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ABSTRACT : 
 
In order to properly simulate the pellet cladding mechanical interaction (PCMI) in nuclear fuel rods, mainly 
during transient situations, the fuel thermal creep behavior has to be well reproduced. Current simulations are 
based on constitutive laws, fitted on fresh fuels, with an additional term to contemplate the irradiation-induced 
creep. However, the potential influence of the material transmutation on the thermal creep component has never 
been properly investigated, as far as local properties characterization remains tricky on a cracked cylinder. 
Indeed, due to the fuel pellet fragmentation, and to a steep radial gradient as well in the evolution of the physical 
properties during irradiation, local rheological tests are needed. To achieve such challenge, an experimental and 
theoretical program has been launched during the nineties, between TUI and EdF and then within a 
TUI/EdF/CEA collaboration, to assess the local mechanical properties on irradiated fuel pellets, via instrumented 
indentation tests up to 1200 °C. This work is focused on the interpretation (finite element calculations) of such 
local mechanical testing, able to induce large stress and strains in the ceramic material. Since the mechanical 
constitutive laws have been fitted on compressive mechanical tests operated in the range 1000°C-1500°C (fresh 
fuel pellets), they must be extrapolated at a lower temperature range from room temperature to 1000°C, with 
very high loadings at the head of the indenter. Simulations show that under the stress configuration of 
indentation, creep is significantly activated beyond 600°C while inelastic strain is experienced even at room 
temperature on fresh fuel. Temperature effects are similar for displacement rate controlled tests (ranging from 3 
microns/hour to 300 microns/hour). Further, effects of different parameters have been studied (time interval for 
load application, transient behavior, unloading rates) to design future experiments. 
 
 
 
1 - INTRODUCTION 

Computer codes have been developed in order to simulate the fuel rod mechanical behavior, 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 
(UO2 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. The 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. The worst situation is likely to happen when local chemical bounding is starting, all the rest of 
the interface being still in free sliding. 

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 modeling. Compressive tests and three points bending 
tests have allowed developing thermal creep models. Accounting to the transition elastic/viscoplastic threshold 
for usual load level, these tests are performed in the temperature range between 1000°C and 1500°C, when the 
standard class 1 and class 2 operating conditions in the fuel range from 500 to 1500 °C. An additional term is 
provided from in pile experiments conducted in the seventies (reported in literature), in order to simulate 
irradiation component. In these mechanical behavior models, the non-thermal irradiation component is therefore 
dominant under 1000°C. 

Many observations on high burn-up fuel suggest a drastic evolution of the fuel mechanical properties. Two 
dominant mechanisms were identified for fresh fuels: diffusion creep and scattering creep. As soon as irradiation 
proceeds, the material evolves with the transmutation of the fissile species. 
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For such HBS region, observations 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. An increase of the irradiation 
activated creep in case of formation of the HBS (High Burn-up Structure) may explain theses observations. 
Grain sliding process could be expected. Indeed, the efficient gas retention up to a temperature threshold around 
1150°C to 1220°C and the total release of the gas in the pores above this threshold let expect the presence of  
viscous compounds in the sub-grains boundaries, only stable in this temperature range, bellow the temperature 
threshold.  

Therefore, the physical and mechanical properties are logically expected to evolve strongly with burn-up, 
depending upon the local physical and chemical evolution. This has been confirmed first by an extensive 
hardness program performed by Jose SPINO and his collaborators in TUI during the nineties (see, for instance, 
[5,6]). However, hardness tests are not providing enough information for modeling development. This has led 
TUI and EDF to join their efforts to launch in 1996 the design and the construction of a micro indenter device, 
able to operate from room temperature up to 1200 °C in a controlled atmosphere [7]. This device is expected to 
perform rate controlled loading tests, creep tests as well as relaxation tests. These tests are then simulated with a 
numerical indenter developed ten years ago by Nicolas TARDIEU in his PhD work [4]. The numerical indenter 
is provided with a predefined constitutive law, which parameters are fitted by minimization of a cost function, in 
order to retrieve the experimental data. 

Several phases have been scheduled in this project: 

1- validation of the technique on different materials, and then on fresh fuel in order to retrieve with the 
micro indenter the constitutive law parameters’ fitting obtained on standard mechanical tests, 

2- porosity effect on fresh fuels, 

3- use of  SIMFUEL samples for the dissolved fission product effect and the precipitates effect, 

4- use of ions implanted samples for the irradiation damage effect, 

5- global effect of burn-up with irradiated fuel samples. 

The final objective is to modify the constitutive law developed on fresh fuel in order to account for the evolution 
with burn-up.  We present here computation works performed within the first phase. 
 
 
2 - NUMERICAL INDENTOR 

2.1  - Fuel constitutive Law 

 
We have developed in the last five years a fuel constitutive law available for UO2 fuel [1], [2], and fitted on a 
large set of mechanical testing performed on fresh fuel material: compressive tests and three points bending tests. 
This law accounts for two strain mechanisms: diffusion creep and scattering creep. Indeed, the acquired database 
on fresh fuel has demonstrated these two mechanisms to be predominant in the material flow. The studied media 
is assumed porous, porosity having an important role in the material deformation. With such assumptions, we 
propose for each mechanism the following thermo-dynamical potential. 
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f denotes the relative porosity volume. The equivalent stress is given by : 
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Each thermo-dynamical potential is composed of two components, the first one corresponds to dilatations while 
the second one induces shear strains. 
Coupling of the two strain mechanisms is provided through a θ function depending only upon temperature and 
stress, according to the Frost and Ashby [3] diagram. Finally we have obtained for the overall model the 
following set of equations: 
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2.2  -  Finite element modeling of the indentation test 

In order to reduce the three-dimensional problem to a bi-dimensional (axi-symmetrical) problem, the indenter is 
assumed having a conical shape (see Ref. [4]). The corresponding two-dimensional mesh is optimized to save 
computing times, mainly refined at the indenter extremity. Linear elements with axi-symetric conditions have 
been adopted.  Height microns sized 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 revolution axis. 
A similar condition is imposed to the right limit of the mesh while its bottom is fixed vertically. Contact 
conditions are handled using a Lagrange’s multipliers. 

The constitutive law presented above was recently introduced in the Finite Element Code_Aster 
(http://www.code-aster.org), with an implicit integration to reduce computing times. Finite strains of the UO2 
sample are described using the code_ASTER large displacements process. Simulating the indenter’s mechanical 
behavior, a rigid elastic constitutive law is adopted. The average fuel grain size is assumed to be 8 microns. A nil 
porosity is considered hereafter but this assumption would not change significantly next results. 
 

2.3  - First calculation results 
From room temperature to 1200°C, we have simulated the response of a UO2 sample. This sample is indented up 
to 30 microns (constant 30 microns/h displacement rate) and then unloaded. The simulated load-displacement 
curve is reported on Figure 1. As expected the load increases for a decreasing temperature and tends to a purely 
elastic response (at room temperature). It is worth emphasizing that the curve corresponding to 600°C remains 
far from the purely elastic response, and clearly displays a significant residual (visco-plastic) strain. According to 
these calculations, indentation tests should allow to experience visco-plastic strains beyond 600°C. 
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Figure 1: temperature effect Figure 2: constitutive law effect 

 

At room temperature, the elastic response is overestimated: for a displacement up to 3.07 microns, the load 
reaches 4 N while experimental results are: 3.07 microns for a load of 1.96N (experimental data provided by J. 
Spino). Moreover, the residual strain predicted by this calculation is null1. From that point of view, our 
simulation won't fit experimental ones. However, it’s worth emphasizing, that our prediction of visco-plastic 
strain at room temperature is based on an extrapolation of the proposed visco-plastic model fitted at a much 
higher temperature (above 1200°C). A bad extrapolation may explain why our simulation doesn't predict a 
residual strain at room temperature. 
 
At 1200°C, UO2 sample (grain size equals to 6 microns) is indented up to 30 microns (constant 30 microns/h 
displacement rate) and then, unloaded. The simulated displacement-load curve is reported on Figure 2 
(continuous line). We have reported on the same Figure two alternative versions of fuel’s constitutive law. These 
two versions correspond to a θ-function equal to 0 (dotted line) or 1 (long dashed), which correspond to low or 
high creep-stress regimes, respectively (see section 2.1). Actually, high values of the stresses in the plastic zone 
are experienced during indentation. As a result, the theta-function is close to 1 throughout this region. That's the 
reason why, the second choice is very close to the original version of the constitutive law. We also reported on 
the same figure the purely elastic response (grey continuous curve). This result appears to be very close to the 
one corresponding to a nil theta function. This last comparison shows that no creep is experienced in that case. 

 
 
3 - DESIGN OF FUTUR EXPERIENCES ON FRESH FUEL 
 
For the case of a creep loading, we have also investigated the effects of the temperature. Corresponding results 
are reported on figures 3 and 4, respectively. These results are consistent with previous ones. At 550°C, the 
displacement remains lower than 7 microns after 3 hours, while it reaches 30 microns at 1200°C within the same 
period. These calculations predict a quasi-elastic response at 550°C. As for controlled displacement rate tests, the 
theta-function is close to 1 (see Figure 4). 
 

                                                 
1 Similar results are derived with a porosity up to 5%. 
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Figure 3: temperature effects (creep test) Figure 4 : constitutive law effects (creep test) 

Alternatively, we have also studied the effect of the time interval for load application (TIFLA). The shortest 
experimental TIFLA is about 1 second.  

  
Figure 5: loading rate effects (creep test) Figure 6 : time-displacement (mm) curves derived with 

different time interval for load application (creep test). 
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Displacement-load curves for various TIFLA are reported on Figure 5 and 6 (these time intervals range from 
0,1s to 10s, approximately, the final load equals to 10 N). Elastic response is also reported on Figure 5. Clearly, 
the simulated responses are not elastic. However, the final effect of TIFLA on the time-displacement curve 
remains tiny (see Figure 6) while the load (10 N) is high. At 1200°C, the effect of load has been simulated on 
Figure 7. As expected, the displacement decreases for a decreasing applied load. 

 

 

Figure 7: time-displacement (mm) curves derived with 
different loads (1N to 10N, creep test). 

Figure 8 : unloading rate effects on the load 
displacement response (1200°C). 

We have also studied the effect of unloading rate on the load-displacement response. On Figure 8 are depicted 
the load displacement curves for different unloading rates (from 0,0066N/s to 0,66 N/s, 1200°C). The slopes of 
the unloading curves become negative whatever the unloading rates may be. These results clearly demonstrate 
that creep effects can’t be neglected during unloading. Future experiments are needed to confirm this point. 
 
 
CONCLUSIONS 
 
In order to properly simulate the pellet cladding mechanical interaction (PCMI) in nuclear fuel rods, mainly 
during transient situations, the fuel thermal creep behavior has to be well reproduced. Current simulations are 
based on constitutive laws fitted on fresh fuels, with an additional term to contemplate the irradiation-induced 
creep. However, the potential influence of the material transmutation on the thermal creep component has never 
been properly investigated, as far as local properties characterization remains tricky on a cracked cylinder. In the 
present study, we propose a specific methodology for material properties assessment. Indeed, due to pellet 
fragmentation, and to an important radial gradient as well in the evolution of the physical properties during 
irradiation, local rheological tests are needed. To achieve such challenge, an experimental and theoretical 
program has been launched during the nineties, between TUI and EdF and then within a TUI/EdF/CEA 
collaboration, to assess to the local mechanical properties on irradiated fuel pellets, via instrumented indentation 
tests up to 1200 °C. 
In a first phase (qualification phase), finite Element design calculations have been performed on fresh fuel, 
including indentation creep tests at different temperatures (ranging from room temperature to 1200°C) and 
different loads (ranging from 1 Newton (N) to 10 N). Main numerical results are: 

- in disagreement with experimental results, our simulations at room temperature do not predict residual 
strains. A bad extrapolation may explained why our simulation doesn't predict a residual strain at room 
temperature; 
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- significant inelastic strain are predicted by calculations above 600°C. Next comparisons with 
experiments should be studied at a temperature less far from the range of identification of the 
constitutive law (around 600°C for instance); 

- to design future experiments, effects of different parameters have been studied (time interval for load 
application, …). Creep effects during unloading may be experienced on UO2. 

Next stage should consist in comparing these numerical results to future experiments on UO2 fresh fuel around 
600°C. 
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