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Report:

After discussion with the beamline staff, we decided to change the project of this proposal from the “study of
self-irradiation effects on the local structure of (U,Pu)O2 MOx nuclear fuels” to the study of the oxidation effects
on the simulated high burnup MOXx nuclear fuel.

Innovative mixed oxide (MOx) (U,Pu)O.x fuels for both thermal and fast neutron reactors are currently
studiedto developp a more sustainable nuclear fuel cycle. In order to improve and ensure its safety, it is necessary
to have a deep understanding of the properties of the (U,Pu)O..x fuel at every stage of its life even in accidental
scenarios. In this project, we aimed at investigating the behaviour of spent MOXx fuel under heavily oxidizing
condition typical of accidents during interim storage.

Due to fission, for each actinide cation (U, Pu, ...) consumed, two lighter nuclei are formed, called Fission
Products (FP). Most of these elements have largely different chemical behaviour with respect to U or Pu, thus
they change significantly both the thermo-physical and microstructural properties of the pristine fuel during its
lifetime [1]. In order to overcome the limitations associated with the irradiated fuel radiotoxicity, model
materials called “SIMfuel” have been developed. SIMfuels are manufactured with the same process used for
fresh fuel but the material is doped with stable isotopes of radioactive fission products. SIMfuels have therefore
reduced radiotoxicity, and allow to study separately the effects of selected FPs. Traditionally SIMfuel is
fabricated without Pu [2,3], thus its applicability to real irradiated MOx fuel is therefore limited. Contrary to
uranium, plutonium can be present in a reduced state (Pu®*) which has a strong impact on both local oxygen
stoichiometry and local redox equilibrium. The study of Pu-bearing SIMfuel (or SIMMOX) is thus critical for
the understanding of the MOXx fuel behaviour in accidental conditions



For this study, we employ SIMMOXx doped with 11 non-radioactive isotopes of fission products. Those are
divided into three categories based on their behaviour in irradiated fuel, namely: FPs soluble in the oxide matrix,
FPs found in metallic precipitates, and Ba, which has been correlated to the formation of a wide range of oxide
precipitates. To our knowledge, this is the first study on SIMMOX with this large variety of FPs. Samples from
all compositions have been annealed at specific temperatures and atmospheres (oxygen potential) corresponding
to nominal and accidental conditions.

Three batches of SIMMOX samples have been fabricated at CEA Marcoule with the following compositions
(called S, M, and B) given in Table 1 below (g/g %). A fresh MOx with same (Pu+Am)/(U+Pu+Am) of the
SIMMOx samples has been synthesized (REF), in order to have un undoped reference for our study.

Table 1 Mass concentration (g/g%) of each element in the threecompositions studied. The difference from 100%
represents the oxygen content.

Ba Ce La Mo | Nd Pd Rh Ru Sr Y Zr U Pu Am

REF | - - - - - - - - - - - 651 [224 |0.46
S - 0.88 1043 | - 2.10 | - - - 0.11 |0.11 |1.00 [611 |210 |0.42
M 084 1044 |145 (196 /08 |034 149012 |0.10 118 586 |20.2 |0.40

B 0.86 1083 1043 1144 1194|079 |0.34 |147 1012|010 |1.17 |581 |20.0 ]0.40

On each batch, an oxidizing treatement has been performed under flowing air, for a duration of 110 hours, and
a temperature of 583 K.

On a previous experiment (MA 5032), the as-synthesize samples were studied, and part of the results are
available in [4]. In this experiment we analized samples from each of the four composition (REF, S, M, and B)
after the oxidation treatment. The sample naming scheme is straightforward, we wil use the name of the
composition (REF, S, M, or B) and if the sample has been oxidized, “OX” is added ath the end. For example,
sample “M” has a composition M and has not been oxidized, while sample “M-0X"" has composition M and has
been oxidized (-OX).

For each sample, fluorescence and transmission signal have been collected for UL, PuLiy, PuLy, AmLy, YK,
ZrK, MoK, RuK, RhK, PdK, and SrK edges.

First, we collected XANES spectra at the U, Puand Am L, edge in order to assess the effect of the oxidation
treatement on the oxidation state. The EXAFS signal has also been collected at the U Ly and Pu Li—edge to
investigate the effect on the local atomic environment. An example of UL edge XANES and EXAFS spectra
is shown in Erreur ! Source du renvoi introuvable..
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Figure.1 ULy XANES and EXAFS spectra of samples S (blue) and S-OX (red).

We notice a significant shift in the absorption edge towards higher energies, whhich suggests that U is oxidizing.
Furthermore, from the EXAFS analysis, we can notice a strong reduction in the oscillation intensities, which
seems consistent with what observed in [5] for oxidized (U,Am)Oz systems. This could be the effect of the
restructuring of the anionic sublattice due to the oxidation of the actinides.

This interpretation is supported also by the evolution observed at the Sr K-edge presented in Figure 2.
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Figure 2 EXAFS signal (left) and its Fourier Transform (right) of samples S (blue) and S-OX (red), collected at Sr K-
edge.

As shown, the intensity of the oscillation is decreased also for Sr, confirming that the local order around the
cations is reduced following oxidation. These results strongly suggest that the cations local environment shifts
from a highly ordered 8-coordinated fluorite-type, to an environment characterised by higher disorder. The
properties of this new environment are still under investigation.

Similar results can be observed for Pu and Am, and for the other compositions. Notably, we found that Am is
always mainly in 3+ state, even after oxidation treatment. This suggests that Am is always found in its 3+ state
in nuclear fuel, even in accidental conditions.

Nevertheless, the treatment of the data is still ongoing.

As for the analysis of the FP, the XANES of th Mo K-edge and of Ru K-edge is presented in Figure 3.
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Figure 3 XANES collected at the Mo K-edge (left) and Ru K-edge (right) of the composition M and B before and after
thermal treatment.

We can notice a strong evolution of the molybdenum speciation between batch M and B, and between as-
synthesized and oxidized samples. On the other hand, the evolution of Ru speciation seems very small or
negligible.

The analysis and interpretation of the data on the other FPs is still ongoing, and the results are being coupled
with several laboratory and synchrotron techniques such as EPMA, Raman microscopy, and Synchrotron
Powder XRD.

The experiment A20-1857 (March 2023) investigated through HERFD-XANES some of the crucial element of
our samples, such as Ba and Ce, supplying complementary information to this present experiment.

The complete set of the data will be published by the second quarter of 2024.
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