg.m^.d"1 in solutions saturated with dissolved O2 and irradiated to 280 Gy/h.

In fact, it is not the production of radiolytic species, but rather the oxidation of UO2 itself which

proves to be the kinetically limiting step in the oxidizing dissolution process of UO2. The oxidation of UO2

to UO2 33 is faster under irradiation (see Table 34), and the dissolution rates (see Table 33) are much higher

than those measured in the same conditions outside irradiation. This finding is even more pronounced at high

doses. Christensen (1987) performed experiments in static conditions with a 60Co source delivering a dose

rate of 600 ± 90 Gy/h. After six days, the presence of O2" and OH radicals preferentially generated under

irradiation led to a UO2 dissolution rate of 30 mg.m^.d"1 instead of 3 mg.m^.d"1 in the absence of irradiation.

However, the effect of y radiolysis in oxygenated solutions is not linear with respect to the H2O2

concentration. For a dose rate of 280 Gy.h'1, in a formate solution saturated with O2, the steady state H2O2
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concentration determined by calculation is anticipated at 1.7* 10"3 mol.l"1 after 20h of irradiation (Sunder &

Christensen, 1993), and the measured dissolution rate is 7.5 mg.m'ld"1. In solutions having approximately

the sameT^C^ content, in the absence of irradiation, dissolution rates of about 1 mg.m^.d"1 were measured.

The synergistic effect of the radicals is hence manifested by a factor lower than 10 in the UO2 dissolution

rate for the case of solutions containing dissolved O2. Note that the concentration of the radicals produced by

the radiolysis of water is estimated to be very low: < 10'9 M in general, and up to 10'6 M if their formation is

promoted. However, they are considerably more reactive than the molecular oxidants (Sunder et al, 1990;

Sunder & Shoesmith, 1991), present in larger quantities regardless of the solution subject to radiolysis

(Sunder & Christensen, 1993).

A synergistic effect of carbonates with the effects of the y radiolysis of water could also exist. Dose

experiments were performed on UO2 powders (50 to lOOum) in a 0.01 M NaHCO3 / 0.1 M NaCl solution,

de-aerated ([O2]dissoived at 2 ppb), at ambient temperature, pH between 8 and 9, in the presence of y radiation

generated by an external 192Ir source (Shoesmith et al, 1996). Dissolution rates of 4 mg.m^.d'1 were

measured in the absence of irradiation, 50 mg.m"2.d"' with irradiation, and again 4 mg.m^.d'1 in the absence

of irradiation. Note that the dose rate, estimated at 360 Gy/h by Fricke dosimetry, approximately corresponds

to the (3 dose rate of a CANDU fuel cooled for 15 years.

The figure 10, plotted by Shoesmith (1998), can be used to estimate the dependence of the UO2

dissolution rate on the y dose rate absorbed by oxygenated or aerated solutions. The rates plotted in this

graph are determined by calculations from electrochemical measurements (Shoesmith & Sunder, 1991), or

by the measurement of uranium concentrations in static (Christensen et al, 1990; Gromov, 1981) or dynamic

(Tait & Luht, 1997) experiments. Dependence on the dose rate is inferred empirically by the slope of the line

linking the points of the same experiment. There is an overall dependence close to 0.3 to 0.4 in all the

presented cases of pH (Christensen et al, 1990; Gromov, 1981), except for carbonate solutions which

displayed a greater dependence (0.6 to 0.8) (Gromov, 1981; Tait & Luht, 1997). These results confirm the

contribution of carbonates to the dissolution of UO2. However, the rates determined by Gromov (1981) in

this case are abnormally low.

At all events, it is clear that all the rates reported in Figure 81 as a function of y dose rate are not

really comparable because derived from experiments performed in different media. This figure shows the

UO2 dissolution rate anticipated in aerated and unirradiated solutions (horizontal line 1), and the rate

obtained by dose experiments in a 0.01 M bicarbonate solution (Tait & Luht, 1997) (horizontal line 2). By

considering the intersections of these lines with the adjusted lines connecting the rates of each experiment, it

is suggested that the effect of y radiation on the UO2 dissolution rate is negligible in the following cases:

>• Dose rates < 1 Gy/h in non-complexant aerated solutions,

> Dose rates < 10 Gy/h in carbonate aerated solutions.

In aerated solutions, the partial order attributed to the radiolytic oxidants is lower than the one

observed with de-aerated solutions, for which the electrochemistry predicts a 1st order dependence at high

doses ( > 25 Gy.h"1) (Shoesmith & Sunder, 1991). However, the determination of a partial order relative to
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the dose rate in the expression of the dissolution rate of the solid matrix is totally empirical, since the

concentration of the oxidants produced by water radiolysis varies as a function of the square root of the dose

rate.

In conclusion, the effect of y radiolysis of water on the dissolution of UO2 is manifested by an

increase (by a factor close to 10) in the oxidation kinetics of the material, which is more pronounced with

higher dose rate. This effect can be attributed to the oxidant radicals generated by radiolysis, and not only to

the presence of H2O2. It appears above certain dose rate values:

> 1 Gy/h in non-complexant aerated solutions,

> 10 Gy/h carbonate aerated solutions.

8.2.3.4.2 a radiolysis

The investigation of the effect of a radiolysis of water on the dissolution of UO2 is of major interest

for the deep disposal of irradiated fuel as such, a radiation will in fact be predominant after a few centuries.

In the meantime, the canister is presumed to remain sound and guarantee the containment of the

radionuclides during the thermal period. Hence the groundwater in contact with the fuel is subject to a

radiolysis, which can locally impose oxidant conditions at the solid/liquid interface.

We know that a radiolysis tends to produce molecular species like H2O2, H2 and O2, rather than

radical species, a particles, which are high energy (average 5.5 MeV in irradiated fuel) and ionizing, have a

mean free path of about 30 um in water. Hence they will deposit all their energy in a thin layer of this

thickness at the surface of the irradiated fuel, particularly in the pores and cracks.

Two methods have been investigated for understanding and evaluating the effect of a radiolysis of

water on the dissolution of UO2. Either the UO2/water system is exposed to an external a source at a variable

distance always sufficiently close to cause radiolysis of water, or the UO2 matrix is doped with a emitters in

variable contents. The former is employed by the Canadians (Sunder & Shoesmith, 1991; Shoesmith et al,

1985; Sunder et al, 1990; Sunder et al, 1997; Bailey et al, 1985), the latter by Gray (1988) and more

recently by Rondinella (1998). The two methods are their results are discussed below.

A third method is currently used by Corbel (1999). It involves the irradiation of a UO2/water

interface by a beam of a particles from a cyclotron, so that the a particles penetrate the solids through one

side, pass through it and are stopped when they exit the solid in water. This system offers the advantage of

simulating the a radiolysis of the water as well as the irradiation damage caused by the decay of the a

emitters. The experiments are currently under way and are not discussed at length here.

8.2.3.4.2.1 By external a irradiation
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Two types of a source are used by the Canadians (Sunder & Shoesmith, 1991; Shoesmith et al,

1985; Sunder et al, 1990; Sunder et al, 1997; Bailey et al, 1985): a 241Am source (Ea = 4.42 MeV taking

account of self- absorption) of 4.7 (Shoesmith et al, 1985; Bailey et al, 1985) to 400 uCi (Sunder et al,

1997), and a 2I0Po source (Ea = 3.92 MeV taking account of self-absorption) of 686 uCi (Bailey et al, 1985).

The a source is separated from a UO2 electrode by Pyrex beads about 30 um in diameter, presumed

to attenuate at least 1% of the a particle flux according to the experimental workers (Sunder et al, 1990).

The corrosion potentials are measured in a thin electrochemical cell. The steady state corrosion rate values

measured for different a fluxes corresponds to a value of the dissolution rate. This experimental system is

also used to investigate the effect of a radiolysis of water on the oxidizing dissolution of UO2 as a function

of the flux from the a source, the exposure time to irradiation, and also the temperature and chemistry of the

solution.

One of the major results obtained is that at ambient temperature, in 0.1M NaC104 solution (pH=9.5)

or in double-distilled water, the oxidation of UO2 under a radiolysis of water is a function of the intensity of

the a flux, and hence the concentration of radiolysis products (Sunder et al, 1987; Shoesmith et al, 1985;

Sunder et al, 1990). For an a source with activity higher than 9.25><106 Bq, UO2 is oxidized beyond U3O7,

and this oxidized layer is dissolved. The corrosion rate rises with the a dose rate absorbed (Sunder et al,

1997). On the contrary, activities of 1.85x105 Bq and 3.7><106 Bq (5 and 100 uCi respectively) do not lead to

the oxidation of UO2 beyond U3O7. Note that these activities are close to the levels expected at the surface of

an irradiated fuel cooled for 500 years.

The few kinetics results are reported in Table 35. They concern corrosion rates recorded in solutions

purged with argon.

These rates are observed to be considerably lower than those measured at comparable y dose rates

(see Table 33). This can be explained by the fact that contrary to y radiolysis, a radiolysis generates the

molecular species H2O2 rather than radicals, and it is demonstrated that the oxidizing effect of H2O2 is much

weaker than that of the radicals OH and O2". Experiments were performed removing the source up to a

distance of 750 um from the electrode. The dissolution rates are accordingly decreased by two orders of

magnitude. At this distance, the radicals produced by radiolysis cannot reach the electrode, and only

molecular products like H2O2 diffuse. Hence a close similarity exists between the oxidation and dissolution

of UO2 in the presence of products of a radiolysis of water and in the presence of H2O2, conclude the

Canadians (Shoesmith & Sunder, 1991).

Sunder (1990) also investigated the impact of the presence of dissolved H2 in triple-distilled water

degasified with nitrogen, on the oxidation/dissolution of UO2, as a function of the a dose rate (see Table 36).

They showed that at ambient temperature, the presence of H2 dissolved in solution, in a concentration lower

than 7><10'4M, does not affect the UO2 oxidation process. At 100°C, however, and with a concentration
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above 1.6* 10"4 M, H2 appears to lower the UO2 dissolution rate, and this effect is stronger with rising a dose

rate. These results tend to prove that H2 is kinetically inert at low temperature, but reactive to oxidizing

species at temperatures > 100°C. In this case, the oxidation of UO2 does not continue as the a dose rate

increases.

In short, the presence of an external a source (activity >250uCi) in the UO2/water system leads to

oxidation of the material beyond U3O7, and dissolution of the oxidized layer. The dissolution rates recorded

under a dose rate are nonetheless considerably lower than those measured at comparable y dose rates. Note

also that the inhibiting role of H2 in the dissolution of UO2 by water radiolysis was experimentally

demonstrated at 100°C, for H2 concentrations above l.ôxlO"4 mol.1'1.

8.2.3.4.2.2 By a doping of the matrix

Only two investigations discuss the influence of a radiolysis of water on the dissolution of UO2 by

the a doping of this matrix.

Yet this method is certainly the fittest for simulating the role of the a particles present in an

irradiated fuel (Johnson & Shoesmith, 1988). In fact, the water radiolysis aspect is more realistic in this case,

since the radicals are clearly produced as close as possible to the surface. This overcomes the parameter of

radical diffusion, which is always difficult to evaluate and which conditions the effectiveness of the

irradiation technique by an external source. And since the particles a derive from the matrix itself, irradiation

damage due to the decay of the a emitters is also simulated. When the irradiation damage occurs at the

solid/liquid interface, it nonetheless becomes difficult to assess its influence compared with that of the

effects of water radiolysis.

The first person to experiment on UO2 pellets doped with a emitters to evaluate the effect of

radiolysis on the dissolution of UO2 was Gray (1988). Two types of doped pellets were prepared for his

leaching experiments :

• Pellets doped mostly with 239Pu, with specific activity 1.06x 106 Bq/g.

• Pellets doped mostly with 238Pu, with specific activity 1.72* 108 Bq/g. The dose rate was

estimated by calculation at 0.59 Gy/h.

The tests were performed at 90°C in aerated saline solutions, with an S/V ratio of 10 m'1, in static

mode after 5, 28 and 90 days of leaching. Besides the Pu doped pellets, inactive UO2 and a fuel irradiated to

28 GWd/t, clad and stripped of clad, were also tested in identical experimental conditions.

The results of these experiments indicate that the uranium weight loss of the Pu doped UO2 pellets is

on average ten times higher than with inactive UO2 pellets. They also show that the weight losses of the two

types of Pu doped pellet are approximately equal despite a very clear difference in dose rate absorbed by the

leachant. Gray concludes that a radiolysis only has a slight effect on the dissolution of UO2. However, he

Synthesis on the long term behavior of spent nuclear fuel 497



assumes that the influence of the oxidizing radiolytic products is masked by the presence of dissolved O2 (in

concentration close to 10"3 M at 90°C) in all the leach solutions.

Note that the dissolution rates obtained with tests on 238Pu doped pellets are approximately 20, 5 and

1.5 mg.m^.d'1 respectively at dissolution intervals of 5, 28 and 90 days. This drop in the rate as a function of

time reflects the possible saturation of the solution with uranium, and the formation of a secondary phase at

the interface.

More recently, researches undertaken by Rondinella (1998) provided new information on the

influence of a radiolysis of water on the dissolution of UO2.

UO2 pellets containing 0.1% by weight of 238Pu (majority isotope), and 10% by weight of 238Pu, were

fabricated, displaying an a surface activity of 2.71 xlO6 and 2.71 *108 Bq.cm"2 respectively and a surface dose

rate absorbable by water estimated at about 103 and 105 Gy.cm"2.h"] respectively. 1 mm thick discs were cut

from these pellets, and annealed to eliminate any defect or alteration created during their preparation. They

were then subjected to dissolution tests in sequential mode (renewal of the sample, leach solution and Pyrex

leach pot at each sampling), at ambient temperature, under nitrogen atmosphere, in deionized water

degasified with nitrogen, with contact times of lh, 10 h and 100 h.

It results that the quantities of uranium released into solution are two to three orders of magnitude

higher in the case of doped pellets than with inactive UO2. An effect of a radiolysis clearly exists, even at the

low dope rate of 0.1%. This effect nonetheless appears to be independent from the dose rate, since the

quantities of uranium released in solution are identical for both types of doped pellet. Note also that the dope

rate of 0.1% corresponds to the level of a activity of a PWR fuel irradiated to 35 GWd/t with less than ten

years of cooling, and that it is ten times higher than the a activity of the same fuel after 100 and 1000 years

of cooling. The concentrations of uranium released into solution appear to reach saturation after 100 h of

leaching; this saturation of the solution corresponds to a uranium concentration of about 10"6 M, i.e. ten times

higher than the solubility of UO2 in reducing conditions and in a medium free of complexants. No doubt the

formation of an oxidized secondary phase is the underlying cause of this. Initially estimated at about

240 mg.m'2.d"', the dissolution rate of Pu doped UO2 drops by a factor of 10 after 100 h of leaching. It is also

observed that the release of Pu appears to coincide with that of uranium, at least over the experimental

periods tested. By way of comparison, these concentrations of uranium released into solution are

approximately the same as those published in the literature for an irradiated fuel leached in deionized water

in oxidizing conditions. By contrast, they are higher than those measured on an irradiated fuel in contact with

a groundwater in anoxic conditions (Forsyth & Werme, 1992).

The other interesting result of this series of experiments concerns the irradiation damage caused by

the disintegration of the a emitters. The two doped materials delivered different responses during analysis by

X-ray diffraction (XRD). The mesh parameter of UO2 doped 10% rises 0.25% in two months, settling at a

value close to 0.5475 nm (against 0.5464 nm initially). Hence a sort of volume repair occurs relatively

rapidly, faced with the irradiation damage created by a decay. The mesh parameter of 0.1% doped UO2 does
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not appear to evolve over the same interval, since the a decay is 100 times less. Judging from the results

reported on the leachates, irradiation damage does not appear to influence the dissolution of UO2.

In conclusion, the experiments of Rondinella (1998) demonstrate that a radiolysis has a clear effect

on the dissolution of UO2, independently of the dose rate. They also show that a irradiation damage has no

effect on the dissolution of the solid.

8.2.3.4.3 Discussion

a and y radiation irradiating the solution tend to accelerate the oxidation and dissolution of UO2,

regardless of the medium. The effects of a radiolysis were harder to demonstrate, because relatively weak

and perceptible with difficulty compared with the effects of molecular oxidants alone like O2 and H2O2.

The y radiolysis of aqueous solutions considerably increases the UO2 dissolution rate, starting with

rapid oxidation of the surface beyond the UO2 33 stage. This was demonstrated by experiments of Stroes-

Gascoyne (1994), carried out at 100°C, in reducing or de-aerated conditions, for y dose rates of 700 to 7.3

Gy.h'1, equivalent to those produced by samples of recently unloaded irradiated fuels. However, these results

certainly lead to an overestimation of the real long-term dissolution rates, beyond 300 years, by which time

the y radiation will become negligible. From this time on, the a radiation will be preponderant.

Until the recent experiments of Rondinella (1998), no significant effect of a radiolysis in the

dissolution kinetics of UO2 had been identified (Sunder & Shoesmith, 1991; Shoesmith et al, 1985; Sunder

et al, 1990; Sunder et al, 1997; Bailey et al, 1985, Forsyth & Werme, 1985). UO2 dissolution experiments

under a irradiation at flux levels comparable to those anticipated in irradiated fuel hitherto only revealed a

very slight influence of the a radiolysis of water on the oxidizing dissolution kinetics of the solid. However,

for an a flux higher by one to two orders of magnitude, the oxidizing conditions become such that

dissolution is commensurately accelerated (Rondinella et al, 1998; Bailey et al, 1985),. In fact, certainly

without going up to these flux levels, this type of situation could occur very locally in the irradiated fuel,

particularly in the pores and cracks of the rim, which concentrates high a and py activities.

8.2.3.5 RADIOL YSIS OF IRRADIA TED FUEL

All the experiments described above were performed in an attempt to understand and evaluate the

effects of the radiolysis of water on the dissolution kinetics of irradiated fuel. They were mainly conducted

on the UO2 matrix of the fuel, in simple aqueous solutions of which the chemistry of a y or a irradiation

source, in order to dissociate and interpret the effects of the radiolysis of water.

This is because it proves to be extremely difficult, if not impossible, to discern the role of water

radiolysis on the dissolution kinetics of an irradiated fuel itself. This is due to many other parameters, all

interlinked, which can take a role in this process: oxidation degree and state of surface damage of the

material, presence of FP and actinides, composition of leachant, pH, complexants), temperature of the

medium, etc.
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This is why once again, few relevant investigations on irradiated fuel highlighting the effect of the

radiolysis of water on dissolution can be found. In general, the radiolysis of water is admittedly invoked

when the'experimental mechanisms fail to find plausible interpretations. The authors then suggest radiolysis,

the last parameter whose influence on the dissolution kinetics of irradiated fuel still needs to be pinpointed.

The aim of this section is to present the few investigations made on the subject, as well as their

results (see Table 31), a more comprehensive discussion being proposed in paragraph 8.2.3.6.

The earliest studies attempted to estimate the effect of the radiolysis of water by making comparisons

between the dissolutions of UO2 and irradiated fuels carried out in the same experimental conditions.

They include the experiments of Gray (1988). He found that the uranium weight loss was 100 times

higher for irradiated fuel than for UO2. The average uranium concentrations released in saline solution, at

90°C, are:

> 10"4 M for irradiated fuel previously decladded then stored in air before the experiments,

> 10"5 M for irradiated fuel decladded just before the experiment,

> 10"6MforUO2

The author attributes these differences in behavior to the dissolution, to the surface oxidation state

which is certainly different between the materials. If this explication is valid for the first dissolution times, it

is inadequate for long leaching intervals, in which the release of uranium into solution coincides for both

types of fuel. Gray does not suggest an effect of y radiolysis to explain these results. Yet he mentions that the

a and y dose rates absorbed by the water are estimated at 0.6 and 4 Gy/h respectively. No doubt he feels that

these dose rates are too low to be differentiated from other parameters. Note that in the presence of iron in

solution, the concentrations are lower, but the ratio of 100 is maintained.

The researchers then conducted experiments in dynamic mode, to prevent the formation of secondary

phases at the surface of the material.

Steward & Gray (1994) produced a certain body of data. Their results are reported in Table 31. In

aerated solutions, the average UO2 dissolution rate is three times higher than that of an irradiated PWR fuel.

The authors nonetheless conclude that this difference is not significant, since it derives more from

measurement uncertainty, and hence that the dissolution rates of both materials are the same.

Experiments reported by Shoesmith (1996) give different results. In 0.01M NaHCO3 / 0.1 M NaCl

solutions, de-aerated ([O2]dissoived at 2 ppb), at ambient temperature and pH = 8-9, the UO2 dissolution rate

was determined at 0.02 mg.m'ld'1, and that of a CANDU 7.4 GWd/t irradiated fuel at 0.15 mg.mld"1. One

explanation for these results is that the specific surface areas of these two solids were considered to be

identical, since the samples were first prepared in the same way. But a measurement of the surface area by

the BET technique (used by Steward & Gray (1994) for these samples) would certainly have indicated a

larger specific surface area for the CANDU fuel. In this case, the related dissolution rate would be lower,

tending towards that of UO2. This conclusion tends towards those of Steward & Gray (1994).

It is clear that the comparison of the dissolution kinetics between UO2 and irradiated fuel obviously

does not permit an assessment of the effect of water radiolysis on these kinetics. Some workers, like Loïda
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(1995) and Grambow (1996) and Eriksen (1995), tried to understand the problem by compiling mass

balances, including on the radiolysis gases O2 and H2, and correlating them with the quantity of uranium

released into solution.

We know that the radiolysis of water produces an equivalent quantity of oxidizing and reducing

species. The consumption of these oxidizing products produced by radiolysis by oxidation of the irradiated

fuel must therefore cause a disequilibrium in the material balance, in favor of the reducing species, primarily

H2 .

The results of these experiments are reported in Table 37.

The experiments of Loïda (1995) and Grambow (1996) show that O2 and H2 are measured in quasi-

stoichiometric quantities. Their production does not increase significantly with decreasing grain size

distribution of the samples tested. This is confirmed on 3 um fuel powders, for which all the a particles are

assumed to exit the matrix, thereby maximizing the a irradiation of the leachant. This means that these

radiolysis gases are caused by the y irradiation of the water, and not a irradiation. In the presence of iron in

the leachant, the quantity of H2 observed increases by nearly one order of magnitude, and simultaneously, the

presence of O2 is virtually undetectable. No doubt O2 is accordingly reduced preferentially by the metal. The

fuel dissolution rates are also found to decrease in the presence of iron, and increase if the fuel is present in

powder form. The latter result demonstrates the importance of the specific surface area of the solid offered to

leaching.

The experiments also revealed that the quantity of H2 is greater, and the dissolution of the matrix

lesser, in a solution saturated to 95% with NaCl than in deionized water. If one attempts to correlate the H2

production rates and fuel dissolution, an H2 production/fuel corrosion ratio of 3 is found for tests on pellets

with leaching by deionized water and 15 with the brine discussed above. If the tests are carried out with fuel

powders in this brine, the ratio drops to 2.3. Once again, we must highlight the role of the specific surface

area in fuel dissolution. This is discussed at length in paragraph 8.2.3.6.

Based on experiments performed by Loïda (1995) and Grambow (1996), it therefore proves to be

impossible to genuinely derive a relation between the dissolution rate of the matrix and the consumption of

oxidants produced by the radiolysis of water, by compiling a balance between the production and

consumption of the species O2 and H2. Grambow (1996) simply infer that the production of the radiolytic

species depends on the mass of irradiated fuel, but their consumption depends on the surface area.

Eriksen (1995) suggested a preliminary relation based on their experiments. In these experiments,

fragments of irradiated fuel, with an a+p dose rate estimated at 252 Gy.h"1 at the interface, were placed in a

deionized water previously purged with argon, and the quantities of O2, H2 and H2O2 generated, as well as the

mass of uranium going into solution, were measured. An imbalance is observed in the material balance of the

oxidizing and reducing species present in the system. Considering that the imbalance is due to the

consumption of oxidants by the solid surface, the overall mass equation can be written:

2 mH2 = 4 m0 2 + 2 m H A + 2 muV, + x mu02+x (Eq 9)
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This equation takes account of the degree of oxidation of the fuel surface, which is presumed to

determine the effects of the oxidants from the radiolysis of water on the solid dissolution mechanism. In fact,

we assume that the formation of an overoxidized layer on the surface can explain the decrease in the quantity

of uranium released and the accumulation of H2O2 in solution between the two successive and identical

experiments. In this case, in fact, H2O2 can no longer decompose on the surface of the fuel, due to a redox

change at the surface. The ability of the material surface to catalyze the reduction of the oxidants produced

by the radiolysis of water therefore decreases with the formation of a secondary phase. This conclusion

coincides with the one suggested in §8.2.3.3.2.

The investigations discussed in this chapter do not question the influence of the radiolysis of water

on the oxidizing solution of the irradiated fuel matrix. Particularly in initially anoxic medium, the radiolysis

of water is effectively the sole contribution of oxidizing species likely to conduct uranium in solution to

oxidation state VI. However, these studies do not really evaluate the impact of water radiolysis. Two

parameters, still poorly controlled in experiments, have been suggested to explain this failure: the specific

surface area of the material, estimated with a degree of inaccuracy, and its oxidation degree, which evolve

over time.

These two points in particular are discussed in the next section.

8.2.3.6 DISCUSSION

The overall experimental investigations so far presented undeniably provide important information

about the oxidizing dissolution of nuclear fuel. The parameters assumed to predominate in this process,

particularly the radiolysis of the leachant, have been more or less investigated. However, the accumulated

data vary according to the objectives and experimental methods used, so that they are difficult to compare

and interpret against each other.

The experimental studies nonetheless demonstrated that the molecular products O2 and H2O2

generated by the radiolysis of water are capable of influencing the oxidation and dissolution of the fuel

matrix. This is also the case when the leaching solution is subjected to a or y radiation. The effects of water

radiolysis are however less apparent in investigations on irradiated fuel directly. This is based on a far more

complex material than UO2, since it contains many radioactive elements (fission products, actinides), it is the

seat of a and py disintegrations, and it displays wide heterogeneity in the rim as well as structural

heterogeneity (irradiation damage, grain boundaries). Besides, given the constraints of hot cell experiments,

it is relatively difficult to control all the factors involved in the matrix dissolution process: the formation of

secondary phases before and during the tests, the complexation of uranium in solution, the surface chemistry

of UO2, and the specific surface area of the irradiated fuel.

All the dissolution rates of the fuel matrix that we present here are expressed in mg.m^.d"1, i.e.

normalized to the surface area of the irradiated materials. On the other hand, the larger the solid/liquid

interface displayed by the material, the larger the irradiation doses absorbed by the water, particularly in the

pores and cracks.
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In fact, the determination of the specific surface area of an irradiated fuel is certainly the major

uncertainty of the results of dissolution kinetics.

8.2.3.6.1 Effects of the microstructure

Irradiated fuel is composed of UO2 grains, average size 7-10um, which are considerably subdivided

in the peripheral region of the fuel (rim effect). This microstructure raises the problem of interpreting the

measurements of specific surface area accessible to water, which remains unknown with any accuracy.

8.2.3.6.1.1 Evaluation of the specific surface area

8.2.3.6.1.1.1 Presentation of methods

Two types of method are generally employed in attempting to measure the specific surface area of a

fuel: the BET method and the geometric method.

The Brunauer, Emmett and Teller (BET) method is based on the adsorption of rare gases (generally

Kr/He mixture) on the sample. After calibration, the measurement of the gas pressure corresponds to the

surface area of the sample. The known shortcoming of this method resides in the overestimation of the useful

surface area of the solid (i.e. in contact with the water), because the gas penetrates deeper than water into the

grain boundaries.

On the contrary, the geometric method is based on the assumption that no grain boundary can be

exposed to water during the dissolution tests. In actual fact, this assumption is false, since the grain

boundaries located at the interface are necessarily in contact with the water. This is why the geometric

method, based on an estimation of the geometry of the sample, tends to underestimate the real surface area of

the sample, even if a so-called roughness or form factor between 2 and 6 is added to the calculation (Finn et

al, 1994, 1996; Forsyth, 1995) to correct the error committed. This form factor takes account of a degree of

surface roughness, and partly, of the penetration of water into the grain boundaries.

Since no method is available that accounts for this penetration of water in the grain boundaries, both

methods simply help to frame the real value of the surface area of the solid in contact with water.

We present in Table 38 the various specific surface areas listed in the literature. A disparity may be

observed in the results according to the methods used, and which tends to disappear as the shape of the

sample approaches a very fine powder. The smaller the grain size distribution of the sample, the better the

geometric estimation. Virtually all the grain boundaries are then exposed to the solution, and no more

occluded grain boundaries exist. The two methods for evaluating the specific surface area of the material

then yield a virtually identical result (Shoesmith et al, 1996; Gray, 1998). However, if the use of powders

seems to settle the problem of evaluating the effective surface area of the material, it nonetheless presents

drawbacks which are explained below.

In fact, Grambow (1999) recently raised the problem of the change in specific surface area of the

material over time. Disintegration of the material into individual grains, similar to the pulverization of the
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fuel beyond the oxidation to U3O8, have been observed in dissolution experiments in acidic medium (Loïda

et al, 1995) and in unsaturated conditions (Finn et al, 1997). While a minimum surface area of about

7 cm2.g~' 'can be reached for an irradiated fuel leaving the reactor, the maximum surface area could be 200

times greater in case of complete mechanical pulverization of the fuel (Grambow et al, 1999). The effects of

the radiolysis of water would be sharply accentuated in these conditions.

High porosity and small grain size tend to accelerate the dissolution rate of the material (Matzke,

1992; Choffel, 1998; Petit et al, 1985). It is well known that UO2 preserves a relatively stable structure at

high damage rate, as attested by its residence in the reactor. Even at lower damage rates than those triggering

a grain subdivision, Matzke (1992) shows that the UO2 dissolution rate in water at 20°C or 90°C rises by

more than one order of magnitude with samples previously subjected to an implantation of fission products

(Rb, Kr) to concentrations of 3 to 5% at and damage levels of about 20 dpa. Note also that the UO2 sample,

first irradiated to fluences higher than 1014 ions.cm'2 by low energy Pb ions to simulate the recoil of a

particles in the fuel, displays a higher dissolution rate in aqueous solution (Petit et al, 1985). Note that these

experiments on the external irradiation of UO2 samples are probably not quite representative of the self-

irradiation processes occurring in the irradiated fuel. Hence they only simulate irradiation damage of a type

of particle (a, recoil atoms by implantation of heavy Pb2+ ions for example) and unidirectionally, hence not

favoring the self-healing of the material. Therefore no doubt an accentuation of the effects of grain

subdivision and hence solid dissolution.

8.2.3.6.1.1.2 Discussion

The knowledge of the specific surface area of the material is an important datum for estimating the

role of water radiolysis, particularly a radiolysis (because not all the a particles leave the material), in fuel

dissolution. The BET method appears to yield the most reliable results (Grambow et al, 1996). We have

seen that it is difficult to accurately evaluate the surface area of the solid in contact with the solution, owing

to the pores and grain boundaries at the interface, and yet possible to overcome the uncertainties of this

quantity by using fine-grained samples. The dose absorbed by the leachant is thereby accentuated, and

theoretically the effects of the radiolysis of water. Recent experiments by Serrano (1998) were performed on

irradiated materials (MOX 30GWd/t, UO2 54GWd/t) and unirradiated materials (UO2, Simfuel), carefully

prepared and tested following the same experimental procedures. Slight differences in uranium release in

solution between the two types of material (irradiated and unirradiated), all other things remaining equal, are

attributed to the uncertainties connected with the intrinsic specific surface area of each material, rather than

to the effects of water radiolysis. The oxidizing conditions are likely to mask the effects of radiolysis, which

is not the case in reducing medium. The relatively short duration of the experiments (<1000h) is

insufficient, according to the authors, to generate a sufficient quantity of radiolytic oxidizing species to

supplant the effects of dissolved oxygen, in concentration 1.23*10~3 M in solution.

8.2.3.6.1.2 Advantages and drawbacks of powders
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We have seen that the use of fuel in powder form allows a better estimate of the solid surface area.

Moreover, by offering a larger surface to leaching, this promotes the mechanism of oxidizing dissolution of

the material.

However, in the field of hydrometallurgy, it is recommended to use massive samples (crystals,

sinters) instead of powders in the kinetic study of heterogeneous systems. This is because by using the

massive form of the samples, the surface area of the solid can be measured and kept constant, so that linear

rate curves are obtained. Divided materials yield incorrect kinetic data, because the changes in surface area

are uncontrollable.

Shortmann & De Sea (1958) demonstrated the opposite, by experiments on UO2 powders subjected

to dissolution in carbonate medium. While it is true that the surface area of the grains does not necessarily

remain constant during the experiment, it nonetheless varies in the same way over the same period. Hence

the use of UO2 powders is valid for acquiring dissolution kinetics data. The dissolution experiments

performed by other authors also supply similar results, regardless of the form of the sample tested.

However, it is questionable whether sampling in powder form is recommended for experiments

attempting to evaluate the effects of water radiolysis on fuel dissolution. The smaller the grain size of the

irradiated fuel sample, the more a radiolysis is privileged, while maintaining Py radiolysis. The effects of a

radiolysis are assumed to be a maximum when the grains of the sample are smaller than 10 \im; in this case,

all the a particles emitted from the solid leave it and irradiate the water. If this type of experiment can supply

information on the dichotomy of the effects of the a and py radiation, they are nonetheless not representative

of the state of the fuel: a much larger number of grain boundaries is exposed to the solution in the case of

powders, which tends to accentuate all the effects, and not only those specific to radiolysis. One case, for

example, is the greater release of radionuclides in solution, which can modify the oxidizing/reducing product

balance by radiolysis. Besides, this state of subdivision does not accurately simulate the irradiated fuel in the

long term (> 500 years), since the py radiation is still present in the samples today.

Finally, the use of UO2 powders for dissolution experiments serves to create well controlled

experimental conditions for a parametric approach (in terms of estimation of specific surface area

particularly). Without necessarily being representative of the material as a whole, these experiments yield

reliable kinetic data on fuel dissolution. Yet it is uncertain whether they fully translate the effects of the

radiolysis of water (even a radiolysis) on the dissolution kinetics of UO2.

8.2.3.6.2 Surface state

Surface state here means the degree of oxidation exhibited by the material surface. The surface state

of UO2 evolves, both in air and in solution. The alteration of the surface controls the dissolution of the fuel

(Shoesmith et al, 1996; Gray & Wilson, 1995; Grambow et al, 1996; Gray, 1988). It is assumed to be a

consequence of the radiolysis of water, because the species produced by radiolysis cause the oxidation of the

solid surface. However, the change in this surface can also influence the radiolysis of water, by progressively

creating a disequilibrium in the material balance of oxidizing and reducing species generated by radiolysis.
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In § 8.2.3.3.2, we emphasized the importance of the reactivity of the surface layer in the oxidizing

dissolution mechanism of the fuel. The superstoichiometry of the surface state of the UO2 material, reflected

by the coexistence of UIV and UV/UVI sites, imparts catalytic properties to the surface. From a certain

oxidation degree of the surface, the formation of secondary phases on the surface can prevent the

continuation of the dissolution process.

The dissolution rates are hence directly correlated with the surface state of the material. Grambow

(1996) observed extremely low long-term dissolution rates (< 0.01 mg.m^.d"1) for UO2, and not with

irradiated fuel. The surface of the UO2 sample accordingly displays the mean composition UO2.33, considered

as the maximum oxidation state of this material in aqueous solution (cf. § 8.2.3.3.1.3). It is known that the

average oxidation degree of the surface of irradiated fuel can be much higher.

When the fuel surface is completely coated with a stable uranium oxide, such as U3O8, UO3.H2O or

even UO2, the dissolution rates observed are commensurately higher with rising oxidation degree of the

material (Steward & Mones, 1997). It is well known that stoichiometric UO2 is stable in water, that oxidation

to the U3O8 state is demonstrated by a change in cyrstallographic structure (cf. § 8.2.3.3.1.4) propitious to the

increased dissolution of the matrix. As to schoepite UO3.H2O, its passage into solution is also not of an

electrochemical order, but depends on its solubility.

As to the dissolution of irradiated fuel, it appears that the coexistence of UIV and UV/UVI sites, which

make up the overoxidized surface UO2+xwith 0 < x < 0.66, is a guarantee of relative stability: the dissolution

rates are lower with a rising proportion of UVI sites compared with UIV.

The progressive evolution of the surface from UIV to UVI takes place locally and is not uniformly

distributed over the entire surface. This may be due to the radiolysis of water, which also occurs locally via

the trace left by the radiation during its passage in the water. From the time that a secondary phase begins to

block the passage of uranium into solution, it is no longer possible to follow the effects of radiolysis

properly: the measurement of the quantity of uranium in solution does not give us any direct information on

the oxidation state of the surface. We can then assume a lower consumption of oxidants generated by water

radiolysis.

The problem is that for most of the experiments, the oxidation state of the material at the beginning

of the test is unknown, particularly with an irradiated fuel. This means that we cannot determine whether we

are measuring the dissolution rates of the stoichiometric UO2 matrix or, more probably of UO2+X. This is

particularly true of the initial rates, and regardless of the dissolution mode selected (Grambow et al, 1996).

The dissolution rates then become lower in static experiments, rather than dynamic ones, due to the

formation of secondary phases. Note that the difference between the results of these two dissolution modes

barely exceeds one order of magnitude (Gray & Wilson, 1995). In flow experiments, the matrix dissolution

products are rapidly removed, as well as the products of water radiolysis, preventing the formation of

secondary phases, but making it difficult to interpret the participation of water radiolysis in the fuel matrix

oxidation/dissolution mechanism. The formation of secondary phases can be prevented during static

experiments, provided a low S/V ratio (specific surface area of material/volume of solution) is set (Casas et

al, 1994; Bruno et al, 1995). However, in leaching experiments on irradiated fuel in deionized water, in the
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absence of any complexant ligand, the precipitation of a dehydrated schoepite phase has been observed

(Forsyth & Werme, 1992).

In consequence, this clearly demonstrates that it is virtually impossible to verify experimentally an

effect of water radiolysis on the dissolution of irradiated fuel, at least from the experiments described in the

literature.

8.2.3.7 CONCLUSIONS

Many experimental studies (in the presence of oxidants like H2O2, for example) have highlighted the

mechanism of oxidizing dissolution of the UO2 matrix to explain the passage of uranium into solution.

They also showed that the dissolution of this inactive matrix is accentuated under radiation (external

Py irradiation, a doping). The radiolysis of water, the sole source of oxidants in anoxic medium, mainly

contributes to the oxidation of the material, which increases with its impurity content.

However, no significant difference exists between the dissolution rates of an irradiated fuel and of an

unirradiated uranium oxide, all other experimental conditions remaining equal. The experimental results

obtained so far do not demonstrate any significant disequilibrium in the material balance between oxidants

and reducing agents generated by the radiolysis of water, at least for relatively short leaching times. The

influence of water radiolysis on the dissolution kinetics of irradiation fuel still remains to be evaluated

because of the existing uncertainties. The measurement of experimental parameters (such as surface area)

combined with the acquisition of basic data aimed to understand the influence of the radiolysis of water on a

fuel/water or uranium oxide/water type of interface remain essential.

8.2.4 Irradiated fuel dissolution models

8.2.4.1 INTRODUCTION

Most kinetic investigations of irradiated fuel deterioration show that the process of deterioration of

the fuel matrix begins in the first instants of leaching by very rapid dissolution of the uranium (rate ri),

followed over the long term by slower dissolution (r2). ri is always higher than r2, independently of the type

of sample (UO2, Simfuel, irradiated fuel), and the experimental conditions, particularly the redox conditions.

The first step in release actually corresponds to the dissolution of the superficial layer of U30g (i.e.

UIVo.33UVIo.6602.66) which is highly enriched in UVI according to the XPW examinations on unirradiated UO2

carried out by Casas (1995). This layer results from the natural oxidation of the samples, either in the reactor

(AG02), or during storage of the samples in air before leaching. For the performance evaluation of a package
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over the long term, this step should only be really important if the stoichiometry of the irradiated fuels

evolves significantly during storage (hence the importance of acquiring knowledge about the changes

occurring in irradiated fuels in undamaged clads, over a time scale equivalent to that of the intended storage).

The second step corresponds to the oxidizing dissolution mechanisms of the matrix rid of this surface

layer. XPS examinations on unirradiated UO2 conclude in a very low UVI/UIV ratio. This consists of an

oxidation of the coordination sites of the UO2 interface to U3O7 (i.e. UIVo.66^0.3302.33) followed by their

dissolution by hydrolysis of the UVI sites.

In oxidizing medium, the mechanism generally accepted as the basic mechanism of irradiated fuel

dissolution is oxidation-dissolution, i.e. oxidizing dissolution. This is a heterogeneous electrochemical

process involving a transfer of two electrons to the irradiated fuel/water interface. In a simplified manner,

this can be expressed by the following redox equations:

at the anodic sites of the material:

at the cathodic sites of the material:

Ox + ne" <=> Red

giving the reversible reaction:

nUO2+2Ox » nUO;+ + 2Red

This description is simplified because it ignores the intermediate steps of oxidation of the fuel

interface (cf. previous XPS).

As long as Ox species are available at the interface (see Figure 82 & Figure 83), the reversible

reaction shifts rightward causing dissolution of the fuel.
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Figure 82 : the source ofoxidants within a nuclear waste vault and the evolution with
time of vault redox conditions expressed in terms of the calculated radiation dose rates at

the fuel surface, the expected change in oxygen concentration in the waste vault. Also
shown are the predicted containment periods for a number of waste container materials

considered in the CNFWMP. The vertical shaded are shows the range of container
lifetimes expected for grade-2 titanium containers which are assumed to suffer extensive

crevice corrosion.
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Figure 83 : Schematic illustrating the source of oxidants for fuel corrosion and a
simplified mechanism of the fuel corrosion process.

Hence at least two processes can slow down or inhibit this electrochemical reaction: first, the

unavailability of the Ox species or, secondly, the formation of a passivation layer. In the former case, the

potential of the interface becomes reducing (imposed by the Eh of the site). Fuel dissolution, if any, can only

result from a purely chemical process based on hydrolysis/complexation of the fuel interface, where the

kinetics depends on the deviation from thermodynamic equilibrium by a law of chemical affinity of the type:

In the latter case, control of the dissolution kinetics remains dependent on the composition of the

phases which precipitate and the transport properties of the surrounding medium.

This division into two segments of the long term behavior of the irradiated fuel, oxidizing medium

then anoxic medium, is now acknowledged and serves as a basis for AP calculations (SKB 1992; Johnson et

al, 1994, 1996).

Hence deterioration chiefly depends on the duration of the electrochemical imbalance (driving force

of corrosion), i.e. the period during which the interface is in oxidizing conditions. This period depends on the

type of fuel and the burnup. At equivalent burnup, we should have MOX>UOX.
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In general, existing dissolution models remain AP-oriented. With this in mind, the authors assume a

real situation, i.e. deep geological repository (reducing Eh) with barriers (near field, etc) and in the absence

of clad and canister (conservative assumption). The latest models tend to introduce the interposition of a clad

and a canister with the corrosion products as a consumer of oxidizing species, i.e. redox buffer of the

medium. The models generally ignore passivation mechanisms, as well as the retention of certain RN in the

secondary phases precipitated at the interface.

We shall review below the series of models of dissolution of the irradiated fuel matrix

developed so far worldwide. Note that these sections rely considerably on the synthesis of D.W.

Shoesmith et L.H. Johnson (1997). New developments relative to the general radiolysis model

proposed by Christensen (1998) and on the surface complexation models (Pablo et al, 1999) are also

taken into account.

8.2.4.2 MODEL OF DISSOLUTION CONTROLLED BY SOLUBILITY

This model (Garisto & LeNeveu, 1991) assumes the stability of the fuel in the environmental

medium (equality between the redox potential of the surface and that of the surrounding medium), implying

the absence of any oxidizing agent. These conditions could be reached after consumption of the residual

oxygen trapped by the closure of the site, and after the establishment of conditions which serve to ignore the

production of oxidizing species by a or Py radiolysis of the water (natural redox buffer effect such as iron

minerals, microorganisms, H2 production by canister corrosion, existence of a low dose threshold, etc).

The area of predominance of the phases is shown in the Figure 84 & Figure 85 in the pH domain of

concern to us (6 to 8). The stability domain is bounded in upper bound potential by the U4O9/U3O7

equilibrium, and in lower bound by the H2O/H2 equilibrium.
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Figure 84 : Partial potential-pH digram for UO2 in Cigar Lake groundwaters. The
contours -6 to -9 represent dissolved uranium concentrations from 10-6 to 10-9 mol.L-1

(U). The shaded area covers the range of conditions observed for all groundwaters
analyses from the ore and the clay zones (from Cramer & Smellie, 1994).
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boundaries respectively.

Hence the model is a chemical equilibrium model and the kinetics is controlled by the transport of

the species far from the interface. In impermeable media in which transport results exclusively from

diffusion (no convection), the kinetic law of fuel dissolution RD is equal to the diffusive flux of dissolved

uranium in x=0 (surface):

R - DRD" ° 8x A=o

in which Du, x and Cu are respectively the diffusion coefficient of uranium in the medium, the

distance from the interface, and the uranium concentration which is a solution of the diffusion equation:
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ac u_ Dwra'cB
dt r l ôx2

r is the lag factor reflecting the total retention of uranium in the medium by adsorption on the

surrounding materials and in the pores of the medium. It is defined by:

r = 6 e+pKd

where p is the dry density of the low permeability medium (e.g. bentonite), K4 the uranium partition

coefficient between the phase adsorbed on the clay and the pore water, and se the effective porosity

associated with diffusional transport.

At the fuel surface, the uranium concentration is equal to its solubility limit:

in x = 0, Cu(0,t) = (Cu)s

At the borderline of each transport zone, a boundary condition on the flows implying a mass transfer

coefficient KD is written:

Since diffusion occurs successively through several layers (metal canister, surrounding materials, site

material) around the fuel, the transfer coefficient must be determined for each layer, each of them also being

characterized by an intrinsic diffusion coefficient and a lag factor. Continuity of the flows and concentrations

is maintained at all the interfaces between the different layers, and the condition associated with the outer

boundary of the repository is defined by a zero uranium concentration (Cu=0). The Figure 86 shows the

different assumptions of the model.
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Figure 86 : Schematic showing the fuel corrosion / transport process according to the
solubility-limited (SL) model and illustrating the boundary conditions employed to ensure

continuity offluw at the interfaces between the various vault layers. A swept-away
boundary condition is assumed to apply at the outer edgeofthe rock.

To determine the solubility of uranium in the medium, the dissolution of UO2 is described by a series

of reactions of the type:

rU02 + pH2O + ne"+ qYm « Ur(Vp)HvYq
(mq"2p"n+v) + (2p-v)H+

where UrO(2r+P)HvYq
(mq"2p"n+n) is a species in solution and Ym a complexing species present in the site.

The equilibrium constants and stoichiometric coefficients associated with these reactions, which

involve a large number of species in solution, were determined by calculation using thermodynamic

databases (Lemire & Garisto, 1989). The Ym ligands taken into account are those commonly encountered in

the surrounding waters and the clays, i.e. OH", F", HPO4
2', CI", SO4

2" and CO3
2". The total concentration of

dissolved U species, which is equal to the solubility of uranium (depending on the parameters: pH, T, redox

potential, composition of surrounding water and ionic strength) is accordingly calculated by summation on

the different species present in solution.

This model also takes account of the possible existence of a redox gradient in the medium. In fact,

mineralogical buffers (e.g. iron oxides) present in the environment can maintain a redox potential far from the interface

at a level lower than the one given by the UO2/U3O7 equilibrium, thereby reducing the solubility of uranium, whereas at

the interface, a radiolysis maintains a more oxidizing potential. This causes an increase in uranium transport (Figure

87) and hence in the dissolution kinetics of the fuel. The location of uranium precipitation therefore has a direct
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influence on the dissolution kinetics of the matrix if the boundary condition Cu(0,t) = (Cu)s is maintained and no

limiting power is attributed to precipitation.

97 195 0S

uIV FeMi

(Cu)x,t

Figure 87 : Schematic of the fuel corrosion process illustrating the impact of local
precipitation a the corroding fuel surface and precipitation at a remote redoxfrom if the
fuel corrosion process is assumed to be capable of maintaining solubility equilibrium at

the fuel surface.

To avoid this unrealistic situation, equation Cu(0,t) = (Qj)s is replaced by a boundary condition

involving a law of chemical affinity:

where kuo2 is a kinetic constant of fuel dissolution (experimentally determined), (Qj)s the solubility

of the fuel matrix and Cu(0,t) the dissolved uranium concentration at the fuel interface at time t. The

advantage associated with the above equation stems from the fact that it does not require a detailed

understanding of the interfacial dissolution mechanisms.

This model, which remains valid in redox equilibrium conditions, has been justified by

electrochemical studies and is used by the Canadians for AP calculations (Johnson et ai, 1994). Experiments

to determine the fuel corrosion potential (ECOTr) as a function of a and y dose rates in water, gave an estimate

of the time to reach redox equilibrium (about 600 years). This time is much shorter than the service lifetime
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of the metal canisters (titanium, grade-2) (Figure 82) presumed to be present in connection with this

modeling. In the calculations, different redox potentials corrected for pH and temperature, and selected at

random in a range bounded by the limits U4O9/U3O7, have been considered. The equilibrium constants of the

complexation reactions considered for calculating the solubility of uranium have been recalculated at the site

temperature. The value of the constant kuo2 is taken from the experimental data of Stroes-Gascoyne (1985)

obtained on the fuel in non-oxidizing conditions. The calculations predict that an infinitesimal fraction (105)

of the fuel will dissolve, which agrees with studies on natural analogs.

8.2.4.3 KINETIC MODELS

Even if it is reasonable to assume that the lifetime of the metallic canister will be sufficient to isolate

the fuel from the surrounding waters until redox equilibrium is reached (Figure 82), the effects of the

radiolysis of water, a potential source of oxidants, cannot be ignored in the eventuality of canister fracture.

As opposed to solubility models, models taking account of the radiolysis process which is dynamic and

kinetic by nature, are qualified as kinetic. Note also that since the effects of radiolysis are still poorly

understood, many kinetic models (presented below) based on various assumptions have so far been

proposed.

8.2.4.3.1 a radiolysis model

This model was developed by the Swedes (SKB 1992; SKI 1991, 1996) and the Finns (Vieno et al,

1992, 1996). The assumption underlying this model consists in considering that all the oxidants produced by

a radiolysis (i.e. chiefly H2O2) instantaneously oxidize an equivalent quantity of uranium by the reaction:

H2O2 + UIV (in UO2) -> UVI (UO2
2+) + 2 OH"

The fuel corrosion rate is written:

Rd(t) = k.Rox(t) = k a .A a(t)

where Rd(t): fuel corrosion rate, Rox(t): oxidant production rate, Aa(t): a activity of fuel and 1^:

overall proportionality constant.

The choice of the value of the proportionality constant ka naturally influences the predictions of the

model and a number of methods have been suggested for estimating it.

The Swedes of SKB (SKB, 1992) proposed a first value of ka from an experimental study on the

homogeneous Fe2+/Fe3+ system. Since the production of Fe3+ ions during a radiolysis of solutions of Fe2+

ions is directly proportional to the a dose rate (Christensen & Bjergbakke, 1986), it is reasonable to extend

this result to the more complex fuel/water system. This is in fact a conservative assumption since the
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homogeneous redox reaction Fe2+ -> Fe3+, which involves the transfer of a single electron, is certainly faster

than a reaction involving multi-electron transfers, as is the case for the fuel. Given this conservative

assumption, the predicted rates are three to four times higher than those determined experimentally in the

laboratory in oxidizing conditions, and 30 to 40 times higher than the experimental values obtained in anoxic

conditions. Calculations (SKB, 1992) have demonstrated that the complete oxidation of the fuel in a

repository would occur in less than 105 years (Figure 88) assuming ka (Fe2+/Fe3+). In these calculations,

corrosion of the matrix is supposed to begin 40 years after the fuel is unloaded from the reactor. •
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Figure 88 : Fraction of fuel corroded calculated as a function of time using the a-R
model for various sources for the value of the proportionality constant (ka) in Eq.14 : (1)
kafrom the homogeneous Fe2+/Fe3+ system; (2) kafrom corrosion rate measurements on

used fuel under aerated conditions; (3) kafrom corrosion rate measurements on used
fuel under anoxic conditions; (4) calculation based on an electrochemically determined
relationship between corrosion and alpha radiation dose rates. The vertical line shows

the predicted time required to dissolve all the fuel if alpha radiolytically produced
oxidants are assumed to lead immediately to fuel corrosion (from SKB, 1991, 1992).

If the value of ka is now taken from experimental data on the fuel dissolution kinetics, the lifetime of

the matrix (SKB, 1992) ranges from several million years to several tens of millions of years depending on

the oxidant or anoxic conditions of the medium (Figure 88). Estimates have also been made by the Finns

(Vieno et al, Vieno & Nordman, 1996) (Figure 88) using another method which takes account of an

electrochemically determined equation (Sunder et al, 1997) between the fuel corrosion rate and the a dose

rate. The fuel corrosion process stops after a period of about 104 years (Figure 88).

The main limit of this a radiolysis model, which is illustrated by the wide variation in the predictions

(Figure 88), stems from the fact that the a radiolysis of water is still poorly understood, and that its influence

on the corrosion of the irradiated fuel is still unclear. Besides, a number of characteristics associated with the
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real conditions of the repository are ignored in the calculation. The presence of reducing agents like H2 and

Fe2+ in particular limits the production of oxidants like H2O2. Tait and Johnson (Tait & Johnson, 1986) have

shown that moderate H2 contents (< 10'5 mol.l"1) are sufficient to substantially limit the production of H2O2.

The OH0 hydroxyl radicals produced by radiolysis react with the hydrogen to produce H° radicals by

the reaction :

OH° + H2->H° + H2O

The H° radicals lead to the decomposition of the hydrogen peroxide:

+ H2O2->HO2°

Similarly, the Fe2+/Fe3+ pair can cause decomposition of the hydrogen peroxide,

Fe3+ + e-aq -> Fe2+

Fe2+ + H2O2 -> FeOH2+ + OH0

leading to an increase in the hydrogen concentration by recombination of the H° radicals (Sunder et

al, 1987;LoidaeM/., 1996).

8.2.4.3.2 Electrochemical model

Electrochemical methods have been widely used to investigate the mechanisms and kinetics of

irradiated fuel dissolution in a wide range of redox conditions (Shoesmith et al, 1994). These techniques,

primarily based on the determination of current/potential curves, are ideal for investigating redox

mechanisms for minerals, because they allow monitoring of the interface potential. In particular, the transfer

rate of ionic species across this interface controls the matrix corrosion mechanisms. In the case of fuel, the

following two half-reactions can be differentiated and analyzed:

UO2 -> UO2
2+ + 2 e"

and,

oxidants + ne' -» reducing agents

by merely applying a potential sufficiently higher or lower than the corrosion potential Ecorr. Note

that this potential, which is not characteristic of the material but depends on the experimental conditions, is

defined by a zero current which corresponds to the case in which the strength of the cathodic current is equal

in absolute value to the strength of the anodic current. Insofar as solid state conditions are reached for each

half-reaction, it is possible to plot the curve log I=f(E), yielding a cathodic or anodic line for each case

(Tafel's line) (Figure 89).
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Figure 89 : Illustration of the procedure used to obtain values of corrosion current
(IcoRRÏfor the corrosion ofUO2fuel in the electrochemical model (EC); (A) : Tafel

relationship relating anodic dissolution currents to the applied electrochemical potential.
The dashed section of the line indicates the extrapolation of measured currents to the

measured corrosion potential (ECOOR) of oxidant concentration shown in (B)
(from Johnson et al, 1996).

Such curves have been plotted for the anodic dissolution of UO2 in several types of solution

(Shoesmith et al, 1994; Sunder et al, 1996) and also for the cathodic reduction of dissolved oxygen and

hydrogen peroxide (Shoesmith etal, 1994; Hocking et al, 1991). The dependence of each half-reaction with

different parameters assumes the general form:

I = nFAkUO2[X]ra[Y]P exp{b(E ± EC0II)}

where n is the number of electrons transferred, F Faraday's constant, A the area of the fuel and ku02 a

heterogeneous kinetic constant. The reaction is dependent on the concentrations of dissolved species X and

Y (i.e. HCO3' and FT for anodic dissolution and O2 and FT for oxygen reduction) with reaction orders of m

and p. The term exp{b(E + EC0IT)} reflects the dependence of the current on the potential applied and b is the

slope of Tafel's line. Since the anodic and cathodic currents are equal in absolute value when E=Ecorr, the

expressions of the Tafel lines for each half-reaction can be interconnected when E=Ecorr to give an expression

of the corrosion current (Icorr = Ia = -Ic) which only depends on the kinetic constant, the orders of reaction and

the concentrations of the different species in solution.

Note that by plotting the curve I = f(E) (Figure 89), we can determine the strength of the corrosion

current by extrapolating Tafel's line, cathodic or anodic or both, to the corrosion potential Ecorr. The value of

the corrosion potential can be measured easily in solutions of known composition, and these extrapolations

have already been made to determine the corrosion rate as a function of the concentrations of the oxidant

species and other parameters like the carbonate concentration.
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UO2 corrosion rates have been determined in this way as a function of the oxygen and hydrogen

peroxide'concentrations in the solution and the 7 and a dose rates. These rates were combined with the

change in the oxidant concentrations and the decreases in dose rates over time in a repository to predict the

variation in the fuel corrosion rate with time. Insofar as the relation between corrosion rate is known as a

function or y and a dose rate, the influence of each type of radiation on corrosion can be discriminated. In the

absence of specific data on the p irradiation effect alone, this effect has been assumed to be identical to that

of y irradiation. This assumption is reasonable since both types of radiation have low linear energy transfer

coefficients and are hence capable of producing the same quantities of oxidizing radiolytic species.

The credit placed in these predictions obviously depends on the quality of the experimental data

available, and this is especially true of relations between fuel corrosion rates and dose rates. For corrosion

under y radiolysis, a fairly good understanding of the mechanisms is available today (Sunder et al, 1989,

1990, 1992), and recent comparisons with corrosion rates determined by chemical methods reveal good

agreement (Shoesmith et al, 1997). For corrosion under a radiolysis, the credit to be placed in the predicted

rates is debatable considering the electrochemical experiments carried out. The a radiolysis rates are

determined by placing the UO2 electrode at a distance of 30 um from an a source of known activity. A

possible loss of hydrogen water by diffusion at the gap between the source and electrode is possible, limiting

the field of application of the relations obtained.

It must be remembered that the procedures described above are influenced by the possible

precipitation of corrosion products on the fuel surface. It is particularly difficult to overcome this problem for

determining the dissolution currents based on the Tafel lines in solutions containing no complexants (like

HCO3"/ CO3
2') (Sunder et al, 1996). This problem has arisen when comparing the rates obtained by the

electrochemical method with the rates determined from experiments in dynamic conditions which help to

overcome precipitation processes (Shoesmith et al, 1997). Since the corrosion products are extremely likely

to have some influence on the fuel dissolution kinetics in a disposal situation, the use of the rates obtained

electrochemically remains basically preferable for estimating the lifetime of the packages. Yet it must be

pointed out that a better understanding of the effects associated with the corrosion products needs to be

achieved today from the more quantitative standpoint.

Despite these reservations, the rates obtained experimentally by the electrochemical method

represent the only available data on the effects of radiolysis (figure 19) and offer a satisfactory level of

understanding. It is necessary to calculate the a and y dose rates to obtain representations linking the

corrosion rate to the dose rate (figure 19) (Sunder, 1996). For equivalent dose rates, y radiolysis has a

stronger effect on fuel dissolution than a radiolysis. By contrast, the dependence on corrosion rate with dose

rate is more pronounced for a radiolysis (slope of line B greater than that of line A in the figure 19), which
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can be attributed to the change in the relative contribution of the hydrogen peroxide decomposition

mechanism compared with the one associated with corrosion mechanisms. This contribution evolves as the

hydrogen'peroxide concentration varies at the interface with the dose rate.
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Figure 90 : Fuel corrosion rates predicted for neutral non complexing solutions (0.1M
NaClO4; pH=9.5) at room temperature. The results for y-radiolysis (line A) are from

Shoesmith & Sunder (1991) and those for a-radiolysis from Sunder et al. (1996). Values
plotted with closed symbols are eventually not used in calculations. The upper dashed

line is the rate predicted for the corrosion potential at which the surface achieves a
composition ofUOj.n- The lowest dashed line represents the estimated lower limit of

practical application of the EC model.

The dotted line in the upper part of the Figure 90 corresponds to the corrosion rate at which the

surface reaches a U3O7 formulation composition (Sunder et al, 1992). This value is a threshold above which

the application of a corrosion model is indispensable to the detriment of a model coupling transport with a
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solubility law. The dotted line in the lower part of the Figure 90 represents the lower limit allowing the

practical use of an electrochemical model using experimental data, the region between these two lines can be

considered as a transition zone between two domains of redox disequilibrium and equilibrium (Johnson et

al, 1996). In and below this region, the application of a solubility model is equally justified to that of a

model obtained by extrapolating the rates measured in the redox disequilibrium domain.

The total dissolution rate RD(0 of irradiated fuel per unit area can be written as a sum of the rates

corresponding to each type of radiation and to a threshold value Re.

+ R C

where Ra, Rp and Rr are respectively the a, P, y dose rates at the interface between the solution

and the fuel, F the y attenuation factor, a and b parameters adjusted from equations between the dose rates

and fuel corrosion rates. The initial time t=0 corresponds to the arrival date of the water in the canister

and tc the time elapsed since the fuel exited the reactor. Re can assume two values Rcmin and Rcmax

corresponding to the limits of the transition zone between the two domains of redox disequilibrium and

equilibrium.

The figure shows the rates calculated for each type of irradiation as a function of time. A

comparison between the calculated rates and the rates obtained experimentally (shaded portion at the top

of the figure) in dynamic conditions on irradiated fuel reveals fairly good agreement. Yet it must be stated

that uncertainties subsist surrounding the comparison between these two sets of data. In fact, experiments

in dynamic conditions developed by Gray et al. (1994) are not disturbed by the potential presence of by-

products, contrary to the calculated data, which are based on results obtained by the electrochemical

method. The width of the shaded band associated with the experimental data reflects the uncertainties

associated with the value of the reactive surface area of the irradiated fuel samples.

It appears that during the first thousand years, corrosion is controlled by the • and D radiolyses,

since their contributions are 4 to 5 orders of magnitude above Rcnun. D radiolysis appears negligible because

below Rcmin. This conclusion must be qualified considering the experimental means employed (use of

external sources too far from the interface) to determine the corrosion currents in the presence of

Çradiolysis. For time intervals longer than one thousand years, the effects of • / • radiolysis tend to diminish

and fall below Rcmax.
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Figure 91 : Corrosion rates predicted by the EC model for CANDUfuel (of known age
and burnup) as a function of time of emplacement in the vault assuming the container
fails at t=0. The total rate, Rd, from Eq.22, and the rates due to individual radiation

sources (Ra, Rb, Rg) are calculated for a temperature oflOO°C. The lowest shaded area
shows the range of thresholds corrosion rate value defined by the two dashed lines in
Figure 83. The upper shaded area is the range of measured fuel corrosion rates (from

Johnson et al, 1996).

8.2.4.3.3 General radiolysis model

Based on the assumption that only the oxidizing species produced by the radiolysis of water have

any influence on corrosion of the fuel, Christensen and Bjergbakke (Christensen &Bjergbakke, 1987),

followed by Christensen et al. (1994) proposed a kinetic model (Chemsimul) based on a set of differential

equations accounting for the variations in concentrations (OH, H2O2, H) over time, and derived from simple

reactions describing the chemistry of the system: fuel matrix + water. These equations are solved

numerically once the rate constants, initial concentrations in solution, radiolytic yields G and dose rates are

specified.

The computer programs used in this model were originally constructed for reactions in homogeneous

medium, and their adjustment to heterogeneous media is based on the following assumption: a UO2

monolayer is assumed to react as if the uranium were dispersed in a fine layer of water adjacent to the
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surface of the fuel. The thickness of this water layer is assumed to be approximately the same as the

diffusion length of the radicals produced by radiolysis:

X = ( 2 D T ) 1 / 2

where D is the diffusion coefficient of the radicals and t their effective lifetime calculated by

considering their kinetics of production by radiolysis and their kinetics of consumption by reaction in

homogeneous medium:

x = (2kc)-'

k is a kinetic constant of the reaction (consumption of radicals) and c the steady state concentration

for a given dose rate (Christensen et al, 1994).

The rate constants associated with the simple radiolysis of water, and the radiolytic yields of the

different species formed, are clearly established today (particularly for Py radiolysis). By contrast, the rate

constants of reactions involving radiolytic species and uranium dioxide are unknown today. The kinetic

constants considered to account for the heterogeneous reactions are generally those of reactions involving

radiolytic species and other metallic species in homogeneous medium.

One problem associated with this general radiolysis model stems from the fact that it takes account

of many chemical reactions:

• 16 chemical reactions involving radiolytic species (OH°, H2O2, HO2, O2, e"aq, H) and the three

degrees of oxidation of uranium (UIV, Uv, UVI) occurring during fuel dissolution,

• 5 additional reactions accounting for the decomposition of hydrogen peroxide, the action of

oxygen O2 which does not result from radiolysis, and the irreversible release of the different

species in solution.

It is obviously unrealistic to expect to measure this number of kinetic constants experimentally.

Starting with experimental observations and available data on the corrosion mechanisms of UO2, the

complexity of the system can be reduced by grouping certain reactions. The oxidation of UIV to Uv is treated

as the reversible formation of a layer of U3O7 (UO2.33 = U3O7 = UIV(UV)2O7) involving the oxidizing and

reducing species produced by radiolysis. The oxidation of Uv to UVI (UO2.33 -> UO2
2+) is considered as

irreversible and only takes account of the oxidizing species. An approximate value taken from the

experimental work of Sunder et al (1989) on the oxidation kinetics of UO2 by the species OH°, H2O2, O2 and

O2" produced under y radiation helps to describe the UIV/UV conversion. An arbitrary factor is also considered

to simulate the blocking power of the UO2.33 layer with respect to the oxidation of UIV.
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Figure 92 : Predicted concentration ofradiolysis products and corrosion products from
the GR model assuming that the g-radiolysis is the source of oxidants. The arrow defines

the period over which the steady-state corrosion rate was calculated. Corrosion is
assumed to occur in Ar-purged water (pH=9.5) at a g-dose rate of 280 Gy.h-1 (from
Christensen et al, 1994). U02, if, if, H2O2 : concentrations in the interfacial layer.

f' •' concentration in the bulk corrosion.

Figure 92 shows that the change in uranium concentrations and oxidizing radiolytic species

calculated from the model agrees with the experimental observations on alteration tests. The concentration of

Uv (which is considered to be trapped on the fuel surface) reaches a steady state, which agrees with the

experimental observations that demonstrated the existence of a UO2.33 film of constant thickness once steady

state conditions are reached. This steady state reflects competition between the UIV/UV conversion and the

transition from Uv to UVI at the interface. The model also shows that the UVI concentration reaches a steady

state at the interface, which is consistent with the work of Sunder et al. (1996) who concluded in the

existence of adsorbed species of the UC>22+ type on the fuel surface. The concentration of UIV sites (UO2

matrix) available and capable of being oxidized decreases once the steady state in Uv is reached, and the

corrosion of the fuel, which is reflected by the passage of UVI into solution, occurs at a constant rate as

experimentally observed (Shoesmith etal., 1989 ; Bruno etal, 1995).

A comparison between the rates calculated from such a model and the corrosion rates of UO2

measured electrochemically in various conditions shows that agreement is fairly satisfactory (factor of 2 to 4)

(Christensen et al, 1994) for the higher dose rates (280 Gy h"1). However, such a model does not clearly
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account for the effects of a radiolyse. A wide gap exists between the calculated and experimentally measured

rates in the presence of hydrogen peroxide (experiments performed without irradiation with H2O2 contents of

2X10"4 mol/1). This differences highlights the lack of information available today on the decomposition

mechanisms of hydrogen peroxide liable to modify the response to a radiolyse. This decomposition, which

involves the simultaneous oxidation and reduction of H2O2, could play a redox buffer role with respect to the

fuel surface.

It should also be observed that the general radiolysis model has been the subject of more recent

developments (Christensen, 1998) which consisted in subdividing the UO2/solution reaction interface into

different layers corresponding to the different a, (3, y radiation paths in the water (see Figure 93).

(X, j3, y irradiated
laver

UO2 pellet

C
O
R
R
O
S
1o
N

P. Y
irradiated laver irradiated layer

Gas phase

30 fim 0,3 cm

1

Rest of the solution

Figure 93 : New approach for the general model of radiolysis as proposed by
Christensen (1998). The interface between the fuel and water is divided in three different

zones corresponding to the mean distance of interaction with a, /5 and y radiations.

The dose rates (Gray/h) in each layer of water are calculated for each radiation and, since the primary

radiolytic yields (molecules/lOOev) are known, the concentrations produced in radicals and stable species are

determined. Note that the Chemsimul kinetic model based on a set of differential equations can be used to

follow the variations in the OH, H2O2, H concentrations over time.

In the latest version of the general radiolysis model, the diffusion of the species from one layer to

another is also considered through an additional radiolytic yield. Hence the diffusion of a species of a layer n

to a layer n+1 corresponds to an additional radiolytic yield in layer n+1. The water/overhead gas interface is

also modeled through Henry's law which defines a partition coefficient between these two phases and an

equilibrium condition (equal flows between the two phases).

Comparisons between the alteration rates calculated by the model and experimentally determined on

the irradiated fuel (Grambow et al. 1996) were made. The same applies to the quantities of gas produced by

radiolysis (see table below).

corrosion rate - gas production rate - deionized water => légende figure
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Table 23 : Comparison between the calculated and experimentally measured corrosion
rate and radiolytic gases production rate after Grambow et al., 1999.

Differences are observed to exist between the experimental and calculated data, attributable to:

• The assumptions of the model

• Effects of impurities

• Gas leaks which complicate the measurement of the quantities produced.

Among the uncertainties associated with the model, a large number of kinetic constants are involved,

some of them poorly known (especially heterogeneous constants). The application of the model to the effects

of a radiolysis also raises difficulties (decomposition of hydrogen peroxide?).

This general radiolysis model is nonetheless very useful for obtaining information for understanding

simple experimental systems (UO2/water interface) and clearly defined systems (known surface area, known

volumes). Calculations carried out by Christensen demonstrated the effect of hydrogen, which inhibits the

effects of radiolysis and consequently considerably slows down the alteration of the matrix. It is obviously

inappropriate for calculations of long-term behavior of the irradiated fuel package, but is certainly capable of

rationalizing a number of assumptions of the PA models.

8.2.4.3.4 Model based on the reductive capacity of the repository

A kinetic model of irradiated fuel dissolution taking account of the reductive capacity of the

repository has been proposed by Bruno et al. (Bruno et al, 1996). The reductive capacity (Scott & Morgan,

1990) of the system around a reference redox state is defined as follows:

where [Red] and [Ox] are the concentrations of reducing and oxidizing species, and n; and nj the

number of electrons transferred in the reactions.

The main redox reactions considered in the system are:

• oxidation of surface sites of the UO2 matrix:

UO2 + 0.333H2O <=> UO233 + 0.667H++ 0.667e

• oxidation and dissolution of oxidized sites resulting in the passage of uranium U(VI) into

solution:
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UO2.33 + xlT o U(VI) + yH2O + 1.333e'

• reduction of the oxidants present in the system (all the oxidants produced by radiolysis are

identified as oxygen by assumption):

O2 + 4 ^ + 4e" o 2H2O

Due to the lack of kinetic data, no oxidation step leading to the formation of oxidized phases of the

U3O8 or U4O9 type has been considered in this model.

Taking the oxidation state of the UO2 matrix before dissolution as the reference state (figure 22), i.e.

U3O7, the reductive capacity of the irradiated fuel is written at a given time t as:

RDCt= 0.667[UO2]t- 1.333[U(VI)]t - 4[O2]t

where [UO2]t is the concentration of unoxidized UO2 surface sites at gate t, [U(VI)]t the U(VI)

concentration in solution at date e and [O2]t the concentration of oxidants produced by radiolysis at date t. If

the reductive capacity RDC of the medium is zero, the reference state (ERL: Electron Reference Level)

associated with UO2.33 is maintained and the reactions cease.
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Figure 94 : Redox ladder for the uranium/oxygen system used as a basis for the model
based on the total reductive capacity of the syste, i.e. the RDC model. The redox

equilibrium state is defined for a fuel composition ofU}O7 (UO2.33) (from Bruno et ai,
1996).

The kinetic model is based on the observations and experimental data of Bruno (Bruno et al, 1995;

Casas et al, 1991) and considers that uranium is released in two steps.

The first step, which is transient, corresponds to the dissolution of the oxidized layer initially present

on the surface of the matrix.

(UO2)S UO2.33 + 0.333O2 + 2HCO3" -» (UO2)S + UO2(CO3)2
2" + H2O

The associated initial dissolution rate Ri is considered constant. The consideration of this first step is

relevant for comparing the model with short-term corrosion experiments, but is generally ignored for long-

term predictions.

The second step corresponds to the oxidizing dissolution of the UO2 surface and the release of

uranium in solution by the reaction:

(UO2)S UO2 + 0.5O2 + 2HCO3" -» (UO2)S + UO2(CO3)2
2" + H2O
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Note that since the dissolution of the oxidized layer is faster than that of the unoxidized (UO2)SUO2

surface sites (experimental observations), the formation of a new oxidized layer over time is impossible

according to Bruno (1995).

The dissolution rate of a UO2 site depends on the amount of oxygen produced by radiolysis and the

bicarbonate contents. This experimentally determined dependence (Bruno et al, 1995; Torero et al, 1995;

Grambow et al, 1999) is written:

R2 = k2 [O2]°
5 [HCO3"]°36

Where [O2] is the oxygen concentration.

In the same way as dissolution of the fuel, the precipitation and redissolution of U(VI) is written:

UO2(CO3)2
2" + 2H2O «• 'UO2(OH)2' + 2HCO3

Although no kinetic data are available in the literature on the precipitation of UO2(OH)2, Bruno et al.

propose a kinetic law of redissolution/precipitation based on the work of Lasaga (1994) in the form:

[U(VI)]t ̂R, =k . •1 +
HCOJÏ,

Finally, reversible equations reflecting the changes over time of the (UO2)SUO2 surface sites (mol

dm"2) and oxidant or U(VI) concentrations are clarified. No transport equation is taken into account in the

model, but a term corresponding to the removal of the oxidizing species and uranium (U(VI)) from the

system is introduced into the reversible equations. Note that the (UO2)SUO2 surface site density is assumed

constant in the long term, since the oxidized layer is only present in the early moments.

An analysis of the model shows that the parameters most influencing the changes in the oxygen and

dissolved uranium contents, and hence the reductive capacity of the system, are the number of surface sites,

the ratio of area to volume of solution, the formation rate of the oxidizing species generated by radiolysis

(i.e. dose rate) and the fuel dissolution kinetics.

The model has been compared with the experimental data of Ollila (1993). These data were obtained

by leaching experiments on UO? pellets in static mode, in carbonate solutions saturated with oxygen and

with an S/V ratio = 590 dm"1. Since the leach times were four and five years, the oxidant production kinetics,

which is assumed to depend only on the a dose, was considered constant. The Figure 94 shows that

agreement between the uranium contents measured and calculated with the model is satisfactory. The sudden

drop in uranium content in solution after 200 days is attributed to the precipitation of a secondary phase.
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Figure 95 : The calculated fit of the RDC model to the experimental data on UO2

corrosion in aerated granitic groundwater (from Bruno et al, 1996).

, The model was also applied in a slightly modified version to a hypothetical repository (Bruno et al.

1997). The formation rate of oxidants (mol.dm"3.s'1) created by a radiolysis was calculated using the dose

rate of a PWR fuel element, and assuming that the species produced at the fuel surface are contained in a

100 um thick layer. Contrary to the initial model, which combines an overall reaction with oxidizing

dissolution, the latter is broken down into two steps: oxidation of U(IV) surface sites to UO2.33 (1) followed

by their passage into solution in the form UO2
2+(U(VI)) (2):

O (UO2)S UO2 + 0.333H2O -» UO2.33 + 0.667H++ 0.667e

© (UO2)S UO2.33 + yH2O -» (UO2)S UO2 + 0.33 U^ + XH+

The type of dissolved species \]m obviously depends on the composition of the (UO2 (CO3)2
2"

solution in carbonate medium).

A review of various studies (Torrero et ai, 1995, Shoesmith & Sunder, 1992) suggests that the fuel

oxidation rate is of the first order with respect to the first two oxidizing species produced (O2 and H2O2)

during a radiolysis:

Ro = k'ox[O2] + k"ox[H2O2]

The dissolution rate of the oxidized site (UO2)SUO2.33 is written:
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This expression of the rate is obtained from dynamic dissolution experiments on a UO2.33 surface in

initially reductive conditions (Bruno et al, 1991).

The estimation of the fuel lifetime (total corrosion of the fuel) from such a model is 20 million years

in the absence of precipitation, but 100 million years in the presence of precipitation. In this model, the UVI

ion precipitates in the system (maintenance of a redox potential) and a state of redox equilibrium is not

obtained (Figure 94) as long as the precipitates are not redissolved and have not been removed from the

medium by transport. However, their presence is assumed to have no effect on the dissolution kinetics of the

fuel.

8.2.4.3.5 Surface complexation model

The UO2 dissolution reaction in the presence of carbonate waters and at elevated temperature has

been experimentally investigated and modeled considering a limitation of the kinetics via the desorption

of surface complexes (Pablo et al. 1999). In the presence of HCO3" ions, the UO2 alteration mechanism

proposed by Pablo et al. is broken down into three steps:

Step 1: oxidation of the solid surface

ki
>UO,+ O2 <H>>UO3

k-1

Step 2: complexation of U(VI) by the HCO3" ion

— ^ - ^ > >UO3-HCO3"

Step 3: dissolution (desorption) of the carbonate species created

>UO3 -HCO3- — ^ — > U(VI)
aq

The assumption of very rapid desorption of the surface complex (Step 3) agrees with the analyses

of the solid performed by XPS, which showed that uranium is primarily present in U(IV) form at the

reaction interface. The consideration of a steady state condition for the >UO3 -HCO3" concentration also

yields the expression of the rate:

kik2{>UO2} tot[O2]HCO
. _ . - J tOt I

If the effect of pH is considered, a similar development to the one described above yields the

expression for the dissolution rate :
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To validate these models, UO2 dissolution experiments in the presence of carbonates, at different

temperatures and as a function of pH, were carried out (Pablo et al. 1999). These experiments, with the help

of mathematical adjustments, were used to determine the different kinetic parameters, kb k2, k3, used

subsequently to account for the experimental data obtained by other authors of UO2 and on irradiated fuel.

Note that for the experiments performed on UO2 (natural or synthetic), these surface complexation models

can rationalize a large number of experimental results in the presence of carbonates. On the contrary, on

irradiated fuel, it appears that at low oxygen and carbonate contents, the surface complexation model

underestimates the rates determined experimentally (Gray and Wilson (1995)). One possible explanation of

this difference resides in the fact that with low oxygen contents, the production of oxidants by radiolysis,

which is ignored in the model, controls the oxidizing dissolution of the matrix.

8.2.4.3.6 Model coupling a radiolysis and transport (RT model)

Neretnieks (1995, 1997) developed the basis of a radiolytic dissolution model for MOX and LWR

fuels accounting for the buffer capacity of the reductive species available in the repository. In the present

state of knowledge, the reductive species are assumed to be present in the form of minerals dispersed in the

barrier surrounding the canister. The canister is assumed to have disappeared or to have been corroded so

that its chemical and physical properties are identical to those of the surrounding materials. This represents

an extremely conservative scenario, since the steel canister is a much more important source of Fe +

reductive species than the minerals of the engineered barrier.

The oxidizing species are assumed to be generated by radiolysis in the neighborhood of the fuel

surface. This point implies that a radiolysis is the chief source of oxidizing species, which is reasonable in

view of the estimated lifetimes of the canisters. These lifetimes of at least 1000 years are in fact sufficient to

consider that the B/y field can be ignored. The maximum value of G is calculated by considering the average

value of the radiolytic yields associated with each type of a B y radiation. Considering the calculations on

natural analogs (Liu, 1995) the model described here assumes that only 1% of the radiation energy is

deposited in the water (Fw=0;01) and that only 1% of this fraction leads to the net production of oxidizing

species (fox=0.01). The expression of the radiative capacity per kilogram of fuel (p(t)) is taken from the

calculations of Johnson (Johnson et al, 1994) on a MOX fuel (p(t) = 57.26 f0755). It is about five times lower

for an LWR fuel. Considering these calculations and assumptions, the production rate of oxidizing species is

calculated from the equation:

Rrad= 0.25 p(t)Gmax fox fwam

Synthesis on the long term behavior of spent nuclear fuel 534



where 0.25 is a factor used to convert the concentration of oxidizing radiolytic species to an

equivalent oxygen concentration.

Making this conversion allows the use of a kinetic fuel dissolution law determined as a function of

the oxygen concentration. This kinetic law is written:

RD = 0.5kUO2(Co)0 '5

Where the factor 0.5 results from the fact that the reduction of one molecule of oxygen (O2) produces

two UVI entities. Note also that the precipitation of the UVI ion is not taken into account in the model. One

dissolved, the UVI ion is assumed to be available in the surrounding medium to participate in the different

redox reactions, but is not assumed to enter the deteriorated films liable to block dissolution. Two scenarios

are available: the first considers that the reductive species available in the medium are immobile (i.e.

insoluble) and the second considers that they are mobile (soluble and therefore transportable).

In the first scenario (Figure 96), both the oxidizing radiolytic species and the dissolved UVI are

transported by diffusion through the surrounding materials in which the reductive species, which are present

in the form of oxidizable minerals, are dispersed. This process generates a redox front moving away from the

fuel surface as the reductive species are consumed by the arrival of the oxidizing species. This redox front is

clearly marked, because the reactions between the Fe" ion and the oxidizing species are basically fast. In

consequence, negligible amounts of oxidizing species (including UVI) will pass through the front.
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Figure 96 : Schematic illustrating the form of the radiolytic corrosion model (RT) in
which radiolytic oxidants can either cause fuel corrosion or be lost by transport to a

redox front at which they are rapidly scavenged by reaction with immobile reductants
(shown as Fe11 in iron-containing minerals). The dissolved corrosion products (if1) can
also diffuse to the redoc front and react with the available reductants. Radiolytic H2 is

assumed to diffuse inertly out of the system.

The production rate of oxidizing species hence results from a balance between their consumption by

reaction on the fuel surface and their consumption by transport to the redox front located at a distance xf

from the fuel surface,

0.25 p(t) Gmax fox fw am = 0.5 kUO2 (Co)0 '5 + Do2(Co)xf '

where DO2 is the diffusion coefficient of the oxidants in the compacted clay. A value of xf as a

function of time can be determined by considering a mass balance which accounts for the total quantity of

oxidizing species produced after time t and the quantity of reductive species available in a volume defined by

the surface of the package and the distance between it and the redox front.

Long-term predictions are determined from the relative contents of fuel and oxidizing species, and it

is generally assumed that a canister contains 1000 kg of UO2. Assuming that the fuel enters into contact with

the water after 1000 years (time for canister failure), that one cubic meter of compacted clay contains 11 kg

of Fe11, and that the values of the parameters of the Neretnieks model are valid, the calculations show that

95% of the oxidized species will react with the fuel to produce a fuel deterioration rate of 70% in 106 years.

To take account of the redox buffer capacity associated with the steel canister, a calculation was made by

increasing the quantity of Fe11 available in the medium by a factor of about 100. Even assuming such an

increase, the cumulative fraction of deteriorated fuel after 106 years is 0.47 and only 34% of the oxidizing
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species are consumed by reaction with Fe11. Assuming that the canister lifetime is 5000 years, the fuel

corrosion rate would drop from 70% to 59%.

Considering that the essential point associated with the predictive calculations is to take account of

the effective quantity of oxidizing radiolytic species produced, the most conservative assumption presumes

that the reductive species are immobile. The use of this assumption is unrealistic and implies that the use of a

steel canister will have a minor effect on the corrosion of the fuel. Besides, if water enters the canister

through a small opening, the trapping the oxidizing radiolytic species and U^ in the canister will cause total

consumption of the oxidants by the fuel itself.

In the second scenario, the Fe11 ions are assumed to diffuse towards the source of oxidizing species

and dissolved U^. The reaction between the oxidizing and reducing species hence occurs at a front whose

position with respect to the fuel surface depends on the flux of each species. This process is illustrated by the

Figure 97.

Region depleted of reducing mineral

cFeu

Reaction
front

[Fe11] Fe mineral

Fe11 mineral

Unoxidized mineral
front

Figure 97 : Schematic illustrating the form of the radiolytic corrosion model (RT) when
all species including the reductants available in the surrounding environments are

assumed to be mobile. Reaction occurs between reductants, oxidants, and corrosion
products at a reaction front whose position will depend on the relative fluxes of each

material (from Neretnieks, 1995).

At the interface between the fuel and its environment, the formation rates of the oxidizing species

and UVI are defined by the equations of R^ and RD given above. The Fe11 ion concentration is kept equal to

the solubility limit of the inorganic phase associated with the level of a front in which the inorganic phases of

the redox buffer are not yet oxidized. Considering a mass balance between the oxidizing and reducing

species imposing an equality of the fluxes at the reaction front, it is possible to calculate the flux of reductive
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species needed to keep the content of oxidizing species near the fuel surface at a level close to zero. The

Figure 98 shows the oxygen concentration at the fuel surface for different solubilities of the reductive

inorganic phase.

97-195 21

2000 4000 6000

Time (years)

8000 10000

Figure 98 : The predicted oxygen concentration (from the RT model) at the surface of a
corroding MOXfuel for different solubilities of reducing minerals. The dissolution of

these minerals supplies the soluble Feu which diffuses to the reaction front and scavenges
the oxidants transported away from the fuel surfaces (Figure 91) (from Neretnieks, 1995).

Neretnieks (1995) showed that for a solubility of 0.1 mol/m3, which is a reasonable value of the Fe11

ion content in neutral waters (Stumm & Morgan, 1981), all the oxidants will be removed and no fuel

oxidation can occur.

Although the value of fox=0.01 remains to be justified, this model tends to suggest that the

maintenance of the fuel in a state of redox equilibrium (use of a redox buffer) is feasible if the fuel is placed

in an iron canister. This conclusion also implies that the different models presented so far were more

conservative since the consumption of oxidizing species by the oxidation of species and phases present in the

environment was not taken into account.

8.2.4.4 GENERAL DISCUSSION ON THE DIFFERENT MODELS AND CONCLUSIONS

The table below (Shoesmith and Johnson, 1997) lists all the predictions (fraction of fuel altered and

alteration time) supplied by the different models discussed in this chapter.
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Model

Solubility

a radiolysis

Electrochemical

RDC

RT

Altered fraction

10-5

1

1

1

1

1

1

0.7

1

Time (years)

105

7500

6x104

5x106

>107

-2x107

-2x107

106

"co"

Conditions

Rrad^RD

ka determined on the
Fe"/Fe'" system

ka determined from
leach data in oxidizing

medium

ka determined from
leach data in anoxic

medium

Immobile Fe" acting as
oxidant consumer

Mobile Fe" diffusing to
the oxidant source

Table 24 : prediction of the fraction of fuel altered and lifetime of spent nuclear fuel
according to the various models.

Given the fact that these predictions were obtained from models based on a wide variety of

assumptions, a comparison can only be semi-quantitative but nonetheless instructive.

Hence it clearly appears that the models describing the behavior of the fuel in the absence of

oxidants (solubility model and model accounting for oxidant consumption by reducing agents present in the

environment : RT model) yield insignificant matrix alteration rates over long periods. For the solubility

model, the oxidation state of the surface is assumed never to exceed the upper limit corresponding to U3O7

because, by assumption, the fuel remains isolated from the water as long as radiolysis is effective. In the case

of the model coupling the production of oxidants by radiolysis with their consumption in the environment

(RT model), the redox state of the surface also remains below this upper limit since the consumption of the

oxidants and their disappearance at the interface is extremely rapid.

All the other models, at various degrees of conservatism, consider that the interface between the fuel

matrix and the water is subjected to oxidizing conditions.

The alpha radiolysis model displays a degree of conservatism that remains fully dependent on the

choice of the proportionality constant ka between the production rate of oxidizing agents and the fuel

alteration rate. The use of a particular proportionality constant, although practical, is not scientifically

justified today, hence considerably limiting the robustness of the model.

The EC (Electrochemical), RDC and RT models are based on factors relative to the matrix alteration

mechanisms and also on kinetic laws. These laws are completely empirical, as in the case of the

electrochemical approach, or rely on rate expressions reflecting the alteration mechanisms (written in the

form of elementary chemical reactions).

Only the electrochemical model adequately accounts for the effects of (3/y radiolysis on the

assumption that the arrival of the water follows a failure of the canister. Note also that the electrochemical
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model, which is based on empirical relations between the corrosion rate and dose rate, does not predict any

significant effect of Dradiolysis. This point needs to be qualified given the experimental means employed to

determine the effects of • radiolysis (use of external sources located at 30 urn from the matrix/water

interface), and moreover, the share associated with the possible precipitation of by-products at the reaction

interface on the rate decrease remains to be quantified.

The RDC and RT models exclusively consider the effects of a radiolysis through the O2 and/or H2O2

species. Rate laws developed on unirradiated materials in the presence of solutions containing variable

contents of oxidizing species are extended and applied to the case of the fuel to predict the alteration rates of

the matrix. A major uncertainty resides in the determination of the "equivalent concentrations", because the

irradiation field of the fuel leads to the production of many stable or free radical oxidizing species, which are

difficult to convert into O2 and/or H2O2 concentrations.

The consideration of the oxidizing species through oxygen alone, as in the case of the RT model, can

also cause an underestimate of the matrix alteration. In fact, this model, which considers that competition

exists between the production of oxidizing species by radiolysis and their consumption by the surrounding

medium, ignores the greater reactivity of the free radicals and of the hydrogen peroxide. Hence a reaction of

these species with the fuel surface is perfectly conceivable before they can diffuse far from the interface.

Another uncertainty associated with the use of kinetic laws only accounting for the O2 and/or H2O2 contents

resides in the lack of knowledge on the decomposition mechanism of hydrogen peroxide. Note that this

decomposition reaction can be written : 2 H2O2 -» O2 + 2H2O. The RT model, which only considers the O2

content, presumes that this decomposition is very fast and that only oxygen can react with the fuel surface.

The ability of hydrogen peroxide to act as a redox buffer at the fuel surface by maintaining the corrosion

potential at an identical value to the one obtained in aerated waters, tends to support this assumption of rapid

decomposition. By contrast, the RDC model, which considers that the dissolution rate is a sum of two

distinct terms, one relative to O2 and the other relative to H2O2, implies that decomposition of hydrogen

peroxide is negligible. Even if the reality clearly lies between these two extreme situations, the improvement

of • radiolysis models is difficult today.

To terminate, we can revert to the expression of the rate laws reflecting the alteration of the fuel.

While it is reasonable to believe that the dissolution kinetics of the matrix will depend on the contents of

oxidizing species and carbonates, uncertainties on the expression of the rate law subsist. This point is

illustrated by the RDC model which, in its first version, defines the total dissolution rate of the matrix in the

presence of carbonates as follows :

RD= k2 [O2]°
5 [HCO3-]°

36

while the second version draws a distinction between the oxidation kinetics:

Ro = k'ox[O2] + k"ox[H2O2]

and the dissolution kinetics:

RD = kUO2[H
+]"03.
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Even if, as suggested by the electrochemical experiments, the overall dissolution reaction clearly

appears to consist of two processes (oxidation and dissolution) that are difficult to discern from the kinetic

standpoint, problems nonetheless subsist concerning the expression of the rate law.

Many experiments conducted in the presence of hydrogen peroxide have led in particular to values of

reaction orders ranging from 0 to 1 depending on the H2O2 concentration (n=l according to Giménez (1996)

; n=0.5 according to Hiskey (1980)). These uncertainties surrounding the rate laws in the presence of

hydrogen peroxide essentially stem from the widely varying experimental conditions from one study to the

next, which are likely to modify the role played by the decomposition reaction : H2O2 —> O2 + 2H2O.

As to the rate laws obtained by the chemical method in carbonate aerated medium, the reaction order

values, which range between 0.6 and 0.75 for O2 and 0.4 and 0.6 for HCO3", are in agreement with the values

calculated from electrochemical studies. The latter values range from 0.66 to 0.8 for O2 and from 0.33 to 0.4

for H2O2, corroborating the relevance of using a law of the type:

RD= k2 [O2]°
5 [HCO3I0 36.

The values of the reaction orders associated with an overall reaction of the type:

(UO2)S UO2 + 0.5O2 + 2HCO3" -> (UO2), + UO2(CO3)2
2" + H2O

will primarily depend on the role played by a specific oxidation, reduction or complexation reaction.

For corrosion processes that are not exclusively controlled by a simple reaction, non-integer reaction

orders are anticipated. Moreover, any change in an environmental parameter is liable to alter the kinetic

equilibrium between the different reactions, and consequently the reaction orders of the equation RD= k2

[O2]03 [HCO3"]°36 associated with the oxidizing dissolution reaction. The investigations of Pablo et al. (1997,

1999) revealed that the kinetic equilibrium could be modified by an increase in temperature. Above 45°C,

the overall kinetics in fact appears to be controlled by the reaction of carbonate fixation on the solid surface.

The dependence of the rate on the HCO3" concentration increases up to n=l, and unfortunately, the reaction

order, basically close to 0 for O2, could not be determined. In conclusion, it is important to keep in mind that

a law of the type RD= k2 [O2]°
5 [HCO3"]°36 obtained at ambient temperature is not systematically applicable

at higher temperature by simply applying an Arrhenius law to the kinetic constant.

8.2.5 General conclusion

In the first part of this synthesis, a general overview of the influences of the irradiation

parameters as well as alteration conditions on the release of the radionuclides located in the gap or the

grain boundaries (Instantaneous Release Fraction) to be set up. The state of the art of the IRF values

associated to the following radionuclides l37Cs, 129I, 99Tc, 90Sr, 14C et 35C1 have been summarized

accounting for the available results in the literature.

Other radionuclides (60Co, 59Ni, 93Zr, 94Nb, 107Pd, 151Sm, 154Eu, 166mHo) must obviously be taken into

account by safety studies in accordance with their aptitudes to migrate (or segregate) outside the UO2 matrix
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and to be leached preferentially in the presence of natural waters. Given the fact that data are not always

available on the release of these radionuclides, only considerations of solid chemistry, coupled with

characterization (microprobe) can allow an estimation of the value or simply the pertinence of an

instantaneous release. Hence it is clear that for lanthanides like 151Sm and 154Eu, present in solid solution in

the matrix, the very concept of IRF is meaningless. Moreover, for radionuclides to which an IRF must be

attributed, the estimation of the uncertainties associated with the proposed values is indispensable. Among

these uncertainties is obviously the uncertainty associated with the experimental measurement of the released

fraction, which is difficult for long lived radionuclides like iodine, for example, but this is compounded by

the problem of the representativity of the material analyzed in the laboratory, with respect to a given disposal

or storage interval. In particular, approximate calculations of athermal diffusion coefficients made at the

CEA (Poinssot et al. 1999), show that a significant change in the labile inventory (gap + grain boundaries)

before the water arrives is conceivable. This being said, the IRF estimates proposed above and obtained on

non-aged fuels (a few years of cooling after leaving the reactor) cannot be considered today as "reliable".

Only a fine understanding of the mechanisms of change of these inventories in a closed system (before the

arrival of the water) will make it possible in the future to confirm or review the data available today.

Second part of this synthesis allow to draw a kind of state of the art of the actual knowledge on

the spent nuclear fuel alteration mechanisms. Many experimental studies (in the presence of oxidants

like H2O2, for example) have highlighted the mechanism of oxidizing dissolution of the UO2 matrix to

explain the passage of uranium into solution. They also showed that the dissolution of this inactive

matrix is accentuated under radiation (external Py irradiation, a doping). The radiolysis of water, the

sole source of oxidants in anoxic medium, mainly contributes to the oxidation of the material, which

increases with its impurity content. However, no significant difference exists between the dissolution

rates of an irradiated fuel and of an unirradiated uranium oxide, all other experimental conditions

remaining equal. The experimental results obtained so far do not demonstrate any significant

disequilibrium in the material balance between oxidants and reducing agents generated by the

radiolysis of water, at least for relatively short leaching times. The influence of water radiolysis on the

dissolution kinetics of irradiation fuel still remains to be evaluated because of the existing

uncertainties. The measurement of experimental parameters (such as surface area) combined with the

acquisition of basic data aimed to understand the influence of the radiolysis of water on a fuel/water or

uranium oxide/water type of interface remain essential.

Finally, the third part of this synthesis allow to give an overview of the various spent fuel

alteration models yet available in reducing and oxidative conditions. Hence it clearly appears that the

models describing the behavior of the fuel in the absence of oxidants (solubility model and model

accounting for oxidant consumption by reducing agents present in the environment : RT model) yield

insignificant matrix alteration rates over long periods. For the solubility model, the oxidation state of

the surface is assumed never to exceed the upper limit corresponding to TJ3O7 because, by assumption,

the fuel remains isolated from the water as long as radiolysis is effective. In the case of the model

coupling the production of oxidants by radiolysis with their consumption in the environment (RT
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model), the redox state of the surface also remains below this upper limit since the consumption of the

oxidants and their disappearance at the interface is extremely rapid. All the other models, at various

degrees of conservatism, consider that the interface between the fuel matrix and the water is subjected

to oxidizing conditions. The alpha radiolysis model displays a degree of conservatism that remains

fully dependent on the choice of the proportionality constant ka between the production rate of

oxidizing agents and the fuel alteration rate. The use of a particular proportionality constant, although

practical, is not scientifically justified today, hence considerably limiting the robustness of the model.
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8.2.6 Synthetic tables of the results available in literature on the alteration of spent nuclear fuel.

Irradiated fuel

Type

REPU

CAN

Burnup
(GWd/t)

30

44

43

46

50

9.0

5.6

7.0

9.4

9.3

11.2

12.5

6.8

9.0

8.5

11.2

13.7

12.5

12.9

PI (peak)
(kW/m)

<30

<30

<30

<30

<30

29

33

36

37

38

39

40

41

42

44

46

47

50

50

F%

(%)

0.25

1.1

7.4

11

18

0.06

0.07

0.05

0.07

-

0.13

4.31

0,17

-

1.28

3.44

2.75

-

-

State

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

Leaching

Leachant
type

ED

ED

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED(+KI)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

Mode

St

St

St

St

St

St

St

St

St

st

st
st
st
st
st
st
st
st
st

T

(°C)

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

Eh

Ox

Ox

Ox

Ox

Ox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

(cumulative

(d)

7

7

7(1)

7(1)

7(1)
7

7

7

7

7

7

7

7

7

7

7

7

7

7

Release of the gap inventory in %
137Cs

(%)

0.2 to 0.3*

1.2*

1.3 to 3*

2 to 3*

4 to 5*

0.01

0.01

0.01

-

0.01

0.05

8.63

0.02

-

0.96

2.81

1.35

-

-

,29,

(%)

-

-

0.1

1.5

17

0.01

0.02

0.01

-

0.01

0.01

7.60

0.02

-

1.80

1.29

2.50

-

-

90Sr

(%)

~0*

~0*

<0.1*

<0.1*

<0.1*

-

-

-

-

-

-

-

-

-

-

-

-

-

"Tc

(%)

~0*

~0*

<0.1*

<0.1*

<0.1*

-

-

-

-

-

-

-

-

-

-

-

-

-

-

14C

(%)

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Réf

[Gray era/., 92]

[Gray and

Wilson 95]

[Gray, 98]

[Johnson era/.,

83, 85]

[Stroes-
Gayscone, et

al.,

87, 92, 96]

Table 25 : Excerpt of figures for release of the gap inventory published in the literature
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Irradiated fuel
Type

REPU

Burnup
(GWd/t

)
30

44

43

46

50

PI (peak)
(kW/m)

<30

<30

<30

<30

<30

F%

(%)

0.25

1.1

7.4

11

18

State

S

S

S

S

S

Leaching
Leachant

type

ED

ED

ED

ED

ED

Mode

St

St

St

St

St

T

co

25

25

25

25

25

Eh

Ox

Ox

Ox

Ox

Ox

'cumulative

(d)

7

7

7

7

7

Release of the inventory at grain
137Cs

(%)

0.2 to 0.5*

0.2 to 0.5*

0.8 to 1.2*

0.8 to 1.2*

0.8 to 1.2*

129,

( % )

-

-

-

-

-

S0Sr

(%)

<0.1*

<0.1*

<0.1*

<0.1*

<0.1*

boundaries in %
"Tc

(%)

<0.1*

<0.1*

<0.1*

<o.r
<0.1*

uc
(%)

-
-
-
-
-

Réf

[Gray and

Wilson, 95]

Table 26 : Excerpt of figures for release of the inventory at the grain boundaries published in the literature

Caption: REPU: UO2 type PWR fuel; REPM: MOX type PWR fuel; CAN: UO2 type CANDU reactor fuel; S: segment of clad irradiated UO2 rod; F: fragment of

irradiated UO2; P: irradiated UO2 powder; D: through defect; St: static mode; Sq: sequential mode; D: dynamic mode or flowrate; Anox: anoxic; Ox:

oxidant; Red: reducing agent; -: not determined; *: approximate values estimated from graphs; ED: deionized water
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Irradiated fuel

Type

REPU

REPU

REPU

REPU

REPM

REPU

REPM

CAN

REPU

REPM

CAN

Burnup
(GWd/t)

22

37

47

62.8

47.5

62.8

47.5

15.5

30

50

12

20

25

9.0

5.6

7.0

9.4

9.3

11.2

12.5

6.8

PL (peak)
(kW/m)

=20

=20

=20

=20

=20

=20

=20

40 à 47

-

-

_

-

-

29

33

36

37

38

39

40

41

F%

(%)

0.14

0.23

0.41

2.59

6.76

2.59

6.76

3.4

-

-

-

-

0.06

007

0.05

0.07

-

0.13

4.31

0.17

State

S

S

S

s

s

s

s

S+D

S+D

S+D

S+D

S+D

S+D

S+D

P

P

P

P

P

P

P

P

Leaching
Leachant

type

Volvic

Volvic

Volvic

Volvic

Volvic

ED

ED

(Na.Ca)CI

(Na.Ca)CI

ED

ED

ED

ED

ED

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ K!)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

Mode

Sq

Sq

Sq

Sq

Sq

St

Soxhlet

St

Soxhlet

St

St

St

St

St

St

St

St

St

St

St

st
st
st
st

T

(°C)

25

25

25

25

25

25

100

25

100

100

100

100

100

100

100

100

25

25

25

25

25

25

25

25

Eh

Ox

Ox

Ox

Ox

Ox

Ox

Ox

Ox

Ox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

(cumulative

(d)

3

62

3

62

3

62

3

62

3

62

2

23

2

23

484

484

315

315

315

315

315

7

7

7

7

7

7

7

7

Release of the inventory in %
137Cs

(%)

0.13

0.27

0.48

062

1.51

2.22

0.33

0.93

1.69

2.89

0.37

1.69

1.74

5.16

5.98

5.23

0.3*

0.3a 1*

8*

12*

15*

2.05

2.92

2.01

1.82

2.71

2.74

7.26

2.11

129,

( % )

<5.41

-

<3.09

-

<2.41

-

<0.09

-

0.11

-

<0.26

<2.54

<1.08

<5.38

_

-

0.03*

0.1*

0.8*

1*

1.6*

3.87

2.27

2.93

5.50

2.12

2.18

11.01

4.21

90Sr

(%)

9.74x103

3.23x10"2

1.70X10"2

2.97x102

6.96*10'2

0,140

8.72«10"3

3.48x10"2

5.68x10"2

0.172

4.98x10"3

1.07x10"2

1.13x102

1.61x10"2

5.17x10"2

9.42x10"2

6*10~3*

6*1 V3*

3xW2*

3*1O2*

3*10~2*

2.40

3.46

1.80

2.37

1.65

3.34

2.24

1.41

"Tc

(%)

<4.08x10"2

<0.17

2.87x10"2

<0.10

<1.93x10"2

<7.76x10'2

<4.03x10"2

<0.22

<3.74x10"2

<0.26

-

-

-

-

4.97x10""

4.34X10"3

-

-

-

-

-

-

-

-

-

-

-

-

-

14C

(%)

-

-

-

-

-

-

-

-

-

-

-

-

-

_

-

-

-

-

-

-

-

1.87

3.33

0.16

1.30

2.03

2.89

4.21

Réf

[Paul, 95]

[Jegou et al.,
99]

[Jegou ef a/.
99]

[Stroes-
Gascoyne

efa/.,89]

[Grambow et
al

99]

[Grambow ef
a/.,

99]

[Stroes-

Gascoyne, 96]
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Irradiated fuel

REPU

REPU

REPU

REPU

REPU

REPU

REPU

9.0

8.5

11.2

13.7

125

12.9

50.4

50.4

50.4

50.4

50.4

47

62.8

42

44

46

47

50

50

26 (32)

26 (32)

26 (32)

26 (32)

26 (32)

<20

<20

-

1.28

3.44

2.75

-

-

-

-

-

-

-

0.41

2.59

P

P

P

P

P

P

S

S

S

F

P4.5p

P250JJ

P250^

Leaching
ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED (+ Kl)

ED

NaCI(95%)

NaCI(95%)

NaCI(95%)

ED

NaCI(95%)

ED

ED

St

St

St

St

St

St

Sq

Sq

+ st

Sq

Sq

+ st

Sq

+ st

Sq

Sq

+ st

Sonified

+ Sq

+ st

Sq

Sq

25

25

25

25

25

25

25

25

150

25

25

25

25

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Anox

Ox

Ox

7

7

7

7

7

7

31

76

513 to
750

30 to 32

71 to 74

511 to
752

63

173

33

76

516

0.014

40

449 to
657

2

97

1

140

5.66

1.42

2.20

4.36

1.63

7.53

1.40 to 1.71

1.97 to 2.18

2.85 to 3.06

0.95 to 1.06

1.15 to 1.63

2.59 to 3.87

3.48

3.66

1.22

1.34

2.55

2.71

2.85

4,73 to 6.71

0.93

3.50

0.53

0.83

Release of the inventory in %
1.84

2.35

2.61

3.51

2.79

4.19

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

3.53

1.16

2.74

2.87

2.86

3.90

8.43x102

to 0.311

0.111
to 0.335

0.212 a 0.382

2.11xio-2

to 3.62*10'2

2.41 x10"2

to4.36x10"2

4.56x10'2

to5.99xiO"2

0.25

0.27

0.28

0.30

0.66

6.43x10'2

9.16x102

0.89 to 1.23

0.8

28

2.7x10'2

0.13

-

-

-

-

-

-

<6.68xio3à
6.89x10"3

<6.89x103

to<1.34x10"2

<8.04x10"3

to 4.06x10'2

<6.51x103

to<7.02xiO"3

<6.59x10-3

à7.02x103

<6.51x10"3

to<4.70xiO"2

1.27x10""

<3.65x10"4

6.12

>6.12

>6.12

<2.59x103

-

0.12 to 0.22

0.12

0.54

<5.3x10"2

0.24

-

4.95

2.60

2.78

4.40

2.16

Réf

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

[Grambow
etal., 99]

[Grambow
etal., 99]

[Grambow
etal., 99]

[Le Lous,
97]

Table 27 : Excerpt of figures for release of combined gap and grain boundary inventory published in the literature.
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Caption: REPU: UO2 type PWR fuel; REPM: MOX type PWR fuel; CAN: UO2 type CANDU reactor fuel; S: segment of clad irradiated UO2 rod; F: fragment of

irradiated UO2; P: irradiated UO2 powder; D: through defect; St: static mode; Sq: sequential mode; D: dynamic mode or flowrate; Anox: anoxic; Ox:

oxidant; Red: reducing agent; -: not determined; *: approximate values estimated from graphs; ED: deionized water
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Sample Particle Determination of Leaching Duration T
size specific surface mode (days) (°C)

area

Leachant pH pO2(atm) Other

Initial (Vo) Solid state

Reference
s

UO2

UO2

UO2

UO2

uo2

uo2

uo2
uo2

uo2
uo2
uo2

uo2

uo2

uo2

uo2

uo2

uo2

900/1100jJ
m

900/1100(J
m
111

900/HOOp
m

900/1100|j
m

1000|jm

1000|jm

1000|jm

disc

disc

disc

disc

100-300
l_im

100-300
(jm

100-300
pm

100-300
|jm

100-300
|jm

100-300
|jm

BET

BET

BET

BET

BET

BET

BET

geometry

geometry

geometry

geometry

BET

BET

BET

BET

BET

BET

Static

Static

Static

Static

Static

Static

Static

Static

Static

Static

Static

Flowrate 4.2
to 12.5 ml/h

Flowrate 4.2
to 12.5 ml/h

Flowrate 4.2
to 12.5 ml/h

Flowrate 4.2
to 12.5 ml/h

Flowrate 4.2
to 12.5 ml/h

Flowrate 4.2
to 12.5 ml/h

2 to

2 to

2 to

2 to

2 to

2 to

3

3

3

3

3

3

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

In presence of oxygen
MgCI2

MgCI2

MgCI2

NaCI

MgCI2
MgCI2
MgCI2
H2O

H2O

H2O

H2O

NaCIO40,01M

NaCIO40,01M

NaCIO40,01M

NaCIO40,01M

NaCIO40,01M

NaCIO40,01M

6.3

6.3

6.3

7.6

4.7

4.7

4.7

9.8

9.8

9.8

9.8

6.6

8.6

9.0

6.5

6.6

8.8

0.05

0.21

1

0.21

0.05

0.21

1

0

0.43

0.87

1.16

0.048

0.048

0.048

0.18

0.18

0.18

pCO2 =

pCO2 =

pCO2 =

pCO2 =

10~24atm

10"24atm

10~24atm

10"24atm

0.25

0.81

1.7

0.59

0.43

1.35

2.54

960

1570

2600

3300

0.03

0.04

0.09

0.031

0.04

0.092

0.11

0.08

0.115

0.22

0.16

0.16

[Gram bow
et al, 96]

[Casas

and al.,95]

[Hiskey,
88]

[Torrero et
al., 99]
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uo2

uo2

uo2

uo2

uo2

uo2

uo2

UO2

100-300
pm

100-300
Urn

100-300
|jm

1cm

1cm

1cm

Powders

Powders

BET

BET

BET

BET

BET

BET

BET

BET

Flowrate 4.2
to12.5ml/h

Flowrate 4.2
to 12.5 ml/h

Flowrate 4.2
to 12.5 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 50 ml/h

Flowrate 5
to 50 ml/h

2 to 3

2 to 3

2 to 3

2 to 7

2 to 7

2 to 7

25

25

25

26

26

25

25

25

NaCIO40,01M

NaCIO40,01M

NaCIO40,01M

H2O

H2O

H2O

NaCIO.1 M

NaCIO.1 M

6.5

6.7

8.6

9.3

7.8

9

8-9

8-9

0.98

0.98

0.98

0.002

0.02

0.2

0

0.2

In presence of oxygen and as a function of pH

Carbonates 0.2
mmol.r1

Carbonates 0.2
mmol.r1

Carbonates 0.2
mmol.r1

NaHCO30.01 M

NaHCO3 0.01 M

0.43

0.30

0.20

0.23

0.12

2.55

0.02

2

Initial (Vo)

[Steward

and Gray,
94]

[Shoesmit
h

et al., 96]

Solid state

Sample

UO2

U02

U02

U02

U02

U02

Particle
size

disc

disc

100-300

100-300
pm

100-300

100-300

Determination of
specific surface

area

geometry

geometry

BET

BET

BET

BET

Leaching
mode

static

static

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Duration
(days)

7 to 8

7 to 8

2 to 3

2 to 3

2 to 3

2 to 3

T

30

30

25

25

25

25

Leachant

Deionised H2O

Deionised H2O

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

PH

4

4

3.3

5.2

6.6

8.6

pO2 (atm)

0.21

0.21

0.048

0.048

0.048

0.048

Other Vdeteriorationfmg.m J )

0.01

Reference
s

[Thomas
and Till,

84]

1.59

0.35

0.11

0.08

P

Synthesis on the long term behavior of spent nuclear fuel 550



uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

100-300
(jm

100-300
urn

100-300
|jm

100-300
|jm

100-300
|jm

100-300
(jrn

100-300
|jm

100-300
|jm

100-300
pm

electrode

BET

BET

BET

BET

BET

BET

BET

BET

BET

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate 4.2
à 12.5 ml/h

Flowrate

2 to 3

2 to 3

2 to 3

2 to 3

2 to 3

2 to 3

2 to 3

2 to 3

2 to 3

>100h

25

25

25

25

25

25

25

25

25

25

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

NaCIO40.01M

NaCIO40.1M

10.6

3.2

5.2

6.6

3.8

5.2

6.5

8.6

10.6

2.5

0.048

0.18

0.18

0.18

0.98

0.98

0.98

0.98

0.98

0.21 4.5

Initial (Vo)

0.06

3.02

0.47

0.16

3.88

0.91

0.43

0.20

0.10

[Sunder et
al.., 91]

Solid state
—

Sample

UO2

UO2

UO2

UO2

UO2

UO2

Particle
size

100-300pm

pastille

100-300|jm

100-300pm

900-
1100um

900-
1100pm

Determination of
specific surface

area

BET

BET

BET

BET

BET

BET

Leaching
mode

static

static

dynamic

dynamic

static

static

In presence of oxygen and carbonates
Duration T

(days) (°C)

25

25

25

25

25

25

Leachant

NaCIO.1 M

NaCI 0.1 M

NaCI 0.1 M

NaCIO.1 M

NaCI

NaCI

PH

8.5

8.5

8.5

8

7.6

7.6

pO2 (atm)

0.21

0.21

0.21

0.21

0.21

0.21

Other

0.01

0.01

0.01

0.001

Vdeterioratlonf'Oflf-'n" • / )

1.8

2.4

3.1

0.18

0.59

1.24

Reference
s

1

1.3
[(•
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uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

1cm

1cm

1cm

1cm

1cm

1cm

1cm

1cm

1cm

100-300|jm

100-300(jm

100-300|jm

100-300pm

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 3.8
to 25 ml/h

Flowrate 3.8
to 25 ml/h

Flowrate 3.8
to 25 ml/h

Flowrate 3.8
to 25 ml/h

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

>48h

>48h

>48h

>48h

25

25

25

25

26

26

25

26

26

25

25

25

25

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

NaCIO.1 M

NaCIO.1 M

NaCI0,1 M

NaCI0,1 M

8.7

9.0

9.4

9.3

7.8

10.1

8.0

9.3

9.0

7.5

7.5

7.5

7.5

0.2

0.2

0.2

0.2

0.02

0.02

0.002

0.002

0.002

0.21

0.21

0.21

0.21

In presence of oxygen and as a function of temperature

0.02

0.0002

0.02

0.002

0.0002

0.02

0.02

0.0002

0.002

0.001

0.01

0.05

0.01

2.42

2.55

6.72

9.34

0.12

1.87

0.22

0.23

1.52

1.6

3.3

9

3.1

Initial (Vo)

[Steward
and

Gray, 94]

[Casas

ef a/. 95]

Solid state

1
Sample

U02

U02

Particle
size

disc

disc

Determination of
specific surface

area

geometry

geometry

Leaching
mode

static

static

Duration
(days)

7-8

7-8

T

30

40

Leachant

H2O deionised

H2O deionised

PH

5-10

5-10

pO2 (atm)

0.21

0.21

Other VdeteriorationC/nff-'" • / )

7.82

7.81

Reference
s

[Thomas
and

Till, 84]
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uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

uo2

disc

disc

disc

1cm

1cm

1cm

1cm

1cm

1cm

1cm

1cm

1cm

1cm

1cm

1cm

1cm

geometry

geometry

geometry

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

static

static

static

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

Flowrate 5
to 25 ml/h

7-8

7-8

7-8

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

2 to 7

60

70

80

75

75

75

75

75

75

50

50

50

50

75

75

75

H2O deionised

H2O deionised

H2O deionised

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

5-10

5-10

5-10

10.3

9.1

9.7

8.5

9.8

8.7

9.9

8.9

8.8

8.9

9.5

9.6

8.5

0.21

0.21

0.21

0.2

0.2

0.02

0.02

0.002

0.002

0.002

0.02

0.02

0.02

0.2

0.2

0.2

20 mmolT1

0.2 mmol.r1

0.2 mmol.r1

20 mmol.r1

20 mmol.r1

0.2 mmol.r1

20 mmol.r1

2 mmol.r1

2 mmol.r1

0.2 mmol.r1

0.2 mmol.r1

2 mmol.r1

20 mmol.r1

7.80

7.79

7.79

77.4

10.9

9.21

5.11

5.61

0.51

4.60

12.3

7.96

10.4

6.48

23.3

54.0

Initial (Vo) Solid state

[Steward
and

Gray, 94]

T
In presence of H2O2
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Sample

U02

U02

U02

U02

U02

U02

U02
• • • • • • • • a

Particle
size

Powders
<10|jm

900/1100M
m

Pellet

Electrode

Electrode

Electrode

Electrode
• • • • • • • • • • • 1

Determination
of specific

surface area

BET

BET

BET

Leaching
mode

Static

static

static

static

static

static

static

Duration T
(days) (°C)

25

25

25

25

25

25

25

Leachant

NaCI 5 M

NaCI 5 M

NaCI 5 M

H2O

H2O

H2O

H2O

pH

7.3

7.8

8.0

8.0

8.0

8.0

8.0

pO2(atm)

N2

N2

N2

Ar

Ar

Ar

Ar

[H2O2]
or [autres
oxydants]
(mol.r1)

0,1

0.01

0.01

10"6

2.10"4

3.10"4

5.10"2

Vdeterioratlon (mg.m ./ )

17,5

1.32

1.27

0.0021

1.3

1.8

50

Reference
s

[Gram bow
et al. 96]

[Christens
en

efa/.,94,
98]

In presence ofoxidants other than O2... and H2O2

Sample

U02

U02

U02

U02

U02

UO2

U02

U02

Particle
size

900/1100
urn

900/1100
urn
100-

300um

100-
300um

100-
300um

100-
300um

Electrode

Electrode

Determination
of specific

surface area

BET

BET

BET

BET

BET

BET

Leaching
mode

static

static

Flowrate 3.8
to 25 ml/h

Flowrate 3.8
to 25 ml/h

Flowrate 3.8
to 25 ml/h

Flowrate 3.8
to 25 ml/h

Flowrate

Flowrate

Duration
(days)

>48h

>48h

>48h

>48h

>100h

> 100 h

T
(°C)

25

25

25

25

25

25

25

25

Leachant

NaCI 5 M

NaCI 5 M

H2O

H2O

H2O

H2O

H2O

H2O

PH

7.6

7.6

8.8

4.0

8.8

4.0

8

2.5

pO2 (atm)

N2

N2

pO2 = 5%

pO2 = 5%

pO2 = 21%

pO2 = 21%

pO2 = 21%

pO2 = 21%

[H2O2]
or [autres
oxydants]
(mol.r1)

0

CIO" 0.01

CIO4" 0.01

CIO4" 0.01

CIO4" 0.01

CIO4" 0.01

CIO4"0.1

CIO4"0.1

vdeterioration("'y-"' J )

0.7

2.1

0,27

1.1

0.18

1.7

0.1-1

4.5

Reference
s

[G ram bow
et

al. 96]

[Casas et
al., 95]

[Sunder et
al.,

91]
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U02 Electrode

UO2 Electrode
Flowrate
Flowrate

> 100
> 100

h
h

25
25

NaHCO3

NaHCO3

0.
0.

01
05

M
M

9.5
9.3

air
air

CIO4"

CIO/

0.1
0.1

48

126

Table 28 : UO2 dissolution rates published in the literature.

Sample

Simfuel 3%at

Simfuel 3%at

Simfuel 6%at

Simfuel 6%at

Simfuel 3%at

Simfuel 3%at

Simfuel 6%at

Simfuel 3%at

Simfuel 6%at

Simfuel 6%at

Simfuel 6%at

Simfuel 6%at

Particle
size
pellet

pellet

pellet

pellet

pellet

pellet

pellet

pellet

pellet

pellet

pellet

pellet

Leaching mode

Sequential

Static

Sequential

Static

Flowrate

Flowrate

Flowrate

Flowrate

Flowrate

Flowrate

Sequential

Sequential

Duration
(days)

« 270 days

«167 days

» 270 days

«167 days

300 days

300 days

T

25

25

25

25

25

25

25

25

25

25

30

30

Leachant

Allard water

Granic water

Granic water

Granic water

Granic water

Granic water

Granic water

Granic water

Granic water

Granic water

Granic water

Granic water

PH

8.2

7.5

8.2

7.5

8.2

8.2

8.2

7.5

7.5

7.5

8.2

8.2

pO2

0.21 atm

0.97 atm

0.21 atm

0.97 atm

0.21 atm

0.21 atm

0.21 atm

0.97 atm

0.97 atm

0.97 atm

< 1ppm

< 1ppm

Carbonates
(mol.l"1)

2.0 . 10"'

2.75.10"'

2.0 . 10"'

2.75 . 10 '

2.0. 10"'

2.0 . 10"'

2.0 . 103

2.75.10"'

2.75. 10"'

2.75.10"'

2.0 . 10"'

2.0 . 10"'

Other

FeCI2

^deterioration

(mg.m2./1)

0.008

(mean value)

0.8

1.35

0.61

0.84

1.58

1.25

0.08 (graphic reading)

0.04 (graphic reading)

References

[Bruno et al. ,
92]

[Casas et al.,

91]

[Ollila, 92]

Table 29 : Simfuel dissolution rates published in the literature.
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Sample

uraninite

uraninite

uraninite

uraninite

uraninite

uraninite

uraninite

uraninite

uraninite

uraninite

uraninite

uraninite

uraninite

Particle
size

powders

powders

powders

powders

powders

powders

powders

powders

powders

powders

powders

powders

powders

Determination of
specific surface area

geometry

geometry

geometry

geometry

geometry

geometry

geometry

geometry

geometry

geometry

geometry

geometry

geometry

Leaching
mode
static

static

static

static

static

static

static

static

static

static

static

static

static

Duration
(days)

1

4

7

3

4

7

1

1

12 h

6h

1

1

3

T
(°C)

23

23

23

23

23

23

23

23

23

23

23

23

23

Leachant

H2o
H2O

H2o
H2o
H2o
H2O

H2o
H2o
H2o
H2o
H2O

H2O

H2o

PH

6.2

5.6

5.6

6.0

5.6

5.6

4.9

3.9

7.0

8.5

8.3

4.7

5.2

pO2

(atm)

0.21

0.02

0.002

0.21

0.02

0.002

0.21

0.21

0.21

0.21

0.21

0.0021

0.021

pCO2

(atm)

00003

0.0003

0.0003

0.0003

0.0003

0.0003

0.0003

0.0003

0.0003

0.0003

0.06

0.03

0.004

^deterioration

(mg.m2./1)

200

20

2

42

4.2

0.6

190

3000

10

10

720

450

130

References

[Grandstaff, 76]

Table 30 : Uraninite dissolution rates published in the literature.
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Sample

REPU 31.5

REPU 50.4

REPU 50.4

REPU 50.4

REPU 50.4

REPU 50.4

REPU 50.4

REPU 50.4

REPU 50.4

REPU 50.4

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

REPU 33

CANDU 7,4

CANDU 7,4

Weak REP U

Particle
size

fragments

pellets

pellets

pellets

pellets

grains » 3|jm

grains » 3|jm

pellets

pellets

fragments

15-25 prn

15-25 pm

15-25 pm

15-25 |jm

15-25 pm

15-25 pm

15-25pm

15-25 |jm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

15-25 pm

50-100 pm

50-100 pm

Leaching mode

Flowrate (Soxhlet)

static

static

static

static

static

static

static

static

static

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 to 25 ml/h

Flowrate 5 à 25 ml/h

Flowrate 5 to 50 ml/h

Flowrate 5 to 50 ml/h

sequential

Duration
(days)

100 days

«750

«750

«750

«750

«750

«750

«750

«750

«750

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

2 to 7 days

55

T
(°C)

100

25

25

25

25

25

25

25

25

25

50

50

50

22

74

74

21

22

22

27

78

25

77

23

74

78

19

50

21

75

25

25

25

Leachant

Double distiled water

NaCI 5 M

NaCI 5 M

deionized water

deionized water

NaCI 5 M

NaCI 5 M

NaCI 5 M

NaCI 5 M

NaCI 5 M

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

Na2CO3 + NaHCO3

NaCI 0,1 M

NaCI 0,1 M

H2O

PH

9.2

7.8

7.3

7.3

6.3

6.6

9.6

9.6

7.2

9.0

9.0

9.0

8.0

10.0

8.0

10.0

9.0

10.0

8.0

10.0

10.0

8.0

8.0

10.0

8.0

10.0

10.0

9.0

10.0

8-9

8-9

8.1

po2 (atm)

0.2

Argon

Argon

Argon

Argon

Argon

Argon

Argon

Argon

Argon

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.02

0.02

0.02

0.02

0.002

0.002

0.002

0.002

0.002

0.002

0.2

0.2

0.005

0.21

Carbonates Other
(mol.r1)

In presence of
granite

Fe powders

Fe powders

2.103

2.10"3

2.10"2

2.10"2

2.10"2

2.10"

2.10'"

2.10"2

2.10'3

2.10"4

2.10"

2.10 2

2.10"2

2.10"2

2.10'2

2.10"

2.10"4

2.10"2

2.10"3

2.102

102

io-2

0.0003

^deterioration

(mg.m2./1)

0,04

1

1

3 à 4

3 à 4

0.05

0.05

0.2

0.1

2

6.34

7.05

5.07

3.45

142

8.6

0.63

2.83

2.04

1.79

1.49

2.05

2.89

2.83

0.69

1.98

0.51

1.04

1.87

4.75

15

0.15

20

References

[Glatz et al. , 95]

[Grambow et

al., 96]

[Ollilaefa/.,

94, 96]

[Steward

and Gray, 94]

[Shoesmith et

al., 96]

[Forsyth and
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Weak REP U

Strong REP
U

Strong REP
U

Strong REP
U

Strong REP
U

Strong REP
u

Strong REP
U

Strong REP
U

sequential

sequential

sequential

sequential

sequential

sequential

sequential

sequential

55

47

20

20

20

20

20

20

25

25

25

25

25

25

25

25

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

8.1

8.2

2.0

3.2

3.4

4.0

4.1

5.5

H2 /Pd

0.21

0.21

0.21

0.21

0.21

0.21

0.21

H2 /Pd

0.0003

0.0003

0.0003

0.0003

0.0003

0.0003

0.0003

0.15

10

160

70

120

54

26

2.5

Werme, 85]

Table 31 : Irradiated fuel dissolution rates published in the literature.
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Type
d'oxyde

U3O8

UO3. H2O

U3O8

UO 3 . H2O

U3O8

UO 3 . H2O

UO3 . H2O

U3O8

U3O8

UO3 . H2O

UO3 . H2O

U3O8

u3o8

UO3 . H2O

UO3 . H2O

Particle
size

1.0-2.8 pm

2.5-5.5 Mm

1.0-2.8 Mm

2.5-5.5 Mm

1.0-2.8 Mm

2.5-5.5 Mm

2.5-5.5 Mm

1.0-2.8 Mm

1.0-2.8 Mm

2.5-5.5 Mm

2.5-5.5 Mm

1.0-2.8 Mm

1.0-2.8 Mm

2.5-5.5 Mm

2.5-5.5 Mm

Déterminât
ion of

specific
surface

area

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

Leaching mode

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate 5 à 25
ml/h

Flowrate5 à 25
ml/h

Flowrate 5 à 25
ml/h

Duration
(days)

1-7 days

1 -7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

T
(°C)

22.9

24.9

74.8

74.7

22.9

24.9

74.7

74.8

22.9

24.9

74.7

48

48

25

24.9

Leachan

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

PH

8.6

10.0

1.3

8.6

8.9

7.3

8.3

8.1

10.6

7.5

10.0

8.0

9.0

9.0

8.6

pO2

(atm)

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

Carbonates
(moll1)

0.02

0.02

0.02

0.02

0.0002

0.0002

0.0002

0.0002

0.02

0.0002

0.02

0.002

0.02

0.002

0.02

'deterioration

(mg.m J )

19

«200

«200

>1500

0,8

«100

>150

«6

21

>100

>1000

«10

>100

«120

«700

Reference
s

[Steward
and

Mones, 97]
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U3Os

U03 . H20

u3o8

u3o8

U3O8

U3O8

U3O8

U 0 3 . H20

U3O8

UO3 . H20

1.0-2.8

2.5-5.5

1.0-2.8

1.0-2.8

1.0-2.8

1.0-2.8

1.0-2.8

2.5-5.5

1.0-2.8

2.5-5.5

( jm

( jm

( jm

pm

pm

| j m

pm

pm

pm

pm

BET

BET

BET

BET

BET

BET

BET

BET

BET

BET

Flowrate 5
ml/h

Flowrate 5
ml/h

Flowrate 5
ml/h

Flowrate 5
ml/h

Flowrate 5
ml/h

Flowrate 5
ml/h

Flowrate 5
ml/h

Flowrate 5
ml/h

Flowrate 5
ml/h

Flowrate 5
ml/h

à 25

à 25

à 25

à 25

à 25

à 25

à 25

à 25

à 25

à 25

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

1-7 days

22.9

74.7

74.8

74.8

74.8

21.6

21.6

75.0

22.9

25.0

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

H2O deionized

8.4

8.1

8.6

9.3

8.1

8.6

9.2

9.0

7.9

9.0

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.0002

0.0002

0.02

0.0002

0.0002

0.002

0.02

0.002

0.002

0.02

1,3

>200

«150

«3

«4

«10

.,3

>20

«5

>1500
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Sample

UO2

U02

U02

U02

U02

U02

U02

U02

UO2

UO2

U02

U02

U02

uo2

uo2

uo2

Particle
size

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

pellet

pellet

Leaching mode

static

static

static

static

static

static

static

static

static

static

static

static

static

static

static

static

Duration

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

6 days

6 days

T

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

Leachant

NaCIO40.1M
saturated Ar

NaCIO40.1M
saturated Ar

NaCIO40.1M
saturated Ar

NaCIO40.1M
saturated N2O

NaCIO40.1M
saturated N2O

NaCIO40.1M
saturated N2O

NaCIO40.1M
saturated O2

NaCIO40.1M
saturated O2

NaCIO40.1M
saturated O2

NaCIO40.1M
saturated O2

saturated Ar

saturated Ar

saturated Ar

saturated Ar

saturated N2O

saturated N2O

PH

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

Atmospher
e

Ar

Ar

Ar

N2O

N2O

N2O

o2

o2

o2

o2

Ar

Ar

Ar

Ar

N2O

O2

Other

H2O210"6

M

H2O22.10"
4 M

H2O23.10"
4 M

H2O25.10"
2 M

Dose rate
(Gy.h1)

5

120

280

5

110

280

0

5

100

280

0

0

0

0

600

600

'deterioration

(mg.m .f1)
Not

determined

0.047

1

Not
determined

0.44

3.6

0.038

1.3

1.7

7.5

0.0021

1.3

1.8

50

30

30

Reference
s

[Sunder et
al.,

93, 94,
97]

[Christensen,

87]

Table 33 : Dissolution rates ofUO2 subject to yradiolysis of water.
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Sample

U02

U02

U02

U02

U02

U02

U02

U02

U02

Particle
size

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

Leaching mode

static

static

static

static

static

static

static

static

static

Duration

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

<20h

T

25

25

25

25

25

25

25

25

25

Leachant

NaCIO40.1M
saturated Ar

NaCIO40.1M
saturated Ar

NaCIO40.1M
saturated N2O

NaCIO40.1M
saturated N2O

NaCIO40.1M
saturated O2

NaCIO40.1M
saturated O2

NaCIO40.1M
saturated O2

saturated Ar

saturated Ar

PH

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

Atmospher
e

Ar

Ar

N2O

N2O

o2

o2

O2

Ar

Ar

Other

H2O2 10~6

M

H2O22.10'
4 M

Dose rate
(Gy.h1)

5

280

5

280

0

5

280

0

0

Time necessary for
the formation of

aUO2,33 film on the
UO2 surface*

(h)

19

2

9

0.5

3

1.6

0.15

8

0.02

Reference
s

[Sunder et

al., 93, 94,
97]

Table 34 : Time necessary for the formation of a U02oofihn on the UO2 surface under yradiolysis of water after Sunder et al. (1993, 1994,
1997). * : time necessary to reach a corrosion potential of-100 mV/SCE •

Synthesis on the long term behavior of spent nuclear fuel 562



Sample

U02

U02

U02

UO2

U02

U0 2 doped
238Pu

UO2 doped

Pu

UO2 doped

Pu

UO2 doped
238Pu 10%

by mass

UO2 doped
238Pu 10%

by mass

UO? doped
238Pu by

mass

UO2

UO2

UO2

Particle
size

electrode

electrode

electrode

electrode

electrode

pellet

pellet

pellet

pellet

pellet

pellet

pellet

pellet

pellet

Leaching mode

static

static

static

static

static

static

static

static

static

static

static

static

static

static

Duration

> 6 days

> 6 days

> 6 days

> 6 days

> 6 days

5 days

28 days

90 days

1 h

10h

100 h

1 h

10h

100 h

T
(°C)

25

25

25

25

25

90

90

90

25

25

25

25

25

25

Leachant

H2O saturated Ar

H2O saturated Ar

H2O saturated Ar

H2O saturated Ar

H2O saturated Ar

saline

saline

saline

H2O saturated N2

H2O saturated N2

H2O saturated N2

H2O saturated N2

H2O saturated N2

H2O saturated N2

Atmospher
e

Ar

Ar

Ar

Ar

Ar

air

air

air

N2

N2

N2

N2

N2

N2

Ecorr
(mV/scE)

-90

10

40

90

115

a Source

241Am (4.7 uCi)
241 Am (50 uCi)

2 4 1Am(100uCi)
241Am (250 uCi)
210Po (686 uCi)

238pu

(1.72x108Bq.g"1)
238pu

(1.72x108Bq.g~1)
238pu

(1.72x108Bq.g"1)
238R u

(3.76x1010Bq.g"
1)

238Pu

(3.76x1010Bq.g"
1)

238 p ( J

(3.76x1010Bq.g~
1)

nothing

nothing

nothing

Dose rate
(Gy.h1)

37

400

790

1980

5440

0.59

0.59

0.59

0.72

0.72

0.72

No
measurabl

e

No
measurabl

e

No
measurabl

e

^deterioration

(mg.m-\f1)

0.0011

0.045

0.14

0.89

2.1

20

5

1.5

240

(lecture
graphique)

240

(graphic
reading)

24

(graphic
reading

0.24

(graphic
reading)

0.48

(graphic
reading)

1.4

(graphic
reading)

Reference
s

[Shoesmith et

al., 85]

[Gray, 88]

[Rondinella et
al., 98]

Table 35 : Time necessary for the formation of a

Synthesis on the long term behavior of spent nuclear fuel

U02oofilm on the UO2 surface under a radiolysis of water after Christensen & Sunder (1998).
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Sample

U02

U02

U02

U02

U02

UO2

U02

U02

U02

U02

U02

U02

Particle
size

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

electrode

Electrode

Electrode

Electrode

Leaching
mode

static

static

static

static

static

static

static

static

static

static

static

static

Duration

100 h

100 h

100 h

100 h

100 h

100 h

100 h

100 h

100 h

100 h

100 h

100 h

T
(°C)

100

100

100

100

100

100

100

100

100

100

100

100

Leachant

H2O triple-distilled
saturated water N2

H2O triple-distilled
saturated water N2

H2O triple-distilled
saturated water N2

H2O triple-distilled
saturated water N2

H2O triple-distilled
saturated water H2

H2O triple-distilled
saturated water H2

H2O triple-distilled
saturated water H2

H2O triple-distilled
saturated water H2

H2O triple-distilled
saturated water H2

H2O triple-distilled 10%
H2 + 90%N2

H2O triple-distilled 10%
H2 + 90%N2

H2O triple-distilled 10%
H2 + 90%N2

Final
pHat
25°C

7

7

7

7

7

7

7

7

7

7

7

7

Atmosphere

N2

N2

N2

N2

H2

H2

H2

H2

H2

10%H2 +
90%N2

10%H2 +
90%N2

10%H2 +
90%N2

Activity of
241 Am source

(uCi)

0

5

50

250

0

5

50

250

400

50

250

400

[U]
(umol/l)

0.016

0.023

0.037

0.048

0.05

0.018

0.040

0.044

0.018

0.041

0.040

0.022

Ratio Reference
Uvi/l/v<"> s

0 4 [Sunder ef
a/., 90]

0.4

0.54

0.72

0.33

0.34

0.29

0.21

0.24

0.42

0.32

0.28

Table 36 : Effect of a radiolysis of water on the oxidation and dissolution ofUO2 at 100°C after Sunder et al. (1990); ** determination byXPS.
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Sample

pellet

pellet

pellet

pellet

pellet

pellet

powders (2.5-4.5
Mm)

powders (2.5-4.5
Mm)

powders (2.5-4.5
Mm)

pellet

pellet

pellet

Pellet (47 GWj/t)

Pellet (47 GWj/t)

Pellet (47 GWj/t)

Mass

6.45

6.45

6.35

6.49

6.49

6.49

2.5

2.5

2.5

6.19

6.19

6.

1.88

1.88

1.88

Leaching
mode

static

static

static

static

static

static

static

static

static

static

static

static

static

static

static

Solution

200 ml deionized
H2O

200 ml deionized
H2O

200 ml deionized
H2O

200 ml H2O NaCI
95%

200 ml H2O NaCI
95%

200 ml H2O NaCI
95%

200 ml H2O NaCI
95%

200 ml H2O NaCI
95%

200 ml H2O NaCI
95%

NaCI 95% Fe

NaCI 95% Fe

NaCI 95% Fe

14cm3H2O
saturated Ar

14cm3H2O
saturated Ar

Carbonates 0.06%

T

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

Duratio
n

412
days

650
days

412
days

389
days

650
days

389
days

414
days

650
days

414
days

345
days

650
days

267
days

150 h

150 h

150 h

[H2OJ Gas
(mol/l) sampling

time

213 days

220 days

213 days

183 days

220 days

183 days

213 days

220 days

213 days

139 days

220 days

60 days

<1.0 10"7 150 h

6.4 10~7 150 h

nd 150 h

Gas production rate
(mol.gu1./1)

H2

1.4 10"7

5.4 10"8

1.8 10~7

2.2 10"7

1.6 10"7

2.0 10"7

2.7 10"7

3.0 10~7

2.1 10"7

8.0 10"7

1.5 10"6

8.4 10~7

9.6 10"6

9.6 10~6

Not
measured

O2

9.4 10"8

5.6 10~8

1.1 10~7

8.8 10~8

8.4 10"8

8.0 10"8

<1.5 10"7

nd

nd

<1.0 10"8

5.3 10"10

<1.0 10~7

2.0 10"6

1.0 10"7

nd

"deterioration

(moluo,9u

3.8 10"8

3.8 10"8

4.7 10~8

1.3 10"8

1.3 10~8

1.3 10"8

8.8 10"8

8.8 10"8

2.8 10~7

3.6 10~9

3.6 10"9

2.7 10~9

2.0 10~9

6.7 10"10

6.7 10~9

Reference
s

[Grambow et

al. ,96]

[Eriksen et
al.,

95]
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Table 37 : Comparison of production rates ofradiolysis gases (O2, H2) and deteriorated of irradiated fuel after Eriksen et al. (1995) and
Grambow et al. (1996); (nd) : not determined.
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Sample

Simfuel

U02

U02

U02

U02

U02

U02

U02

U02

Irradiated fuel (60 GWj/t)

Irradiated fuel (30 and 43
GWj/t)

Irradiated fuel (33 GWj/t)

Irradiated fuel (33 GWj/t)

Irradiated fuel (50.4 GWj/t)

Irradiated fuel (50.4 GWj/t)

Irradiated fuel (50.4 GWj/t)

Irradiated fuel (50.4 GWj/t)

Irradiated fuel (42 and 43
GWj/t)

Irradiated fuel (31 GWj/t)

Irradiated fuel (31 GWj/t)

Irradiated fuel (50 GWj/t)

Form of sample

50-250 urn

pellet

pellet

900-1100 urn

100-300 um

50-100 um

100-315 um

pellet

pellet

50-250 um

Fragments

0.5-5 mm

15-25 urn

Pastille

Pastille

Fragments

« 3 urn

Fragments (2 to 4
mm)

7-20 um

700-1700 urn

7-20 urn

Method

calculation

BET

BET

BET

BET

BET

BET

BET

geometry

BET

geometry

geometry

geometry

geometry

geometry

geometry

geometry

geometry

BET

geometry

geometry

BET

Surface area
(m2.g1)

0.012

0.018

0.00015

0.000192

0.0016

0.0113

0.1

0.026

0.000058

0.015

0.027

0.00021

0.0006

0.086

0.0002

0.0002

0.0007

0.3

0.007 to 0.012

0.098

0.0017

0.277

Observations

Unwashed powders

Presence of fines

Shape factor = 3

Particle size distribution
measurement (PSD)

Shape factor = 3

Shape factor = 3

Particle size distribution
measurement (PSD)

Shape factor = 3

Particle size distribution
measurement (PSD)

Shape factor = 3

References

[Le Lous, 97]

[Rondinella and Matzke , 96]

[J. Bruno et al., 95]

[Garcia-Serrano et al., 96]

[J. Bruno et al., 92]

[Ollila, 92]

[Le Lous, 97]

[Finnefa/., 94, 96)

[Grayed a/., 92]

[Lofdaefa/., 94, 96]

[Grambowef a/., 96)

[Forsyth, 95]

[Gray and Thomas, 94]
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Irradiated fuel (50 GWj/t) 700-1700 urn geometry 0.0019 Particle size distribution
measurement (PSD)

Shape factor = 3

Table 38 : Measurements of specific surface areas taken on fuels listed in the literature'*
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8.3 Researches on the radiolysis mechanisms at the spent fuel / external

medium interface (Dr. C. Corbel)

8.3.1 Presentation of the scientific key issues related to the radiolysis at the spent nuclear

fuel/water interface (Dr. C. Corbel)

8.3.1.1 RADIOLYSIS DUE TO SPENT FUEL ACTIVITY

Neutron irradiation during nuclear power reactor running induces strong damage and radioactive

activity in nuclear fuel. Various defects are found: vacancies, interstitials, impurities, gas bubbles,

precipitates etc. A large variety of radionuclides are also produced and spent nuclear U0x or U(Pu)Ox fuels

are strong sources of gamma, beta and alpha radiation. When these radiations penetrate in gas or water, they

produce oxidant and reductant radiolytics species that can interact with the fuel surface and significantly

affect its alteration. Alpha radiolysis which last over millenaries is likely to play a role in the long-term

stability of spent nuclear fuels interacting with natural environment.

The role of gas or water radiolysis on long term evolution of spent fuel is still a subject of debate. It

is poorly understood and, consequently, difficult to introduce reliably in the models predicting spent fuel

evolution in stable or altered disposal conditions. In particular, it is of prime importance for the performance

and safety assessment to predict the RN release rates from spent fuel.

Experiments conducted on actual spent fuels give information on alteration processes which result

from the combination of radiolytic, chemical and microstructural effects. The characteristics of these

components depend on spent-fuel burn-up and thermal history. They are rather difficult to control

independently. In these conditions, it is a complicated task to understand the radiolytic effects and their

dependence with the nature of the emitted radiations. A straightforward approach is to complete spent fuel

experiments with model experiments where the radioactivity of the fuel is controlled.

8.3.1.2 THE OBJECTIVES OF THE SP9 SUB-PROGRAM

8.3.1.2.1 Model experiments: UO2 interfaces under ion irradiation
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One simple way of controlling irradiation in matter is to use external radiation sources. This method

has been widely used to understand the basic of radiation effects in solids or liquids since fifty years. A few

studies, mostly Canadian or Swedish, have been performed on UO2/water interfaces by irradiating only water

with an external gamma (Sunder et al, 1992; Gromov, 1981) or alpha (Sunder et al, 1990) source. There is

evidence that the oxidant radiolytic species interact with the UO2 surface and may switch a non oxidative

mode of dissolution to an oxidative mode of dissolution depending on the irradiation conditions and

chemical composition of the aqueous solutions (Christensen et al, 1994). Some studies attribute to hydrogen

peroxide the irradiation effects whereas some others suggest that the oxidant radicals, as the hydroxyl

radical, can also play a role (Christensen et al, 1994; Shoesmith & Sunder, 1990, Sunder et al, 1990; Diaz-

Arocas et al, 1995). The correlation between the dissolution rate of UO2 and the production rate of the

radiolytic species is however still lacking. Among the difficulties is that radiolysis effects are strongly

dependent on the gas or water purity in contact with the uranium oxide surface.

Little is known and understood about the basic reactions which are promoted by radiolysis at UO2

interfaces. This lack of knowledge may hinder the development of reliable models describing the spent

nuclear fuel long term evolution in the framework of SP4 and SP5 programs. The ninth sub-program SP9

aims to bring new information on these basic processes. It focuses on radiolytic effects at UO2/gas and

UO2/water interfaces irradiated by ions. Its objective is to determine the radiolytic species which, under ion

irradiation, interact with the UO2 surface and control its evolution. Instead of using an external radioactive

source, this study proposes to control the irradiation conditions at the interfaces by using an ion (tT, He2+,

C6+ ...) beam delivered by a cyclotron. The use of an ion beam enables to reproduce the irradiation geometry

which exists in spent fuel where, at the interface, alpha particules emerge from UO2 to penetrate into the gas

or water. This type of investigations, which requires to use thin UO2 disks and high energy beams to go

through the disks, is new to our knowledge. It produces non-radioactive disks and solutions which can be

handled in academic laboratories for various characterizations.

8.3.1.2.2 Alteration and U release at interfaces under ion irradiation

When oxygen is dissolved in water, it affects the dissolution modes of UO2 which are know to

become oxidative (Shoesmith & Sunder, 1992; Nicol & Needes, 1997; Matzke & Turos, 1991) and, under

irradiation, interacts strongly with the radicals produced in water (Spinks & Woods, 1990). Consequently, its

presence in water is expected to modify the behavior of UO2/water interfaces under ion irradiation. The

studies developed in SP9 will investigate UO2/deionized water interfaces either in aerated or deaerated

conditions and UO2/gas (air, He, O? (dry or wet)) interfaces. The objectives are to determine how the ion

flux, fluence and energy at the interfaces affect :

• UO2 dissolution and alteration for UO2/water interfaces

• UO2 oxydation for UO2/gaz (air, O2 (dry or wet)) interfaces
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• U02 alteration for UO2/gaz (He) interfaces

For that purpose, UO2 sintered disks of 200 urn which are prepared at CEA will be irradiated using

the cyclotrons at CERJ-Orléans (CNRS) of at GANIL-Caen with light ions (He2+ and FT) and heavy ions

(C6+), respectively. For the He2+ beam at CERI, the beam energy at the interface can be varied between 0 and

20 MeV. The flux can presently vary in the range 1010 - 1012 a. cm"2 s"1, about 3 -5 times higher than the

alpha flux emitted by a high burn-up spent fuel in the first years of its aging.

To elucidate the mechanisms which occur under interfaces irradiation, the properties of the solutions

or gas obtained under irradiation will be correlated to the properties of the altered layers of UO2. In

particular, the radiolytic species and uranium concentration will be followed throughout the experiments in

order to determine the U release rate and the production rate of radiolytic species. In particular, the values

measured for the production of radiolytic species in water will also be compared to the values calculated by

modeling the water radiolysis under ion irradiation.

Concerning the UO2, the oxidation state and stoichiometry of the near-surface layers will accurately

be characterized by using various techniques of characterization available in the different laboratories

involved in this program.

Finally, the modeling of the long term evolution of spent fuel in presence of gases (SP4) or water

(SP5) will have to include the reactions that alpha radiolysis promote at flux which, over millenaries,

decreases from an upper limit given by high burn-up spent fuels to those in the virgin fuel. For that purpose,

the models will used the results obtained in the SP9 by calculating the kinetics at low flux of the mechanisms

experimntally identified at high flux. Furthermore, the validity of the approach will be checked by comparing

modeling to the properties measured at low flux with oc-doped UO2.

8.3.1.3 CONCLUSION AND PERSPECTIVES

The SP9 sub-program proposes a new fundamental approach to investigate ion irradiation effects at

UO2/gaz and UO2/water interfaces. The interfaces are directly irradiated by an He~+ beam to reproduce the

reactions which involve radiolytic species in the alteration or dissolution of spent fuel interfaces under alpha

irradiation. This approach requires to design test irradiation cells and demonstrate that an irradiation

geometry where the beam emerges from UO2 at the interface can be achieved.

The method is applied to investigate the interaction between the radiolytic species and the UO2

surfaces in deionized water in presence of high (aerated water) or low (Ar purged water) content of oxygen.

It will also be used to investigate the reactions at UO?/gas interfaces. The information that the program yields
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on the reactions induced by He2+ irradiation will be be taken into account in the modeling of spent fuel

evolution (SP4 & SP5) to describe the effects of alpha radiolysis.

In the near-future, this program will also potentially investigate the influence of hydrogen and of

other solutes which are found in surface or groundwater and which can leach spent fuel and, as oxygen, are

known to modify the dissolution process of UO2 or interact with the radiolytic species in water. This study

will also have to check whether the chemical composition, stoichiometry or microstructure of UO2 alter the

radiolytic reactions at the interface and need to be considered in the modeling of spent fuel.

8.3.2 First results on the influence of radiolysis on the UO2/water interface.

The following results have been presented at the MRS conference in Dec. 1999 in Boston (USA) in

the symposium 'Scientific basis for nuclear waste management XXIII" in a paper entitled "uranium oxide

mass loss rate in water for an interface under a irradiation " by Corbel, Lucchini, Sattonnay, Barthe, Huet,

Dehaudt, Ardois, Hickel, Paul.

8.3.2.1 Introduction

The environmental assessment of nuclear spent-fuel (UOX) disposal requires a prediction of release

rates of uranium once contact between spent fuel and groundwater is established. A first step in the

modelling is to replace spent fuel by uranium oxide (UO2) and use the release rates predicted for uranium

oxide submitted to the same leaching conditions as spent fuel. The reliability of such an approach is however

questionable due to the difference in the radioactivity of UOX and UO2.

Spent fuel is a gamma, beta and alpha radioactive material with an activity depending on its burn-up

and storing age. The decay time for spent fuel to recover the value of its initial alpha activity as fresh fuel is

over more than one million of years. The strong gamma and beta activity of spent fuel decrease by more than

three orders of magnitudes in the first few hundred years after disposal. Since the metallic container is

expected to survive this period, ground water reaching spent fuel after this period will be subjected mainly to

alpha radiolysis (Sunder, 1998). At the spent fuel//water interface, the water composition is modified by the

radiolytic species produced by the emerging alpha particules and the spent fuel structure is modified by the

defects produced by the alpha particules along their track. Reliable estimates of the uranium release rates due

to alpha activity are still lacking although the dissolution of UO2 doped with alpha emitters (Gray, 1988;

Rondinella & Matzke, 1999) or irradiated by a low flux alpha source (Bailey, 1985; Sunder et al, 1997) has

been earlier investigated.

This work proposes a new approach to investigate how alpha emission from a UO2 surface may

affect the release of uranium at the UO2/H20 interface. A high energy alpha-beam supplied by a cyclotron is
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used to pass through a UO2 disk and emerges into the water in contact with the disk. This method allows to

monitor the energy, stopping power and flux of the alpha beam UO2/H2O interface. These three physical

quantities control the production rate of defects and radiolytic species in UO2 and H2O, respectively. We

report here the first results obtained by varying the flux of the alpha beam and showing that, at high flux, the

uranium mass loss rate increases strongly in deionized aerated water.

8.3.2.2 Experimental procedure

Two sintered UO2 discs, AO and Al, of 8 mm diameter and 200 um thickness with a well polished

surface in contact with water are used in this study. At the end of the polishing, the discs have been annealed

under a mixture of He/Ar gaz at 1400 °C to remove polishing damage and adjust the oxygen to metal ratio to

the stoichiometric value (2.01). The alpha-beam with an initial energy of 45 MeV was delivered by the

cyclotron at CERI (CNRS-Orléans). After passing through Ti windows and the UO2 discs, the beam emerged

from UO2 into water with a calculated energy of about 20 MeV and a stopping power of 20 KeV/um which

corresponds to a range in water of about 500 u.m (Ziegler et al., 1985). The beam was collimated so that the

irradiated surface of the discs had only a 6 mm diameter (0.2827 cm2). Only the irradiated surface of the disc

was leached by a 10 ml volume of desionized water (Q millipore) with a 18 MQ.cm"1 resistivity.

To follow the alteration of the UO2 surface, sequential batch dissolution tests of one hour each were

performed on the UO2 discs, before, under and after alpha-irradiation without dismounting the discs from the

leaching cell. The leaching experiments under each irradiation consisted in a sequence of three dissolutions

where the alpha flux was kept constant. This sequence of three dissolutions was repeated just before and

after irradiation to compare the uranium releases before and after irradiation with those measured under

irradiation. In addition, sequences of more than three tests were performed before and after irradiation to

follow the evolution of uranium release as a function of time. Several cycles of irradiation were performed

on A0 and Alat flux varying from (0.33 to 3.3)xl0u a.cm'ls'1. All the tests were carried out at room-

temperature using Teflon leaching cells. The uranium mass in the solutions was deduced from the

concentration of uranyl ions measured after acidification by spectrofluorimetry.

8.3.2.3 Results

Before each cycle of irradiation, each disc was sequentially leached until the uranium mass loss rate

per hour reaches a value equal to or lower than 1 ng.r'.h"1. Under alpha-irradiation at a flux of

3.3x10" a.cm"2 s"1, the mass loss rate per hour increases by nearly three orders of magnitude as illustrated in

Figure 1 for disc Al and reaches a value of about 900 iJ.g.r'.h"1. The mass loss rate per hour remains

approximately constant for each sequential irradiation of one hour. This constant value indicates that the

UO2/H20 interface has reached a quasi-steady state under one hour irradiation. After irradiation, the mass
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loss rate per hour decreases progressively as a function of water renewal. Four sequential dissolutions of one

hour are sufficient to recover a value of the uranium mass loss rate per hour equal to or lower than 1 (ig-l^.h"

'. This recovery of the uranium release shows that the altered surface layer produced by irradiation was

progressively removed by the sequential dissolutions. A same behavior is shown in Figure 2 for disc AO

irradiated with a lower flux of 3.3.xlO10 a.ctn'2s"', The mass loss rate per hour reaches a value of about

300 ng.l'Vh'1. It is lower by a factor of three than the value obtained at high flux. We can therefore conclude

that the uranium mass loss rate per hour decreases with decreasing alpha flux.
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The uranium mass loss rate from uranium oxide has been earlier shown to be strongly dependent on

the surface oxidation (Ziegler et al, 1985). In its valence UVI, the rate of dissolution of uranium is much

higher than in its valence UIV. Assuming that only UVI is passing into solution, one can estimate that the
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oxidation rate of UIV per alpha is about O.27xlO"13 uga"1 at high flux in Figure 1 and about 0.87xl0"13 ngcc"1

at lower flux in Figure 2.

The increases of uranium mass loss rate under gamma irradiation in aerated water has been earlier

related to the formation of the stable radiolytic species H2O2 (Shoesmith & Sunder, 1992). It is much less

clear that it is the main radiolytic species to play a role under alpha-irradiation. For example, there is still to

elucidate the role of OH* radicals produced at the U02/H2O interface under alpha irradiation.

The irradiation conditions in the present studies are far from those in storage conditions for spent

fuel. In the present experiments, the energy and flux of the a-particles, which emerge in water, are higher

than those generated by a-decay in spent fuel. The flux of 3.3xlO10 a.cm"2 s"1 is about three orders of

magnitude higher than the flux emitted through the surface of a high burn-up spent fuel with an initial alpha

activity of 2xlO9Bq a/g(U) . An advantage of using a high irradiation flux is that, in a short irradiation time,

one can accumulate damage comparable to the one produced over several years in spent fuel. With the high

flux of 3.3xlOu a.cm'2 s"1, one obtains in one hour of irradiation a damage in UO2 which can be compared to

the one induced for about four years of storage in a spent fuel of 2xlO9Bq a/g (U). The discs have undergone

a cycle of irradiations over several months and cumulated a fluence of about 2.5x1016 a.cm"2 for AO and

2.6x1016 a.cm"2 for Al. At the end of the cycle, the release rate between irradiations and after removal of the

altered surface was equal to or lower than 1 iig.r'.h'1, indicating that the defects produced along the alpha

(>20 MeV) track have little effect on the release of uranium out of irradiation.

8.3.2.4 Conclusion

These first results show that the impact of alpha-irradiation on uranium release in water is important

in aerated conditions when the alpha flux has a high value > 3.1010 a.cm"2.s"' . This suggests that much

stronger oxidizing conditions than in aerated water are produced by alpha irradiation at high flux.

8.4 Proposal of a new approach for the RN source terms from spent

nuclear fuel in geological disposal conditions (Dr. C. Poinssot, Dr. C. Jegou)

8.4.1 Introduction
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Spent nuclear fuel is quite an heterogeneous material with numerous disequilibrium as illustrated in

the chapter 4. It is classically assumed in the literature to model the release of radionuclides from spent

nuclear fuel as being the convolution of three independent source terms (Johnson et al, 1985) :

• the radionuclides located in the gap and instantaneously released when water arrives;

• the radionuclides located at the grain boundaries;

• and the radionuclides which are included within the oxide matrix.

Due to the difficulty to deconvolute the contribution of the two first inventories in the experiments,

several performance assessments studies deal with a combined source terms, IRF (Instantaneous Release

Fraction), gathering the gap and the grain boundaries inventories, the release of which, can be considered

anyhow quite instaneously by comparison to the timescale of a geological disposal. Experimental data

obtained on relative fresh fuels for the IRF values of 137Cs, 129I, 99Tc, 90Sr, 14C and 35C1 are now available in

the literature. However, representativeness and incertitudes associated to these data are still to be addressed.

In particular, the studies developed in CEA on the potential spent nuclear fuel intrinsic evolution in

closed system (SP2) allowed to evidence that we can not ensure that spent nuclear fuel in geological disposal

will be similar to the fuel rods which are classically characterized in hot laboratories. For example, rough

estimations of the athermal diffusion coefficients (Poinssot et ai, 1999) showed that a significant evolution

of the inventories of the instant release fraction can not be neglected and has to be studied (see the SP2) and

accounted for in the source terms for geological disposal. Similarly, accumulation of irradiation defects and

of helium in the spent fuel micro-structure may lead to a significant evolution of the physical state of the

spent fuel, in particular of the surface area easily accessible to water. What means a labile fraction if the

actual surface area is ten times higher than in the experiment ? How can we relate the radionuclides source

terms to the potential evolution of the radionuclides location within the rods, of the physical state of the

pellets ?

All these evaluations lead CEA to propose a new approach for the RN release in geological disposal

and to shift from the empirical Johnson's model to a more deterministic approach in which we will try to

relate a microscopic understanding of the system to the RN release rate. This shift of paradigm is from our

point of view necessary in order to be able to give reliable and robust radionuclides source terms for the

performance assessment and safety analyses. Indeed, CEA is in charge of establishing a spent fuel source

terms by the year 2006 which simultaneously reflects not only the best state of knowledge on the spent fuel

long term behavior but also the uncertainties which are to be accounted for and can not be neglected : the

preliminary evolution of spent fuel prior to the access of water to the waste package is one of those.

8.4.2 Proposal of a radionuclides classification based on the actual RN location within

the rod.
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In order to account for the current state of knowledge obtained in the framework of the Johnson's

model, a new classification of radionuclides is proposed which is not based on the experimental release rate

as measured in the experiments, but rather on a microscopic location within the rods and a related given

performances. We will from now only distinguish two categories of radionuclides which can evolve with

time :

• the radionuclides which are located out of the oxide matrix (RNOM), meaning the gap, the grain

boundaries, the fractures, the rim zone. For these radioéléments, we estimate that no

performances can be reasonnably assumed and they are supposed to be instantaneously available

when water arrives, while potentially accounting for a percolation law through the porous

medium.

• the radionuclides which are located within the uranium dioxide matrix and the release of which

is related to the progressive alteration of the matrix.

The major distinction between this classification and the current available model based on the

Johnson's frame is related to the approach followed : instead of leaching spent fuel samples in order to try to

derive the RN inventories which have to be associated to the IRF and the matrix respectively, we aim to gain

a sufficient knwo ledge of the actual state of spent fuel after irradiation and of its evolution with time before

water arrives at the contact with the spent fuel in geological disposal (SP2) so that we can

(i) predict which elements can be considered as incorporated within the matrix as a function of

time,

(ii) decide not to allocate any performances to all the radionuclides which are not supposed to be

within the oxide grains as a function of time,

(iii) assume that the radionuclides which are supposed to be within the oxide grains are release

congruently with the matrix dissolution which is controled either by radiolytic processes,

either by solubility.

We propose thus to substitute a more deterministic approach to the classical empirical one. It is very

clear that such a change of approach lead also to a significant change of the experiments to be conducted and

of the R&D to support. Two majors research axes are now considered :

• To study with carefullness (i) the location of the RN at the end of irradiation by using the new

techniques now available like the SIMS, (ii) the mechanisms which can govern the evolution

with time of the RN location within the rod (especially the athermal diffusion). These topics

have to account for the natural variability of spent nuclear fuel and are conducted in the

framework of the SP2 sub-program (cf. Chapter 4).

• To determine the governing mechanisms of the oxide matrix long term alteration, i.e. oxidative

dissolution under the influence of radiolysis, or solubility-controled dissolution. Rough

estimations performed in CEA indicate that both mechanisms are probably relevant but for

different timescales; it means that there is probably a thresholds beyond which radiolysis is not

efficient anymore and the alteration becomes under the control of the solubility.

Synthesis on the long term behavior of spent nuclear fuel 5 / 0



8.4.3 Models for RN source terms

8.4.3.1 RELEASE MODELS FOR RADIONUCLIDES OUTSIDE THE MATRIX (RNOM)

The short deadline of the current 1991 Law in the framework of which are conducted the researches

for nuclear waste management, means that researches on waste packages long term evolution and on the

designing of the facilities (interim storage or geological disposal) have to be conducted simultaneously. It is

therefore essential that CEA proposes as soon as in 2001 a first source term model for spent nuclear fuel

although it is very clear that all the scientific issues will not be already addressed. We therefore determine

three levels of modeling for the RNOM source terms which will correspond (i) to a progressive update of a

first model rather conservative towards a more realistic one, (ii) to successive deliverables for the engineers

in charge of the designs of the facilities.

8.4.3.1.1 Instantaneous Incompatible RNOM Model

In the first version, the RNOM will be considered to be composed of all the chemical elements

which are incompatible with the crystallographic structure of (U,Pu)O2. The model will also take radioactive

decay into account. This approach obviously assumes a system at overall thermodynamic equilibrium that

certainly does not correspond to reality, but will allow us to quickly propose a highly conservative model,

including the potential fuel evolution during the initial phases of containment in a repository environment.

The entire inventory determined in this way will be assumed to be released instantaneously.

8.4.3.1.2 Instantaneous RNOM Model

This more realistic model will also assume instantaneous release of the RNOM, but will be based on

experimental studies dealing with (i) the determination of the RN location at the end of irradiation, and (ii)

the evolution of the RN location in closed system during the first ten thousands years. The inventories

involved in the RNOM are the gap, the rim, the grain boundaries and the fractures. It will notably be based to

a large extent on the results obtained under Subprogram 2 on closed-system radionuclide migration.

8.4.3.1.3 Time-Dependent RNOM Model

The final objective of the investigation is to develop a model capable of modulating the RNOM

release over time, and thus of attenuating their impact. It will be based on a percolation model of the grain

boundaries with a gradual release of the inventory at the grain boundaries according to the location. The

other RNOM components, however (fractures, rim and gap) continue to be released instantaneously.

The three models will progressively more accurately approach the RNOM inventory from the initial

very conservative estimate, as indicated in Figure 101.
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Figure 101 : Models of radionuclide release outside the matrix

8.4.3.2 MA TRIX ALTÉRA TION MODELS

Two mechanisms may govern the intermediate or long-term alteration of the spent fuel matrix in a

repository environment: oxidizing dissolution under the effect of radiolysis, or uranium dissolution

controlled by solubility.

8.4.3.2.1 Kinetic Model of Radiolysis

The objectives are (1) to assess the potential effect of a radiolysis and (3y radiolysis on the fuel

matrix alteration kinetics under reducing conditions (the effects of radiolysis on spent fuel dissolution remain

to be demonstrated); (2) to develop quantitative models if necessary to describe dissolution under the effects

of a radiolysis and Py radiolysis; and (3) to propose a unified model capable of accounting for the coupled

effects of a, [3 and y radiolysis on the fuel matrix alteration kinetics. The input data for these models must

include easily available characteristic fuel parameters (burnup, residual activity, etc.).

8.4.3.2.2 Dissolution Model Based on a Chemical Affinity Law

The goal here is to propose a kinetic law of matrix alteration in the absence of oxidants. The law will

initially be established for fresh UO2, and subsequently extended to spent UO2 by taking the fission products

and irradiation damage effects into account. The model will incorporate the effects of the water chemistry

(anions, cations, redox potentials, pH) as necessary.

8.4.3.2.3 Matrix Evolution Model

Finally, based on the two preceding models, a single model —which by no means implies a single

law— will be proposed to describe the matrix alteration according to the environmental conditions whatever

the governing mechanism is and the environmental conditions are (in the range of reasonable and expected

values for the French sites).
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CHAPTER 9 - OPERATIONAL RESEARCHES

9.1 feasibility of Delayed reprocessing (M. Masson)

9.1.1 Objectives

One of the reversibility options of the Long-Term Interim Storage concept for spent nuclear

fuel calls for deferred reprocessing of fuel assemblies. Based on existing data, however, it is difficult

to predict the evolution of spent fuel in dry interim storage and its impact on reprocessing operations.

The physical and chemical characteristics of the spent fuel (cladding material properties,

crystallization of phases in the ceramic matrix, evolution of chemical and radiochemical compositions,

etc.) will vary according to the storage conditions and duration (on the order of 100 years), and may in

some cases be considerably different from the characteristics observed after a relatively short period (3

to 10 years) in a cooling pool. The possible impact of these changes on reprocessing must be assessed

by examining the consequences on each step in the process : transport and handling, shearing,

dissolution, etc.

No sufficiently aged fuel is available today for experimental investigation. We have no idea

today of the process equipment that will be installed in reprocessing plants after 2100, and very little

information on the nature of the innovative fuel designs now being investigated by the CEA/DRN that

will also have to be reprocessed. At this stage, the impact study - which must nevertheless ensure the

reprocessability of fuel after prolonged dry interim storage - can only be undertaken as a conceptual

study based on the operation of the existing La Hague plants, using the PUREX process currently

implemented for UOX and MOX fuel as the industrial reference process. This intellectual approach

will be materialized in the form of summary reports, and will also address other program objectives :

• highlight the areas in which additional scientific data must be acquired through the work of
other subprograms in order to improve the predictive accuracy of spent fuel behavior during
reprocessing after prolonged dry interim storage ;

• define probable reprocessing developments and identify possible problem areas according to
the methods selected for conditioning the fuel assemblies and new developments in the
ceramic matrix and cladding materials ;

• propose simplifications in the PUREX process based on the physicochemical evolution of the

materials.
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9.1.2 Program

The study will include a detailed examination of unit operations from spent fuel transport to

the fabrication of finished products and waste management. The head-end operations will be

discriminated from reprocessing operations per se in order to address a number of pending issued.

9.1.2.1 HEAD-END OPERATIONS

The thermal conditions of prolonged dry interim storage will induce material aging and

structural embrittlement in the fuel assemblies. Problems that could arise during transport and

handling of fuel elements. The problem is not the same depending on whether these operations are

performed with or without the fuel holder : the integrity of the cladding material may be jeopardized,

for example, in the event of removal of the fuel holder for recycling at the interim storage site.

The fuel assemblies will not be reprocessed immediately on arrival at the plant. The conditions

of further interim storage must be carefully defined in order to prevent other modifications and to

avoid accelerating the evolution of the materials.

The burnup must be verified before reprocessing of a fuel element. This is possible only if the

assembly is still intact.

9.1.2.2 REPROCESSING OPERATIONS

9.1.2.2.1 Mechanical Treatment

Two important aspects must be considered. One is the condition of the cladding material and

its behavior during shearing, which generates appreciable amounts of fine zircaloy particles and scraps

that follow the fuel powder and cladding hulls to the dissolution step. The second concerns the

requirements and possible impact on the remainder of the process due to shearing the fuel holder. A

suitable solution can only be adopted on the basis of a precise assessment of the advantages and

drawbacks of each option.

9.1.2.2.2 Dissolution-Clarification

The changing physicochemical composition of the spent fuel will not only affect the elemental

composition, but will also lead to phase changes that could result in the formation of refractory

products detrimental to the nitric acid dissolution yields. Severe embrittlement of the cladding material

will generate greater quantities of fines and scraps that will require separation and alternative waste

management routes. Other aspects that will also be investigated include the chemical behavior of the

fission products or of particular matrix elements, corrosion of structural components, the quantity of

insoluble matter, etc.
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The chemical and radiochemical composition of the residues (shearing fines and hulls) will

receive special attention to assess possible modifications in the waste specifications for subsequent

conditioning.

9.1.2.2.3 Off-Gas Treatment

Dissolution releases various volatile or gaseous elements. The quantities of tritium, krypton-85

and ruthenium-106 will have considerably diminished during interim storage. The dissolution off-gas

purification provisions should be limited mainly to trapping iodine-129 and carbon-14.

9.1.2.2.4 Extraction Cycles

The extended cooling time and the decay of some actinides and fission products will

significantly modify the radioactive composition of the spent fuel, resulting in increased a activity.

The effects on extraction cycle performance (material leakage, decontamination factors, extraction

residues, etc.) and on increased a radiolysis (accelerated aging) of the solvent will be investigated.

9.1.2.2.5 Concentration of Fission Products

The raffinate solution concentration factor is determined by the thermal power, the unstable

cation content and the iron and plutonium concentrations in the concentrate. For a given UOX or

MOX fuel, the elemental concentration of the fission product solutions should vary only slightly, and

the concentration factor should thus be maintained. However, the presence of stainless steel fragments

in the dissolution solution in the event of shearing the fuel holder will affect the iron concentration of

the solutions - especially in the raffinate - and will require further analysis.

9.1.2.2.6 U and Pu Conversion

The conversion steps should not be affected by changes in the spent fuel. An impact study will

nevertheless be undertaken, focusing on the modified isotopic composition of the finished products.

9.1.2.2.7 Vitrification of Fission Products and Clarification Residue

The R7T7 glass specifications were established for average concentrations of fission products,

actinides and undissolved inclusions. The effects of changes in the nature and in the chemical and

radioactive composition of the solutions and insolubles targeted for vitrification on the glass

composition and long-term behavior must be determined.

9.1.2.2.8 Compaction of Structural Waste

Embrittlement of the cladding material is expected due to the effects of aging, and will result

in shearing debris during the mechanical cutup operations. The magnitude of the fine structural debris
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fraction will affect the safety of the compaction process and the behavior of the compacts consisting

mainly of scraps, and these effects must be assessed.

9.1.3 Reprocessing Developments

A preliminary review of the issues raised by deferred reprocessing shows that the problems

affecting the process will be related to the evolution of the mechanical properties of the cladding

material and its embrittlement under extended dry interim storage conditions. This evolution will

impact the plant head-end operations in particular, and serious consideration should be given at this

stage to modifying the head-end process equipment either to limit the production of debris or to allow

shearing of the fuel holder together with the assembly. In the latter eventuality, the management of

structural waste becomes a serious problem requiring an investigation of optimizing solid waste

management. The changes in the fuel matrix could also justify changes in the dissolution process.

In addition, the decay of some actinides and fission products after an extended cooling period

will significantly modify the spent fuel composition. The most obvious change will be the diminished

py activity resulting from the disappearance of fission product pairs such as 106(Ru+Rh) and
144(Ce+Pr), as well as 134Cs, 3H, 83Kr, etc. The resulting changes in the spent fuel composition and

activity may be favorable to improvements or simplifications in the PUREX process. For example,

atmospheric emissions could be reduced to near-zero levels by improving iodine and carbon trapping;

different management routes for dissolution fines could be considered following the disappearance of
106Ru (cement grouting, ruthenium and rhodium recovery, etc.) ; the tritiated acid recovery facility

would no longer be necessary ; fully incinerable extractants could be used. Deferred reprocessing

could present a range of advantages that should be examined in greater detail to assess their

repercussions on reprocessing plant design.

9.2 Monitoring during long term storage (M. Masson)

9.2.1 Objectives

PRECCI subprogram SP7 addresses the issue of radionuclide migration through the

containment barriers planned for the interim storage facility. Considering the duration of the interim

storage period (several hundred years), these barriers may prove to be permeable to some species over

time, or may sustain structural alterations of sufficient magnitude to jeopardize their integrity.

Measures must therefore be taken to control environmental release - notably gaseous emissions - by

providing filters or specific trapping media in the immediate vicinity of the package to prevent any

dissemination of gaseous or aerosol contamination into the interim storage drifts.
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9.2.2 Overview

The analysis is based on the use of a multipurpose container (CMU). As currently defined, this

long-term interim storage concept would implement carbon steel or cast-iron containers enclosing four

304L or 316L stainless steel fuel holders, each of which contains a spent fuel assembly. The CMU

design allows for the presumed cladding integrity failure of the spent nuclear fuel (SNF): the fuel

holder thus constitutes the first containment barrier, and the second is the container itself. A cast-iron

overpack is currently envisaged for the container.

Various scenarios can be considered depending on whether the spent fuel, the cladding, the

fuel holder and/or the container remain intact. In each case, the diffusive release must be quantified

and the transferable activity determined. The first priority concerns the specification of one or more

worst-case scenarios to define the limits of the study for review by the safety authorities.

Two major areas of investigation will be considered :

Diffusion through the metal matrix, primarily in the form of gaseous species. Contact between

the spent nuclear fuel matrix and the cladding (both of which are assumed to be intact) should also be

considered, however, to determine whether migration could occur at the oxide/metal interface,

facilitated by the recoil energy accumulated during fission reactions.

Diffusion of a gaseous mixture through one or more orifices of specified geometry (i.e. barrier

leakage) in a solvent gas (air, nitrogen or helium). A transient phase of variable duration could occur

during which the physical system parameters (mainly the pressure and temperature) could be subject

to change. Allowance must also be made for the nature of the gases in contact with the barriers, and

for their alteration over time. Considering the temperature and pressure differences liable to exist

between the interior of the cladding and the cladding/fuel holder and fuel holder/container gaps,

transfer in the case of leakage would involve convection rather than diffusion until pseudo steady-state

conditions were established (pressure equilibrium on either side of the leakage orifice). The resulting

convective flow would certainly have an appreciable effect on the temperature distribution within the

system. Outside the container, the transport of volatile species in the storage drift will depend on the

forced convection air flow rate.

The candidate scenarios could then be studied and modeled on the basis of these findings.

First, the species liable to migrate by diffusion in the metal (cladding, fuel holder or container,

assuming the integrity of these barriers has not been breached) or by virtue of their volatility (in the

event of barrier leakage) must be inventoried. This will require determining not only the diffusion

coefficients of the relevant species in the metal (e.g. zircaloy, 304L or 316L stainless steel) or in the

solvent gas (air, helium, rare or inert gas) but also the quantity and activity liable to be released from

the spent fuel. The intrinsic data provided by SP1 (calculations using an improved CESAR code) will

be used. Depending on the degree of integrity of the spent fuel, the volatile fractions of each

considered species must be quantified (cf SP2). This inventory is required not only for modeling (input
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parameters) but also to choose the diffusion mechanisms in the matrices and to orient our

bibliographic review toward species with similar behavior, or at least toward case studies with similar

characteristics.

Other prerequisites for completing our assessment include the following:

Mean temperature versus time at the gas/metal interfaces (inner and outer faces of each

barrier) and in the drift. Thermal assessments have already been carried out by CEA. If these thermal

calculations are unavailable, the thermal conductivity of the materials and of the gases or gas mixtures

must also be determined. Depending on the complexity of the missing models, the calculations could

be subcontracted to a laboratory with expertise in this area.

Internal pressure in the cladding (due to release of gaseous fission products and helium) and

cladding creep (SP3) versus time. Metal creep in the cladding or in the fuel holder would probably not

have a significant effect on the relative free volume variations as long as the barrier integrity is

conserved, but could affect the physicochemical properties of the materials - notably their

permeability. The amount of available data concerning creep-related permeability variations is

probably relatively limited.

Characterization of the cladding after irradiation and modification of its structure during

interim storage under the effects of temperature, irradiation and diffused, dissolved or precipitated

species, notably tritium. Will oxide layers form on the inner and outer faces? (SP2: internal corrosion

of cladding tubes; SP3: study of cladding microstructure). The occurrence of an oxide on a metal

surface will significantly affect its permeability to gases. Diffusion studies in the metal also require

extensive knowledge of the material structure, including the number and size of any defects.

Multipurpose interim storage container (CMU) properties, including internal volumes,

volumes occupied by gases, pressurization, gas composition in the cladding/fuel holder and fuel

holder/container gaps, ventilation inside the fuel holder and container, materials and dimensions

(pending validation of CEA design studies in the framework of the EtLD project).

Characteristics of the interim storage facility: ventilation flow rates, type and dimensions of

access galleries and drifts, initial filter locations (CEA studies in the framework of the EtLD project).

Any model of containment barrier integrity failures must take into account the origin of the

failure : for example leakage from a weld (fuel holder or container) subjected to mechanical stress

loading (creep failure), or material alteration by physicochemical phenomena (corrosion).

Consideration will be given to the leakage orifice geometry that should be postulated in each case.

As noted above, this study is dependent on the findings of other PRECCI subprograms. The

ultimate objective is to develop predictive models for the reference scenarios that will provide data on

the quantities of species released into the drift and especially on the corresponding radioactivity, in

order to provide a design basis for selecting and dimensioning the filters. Pending the availability of

such results, existing models and their numeric implementations will be reviewed with attention to
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ensuring the greatest possible flexibility with regard to input parameters. The results of the other

subprograms can then be integrated as they become available.

Bibliographic reviews are being undertaken to identify the existing diffusion models and to

select the one(s) best suited to our system. Material transport models involving fluid mechanics will

also be reviewed.

9.2.3 Current State of Progress

The study involves three major areas.

• Data and models. Develop leakage models (definition of worst-case situations) and

compile data necessary for leakage calculations (bibliographic review, PRECCI

subprograms and very long-term interim storage (EtLD) program).

• Filter selection. When an estimate is available for the nature and quantity of the releases,

commercial filters can initially be selected and their effectiveness evaluated either from

the manufacturer's specifications or experimentally with surrogates or actual products. If

no suitable filters are found, research and development work on new filters will be

considered. Filter dimensioning will also be undertaken.

• Filter management. The next step will involve a quantitative assessment of the filter

lifetime (considering natural aging or alteration under storage conditions, and the

evolution of the reference matrix), proposing remote monitoring provisions for filter

efficiency and intervention procedures for filter replacement, and examining management

procedures for used filters (decontamination and conditioning).

The subprogram is analyzed on the chart in the Appendix.

9.2.3.1 BIBLIOGRAPHIC REVIEW

Based on a preliminary survey of diffusion studies in metals, only the hydrogen family (H2, D2

and T2) appears likely to diffuse through the metal containment barriers as long as they remain intact

(CEA studies). This conclusion is subject to some reservations, considering the conditions to which

the cladding is subjected during prolonged interim storage (internal pressure estimated at 80 bars,

mean temperature ranging from 250 to 350°C, and irradiation effects). It is difficult to find published

studies of permeability or diffusion coefficient measurements in materials under similar conditions,

and it would be unwise to conclude from this review alone that diffusion does not occur in some

materials.

Work is continuing in this area, and in particular we are seeking to identify expert

correspondents in the field of gaseous diffusion in solid matrices.
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9.2.3.2 DA TA SUR VEY

As previously mentioned, this work largely consists in an inventory of data that will be

provided by the results of other PRECCI subprograms (mainly SP1, SP2 and SP3) and by the EtLD

program, which will then be integrated into the models for the various release scenarios.

Data requirements are currently being assessed. If the data are not currently available and will

not be acquired under the other subprograms, the missing data will be identified for acquisition.

An inventory must be compiled of the compounds released from spent nuclear fuel and their

properties : chemical state (solid, aerosol, gas), activity and quantity. In the event of leakage, the

thermodynamic properties of the identified compounds must be determined (temperature/pressure state

diagrams). Leakage will always involve depressurization and a temperature drop ; some compounds

may change states under these conditions (a volatile species may precipitate, for example). The

compounds must also be ranked according to their volatility and their quantity/activity. Aerosol

convection must also be investigated.

In the event of a containment barrier integrity failure, a CEA report addressing the operational

issue of "Spent Nuclear Fuel Surveillance in Interim Storage" will be used as a basis for determining

the volatile fractions released. The authors of this report did not specify a leakage orifice geometry,

however, and postulated arbitrary values for the leakage rates and their variations over time. We will

attempt to calculate the leakage rates for a specified leak geometry.

9.2.3.3 WORST-CASE SCENARIOS

Package integrity monitoring provisions will include leak detectors between the fuel holder

and the container, and near the container outer wall. If leakage activity is recorded, measures will be

taken to retrieve and repackage the container as soon as possible. It would be of interest to estimate the

time required to retrieve a package under these conditions.

The most penalizing case may be described as the destruction of the fuel assembly, together

with loss of integrity of the fuel holder and container. Considering the very low occurrence probability

of this scenario, an integrity failure in one fuel holder per container was taken into account. Within

this scenario, calculations will be performed for various leakage orifice diameters to determine the

total activity released according to the leak duration. The calculations will be carried out for leaks

occurring after different interim storage times in order to predict the worst-case scenario, i.e. to

determine the total activity released over a specified time period (which may be the time necessary to

retrieve the package) for each case studied. It will be advisable to determine the critical interim storage

time corresponding to the most penalizing leak that can be defined by the maximum total activity

product liable to be released by the internal pressure.

The second scenario concerns the diffusion of gaseous wasteforms through the containment

barriers. If only hydrogen isotopes are liable to diffuse in significant quantities, and considering the
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short half-life of tritium, this case study will consist in quantifying the effective tritium activity

diffusing through the barriers during the initial years of interim storage.
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9.3 Possibilities of optimized re-conditioning (JC. Cicariello)

The objective of this sub program is to investigate the possibilities for reconditioning of fuel

assemblies before dry interim storage and to identify the scientific and technical problems that such

solutions could involve. The purpose of such reconditioning is to improve the safety of the fuel

package in case it should appear as a necessity for safety reasons or a benefit in the performances of

the fuel package under storage.

Four ways have been identified for fuel assemblies reconditioning.

9.3.1 Improvement of the cladding ductility in order to make breaking criteria less

stringent.

It involves the study of the time and temperature conditions required for annealing the

irradiation defects of the clad and restoring some mechanical properties by comparison with those of

irradiated cladding. The properties of the structural part of the assembly (i.e. grids) have to be verified

by this heat treatment.

9.3.2 Oxidation of the irradiated fuel up to the U3OS species, stable in air or an

oxidizing atmosphere.

This solution is attractive to avoid any further oxidation in dry interim storage, but not for

water resistance properties. However, it calls for a heavy plant and implies that the volatile fission

products release during heat treatment is overcome.

9.3.3 Embedding of the assembly with a material in the package.

The embedding material acts as a barrier for radionuclides confinement and ensures a better

mechanical stability of all the assembly if a massive embedding solution is selected. The selection of

the embedding material is the main problem to be solved, because several criteria must be fulfilled :

high thermal conductivity for heat removal in storage, good resistance against corrosion, compatibility

with irradiated and oxidized Zircaloy, aptitude for working up. Non ferrous alloys are potential

candidates.
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9.3.4 Reduction of the internal pressure of the fuel rods.

Creep of the fuel rod clad is one of the most important phenomenon to be controlled during

the interim storage conditions, especially in the first stage when the heat decay is high enough to

maintain a relatively high temperature in the assemblies packages. Reducing the internal pressure in

the fuel rod by rod piercing, is a possibility to avoid or reduce (in case of any gas release from the

fuel) any further creep deformation of the cladding material. The working up techniques for rod

piercing and then closure of the hole will be reviewed.

nn the Inne term behavior ofsDent nuclear fuel



CHAPTER 10 - INTEGRATION AND

OPERATIONAL MODELLING

10.1 Objectives of the integration approach using operational models

10.1.1 General objectives

The final aim of the PRECCI program is to predict the long term evolution of spent fuel in

storage or disposal conditions so that package performances as well as global safety can be assessed.

In addition, prediction can only be evaluated by using models which combine the different evolution

mechanisms together and the related parameters, to give a prediction of the relevant properties or

variables which have to be known to predict the . In order to increase the confidence in the prediction,

the models have to be simple, mathematically robust towards boundary conditions which can change

with time, and have to use parameters which can be independently measured. These objectives can

only be achieved by developing specific models for each operational need rather than a global

evolution code coupling everything together. These models are consequently related to the operational

needs (cf. Chapter 2) and are named Operational Models. They can be used for estimation of the

main orders of magnitude in the evolution, for sensitivity analysis, and for performance assessments

with realistic boundary conditions.

One of the main goals of this subprogram is (i) to develop the operational models of spent

nuclear fuel and (ii) to couple these models with generic environments in order to evaluate the

performance of the spent nuclear fuel, the orders of magnitude of the various mechanisms, the relevant

parameters for the long term evolution, the most significant radionuclides ...etc. Through these

applications of the models, the key parameters involved in the spent fuel in its environment can be

identified and this information returned to subprograms SP2, SP4, SP5 as a helpful tool for setting a

hierarchy among the different mechanisms and research priorities.

10.1.2 Work plan

As the input of this subprogram is the output of the other ones, its structure will be closely

related to that of the other subprograms.
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In particular, the purpose of this program is twofold :

• The first aim is to contribute to the research management and priority assessment by :

=> collecting the degradation conditions of the canister and its interactions with the

environment,

=> arranging the main mechanisms according to their importance,

=> identifying the different evolution regimes as functions of the environment and

fuel parameters.

• The second aim is to summarize the knowledge produced in PRECCI in a kind of model

useful for performance assessments and engineering studies. This is why Operational

Model design is part of this subprogram.

Consequently two kinds of tasks are part of this subprogram :

• Modelling tasks leading to thematic models of the fuel and converging toward the

Operational Model.

• Various contextual assessments of the models along their development cycle in order to

help with research management and to assess the relative performance of the different

components of a disposal or storage (waste form and barriers). These assessments are

actually simplified simulations coupling the models of the fuel and of the other

components. They produce expressions of the main functions (such as R.N. concentration,

degraded part of the matrix) in a closed form in order to show which parameters are

important in the evolution. These simulations can be done once the different models are

completed or at each step of their development, in order to evaluate the impact of the

newly-introduced mechanisms in the context of disposal or storage. In this way, the

research effort can be appropriately estimated.

10.1.3 Scientific program

In 1998- 1999 we made calculations in the context of waste disposal, first concerning the

matrix degradation itself and secondly the R.N. release. We particularly focused on assessing the

relative importance of the two possible degradation mechanisms : dissolution and radiolysis. This

work produced different kinds of results :

• As far as the operational level is concerned, the study makes it possible to compare the

different R.N. according to their toxicity at the biosphere frontier, and to assess the role of

the different components of the disposal facility.

• Concerning the research programming :
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=> It is possible to estimate to what extent the radiolysis mechanism influences the

R.N. release and whether it is useful to know the precise repartition of the R.N.

among the different release fractions.

=> The degradation mechanisms per se can be classified as well : For example, in

case of a degradation controlled by UO2 dissolution (very low radiolysis),

Uranium precipitation in the barrier might lead the UO2 matrix out of

thermodynamic equilibrium and put it under kinetic control. This raises the

question of a specific study of UO2 dissolution kinetics and in situ precipitation.

This subprogram is highly dependent on the other ones and will be built as long as they

proceed. Nevertheless, one can see some important issues to address in the future.

10.1.3.1 WASTE PACKAGE IN STORAGE CONDITIONS

• Evolution in various accidental scenarios (in support to the EtLD project in the CEA or to

EDF, in the framework of the CIRCE program).

• Simulation of the evolution of the cladding after failure : coupled fracture propagation and

UO2 oxidation and swelling.

• Evaluation of the gas release source term resulting from this failure.

10.1.3.2 WASTE PACKAGE IN DISPOSAL CONDITIONS

• Assessment of the RNHM source term according to the compatibility of the different R.N.

with the UO2 matrix.

• Assessment of the source term related to the activation products in the cladding.

• Assessment of the chemical impact of concrete on the U and Zr behavior in solution.

10.1.3.3 INFLUENCE OF THE WASTE PACKAGE ON ITS ENVIRONMENT

The waste package degradation causes the release of high amounts of chemical species in the

environment (Fe, Zr, U), possibly influencing its mineralogy or sorption properties thus modifying

package degradation in return. Among possible questions are :

• Do fission and radiolysis gases impact the near field behavior ? Will it remain saturated ?

• Do U and Zr precipitate ? Does precipitation impact the waste form degradation through

kinetic dissolution enhancement or barrier clogging ?
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10.2 Assessment of the radiolytic versus solubility controlled

dissolution of spent fuel for the release of fission products in geological

disposal (Dr. MH. Faure, S. Maillard, C. Poinssot)

This paragraph is the extended abstract of a paper accepted for publication at the MRS'2000

symposium Scientific Basis for Nuclear Waste Management XXIV", entitled " Assessment of the

radiolytic versus solubility controlled dissolution of spent fuel for the release of fission products in

geological disposal" By Faure, Maillard & Poinssot. The complete paper will replace the extended

abstract in the final version.

The spent fuel matrix in its disposal environment is a quite complicated system: the variety of

Radionuclides (R.N.) and their interactions with the environment leads to a multiplication of the time

scales and an intricate evolution pattern. Many approaches of the system evolution are based on

numerical simulations producing for each R.N. a set of concentration profiles at different times. This

great amount of information may hide a basically simple behavior that this paper will expose. Using a

simplified model and its solutions in a closed form, we produce a global vision of the system

evolution, showing a hierarchy among the different mechanisms in which a limited number of typical

behaviors accounts for all the FP release. Useful criteria are produced for R & D management.

The spent fuel waste is simply modelled as the UO2 matrix alone (without canister), in contact

with a disposal environment represented as a 1 D, 50 m thick diffusion barrier . The matrix is degraded

in water either through a-radiolysis or by solubility limited dissolution. The first mechanism is

modelled as a constant dissolution rate. This mechanism lasts for a few decay periods of the a

nuclides. For the second mechanism, a constant solubility of UO2 accounts for the matrix dissolution.

Dissolved U diffuses through the barrier; the 1 D approximation is justified supposing that the

diffusion zones of the different waste forms rapidly collapse. The FP may be instantaneously or

congruently released by the matrix. They will possibly precipitate afterwards (under solubility limit)

near the matrix, diffuse through the barrier and sorb in the barrier. The main approximation in the

calculation is to suppose each solute concentration profile to be linear in space.

L2

In Figure 103, one compares the FP periods with their release time to the biosphere Rco — ,

simply indicating that only eight among them have an effective contribution to the biosphere source

term.

In this context, for long lived FP, only 12 different regimes (3x2x2) account for the evolution

of the FP amount in each part of the system (matrix, interface matrix/barrier, barrier, biosphere): They

appear as combinations of three factors: The first one is the release mode. It may be (i) proportional to
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\t , while U or FP solute (depending on which solid limits the release) has not reached the biosphere,

(ii) proportional to t (during the permanent release regime), or (iii) zero (after matrix or precipitate

total degradation). The second factor is the presence or absence of FP precipitate near the matrix. The

third one depends on whether or not the FP has reached the biosphere. There is also a limited number

of possibilities (release patterns) for these regimes to follow each other a long time : 4 in the case of an

instantaneously released FP, 17 in the case of a congruent release with a matrix degradation limited by

solubility, 5 in the case of radiolysis. Using simple combinations of the transport and chemical

parameters of the FP, one can directly "read" on appropriate diagrams which release pattern a given

FP should follow (see for instance Figure 104 for a radiolytic release).

By application of the formulas developed above, it is possible to assess the influence of the

two degradation mechanisms as functions of the radiolysis rate and the FP ratio solubility / abundance

in the matrix (Figure 105). Thus, a poorly soluble (compared to U) or very abundant (idem) FP will

precipitate at the matrix-barrier interface, whatever the radiolysis rate could be (zone n°4). Similarly, a

high radiolysis rate allows the total dissolution of the matrix before the FP invades the barrier, yielding

to a behavior equivalent to that of an instantaneously released FP (zone n°3). For low rates, the

solubility limited dissolution dominates the radiolysis (zone n°l). Finally for a given FP, the radiolysis

is the mechanism limiting the release to the biosphere only when the radiolytic rate is within particular

limits (zone n°2). For instance, with a radiolytic rate of 10"7 y"1, in an anoxic environment, Se and Sm

release to the biosphere are control led by their own solubility (minimal solubility), as Pd, I are under

radiolysis control. One can notice that changes in release regimes may occur due to uncertainties in the

solubility.
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CHAPTER 11 - CONCLUSIONS

Major strategic issues central to the projects dealing with the long term storage or geological

disposal have driven the development of a large research program on the long-term behavior of spent

nuclear fuel. Indeed, several answers either to operational questions or to scientific questions were not

actually available in the scientific and technical literature at the launching of the program. Such a

situation is to be linked to the evolution on the one hand of the fuels and on the other of the storage or

geological disposal designs as listed below :

• the use of higher burnup fuels and the introduction of MOX fuels has raised new questions

concerning the evolution of the structure and properties of the fuel rods and assemblies

due to the higher potential reactivity of these fuels,

• the extension of the duration considered for interim storage from decades to centuries.

• the exploration of potential high-density designs for dry storage facilities in order to

reduce the total cost.

• the progressive maturation of deep disposal concepts.

The required knowledge from which performance assessment is going to be derived has

significantly increased. Many assumptions concerning the behavior of irradiated fuel in disposal

conditions were based on rather simplistic experiments, using « dip » or « drip » tests, in which fresh

irradiated fuel was used. The overall physical and chemical evolution of the rods over one to ten

thousand years before the intrusion of water was never really taken into account, which was probably

reasonable for low burnup fuels. However, for high burn-up fuels and MOX fuels, especially if some

thermal events affects the fuel elements during transportation and storage, significant driving forces

related to the large chemical and physical disequilibrium within the rods might produce a significant

evolution including, among other phenomena, a redistribution of radionuclides and a significant

physical evolution of the ceramics. Although our first evaluations concerning the thermal migration of

nuclides prior to the intrusion of water are rather reassuring, the a residual activities will lead to (i) a

significant helium build-up, (ii) an accumulation of irradiation damages within the matrix and (iii) RN

migration by irradiation-enhanced diffusion. All these evolutions may significantly change the

properties of the irradiated fuel, with respect to dry oxidation or to water-saturated leaching

conditions. Consequently, a more precise knowledge of the behavior of the spent fuel in a closed

system, especially the evaluation of any associated temperature threshold is required to optimize the

conception and design of facilities.
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The evaluation of the reliability of the cladding as a confinement barrier over periods of time

largely exceeding one hundred years led to the development of the understanding and modelling of the

long term mechanical behavior (creep, rupture criteria). Our best available results, combined with

potential He pressure build-up evaluation seriously question the potential confinement or mechanical

performances of the cladding for MOX fuels after 100 yrs in dry storage. The consequences in term of

concept and design of containers and facilities are obvious (definition and design of containers,

sheaths...). In addition, in deep geological disposal, although no confinement performance is allocated

to the cladding, any significant rupture of the cladding might have to be evaluated to assess any

criticality risk associated with a significant rip of the cladding simultaneous with a de-cohesion of

spent fuel grains.

To address safety considerations related to long term interim storage or the initial dry

evolution of spent fuel waste packages in disposal conditions (operation, reversibility period then post-

closure), the impact of incidentally induced oxidation of spent fuel has to be assessed, in terms of

assembly integrity (and recovery), and radionuclide release in the facility. We have illustrated the

necessity to obtain new experimental data on high burn-up and MOX fuels, together with a careful

modelling of all coupled processes involved in the succession of phenomena involved in such dry

oxidation scenarios.

Significant contributions have stressed the influence of radiolytic oxidation on the dissolution

of spent fuel, but there are still many unresolved debates on the mechanisms involved in this

phenomenon. It is rather obvious, while compiling the recent literature, that no operational model, in

which driving parameters can be independently measured is yet available. "Best estimates" are nothing

better than a simple figure : 10"7 day"1, in which the specific surface, the dose related evolution of

radio lysis, etc... cannot be assessed. In addition, the estimation of the potentially instantaneously

mobile RN fraction (rim+grain boundaries) is currently classically based on very empirical tests using

fresh fuel samples, never taking into account the possible subsequent evolution of fuel elements. Since

such an approach does not allow to account for any potential evolution of the RN location before

water accesses, we propose to shift from the classical empirical model to a determinist evaluation of

the RN location as a function of time associated with a postulated performance allocation : the RN

within the grains are released with the grains alteration whereas the others are supposed to be

instantaneously accessible to water. In addition, the effect of environmental parameters on the

evolution of spent fuel in presence or alpha radiolysis is still unresolved. From well established

reasons based on the study of hydrogen in the primary coolant circuit, it is now postulated that even a

rather low partial pressure of hydrogen could contribute to reduce the impact of radiolysis : this has to

be experimentally confirmed, understood and modelled.
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All these demanding goals require the development of models that will have to be used to

predict the evolution as a function of time, and selected variables, properties or functions. However,

beyond this rather straight-forward approach, the question of the robustness and credibility of the

prediction is a major issue for the final decision on the long term management of nuclear waste. In this

context, extrapolation over thousands to hundreds of thousands of years can only be justified if it is

supported by a detailed understanding of the actual evolution mechanisms of the considered materials

at a microscopic scale. Although a more empirical and macroscopic approach is classically used for

any industrial purpose, the duration considered as well as the necessity to increase the reliability and

confidence of the prediction require the development and support of a rigorous scientific approach to

the key scientific issues identified in this report.

The ambition of the research program, the preliminary results have been presented of which, is

to reach a significant level of understanding concerning several key mechanisms appearing in the life

of spent fuel waste packages, either in interim storage conditions or in disposal conditions. It would be

too ambitious to think that in 2006, date of the final evaluation of the scientific results of the 1991

Law, everything will be completely understood and translated into ready-to-use operational models for

conception and performance assessment. The technical and scientific questions raised in this document

are shared by many scientists in countries that developed nuclear energy, and a close international co-

operation, is a necessity to face the complex challenges. Either through EC programs, or co-ordinated

multinational programs, a scientific community has been gathered and is very active. We hope that the

efforts recently engaged by the CEA will contribute to strengthen this scientific community.

Dr. Christophe POINSSOT & Prof. Pierre

TOULHOAT

Saclay, May 2000
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radiolysis from Sunder et al. (1996). Values plotted with closed symbols are eventually not used in calculations.

The upper dashed line is the rate predicted for the corrosion potential at which the surface achieves a

composition qfU02j3. The lowest dashed line represents the estimated lower limit of practical application of the

EC model. 522

Figure 91 .Corrosion rates predicted by the EC model for CANDUfuel (of known age and burnup) as a function

of time of emplacement in the vault assuming the container fails at t=0. The total rate, Rd, from Eq.22, and the

rates due to individual radiation sources (Ra, Rb, Rg) are calculated for a temperature of100°C. The lowest

shaded area shows the range of thresholds corrosion rate value defined by the two dashed lines in Figure 83.

The upper shaded area is the range of measured fuel corrosion rates (from Johnson et al., 1996) 524

Figure 92 : Predicted concentration of radiolysis products and corrosion products from the GR model assuming

that the g-radiolysis is the source of oxidants. The arrow defines the period over which the steady-state

corrosion rate was calculated. Corrosion is assumed to occur in Ar-purged water (pH=9.5) at a g-dose rate of

280 Gy.h-1 (from Christensen et al., 1994). U02, if, if, H2O2 : concentrations in the interfacial layer. (lf)D :

concentration in the bulk corrosion 526

Figure 93 : New approach for the general model of radiolysis as proposed by Christensen (1998). The interface

between the fuel and water is divided in three different zones corresponding to the mean distance of interaction

with a, P and y radiations 527

Figure 94 : Redox ladder for the uranium/oxygen system used as a basis for the model based on the total

reductive capacity of the syste, i.e. the RDC model. The redox equilibrium state is defined for a fuel composition

ofU3O7 (UO2.33) (from Bruno et al, 1996) 530

Figure 95 : The calculated fit of the RDC model to the experimental data on UO2 corrosion in aerated granitic

groundwater (from Bruno et al, 1996) 532

Figure 96 : Schematic illustrating the form of the radiolytic corrosion model (RT) in which radiolytic oxidants

can either cause fuel corrosion or be lost by transport to a redox front at which they are rapidly scavenged by

reaction with immobile reductants (shown as Fe in iron-containing minerals). The dissolved corrosion products

(if1) can also diffuse to the redoc front and react with the available reductants. Radiolytic H2 is assumed to

diffuse inertly out of the system 536

Figure 97 : Schematic illustrating the form of the radiolytic corrosion model (RT) when all species including the

reductants available in the surrounding environments are assumed to be mobile. Reaction occurs between

reductants, oxidants, and corrosion products at a reaction front whose position will depend on the relative fluxes

of each material (from Neretnieks, 1995) 537

Figure 98 : The predicted oxygen concentration (from the RT model) at the surface of a corroding MOXfuel for

different solubilities of reducing minerals. The dissolution of these minerals supplies the soluble Fe11 which

diffuses to the reaction front and scavenges the oxidants transported away from the fuel surfaces (Figure 91)

(from Neretnieks, 1995) 538

Figure 99 :. Uranium mass loss rate per hour in aerated deionized water before, under and after alpha

irradiation. Water is renewed each hour. Before this irradiation, the oxide had cumulated afluence of 6.3x1015

CLcm'2 in previous irradiations 575
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Figure 100 : Uranium mass loss rate per hour in aerated deionized water before, under and after alpha

irradiation. Water is renewed each hour. Before this irradiation, the oxide had cumulated a fluence of6.3x1015

CLcm2 in previous irradiations 575

Figure 101 : Models of radionuclide release outside the matrix 580

Figure 102 : approach for defining and studying the potential RN source terms in long term storage conditions.

596

Figure 103 : Comparison between fission products radioactive period and time for FP to be release to the

biosphere (release time) 604

Figure 104: Release pattern followed by a given FP as function of simple combinations of the transport and

chemical parameters, C* and R*, when matrix degradation is under the radiolysis control. Se, Te and I fields

are drawn with maximum and minimum solubility and radiolysis rate (Iff5 y'1 and lff7y') 605

Figure 105: Influence of the two degradation mechanisms as functions of the radiolysis rate and the FP ratio

solubility / abundance in the matrix. The text in boxes indicates the limiting release mechanism. The plot is given

for Pd and a radiolytic rate of Iff7 yi 605
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