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Abstract

In-pile densification of PWR fuels is one of the main phenomena which determine the evolution of the
pellet-clad gap during the first stage of the irradiation, and thus has consequences onto the thermo-mechanical
behaviour of fuel rods. It can be predicted using the results of resintering tests and appropriate correlations. In
this context, CEA, FRAMATOME and EDF have undertaken a joint research programme aiming to characterise
the densification of MOX fuels. Different fuels were prepared by the MIMAS process using different UO2 powders
as matrix. After a detailed characterisation, fuel pellets were submitted to isothermal resintering tests and
analytical irradiations. Correlations between in-pile and thermal densification were established. This paper
presents the results obtained with two types of MOX fuel: one fabricated with the AUC UO2 powder (ammonium
uranyl carbonate conversion process) and another one fabricated with the SFEROX powder (peroxide conversion
process). Isothermal resintering tests (up to 100 hours in various atmospheres) and out-of-pile characterisations
(density measurement, ceramography, pore size distribution, ...) allowed to quantify the thermal densification
kinetics of the selected fuels and to analyse the microstructural changes. As expected the disappearance of pores
in the micron range was observed. Moreover, the influence of resintering conditions (gas humidity) was
demonstrated. The irradiation was performed in SILOE reactor using a nucleate boiling rig simulating PWR
conditions in terms of temperature, coolant pressure and neutron flux. Periodic measurements of the fuel stack
shrinkage on neutron radiographs allowed to quantify die densification and its kinetics. The irradiation was carried
on up to the observation of the maximum shortening. Results in terms of fuel stack shortening as a function of
burn up were obtained at different operating power levels (in the range 15-25 kW.nr1). The fission rate was
confirmed as one of Die main parameters of in-pile densification. The analysis of post-irradiation ceramographies,
complicated by the heterogeneity of mixed oxides and the typical microstructure imposed by UO2 powders , is
expected to give information about the contributions of UO2 matrix and Pu-rich agglomerates porosity. Assuming
the isotropy of densification, axial shortening can be converted into volume variation in order to compare in-pile
and out-of-pile results. The comparison indicates that, in spite of differences in mechanisms (influence of fission
spikes for instance), Die maximum densifications are equivalent in both cases : as for UO,, resintering test results
give good data to predict the in-pile behaviour of MOX fuels.

1. INTRODUCTION

Of the physical phenomena affecting die behaviour of sintered ceramics used in nuclear fuels, densification
under irradiation plays a dominant role from the very start of irradiation in the reactor. In view of the
effects induced by this phenomenon on the thermo-mechanical behaviour of the fuel rod, it is vital to have
some means of predicting it. With this aim in mind, the experimental programme presented in this paper
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was set up to study in-pile densification of two types of uranium and plutonium mixed oxide fuels (MOX)
used to manufacture assemblies for pressurised water reactors (PWR). The difference between these two
MOX fuels was the type of conversion process used to prepare the matrix UO2 powder.

Established jointly by the French Atomic Energy Commission (CEA), a research organisation, Framatome,
designer of fuel rods, and the French Electricity Board (EdF), this programme comprises two main parts:

an out-of-pile part relating to the thermal stability study of the two types of MOX fuel,
and an in-pile part dedicated to the analysis of irradiation-induced densification of these
same fuels.

These two distinct experimental parts had the following common aims:

first, validation of an out-of-pile densification test representative of fuel behaviour under
irradiation, and which can be used in an industrial application,
and secondly, development of a model describing the irradiation-induced densification of
MOX fuels.

2. IN-PILE DENSIFICATION

The increase in density noted at the start of irradiation of sintered ceramics used in nuclear reactors leads
to:

- a reduction in pellet height and thus in total length of the fissile column,
- and a reduction in mean pellet diameter which affects not only pellet thermal conditions by opening

up the gas-filled pellet-cladding gap, but also the subsequent changes in the gap from a mechanical
standpoint.

For these reasons, it was considered necessary to obtain a more accurate understanding of irradiation-
induced densification and to develop tools for quantifying it, such as out-of-pile tests and modelling
systems.

In-pile densification has already been the subject of numerous studies and the mechanisms involved have
already been clearly identified [1-3]. The main cause of densification in the reactor is the elimination of
the residual small-size porosity (< 1 pirn) remaining after sintering. This porosity is eliminated by bulk
diffusion of vacancies from the pores.

The vacancies go into solution in the matrix from the pore surface and this mechanism is thermally
activated but is also promoted under irradiation by pore-fission spike interaction. In the case of small-size
pores (< 50 nm), a fission spike mays lead to complete destruction of the pore [4], whereas, for larger-
size pores, the erosion process is progressive.

The vacancies in solution in the matrix diffuse towards sinks formed by grain boundaries and free surfaces.
Naturally, the diffusion rate is governed by temperature, but also by the fission rate because of the creation
of point defects. In the athermal field, irradiation accelerates diffusion, and the increase in diffusion coeffi-
cient is approximately linear with respect to fission density [1].

The main parameters coming into play in irradiation-induced densification are as follows:

- temperature, which affects the kinetics and, to a lesser extent, the maximum densification limit [5],
- fission density for the previously explained reasons (it is generally assumed that, below 400-450°C,

densification is athermal),
- initial density and especially the oxide pore size distribution given that small-size pores have the

biggest impact on densification,
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- to a lesser extent, the grain size which governs sink efficiency with respect to the vacancy sources
formed by the pores.

These mechanisms are of a general nature and are applicable to all sintered fuel ceramics; however,
behavioural differences are to be expected between UO2, which has already been widely studied, and the
MOX fuel made by the MIMAS process [5-6]. This is because the manufacturing process consists in
diluting a piutonium-rich master blend (PuO2 content ~ 25. to 30%) in depleted UO> and gives rise to a
microstructure including:

- agglomerates of master blend up to one hundred micrometres in size,
- a UO3 matrix in which the master biend is diluted,
- in certain cases, accumulations of pure UO;,.

From this description, it is easy to understand why MOX fuels are likely to present specific behavioural
features with respect to in-piie densification. For example:

fission reactions are restricted to the piutonium-rich areas and this leads to locaily high fission
densities (about 4 times higher than the mean vaiue tor the pellet),
as pores are eliminated, the Pu homogeneization occurs at the same time,
since the presence of Pu changes the diffusion coefficient value, its distribution in the material
thus has an effect on densification,
the UO2 powder used for dilution plays a role as a result of its specific properties and more
particularly its morphological properties (size of elementary crystallites, specific surface
area, agglomeration and oxidation characteristics, etc.).

3. EXPERIMENTAL ASPECTS

3.1 Fuels studied

Within the context of this programme, two batches of MOX fuel pellets were studied. They were
manufactured in the laboratory (at DEC/SPU/LCN) according to PWR specifications by the MIMAS
process from wet route UO2 powders. The batches were as follows:

- batch A: UO2 powder obtained by the AUC (ammonium uranyl carbonate) conversion process,

- batch B: UO, powder obtained by the conversion process using peroxide.

The master blend is enriched with 25% piutonium.

The pellets of each fuel batch were accurately characterised:

- determination of piutonium content: the Pu/(U + Pu) ratio is 6%, a value which is close to the
maximum content of the fuel assemblies currently loaded in French PWRs,

- measurement of the hydrostatic density and characterisation of open porosity: the density of the
pellets studied is close to 95.5% of the theoretical density, the open porosity is very low for batch
B (less than 0.1%) whereas, for batch A it reaches a value of 0.3%,

- determination of the O/M ratio = 1.999,
- detailed ceramographic examination in order to characterise the microstructure.

The ceramic micrographs confirmed the heterogeneous structure of the materials studied, a typical
characteristic of the MIMAS process. Some large-size (greater than 100 /*m) master blend agglomerates
were noted and batch B contained, in addition, some very compact pure UO2 agglomerations of
approximately spherical shape (Fig. 1).

The porosity was found to be distributed throughout the various components of the microstructure and was
thus characterised for the microstructure as a whole. The initial pore size distribution of the two fuel
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Fig. 1: Micrographs of batches A anb B: initial state of the microstructure
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Fig. 2 : Initial pore size distribution of batches A and B

batches studied are shown in Fig. 2. The bimodal shape of the porosity distribution is more distinctive in
batch B as a result of the addition of a porogen during its manufacture. This porosity generator is in fact
responsible for part of the medium-size pores (between 5 and 10 /*m).

3.2 Out-of-pile tests: thermal stability

These tests were conducted in the LEFCA laboratories (DEC/SPU) which has the necessary facilities to
analyse the physico-chemical properties of non-irradiated plutonium fuels.
The tests consisted in carrying out annealing heat treatment at 1700°C for variable periods, ranging from
24 to 100 hours. The annealing atmosphere is identical to that used during sintering: a slightly humidified
argon-hydrogen mixture.
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After this heat treatment, the pellets are characterised:

hydrostatic and bulk densities are measured by immersion in bromobenzene,
the pore size distribution is characterised by micrographic image analysis,
the O/M ratio is determined in order to check that the fuel has not been reduced during
resintering, as this would have a direct bearing on the mesh parameter and thus on the
theoretical density of the material.

3.3 In-pile experiment: monitoring of fuel pellet shortening

The aim of the fuel irradiation experiments performed in the Siloe" reactor in Grenoble by DTP/SECC was
to monitor the variation in length of stacks of pellets in order to characterise the densification kinetics and
maximum value.

The fuel rods containing the pellets to be studied (batches A and B as previously described), with 17x17
standard PWR diametral geometry, are irradiated in the Aquilon device [7]. This is a nucleate boiling
capsule capable of reproducing the operating conditions of a fuel rod in a PWR core, in terms of pressure
and temperature. With a pressure of 13 MPa, the outside temperature of the fuel cladding at saturation is
330°C. This device is placed at the periphery of the Siloe" reactor core in a neutron flux gradient, thus
allowing the irradiation power to be adjusted by varying the distance between core and fuel rod.

Each fuel rod is irradiated for five cycles of the Siloe" reactor, equivalent to about 100 days, at virtually
constant power. This power is between 225 and 235 W/cm in the fuel rod median plane, giving final burn
ups of 4150 MWd.V1 for batch A, and 4450 MWd-C1 for batch B. Given the height of the fissile column
(600 mm), equivalent to that of the Siloe' core, the experiment benefits from an interesting neutron flux
axial gradient (and thus fission density) for the in-pile densification study: the power is about 115 W/cm
at the top end of the fuel rods.

On completion of each irradiation cycle (every 20 days), the fuel rods are removed from the irradiation
device and placed in a special container in order to be able to take neutron radiographs on the installation
placed in the Siloe" reactor pool [8]. Another fuel rod, identical to the two rods studied, is placed in this
container to serve as a reference for shortening measurements and to eliminate some of the causes of
uncertainty (estimated magnification, film expansion, etc.). The films (five per rod) are then analysed by
suitable optical apparatus in order to characterise the shortening of different parts of the fissile column (1
part = 10 pellets). By dividing the fuel stack into parts in this manner, the observed shortening can be
associated with the irradiation power through the previously described axial gradient. The residual power
due to fission products is taken into account to estimate the fuel rod temperature and thus its expansion at
the time the neutron radiography was taken so as to make the necessary corrections. This correction was
then validated by taking a series of neutron radiographs after a sufficiently long cooling time to ignore the
residual temperature rise.

The experiment was completed by destructive tests carried out at the LAMA, hot laboratory of the
DTP/SECC. Macrographs and micrographs were taken in order to observe the change in microstructure
during irradiation and, more particularly, to show the change in porosity.

4. RESULTS

4.1 Thermal stability test results

The results of resintering tests under a humid atmosphere are presented in Fig. 3 showing the change in
density as a function of heat treatment time. For batches A and B, it was found that the asymptotic limit
of "bulk" density increase (taking into account both closed and open porosity) is reached after about
70 hours. The value of the asymptotic limit of d/d is around 1.05% for batch A and 0.85% for batch B.
Both batches have equivalent kinetics.
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Fig. 3:

Resintering test duration (h)

Out-of-pile thermal stability tests : variation in bulk density of batches A and B as a junction
of resintering time

However, with batch A it was noted that the initial open porosity disappeared during the first hours of
treatment, thereby explaining the greater densification of this batch.
The surface porosity distributions obtained after 100 hours of treatment were compared to the initial ones
(Fig. 4 and 5) in order to highlight the preferential elimination of small-size porosity, i.e., of diameter less
than 2 îm. It was also found that some of the other pores in other classes also disappeared. However, since
these pore size distributions were related to the surface and not to the volume of the sample, they cannot
be used to draw anything other than qualitative conclusions concerning the variation in porosity.
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Fig. 4 : Evolution in pore size distribution of batch A : initial state and after 100 hours at 1700 °C
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Fig. 5 :
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The ceramographs also show an enlargement of grain size (by a factor of two on average), especially in
master blend areas. This phenomenon is perfectly normal given the temperature level (1700°C) and the
holding time (up to 100 hours).

4.2 Results of in-pile experiments

The results obtained can be presented in graphical form: AL/L = /(local burn up, local operating power).
However, a number of corrections must be made in order to compare them with the results of out-of-pile
tests.

The results are first transposed into volume variations by applying the following relationship, assuming
the phenomena involved to be isotropic: AV/V = 3 x AL/L. In addition, the solid swelling due to the
accumulation of fission products in the material is subtracted by application of the following simplified law,
applicable to UO2, the validity of which has been checked on density measurements taken on MOX fuels
irradiated in PWR:

( AV/V)densjflcation = 3 x AL/Lmeasurcd - ( AV/V)solid sweIling

where ( A V / V ) ^ swl l ing = 0.6%/(10000 MWd.tm')

N.B.: in the case of MOX, allowance must not just be made for solid swelling because gaseous swelling
was also observed in Pu-rich areas, even at low burn up.

The processed results are presented in Figs. 6 and 7 respectively for batches A and B.

It was found that:

- maximum densification would seem to be reached, for both fuel types, for pellets subjected to
powers in excess of 170 W/cm, at a burn up of 2500 MWd.t,,,'1,

- the value of (AV/V)densiflcation is around -0,9% and -1.0% for batches A and B respectively,
- densification depends on the operating power; the pellets at the fuel rod ends, subjected to lower

power levels, did not density as much.
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Fig. 6: In-pile densification of batch A as a Junction of burn up and irradiation power
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Fig. 7: In-pile densification of batch B as a function of burn up and irradiation power

The ceramographic observations show irradiation-induced radial variation of the porosity in both cases,
with the residual porosity being greater around the circumference than at the centre of the pellet, both in
Pu-rich areas and in the UO;.

At the same time, in the Pu-rich areas at the centre of the pellets, the appearance of metallic fission
product precipitates and the nucleation of bubbles of inter-granular fission gases were noted (Fig. 8). This
is consistent with the local temperatures close to 1000°C and especially with the local burn ups of the
master blend agglomerates : close to 20000 MWd.tra' for a mean pellet burn up of 4500

Fig. 8: Micrograph of batch A after irradiation (mean burn up 4 GWd.tm'); pellet central zone

about 1.4 x 10" fissions.s"1.cm'3
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5. DISCUSSION

For a variety of reasons, it is not possible to make a direct comparison of the results acquired out of pile
and in pile.

Out of pile, the change in overall density of the pellet is measured directly (including or excluding the open
porosity). For the in-pile tests, however, it is the change in height that is being measured. It has already
been seen that, assuming isotropy, dimensional variations can be converted into volume and thus density
variations. On the other hand, when the length of dished pellets is measured, as is the case here, only the
densification of the peripheral area of the pellets, delineated by the support surfaces between pellets
(1.6 mm thickness), is characterised.

Consequently, the operating temperatures of the zones concerned in the in-pile study are less than 500°C
and the observed densification takes place in a temperature domain close to the domain considered to be
athermal with respect to the phenomenon. On the other hand, the densification occurring during the out-of-
pile test takes place at high temperature (1700°C).

Despite this fundamental difference, the asymptotic densification limits obtained both in pile and out of pile
appear to be equivalent, taking into account experimental uncertainties:

0.9 "7.0.15 % in pile for zones having operated at 225 W/cm1, compared to 1.05 +/.0.03 %
out of pile for batch A,
1.0V-0.15 % in pile for zones having operated at 225 W/cm, compared to O.85+/.0.03 %
out of pile for batch B.

This would seem to indicate that the mechanisms involved, whether purely thermal or combined (thermal
+ irradiation), do not have a predominant effect on maximum densification which no doubt depends more
on the microstructure, at least for temperatures in excess of 400°C: the small-size porosity is in fact
responsible for densification, regardless of its elimination mechanism.

On the other hand, the densification kinetics must be affected by the mechanisms involved because, out
of pile, maximum densification is reached in 70 hours whereas more than 1000 hours are needed in pile.
It is indeed preferable, for the in-pile case, to use the burn up parameter to express the in-pile
densification.

The lower degree of densification of the end zones of the fuel rods - which operated at lower powers - may
be explained either by a lower maximum densification limit or by slower kinetics resulting in the limit not
being reached. In fact, there is every likelihood that the phenomenon involves a combination of both
aspects because the zones of lower power operate at :

- lower fission densities, the effect on densification kinetics is approximately linear,
- lower operating temperatures as a result of the principle of the irradiation device: at low powers,

saturation is not achieved and the cladding temperature is highly dependent upon the power. At the
ends of the fuel rod, the peripheral fuel temperature is close to 350°C.

Given the heterogeneous structure of the studied MOX fuels, the difficulty of accurately characterising the
variation in porosity in this type of material and the absence of temperature overlaps between the domains
explored out of pile and in pile, it would seem risky at this stage to try and develop a detailed mechanistic
model of in-pile densification of MOX fuels. It would seem more reasonable to adapt a semi-empirical
densification law integrating both die thermal stability test results for the maximum densification limit and
the irradiation results for kinetic aspects.
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6. CONCLUSIONS

The analysis of the experimental results shows a similitude of behaviour of the two Mimas MOX fuels
obtained from wet route UO; powders : out-of-pile resintering tests and operation under irradiation lead
to similar final densifications despite the differences in kinetics. This would tend to indicate that the
microstructure of the material plays a dominant role with respect to the operating conditions, and that the
resintering test is representative.

For the modelling of in-pile densification, the use of out-of-pile test results allows implicit integration of
microstructural effects such as density, grain size, pore size distribution, etc. Moreover, the variation in
external diameter of the pellet is governed above all by the.densification of the peripheral zone, the fester
densification of the central zone (due to higher temperature) being of lower influence. Thus, the adjustment
of densification kinetics on the shortening kinetics of the peripheral pellet zone is relevant with regard to
the thermo-mechanicai modelling of the fuel rod in which the evolution of the pellet-clad gap is one of the
main parameters.
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