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Abstract

Two kinds of composite fuels have been irradiated in the SILOE reactor. They are made of
UO2 particles dispersed in a molybdenum metallic (CERMET) or a MgAl2C>4 ceramic (CERCER)
matrix.

The irradiation conditions have allowed to reach a 50000 MWd/t U burn-up in these
composite fuels after a hundred equivalent full power days long irradiation. The irradiation is
controlled by a continuous measure of the pellets centre line temperature. It allows to have
information about the TANOX rods thermal behaviour and the fuels thermal conductivities in
comparing the centre line temperature versus linear power curves among themselves. Our results
show that the CERMET centre line temperature is much lower than the CERCER and UO2 ones :
520°C against 980°C at a 300W/cm linear power.

After pin puncturing tests the rods are dismantled to recover each fuel pellet. In the CERCER
case, the cladding peeling off has revealed that the fuel came into contact with the cladding and that
some of the pellets were linked together. Optical microscopy observations show a changing of the
MgAl2O4 matrix state around the UO2 particles at the pellets periphery. This transformation may
have caused a swelling and would be at the origin of the pellet-cladding and the pellet-pellet
interactions. No specific damage is seen after irradiation. The CERMET pellets are not cracked and
remain as they were before irradiation. The CERCER crack network is slightly different from that
observed in UO2.

Kr retention was evaluated by annealing tests under vacuum at 1580°C or 1700°C for 30
minutes. The CERMET fission gas release is lower than the CERCER one. Inter- and intragranular
fission gas bubbles are observed in the UO2 particles after heat treatments. The CERCER pellet
periphery has also cracked and the matrix has transformed again around UO2 particles to present a
granular and porous aspect.

1. INTRODUCTION

In fuel rod manufacture, the use of composite materials is still a highly innovative, even
futuristic concept. Basic research is being conducted on this subject and consideration is being given
to ways of identifying all potential and promising uses of the concept. For end fuel cycle applications
in particular, the introduction of actinides in an inert ceramic matrix could be envisaged with a view
to their incineration in a cooled water or fast flux reactor. In all cases, the behaviour of a composite
containing small accumulations of fissile matter (uranium and/or plutonium) is not sufficiently
detailed and numerous studies will be needed to check the concept.

This article presents the results of a research programme on two specific composite fuels,
designed as study materials. They differ by their inert matrices, one being a metal (CERMET),
molybdenum, and the other a ceramic (CERCER), MgAl2O4 spinel. The UO2 fuel is in the form of
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dispersed granules in the matrix. Data are provided on the behaviour of these irradiated fuels and
suggested answers and considerations are given on the two main benefits expected, namely, enhanced
thermal conductivity and reduction in fission gas release at high bumups. The analysis and
interpretation of the post-irradiation examinations has not yet been completed and, consequently, no
final conclusions can be drawn at this stage. Further studies in the programme will be aimed at
gaining a better understanding of the mechanical and thermal properties of the various phases taken
separately and of the composite as a whole. Plutonium is the fissile element considered for composite
fuels in order to avoid high enrichments which would be required in the uranium case.

2. CHARACTERISTICS OF COMPOSITE FUELS BEFORE IRRADIATION

The two fuels will be designated by:

- CERMET for the one with molybdenum matrix,
- CERCER for the one with MgAl2O4 matrix.

Both composites contain 36% by volume of essentially ellipsoid UO2 particles, of 100 to 150
um size (Fig. la and lb). The aim is to obtain as homogeneous a distribution of particles as possible
but a few clusters will inevitably remain. The matrix coats the particles with an inter-particular
distance greater than 5 um, stopping distance of fission products emitted by ejection and recoil. The

-235uranium is enriched with 19.6 wt.% of U in order to obtain a content of around 1.7 x 10 atoms of
235U per cm3 of composite which is compatible with irradiation conditions. The density, open
porosity, redensification, pellet geometry and grain size of the sintered products are listed in Table I.

Note that there is a significant proportion of open porosity (2.5%) in the CERMET after
sintering. This porosity is, for the most part, found in the molybdenum matrix which redensifies
during the thermal stability test. This inconvenience is eliminated when the sintering time is made
longer. Microstructural observations show that the UO2/MO interface is of high quality (Fig. lc) and
can be considered to be perfect for the thermal calculations. In the CERCER, the UO2 particles are
cracked although there is no reason why the UO2/MgAl2O4 link should be incriminated. The
cylindrical surface of the pellets is ground to allow them to be assembled with a reduced cladding
gap. There are then surface irregularities between Mo and UO2 for the CERMET and traces of pitting
for the CERCER. The 100 mm long fissile columns are made up of 10 full pellets at the bottom and
10 annular pellets at the top to allow a thermocouple to be positioned to measure the centre line
temperature continuously during irradiation.

Tab. I: Characteristics of the studied composite fuels before irradiation

Geometrical density (g/cm3)

% of theoretical density

Open porosity (vol. %)

Redensification (%)

External diameter (mm)

Internal diameter (mm)

Height (mm)

Mean grain size (um)

CERMET

full pellets

9.80

93.4

2.5

1.54

4.917

5.086

annular pellets

9.84

93.8

1.9

4.916

1.3

5.067

5 to 15

CERCER

all pellets

5.98

96

<2.1

0.58

4.917

1.3

5.008
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General aspect

Fig. lb :

r Morphology of UO2 particles

Fig. lc :

UO2/Mo interface

10

Fig. 1 : Microstructure of the CERMET fuel before irradiation
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3. IRRADIATION IN THE TANOX DEVICE

Analytical irradiation is performed in the TANOX device in the SILOE experimental reactor
in Grenoble. A more detailed description of the TANOX device and its position with respect to the
SILOE pile is given elsewhere [1]. Thanks to the original design of the device, significant burnups
can be attained with short irradiation times. By using composite fuel, the effect is exacerbated and
local burnups in the UO2 particles increase rapidly. For example, for CERMET (fuel rod T2-2), with
an irradiation level of 104.5 EFPD (Equivalent Full Power Days), a burnup of 55400 MWd/t U was
achieved, while for CERCER (fuel rod T2-3), with an irradiation level of 80.6 EFPD, a value of
40300 MWd/t U was obtained. The latter experiment had to be interrupted prematurely as a result of
an operating problem with the axial thermocouple, the readout of which is used to control the
experiment.

The fuel rod T2-1, containing UO2, is used as a thermal reference for the composite fuel
experiment. Fuel rods T2-4 to T2-6, containing standard UO2, served as a comparison for fission gas
release heat treatment; their burnups were 17170, 19080 and 19580 MWd/t U respectively.

4. ANALYSIS OF CENTRE LINE TEMPERUTURE - POWER RELATIONSHIPS

Tc(P) curves, showing centre line temperature as a function of linear power, are plotted on
the basis of pairs of experimental values. The centre line temperatures are those measured by the
thermocouples during irradiation. The linear powers are readjusted at the end of irradiation by
comparison between the calculation and inventory measurements of certain fission products
quantified by g spectrometry.

In addition, a simplified modelling procedure was developed to plot the Tc(P) laws
calculated and to compare them to points obtained experimentally. This model involves resolving the
static heat equation by considering the hot geometry of the rods and the change in thermal properties,
expansion and conductivity, with temperature. The conductivity laws of fuels other than standard
UO2 are evaluated as a function of the microstructural changes made [2]. The thermal conductivity
law for composites was calculated by Maxwell-Eucken's law of mixtures from the conductivity law
of each component [3]. This modelling procedure was used to check certain damaging effects of the
thermal conductivity of fuels (hyperstoichiometry, porosity, additives, cracking, temperature). It is
hoped that by refining the model it will be possible to determine the conductivity laws applicable to
fuels.

The thermal study of composite fuels is summarised on Figure 2 which gives the
experimental points and the calculated laws in the (Tc, P) plane for fuel rods T2-1 to T2-3. The
following facts were noted :

- the CERCER (T2-3) has a thermal response very close to that of a conventional UO2 (T2-1);
- the CERMET (T2-2) is at much lower temperatures regardless of the linear power (Tc < 565°C); the
difference increases continuously as power increases : a gain of a factor of 2 is obtained on centre
line temperatures measured at 300 W/cm;
- there is good agreement between measurements and calculations for UO2 and for the CERMET; on
the other hand, for the CERCER, a 20% better thermal conductivity is predicted compared to that
observed under irradiation.

This thermal analysis provides a wealth of information. It confirms the benefit of a metallic
matrix, in this case molybdenum, for obtaining a significant increase in the thermal conductivity of a
composite fuel. The ceramic matrix, MgAl2O4, does not match this performance, its conductivity
being 10 to 20 times lower than that of molybdenum. The CERMET therefore remains relatively
"cold" during irradiation whereas the CERCER behaves like a conventional UO2 fuel. Our
calculations do not corroborate this point, probably as a result of the insufficient knowledge of the
thermal conductivity of the MgAl2O4 spinel and perhaps also because of an imperfect composite
structure which does not satisfy the conditions of application of the Maxwell-Eucken type law of
mixtures. This law does nevertheless provide a good evaluation of the CERMET conductivity, a fact
that was verified from the experimental measurements made on a CERMET Mo + 60 vol.% UO2 by
COLLINS and al. [4].

26



Fig. 2 : Centre line temperature versus linear power diagram
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5. POST-IRRADIATION STUDIES OF FISSION GAS RELEASE

The fuel rods are drilled in order to measure the quantities of fission gases released during
irradiation. They are then opened to recover the fuel pellets one by one. The individual irradiated
pellets are then heat treated so as to encourage the release of gaseous and volatile fission products.

5.1. Drilling of the cladding and opening of fuel rods

For the CERMET, fuel rod T2-2, the fraction of 85Kr released during irradiation is 2.1%.
Considering the relatively low temperature of this fuel, this release may be assumed to result only
from fission product atoms emitted by ejection and recoil, originating from UO2 granules emerging
at the pellet surface and central bore. The cladding was cut open along three generating lines and
revealed integral, well identified fuel pellets with external appearance very similar to that observed
before irradiation.

For the CERCER, fuel rod T2-3, the fraction of 85Kr released during irradiation is 0.7%. This
value, three times lower than that for the CERMET, is surprising and can only be explained by the
existence of a strong contact between fuel and cladding during most of the irradiation period. This is
borne out by the fact that, when dismantling the T2-3 fuel rod, fuel was torn away from the outer
edge of the pellets, with some remaining bonded to the cladding and some being lost in the form of
tiny fragments. It is thus evident that a high degree of interaction occurred between the fuel and the
cladding, but also between the fuel pellets themselves as some of them were bonded together (Fig.
5a). This specific behaviour must be due to swelling of the CERCER under irradiation, because
thermal expansion of the fuel and cladding alone would not lead to total closure of the pellet/cladding
gap. Section 5.3 shows that a transformation of the MgAl2O4 matrix occurred around the UO2
particles on the edge of the pellets and this may have been the cause of swelling.
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Fig. 3a : Along a pellet radius

150 um

Fig. 3b : Details of UO2 particles embedded in the Mo matrix

30 um
30 um

Fig. 3 : Microstructure of the CERMET fuel after irradiation
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Fig. 4a :
General view of the
heat treated pellet
(cross-section)

1 mm

Fig. 4b :
Along a radius of the pellet

Fig.c :
An UO2 particle and its interface with the matrix

150 urn

30 urn 15 urn

Fig. 4 : Microstructure of the irradiated CERMET fuel after an
annealing test at 1580°C for 30 minutes
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Fig. 5b : Through the pellet

Fig. 5a:
Two linked pellets
(longitudinal section)

1 mm

Fig. 5d :
At the pellet centre

' (after chemical etching)

; 30 nm

Fig. 5c :
At the pellet periphery

I (after chemical etching)

30 urn

Fig. 5 : Microstructure of the CERCER fuel after irradiation
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r*55.2. Release of Kr by high-temperature annealing

Heat treatment is performed under vacuum in an HF furnace located in a hot cell. The
temperature are hold at 1580°C or 1700°C last 30 minutes during which the gases escaping from the
annealed pellet are collected in a glass capsule by means of a Toeppler pump installed in the glove
box. The capsule is then analysed by g spectrometry to count the 85Kr atoms. This number of released
atoms divided by the number of 85Kr atoms present in the pellet on the heat treatment date gives the
fraction of released 85Kr. The values obtained for composite fuels and for a standard UO2 are
presented in Table II. Given that the burnups are different, an immediate comparison is not obvious.
However, there can be no denying that the CERMET has very low release rates : at 1700°C and
55400 MWd/ru, the release rate is less than that of a UO2 at about 18000 MWd/trj- Moreover, the
heat treatment temperatures will never be reached by the CERMET during irradiation. The CERCER
presents higher release rates than the UO2 references which is in agreement with the burnups. These
results validate the dual barrier concept, UO2 + matrix, with respect to fission gas release for the
CERMET but not for the CERCER.

5.3. Irradiated microstructures before and after heat treatment

Optical microscopy observations on a polished section are made on an as-irradiated pellet
and on heat treated irradiated pellets.

The irradiated CERMET keeps an integral structure without any really perceptible trace of
damage on a UO2 particle scale (Fig. 3a). The matrix is not affected by irradiation and the U02/M0
interfaces remain adherent (Fig. 3b).

After heat treatment at 1580°C, the CERMET pellet retains its general original appearance
(Fig. 4a and 4b). Fission gas bubbles mark the UO2 grain boundaries (Fig. 4c). Intragranular bubbles
also appear but they are much more visible after the heat treatment at 1700°C. The UO2/MO
interfaces are also the origin of gas bubble precipitation. A slight overall increase in interfacial
porosity is observed.

The irradiated CERCER is not fractured but contains a network of longitudinal and
transverse cracks that is less extensive than in a standard UO2 (Fig. 5a). The strong contact with the
cladding no doubt led to closure of the existing cracks and prevented the initiation of new ones.
Observations were made on a longitudinal section of two joined CERCER pellets (Fig. 5b) where the
outer layer was destroyed when opening the fuel rod (cf. § 5.1). The transversal change in
microstructure is visible on figure 5b which shows the presence of a phase surrounding the UO2
particles in the outer part of the pellet. Taking into account the fact that part of the fuel was torn away
when opening the rod, this phase would be located in an annular area about 1.5 mm thick where the
temperature remains lower than about 1000°C. Its thickness around the UO2 particles is constant and
equal to 5 (am (Fig. 5c). According to our WDS (Wave Dispersive Spectrometry) analyses by SEM
(Scanning Electron Microscope) the layer does not contain any elements that are not already in the

Tab. I I : 85Kr release fractions during annealing tests at 1580°C and 1700°C for 30 minutes

Fuel

UO7

UO7

UO?

CERCER

CERMET

Rod

T2-4

T2-5

T2-6

T2-3

T2-2

Burn-up

MWj/tTT

19080

17170

19580

40300

55400

85Kr release fractions

1580°C - 30 min

0.1

0.25

0.12

1700°C - 30 min

0.24

0.38

0.40

0.51

0.17
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CERCER. Consequently, we have rejected the hypothesis of the formation of a new phase in favour
of a transformation of the matrix by amorphisation due to the fact that the fission products are
stopped. In the middle of the pellet in UO2 the inter- and intra-granular bubbles of fission gases are
already widely present, as revealed by chemical etching (Fig. 5d).

After heat treatment of pellet fragments at 1580°C (Fig. 6a), numerous micro-cracks
appeared in the matrix, their density being particularly high in the pellet edge zone where the phase

Fig. 6a:
General view of the
heat treated pellet
(cross-section)

1 mm

Fig. 6b : Along a radius of the pellet

150 urn

Fig. 6c : At the pellet periphery Fig. 6d : At the pellet centre

; 4,

30 urn 15 urn

Fig. 6 : Microstructure of the irradiated CERCER fuel after an
annealing test at 1580°C for 30 minutes
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that appeared during irradiation was observed (Fig. 6b). This cracking causes percolation of the UO2
granules which promotes fission gas release. The heat treatment causes the phase around the UO2
granules to disappear: the regular and homogeneous surround is replaced by a granular and porous
structure (Fig. 6c) which is also found in the middle of the pellet (Fig. 6d): this supports the
recrystallisation theory.

6. CONCLUSIONS

The results presented in this article show a particularly interesting behaviour of the
CERMET in terms of enhanced thermal conductivity and fission gas retention (85Kr) during high-
temperature annealing. The CERCER has a thermal conductivity close to that of standard UO2 and
85Kr release rates that are considerably higher than those measured on the CERMET, twice as high at
1580°C and three times as high at 1700°C, for a lower burnup.

The CERMET microstructure does not change during irradiation. Intergranular fission gas
bubbles appear during subsequent annealing.

The CERCER microstructure is significantly modified during irradiation, leading to swelling
and strong pellet/cladding and pellet/pellet interactions.
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