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Abstract

Computer codes have been developed in order to simulate the nuclear fuel rod mechanical behaviour, and
therefore compare the evolution of the main parameters against a certain number of safety criteria, for
reactor classl and class 2 operating conditions. Concerning the fuel material (UO, MOX or UO, with
additives) the mechanical properties have been determined on non irradiated samples. One can expect that
these properties evolve with burn-up, due to the transmutation, the evolution of the oxygen potential, the
accumulation of fission defects and in some case the material restructuring (High Burn-up Structure).

In order to provide the fuel thermo-mechanical calculation with more accurate mechanical properties, a
large experimental project has been launched since several years by CEA, EDF and ITU ; furthermore a
recent collaboration has been started with Studsvik, Sweden, concerning the possibility of performing in-
pile creep measurements. The program is indeed organised in three folds, which can be described as
follows:

1 - Acquisition of mechanical properties on non irradiated materials (UO,, UO,+Gd, UO,+Cr, MOX) with
axial creep tests, three points bending tests up to 1700 °C, acoustic measurements at room temperature,
instrumented micro-indentation tests and Vickers test from room temperature to 1200 °C. This allowed the
development of a mechanical behaviour law available for these materials in the non-irradiated state.

2 — Acquisition of mechanical properties on irradiated materials in hot cells, using a micro-indentation
machine developed especially in TUI, Vickers tests with the same machine, and a focused acoustic
technique developed by the LAIN laboratory in the Montpellier University (France). The target is to define
the evolution of the elastic properties, of the yield stress and of the thermal creep properties.

3 — More recently with the Studsvik Laboratories, the design of a specific rig for in-pile indentation has
been completed. This aims at assessing the evolution of the irradiation creep properties, mainly in the HBS
material.

Mechanical behaviour models are already achieved for non-irradiated materials and are presented.
Concerning the acoustic methods, several presentations have already been published [2 to 7]. The main
results are summarised. The micro indentation technique from room temperature to 1200°C is actually
under qualification on non-irradiated samples. The state of the art is made. Finally an in-pile indentation
concept is presented.
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INTRODUCTION

Computer codes have been developed in order to simulate the fuel rod mechanical behaviour, and therefore compare
the evolution of the main parameters against a certain number of safety criteria. Improvement is still to be done in
order to simulate the risk of cladding failure during an accidental power transient, due to the Pellet to Clad
Mechanical Interaction (PCMI risk). PCMI results in the interaction between a cracked ceramic cylinder (UO, or
MOX pellet) and metallic tubing (Zirconium cladding). The instantaneous strain on the cladding is mainly due to
the differential thermal expansion between the fuel pellet and the cladding. Irradiated Zircaloy tubing is able to
sustain an average deformation of 2 % without failure. Assuming no relaxation from the hot central part of the pellet
(thermal creep) during the transient, the average pellet outward strain is never higher than 1.5 %. Therefore, one can
expect that when a failure occurs, considerable local strains at pellet to clad interface are involved. The number of
fuel radial cracks, and the fuel local properties at the pellet periphery are then certainly of first concern. Even if the
risk of failure is demonstrated to be non-negligible at low burn-up (20-35 GWd/tM), this one appears to decrease
with burn-up when, paradoxically, the potential amount of corrosive species increases.

One can conclude at this stage that the fuel pellet role in the PCMI simulation is of first order. Up to now, only non-
irradiated fuel mechanical properties are provided for modelling. Compressive tests and three points bending tests
have allowed developing thermal creep models. An additional term is provided from in pile experiments conducted
in the seventies (reported in literature), in order to simulate the in-pile irradiation component. In these models,
conceived up to 1000°C, the non-thermal irradiation component is dominant.

Observation reported several years ago on high burn-up pellets (60 GWd/tM) in standard PWR fuel have shown an
axial fuel flow with a deformation of the chamfer (Figure 0.1). This let expect an increase of the irradiation
activated creep in case of formation of the HBS (High Burn-up Structure) with a generalised grain subdivision and a
drastic increase of the fuel porosity.

In order to provide the fuel thermo-mechanical calculation with more accurate mechanical properties, a large
experimental project has been launched since several years by CEA, EDF and TUI [1]; more recently, discussions
are engaged to make possible in-pile creep measurements. The general experimental scheme is given on Figure 0.2.
The program is indeed organised in three steps, which can be described as follows:

1 - Acquisition of mechanical properties on non irradiated materials (UO,, UO,+Gd, UO,+Cr, MOX) with axial
creep tests, three points bending tests up to 1700 °C, acoustic at room temperature, micro-indentation tests and
Vickers test from room temperature to 1200 °C. This has allowed the development of a mechanical behaviour law
available for these materials in the non-irradiated state.

2 — Acquisition of mechanical properties on irradiated materials in hot cells, using a micro-indentation machine
developed especially in TUI, Vickers tests with the same machine, and a focused acoustic technique developed by
the LAIN laboratory in the Montpellier University (France). The target is to define the evolution of the elastic
properties, of the yield stress and of the thermal creep properties.

3 — More recently with the Studsvik Laboratories, the design of a specific rig for in-pile indentation. This is aimed
to assess an eventual evolution of the irradiation creep properties, mainly in the HBS material

Mechanical behaviour models are already achieved for non-irradiated materials and are presented. Concerning the
acoustic methods, several presentations have already been published [2 to 7]. The main results are summarised. The
micro indentation technique from room temperature to 1200°C is actually under qualification on non-irradiated
samples. Details of the in-pile indentation device will be discussed at the end.

1 - VISCOPLASTIC MECHANICAL BEHAVIOUR MODEL DEVELOPED AT EDF-CEA FOR NON
IRRADIATED UO,

The viscoplastic behaviour of the nuclear fuel material depends upon several parameters as: grain size (d), porosity
(p) and temperature (T). Both experimental (compressive tests) and theoretical approaches have been used to
establish the constitutive Monnerie-Gatt law [9]. Accounting for the porosity influence, we have used, as Michel
and Suquet did in ref [10], an elliptical potential which can be written:
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where n is a constant, K a function of the temperature and the average grain size; A and B are analytical functions
of porosity. A is evaluated considering a porosity in the viscoplastic matrix. We have found :
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B is evaluated considering a modified secant method [11] linked to Mori-Tanaka model. We have found:
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In UO,, two time-dependent-strain mechanisms are observed [12], i.e., scattering-creep (associated to potential
W, ~1/d* ) and dislocation creep (associated to potential ¥, ~ (1 - cos d/d,)). Therefore the final microscopic
potential takes the form:
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with K, K,, Q; and Q, constant parameters.
The total creep strain can then be written as:
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The porosity evolution can be written as: p = (1—p)Tr(g,,)

The constant parameters have been identified from compression creep tests data base (see Figure 1.1). The results of
this identification are given in Table 1. The law has been validated on controlled strain rate tests. In Figure 1.2 one
can see the good agreement between the theoretical and the experimental ultimate steady stress. Figure 1.3 shows
finally a comparison between a three-points-bending test simulation and experimental data provided in the PhD
work of Ref. [13]. The agreement is very satisfactory.

n m; Q; K,
1 -2 377 KJ/mol 7.57 10 (SI)
n, do Q Ky
8 15 um 462 KJ/mol 2.54 10 (SI)
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Table 1.1

2 - LOCAL ELASTIC CONSTANTS USING THE LAIN FOCUSED ACOUSTIC SIGNATURES
METHOD.

Since 1996, the LAIN group (Laboratoire d'Analyse des Interfaces et de Nanophysique) of the University of
Montpellier is working in tight collaboration with Electricit¢ De France (EDF), the Commissariat a 1'Energie
Atomique (CEA) and the Institute for TransUranium Elements (ITU) for high burn-up fuel elastic properties
assessment using local micro-acoustic methods. During these years several milestones have been achieved: a micro-
acoustic device has been installed in hot cell at ITU in Karlsruhe, calibration laws have been established for local
volume fraction of porosity in non irradiated UO,, the effect of grain size on elastic properties of non irradiated UO,
as been quantified, and the impact of additives on elastic moduli has been evaluated. All these results have already
been published in international journals or presented in congress [2-8]. More recently, the effect of stoichiometry
and U4Oy- phase precipitates have been quantified and the global elastic parameters has been assessed on irradiated
fuel (HBRP samples and N118 BR3 rod) from 0 to 100 GWd/tM. Such results, which at this date are unique,
constitute an important progress for irradiated UO, behaviour understanding [14].

2.1 — Fundamentals of the acoustic methods

The theory of elasticity in an isotropic material such as sintered UO, shows that only two ultrasonic velocities are
needed to assess the elastic constants [15-18]. Usually, longitudinal (Vr) and the transverse (Vr) velocities are
measured [19]. For local measurements, frequencies between 50 and 200 MH; are needed. In this range, the
transverse signal attenuation on irradiated fuel is so high that the transverse velocity is not measurable.
Consequently, we have chosen to use another ultrasonic wave: the Rayleigh surface wave. Its velocity will be called
Vk in this paper. With the knowledge of Vi and Vg, the transverse velocity Vr is deduced using the relations (2.1)
and (2.2) [20].
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The elastic moduli (E and G) and the Poisson's ratio v are then derived as follows [21]:
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where p is the density.




For measurements on nuclear fuel oxide, the Rayleigh surface wave velocity is obtained from acoustic signature
[22-23] (Figures 2.1 and 2.2). However, in most cases, the wave attenuation is too high so as to detect the
longitudinal velocity in the signature. Therefore, this last velocity is measured using an echography on fuel samples
slices of about 1mm in thickness (Figure 2.3). Assuming a very low variation of the Poisson ratio around a value of
0.3, relations 2.3 and 2.4 can be simplified as follows [6]:
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2.2 — Acquired results

With the ultrasonic device presented here above, we can in principle directly assess in a local way to the elastic
moduli on nuclear fuel cross-section samples prepared for ceramography. However, the analysis of the measured
data is complex because they depend simultaneously on several parameters, like, e.g., precipitates, gaseous fission
products, irradiation defects, stoichiometry evolution, grain size, etc. [24].

So, for the elastic moduli E or G we can write:

E = f (porosity, FP precipitates, FP in solid solution, trapped gaseous FP in matrix, O/M ratio, point defects, etc)
(2.12)

Since from the experimental point of view, performing measurements on each parameter separately is almost
impossible, a number of simplifications and assumptions must be introduced in the above formulation, which can be
resumed as follows:

- the effect of porosity and bubbles is the same (i.e., via cavity volume fraction) and is independent of the gas
pressure inside the cavities.

- the irradiation defects have only an effect on attenuation and not on the velocities
- the effect of grains size has no effect on velocities [5]

- the effect of metallic FP and FP in solid solution can be evaluated with simulated fuels. This will give a global
effect of burn-up.

Consequently, the relation (2.12) has been simplified as follows:

E = f(porosity, O/M ratio, global Burn -up ) (2.7)

Concerning the porosity effect, the EdJF-CEA studies [2,8,14] on the application of the Berryman's model [25,26]
led to the following relations:
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where w is the pore shape factor for oblate pores. All Berryman's model, periodic homogenisation methods [6] and
models based on minimum contact area [14], [27,28] lead to u~values in the range 0.25 for as fabricated pores,
which are mainly of intergranular nature. A value of 1 for this variable is more adequate for the irradiation induced
intragranular pores, as found in the rim region of high burn-up fuels. However, for this value of w, and for porosity
levels > 0.1, Eq. (2.8) leads to E/E, values quite below the expected range for the rim material as from hardness
measurements [30]. A verification of this law for irradiated fuels, particularly at high burn-ups, appears therefore
still necessary.

As for the effect of the oxygen stoichiometry (O/M) our experiments showed that it was negligible for UO,.y , as
far as U409 precipitates were not formed. Forlano [31] has indeed observed, as we did, a very important effect of
the U,0y precipitates on the elastic moduli. With this reserve, our results are satisfactorily consistent with the open
literature [30-34]. However, for irradiated fuels this aspect appears not relevant because it has been shown that the
oxygen potential in PWR-fuels under normal operating conditions stays relatively unchanged and near the value of
the stoichiometric material (O/M=2). With this in mind, the main parameters affecting the E-values remain thus the
porosity and the global burn-up.

Figure 2.5 shows the whole set of measurements obtained by this method, including simulated samples
manufactured at ITU and in Chalk River (AECL) [35], two sets of irradiated UO, and UO,+5%Gd samples from the
High Burn-up Rim Project with irradiation temperatures ranging from 500 to 1200 °C and burn-ups ranging from
35 GWd/tM to 100 GWd/tM) [36,37], and a N118 BR3 fuel sample with an average pellet burn up of 68 GWd/tM
[38]. For all measurements presented in Fig. 2.5 the Young modulus has been deduced from the Vy value using
relation (2.6) and plotted against the burn-up. For the shear modulus, which is not reported here, a global trend
similar to that of the Young's modulus was found.



Despite scatter of the results, the whole data show a general decrease of the elastic modulus with burn-up (pure UO,
taken as reference), particularly in the burn-up range 0-50GWd/tM where for irradiated fuels still no high burn-up
transformation has occurred (Figure 2.5). Correction of these results by porosity according to (2.8) does not change
the general trend observed. However, these data, as such, are in contradiction with the widely accepted trend
showing the elastic modulus of a material to be directly proportional to its hardness [39-42]. The hardness of the
irradiated fuels has been unambiguously proven to increase up to 50 % in the burn-up range 0-70 GWd/tM [29].

Because of the appeared controversy, which for the moment can not be clarified, a series of alternative
measurements of the elastic constants of UO, and doped UO, by other techniques than the acoustic method has been
undertaken at ITU [43], the results of which are summarized in the next section.

3 - ELASTIC MODULUS VIA SYNCHROTRON DIFFRACTION UNDER PRESSURE (LATTICE
COMPRESSIBILITY) AND KNOOP INDENTATION METHODS.

In another work conducted at ITU by Pujol et al [43], the elastic constants of pure UO, and simulated spent UO,
fuels were determined using synchrotron powder diffraction under pressure and Knoop indentation techniques. The
first technique provides the bulk modulus of the material, or compressibility of the lattice, B,, by monitoring the
shift of the Bragg’s reflections positions during pressure application. From the B, value the E-modulus is calculated
on assuming a value for the Poisson’s ratio (in this case taken as 0.32 for pure UO, [32] and 0.31 for doped UO,
[44]) [43]. The second technique, i.c., Knoop indentation, provides the proportionality constant between the
hardness and the elastic modulus, i.e. the H/E ratio, which is determined from the contraction of the diagonals of a
strongly asymmetric indentation [52, 53]. Using the determined H/E ratio, the value of E is then obtained from the
H-value measured separately by Vickers indentation [41,42,43].

Figure 3.1 summarizes the results obtained by both techniques as a function of burn-up. The E-values from the
synchrotron measurements are plotted on the left hand y-axis. The E-values derived from the Knoop indentation
method are plotted on the right hand y-axis. Consistently with the previously mentioned premise of the elastic
modulus being proportional to the hardness of a material, both plots in Fig. 3.1 show an increase of the E-modulus
of UO, on increasing the (simulated) burn-up, i.e. on increasing the amount of FP in the fuel matrix.

Both methods in this section provide information of the elastic properties in the atomic and microscopic scales, i.e.,
on what can be called the intrinsic elastic behaviour of the material. Differently, the method of the former section
provides information of the elastic properties of the material but in a macroscopic scale where also heterogeneities
like porosity, cracks, second phase precipitates, etc., play an important role. Thus, as partially mentioned in [43], an
influence of the microstructure to explain the discrepancies of the methods is very likely.

4 — INDENTATION TESTS FROM ROOM TEMPERATURE TO 1200°C

4.1 - Instrumented indentation device

Following a large series of Vickers indentation tests on irradiated fuels at room temperature whose main results
have been already published [45], an instrumented indentation device targeted to operate in Hot Cells up to
temperatures of 1200 °C has been designed and constructed at ITU, and is now being validated with non-irradiated
samples.

The aim of the installation is to perform indentation tests on pre-selected regions of polished fuel cross-sections by
monitoring simultaneously the applied load and the penetration depth as a function of time. With the selected
configuration simple load tests, creep tests and stress relaxation tests are possible. Apart from the construction
difficulties implied by the necessity of operating the apparatus in Hot Cells, crucial problems to solve were the
temperature drifts and the sensing of the real penetration depth, which is usually spoiled by the creep down of the
sample support table. The last made necessary the development of special calibration procedures to determine the
equipment compliance as a function of temperature.

Examples of room temperature measurements with the apparatus are given in Figures 4.1 and 4.2. Figure 4.1 shows
determinations of the E-modulus of SS 316L and porous glass samples, the first assessed with 5 % accuracy respect
to the tabulated standard value [46]. Figure 4.2 shows data of an indentation-creep test on a SS 316L sample where
the primary and secondary creep stages are clearly separated. The last figure puts also in manifest the high
sensitivity of the device to determine penetration-depths changes in the submicron range. A similar quality of the
measurements is expected to be achieved in the tests with the unirradiated and irradiated fuel samples.



4.2 — Finite Element Numerical Indenter

From the empirical analysis of the instrumented indentation tests results it is possible to obtain with good accuracy
the E-modulus of the material, its universal hardness, H, and with some care, the constant deformation speed
associated with the secondary creep stage, as a function of temperature. However, other parameters needed for the
complete mechanical characterization of the material can only be obtained if a reliable mathematical description of
the indentation field is available. With this mathematical framework the desired parameters can be extracted by the
so-called inverse identification method, provided that a constitutive mechanical equation for the material is
previously defined and validated. These two challenging tasks have been undertaken by EDF-CEA. Aspects of the
developed constitutive equation were treated in section 1. This section deals with the 3D numerical indenter
developed at EDF in the context of a PhD work done in collaboration with the Ecole Polytechnique, Paris.

The indenter is approximated by a conical shape to reduce the problem to a bi-dimensional (axi-symmetrical) one
(see Ref. [10]). The corresponding two-dimensional mesh is optimized to save computing times (see Figure 4.3).
Linear elements with axisymetric conditions are adopted: eight microns square elements are used at the contact zone
with indenter (the mesh has about 500 nodes).

Regarding the axi-symmetry of the geometry, a nil horizontal displacement is imposed along the axis of revolution.
A similar condition is imposed to the right limit of the mesh while its bottom is fixed vertically. Lagrange’s
multipliers handle contact conditions.

The constitutive law presented in section 1 was recently introduced in the Finite Element Code Aster
(http://www.code-aster.org). An implicit integration was adopted as follow: denoting by & the total strain at time

t+ At and Ag its variation during the time step, the unknowns are the variations of the stress, porosity and
viscoplastic strain, respectively. These unknowns are solutions of a large system of non linear equations (7 scalar
unknowns for axi-symmetric calculations), which can be reduced to the following two coupled non linear equations:
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Af, 0 ,, being the reduced unknowns. This reduction makes the implicit resolution easier and more robust.

Finite strains of the UO, sample are described with the help of the large displacement assumption. Concerning the
indenter’s mechanical behaviour, a rigid elastic constitutive law is adopted.

4.3 — First numerical results

At 1200°C, a 100 % dense UO, sample (grain size ~6 microns) is indented up to 30 microns depth (constant 30
microns/h displacement rate), and then unloaded. The simulated displacement—load curve is reported on Figure 4.4
(continuous line). We have reported on the same Figure two alternative versions of the constitutive law presented in
section 1. These two versions correspond to a theta-function equal to 0 (dotted line) or 1 (long dashed), which
corresponds to low or high creep-stress regimes, respectively. Actually, high values of the stresses in the plastic
zone are experienced during indentation. As a result, the theta-function is close to 1 in this region. That is the reason
why, the second choice is very close to the original version of the constitutive law.

5-PROJECT FOR AN IN PILE INDENTATION CREEP MEASUREMENT

5.1 — Description of the device

The creep component of the fuel material that is activated by irradiation at low temperatures is likely being
underestimated with rising burn-ups. It means that the fuel pellets could less stress the cladding than assumed
thanks to a better strain distribution at the interface. That is why EDF and its partners agreed on the necessity to
conceive an experimental device, which could be operational under irradiation to characterise this creep component.
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A first design of this device was recently issued (Figure 5.1). The principle of the device is based on the differential
thermal expansion between the indenter and the capsule containing the irradiated fuel sample. In order to limit the
fuel thermal gradient, the sample (wafer) is sandwiched between two molybdenum pellets. The fuel temperature is
set to stay low enough (400 to 700 °C) to avoid any thermally activated deformation.

The indenter is sliding through a channel in the upper molybdenum pellet. At room temperature, the indenter stands
on the shoulder of the capsule (Figure 5.1), which is made in Zircaloy-4 (Zy 4), like the cladding. This shoulder
serves to avoid any contact between the indenter and UO, during shipment or during introduction in the irradiation
location. Actually, any fretting before irradiation would falsify the imprint.

The material used for the indenter must have a thermal expansion coefficient twice higher than the Zy4 material
used for the capsule. Stainless steel is proposed for the indenter line. This differential thermal expansion, when the
temperature rises, allows establishing a contact between the indenter and the sample, pushing up the line and
therefore applying the calibrated spring-load on the fuel wafer. A priori, 1 or 2 N are acceptable load-levels
regarding mechanical tests performed out of pile, while the indenter radius can be first estimated around 1 mm. The
heat is produced by the fuel wafer submitted to irradiation in the reactor and also by the gamma deposit coming
from the core surrounding.

This configuration helps to generate imprints on the fuel material. Imprints will be characterised after different
irradiation times to evaluate the rough evolution of the irradiation creep component for a standard set of input
parameters, and the order of the thermal gradients in the fuel material as well.

The filling gas must be adjusted so that the range of temperatures desired can be reached. A priori, non-pressurized
Helium (He) can be chosen for modelling. Argon (Ar) could be added to make the gas more thermally isolating.
Taking into account the out of pile hardness tests performed in ITU, one must account for a large scatter of the
indentation sizes, so that about 10 indentations for each material and each test- duration must be planned. This
imposes the concept to be defined the simplest possible in order to perform a large number of tests as needed.

Modelling foresees a linear behaviour of the creep rate with the fission density. Therefore, in order to obtain
measurable imprints in the shortest times, fission densities must be targeted the highest, as allowed by the remaining
fuel activity.

5.2 — Device dimensioning [47]

Thermal dimensioning of the device has been conducted in order to optimise the design of the device. Calculations
have been performed with the Finite Element Software Code Aster (free download at www.code-aster.org). A two-
dimensional mesh has been set associated to a commands program both allowing working with variable parameters
(figure 5.2). Calculations have been conducted accounting for the gamma heating or not. Figure 5.3, showing the
temperature fields, demonstrates the benefit of the gamma heating to elevate the temperature of the indenter and
then allow its elongation.

Temperatures calculated at the indentation location in the reactor are between 400 to 500 °C. This temperature
range is representative of the fuel rim area.

Low temperature dependence has been observed on irradiation creep of fresh fuel. However, many observations and
characterisations of high burn-up fuel let expect the presence of secondary phases on grain boundaries, which may
be able to change the creep properties at low temperatures. In particular, Caesium Uranates studied ten years ago in
Berton’s PhD-work [48], were demonstrated to have a high creep propensity above a temperature threshold not far
from 400°C. Obviously, the compounds formed at higher burn-up are certainly more complex than those simplified
studied in [48] and temperature threshold could be different. Albeit, a certain temperature activation of irradiation
creep due to the effect these kinds of ‘soft’ grain boundary phases potentially formed at high burn-ups is at all
possible.

Calculations have been performed under the following conditions: 500W/cm Linear heat rating, SW/g gamma
heating, external temperature equals to 40°C and pellet's Burn up equals to 65 MWd/kgU. Starting from these data,
the following modifications have been introduced: Argon have been preferred to Helium as filling gas while
indenter's length is 10 cm. With this design, the proposed device has been proved to be realistic from a theoretical
point of view.

Figure 5.4 illustrates the radial temperature distribution induced by the hole in the upper Mo-pellet for different
axial positions in the fuel pellet. A hot area in the central upper part of the fuel appears clearly on this figure. The
corresponding radial temperature difference reaches 121°C.
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These theoretical results remain very sensitive to gamma-heating as well as solid-solid heat transfer (interstitial
layer between the rod-Mo slices). To confirm these theoretical results, experiments on an instrumented mock-up are
now needed. Further works are in progress including mechanical calculations so as to evaluate the in pile
indentation time necessary to have a measurable imprint. However, especially for high burn-up materials, this needs
for results of high-temperature indentations in order to fit properly the mechanical behaviour laws used for the
calculations. These data is in preparation.

6 - CONCLUSIONS

Nuclear fuel material properties evolution with burn-up is needed to improve the computer code thermo-mechanical
analysis, both for normal operating and accidental transient conditions. Although sensible progress has been made
in the last twenty years in what concerns to thermal properties thanks to new laser flash techniques developed by
UKAEA and then by ITU, the evolution of the fuel mechanical properties is still a problem that remains to be
solved. Difficulties of this measurements are the sharp radial gradient of the properties and the pellet cracking
pattern that make standard compressive or bending tests not applicable, particularly at high burn-ups. Recording
this lack, a wide program has been launched since 1996 between EDF-CEA and ITU to provide new experimental
data via local indentation measurements on irradiated fuel material, including the corresponding mechanical
behaviour laws. The state of the art of this program has been described in this paper.

Thermal creep can be now assessed on irradiated samples, combining an indentation technique from room
temperature to 1200 °C with a 3D numerical indenter used to fit the parameters of the law in order to reproduce the
imprint shape, the load curve, the relaxation curve, or the creep curve. After a large number of technical difficulties
now solved, the technique is already operative.

An alternative acoustic device has been developed in the same period to assess to the elastic properties evolution.
Data has been acquired on many irradiated samples showing a decreasing trend and then a stabilisation. However,
results of this technique disagree at this stage with alternative measurements of the elastic properties of UO, and
doped UO, conducted at ITU by synchrotron powder diffraction under pressure and Knoop indentation techniques.
Influence of the microstructure is a priori attributed to explain the discrepancies. The controversial results are
expected to be definitely clarified on application of the instrumented indentation technique.

Concerning the fission induced component of creep, a simple device has been designed to perform in-pile
indentation tests. These data are foreseen to complement thermal creep data to be obtained out of pile by high-
temperature-indentation of irradiated fuel samples.
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Figure 0.2 — Experimental scheme to assess to the evolution of the fuel mechanical properties with burn-up
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Figure 1.1 : uniaxial strain rate : comparison between numerical simulations and experimental data.
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Figure 1.2 : Comparison between experimental (Square) and theoretical ( present model : continuous curve, former
model : dashed curve) ultimate steady stress at different temperature and different controlled strain rate.
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Young Modulus versus Burn-up
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Fig. 4.2 Example of room-temperature indentation creep test on SS 316 L

Figure 4.3 — Two-dimensional mesh for indentation test’s mechanical simulations.
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Figure 4.4 — Load displacement curve during indentation of a 100 % dense UO, sample (grain size ~6 microns) at

1200°C (constant 30 microns/h displacement rate). Results derived with the constitutive law presented in section 1

(continuous line) are compared to the ones derived with two alternative versions of this model corresponding to a
theta-function equal to 0 (dotted line) or 1 (long dashed).
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Figure 5.3 - Temperature distributions for a power of 50 kW/m without gamma-heating (left) and with 10 W/g
gamma- heating (right)
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proposed design concept (Argon filling gas, Indenter's length = 100 mm)).
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