Pre- and post-oxidation Raman analysis of (U, Ce)O: oxides
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ABSTRACT

A pre- and post-oxidation detailed Raman analysis has been carried out on a variety of (U, Ce,)Oo.
xoxides (y=0.01, 0.03, 0.10, 0.15, 0.40). The changes undergone in the Raman spectrum of UO, as
a function of Ce incorporation have been examined, thus extracting valuable information on the
structural features and changes of these solid solutions, including the presence of vacancies in the
cations’ surroundings. Comparison of the results extracted from the post-oxidation analyses of Ce-
containing samples with those obtained for pure UO: confirms that a Ce content as low as 1 mol%
leads to a protective effect on the dioxide matrix against oxidation and that, under identical

conditions, the oxidation process is slowed down as Ce concentration increases.
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1. INTRODUCTION

Uranium-cerium mixed oxides deserve special attention when addressing the stability of uranium-
based spent nuclear fuel. This is not only because Ce is one of the fission products that is present in
greater proportion in this type of fuel,! but also because of the frequent use of CeO: to simulate

highly radioactive PuOs in the MOX fuel >

CeO2 and UO:> have similar structural properties, presenting both fluorite-type cubic ordering,
which promotes the formation of solid solutions when combined.>> In such (U, Ce)O, mixed
oxides, charge transfer between U*" and Ce*" ions has been widely reported.!*® While uranium
tends to oxidise (up to U™ and U®"), cerium tends to reduce to its lower oxidation state (Ce**). The
proportion of each chemical state of U and Ce in a given (U, Ce)O; oxide is strongly dependent on
Ce content, as observed by Bera et al. in their detailed XPS analysis.! These authors suggested that
reduction from Ce*" to Ce®" results in the creation of defects, specifically in the form of stable

oxygen vacancies.

To understand the oxidation behaviour of (U, Ce)O; and to explain how the chemical states of U
and Ce evolve during this reaction, a couple of studies have been carried out at high temperatures (>
500°C), mainly focused on X-ray diffraction data.>* In these studies, an oxidation hindering effect
has been observed as Ce content increases. For instance, in both cases,>* for y < 0.4 -in (U
,Cey)O2:— oxidation of the solid solutions leads to a mixture of an orthorhombic M3Og phase
(M=U,Ce) and a cubic M4O9 or MO»+, phase, while for y > 0.4 M3Os is no longer observed. In
addition, Kumar ef al.* detected the sole presence of Ce*" ions in the oxidised samples, what might

indicate that the initially existing oxygen vacancies disappear before uranium oxidation begins.

Despite the valuable information that could be extracted from Raman spectroscopy, especially with
regard to the monitoring of oxygen vacancies observed on other mixed oxides,'*!* there is only one
study that applies this technique to acquire a better understanding of uranium-cerium dioxides.'®

Furthermore, there is no account of Raman analyses on their oxidation products. Therefore, this



paper presents for the first time a thorough Raman characterisation of a variety of (U, Ce)O2 oxides,
paying special attention to the evolution of the UO> Raman spectrum as Ce content increases, with
the aim of understanding the changes occurring due to the incorporation of Ce. In addition, a post-
oxidation Raman analysis is also addressed, in particular by comparing the spectra corresponding to
the different oxidised samples to show the sensitivity of this technique to detect the influence of Ce

concentration on the oxidation of mixed dioxides.



2. EXPERIMENTAL

Sample preparation

The starting UO; and CeO> powders, both with an average particle size of ~15 um, were provided
by ENUSA and Alfa Aesar, respectively. These materials were mixed in the intended proportions,
together with 3% w/w of EBS (Ethyl Bis Stearamide, supplied by Tokyo Chemical Industry Co.) as
binder and lubricant,'® using low-energy ball milling. Following a conventional metallurgical
procedure, the mixtures obtained were subjected to uniaxial pressing at 700 MPa. Subsequently, a
heating process under a N»-4.7%H flow —in order to avoid UO; oxidation— was conducted on all
the pre-sintered pellets, applying four consecutive steps: three isotherms at 100°C (2h), 300°C (4h)
and 500°C (4h) for calcination of the incorporated EBS, followed by the sintering isotherm at
1600°C for 4 hours. The binder proportion used, applied pressure and sintering cycle were
established elsewhere!” and adapted to this study. Polishing and thermal annealing were then carried
out, which consisted in a 10 minutes treatment at 1520°C (95% of the sintering temperature) under
the same N»>-4.7%H> atmosphere. As a result, a series of (Uj.,Ce,)O2.. homogeneous solid solutions,
with y = 0.01, 0.03, 0.10, 0.15 and 0.40, were obtained. It should be noted that the formula (U,
Ce)O2.x will be hereafter used with the aim of pointing out the presence of oxygen vacancies
detected in these mixed oxides. The undoped UO, disk used as a reference was also supplied by

ENUSA, while pure CeO; characterised for extrapolation was previously fabricated following the

procedure reported in Ref. 17.

Oxidation procedure

The oxidation of the UO, and (U, Ce)O>.r samples was performed by a Linkam THMS600
temperature controlled stage. The mechanical design and electronics of the Linkam stage provided
precise control and stability of the temperature better than 0.2 degrees. A 10°C/min heating ramp

was applied to reach the isothermal temperature, 350°C, which was then maintained for 3 hours. A



dry air flow was supplied throughout the process. Cooling was subsequently conducted with the

help of the in-house refrigeration system.

Characterisation techniques

X-ray diffraction measurements on the mixed oxides were carried out by a Bruker D8 Advance Eco
diffractometer, using Cu Ko radiation (A = 1.54056 A) and operating at 40 kV and 25 mA. The
Bragg-Brentano configuration geometry was used.

Raman spectroscopy analyses were performed with a Horiba LabRAM HR Evolution spectrometer.
All spectra were acquired at an excitation wavelength of 632.8 nm provided by a He-Ne laser. The
scattered radiation was then collected in backscattering geometry, dispersed using a 600
grooves/mm holographic grating and recorded using a CCD detector (256 x 1024 pixels), obtaining
a ~1 cm’/pixel spatial resolution and a spectral resolution of better than 3 cm™. The obtained
spectra were calibrated with the emission lines of a Ne lamp. The scattered radiation was collected
through a 100x objective for characterisation of the pre-oxidation samples, while a 50x long focal
distance objective was used to probe the oxidised samples in order to average the signal and to
minimise the effect of the surface irregularities formed during oxidation. In all cases, the excitation

power was minimised to avoid alteration of the samples.



3. RESULTS AND DISCUSSION

Pre-oxidation characterisation

Prior to oxidation, a systematic X-ray diffraction and Raman characterisation of all samples was
performed. Figure 1 shows the values of the lattice parameters measured for the undoped UO> disk
and the sintered (U;,Ce))O2.x oxides (0.01 < y < 0.40), assuming that the cubic structure of UO>
prevails. The estimated lattice parameter value for pure CeO,, which is consistent with literature

values,'® has also been included.
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Fig. 1. Lattice parameter values estimated for pure UO; and the sintered (U.,Ce,)Os., oxides, with 0.01 <y <
0.40. The lattice parameter value obtained for pure CeO; is also included.

A steady contraction of the lattice parameter is observed as Ce content increases (dashed line and
equation inserted in Figure 1), as is expected from the partial substitution of U*" ions by the smaller
Ce*" ions.!” However, these data do not follow Vegard’s law, as they do not fall on a straight line
between the pure UO, and CeO; values (dotted line in Figure 1). Some of the earlier studies on (U,
Ce)O2 oxides were in good agreement with Vegard’s law!®?® and attributed such behaviour to a

near-stoichiometric state of their oxides.?® In our case, an increasing deviation towards higher lattice



parameter values, with regard to those predicted by Vegard’s law, is observed as a function of Ce
content. This would therefore imply that formation of stable oxygen vacancies had occurred in our
samples, most likely related to an increasing presence of Ce*" ions! (presenting larger atomic radii

than Ce*" ions?'), leading to an expansion of the lattice (e.g. ~0.4 % for 40 mol% of Ce).*

Results of Raman characterisation are shown in Figure 2. Each spectrum actually consists of the
average of 10 spectra acquired on different spots of the corresponding dioxide surface, with the aim
of both confirming the samples homogeneity and enhancing the signal-to-noise ratio of the final
spectra. In general terms, the UO, Raman spectrum presents its two well-reported main features at
~445 cm™ (T2g mode) and ~1150 cm™ (2LO phonon overtone).??* As for the Ce-containing
samples, a remarkable additional feature is observed around 500-600 cm!, which continuously
increases in intensity with increasing Ce content. Indeed, this feature grows in such a way that it
even exceeds the intensity of the other bands at high doping concentrations. The Raman spectrum of

pure CeOa, on the other hand, shows the expected single T2, mode at 465 cm™ 2
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Fig. 2. Raman spectra of pure UO, and CeO; and the sintered (U1.,Ce,)O,.. oxides, with 0.01 <y <0.40.



In order to better examine the spectra evolution as a function of Ce incorporation within the UO>
fluorite-like structure, a detailed peak-profile analysis was conducted making use of Lorentzian
bandshapes. Figure 3 shows the UO; and (U, Ce)O,.. Raman spectra with the different contributions
extracted from their corresponding profile fitting. The resulting fitted profiles are also shown for

comparison purposes.
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Fig. 3. Profile analysis of the different (U,.,Ce,)O-.. Raman spectra (0 <y < 0.4).

In the case of pure UO,, apart from the Tog and 2LO characteristic bands, two weak bands are
observed at ~575 cm™ and ~620 cm™ (see Figure 3a), which are usually associated with lattice
defects.?®?° In particular, some studies have assigned a band at ~575 cm™! to the LO mode and its
observation has been related to a breakdown in the selection rules due to lattice distortions.?”-*3
Likewise, a band around 620-630 cm™ has often been attributed to oxidation, more precisely to
cuboctahedral clusters formation due to further oxidation to U409.27° The appearance of the latter
features in the UO> spectrum might thus indicate that a minor surface oxidation affects slightly the

lattice ordering. In accordance with the experimental equations published elsewhere,?’ the oxidation

degree of such hyperstoichiometric UO2+. would roughly correspond to x ~ 0.07.

Raman spectra shown in Figures 3b-3f correspond to Ce-containing samples and present five bands.
In addition to T2, LO and 2LO peaks, two features are observed around 535 cm™ and 1070 cm’!;
but in this case the ~620 cm’! band is not observed, thus indicating that not even surface oxidation

has been produced.

A single-peak contribution is noticed for the T2, band of all the mixed oxides, what ascertains that it
follows a one-mode vibration model, as expected for heavy metal dioxides mixtures.>!*> The
variation of this band position with Ce content has been quantitatively analysed in Figure 4 and

compared to the expected values (dotted line in Figure 4), which have been calculated taking into



account the influence on the T2, Raman shift of the changes produced in both the reduced mass and
force constant by Ce incorporation. The force constant dependency on the interatomic distance has
been modelled using the Guggenheimer model as described by Jules and Lombardi.’®> As can be
seen, a small upshift is detected, just ~3 cm™ up to (Uo.c0Ce0.40)O2- instead of the slightly larger
move that should be observed if assuming a one-mode behaviour, where the T2 band would upshift
on a proportional basis as Ce concentration increases, from pure UO; to CeO: corresponding
wavenumbers.>* For instance, this is what occurs in the case of (U,Pu)O,: the T2 band, which
presents one-mode vibration behaviour,*>3® shifts towards higher wavenumbers between its position
in UO; and that in PuO; as a function of Pu content.3”*® The observed small upshift for (U,Ce)O2
oxides was already noticed by Ravindran and Krishnan,'> who reported it to be “only of the order of
5 cm™ over 80 at.% substitution of cerium”. These authors did not provide any explanation, but
claimed that the contrast observed with regard to (U, Pu)O: indicates a quite different effect of Pu
and Ce on UO>. We suggest that the contribution of Ce*"-O bonds, which are shorter'® and hence
stiffer than U-O bonds in the fluorite-like structure, is partially balanced with the weakness
produced by the presence of stable oxygen vacancies in the surroundings of Ce*" atoms, as also

deduced from the X-ray diffraction analysis.
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Fig. 4. T, band position of the characterised (U;.,Ce,)O, oxides as a function of Ce content (0.01 <y <
0.4). The corresponding values obtained for pure UO, and CeO; are also included. The dotted line represents
the expected values according to changes in both force constants (interatomic distance) and reduced mass.



Furthermore, since various studies have associated a peak observed around 530-540 cm™ with the
presence of oxygen vacancies,'%!#?8 the occurrence of a band at ~535 cm™ in the mixed oxides
spectra (Figures 3b-3f) would confirm the reported presence of Ce** ions that lead to creation of
stable oxygen vacancies.! On the other hand, to the best of our knowledge, no mention to the band
found at ~1070 cm™' has been made in the literature before. Indeed, these two new bands in the
spectra of Ce-containing samples seem to continuously grow with the increase in Ce content,
especially the one at ~535 cm!, which corroborates the increasing presence of Ce** atoms that lead
to a growing amount of oxygen vacancies. Such evolution has been quantitatively estimated by
analysing, as a function of Ce content, the area ratio of both bands with respect to that of the Tag
band (As535/Are and Aj070/Arse). As can be seen in Figure 5, the two bands experiment a linear

growth with the increase in Ce content.
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Fig. 5. Evolution with Ce content of the normalised area, with respect to the T,, band, of the ~535 cm™! and
~1070 cm! bands.

This parallel behaviour, as well as the fact that the wavenumber value of the ~1070 cm™ band is
precisely twice the one corresponding to the ~535 cm™! band, suggest that the ~1070 cm™ band is

actually the first overtone of the latter band. Moreover, the following additional information can be



inferred from the observed proportional relation between these two bands: none of them
corresponds to a resonance Raman band and both are symmetry-allowed in the same manner, in

contrast to the case of the LO band and its 2LO overtone in the Raman spectrum of UO».?’
Post-oxidation characterisation

After the air oxidation treatment, which consisted in the 10°C/min heating ramp and the subsequent
three hours isotherm at 350°C, a detailed Raman spectroscopy analysis was performed on all the

oxidised (U;,Cey)O2.x specimens (0 < y < 0.40) in order to examine the influence of Ce content in

the dioxide oxidation.

Except for pure UO,, where complete oxidation to U3zOg was detected in various zones of the
sample surface as shown in Figure 6, the intermediate M4Oo phase (M=U,Ce) was found to stabilise
in all cases.’® This is reflected in Figure 7, which gathers the spectra acquired for the different
uranium-cerium mixed oxides, as well as for UO> on the zones that had not been completely turned
into U3Og (light areas in Figure 6a). Again, each Raman spectrum consists of the sum of ~10 similar
spectra obtained on distinct spots of the corresponding dioxide surface. The various contributions
extracted from the peak-profile analysis of these Raman spectra over the 350-750 cm™! range are

included.
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Fig. 6. a) Optical image of the oxidised UO, sample surface. b) Typical Raman spectrum of U;Qg,>**
acquired on the dark shiny areas in a).
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Fig. 7. Raman spectra corresponding to the oxidised (U;.,Ce,)O,., samples (0 < y < 0.4). Lorentzian peaks
obtained from their profile analysis are also plotted.

In this way, each oxide features the same five bands over the studied range. The three peaks
observed at ~435, ~460 and ~495 cm™! might correspond to the splitting of the triply degenerate Tz,
band due to symmetry loss, as occurs when it is transformed to the orthorhombic U3Os phase.>**
The other peaks located at ~605 and ~635 cm™ seem to be the LO and oxidation-related bands,
accordingly, although now considerably shifted with respect to their pre-oxidation positions.

Indeed, Desgranges et al. observed in U4O9 a similar broad band centred on ~630 cm™ which they

associated with oxidation.>®

Therefore, an oxidation degree comparison of the treated (U, Ce)O,.x oxides was carried out by
analysing the area ratio of the ~635 cm™! band with respect to that of the T2, band (4s35/47) in each
case. The ~460 cm™! peak was taken as a reference of T, for the analysis, since it is the most
representative among the triplet if considering a single broad T»¢ band. As can be seen in Figure 8a,
the latter area ratio decreases in general terms as a function of Ce content, suggesting the detection
of higher oxidation degrees on U-richer samples. For greater reliability, the T2z band shift

undergone by every oxide, with regard to its corresponding pre-oxidation position, was also



examined. This method allows us to extract the oxidation contribution, as previously performed on

heat treated (U, Pu)O, oxides.*® Figure 8b shows how the studied shift is continuously smaller, and

thus the oxidation degree lower, as Ce concentration increases, in good agreement with the results

obtained from the preceding analysis.
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Fig. 8. a) Evolution of the normalised area —with respect to T, band— of the ~630 cm! oxidation-related
peak and b) T, band shift due to oxidation, as a function of Ce content.

The latter tendency, observed by the sole means of Raman spectroscopy in this work, is in line with

the previously noticed hindering effect on (U, Ce)O- oxidation caused by the increasing presence of

Ce,> what might be attributed to a diminished oxygen mobility in the contracted lattice. In

addition, unlike UO,, Ce-containing dioxides presented no trace of further oxidation to M3Ogs; not

even the one with only 1 mol% substituted. Thus, these Raman results also confirm that the

presence of Ce within the UO> lattice helps to preserve the dioxide integrity longer, i.e. to resist the

formation of M30s.>> A similar effect due to the presence of Pu within the UO; fluorite structure

has been recently noted,*® pointing out the comparable overall behaviour of (U, Ce)O, and (U,

Pu)O; against oxidation.



4. CONCLUSIONS

Pre- and post-oxidation Raman characterisation has been conducted on various (Ui.,Ce,)O>.x oxides,
with y = 0.01, 0.03, 0.10, 0.15, 0.40, in order to attain a better understanding of the structural
features of these uranium-cerium mixed dioxides.

In this way, previous to oxidation, the evolution of UO, Raman spectrum as a function of Ce
incorporation has been examined. The linear increase with Ce content of the band related to
vacancies, located at ~535 cm™!, confirms the previously reported presence of Ce*" ions. Besides, a
new band found at ~1070 cm™ has been proposed as the first overtone of the latter band, since it
follows the same growing behaviour with Ce content. The T2 band position has also been studied
as a function of Ce concentration, showing a smaller upshift than that expected; a fact that can be
interpreted as an evidence of the vacancies influence in the corresponding cations surroundings.
With regard to the oxidised samples analysis, it has been observed that the oxidation degree attained
is less significant as Ce concentration increases, what sustains the protective effect of Ce.
Furthermore, comparison with pure UO: indicates that even 1 mol% Ce doping is sufficient to
induce a hindering effect on the dioxide matrix oxidation, resisting M3Og formation and stabilising
the M4Oy phase on the time scale studied.

Thus, it can be concluded that (U, Ce)O> behaves, in general terms, like (U, Pu)O,, at least with
regard to the delay it provokes on the dioxide matrix oxidation. Nevertheless, care should be taken
when comparing them at a local level, since our Raman spectroscopy analysis reveals that the
structure of these two materials is not exactly similar. This raises the question as to whether it is

certainly adequate to use (U, Ce)O» as a surrogate for MOX fuel in research studies.
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