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Abstract

One of the major problems that face the conceptors and users of nuclear power plants is the
demonstration of the cladding integrity (the Zircaloy clad that contains the fuel pellets), particularly in class
I and II operating conditions. A long term collaboration between EDF and the Applied Mechanics
Laboratory (LMA) of Besancon (France) has existed for several years, and a unified modelling of the
cladding has been developed in this frame. But a good understanding of the cladding response is not of
total use if the mechanical solicitation applied to this clad by the fuel pellet is not completely known.

The potential evolution and the non-homogeneity of the fuel stiffness was recently demonstrated
by Spino (TUI) on Vickers micro-hardness tests at room temperature. Thus, in order to get furthermore
data, TUI and EDF decided to build a specific microindentation device able to perform the tests needed
by the modellers.

After a brief recall of what the effects of irradiation are on the fuel pellet mechanical behaviour,
this paper presents the microindentation device to be built, as well as the principles that underline its use.
Finally, the way the experimental results will be used to determine the mechanical behaviour of the fuel
pellet under irradiation is pointed out.

1. INTRODUCTION

One of the major problems that face the conceptors and users of nuclear power plants
is the demonstration of the cladding integrity (the Zircaloy clad that contains the fuel pellets),
particularly in class I and II operating conditions. The several phenomena that are responsible
for the damage of the cladding during the fuel life are respectively the corrosion of the
Zircaloy cladding, the irradiation effects that degrade the physical properties of the material,
and the mechanical aspects. Thus, in parallel with the studies carried out in the frame of
corrosion or irradiation, a good knowledge of the mechanical behaviour of the cladding must
be developed. For instance, a long term collaboration between EDF and the Applied
Mechanics Laboratory (LMA) of Besancon (France) has existed for several years, and a
unified modelling of the cladding has been developed in this frame [1]. But a good
understanding of the cladding response is not of total use if the mechanical solicitation applied
to this clad is not completely known.
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These mechanical solicitations are essentially internal pressure, external pressure and
the mechanical action of the fuel pellet on the cladding in case of Pellet-Cladding Mechanical
Interaction (PCMI). Thus it seems clear that stress concentrations (which are effective
essentially in front of the crack lips) can be generated by the pellet upon the cladding, leading
to a possibility of failure by corrosion under stress. One of the missions of EDF is to prove
that such eventuality is negligible. Thus one easily understands the need of improvement
concerning the phenomena that are responsible for the mechanical response of the fuel pellet,
from the viewpoint of base irradiation as well as for power transient.

Many national and international programs have provided a great number of ramp tests
in order to define the risk of failure against power change. The data base obtained exhibits an
improvement of the fuel rod PCMI behaviour over an average burnup of 40 Gwd/tU. In order
to properly simulate the fuel rod thermomechanical behaviour, the codes have to be provided
with correct local material properties. It is obvious that the material properties are modified
by irradiation. As burnup increases, the fuel is submitted to physical and chemical evolutions
depending mainly on the local thermal conditions during irradiation. Unfortunately, few data
exist today on spent fuel mechanical properties and the modellers must be satisfied with using
non irradiated data.

The potential evolution and the non-homogeneity of the fuel stiffness was recently
demonstrated by Spino et al [2] on Vickers micro-hardness tests at room temperature. Thus,
in order to get further data, TUI and EDF decided to build a specific microindentation device
able to perform the tests needed by the modellers.

The present paper is set out as follows: first, a brief recall of what the effects of
irradiation are on the fuel pellet mechanical behaviour (the formation of the rim, which
constitutes a good example of these effects, will be described briefly). Then, the
microindentation device will be presented, as well as the principles that underline its use.
Finally, the way the experimental results will be used to determine the mechanical behaviour
of the fuel pellet under irradiation will be pointed out.

2. THE EFFECT OF IRRADIATION ON FUEL MECHANICAL PROPERTIES

2.1 The peUet bulk

It has just been mentioned that the mechanical properties of the fuel pellet are known,
at present, only in the case of non-irradiated material.

Two major reasons can be laid down to explain this matter of fact.

• First, the performance of tests on irradiated materials is much more complicated than
those on virgin materials, in particular for high temperatures. The mechanical
properties tend to evolve differently in each point of the specimen as regards the local
burnup and the local temperature history;

• Second, the way the specimen tends to fracture even at the beginning of the fuel's life
prevents the performance of any "classical" mechanical behaviour (tensile tests,
compression tests, ... on the specimen at the macro scale).
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This is quite problematic as far as the mechanical properties evolution of the fuel pellet
have to be properly known to be able to perform an accurate prediction of the fuel rod
behaviour above three cycles. Thus it seems necessary to develop new investigation methods
that are compatible with the physical state of the pellet.

The so-called rim (in fact the periphery of the fuel pellet) represents the state of the fuel
where the mechanical properties are the most modified by irradiation. Thus, it constitutes a
good basis to explore the dependance of the fuel pellet behaviour on irradiation.

2.2 The rim (figure 1)

There exist two stages for the rim formation. The first one can be observed with an
optical microscope. It is characterized by the appearance of a very small porosity of the order
of the micrometer. This porosity is intra and inter-granular and exists over quite a short
distance (100 micrometers) in the periphery of the fuel pellet. The increase of the local burnup
induces the disappearance of the initial granular texture and a restructuring of the lattice around
the porosity. The new grains that are thus formed are very small (not exceeding 0,1
micrometer). Several works developed by EDF [3] have lead to a better understanding of the
rim formation in particular concerning the evolution of the porosity.

The mechanisms that lead to the rim formation differ according to the different authors
[4]. Generally one can consider three hypotheses. The first one is due to Matzke (TUI
Karlsruhe) who points out the major role of the fission gases in the porosity increase. The
second one, developed by Une (NFD), proposes the lattice internal energy evolution as
responsible for the rim formation, thanks to the accumulation of stacking faults and fission
products. The last possible explanation is the phase change in Uranium oxide.

The HBRP program will be able to allow a better understanding of the conditions of
the rim formation and a good characterization of the physico-chemical material properties.
Nevertheless, traditional mechanical tests are not of easy use on the sample pellets (5 mm
diameter, 1 mm thickness), so in such a case new techniques such as microindentation may be
of great interest.

3. THE MICROINDENTATION TECHNIQUE

3.1 The principle

This technique constitutes a key point in the future determination of the irradiation
effects. Indeed, it will allow one to clearly identify the behaviour of a pellet with important
loading history. The classical techniques failing in the frame of the mechanical tests, this
method seems to be the best one to supply them.

The main idea is to perform mechanical tests on the fractured pellet, with the help of
a microindenter, while all the parameters involved in the loading process are controlled. Thus,
it must be possible to develop loading-unloading mechanical tests at constant rate (rational
curve), creep tests (constant stress) as well as relaxation tests (constant strain). Thanks to this,
and if one considers that the mechanical behaviour may present a certain homogeneity at a
constant radius (but not along the whole radius !), one can obtain indentation curves and
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micrographs of the imprint that may help the modeller to determine the macroscopic response
of the material, at a given mechanical loading and different temperature levels.

Nevertheless, the experimental results that are available do not fully correspond to those
obtained from classical mechanical tests. In particular, the shape of (o, e) curves is slightly
different. This is due to the fact that the stress state induced by the microindenter is highly
non-homogeneous. Thus one cannot a priori identify classical constitutive equations (in the
sense of thermodynamics of irreversible processes [5, 6]), and it is necessary to develop an
original identification method devoted to this type of tests. The most interesting idea, and the
easiest to develop, consists in using the inverse problems theory in correlation with a finite
element method to identify the parameters of an elastoviscoplastic model which would have
been chosen a priori. In other words, it is planned to develop a "numerical indenter", which
could be able to help the modeller to understand the experimental results, as well as to justify
the choices made for the evolutions of the constitutive equations as regards the parameters
involved in the irradiation process (in particular the local burnup and the porosity).

Moreover, one has to note that microindentation tests shall be coupled with acoustic
microscopy ones, in order to easily get, with a good accuracy, the elastic material parameters
(which are directly linked to the Rayleigh waves). Indeed, the knowledge of these parameters
shall slightly lighten the inverse identification calculations, which will only focus on the non-
elastic behaviour. The microacoustic technique will also be used to analyse local porosity
spectrum, combining micro-echography at 15GHz with an image analysis device.

3.2 The project

As was already mentioned, the microindentation device shall be able to perform tests
at constant strain rate (rational curve), at constant stress (creep tests), as well as constant strain
(relaxation tests). A closed box allows the control of the atmosphere and prevents from an
oxygen potential evolution during the test. The specimen support is controlled by a
thermocouple and the local contact temperature between specimen and microindenter by an
infra-red detector. The control of the indenter displacement is performed in such a way that
bends and gaps will not influence the measurements. The load control is performed by a high
precision load cell. A microscope next to the installation will allow the residual imprints
characterization after the test.

A high accuracy translation system between the microscope and the microindenter is
needed in order to target properly the indentation location before the test and find the correct
imprint under the microscope after the test. Furthermore, the heating system must be part of
the sample support for the same reason, to avoid a change in the sample geometry between the
mechanical test and the imprint observation.

This microindentation device is developed in the frame of a long term cooperative
program between Electricite de France and the Institute for Transuranium Elements. The end
of building of the machine and the first tests are foreseen for mid 1997.

4. INTERPRETATION

The aim of the present part of the paper is to propose a brief overview of the possible
constitutive equations that could be established thanks to the microindentation technique.
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4.1 The viscoplastic material properties

Even if the Uranium dioxide is still a brittle ceramics at room temperature, the several
phenomena that are involved in the irradiation process make it impossible to neglect the
viscoplasticity of the fuel pellet at high temperature (T > 1300°C). Moreover, one can say
that these aspects are of major importance during power ramps. Thus, it is important to
develop models that are able to take into account this aspect.

One can identify two types of loading conditions during the fuel's life:

• The "base" conditions, during long time periods, where creep material properties are
activated (see for instance [7]).

• The "power ramp" conditions, where phenomena are activated during quite short time
periods. In these conditions, the mechanisms involved in the material mechanical
behaviour are different. Processes such as hardening (or softening), as well as
relaxation are concerned.

4.2 A need of more phenomenological simulation

It is clear that the phenomena described above must be taken into account in the
constitutive equations derived from the experimental procedure. As a matter of fact, the
behaviour laws available at the present time are only creep laws [7], which do not account for
hardening processes.

Thus, the micro indentation technique may help one to derive constitutive equations
compatible with all aspects of the mechanical behaviour. In the frame of thermodynamics of
irreversible processes, equations based on the local state postulate [8], assuming the existence
of internal variables able to describe the macroscopic response of the material shall be
established.

At the present time, the easiest way to proceed seems to choose a law of the type
"hardening multiplicative viscosity", which form reads,

where

E viscoplastic strain rate tensor

o stress tensor

o Von Mises equivalent stress

) cumulative viscoplastic strain formulated as follows:

P =

I — \n
1 a
K 1

p m

K, m and n are constants derived thanks to the inverse method.
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This kind of equation presents the great advantage to be representative of monotonous,
creep and relaxation tests. Only isotropic hardening (dilatation of the viscoplastic potential)
is taken into account by this law. In case such hardening would not be sufficient to simulate
the experimental curves, it would also be possible to identify a "hardening-additive viscosity"
rule, in which the choice of a kinematic hardening (translation of the viscoplastic potential) is
possible. For instance, it has been shown that the simulation of the unloading behaviour may
be different, depending on the use of a kinematic or an isotropic hardening approach [9].

For both types of equations, the irradiation effects are taken into account through the
dependence of the plastic parameters (K, m, n) on internal variables such as the porosity or
the local burnup. The microindentation tests will give several information to establish the
correspondence between parameters and internal variables.

FIG. la Fuel fractography at high burnup: the pellet center

FIG. lb Fuel fractography at high burnup: the pellet rim exhibiting a high porosity
level with a complete restructuring
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FIG. 2 Microindentation device for high temperature application

5. CONCLUSIONS

The goal of the present paper was to present a new investigation method to derive the
constitutive equations of the fuel at high burnup.

It has been shown that the classical experimental methods fail in this frame, because
the fuel pellet tends to fracture even at the beginning of its life. Moreover, experimental
results have shown that the fuel behaviour was not homogeneous along a given radius of the
pellet, and the rim effect constitutes a good example of this.

So the development of a new experimental method, able to be efficient even on
fractured samples, and also able to take into account the non-homogeneity of the material, was
essential in order to derive models for the thermomechanical codes. The microindentation
technique is one of these new methods, as well as the acoustic microscopy.

A microindentation device has been designed, and is at present time about to be built.
It shall give information concerning the viscoplastic behaviour of the fuel pellet. A "numerical
indenter" is also developed, in order to perform an accurate interpretation of the experimental
tests. This will allow to derive models that are written in the sense of thermodynamics of
irreversible processes, giving a broader range of applications than the conventional creep laws
classically used.
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DISCUSSION
(Questions are given in italics)

Is the vacuum in the test chamber not likely to influence the results, especially for high burnup
specimens!

We are able to study material behavior in different atmospheres. Don't you think that by
performing the micromechanical tests under vacuum you will modify mechanical properties of the
irradiated fuel which might depend on the oxygen potential?

Indeed the measurement will not be performed under vacuum. The chamber will be first
evacuated but then filled up with a gas mixture (i.e. CO/CO2 mixture), in order to determine the

mechanical properties under different oxygen potentials. In fact, the objective is to determine the
creep and stress relaxation property as a function of O/M.

398


