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Common courses 

Code Duration ECTS  

UE1 66h 5 Fundamentals in nuclear energy 

P1 24h  Fundamentals in nuclear physics and thermohydraulics 

P2 28h  Fundamentals in Materials Science 

P3 4h  General principles of operation of nuclear reactors 

A 10h  General approach to energy issues 

UE2 68h 7 Materials for nuclear reactors 

B1 10h  Reactor Design 

B2 10h  Materials selection methods 

B3 10h  Materials used in nuclear reactors 

B4 10h  Design of primary circuits components 

B5 8h  Fundamentals in water chemistry 

B6 20h  Chemistry, transfer and thermohydraulics in fuel assembly 

UE3 70h 6 Physics of irradiated materials 

C10 2h  Introduction 

C11 10h  Fundamentals in modelling methods 

C12 12h  Irradiation defects 

C13 36h  Irradiation microstructures and dislocation 

C14 10h  Interaction between radiations and living matter 

UE4 64h 7 Materials ageing in a nuclear environment 

C21 14h  Irradiation ageing 

C22 14h  Fracture mechanics 

C23 16h  Fundamentals of corrosion 

C24 8h  Nuclear corrosion 

C25 12h  Laboratory classes 

Total 268h 25  

 
 

Option 1 (EDF) Option 2 (CEA) 

Code Duration ECTS  Code Duration ECTS  

UE5 86h 5 
PWR components, 

operation feedback and 
perspectives 

UE6 90h 5 Nuclear fuels 

D 72h 4 
Operation feedback of 

PWRs 
F1 20h  Nuclear fuels design 

D1 14h  
Fuel, cladding and rod 

cluster control assembly 
F2 20h  

Nuclear fuels 
fabrication and 
characterization 

D2 18h  
Pressure vessels and 

internals 
F3 30h  

Nuclear fuels behaviour 
under irradiation 

D3 10h  Circuits and exchangers F4 20h  Nuclear fuel cycle 

D4 10h  Non destructives testing     

D5 10h  Polymers and concrete     

D6 10h  
Waste and back-end 

management 
    

E 14h 1 Future reactor generations     



  

UE1: Fundamentals in Nuclear Energy 
 

Module P1: Fundamentals in Nuclear Physics and 
Thermohydraulics 

 

 

OBJECTIVES 
Refresher course 
This short course will give the basics in nuclear physics of reactors and in thermohydraulics. 
In the first part (Part 1), the basic concepts of neuton/matter interaction and its consequence on chain 

reaction, and on the principle of reactor design will be given. In a second part (Part 2), the course will 

focus on practical methods in single-phase hydraulics and convection heat transfer, to be applied to the 
nominal operation of nuclear plants. A survey of two-phase flow and heat transfer will also be provided, 

with a special attention on phase-change phenomena occurring at the walls. 
 

 

CONTENTS 
 

P1N: NUCLEAR PHYSICS (12h) 
 

1. Basics of nuclear physics for fission reactors (2h) 
 - Binding energy of a nucleus, energy production by fusion and by fission 

 - Mechanism of fission 

 - Modes of energy deposition, by-products (delayed neutrons, fission products) 
 

2. Interaction of neutrons with matter within a nuclear reactor (2h) 
 - Short classification of interactions, with examples 

 - Microscopic and macroscopic cross-sections, neutron flux, reaction rates 

 - Typical energy distributions of neutrons, neutron slowing-down by elastic scattering 
 

TD 1. Fission and neutron interactions (2h) 
 - Lecture questions about a historic article on fission neutrons (Szilard, 1939) 

 - Calculation of cross-sections and reaction rates in practical cases 

 
3. Physics of chain reaction at equilibrium (2h) 

 - Criticality, multiplication factor, critical size 
 - Elementary diffusion theory and simple flux calculations 

 
4. Notions on nuclear reactor operation (2h) 

 - Composition of a nuclear reactor (functions and materials) 

 - Description of a few nuclear reactor types (PWR, BWR, CANDU, and Fast Reactors) 
 - Safety (point kinetics, thermal feedbacks) and operation elements 

 
TD 2. Chain reaction and nuclear reactors (2h) 

 - Criticality calculations in simple cases from basic nuclear data 

 - Evaluation of typical orders of magnitude for usual reactors (PWR, CANDU) 
 

P1T: THERMOHYDRAULICS (12h) 
 
1. Turbulent pipe flow 

 1D description and its limits 

 Bernoulli equation with losses, regular and singular loss coefficients 
 Heat balance, applications to a PWR (core, steam generators) 

2. Pipe networks and loops 
 Branches and loops, networks 

 Pumps characteristics, adaptation to a circuit 

 Application to a primary circuit of PWR 



  

3. Single phase heat transfer 

 Boundary layer concept, turbulent transport 

 Correlations for heat transfer in tubes, across tube banks, on plates 
 Application to a PWR core 

4. Two phase flow 
 Two-phase flow patterns, flooding and flow reversal phenomena 

 Convective boiling, critical heat flux 

 Application: PWR power limit 
 Condensation heat transfer: film and dropwise condensation 

 

PART 3: TUTORIALS (20h) 
 

The students will have to prepare oral presentations helped by tutors, which would be followed by 

questions to evaluate their grasp on the various basic concepts of the course. 
 

  



  

Module P2: Fundamentals in Materials Science 
 

 

OBJECTIVES 
The objective is to introduce basic knowledge of Materials Science, required to understand materials 
behaviour in Nuclear Plants 

 
 

CONTENTS 
 

The course is divided into two main parts: 
1) Microstructure of alloys and their specificities 

2) Materials mechanical behaviour 
During all the lectures, stress will be put on the interaction between microstructures and mechanical 

properties. And the bases of corrosion and electrochemistry will be introduced. 

 
1) Alloy microstructures and their specificities (18h) 

- Introduction to phase diagram: definition, binary phase diagram, introduction to ternary phase diagram 
- Defects: vacancies and interstitials, screws and edge dislocations and grain boundaries 

- Diffusion mechanisms and diffusion equations 

- Phase transformations: driving forces, liquid and solid phase transformations, TTT-TRC curves 
- Microstructures: basic of crystallography (texture) 

- Recovery and recrystallization 
 

Tutorials (8h): Observations and characterisation techniques (TEM, SEM…), applications to selected 
materials 

 

2) Materials Mechanical behaviour (10h) 
- Plastic deformation: dislocations mechanisms, hardening mechanisms (Schmidt law) 

- Basics of continuum mechanics (stress, strain), introduction to finite element method 
- Creep of metals and alloys: mechanisms and constitutive equations 

- Fracture: brittle fracture, fracture toughness, K1c 

- Mechanical fatigue 
 

  



  

Module P3: General principles of operation of nuclear 
reactors 

 

 

OBJECTIVES 
The objective is to master the mode of operation of nuclear reactors and particularly the mechanisms of 

energy conversion (electricity production). 

 
 

CONTENTS 
 
1. The architecture of nuclear reactors 

Primary circuit, secondary circuits and components 

 
2. The energy conversion system 

Basic principles of energy conversion (energy balance, energy conversion efficiency) 
The thermodynamic conversion cycles (Rankine cycle, Brayton cycle) 

 

Tutorials 
Calculation of the energy conversion efficiency of a PWR 1300 MW 

 
 

 
  



  

Module A: General approach to energy issues 
 

 
 

OBJECTIVES 

General view of the energy problems around the world 

 
 

CONTENTS 
 

1. The physics of energy  
The units, the First and the Second Principles, the various forms of energy, their equivalences 

and their differences. The thermodynamical efficiency and the conversion losses. 
2. Petrol  

History, transformation and resources. Petrol utilization. The evolution of the cost of petrol. 

3. Natural gas  
Specificity, price evolution and resources 

4. Coal  
The coal history, its uses, its recent production increase. Its “black face”. Coal resources 

5. The global warming problem and the debates  

The effect of CO2 on climate, other reasons for global warming? How to decrease emissions. 
Should we “decrease”? Can we substitute CO2 emitting energy sources with other forms? 

6. The renewable energy (RES)  
The European politics. Estimates of the cost of RES. Can RES replace other sources? 

7. Transports and domestic uses 
Can electricity replace oil in transports? Is electricity inefficient for domestic uses? 

 

  



  

UE2: Materials for Nuclear Reactors 
 

 
 

OBJECTIVES 
Reactors principles and orders of magnitude. General constraints. 

Presentation of the major classes of reactors and the different requirements on materials 
Materials selection methods and specificities of nuclear reactor design 

Major classes of materials currently used (mainly metallic alloys) 

Detailed analysis of materials selection cases in 4 concepts of reactors 
Case study on ILL reactor design 

 

CONTENTS 

 

B1: Reactor design (10 h) 
Nuclear Reactors: Functions and Classification 

 
1. Main functions of a nuclear reactor 

- Principles of operation 
- First description of each main function in the order of importance from the nuclear point of view 

 fuel, moderator 

 coolant 

 structures 

2. Attempt of classification in terms of coolant, then in terms of moderator 

- First most constraining choice is the coolant selected by its capacity to evacuate heat 
- Constraints in terms of neutronics (absorption, moderation) and thermohydraulics 

- 3 major families: water, gas and metal (each family defines a set of common constraints) 
- Then the moderator can be chosen, with less constraints but subordinated to the coolant ones. 

This leads to 5 major types of reactors, identified in as PWR/BWR, PHWR (CANDU), RBMK, UNGG 

and He/Na/Pb fast reactors  
3. Description of specific reactors in terms of constraints for materials 

- About 12 operating reactors to describe 
 

B2: Materials selection methods (10h) 
 

- Set of requirements, selection criteria 
- Materials selection guides and software (2h of tutorials on computers): 

 Pressure vessels analysis 

 Heat exchanger 

- Specificities of nuclear materials selection (« forbidden elements » in a nuclear reactor) 
(for structural material -> effect of neutron irradiation, specificity of the primary medium, 

activation, activation of corrosion products) 
- Specification of processing and implementation (machining, welding, surface treatment) 

 

B3: Materials used in nuclear reactors (10h) 
 
The different structural materials currently used in the primary circuit of nuclear reactors will be 

described both in terms of their nature and microstructures and of their properties and properties 

evolution 
- Steels (5h): classification and denominations of steels, stainless steels, mechanical properties 

(corrosion resistance will be addressed in the course on corrosion) 
- Aluminum and nickel-based alloys (1h) 

- Zirconium alloys (2h) 
- Graphite (1h) 

- Joining methods for alloys (1h)  

 
 

 



  

B4: Design of primary circuits components (including fuel) (10h) 
 

PWR and comparison with Fast Breeder Reactors (FBR) 

 Nuclear fuels 

 Pressure Vessel 

 Heat exchanger 

 Internals 

 Specific design rules: RCCM (France), ASME (US), GHOST (RF) 

 
Case Study (for students): Design of the ILL reactor in Grenoble 

 Specific set of requirements 

 Consequences on materials selection 

 The life of the reactor 

 

B5: Fundamentals in water chemistry (8h) 
A. Basics in water chemistry 

– Dissolution of gases in water 

– Dissolution and precipitation of solid phases. Solubility limits 
– Water dissociation, pH 

– Aqueous speciation, complexation 

– Oxidation/Reduction 
– Reaction kinetics 

– Non ideal behavior – boiling/bubble point elevation 
– Water/oxide interface – surface charge, sorption 

 
B. Water chemistry at high temperature 

– Density 

– Dielectric constant 
– Solvation properties 

 
 C. Chemistry of the primary circuit 

 

B6: Chemistry, transfer and thermohydraulics in fuel assembly (20h) 
 

B61: Liquid metals technology (10h) 
 Physico-chemical properties 

 Quality control, purification 

 Fuel assembly thermohydraulics 

 Core instrumentation 

 Cleaning of fuel assembly 

 

B62: Water technology in PWRs (10h) 
 Water chemical treatment 

 Contamination by corrosion products 

 Clad rupture, FP contamination 

 Fuel assembly thermohydraulics 

 Core instrumentation 

 

  



  

UE3: Physics of irradiated materials 
 

 
 

OBJECTIVES 
 

Detailed description of the effects of irradiation by energetic particles at the atomic and micron scales. 
 

The course will address (1) the formation of the initial point defects (vacancies/interstitials) by interaction 

of energetic particles in crystals, (2) the diffusion of the point defects to form larger clusters constituting 
the irradiation microstructure, (3) the influence of irradiation on segregation and phase stability in alloys, 

(4) the influence of irradiation on dislocations (transformation of irradiation defects into dislocation loops, 
interaction between dislocations and irradiation defects). 

 
The different notions will be illustrated by atomic and micron-scale simulations methods: Monte Carlo 

Method, Cluster Dynamics, Molecular Dynamics, Dislocation Dynamics. The basics of the methods will be 

addressed during the lectures and lab sessions will be organized to apply the methods to practical cases. 
 

CONTENTS 
 
C10: Introduction (2h) 
A quick review of nucleus/energetic particle interactions, transmutations, irradiation damage in covalent, 

ionic and metallic materials, dpa calculations. 

 

C11: Fundamentals in modeling methods (10h) 
 Molecular dynamics 

 Monte Carlo methods  

 

C12: Irradiation defects (12h, 8h Lectures + 4h Practicals) 
 Fundamentals of DFT (Density Functional Theory) and application to irradiation damage 

(structure of condensed matter – Kohn Sham equations, waves function representation…) 
 The displacement cascade (displacement threshold, PKA, influence of crystallinity) 

 Experimental irradiations and realism with respect to irradiations in power plants (difficulties 

related to active materials, irradiation spectrum, manipulation…) 

 Molecular Dynamics applied to displacement cascades 

 Point defects (interstitials, vacancies in different crystallographic structures, complex 

impurity/interstitials and vacancies, point defects in ceramics) 
 Electronic microscopy applied to the analysis of irradiated microstructures 

A case study is given to the students 

 

C13: Irradiation microstructures and dislocation (36h, 18h Lectures + 18h Simu) 
 
C13M: (4*3h Lectures + 10h Practicals = 22h) 

 Diffusion of point defects: rate theory, defect reactions (recombination, sinks), Kirkendall effect 

 Monte Carlo method 

 Cluster Dynamics (long-term evolution) 

 Physical effects of irradiations: segregation et phase transformations induced by irradiations 

(including transmutation-induced transformations, amorphization) 

 
C13D:  (2*3h Lectures + 2*4h Practicals = 14h) 

 Dislocation and irradiation defects 

 Dislocation microstructure (faulted loops and tetrahedra, nucleation and growth of dislocation 

loops, dislocation climb) 
 Dislocation Dynamics 

 Voids and bubbles 

 

Practical sessions on computers 

Simulation by Molecular Dynamics of a displacement cascade 



  

Simulation by Monte Carlo of precipitate growth  

Simulation by Cluster Dynamics of defect growth  

Simulation by Dislocation Dynamics of the interaction between dislocations and irradiation defects (8h) 
 

C14: Interaction between radiations and living matter (10h Lectures) 
 
Interaction of radiations with matter 

- neutral particules (photons, neutrons) 
- charged particules (electrons, protons, nucleus) 

Interaction X-ray and gamma rays with matter 
- elementary microscopic phenomena 

- macroscopic phenomena 

- interaction with living matter 
- biological aspects of radiation/matter interactions: fundamental in radiobiology 

 
The duration of the simulation sessions are already included in the corresponding module. 

  



  

UE4: Materials ageing in a nuclear environment 
 

OBJECTIVES 
Macroscopic consequences of irradiation damage in terms of mechanical properties (hardening and 

embrittlement), dimensional stability (growth and swelling) and environmental resistance. 
Physically-based models in relation with microstructural evolution under irradiation (irradiation creep), 

physically-based models of post irradiation material mechanical properties (hardening, local approach to 
fracture). 

 

CONTENTS 
The damage produced by radiations result in the production of various defects that have been described, 
at an atomistic level, in the course “Physics of radiation”. The aim of the course presented here is to 

explain how these defects will, at a macroscopic level, affect the microstructure and the mechanical 
properties of the components in the power plants. More specifically we will focus on the: pressure 

vessels, the pipe and internals and the fuel.  

 

C21: Irradiation ageing (14h) 
 

Meso and macroscopic effects of irradiation damage 
 

Irradiation hardening (loops dislocation bubbles,clear bands) 

Irradiation embrittlement, ductility reduction (Ductile-Brittle Transition, Davidenkoff diagrams) 
Irradiation creep and growth 

Swelling 
Wigner Effect, irradiation damage in ceramics and fuels (fundamentals for D1) 

Radiolysis (irradiation damage in water and polymers) 

 

C22: Fracture mechanics (14h) 
 

Multi axial loading, triaxiality of stresses 
Plain stress, plane strain 

Non-linear fracture mechanics (basic linear elastic fracture mechanics will be given in module P1) 

Introduction to experimental fracture mechanics (tests – visual fractography -) 
Microstructural aspects of fracture (brittle, ductile, transgranular, intergranular, inclusions), SEM 

investigations 
Local approach to fracture 

Modelling of ductile fracture (Tutorials) - Types of corrosion 

 

C23: Fundamentals of corrosion (16h) 
 

Electrochemistry: fundamentals for corrosion 

Corrosion erosion 
Stress corrosion cracking 

Protection against corrosion 

Oxydation 
Corrosion of Zirconium alloys 

 

C24: Nuclear corrosion (8h) 
 

Corrosion of cladding in liquid metals (sodium, lead) 

Corrosion and chemical water conditioning 
Stress corrosion cracking of nuclear fuels 

Corrosion of cladding in water environment 
 

C25: Laboratory classes (12h) 
Preparation and observation of Zirconium micrographs (4h) 

Corrosion of Zirconium alloys (8h) 

Project on Zirconium alloys  



  

UE5: PWR components, operation feedback and perspectives 
 

This UE is composed of 2 modules, module D and module E 
 

Module D: Operation feedback of PWRs 
 

This module consists in a detailed synopsis of selected operating experiences concerning PWR primary 
circuit components which EDF considers to be crucial issues for safety. Specifics problems concerning 

fuel, fuel cladding, internals, pressure vessels, water chemistry will be detailed. This is a unique 
opportunity for students to learn what are the technological issues that engineers and researchers in 

materials have to tackle in nuclear industry. 

 

D1. Fuel, cladding and rod cluster control assembly (14h) 
Design requirements, operating conditions for fuel, fuel cladding, and control rod assembly for PWR are 

addressed in Modules B and P3. 
 

A. Fuel and cladding 

a. Fuel: 
- Function. Choice- Enrichment 

- Fabrication 
- MOX 

- Temperature effect 
- Irradiation effect 

b. Cladding: 

- Operating conditions. Reasons for choosing Zr alloys, comparison with fast 
breeders. Note: Zirconium alloys are presented in Module B 

- Elaboration, fabrication 
- Cladding under irradiation: phase stability, growth, résistance, irradiation creep… 

Note: Irradiation defects in Zirconium alloys are given as an example in Module 

C1, mechanisms of creeps and growth are introduced in Module C2 
- Corrosion 

- Hydridation 
c. Pellet-cladding interaction: 

- Iodine Stress Corrosion Cracking (I-SCC) 

- Possible solutions 
d. Safety aspects in fuel issues. Storage, Transportation feedback from plants. Cracks etc…  

 
B. Control rod assembly 

a. Description and operation 
- Control rod drive mechanism 

- Neutron absorbers: Silver-Indium-Cadmium, boron carbides, massive stainless 

steels 
b. Design and production, feedback from plants, cracks, wear, etc… 

 

D2. Pressure Vessels and Internals (14h, Lectures) + (4h, Practicals) 
Function, design requirements, operating conditions for vessels and internals in PWRs. Comparison with 
BWR and VVER. Materials in use (see Modules B2-B3). 

 
A. demonstration: the fracture toughness module  

A. Vessel, vessel head and pressurizer  
B.  

a. Rationale for the choice for the materials: Dimensioning and fabrication, corrosion 

resistance, welding, control (see Modules B2-B3). 
b. Comparison with international practice, construction rules in France (RCCM) and 

abroad. 
c. Fabrication of the vessel: casting, forging, welding, cladding. Fabrication defects and 

control. 



  

d. Dimensioning, structural integrity, risks of fast fracture, safety margins for various 

situations, regulations and international practice. 

e. Operating conditions: calculation of temperatures and neutron flux. 
f. Ageing of materials for the vessel and pressurizer (general mechanisms of thermal 

ageing are introduced in Module P1 and irradiation hardening and embrittlement in 
Modules C1 and C2). 

 Thermal ageing : segregation, intergranular damage 

 Ageing under irradiation 
 Surveillance program 

 Prediction of microstructural evolution 

  Formulas for hardening and Brittle-Ductile Transition Temperature: 

empirical, semi-empirical, and multi-scale modelling: RPV-2 (principles 

and examples are given in Module C21) 
 Formulas for toughness prediction: RCCM, master curves, local 

approach, advanced methods: toughness module (principles and 

examples are given in Module C21) 

g. Feedback from plants: on-site non destructive testing (addressed in more details in 
Module D4, surveillance program, decennial hydrostatic test). 

h. Specific issues for vessel heads penetrators: Stress Corrosion Cracking – SCC- (basic 
understanding of SCC is introduced in Module P1). 

i. Demonstrations of RPV-2 and Toughness Modules. 
 

C. Internals  

 
a. Reasons for the choice for the materials: dimensioning and fabrication, corrosion 

resistance, welding, control (see Modules B2-B3). 
b. Fabrication 

c. Feedback from plants : bolts cracking 

d. Irradiation effects : Dimensional stability, creep irradiation and possible swelling, 
materials hardening, microstructural evolution 

e. Irradiation Assisted Stress Corrosion Cracking (IASCC) (mechanisms of IASCC are 
introduced in Modules C23-C24) 

f. R and D program for predicting internals degradation, comparison with the strategy for 
vessels. 

g. International Practice for maintenance, repair and replacement. 

 
Example of design evolution: internals for EPR in relation with vessel irradiation and fuel 

management  
 

D3. Circuits and exchangers (10h) 
 

A. Function, design requirements, operating conditions for circuits and exchangers, 
primary, auxiliary and secondary circuits environment in PWRs. Comparison with 

BWR and VVER. Materials in use (1h, see Modules B1-B2-B3). 
 

B. Primary coolant circuit (3h) 

 
a. Rationale for the choice for the materials. Evolutions (see Modules B2-B3). 

b. Fabrications: casting or forging abroad. 
c. Thermal ageing. Monitoring programs. In-situ methods 

d. Dimensioning, structural integrity, safety margins for various situations, simplified 

methods, regulations. 
e. Thermal Fatigue 

f. Non Destructive Testing (see details of NDT methods in Module D4). 
g. Special issue of primary coolant pumps. 

 
C. Steam generators (3h) 

 

a. Description and operating conditions. Dimensioning. Rationale for the choice for the 
materials (see Modules B2-B3). 



  

b. Feedback from plants. Cracking of tubes. Expertise. 

c. Stress Corrosion Cracking (primary environment) 

 Mechanisms (are introduced in Module P1) 
 Operating conditions effects 

 Mitigations, evolutions 
 Replacements 

 

D. Secondary coolant circuits (3h) 
 

a. Description and operating conditions. 
b. Feedback from plants 

c. Corrosion-erosion of low alloyed steels 

d. Steam generator (secondary environment): fouling and clugging 
e. Condensers 

 

D4. Non destructive testing (10h, including 2h Practicals) 
 

D4A: Fundamental in non destructive technique (US….) (4h) 

D4B: Several cases of studies (6h) 
 

D5. Polymers and concrete (10h) 
 
Polymers under irradiation: 

 water radiolysis and polymers ageing 

 electrical cables 
 coating and paints 

 ion exchange resin 
 miscellaneous: other cases of study 

 

D6. Waste and back-end management (10h) 
 

 Industrial choice of glass as a containment material 

 Fundamentals about physico-chemistry and structure of glasses 

 Incorporation of FP in glass 

 Vitrification process 

 Long term behaviour 

 

  



  

Module E: Future reactor generations 
 

 
 

OBJECTIVES 
This module gathers topics that are not related to structural components of the primary circuit, but that 

are of interest of any engineer that will work in the field of materials. Radioprotection aspects and, future 
generations of reactors will be addressed. 

 

 

CONTENTS 
 

1- Generation IV materials (6h) 
 

2- ITER materials (2h) 

 
3 - Analysis of past experience in terms of accidents (Tutorials/Seminars) 

 Windscale 

 Three Mile Island 

 Tchernobyl 

The causes and sequence of events will be analysed, the consequences on safety, materials and design 
will be outlined. 

 
  



  

UE6: Nuclear fuel 
 

This UE is composed of 4 modules, modules F1 to F4 
 

 

OBJECTIVES 
This module gives an overview of the knowledge basis, which should be useful to any engineer intending 
to work in the nuclear industry or to any student interested in nuclear materials and science research. 

 

Within the field of nuclear fuels, many physico-chemical and mechanical phenomena are linked: for 
instance, the nuclear fuels behaviour under irradiation depends upon their design and fabrication 

processes which, in turn, depend upon what characteristics are expected during their life in the reactor. 
 

The module progression is based on a chronological approach: design, fabrication and characterization, 

in-reactor behaviour of nuclear fuels. However, the instructors will pay attention to highlighting the links 
between the various parts of the module, which are key issues to achieve a complete view on nuclear 

fuels. 
 

 

PRE-REQUISITES 
1. Basic knowledge in material science and especially in ceramics: 

phase diagrams and thermodynamics (oxygen potential), 

therm al and mechanical properties, 

diffusion and transport, 

chemical reaction and corrosion. 

 

2. Basic knowledge in nuclear physics: 

fission and capture, fissile and fertile isotopes, 

irradiation defects. 

 

Note: these pre-requisites are acquired in previous modules of the Master (see Modules from P1 to C25). 

 

 
F1. Nuclear fuels design (Lecture: 12h, Tutorials: 8h) 
 

Lectures: 
- What are nuclear fuels made for? 

- Types of reactors and operating conditions of fuels. 

- Fuels for: 

LWR [Light Water Reactors including PWR, BWR], 

SFR [Sodium cooled Fast Reactors], 

HTR [High Temperature Reactors], 

MTR [Material Testing Reactors]. 

- Fuel claddings: 

Zirconium alloys for Thermal Reactors, 

Steels for Fast Reactors. 

- Assemblies, bundles, rods, pins, plates and particles. 

- Physical properties and phase diagrams of actinides oxides. 

- Mechanical dimensioning and criteria. 

 
Tutorials: 

Various case studies through which attending students are given the opportunity to tackle both functional 
analysis and computational design by themselves. The computational approach is addressed by using the 

finite element solver CAST3M and fuel design codes developed by the CEA (CELAENO, METEOR, 

GERMINAL…). 
 



  

Textbook: 

“The Nuclear Fuel of Pressurized Water Reactors and Fast Reactors – Design and behaviour”, H. BAILLY, 

D. MENESSIER, C. PRUNIER, Editors (Lavoisier Publishing, Paris, 1999). 
 

F2. Nuclear fuels fabrication and characterization (Lecture: 12h, Practicals: 8h) 
 
Lectures: 
- Fabrication and properties of oxide powders. 

- Fabrication of UO2 and MOX pellets: 

sintering process, 

role of oxygen potential. 

- Fabrication of rods and subassemblies. 

- Fabrication of fuel particles for HTR. 

- Characteristics and fabrication process of alternative fuels: 

Carbide, 

Nitride, 

Metal alloys. 

- Characterization methods and measured properties of fresh nuclear fuel (structure, density, porosity, 

chemical composition, O/M …). 

 
Practicals, including a short visit of the LEFCA laboratory (choice to be made by groups of 4 to 5 

students): 

1. Characterization methods in the UO2 Laboratory, 

2. Thermo-mechanical and micro-structural characterizations, 

3. Fabrication control measurements, 

4. Chemical analyses of fuels. 

 

F3. Nuclear fuels behaviour under irradiation (Lecture: 16h, Practicals: 10h, 
Tutorials: 4h), 
 

 

Nuclear fuel performances under irradiation in nominal conditions  
- Nuclear fuel thermal performance and temperature effects. 

- Irradiation effects in fuel materials. 

- Fuel chemistry and fission products effects. 

- Fission gases behaviour. 

- Main limiting phenomena for various types of nuclear fuels: 

LWR fuels: 

Outer clad corrosion and hydridation, growth, 

Inner pressure, 

Pellet Cladding Interaction. 

FR fuels: 

Swelling of claddings and hexagonal wrapper, 

Inner corrosion of claddings, 

Margin to fuel melting. 

- Characterization methods on irradiated nuclear fuels. 

 

Nuclear fuel performances under irradiation in incidental and accidental conditions  

 
- Nuclear fuel during incidental and accidental conditions: 

Fuel rod failure and reaction with coolant, 

Fuel behaviour during a LOCA (Loss Of Coolant Accident), 

Fuel behaviour during a RIA (Reactivity Insertion Accident). 

- Modelling of fuel behaviour (B. Michel): 

Standard 1.5 D thermo-mechanical fuel performance code, 



  

2D and 3D calculations, 

First approaches to multi-scale modelling. 

- Fuel challenges in the coming decades. 

 
Practicals, including a short visit of the LECA-STAR (choice to be made by groups of 4 to 5 students): 

1. Fission gases analysis, 

2. Non-destructive tests on irradiated fuel rods, 

3. Micro-analysis on irradiated fuel samples, 

4. Experimental irradiations in MTR 

 
Tutorials: Exercises on elemental use of fuel behaviour simulation applications. 

 

 

F4. Nuclear fuel cycle (Lecture: 13h, Tutorials: 4h, Practicals: 3h) 
 
Lectures (13h): 

 

- Definition of the fuel cycle. Situation in France. 
- Front-end fuel cycle: 

• Uranium ressources (ores, earth crust, types of rocks…), uranium ore deposit typology, ore 

mining techniques and mine types 
• On-site ore purification to yellow cake, additional purification techniques and conversion to UF4 

and UF6 

• Fuel enrichment: definitions of SWU, different available enrichment techniques 
- Fuel reprocessing and actinide recycling 

• Composition and relevant properties of spent fuel for subsequent processing 

• Front-end processes: from fuel assembly to nitric solution, the dissolution steps 
• Core processes: extraction of major actinides U,Pu from the dissolution solution, processes and 

chemical engineering  

• Production of recycling fluxes: uranium and plutonium conversion 
• Specificity of Pu recycling: from PuO2 to MOX fuels 

- Nuclear wastes conditioning and long term management 
• Designing of specific matrices for waste confinement (glasses, concrete, compacted waste) and 
conditioning steps; focus on the vitrification technology. 

• Classification of nuclear wastes: origin, volumes, flux, specific long term management options 
for shorter lived waste (TFA, FMA) 

• Radioactive waste repository: from the 1991 Law towards the selection of the Meuse/Haute-

Marne repository to be decided in 2015 through the help of the Underground Research labs. 
- From the current towards the future fuel cycles 

• Background: meeting the future energy needs by increasing the sustainability of nuclear energy 
in the societal, economic and environmental fields. 

• Significant input of Pu mono-recycling for the sustainability of nuclear energy: resources 

economy, waste toxicity decrease. Necessity to prevent any divertion of fissile material: development of 
COEX process (separation, conversion)... 

• From the Pu mono-recycling towards the Pu multi-recycling and U-recycling: limitations of 
mono-recycling, requirement for fast neutrons reactors, towards a fuel cycle without any front-end 

anymore. 

• From the Pu/U-recycling towards the MA recycling: limiting the waste toxicity and inventory for 
the long term, increasing the public acceptance, optimising the repository resources, specific processes 

under development, various options considered (GANEX, SANEX-TODGA, EXAm). 
- Fuel cycle scenarios and perspectives 
 
Tutorials and practicals: 

 Simplified design of a fuel processing unit by liquid/liquid extraction (determination of mass 

flows, evaluation of performances). Use of SIMULEX simulation code. 

 Scenarios studies (calculation of mass fluxes). 

 Simplified modelling of representative radionuclides migration within the environment considering 

the relevant processes (speciation, retention, diffusion). 



  

 


