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Abstract

With improved UO2 fuels, compared with the current PWR, one would enable to : retain the
fission products, rise higher burn-ups and deliver the designed power in reactor for longer times, limit the
pellet cladding interaction effects by easier deformation at high temperatures.

Specific studies are made in each field to understand the basic mechanisms responsible for these
improvements. Four programs on new UO2 fuels are underway in the laboratory: advanced microstructure
fuels (doped fuels), fuels containing Er;O3 a burnable absorber, fuels with improved caesium retention,
composite fuels.

The advanced microstructure UO2 fuels have special features such as : high grain sizes to lengthen
the fission gas diffusion paths, intragranular precipitates as fission gas atoms pinning sites, intergranular
silica based viscoplastic phases to improve the creep properties. The grain size growth can be obtained with
a long time annealing or with corundum type oxide additives partly soluble in the UO2 lattice. The amount
of doping element compared with its solubility limit and the sintering conditions allows to obtain oxide or
metallic precipitates.

The fuels containing Er2O3 as a burnable absorber are under irradiation in the TANOX device at
the present time. Specific sintering conditions are required to improve the erbium solubility in UO2 and
to reach standard or large grain sizes.

The improved caesium retention fuels are doped with SiO2 + AUO3 or SiC^ + ZrQ additives
which may form stable compounds with the Cs element in accidental conditions.

The composite fuels are made of UO2 particles of about 100 //.m in size dispersed in a molybdenum
metallic (CERMET) or MgAl2O4 ceramic (CERCER) matrix. The CERMET has a considerably higher
thermal conductivity and remains "cold" during irradiation. The concept of double barrier (matrix + fuel)
against fission products is verified for the CERMET fuel.

A thermal analysis of all the irradiated rods shows that the thermal conductivity of the standard
UO2is not lowered with small amounts of doping elements (< 1 vol. %, advanced microstructure fuels
with or without Er2O3) but decreases when the volume fraction of additives increases (> 5 vol. %,
improved caesium retention fuels).

1. INTRODUCTION

Conventional UO2 fuel, currently used in PWR type power reactors, is renowned for
its quality and performance. Nevertheless two main aims motive current research of an
enhanced UO2 fuel : optimisation of fuel management cost and extension of safety margins.
This has led to the following requirements in terms of properties expected of the fuel :

• capability of withstanding high burnups (65000 MWd/tu) ;
• better reactivity control to extend in-pile cycle time ;
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• enhanced capacity to retain fission products;
• high capacity for hot plastic strain in order to minimise pellet-cladding

interaction effects.

Research into new UO2 fuels is focused around four programmes, each of which meets
one or several of the specific requirements indicated above :

• advanced microstructure fuels ;
• fuels containing erbium ;
• fuels with enhanced caesium retention capacity ;
• composite fuels.

In each programme great care is taken to control microstructure changes in order to
understand and explain the basic mechanisms responsible for the desired improvement in a
property. Care is also taken to ensure that the improvement in a particular property is not
achieved to the detriment of other properties, with every effort being made to strike the right
balance between conflicting effects.

This article presents the four research programmes on new UO2 fuels and some early
results obtained so far. The first part will be devoted to explaining the general approach made
for conducting such a study.

2. IMPLEMENTATION OF A NEW FUEL STUDY

In the light of observations made on fuels irradiated in a PWR or an experimental
reactor for analysis, advantageous changes in fuel microstructure could be considered and
solutions proposed to obtain such changes. The first stage would involve determining the
optimum conditions for preparing this new product. The new product is characterised by
density, thermal stability and grain size measurements taken during ceramographic
examinations, and by its chemical and uranium isotope composition.

As soon as the manufacture is controlled, small size fuel pellets (about 5 mm in
diameter and height) are prepared and designed for analytical irradiation in an experimental
reactor. The TANOX device which allows to test a lot of different products is used for this
purpose [1]. This irradiation cycle provides important data on the thermal behaviour of the
rods and on the thermal conductivity of the fuels but the main aim is to accumulate fission
gases within the fuel rods over relatively short durations. Consequently, the post-irradiation
examination stage is of particular importance : among other things, this examination enables
fuels to be tested with regard to fission gas release, during high-temperature annealing. This
examination also includes detailed observation of the irradiated fuels before and after heat
treatment by optical and scanning electron microscopy. In this way, it is possible to identify
changes in microstructure linked to the retention or release of fission gases.

Figure 1 shows the complete organisation chart of post-irradiation examinations that
are likely to be carried out on new UO, fuels.
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3. ADVANCED MICROSTRUCTURE FUELS

The envisaged microstructural changes must contribute to achieving better fission gas retention
by:

• increasing the grain size to extend diffusion paths;
• the presence of nanometric intragranular precipitates promoting the nucleation

of bubbles and trapping gas atoms in the grain.

The introduction of additives in the fuel is also aimed at improving its plasticity to
reduce the effects of pellet-cladding interaction : the presence of silica-based viscoplastic
phases at the grain boundaries makes a significant contribution in this respect.

Grain enlargement can be achieved by annealing at 1800°C for 100 hours or by the
addition of crystal growth activators. The latter solution is the only to consider industrially
to increase significantly the grain size. For UO,, it has been shown that crystal growth
activators are small trivalent cations, the oxides of which are of the corundum type M2O, with
M = Al, Cr, Ti, V, etc (Fig. 2). In order for these activators to work efficiently, the
thermodynamic sintering conditions (oxygen potential and temperature) must be such that the
right cation valency is maintained : the sintering atmosphere will consist of hydrogen with
varying water vapour content depending on the element used (Fig. 3) [2]. These oxides,
which are partially soluble in the UO, lattice at the sintering temperature (1700°C), are found
in the form of intragranular precipitates in the sintered product. By varying the oxygen
potential at the end of sintering, or during subsequent annealing, metallic precipitates can be
obtained from these additives [3].

Doped fuels such as these, with large grain size and containing discrete inclusions (Fig.
4), are of great interest for their creep properties [4]. For example, the simultaneous addition
of silica, to obtain a quasi-continuous intergranular phase, cannot be systematically justified.
However, it leads to a further increase in creep rate.

4. FUELS CONTAINING ERBIUM

The addition of erbium as a neutron poison UO2 can be used as a means of limiting the
fuel reactivity at start of life. The consumption of the efficient isotope of the poison I67Er as
neutron capture takes place gradually restores the reactivity, thereby allowing in-pile cycles
to be extended (18 to 24 months). Neutronic studies have indicated that a small amount of
Er2O3 (0.5 wt % in all rods or 1 wt % in half of the core) must be added to a UO, enriched
with 4.5% of235U[5].

Er2O3 forms a solid solution with UO2 on condition that the atom diffusion in the bulk
is sufficiently fast. This is not generally the case during conventional sintering at 1700°C
under dry or wet hydrogen atmosphere, which leads to a very fine-grained microstructure ( <
5 nm), as the movement of grain boundaries is blocked by Er2O3 precipitates [5].
Consequently, special sintering conditions are used to obtain a standard or large grain size with
solubility of the additive in the UO2.
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FIG. 1 Post-irradiation examinations synoptic

In order to keep the benefit of advanced microstructures even in the presence of
erbium, studies are being carried out on fuels containing several additives in oxide form to
improve the transport properties and to allow simultaneous crystal growth and solution of the
rare-earth oxide. A corundum-type oxide - which is a crystal growth activator - can be taken
together with another oxide likely to form a low-melting point eutectic compound with the first
additive. During preparation, all the oxides are mixed together, including the rare earth oxide,
before being added to the UO2. In this way homogeneous microstructures are obtained (Fig.
5).

Such UO2 fuels containing 1 % by weight of Er2O3 are currently being irradiated in the
TANOX device in the SILOE experimental reactor.
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FIG. 5 : Microstructure of UO2 fuels containing Er2O3 as a burnable neutron absorber
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5. FUELS WITH ENHANCED CAESIUM RETENTION CAPACITY

Of the gaseous volatile fission products which migrate with ease outside the fuel,
caesium is probably the most highly contaminating element for the environment in the event
of an accident. Special microstructures are being studied with a view to slowing down the
kinetics of caesium release outside the fuel. The aim is to trap the caesium atoms chemically
at the grain boundaries in silica, alumina or zirconia-based secondary phases. Relatively stable
caesium compounds, CsAlSi2O6 (pollucite) and Cs2ZrSi6015, are likely to form in the presence
of these elements during irradiation. The caesium zirconosilicate Cs2ZrSi6015 was not known
before and has been investigated in detail [6]. The kinetics of caesium release outside these
compounds, taken separately or introduced in the fuel deliberately, is much slower than that
observed for standard fuel [7].

Three kinds of fuels of this type, with SiO2 + A12O3 or SiO2 + ZrO2 additives, have
been prepared for analytical irradiation in TANOX : the intergranular phase represents a 5 to
6% volume fraction, estimated to be sufficient to trap all caesium that may form at 45000
MWd.V1. In the case of SiO^ + A12O3 addition a melting phase is formed during sintering
under an hydrogen atmosphere which allows the grain growth (Fig. 6) : the intergranular phase
obtained is continuous. In the case of SiO2 + ZrQ addition sintering under an oxidising
atmosphere has to be performed to avoid ZrO2 solubility in UO2 : inclusions are formed at the
grain boundaries and the grain growth is hindered (Fig. 6).

The irradiation covered a period corresponding to six operating cycles of the SILOE
experimental reactor for a total duration of 78 to 92 equivalent full power days. The burnup
reached by the three rods vary from 17170 to 19580 MWd.tu"1.

Post-irradiation annealings and microstructural examinations are in progress. Burst
release is measured throw two thermal treatments at 1580°C and 1700°C for 30 minutes ;
temperatures have been chosen below and above the melting points of the caesium based
compounds. The 85Kr release fractions give data about the role of the secondary phase on
fission gas release. The Cs release fractions are determined by a y spectrometry count of the
pellet before and after annealing.

6. COMPOSITE FUELS

The composite is made up of an inert matrix in which the fuel is dispersed in granular
form. This concept is the most innovative and its introduction in nuclear reactors is still far.
Its potential advantages are nonetheless undeniable and attractive. With regard to safety, for
example, the matrix could promote thermal transfer so that the fuel temperature and the
specific fission gas release would be lowered ; the matrix also forms a second barrier (after
the fuel itself) to the migration of fission products.

Our study [8] concerns CERMET-type composite (Fig. 7) with a molybdenum metallic
matrix and a CERCER-type composite with a MgAl2O4 ceramic matrix. They contain 36 vol.
% of UO2 particles with a 19.6 wt % of 235U enrichment.

The CERMET fuel stays cold during irradiation (§ 7, Fig. 8). The irradiated pellets are
not cracked and remain as they were before irradiation. The fraction of 85Kr released during
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irradiation is 2.1 % due to ejection and recoil from UO2 granules emerging at the pellet surface.
The fission gas release during post-irradiation annealings is very low in view of the high
burnup, close to 50000 MWd.V1, and the temperatures that it would never reach under
irradiation.

The CERCER fuel behaves like a standard UO2 for the thermal (§ 7, Fig. 8). The
fraction of 85Kr released during irradiation is only 0.7% due to the existence of a strong contact
between fuel and cladding during most of the irradiation period. This swelling seems to be
caused by the transformation of the matrix around UO2 particles on the edge of the pellets.
The fission gas release during post-irradiation annealings is rather high because the CERCER
cracks during the irradiation period and subsequent post-irradiation relief annealing and no
longer forms a tight barrier with respect to fission products.

7. THERMAL ANALYSIS

The thermal analysis was performed on the basis of the experimental and calculated
relationships between centre-line temperature and power, as represented on Figure 8.

In view of the low contents of additives introduced in the advanced microstructure fuels
with or without Er2O3, their thermal conductivities may be considered to be equivalent to that
of standard UO2. The thermal response of a given fuel rod changes during the irradiation cycle
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FIG. 8 : Centre line temperature versus linear power diagram
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when the power exceeds a certain limit (as can be seen for the reference UO2 fuel) : the
thermal conductivity reduces from an "out-of-pile" value to an "in-pile" value ; this is
indicative of the degree of fuel fragmentation.

For the fuels with enhanced caesium retention capacity, the high proportion of additives
contributes to a reduction in UO2 thermal conductivity of about 5% estimated according to the
Maxwell-Eucken's law of mixtures. The rods effectively tend to be much hotter than the
reference UO2 fuel.

Experimental data show that the thermal conductivity of the CERCER is the same as
the UO2 one. The calculation with the Maxwell-Eucken law does not confirm that: either the
knowledge of the thermal conductivity of the MgAl2O4 spinel is insufficient or the heat tranfert
between UO2 particles and matrix is not good enough.

The thermal conductivity of the CERMET is much higher than the UO2 one and in
good agreement with calculation with Maxwell-Eucken law.

8. CONCLUSION

Given the diversity of this research on innovative UO2 fuels, coupled with the
originality and efficiency of the experimental procedure, the authors are able to propose
solutions to meet the stated requirements for improved fission product retention at high
burnups, extension of irradiation durations and minimisation of pellet-cladding interaction
effects.

Thanks to the relationships which exist or that can be made between the various studies
presented in this article, progress has been made in the definition of a UO2 fuel in which the
maximum number of properties are improved.

Fuel with a low doping agent content would seem to hold out most promise and its use
is being continued in order to optimize compositions and microstructures.

The composite fuel concept is interesting as a study tool ; for example, it can be used
to obtain UO2 at very high burnups having been subject to special irradiation conditions such
as low temperatures in the CERMET case.

These basic studies are supported by the FRAMATOME and EDF companies and will
be followed by numerical calculation on the behaviour in reactor and irradiations in PWR.
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DISCUSSION
(Questions are given in italics)

Do you have any plans to test the Cs retentive fuel in steam, which must be the proper
condition?

Cs release is provoked by annealing. Today, experiments are in progress on as-irradiated
pellet in inert gas or vacuum. Then, the same experiment will be performed after a
pre-oxidation of the fuel.

The additives to Erfuel have 2 effects:

to increase sinterability. But are densities of 98-99% TD, to be compensated by pore-former
additions, a desirable feature?

to enhance uniform dispersion ofEr within the fuel. But, since lower neutron cross-section of
Er than Gd makes self-shielding less of a problem and since a low consumption rate of the
burnable absorption is a reason to select Er rather than Gd, is homogeneous dispersion ofEr
in the fuel of any benefit?

High densities are achieved with additives which are introduced first to enhance Er solubility
and grain growth. Perhaps, homogeneous dispersion ofEr is not absolutely indispensable, it is useful
for grain growth and in pile behavior. Such an improvement can easily be achieved.
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