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ABSTRACT
The performance calculations of appropriate fuel cycle facilities and reactor configurations (scenarios)

relying on current reactor technologies (Pressurized Water Reactor and Fast neutrons Reactors) or innovative
reactors (Accelerator Driven Systems) have proved the scientific feasibility of some P&T strategies.

To insure the technological feasibility, a large program on fuels and materials is underway, including
advanced concepts for PWRs and the development of specific targets (dispersed fuels) for transmutation in FRs.
Experiments in different reactors including Phenix are being prepared. The program is presented and recent
results are given.
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1. INTRODUCTION
For the management of high level, long live radioactive waste and in the frame of the researches identified

in the French Law of December 91, the partitioning and transmutation strategy to reduce the quantity and the
toxicity of the waste is being evaluated along with the other alternatives that are disposal in deep geological
formations and long term interim surface or subsurface storage [1].

The P&T researches are centred on minor actinides (neptunium, americium, curium) which represent the
major long-term radiotoxic elements in the waste, once plutonium has been extracted, and a few fission products
which are very long-lived isotopes, abundant and potentially mobile (technetium, iodine and caesium) [2].

The objective is to evaluate the transmutation performances of appropriate fuel cycle facilities and reactor
configurations (scenarios) relying on current reactor technologies (Pressurized Water Reactor and Fast neutrons
Reactors) or, on a longer term, on innovative reactors (Gas-cooled and/or Accelerator Driven Systems) [3].

After a general presentation of the R and D program, emphasis is put on the researches carried out on fuels
and materials for PWR (EPR type) and FR (EFR type) in order to insure the technical feasibility of the concepts.

2. CONCEPTS AND SCENARIOS
Scenario studies are performed to insure the theoretical (or "scientific") feasibility of the waste

transmutation from the viewpoint of the reactor core physics i.e. to demonstrate the possibility to reach the
equilibrium of the material inventory (i.e. consumption = production) and of the isotopic compositions of the
actinides incorporated in the fuels. Since Pu is both a recyclable energetic material and the main contributor to
the potential long-term radio toxicity, all the transmutation scenarios include the Pu management.

As a main achievement of the scenario studies this year, the scientific feasibility of the waste transmutation
have been established, according to different concepts :

- homogeneous recycling of Pu and MA either in the 100% EPR park (with a 235U enriched fuel) or in the
100% EFR park. The latter allows additional transmutation of LLFP in moderated targets ;

- in the mix EPR - EFR park with homogeneous recycling of Pu and Np, and transmutation of Am and Cm
in moderated targets (heterogeneous recycling) [4].

The studies to reach the scientific feasibility of the waste transmutation using innovative systems (gas-
cooled or ADS) are going on, in a parallel work program [5].

After the scientific feasibility has been achieved, a second step is to obtain the technical feasibility in terms
of fuel developments, fuel cycle impacts, safety and economics.

For the heterogeneous recycling, the target material, UPu-free and with a high content of minor actinides,
can be either a solid solution of actinides or a dispersed fuel i.e. inclusions of an actinide compound dispersed
in a matrix that must be as inert as possible towards neutrons as well as stable under irradiation and able to cope
with very high fission rates reached in the inclusions (once through concept).

Because of the technological discontinuity with regards to U,Pu oxide fuels, a large R and D effort is
needed, covering the fabrication process and the characterization of the basic properties of the non irradiated
materials, the realization of experimental irradiations and post irradiation examinations. The duration for a
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complete process of selection/qualification is typically a decade. This leads us to prefer generic and basic
research, to develop the simulation of irradiated elements (including specific irradiation tools) and to share this
development in international collaborations. The objective of the on-going program is to bring evidence of the
technical feasibility before 2006.

For the homogeneous recycling, many elements already exist and only limited complements are expected.

3. MATERIAL BEHAVIOUR UNDER IRRADIATION
As confirmed by the SuperFact [6] experiment in Phenix where (U, Pu, Np)O2 and (U, Pu, Am)02 with 2%

respectively Np and Am, were successfully irradiated at medium burn-up (6,5 at% and a transmutation rate of
36%), the addition of limited amounts of Np, Am, Cm in the standard fuel should not affect deeply the FR oxide
fuel behaviour.

The main uncertainties related to the fuel materials for transmutation are found in the "heterogeneous
recycling" in which dispersed fuels are considered.

Requirement and design of MA Targets
The aim of a MA target is to be efficient for the transmutation (the requirements being a fission rate up to

90 at% with a MA content of up to 2 g.cm"3) and to meet safety criteria in all cases of nominal, incidental or
accidental situations (no melting and no clad failure as required for standard fuel in a similar situation).

Consequently, the requirements for the matrix are to gather good thermal and mechanical properties and
sufficient chemical stability in the course of the actinide phase evolution. The initial selection took into account
available data [7], essentially out of pile properties, data on in-pile behaviour being rather scarce.

In-pile, three main sources of damage are to be considered : fast neutrons interaction, effects of fission
fragments recoil and alpha decay products. These energetic particles produce damage through electronic and
atomic interactions and the consequences, depending on the material, may affect significantly bulk properties :
lattice parameter changes, phase changes, amorphization, swelling, evolution of thermal and mechanical
properties...

Furthermore, MA targets have specific features when compared to standard fuels : the linear heat rating
raises largely along the irradiation, the helium production (~ 2.10"3 mol He/g 241Am for T4 at 28%, see below) is
much higher than the conventional fission gases production, and the burn-up to be reached in the actinide
inclusions is about 90 % of the initial heavy atoms in a one through recycling.

Different experiments have already been performed to study the above effects :
• fast neutron fluence with in-pile experiments like Matina (see below) or EFTTRA T2
• fission products with ion irradiations in accelerators,
• alpha interaction with He implantation experiments started in the frame of the EFTTRA program
• fast neutrons and fission products with in-pile irradiations like Matina and EFTTRA T4 ter.

Finally, global experiments (Am targets) are performed to test the in pile behaviour of the concept.

The lessons drawn from the first irradiations
The main results in this field come from the irradiation program that was conducted in the frame of the

European collaboration EFTTRA [8], and also from experiments performed in the Siloe and Phenix reactors. The
main results are synthesized bellow.

Inert matrices.

MgAl2O4,

If spinel behaves very well under high fast neutron fluence [9] (more than 22.1026n.m"2), FP recoils and a
decays lead to severe damages in the matrix. The large program on this material has given results for different
irradiation conditions. The EFTTRA T4 (effect of n, FP and a decay due to Am) [10], Tanox and Thermhet
irradiations [11,12] (effects of n, FP) illustrate the swelling and the modification of the material (figure 1A et B).
This quite unsatisfactory behaviour has not been observed in the case of fuels based on macromasses concept
(Thermhet fuel with fissile inclusions of 100 to 300 am in diameter, figure C) or operating in a different
temperature range (above 1000°C) like Matina [13].

Due to the complexity of the different effects and of their respective interactions, behaviour of spinel under
irradiation is presently not fully understood. Nevertheless, the use of the spinel matrix for transmutation may still
be a solution in the case of a concept of macro dispersed fuel tailored to take into account the irradiation damage
and fuel swelling therefore operating at a sufficiently high temperature to favour defects recovery and gas
diffusion.
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A : Diameter change of EFTTRA T4 B: Microdispersed fuel C: Macromasses
Figure 1 : PIE of EFTTRA T4 (A) and Thermhet (B,C)

MgO,
The Matina experiment allowed also to test magnesia up to 1.4% FIMA and 2.1026n.m"2 [13] of fast fiuence

(effects of n, FP). The pellet microstructure was very closed to the fresh ones. This leads to consider MgO as a
promising candidate for fast reactors conditions. Its behaviour will be tested in the Ecrix experiments in the
micro dispersed form and in the Camix experiment with macro dispersed americium oxide.

A12O3

The average swelling of 1,9% in volume measured in the EFTTRA T2bis irradiation and the one of 28 %
for a fast neutron fiuence of 17 1026 n/m2 in Santenay confirm the poor interest of alumina for transmutation
since fast neutrons induce extensive dislocation-loop formation and swelling.

YSZ (Yttrium Stabilized Zirconia)
Due to its low heat conductivity, YSZ was not identified as a promising candidate at the start of the

program, but its fairly good structure stability under irradiation, makes it a possible back-up candidate that will
be tested in a future experiment (see below).

Other matrices, CeO2, Y3A15O12, Y2O3, TiN, W, Nb, V, Cr
Most of these materials have been tested under neutron irradiation [13] but the PIE are not yet performed

and their potential as matrices remain to be assessed.

Actinide compounds

NpOx

Pellets for a complete Super Phenix subassembly have been successfully fabricated under the form of
standard fuel with 2 wt% of Np [14]. The decision to stop the Super Phenix operation brought the irradiation
projects to an end in 1997 and the program planned in Phenix has been concentrated on the problems raised by
americium compounds.

AmOx

Americium oxides have a complex phase diagram and the cubic dioxide shows a high oxygen potential or a
high chemical reactivity towards its environment (like the matrix in contact or other elements like sodium) [15] ;
nevertheless, the simple dioxide form has been selected in the first experiments (T4bis, Ecrix).



(Am, Zr)Ox

Some zirconia based solid solutions present attractive properties as stability of the cubic phase. Analogy
with UO2-ZrO2 suggests a good behaviour towards radiation. The pyrochlore form Am2,Zr207 is being
characterized in the Oak Ridge National Laboratory in the frame of the CEA/ORNL collaboration [16]. This type
of compound - (Am,Zr,Y)Ox - is considered for a future experiment (see below).

Micro structure

The first fabrications were specified according to the simple concept of a micro dispersion of the actinide
phase in the host matrix, which was mainly MgAl2C>4 and MgO.

Magnesia based targets have been fabricated in CEA for the Ecrix experiments by powder metallurgy, and
samples were sent to ITU for properties measurements (thermal characteristics, oxygen potential, melting point,
heat capacity, thermal expansion and diffusivity) and specific tests like compatibility with sodium [17].

Previously, the first fabrication of such a target used MgAl2O4 and the impregnation process of ITU ; the
EFTTRA T4 and T4bis pins were successfully fabricated and irradiated in the High Flux Reactor in Petten [10] ;
they reached respectively 28% and 72% FIMA with a transmutation rate close to 100%. It gives indication of the
technical feasibility of the transmutation even if the pellet have considerably swollen, as a consequence of
radiation damage and gases accumulation (Figure 1A).

These results corroborate the Thermhet results and indicate that such a MgAl2O4 based target is to be
improved to reach the ambitious objectives of the once through scenario (fission rate > 90%). Improvement is
expected with the concept of macro-dispersion (inclusions of 100-300 \m\ in diameter) [18] to concentrate
radiation effects due to fission fragments or alpha decay in a small shell. Tests in CEA have shown that a spinel-
based dispersed fuel could be fabricated according to the requirements (sphericity, size of particles, distribution
of inclusions, absence of cracks...) and the process is under development for MgO-based dispersed fuels.

EFTTRA T3 and Thermhet were the first in-pile tests, with UO2 inclusions, of the macro dispersion
concept. Thermhet (Figures IB, 1C) did confirm the benefit of the macro-dispersion for the minimization of the
damages.

Modelling
The behaviour of FR fuels for homogeneous recycling is correctly simulated by the GERMINAL code which

was completed with specific models for helium production or evolution of MA isotopes, as long as the Am
content is kept low.

3D meshing with a periodic 2D meshing deduced
distribution of inclusions from a metallography

Figure 2 : Examples of meshing of a dispersed fuel

For targets, a specific heterogeneous modelling (Figure 2) is used with a finite elements code (CASTEM) to
calculate thermal mechanical behaviour taking into account the fissile-bearing phase and the matrix.

The experiments Thermhet [12] and EFTTRA T4ter [19] were calculated with a good agreement
measurement/calculation.

Conclusion on the behaviour under irradiation
The work performed up to now, has brought numerous results in terms of dispersed fuel fabrication,

characterization of their basic properties and behaviour under irradiation.
Starting with a simple chemical form of the fissile element (AmO2 cubic phase) directly mixed with the

matrix to obtain a micro dispersed composite, the results already obtained have led to suggest some
optimisations of the concept:



• spherical inclusions with a size ranging between 50 to 300 urn in diameter (macro dispersion);
• a MA compound in a stabilized phase of the type (Am,Zr,Y)Ox;
• the management of gas production by complete retention or complete release ; calculations are still

to be made to evaluate the best of porosity distribution from porous matrix or "jingle" concept ;
the concept of a coated particle could be assessed too.

Some of these developments will be tested in the future experiments in Phenix and possibly elsewhere.

4. FURTHER EXPERIMENTS IN PHENIX REACTOR
The irradiation program aims at covering various objectives related to the behaviour under irradiation of the

fuel rod, and more generally of the different materials entering in the concept (actinide or long-life fission
product targets, moderators...).

Incineration of MA in the homogeneous mode
The performance of a metallic fuel with a low percentage of minor actinides (Np+Am+Cm) and rare earths,

will be studied in the Metaphix experiments conducted in the scope of a contract with ITU on behalf of the
Japanese CRIEPI. Metaphix 1,2,3 are three 19-pins rig capsules, each containing three experimental pins, at
Phenix dimensions, cladded in AIM1 and sodium bonded. The target burnups are 2, 7 and 11 at%. The fuel is a
metallic alloy UPuZr (+minor actinides). Each rig will contain a reference pin (without minor actinides), a pin
with a MA content of 2 % and one with a MA content of 5 % [20]. The irradiation conditions are a maximum
heat rating of 350 W/cm, a nominal TNG cladding temperature of 580 °C.

Incineration of MA in the heterogeneous mode

Selection of the matrix

Matina 1 was the irradiation up to a fast fluence of 2 1026 n.m"2 (E>0.1Mev) of various matrices (MgO,
MgAl2O4, A12O3, Y3Al5Oi2, TiN, W, V, Nb, Cr). Some of them (MgO, MgAl2O4, A12O3) were mixed with UO2

(micro dispersion) to study the effects of FPs. In 1996, 2 pins (MgO+UO2, MgAl2O4+UO2) were discharged for
destructive examinations in view of the matrix selection for the Ecrix experiments. The remaining pins were re
introduced in Phenix (Matina 1 A) for continuation of their irradiation up to 6 1026 n.m"2.

In addition, the experimental database on the reference matrix MgO need to be broadened :
on the one hand, by taking into account the microstructure of the composite as a parameter to be

optimised (the « macro dispersed » concept versus the « micro dispersed » concept);
on the other hand, by increasing the irradiation duration to reach more significant fast fluences (> 10

1026 n.m"2).
Because many matrices have already been discarded, the investigations will be enlarged to include matrices

that were not selected for the first experimentations. The matrices considered for this purpose are stabilised
zirconia St-ZrO2, metals (W, Cr, Zr).

These new objectives are taken into account in the Matina 2/3 irradiation project with a dozen experimental
pins containing Cercer and Cermet composites.

Selection of the americium compound — dispersed fuel optimisation

In addition to the Ecrix program already presented in details [21], a further irradiation is planned to test an
optimised concept of americium target. This optimisation consists on the one hand in the stabilisation of the
americium oxide in a cubic structure (Am,Zr,Y)O2.x type, on the other hand in the microstructure of the « macro-
dispersion » type that may limit the damage to the surroundings of the actinide particles. The manufacturing of
the « micro-dispersed » type composite is now controlled with uranium and transposition to americium is the
challenge in view of the fabrication for the Camix-Cochix experiment (Compounds of AMericium in phenIX,
Concepts Optimized in phenIX).

Incineration of Long Life Fission Products

Studies are concentrated on iodine and technetium (transmutation of caesium requiring both chemical and
isotopic separation, the reference strategy is the direct disposal).

In addition to a first experiment in HFR [22], the Anticorp-1 experiment in Phenix will include in one rig 3
pins with metallic technetium 99 already fabricated by ITU. The irradiation in a CaHx moderated device
(reference for LLFP transmutation) makes the conditions for a real prototypic experiment.



A second LLFP transmutation experiment is planned, focused on iodine transmutation. This program is just
starting. A complete characterisation of various iodine compounds (chemical reactivity, thermal properties...)
will be conducted in close partnership with NRG.

Experiment on moderators
The concept of a locally moderated spectrum leads to the design and realisation for the Phenix irradiations

program of two specific devices, using the two solid moderator materials for which sufficient knowledge and
fabrication capabilities do exist: nB4C and CaHx. The DMC-2 (CaHx) device will be loaded in the fertile blanket
of the core because of its impact on surrounding subassemblies. Consequently, the fluence on the CaHx in this
position will be limited. In addition, a specific experiment Modix, is planned to irradiate CaHx up to a fast
fluence of 10x1026 n.m"2.

These experiments are supported by a complete characterisation of the CaHx (chemical reactivity, thermal
properties, dissociation temperature in different atmospheres...).

Experiments linked to nuclear data
To improve the knowledge of the cross-sections of the various interesting nuclei, two specific experiments

are being prepared, in which a large number of separated minor actinide and long-life fission product isotopes in
milligram quantities will be irradiated in well known flux conditions, fast or locally moderated spectrum : Profil
R in a quasi-standard sub assembly and Profil M is a rig to be introduced in a moderated ' 'B4C device.

5. EXPERIMENTS IN OTHER REACTORS
CEA participates in several international collaborations involved in technological developments for P&T.
First of all, EDF, CEA, FZK, ITU, IAM and NRG are working jointly within the EFTTRA collaboration.

Various inert matrices have been tested with and without inclusions of fissile material, T4 and T4bis americium
targets and LLFP experiments have been performed in the HFR reactor of Petten [8].

A CEA/Minatom work program is in progress in Russia. The Bora Bora irradiation in Bor60 is designed to
test various fuel concepts developed in the frame of Capra Pu management program including the test of PuO2-
MgO that will bring data on the behaviour of this composite [23]. The Amboine project - in its initiating phase -
deals with the feasibility of the Vipac concept for Am transmutation.

The determination of fundamental properties of zirconium pyrochlore as the host phase for Am-Cm is
underway with the contribution of Oak-Ridge National Laboratory [16].

On the mid-term, realisations in Japan, in the frame of bilateral collaboration agreements with JNC and
JAERI are under discussion.

6. CONCLUSION
The efforts made for several years to develop fuels and materials, to prove the technical feasibility of the

transmutation strategy lead to acquire knowledge on the selected materials and concepts : basic properties,
process for the fabrication of dispersed fuels, first elements about their behaviour under irradiation. The success
of the T4bis experiment, that reached performance close to the scenario requirements, is full of promise.

The experimental program planned in Phenix has been consolidated and the preparation work has reached
marked milestones like the irradiation devices fabrication, the realisation of the first experimental pins with
AmO2 MgO composite, the various calculations and safety files necessary to the start of the experiments planned
in 2002 (Metaphix 1,2,3; Ecrix B,H; Profil R). The first experimental results already gained allow an
optimisation of the targets that will be introduced in a second phase, in 2003. The necessity to cover a large
domain of parameters (including various neutron spectrum and reactor types) leads to prefer analytical
experiments owing a better understanding of the phenomena together with some technological ones. Results
from this program together with those coming from other irradiations and of international programs will be used
to elaborate before 2006, the first elements of technical feasibility of MA transmutation.
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