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Para ellas...

Ametsik gabeko bizitza, izarrik gabeko gaua.






Nothing in lifeisto be feared, it is only to be understood.

Now is the time to understand more, so that we may fear less.

Marie Sktodowska Curie

Look up at the stars and not down at your feet. Try to make sense of what

you see, and wonder about what makes the universe exist. Be curious.

Stephen Hawking
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Summary

The present thesis, entitled “Raman spectroscopyersatile tool in the
multianalytical characterisation of nuclear fualtnsists of four main blocks.
The first part concerns the background informatemd the consequent
introduction to the issue under discussion, emgirasithe objectives to be
fulfilled. The second part is devoted to the metiiogy followed throughout
the different enclosed studies, in particular wiard to the employment of
the Raman spectroscopy technique. Then, the thirt gorresponds to the
core results obtained and the fourth one to theathveonclusions drawn from
these outcomes.

The oxidation of uranium dioxide (U a nuclear fuel used in the
majority of nuclear plants in operation across wWerld, has always raised
great interest. This is due to the potential righat such process might
provoke in the event of the presence of any untededefect in the fuel
elements or of a complete shielding failure durityy storage after being
irradiated in the reactor. If this occurred under iditerim storage conditions,
as in the case of the planned Spanish ATC, theacoof atmospheric oxygen
with the spent nuclear fuel (SNF), which presentarge physicochemical
complexity and high radiotoxicity, might induce tlaidation of the U@
matrix up to WOs. The latter phenomenon is facilitated by the dffafcthe
high temperature aroused from the SNF radioacteayg heat. Given that the
conversion to EOg entails a volume increase of ~36%, SNF integriys|
(pulverisation) might take place, hindering its uiw retrieval and
management, either with the aim of reprocessingSINE or refurbishing it
for its final disposal in geological formations.

In spite of the wide variety of studies that haw®i carried out in this
regard, a more specific characterisation of thdediht uranium oxides
involved in UQ oxidation is still necessary, for the purpose afngg a
better understanding of the structural and cheneegalution of the system.
Moreover, it is important to know how the presemfethose transuranic
elements (Pu, Am...) embedded in the SNF matrix, wvhie formed in small
proportions during fission in the nuclear reactoay affect such reaction.

Hence, this work presents various advances in tiadysis of the SNF
matrix and its oxidation as a function of distif@attors (namely temperature
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and the presence of transuranic elements), malsagiiRaman spectroscopy
as the primary characterisation technique. Spedific the main studies
performed and the general results attained frormtban be summarised as
follows: 1) Analysis of the influence of oxygen orporation into UQ,
obtaining an oxidation degree estimation methodtlier hyperstoichiometry
range; 2) Application of the previous method forsitu tracking the early-
stage oxidation of U@ considering the additional effect of temperat8¥;
Development of a laser heating method for the pep®f in sSitu
characterising the oxidation reaction of J@&nhd simultaneously estimating
the temperature at which the different oxidatiomdurcts are formed; 4)
Evaluation of the temperature effect, under anaxmosphere, on the Raman
spectrum of U@ 5) Analysis of the effect caused by Pu incorgorainto
UO,, especially with regard to its influence on thexed dioxide oxidation;
and 6) Analysis of the effect caused by Ce incapon into UQ, especially
with regard to its influence on the mixed dioxid€dation, as well as the
assessment of (U, Ce)@s an appropriate surrogate for (U, Pu)O

As a matter of fact, it is evident from the obtair@utcomes that Raman
spectroscopy can be regarded as a useful and ileetsal for analysing the
SNF condition and its stability against oxidationdar dry interim storage
conditions. This becomes a key point for properiyg aafely refurbishing the
SNF after its future retrieval from the temporartyprage, either for its
reprocessing or its final deep geological disposal.

viii



Resumen

La presente tesis, titulada “Espectroscopia Ramara herramienta
versatil en la caracterizacion multianalitica dahbustible nuclear”, consiste
de cuatro bloques principales. La primera partecieone los antecedentes y
la consecuente introduccion al tema en discusidfatieando los objetivos a
cumplir. La segunda parte esta dedicada a la miegidoseguida a lo largo
de los distintos estudios incluidos, en particelalo que se refiere al empleo
de la técnica de espectroscopia Raman. Asi, larteparte corresponde a los
resultados fundamentales obtenidos y la cuarta adaclusiones generales
deducidas de ellos.

La oxidacion del dioxido de uranio (JQcombustible nuclear usado en la
mayoria de centrales nucleares en operacion enueden ha suscitado
siempre gran interés. Esto es debido a los pofesciéesgos que dicho
proceso podria provocar si llegara a producirsearda su almacenamiento
una vez irradiado en el reactor, la presencia ddafecto desapercibido en
los elementos combustibles o un fallo de barreesahtencion. Si esto
ocurriera en condiciones de almacenamiento temmorateco, como en el
caso del planeado ATC espairiol, el contacto deleaxigatmosférico con el
combustible irradiado (Cl), el cual presenta unangcomplejidad fisico-
quimica y alta radiotoxicidad, podria inducir aokidacion de la matriz de
UO, hasta YOg. Este fendmeno se ve facilitado por el efecto alalta
temperatura generada por el calor residual, premémidel decaimiento
radiactivo del Cl. Dado que esta conversions@dtonlleva un aumento del
~36% en volumen, podria llegar a ocurrir la pérdida integridad
(pulverizacion) del ClI, dificultando su futura reemacion y gestion, tanto
con el fin de reprocesarlo como de su acondicioearmi para un
almacenamiento definitivo en formaciones geolégicas

A pesar de la gran variedad de estudios llevadasibm, aun resulta
necesaria una caracterizacion mas especifica absimstos 6xidos de uranio
gue toman parte en la oxidacion del 1J6on el objetivo de lograr una mejor
comprension de la evolucion estructural y quimiebsistema. Asimismo, es
importante conocer cémo puede afectar a dicha iteada presencia de
elementos transuranicos (Pu, Am...) incorporadosaematriz del ClI, los
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cuales se forman en pequefias proporciones durarfieidn en el reactor
nuclear.

Por ello, este trabajo presenta diversos avance$ amilisis de la matriz
del Cl y de su oxidacion en funcién de distintostdees (principalmente
temperatura y presencia de elementos transuranibasjendo uso de la
espectroscopia Raman como técnica principal detesizacion. En concreto,
los diferentes estudios realizados y los resultagoerales logrados a partir
de éstos se resumen a continuacion: 1) Andlisidadefluencia de la
incorporacién de oxigeno en el k@bteniendo un método de estimacién del
grado de oxidacion en el rango de hiperestequidane?) Aplicacion del
método anterior para seguin situ la oxidacion preliminar del UQ
considerando el efecto adicional de la tempera@)r&esarrollo del método
de calentamiento por laser con el fin de cara@eiriz situ la reaccion de
oxidacion del U@ y estimar simultdneamente la temperatura a la sgue
forman los distintos productos de oxidacion; 4) |[kaeion del efecto de la
temperatura, bajo atmésfera andxica, en el espé&taman del UQ 5)
Andlisis del efecto causado por la incorporacion Rle en el U@ en
particular con respecto a su influencia en la ai@adel diéxido mixto; y 6)
Andlisis del efecto causado por la incorporacién Gk en el U@ en
particular con respecto a su influencia en la aiitadel dioxido mixto, asi
como la evaluacion del (U, Cej@omo analogo adecuado para el (U, Bu)O

De esta forma, a partir de los resultados obteniésglta evidente que la
espectroscopia Raman puede considerarse una hamtanitil y versatil a la
hora de analizar el estado del combustible nuglesar estabilidad frente a la
oxidacion en condiciones de almacenamiento temparadeco. Este hecho
constituye un punto clave para poder acondiciopespadamente y de forma
segura el ClI tras su futura recuperacion de didima@en temporal, tanto a
efectos de reprocesarlo como de depositarlo de afodefinitiva en el
almacenamiento geolégico profundo.



List of main abbreviations

ATC
BSE
CCD
CEA
CF
CTD
DLS
EBS
EDS
fcc
FP
GCR
HLW
IR
JRC
LWR
MOX
NA
ND
SE
SEM
SNF
uv
XAS
XRD

Spanish centralised temporary storage
BackScattered-Electron detector
Charge-Coupled Device

French atomic energy commission
Crystal Field

Charge Transfer Device

Dynamic Light Scattering

Ethyl Bis Stearamide

Energy Dispersive X-ray Spectroscopy
Face Centred Cubic

Fission Products

Gas Cooled Reactor

High Level Waste

Infrared

Joint Research Centre

Light Water Reactor

Mixed OXide fuel

Numerical Aperture

Neutral Density
Secondary-Electron detector
Scanning Electron Microscopy
Spent Nuclear Fuel

UltraViolet

X-ray Absorption Spectroscopy
X-Ray Diffraction
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After Hiroshima and Nagasaki bombings in 1945, fémer towards nuclear
energy started to spread amongst the populatiomesaecades later, due to
nuclear disasters such as the ones occurred in éhvile Island (1979),
Chernobyl (1986) and, especially, Fukushima (201t§ debate on nuclear
electricity generation took on patrticular relevance

Nuclear energy is considered a reliable and nortislg source, what
constitutes a positive point with regard to climathange. Nevertheless, it
presents two fundamental problems that deeply conwesociety: the safety of
nuclear power plants and the management of theoemdive waste generated
throughout the nuclear fuel cycle.

The present thesis is developed in the field ofs#mond issue, specifically
focusing on the Raman spectroscopy analysis agghat fuel stability under dry
interim storage conditions.

1.1. Spent nuclear fuel management. Alternatives

The production of nuclear waste in the form of $prrclear fuel (SNF) is an
intrinsic feature of any current nuclear plant. pvene-two years, between a
third and a quarter of the fuel elements in a rarcteactor core are replaced by
new ones [1]. Those removed are considered as t'Sipeti. Nonetheless,
“irradiated fuel” would be a more appropriate nagiiece, although no longer
usable from a safety and economic perspectiver, @mgrgy-production capacity
IS not completely spent.

Almost all the nuclear reactors currently in operataround the world use
uranium as nuclear fuel, which depending on thd kihreactor can be present in
either oxide or metallic pellet form, and isotogigaenriched (with a greater
proportion of U* than the 0.7% natural content of uranium) or fdte fuel
elements introduced into the reactor core are ceaghof a set of metallic rods
containing the latter fuel pellets, which are \eally stacked. The metallic rod
itself is commonly named fuel cladding and it isnsidered the primary
protective barrier for the nuclear fuel. By wayexfample, Figure 1.1 shows the
components of a conventional Wel element/assembly.
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Fig. 1.1.Scheme of the component parts of a conventional fu€ element.

During fuel irradiation in the reactor, both nemtrcapture and nuclear fission
reactions take place, giving rise to fission pradgP), activation products, and
the generation of plutonium and other minor actsidsuch as neptunium,
americium and curium, that contribute significarttythe fuel radiotoxicity. All
this together with a great heat generation thatdea a thermal gap of ~1300°C
between the fuel centre and its surface [2]. Irs tivay, the resulting SNF
contains practically all the elements of the paoddble, being the major part of
them in continuous evolution until they attain digh in other terms, emitting
ionising radiation and the known as decay heatutjnout their radioactive
decay process. The radiotoxic inventory evolutibradJO, spent fuel with a
burnup (irradiation to which the fuel is subjectedorder to extract a given
electric energy amount) of 60 GWd/tU is reflectedrigure 1.2 [3].
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Fig. 1.2.Radiotoxic inventory evolution of a UGpent fuel with a 60 MWd/tU

burnup[expressed in Sieverts per tonne of initial heawyain(uranium)
(SVITHM) versus time (yearqg].



Moreover, the original fuel suffers significant mostructural modifications
owing to the physicochemical changes —swellingcldray (see Figure 1.3),
recrystallization, defects formation, etc.— caussdboth the irradiation and
thermal cycles undergone in the reactor. Likewtise,fuel cladding experiences
embrittlement, mainly due to hydrogen absorptiorirduirradiation (see Figure
1.3) [4].

Fig. 1.3.Radial optical microscopy image of a SNF, evidegdhe existence of
radial cracks in the oxide and hydrides in the diad [4].

Owing to the high complexity and radiotoxicity ¢iet SNF, it is clear that its
management is not a trivial matter. In all casightrafter its removal from the
core, the SNF is kept for several years under waté¢he reactor pool (Figure
1.4) with the aim of ensuring both cooling and &tidin shielding [5].

Fig. 1.4.Storage of SNF elements in a nuclear reactor 6ol

Thereafter, two management alternatives are comsidevhich directly rely
on the policies of each country: the once-throughopen) fuel cycle and the



closed fuel cycle. The main difference between thies in the reprocessing,
which is deemed by the closed fuel cycle for theppse of recycling the usable
part of the SNF and reducing the waste volume addtoxicity, but not by the

once-trough cycle, whose only target is the sajeage of the SNF as it is until
its permanent disposal. Anyhow, regardless of thelecfollowed, after its

temporary storage in the reactor pool the SNF rbestransferred to interim
storage facilities (concerning either dry or weairage), where it will be kept
until it is ultimately reprocessed or preparedifsrfinal disposal [7]. Figure 1.5
shows an overview of the different steps involvadthe nuclear fuel cycle,
which comprises from the mining process up to thalfdisposal of the SNF,
taking into account the two possible cycles presipudescribed.

JLagnuciny
GENERA U]

SHEF AUEL SFAGE

Fig. 1.5.The nuclear fuel cycle: from mining to final digab of the SNF. Once-
through and closed cycles differ in the reprocegaind recycling steps, which only the
latter undertakes [6].

Since the SNF contains about 96% of uranium andffutonium [5] and
these materials can still be recycled due to ttegiraining energy content, some
countriese.g.France, United Kingdom or Japan, have opted foroeessing the
SNF in order to recover them (conventional closgde). In this way, uranium
can be reused as fuel, and the same occurs wittetioeered plutonium, which
mixed with uranium can be used as mixed oxide f\EDX) in current nuclear
reactors. On the other hand, the residual high leraste (HLW) is solidified in



appropriate matrix forms such as vitreous formsprigeer to both immobilise it
and reduce its volume for its eventual management.

A more advanced closed cycle would be based opaltéioning (separation
from the SNF) of the main actinides and long-lield, recycling them in the
form of advanced fuels for their transmutation a@liation) in fast neutron
reactors [8]. Doing so, the volume and radiotoyiasf the HLW would be
reduced to a large extent (see Figure 1.2) anddudnergy would be produced.
Although this challenging alternative has not yetemr commercialised,
significant research is being undertaken in thigrd [8].

As for the mentioned final disposal, a general easss has been reached at
the global level, consisting in the deposition bé huclear waste —being this
either the SNF as it is or the vitrified waste cognfrom the reprocessing— in
geologic formations where a multi-barrier protect®ystem is considered (see
Figure 1.6) [9]. This is the so-called deep gealabrepository. Its expected life
time is in the order of a million years, time negder its radioactivity to decay
down to the inherent levels of natural uranium.
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| Spent
I fuel or
|

|

|
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|

|

|

|

vitrified
HLW
waste

N
Metallic capsule

Filling and sealing
material

Fig. 1.6.Scheme of the multi-barrier design of a deep ggodd repository (adapted
from [2]).

To the present day, Finland is the only countryclvhis already carrying out
construction activities on their deep geologicapastory (ONKALO, at
Olkiluoto nuclear plant site), planning to putritd operation in the early 2020s
[10].



1.2. Spanish strategy on SNF management

In Spain there are, at present, seven nuclearomsaict operation (see Figure
1.7), distributed in five nuclear power plants asr¢the country and providing a
total power of ~7400 MWe [11]. As shown in Figur&,1lthree other reactors
have already been disconnected, two of which adengoing dismantling —the
third (Garofia) has recently been shut down [12+SpAanish reactors belong to
the LWR (Light Water Reactor) type, except for miehose out of operation,
Vandellés |, which was a GCR (Gas Cooled Reacfdr) [

o Nuclear plant in ) Nuclear plant Upcoming
operation under dismantling dismantling
Asco |
Garofa 1.032,50 MW
466 MW 1983
1971 [ )

Asco Il
1.027.21 MW

BURGOS oo

Vandellés |

[ )] Vandellés Il

1.087,14 MW
TARRAGONA ..o
o *
CACERES

( () Zorita

GUADALAJARA

VALENCIA

([ J
Almaraz | Trillo
1.035,30 MW 1.066 MW Cofrentes

1981 1988 1.092,02 MW

1984
Almaraz Il

1.045,00 MW

1983

Fig. 1.7.Nuclear power stations in Spain [13].

The traditional nuclear fuel used in LWRs consisdtsiranium (3% dioxide,
with a slight enrichment of the fissile®8—normally about 3-5%-— to sustain the
chain reaction [14]. Thus, for the moment, the Shit needs to be managed in
Spain presents a Unatrix, since all the SNF from the GCR-type rea¢ased
on metallic uranium) was reprocessed several yegosat COGEMA facilities in
France for technical reasons [1].

Another potential fuel that could be used in tharsgh reactors (and thus has
been taken into consideration as a subject of situdkis thesis) is the already
mentioned MOX fuel, widely used nowadays by sevemlntries in some of
their traditional LWRs. This reprocessed fuel, cosgd of a mixture of depleted
uranium and plutonium, with a content of the lattesit can reach up to 12%
(containing around two thirds of fissile isotopes, ~50% P&*° and ~15% P’



[15], is a suitable alternative to enriched JBoth fuels behave in a similar
way, and the single change required for the ugd@X in a conventional LWR

IS an increase in the amount of control rods (mestrabsorbers to moderate the
fission rate). Anyway, the replacement of JBy MOX fuel can only be
performed partially, between one-third and halthe# core loading, and greater
proportions of MOX would require new designs of reat or future reactors
[15].

In relation to the SNF management, Spain has dedaldollow the once-
through cycle, planning as part of its strategy ¢bastruction of a dry interim
centralised storage (where the SNF is expectecet&ept until its final deep
geological disposal) [1]: the ATC facility —an aoyon that comes from its
Spanish nameAlmacén Temporal CentralizadoThe choice of a centralised
storage arises as a result of 1) the necessitgraplementary temporary storage
capacity, given the foreseen saturation of theag®rfacilities in the nuclear
plants, and 2) the preference of storing all tharh SNF in one single site,
considering the obvious advantages that the maraglewf a sole facility
involves in comparison with that of spread fa@#kti On the other hand, the dry
storage option has been chosen on the basis @gfitleeinternational experience
dealing with dry cask technologies [7].

The ATC is projected to store, during 60 yearsrpats design life of 100
years), all the SNF and HLW derived from 40 yedrSpain’s nuclear plants
operations [1], as well as those produced overctraing years. Its design is
based on a modular and reversible vault storagermsyé-igure 1.8), similar to
that of the HABOG facility currently in operation the Netherlands, which is
being taken as a point of reference [16]. In Spsilch a dry storage is licensed
for SNF surface temperatures up to 400°C [7].

The main feature of the ATC is its multi-barrier dapassive —natural
convection ventilation— system, which ensures thefinoement of the nuclear
waste and the facility safety [16]. In particulaafter the reception and
preparation of the SNF canisters, the fuel rodshdigged from them are planned
to be inserted into a cask/capsule (first barnerler inert atmosphere, which
will then be kept inside a tube (second barriethi storage modules (see Figure
1.8).
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Fig. 1.8.ATC project (Spanish dry interim centralised stg[16].

Although starting operations were scheduled for72@&rious political issues
have led to a delay in its commission, whose dagenot yet been defined.

With regard to partitioning and transmutation ofiddived radionuclides in
order to reduce the volume and radiotoxicity of theclear waste, these
alternative management options are not consideedelvant enough at the
moment [1]. However, it has been established tipairSshould follow up the
advances carried out in these fields, and accosdimrticipate in the
corresponding international programs.

Furthermore, if a change in the current policiesev® take place in the
future, implying the willingness to retrieve the BSNor its reprocessing, the
reversible feature of the ATC would make it possibin this context, the
condition of the SNF at the time of such retrihatomes an important point to
take into consideration.



1.3. SNF matrix oxidation: A potential risk during dry
storage

In order to develop an adequate management ofNike iBis crucial to know
each and every property derived either from it¢idhifeatures and from the
processes it has been subjected to during itsatiad in the reactor.

The stability of the SNF against oxidation is of¢hose properties that must
be taken into account. Most of the transuranic etgs(which commonly appear
in the form of oxides) and FP, are embedded ingideSNF dioxide matrix [2].
Thus, their potential release will basically depemd the behaviour of this
matrix. Given the magnitude of the effects on thpuation and the environment
that such a release might provoke, even the ldady Ibut possible scenarios
concerning the dry storage of SNF, as in the ch#®oATC, must be examined.

In the event of the presence of any undetectedcti@fethe fuel elements
(produced either during fabrication, irradiatiorcies, transport or manipulation)
or of a complete shielding failure during storagfee SNF might come into
contact with the atmospheric oxygen. And it is welbwn that the U@matrix,
which is the one that current Spanish SNF preséntspt thermodynamically
stable under these oxidising conditions [17].

UO, oxidation reaction has been extensively investigiahroughout more
than 50 years. One of the reasons why this oxidatias aroused so much
interest is the volume increase, of approximaté%o3 undergone by the YO
SNF matrix through its transformation into;@4 [18]. Under the temperature
conditions expected at the ATC, being the maximizensed temperature of
400°C [7] as already mentioned, different oxidipdgses of uranium might be
formed in the presence of oxygen, even possiblymicg full conversion to
UsOg (further oxidation to U@can occur, but this oxide is usually not takew int
account since it rapidly decomposes in air to theehmmore stable iDg) [17].
The dashed square in Figure 1.9 shows the lattssilde oxides, although it
should be noted that no properly updated and censémphase diagram is
available in the literature [19]. The swelling effesuffered by the SNF matrix
would then lead to an increased strain on thedlaglding and, consequently, to
an elevated risk of its structural integrity 1088] In that case, the safety of the
future handling of the SNF —when the time comeefwocess it or permanently
dispose it— would be seriously compromised.
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Fig. 1.9.Uranium-oxygen temperature/composition phase diagiadapted from
[18]).

Thereby, a thorough understanding of JJ&xidation becomes a matter of
priority when assessing the stability of the Span&8NF under dry interim
storage conditions. Likewise, the behaviour agamxstlation of other potential
fuel matrices in this same scenario, such as thesdniuranium-plutonium
dioxide matrix of MOX fuels, is an important suljjébat should be beared in
mind.

1.3.1. UO2 matrix oxidation

The oxidation of uranium dioxide is described, iengral terms, by the
following reaction sequence [21]:

UQU409—>U307—>U308 (Eq . 1 1)

The first and second steps, traditionally regardeane single step [17], are
related to an oxygen diffusion mechanism that letadshe formation of the
intermediate WO, and WO, phases [17,21], while the final conversion tgDg)
corresponds mainly to a nucleation and growth m®e¢&7,21,22].



Stoichiometric UQ presents a fluorite-type cubic structure with #ida
parameter of around 5.47 A [23]. In this structungnium ions (&) occupy the
positions corresponding to the fcc (face centréaduhttice, whilst oxygen ions
(O%) are located in the tetrahedral positions (searEid.10).

Fig. 1.10.Fluorite-type cubic structure of stoichiometric YO

The incorporation of oxygen into the Ydttice causes a slight distortion in
the latter, giving rise to hyperstoichiometric LJ24]. Owing to the excess of
hosted oxygen atoms in Y@ the cubic crystalline lattice reportedly expeces
an overall contraction as the oxidation degreeeiases [23,25-28]. In this way,
the altered cubic structure is maintained upxte 0.25 (in UQ.,) [24], limit
corresponding to kD, (also considered a hyperstoichiometric oxide [228
shown in Table 1.1, the lattice parameter is sigaiitly reduced in the course of
UO, oxidation to YO,. In consequence, Qs is usually known as “superlattice”,
being capable of hosting a higher amount of oxygfems —arranged in clusters—
while preserving its cubic structure [29].

It is noteworthy that there are too few experimkedgda in the literature with
regard to the structural transitions taking plaserothis hyperstoichiometry
region. He and Shoesmith [30] studied the defeacsires in UQ, oxides and
identified four structural defect regions: i) adam point defect structure [24§ (
< 0.05 (in UQ.)); i) a non-stoichiometry region where point defe are
gradually substituted by Willis 2:2:2 clusters [30]05< x < 0.15); iii) a mixture
of Willis and cuboctahedral clusters [32] (04% < 0.23); and iv) cuboctahedral
clusters x > 0.23). However, a more detailed analysis is neddedrder to
confirm such assumptions and to give further exgtian to the maintenance of
the cubic structure during the evolution from 446@ U,Oq.

Oxygen integration beyond,0q generates distortions which lead to a change
in the crystallographic system, from cubic to tgtnaal, thus resulting in the
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Us;0; phase (see Table 1.1) [33]. Furthermore, if oxaatstill proceeds, the
orthorhombic structure of 4@g is formed [34]. The density of {g is much
lower than that corresponding to W(see Table 1.l)i.e. its volume is much
larger, what hence induces spalling and even pshk#on in the case of {0
formation on pellets (Figure 1.11).

The UQ matrix of the SNF thus undergoes this same oxidgbrocess, the
only difference lying in the kinetics, which hasebeobserved to change due to
the presence of those transuranic elements andoiffied (~5%) during fuel
irradiation as well as to the alteration provokgdrbadiation itself [35-37].

Table 1.1. Structural characteristics of the main uraniundesi[34].

Cubic a=5.47 10.96

Cubic a=5.44 11.30
Tetragonal a=5.47; c=5.39 11.40

. a=4.15; b=11.97;
Orthorhombic =672 8.35

20170125 16ONLUDSS 2% 0um

20170126 1640 NLUOSS x2%  30um TNOXOPUS

TROO0PS 20070130 WHSINLUDS2 30k pm TIPS

Fig. 1.11.Swelling (middle) and consequent spalling (right)duced by kg formation
during oxidation of a U@pellet (left). SEM images acquired at CIEMAT facilitjes

In particular, the oxidation rate of the WGNF matrix, when compared to
unirradiated UQ is considerably higher for the first step relatied U,Oq
formation. This effect is partly on account of ttuncentration of FP gas bubbles
in the grain boundaries, what provides an easysacte oxidation [38]. In
contrast, once kD, is formed there appears to be a certain stabdisatf this
phase (which may host oxygen over its correspondi@g,s stoichiometry, even
up to UQ;s [39]) and an inhibition/delay of the complete atidn to UOs,
possibly because of the presence of those elentemitdrave been dissolved in
the matrix [34,37,40-42].



1.3.2. MOX fuel matrix oxidation

Uranium-plutonium mixed oxides have also been oiterestigated with the
aim of understanding how the matrix of MOX SNF bedsin air and the effect
of Pu content on its oxidation. This kind of stiedere of special interest given
that they may provide, at the same time, usefudrmétion for assessing the
influence of the presence of transuranic elementstie oxidation of a
conventional UQ SNF matrix, taking very low concentrations of Ps a
reference (in the order of 1%, as contained in @ 8NF [5]).

The (U, Pu)@matrix of a MOX SNF can be considered as g Oibic lattice
where U" ions have been partially substituted by‘'Hans. Indeed, since PuO
oxidation in air has been reported to be quitekehi [43], it iS not surprising
that oxidation of such a uranium-plutonium mixeaxie will be basically
governed by the reaction pathways of A{those described in Section 1.3.1).

Back in the 1970s, the first oxidation analysedquared by X-ray diffraction
(XRD) on (U, Py)O, oxides with differenty values between 0.2 and 0.3
[44,45] showed the transformation of the initial Mghase —where M=U, Pu—
into two mixed product phases: an orthorhombigOpMand a cubic MOy phase
(with an observed maximum O/M ratio of ~2.35). Blesi, it was found that an
increase in Pu content in that range resulted indering effect on the ADg
phase formation, with a consequently lower mecla@naegradation of the
samples [44]. Other recent studies focused on #eetivity of uranium-
plutonium mixed oxides when subjected to air oxataf{46,47] have likewise
noticed the strong dependency on Pu content oM§@; formation resistance
and, by extension, of the longer stabilisationhef tubic MOy phase.

The small amount of studies focused on the laggua is mainly due to the
hazardous feature of plutonium, which complicateghbthe handling and
analysis of this kind of samples considerably. Fois reason, analogous
measurements are usually performed making useeofdh-radioactive Cefas
a surrogate for PuQwhat will be further addressed in Result 6 oftBar

In the latest years, owing to the progress achiéveabe better adaptation of
the different techniques to working under extreroaditions, especially with
regard to Raman spectroscopy (as will be detaiteSaction 1.4), actual MOX
irradiated fuels have been characterised and theiroxidation resistance
evaluated [48]. The latter study, whose overallultssare in quite good
agreement with those obtained on unirradiated (WOP mixed oxides, has



actually confirmed the significant impact of plutam content on the stability of
the MOX matrix against oxidation. In this way, Puriehed agglomerates heated
in air under the laser beam present a great stalcitability, with M\O, phase
stabilisation and no Mg formation detected.

Although not yet ascertained, the oxidation-hinaigribehaviour produced by
the presence of plutonium might be mainly assodiati¢th the effect that these
cations cause on the lattice parameter of (U, BuyBich decreases linearly with
the increase in Pu content following Vegard's la&g Table 1.11) —mainly due to
the smaller crystal radius Puons present as compared to the substitutéd U
ions— [47,49-55].

Table 1.1I. Evolution of the lattice parametamwith Pu content in (&, Py)O, [50].

y (at.% Pu) a(A) [XRD] a(A) [Vegard's law]
5.470(2) 5.47
5.465(2) 5.4648
5.457(2) 5.4589
5.444(2) 5.4478
5.434(2) 5.4330
5.398(2) 5.3960

Nonetheless, no systematic Raman analysis of (JOPuoxidation as a
function of Pu content has been carried out soviat would provide deeper
understanding on the subject, as hereunder dedcrifme instance, such study
would help to confirm whether the effect of Pu be tlioxide oxidation follows
a continuous trend as the content of this transtielament increases.

1.4. Use of Raman spectroscopy for studying nuclear
materials

It may be interesting to note at this point tha thajor part of the studies
carried out in relation to the SNF matrix oxidatimoncerns the use of traditional
characterisation techniques, such as thermogramnaetalysis and XRD. In
contrast, Raman spectroscopy, which has been showwe a very helpful
technique in several scientific and technologicaha, is not yet broadly spread
in the field of nuclear materials. As a matter aftf despite its growing use on



the latter field over the last years [30,32,46,88/8], the existing Raman
databases corresponding to the oxidation productseoUQ, matrix and other
uranium-based nuclear fuels are quite scarce.

Even in the particular case of YOwhich can be considered the simplest
system among uranium-based oxide fuels, some aixigation products have
not yet been properly characterised by Raman spexipy. For example, the
hyperstoichiometric U@y oxides have not been quantitatively analysed as a
function of the oxidation degree, and the Ramarttspe corresponding to the
U;0; phase has never been reported. In addition, a daefy on all the
vibrational modes featured in the Raman spectrun©$, such as on their
temperature dependence, has not been carried loeittypical Raman spectrum
of UO;, and that of its identified oxidation products ezflected in Figure 1.12.
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Fig. 1.12.Typical Raman spectrum of a) ) UG, ¢) U,09 and d) WOg. The
main characteristic Raman bands of each oxide baga marked.



The high sensitivity of Raman spectroscopy for etghtiating between
chemically similar compounds [30,32,57] as well fas detecting various
structural defects —like those due to irradiatiéh,p3] or doping [64,68,69,72]-
and, especially, its fulfilment of the safety regumments necessary for handling
nuclear materials, make this technique a poinefifrence. To this effect, among
the wide variety of advantages it offers, the foileg can be highlighted: 1) it
does not require any special preparation of thepkg) it allows the analysis of
a very small amount of sample, 3) it requires neeali contact between the
experimental set-up and the analyte, 4) it can d®lyeimplemented (remote
analysis, Raman probes, handheld systems, etd)fferent applications, and 5)
it is a non-destructive technique, as far as thatation laser power density is
controlled.

Moreover, the latest advances in the use of filppece [48,62] and the
enhancement of local confinement technigques fohlhigadioactive samples
(Figure 1.13) [67], both with the aim of avoidingahtearisation of the Raman
equipment partially or totally, are fostering netudies focused on hazardous
compounds nearly unexplored so far.

“

Fig. 1.13.a-shielding Plexiglas capsule developed at JRC-Kalnks [67] for the
measurement of radioactive samples.

All in all, given the relevant information that Ram spectroscopy can
provide (see Part 2 for further information), theptoyment of this technique
needs to be considered if a deeper comprehensitimecdir oxidation process
experienced by actual and potential SNF dioxiderioed is to be achieved. In
this sense, Raman databases regarding the cordo¥sgaxidation products of
the latter processes must be further developeddcteising them in detail) and,
in parallel, new methods enhancing the functiopadind applicability of the
Raman technique to radioactive materials must bsued.



1.5. Objectives of this thesis

The importance of further understanding the oxafatprocess of the spent
nuclear fuel matrix under dry storage conditions baen highlighted, as well as
the assets that Raman spectroscopy can provitksifidld. Hence, the main aim
of this thesis entails the application of the Rarnganique to the analysis of the
SNF matrix oxidation in air, taking into accountieas factors (like temperature
and the presence of transuranic elements) thatafifiegt the reaction.

In particular, after the recent introduction to #&y concepts of the subject in
question and the methodology hereafter describad @9, the following general
objectives are addressed throughout this work. Tiweye been organised in
different sets of chapters to give the necessangistency:

= Attainment of a deeper insight into Y@nd its oxidation process on the basis
of Raman spectroscopy. It involves the commissignof the Raman
technique for a better characterisation of the, 3®F matrix and its higher
oxidation-state oxides, thus developing advancegatmprovements in this
regard (Part 3: Results 1-4).

= Assessing the influence of the presence of tranguelements on the SNF
dioxide matrix oxidation. This consists in the apalion of the previously
developed Raman methodology to the analysis of rooneplex and realistic
systems, such as the air oxidation of uranium-basieéd dioxides (Part 3:
Result 5 and Result 6).

Finally, the overall conclusions drawn from all tfiedings exposed along
these six chapters —each of which correspondsstoeatific article, as listed in
Section 1.6— are compiled in Part 4.

1.6. List of publications

The different scientific articles that have beempadsed in this thesis are
hereunder detailed, merely adapted in format. Toeyespond, in order of
appearance, to Results 1-6 of Part 3:

= J. M. Elorrieta, L. J. Bonales, N. Rodriguez-VilagV. G. Baonza and J.
Cobos, “A detailed Raman and X-ray study of AJJxides and related



structure transitionsPhys. Chem. Chem. Phy%8, 28209-28216 (2016).
DOI: 10.1039/c6cp03800;.

= J. M. Elorrieta, L. J. Bonales, N. Rodriguez-VillagV. G. Baonza and J.
Cobos, “Spent fuel matrix oxidation studies undsr storage conditions”,
MRS Advance? (12) 675-680 (2017). DOI: 10.1557/adv.2017.3.

= J. M. Elorrieta, L. J. Bonales, M. Naji, D. Manak&, G. Baonza and J.
Cobos, “Laser-induced oxidation of YOA Raman study”J. Raman
Spectrosg.1-7 (2018). DOI: 10.1002/jrs.5347.

= J. M. Elorrieta, L. J. Bonales, V. G. Baonza an€dbos, “Temperature
dependence of the Raman spectrum of, Q. Nucl. Mater, 503 191-
194 (2018). DOI:10.1016/j.jnucmat.2018.03.015.

= J. M. Elorrieta, D. Manara, L. J. Bonales, J. Ri¥fi, O. Dieste, M. Naji,
R. C. Belin, V. G. Baonza, R. J. M. Konings an€dbos, “Raman study
of the oxidation in (U, Pu)©as a function of Pu content?, Nucl. Mater,
495, 484-491 (2017). DOI: 10.1016/j.jnucmat.2017.08.04

= J. M. Elorrieta, L. J. Bonales, S. Fernandez, NdriRmez-Villagra, L.
Gutiérrez-Nebot, V. G. Baonza and J. Cobos, “Prad post-oxidation
Raman analysis of (U, Ce)©xides”,J. Nucl. Mater(2018). (Submitted).

Other related publications, issued during the dgweknt of this thesis, are:

= L. J. Bonales, J. M. Elorrieta, C. Menor-Salvan ahdCobos, “The
behavior of unirradiated UQOand uraninite under repository conditions
characterized by Raman¥jRS Advanced (62) 4157-4162 (2016). DOI:
10.1557/adv.2017.203.

= L. J. Bonales,_J. M. Elorrieta, A. Lobato and J.b@g “Raman
Spectroscopy, a Useful Tool to Study Nuclear Matetj Applications of
Molecular Spectroscopy to Current Research in thieer@ical and
Biological SciencesDr. Mark Stauffer (Ed.), InTech (2016). ISBN 978-
953-51-2681-2. DOI: 10.5772/64436.

= D. Manara, M. Naji, S. Mastromarino, J. M. ElordetN. Magnani, L.
Martel and J. -Y. Colle, “The Raman fingerprint gifitonium dioxide:
Some example applications for the detection of Ainhost matrices”).
Nucl. Mater, 499, 268-271 (2018). DOI: 10.1016 /j.jnucmat.2017.42.0
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Various characterisation techniques can be curgenéimployed for the
analysis of uranium-based dioxide fuels and thgidation products, presumably
being XRD the most common. Anyhow, Raman specpyseoght provide
valuable help to the study of the latter systemwin@ to its high sensitivity,
slight changes or structural defects occasionaligetectable by other techniques
can be conversely observed by Raman spectroscopy.

A detailed analysis of the acquired Raman spectsupplies relevant
information on chemical composition and structugaoperties. Indeed, the
application of such an analysis has allowed usréck the evolution of defects
associated with oxygen incorporation during oxidativacancies or with cations
substitution (doping), as will be shown throughtii$ thesis.

The present part is focused on the methodology iegplfor the
accomplishment of the Raman studies compiled irt Baidn this sense, the
general structure followed is first exposed ancréfafter, the fundamentals of
Raman spectroscopy, the equipment used, the samppgmration and the
spectral analysis procedure are described in detail

2.1. General structure of this thesis

All the studies gathered in the results part (Barare mainly based on the
application of the Raman spectroscopy techniqu&@, although assessing
different affecting/complicating factors in eacheorin this way, these Raman
studies can be structured and defined as follows:

= Result 1. Analysis of the influence of oxygen immmation into UG,
obtaining an oxidation degree estimation methodtlier hyperstoichiometry
range.

= Result 2. Application of the previous method fiorsitu tracking the early-
stage oxidation of U§) considering the additional effect of temperature.

= Result 3. Development of a laser heating methodHerpurpose oin situ
characterising the oxidation reaction of J@nd simultaneously estimating
the temperature at which the different oxidatiooduorcts are formed.



= Result 4. Evaluation of the temperature effect,emrehoxic atmosphere, on
the Raman spectrum of YO

= Result 5. Analysis of the effect caused by Pu ipomtion into UG,
especially with regard to its influence on the ndixkoxide oxidation.

= Result 6. Analysis of the effect caused by Ce ipomtion into UQ,
especially with regard to its influence on the mlixdioxide oxidation.
Assessment of (U, Ce}@s an appropriate surrogate for (U, Pu)O

The latter results structure can be appreciatetdrgraphical scheme shown
in Figure 2.1.

Result 6 Result 1

Result 5 Result 2

Influence of Pu In situ oxidation
on oxidation tracking

Fig. 2.1. Graphical scheme describing the results strudtli@wed in this thesis.

Therefore, an introduction to Raman spectroscopywal as a thorough
description of the specific Raman methodology fo#d can be hereunder found.
It is noteworthy that the characterisation techegjused in a complementary
fashion to Raman spectroscopye. XRD, thermogravimetry analysis and
scanning electron microscopy (SEM), are namelyiléetan the corresponding
chapters.



2.2. Introduction to Raman spectroscopy

The designation of Raman spectroscopy is due toVCRaman, who
experimentally discovered this effect in 1928 windaserving the scattering of
light produced by molecules (although it had alyebden predicted by Smekal
[1]). His rigorous and complete study [2] was retisgd with the Nobel Prize in
1930. Anyway, it was not until the emergence of geer in 1960 that it was
possible to examine the Raman Effect more thorgughl

2.2.1. Some fundamental notions

When impinging a monochromatic radiatiare. laser, on some substances
and plotting the intensity of the scattered radiatis. the difference between the
incident and scattered radiation frequenciesf), a characteristic Raman
spectrum of the particular substance is obtainededd, practically the same
spectrum is acquired for any frequency of the exoih source i), being the
acquired frequencies (Raman lines positions) miaieth [3]. By way of
illustration, Figure 2.2 shows a comparison betwidenRaman spectrum of YO
acquired with a red laser and the one acquired avigineen laser, where the two
main characteristic Raman lines are observed attlgxéhe same position,
although their relative intensities have notablgruded.

uo,

Green laser (532 nm)

Intensity (Arb. u.)
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Fig. 2.2. Raman spectrum of Ucquired with different excitation frequencies.



In the Raman Effect the scattered photons appeawsalinstantly after the
radiation incidence (~19 s), unlike an elastic absorption process where the
response is slower (PaL0"? s) [4]. In this way, it is considered an inelastic
scattering process between the incident light aatden

In order to induce the Raman phenomenon, the eraglayident frequency
needs to be low enough —usually in the ultravigisible (UV-visible) region—
not to produce an electronic transition. Thushis tase, the frequencieg-{Vs)
of the Raman lines obtained correspond to the sgaoetween vibrational or
rotational energy levels [4]. In essence, the iactdphoton of energyiv,
interacts with a molecule and produces one of thi@sesitions, what entails an
energy transfer ofi(vo-vs). The scattered photon then emerges with an energy
nvs, which is shifted with respect to the incidentrglyein a quantity equal to the
energy lost or gained by the molecule. The interatedhigher-energy state
reached in the latter process is virtual [3], megrhat it does not correspond to
one of the characteristic energy states of the cotdeas in the case of absorption
phenomena.

The Raman Effect can be similarly described eithéhe context of quantum
[5] or classical [6] mechanics, simplifying the w® to the case of a diatomic
molecule that vibrates as a result of its inteoactivith the incident light (Figure
2.3).

Fig. 2.3. Simplified model of a diatomic molecule (adaptezhi [7]).

In fact, since in both interpretations the harmawscillator approximation is
taken into account, the vibration frequeney ¢f the molecule can be basically
defined in terms of its bond strengit) &nd reduced masg)([4]:

1 k
y =— |[— (Eq. 2.1)
2T A U
bein — MMz Eq. 2.2
eing p= e (Eq.2.2)

wherem, andm, are the masses of the atoms that compose the utelec



As for the vibrational virtual states reached bg tholecule in the Raman
process, the quantum description accordingly relttem to the energy levels
(En) of a one-dimensional harmonic oscillator [4],

En=(n+3)hv  n=012.. (Eq. 2.3)

Where n is the vibrational quantum numbdr,is Planck’s constant and
represents the frequency of vibrational quantaedalphonons, which are
responsible for inelastically scattering the incidehoton [8].

Considering a classical interpretation, such virttiates would be created as a
consequence of the polarisation (or change in galitity) induced by the
interaction between the electric field of the iremid light and the electron cloud
of the molecule [8].

If a polyatomic molecule of N atoms is reckoned torresponding normal
modes of vibration are 3N-6, exceptionally being3hh the case of a linear one.
These normal modes represent the vibrations thatlsineously take place in
different parts (chemical bonds) of the molecule. drder to qualitatively
determine the normal modes induced in a partiqulaecule, group theory needs
to be applied, taking into account the moleculamipagroup that defines its
symmetries and consequent selection rules [9].

It hence becomes clear that a Raman spectrum nergasential information
about vibration frequencies, which are specifithef studied substance since they
are related to the molecular structure and itsosundings.

2.2.2. Contributions to the Raman spectrum

As Raman scattering is induced, three simultangwasesses actually take
place, basically differing in the relation betwettie incident ¢) and scattered
(vs) photon frequencies [8]. These processes, graphiegpresented in Figure
2.4 along with an infrared (IR) absorption procksshe sake of comparison, are
divided as follows:

» For 1>V Raman Stokes transitioR?sSet of frequencies corresponding to a
transition where the molecule ends in a higherggnstate than the initial one.



» For 1 <vs Raman anti-Stokes transitiottsSet of frequencies corresponding
to a transition where the molecule ends in a losveargy state than the initial
one.

» For v, =V Rayleigh elastic scatterirg Frequency corresponding to that of
the incident light (the excitation frequency).

virtual state virtual state virtual state

Stokes anti-Stokes
(1) IR absorption (2) Rayleigh scattering (3) Raman scattering

Fig. 2.4. Energy level diagrams describing the physical phamnon of (1) IR
absorption, (2) Rayleigh scattering, and (3) Rastattering (adapted from [7]).

Even though it is not a Raman transition, Rayleghttering is unavoidable
when performing Raman spectroscopy. This radiatmmstitutes the major part
of the scattered beam intensity, making it difficid isolate the much weaker
Raman-scattered light. As a matter of fact, inl#teer case the incident/emergent
intensities ratio is only of the order of 3@0° [8], what requires an intense
excitation radiation as well as the correct remowélthe Rayleigh Effect
contribution. In this sense, different elements configurations are used in
conventional Raman spectrometers (see Section)2@.avoid the Rayleigh
straight-scattered light. g. notch filters (which are high-pass filters thatyon
remove a frequency range close to the excitatiequiency) or edge filters (which
remove the latter range and all frequencies belmt,allowing to acquire the
anti-Stokes Raman lines).

As for the Stokes and anti-Stokes lines, theseaasdogous in the Raman
spectrum (being like a reflection of each otherhwi¢égard to their positions),
while their intensities differ notably. This occuyscause the intensity of a given
Raman line is closely related to the populatiorthafse levels involved in its
corresponding Raman transition [4]. In this resp#oe intensities of the anti-
Stokes lines are always lower due to their lowandition probability —their
related levels are less populated— [8]. Such diffee in intensities can be clearly
appreciated in Figure 2.5, where both the Stokesaami-Stokes contributions of
the Raman spectrum of Y@re shown.
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Fig. 2.5. Raman spectrum of UPwhere both Stokes and anti-Stokes lines have been
acquired.

The relation between the intensities of equivat&tiokes and anti-Stokes lines
is thus dependent on the population of the molestd¢ées and, consequently,
taking into account the Boltzmann distribution,temperature as follows [10]:

4 hcwj
Ianti-Stokes — Wotwj €_ kgT
(1)0—(1)]'

(Eq. 2.4)
Istokes

whereay is the wavenumber of the excitation lirg,are the wavenumbers of
the different Raman line$,ni.swokes@Ndlsiokes@re the intensities of the anti-Stokes
and Stokes lineskg is the Boltzmann constant, is the speed of lighth is
Planck’s constant anflis temperature.

It should be noted that, as in the latter expresdRkaman frequency shifts are
typically expressed in wavenumber units {¢niThis comes from the following
conversion:

Aw =—— — (Eq. 2.5)

whereA w corresponds to the Raman shift expressed in wankey A, is the
excitation wavelength ands are the different wavelengths measured by the
spectrometer.



Taking advantage of the statistical relation of &opn 2.4, the system
temperature can be roughly estimated (as reflegte®Result 3 of Part 3).
Anyhow, as both Stokes and anti-Stokes lines peotiet same information, if
the temperature estimation is not required it immemn to measure the Stokes
lines only, whose probability is higher and thusetter spectrum can be acquired.

Occasionally, electronic excitation may be indutegether with vibrational
excitation when working in the UV-visible regioneibg originated from a so-
called vibronic transition (electronic and vibratéh transitions coupling due to
resonance Raman scattering) [8]. Thus, in thesescakectronic contributions
may also be detected in the Raman spectrum (anpearhthis feature can be
seen in Figure 3.4.4a of Result 4).

If we go back to Equation 2.1, it is easy to notleat vibrations of light atoms
will present high frequencies, whereas those ofvhestoms will conversely
present low frequencies. Thereby, Raman shiftse@ftr indistinctly referred to
as wavenumbers) may be mainly found in the rangerawy from approximately
10 to 4000 cii [4], evidently depending on the type of substaamalysed.

2.2.3. Temperature influence and anharmonicity

So far, we have been discussing about single mieledwt, in order to take a
more realistic approach, it becomes necessaryrsider the studied sample as a
set of molecules that interact with each othereéu given that all samples used
in the present work are crystalline solids, we Wéleon conceive our system as a
crystal lattice where atoms are found sequentiathjered. In this case, lattice
vibrations induced by Raman scattering can likewiseassociated with phonons

[8].

The marked effects produced in the Raman spectfuancoystal when this is
subjected to heating are strongly related to anbaieity [11], indicating that the
atoms actually behave like anharmonic oscillatonghiw the lattice. Those
variations of thermal origin are, as a functiontefmperature, a change in the
frequency shifts as well as a change in the widith iategrated intensity of the
Raman lines [12]. It should be noted that eachilinthe spectrum is influenced
in a different manner, since it corresponds to riqadar normal mode. By way
of example, the effect of temperature on the Raspactrum of U@is shown in
Figure 2.6, where a downshift, a slight broadering a decrease in intensity can
be observed for the two main characteristic Ramaaslas a function of



increasing temperature. For this reason, the evoluf the frequency shifts and
linewidths with temperature is commonly used aswce of information on the
anharmonic interactions taking place within theidat (lines intensities are not
used since they are highly influenced by extrifiaators).

It is well-known that, when temperature increasegstals experience lattice
expansion. This obviously implies an increase al#ttice parameters, what is an
evidence of anharmonicity and would arise fromithpact of temperature on the
population of the energy levels of each normal mgdd. A lattice parameter
growth consists basically in an increase in thesrsatomic distances and a
subsequent weakening of the bonding forces [14chSa weakening thus
contributes to a lowering of the vibrational freqoes (see Equation 2.1).
However, the variation with temperature of the @reiocy shifts corresponding to
the different normal modes does not only depenthemmal expansion, but also
on the originated anharmonic phonon interactionfier@ non-equilibrium
phonons decay into lower-energy phonons or theguencies change due to the
scattering they suffer by means of thermal phornb8k
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Fig. 2.6. Raman spectrum of Ucquired at different temperatures under inert
atmosphere.

On the other hand, despite the theoretical shapesthat Raman lines should
feature -representing a specific mode frequency, irdrinsic width is
experimentally observed, being these lines in aqunsece generally called bands.



The factors that contribute to this actual widthyntee divided as follows: 1)
factors which are independent of temperature, siscthe finite resolution of the
spectrometer [15], impurities and defects provokatastic scattering processes
[16], or natural isotopic dispersion [16], and B¢ tanharmonic decay of phonons
[17], which is a temperature-dependent process.célersince the lattice
anharmonicity that generates expansion only afféwots frequency shifts, the
change in linewidth with temperature would exclegjvreflect the anharmonic
phonon damping caused by decay to lower-energy @i®ifil7], accordingly
resulting in line broadening.

All in all, Raman spectroscopy is capable of idgmig different expressions
of anharmonicity, as we have just seen with regardthe influence of
temperature on the Raman spectrum. The weak allmevah overtones is, for
example, another evidence of anharmonicity. Ovedonwhich consist in
multiples of a fundamental vibration (occurring whmore than one quantum of
energy corresponding to that vibration frequencgche the molecule), are
forbidden in the harmonic approximation but can stimes be detected in the
Raman spectrum [18]. In fact, their frequency mutiple of their corresponding
fundamental frequency under any perturbation (delsis due to anharmonicity)
[18], thus presenting the same temperature evol@sthe fundamental vibration
(see Result 4).

2.3. Raman equipment

The instruments that have been required for the dRarspectroscopy
measurements performed along this thesis are, ont,stwo different Raman
spectrometers and a temperature controlled micpesstage. The reason for
using an additional spectrometer to the one availabCIEMAT facilities lies in
the necessity of special features or conditions thia could not fulfil: 1) the
acquisition of the anti-Stokes Raman lines in orterestimate the system
temperature (Result 3), since it employs an edggr;fiand, most notably, 2) its
adequate conditioning inside a radioactive faciidymeasure highly radioactive
materials as plutonium-containing samples (ResuliT&e Raman spectrometer
available at JRC Karlsruhe facilities, in turn, rheth circumstances.



2.3.1. Raman spectrometers

The fundamental components of Raman dispersivetrspeeters, as those
employed in this work, can be enlisted as folloWs [

Excitation source: Traditionally, mercury arc lanwpsre used as light sources
until being replaced by laser sources. Laser beamshighly monochromatic,
present small diameter and, with the help of d#fiferoptic devices, can be
focused on small samples. In addition, in ordeertbance the laser quality it is
possible to employ a pass-band filter, designegass only a certain band of
frequencies while attenuating all signals outsidie band. This component is
commonly known as interferometric filter.

Sample illumination system and collection opticsheTcollimation and
focusing optics of the exciting radiation onto teample depends on the
experimental setup. In principle, excitation antlemion from the sample can be
accomplished in any geometry, although 90 and 1§baCkscattering) are more
frequently employed. On the other hand, the udéef optics helps to make the
spectrometers more versatile, although they rerbfyrkaduce the incident light
intensity.

Wavelength selectors and/or separators: The séparat removal of the
intense Rayleigh scattering can be achieved bygusio different types of
filters: notch and edge filters. Notch filters aliahe acquisition of the anti-
Stokes and Stokes Raman spectra down to ~3f) bmt their use is expensive
since they must be replaced very frequently (~2sje&or this reason, the use of
edge filters is widespread. These are wide pasg-filkers, which imply that the
anti-Stokes Raman spectrum cannot be obtained apitat minimum
wavenumbers are ~50 ¢ After removal or suppression of the Rayleigh
radiation, the separation of the different Ramatiatéons scattered by the sample
should be performed. The first Raman spectrometses prisms, but nowadays
these are replaced by gratings that are typicallpdraphically produced. It is
worth noting that filters can be neglected if caogl of two or three
monochromators is set in a series. This configomadillows not only to separate
the Raman lines but also to remove the Rayleigtiesca

Detectors: Just like in other spectrometers, thenéo detectors, that is,
photographic films, were substituted first by pliibole array detectors and then
by charge transfer devices (CTDs) such as chargeled devices (CCDs).
CCDs are silicon-based semiconductors arrangech agray of photosensitive



elements, each one generating photoelectrons andgthem as an electrical
charge. Charges are stored on each individual psel function of the number of
photons striking that pixel and then read by anato-digital converter [6].

In the micro-Raman technique, as it is our caseicaoscope is integrated in a
conventional Raman spectrometer, enabling both alisand spectroscopic
measurements. As can be seen in the schematicseapagon of Figure 2.7, in
these types of equipment the focusing and collectiptics of the scattered
radiation are identical [7]. These spectrometeesgmt several advantages, such
as the possibility of performing an analysis ofirgke point or mapping and
imaging measurements.

Pinlhole Interf. filter
f i
| ND filter

Beam splitter and
edge filter
\

. Laser input

Grating

e

CCD
detector

Fig. 2.7. Scheme of the main components of a micro-Ramactrspeeter [7].

2.3.1.1. Raman spectrometer at CIEMAT

The major part of the studies that shape this sh&as carried out making use
of the Raman spectrometer available at CIEMAT iiaed: a Horiba LabRAM
HR Evolution spectrometer (Jobin-Yvon Technolodyig(re 2.8). Therefore, a
deeper description of the main features and cordtgan of this instrument
becomes suitable.



Laser coupling
Confocal microscope
Raman spectrometer
CCD detector

Fig. 2.8. General view of the Horiba LabRAM HR Evolution spemeter.

Laser coupling: Different lasers can be coupledh® spectrometer optical
system, although consequently adjusting the oppiati to their specific features
(see 1 in Fig. 2.8). It should be noted that alin@a spectra were acquired at an
excitation wavelength of 632.8 nm (1.96 eV) prodidy a He-Ne laser of 20mwW
nominal power.

Confocal microscope and sample platform: The lasam can be focused on
the sample through different objectives (5x, 208x @nd 100x) of a confocal
microscope (see 2 in Fig. 2.8). This microscopedf@ motorised precision
platform where the sample to be measured is place@nabling its movement
along the three spatial directions (X, Y, Z) witld.4 um resolution. Orientation
in the X-Y plane is used for the sample zone selectvhereas Z motion allows
focusing. In this work the laser beam was commdabused onto the sample
through the 100x objective, except for those cagesre the use of the long focal
distance 50x objective was requiredy.when surface irregularities were largely
present in oxidised pellets or when the temperattwatrolled stage was
employed.

Guidance optical systenfror the sake of clarity, the main components kedtat
within the optical system of the spectrometer (3ee Fig. 2.8) are individually
described along the successive lines, in the daflewved by the optical path (see
Fig. 2.9).
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Fig. 2.9. Guidance optical system of the Horiba LabRAM HREtion spectrometer,
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where its main components have been labelled.

Interferometric filter There is an interferometric line filter for eaelser,
since the adjacent wavelength lines to be removedlviously not the
same if the wavelengths of the monochromatic lasenployed are
different. These filters are placed at the lasepwauand motorised in
order to select one or another, depending on thouined laser
configuration.

Neutral-density (ND) filterThis set of filters allows us to attenuate in a
controlled way the laser power reaching the sample.

Beam splitter: After crossing the ND filter, the laser beam isedied
through a pinhole to the beam splitter. This congmbnenables both
leading the laser to the sample and thereafteedotly de scattered
radiation that comes from the microscope in a ~X&0ffiguration with
respect to the excitation beam (pseudo-backsaageri

Edge filter For the correct removal of the unwanted Rayleigh
contribution, a characteristic edge filter is mdhuattached to the beam
splitter according to the employed laser. In additiwvhen changing the



edge it is also necessary to modify the beam eplittige angle
configuration with the help of a separator (seetevipoint in Fig. 2.9).
The edge filter used for the 632.8 nm (red) lasets dhe scattered
radiation at <50 cfh

Spectral analyser: Once the edge filter cuts thgldgh and Raman anti-
Stokes contributions, the Raman Stokes radiatiodirescted to the diffraction
grating (see Fig. 2.9), which divides the signatoints constituent parts
(wavelength separation). A 600 grooves/mm hologaghating was used in all
cases, providing a spatial resolution of ~I'¢ixel and a spectral resolution of
better than 3 crh

Detector: The wavelength-separated radiation &llfimegistered in a Peltier-
cooled CCD of 1024 x 256 pixels (see 4 in Fig. 2.8)

In addition to the above mentioned componentseuifit lenses and mirrors
can be found throughout the whole optical path, sehfunction is to correctly
direct the beam within the optical system. Dueh® amount of components that
the laser beam encounters along its way befordigithe sample, a consequent
power reduction of around 50% takes place. Nevirthke the power attained at
the sample surface is still sufficient to propexdyry out the experiments.

2.3.1.2. Raman spectrometer at JRC Karlsruhe

The Raman equipment available at JRC Karlsruhditfasi consisted in a
Jobin-Yvon T64000 spectrometer (Figure 2.10).

The excitation source used in this case was then6#71.91 eV) line of a Kr
laser with a controllable nominal power up to 0.5 Wie laser was focused onto
the sample using a 50x long focal objective, whats wecessary due to the
employment of the-shielding capsules (see Section 2.4.2).

The spectrometer was used in the single spectrbgrapfiguration when the
temperature estimation was not required (Resulttt®t is, as a conventional
single-spectrometer based system employing an &lige However, in those
experiments concerning temperature estimation (R8suthe spectrometer was
used in the triple stage operation mode (triple @ebnomator mode), which
permitted access to both Stokes and anti-StokesaRaspectrum lines while
blocking the elastic Rayleigh line.



The backscattered radiation was dispersed, in botffigurations, using an
1800 grooves/mm holographic grating and recordedablow noise liquid
nitrogen cooled Symphony CCD detector. The singéxsograph mode enabled
a spectral resolution of ~1 €mwhereas the one obtained in triple stage mode
was better than 1 ¢h

Fig. 2.10. Partial view of the Jobin-Yvon T64000 spectrométegeneral view cannot
be shown due to JRC Karlsruhe security standards).

2.3.2. Temperature controlled stage

Temperature dependent micro-Raman spectroscopyimeregs were carried
out by means of a Linkam THMS600 temperature cdiettcstage (Figure 2.11),
coupled to the BX41 Olympus microscope of the LabRAIR Evolution
spectrometer at CIEMAT facilities.

The atmosphere used while heating the samples degeon the kind of
experiment required. In this way, a synthetic lmwfwas supplied throughout the
oxidation processes (Result 2 and Result 6). CeeWerreducing (bi4.7%H,)
and inert (Ar) flows were applied to Y@nd UO, samples, respectively, in those
cases where the effect of temperature on theiracheristic Raman spectra was
examined (Result 2 and Result 4).

A heating ramp of 10°C/min was applied in all casegeach the desired
temperatures. Thereafter, a thermalisation tim&Sominutes was applied at each



selected temperature before acquiring the correBpgnRaman spectra. The
mechanical design and electronics of the Linkargestarovided precise control
and a temperature stability better than 0.2 degoses the whole temperature
range.

Fig. 2.11. General view of the Linkam THMS600 stage, coupiethe microscope.

2.4. Samples preparation for Raman measurements

Owing to their hazardous nature, special care ntxebls taken when handling
radioactive materials such as the ones analysehisnwork, containing either
uranium or uranium-plutonium mixtures. The main atage of micro-Raman
spectroscopy in this regard (see Section 1.4) esnimor quantity of sample
needed, especially when powdered samples are wbed largely facilitates the
fulfilment of the safety conditions required fodiation protection.

In addition, since good quality Raman spectra @adguired with no special
sample preparation, the handling is basically redum the placement of each
specimen on its corresponding holder. Nonethelgkie it seems a quite trivial
procedure, the handling of radioactive samples ireguo be carefully done,
particularly when working with powdered samples tuéheir easiness to spread.
Naturally, this procedure resulted much more coocapéid when it concerned
uranium-plutonium mixed oxides at JRC Karlsruhe/egi their greater hazard
and their consequent confinement requisite.

The treatment performed (if applicable) on theeadtdht samples prior to their
Raman characterisation is specifically detailedanh corresponding chapter.



2.4.1. Samples preparation at CIEMAT facilities

The preparation procedure for the Raman charaatenis of samples at
CIEMAT facilities simply consisted in placing thamicular uranium-containing
oxide, which in some cases was in the form of disét in other cases as powder,
on a common microscope sample holder (Figure 2.@Ran the Linkam stage
holder if temperature dependent experiments wearedsout (Figure 2.12b).

Fig. 2.12. a) Microscope sample holder containing a powderadium oxide and b)
quartz holder of the Linkam temperature stage d¢oinigaa UQ half disk

Since the Raman spectrometer is not located iresidadioactive facility, it
was necessary to previously ensure that all thepkmmwere exempt, that is,
below the radioactivity limits imposed for a contienal laboratory.

2.4.2. Samples preparation at JRC Karlsruhe facilities

In contrast, the Raman spectrometer available & BRrisruhe is located
inside a radioactive facility, making it possibtework with higher radioactivity
levels. This gave us the opportunity to charaaetisanium-plutonium and
uranium-americium mixed oxides (the latter not urgd in this thesis), what
otherwise would not have been feasible.

The UQ sample employed for the Raman laser heating expets at JRC
Karlsruhe (Result 3) was also placed on a conveationicroscope sample
holder. On the other hand, when it came to perfogmiRaman spectroscopy
measurements on uranium-plutonium mixed oxides (R&3, which are highly
radioactive, confinement of the sample was needed.



In this case, the confinement solution lied in thsertion of the uranium-
plutonium oxides intoa-shielding Plexiglas capsules recently designed and
developed by JRC Karlsruhe [19]. Figure 2.13 shdaifferent steps of this
procedure. Some fragments of the various oxides wésced on the sample
holder sticker (Figure 2.13a), inside a glove-b®nce all the pieces were
properly stuck (Figure 2.13b), the sample holdes waroduced in its capsule
and carefully withdrawn from the glove-box (Figuzel3c), sealing the lower
plastic part of the capsule. Raman spectra wers #uguired through the top
quartz window of these capsules (Figure 2.13d).

Fig. 2.13. From a) to d), different steps followed during #zamples preparation for
Raman measurements at JRC Karlsruhe facilities.

2.5. Raman spectra analysis

A reliable Raman analysis is based, firstly, on pneper acquisition of the
Raman spectrum and, secondly, on its subsequéoatdeprocessing. Both steps
become very important if one intends to obtain asmminformation as possible
from the Raman characterisation of a given sample.



2.5.1. Spectra acquisition and calibration

As already mentioned, the micro-Raman techniquenalithe user to subtract
spectroscopic data from a particular area on tmepksa surface. In order to
acquire a Raman spectrum, the previously prepaaetple is placed under the
microscope objective and the excitation laser entfocused onto the area of
interest, whose size will be defined by the lagmt size. This process is by no
means negligible, since a bad focusing leads tedaation of the laser power
density reaching the sample and, hence, to a diinmwf the scattered light
intensity.

Another point to be aware of is that, during a measent, the sample surface
may undergo localised laser heating, what may teaits alteration if the laser
power density is high enough. Thus, the latter patar needs to be optimised in
each experiment, taking into account the particatarsitivity of the sample to
alteration effects such as oxidation or thermalodguosition. Other parameters
that require optimisation are, essentially, theuition time (dependent on the
accumulation time and the amount of such accunaug}iand the hole width,
both with the aim of obtaining a fine signal-to-s®iratio.

In our case, all those parameters were adequagddgtsd according to the
sample used and its form. The goal was to acqugeoa quality Raman signal
while avoiding undesirable oxidation, which wouldvi directly affected the
scope of this work. While the disks or fragmentssented very low sensitivity
under the laser beam, probably due to their lovparciéic surface [20], care
needed to be taken when using powdered samples.ekample, U@ and
intermediate uranium oxides (UG and UQg) in the form of powder easily
oxidised to higher oxides if the laser power dgngias not sufficiently low (as
can be observed in Result 3); andOg) which only appears as powder,
underwent degradation so readily that the laserepadensity required to be
substantially decreased for performing the measenésn By extension, when
working with highly sensitive samples, in partiouldhose powdered, longer
acquisition times (of the order of 300 secondsacéumulations) were needed to
attain a Raman spectrum with a suitable signaleisenratio, given the lower
laser power densities applied. Actually, in mosttafse cases the sum of several
spectra was additionally carried out in order tdharce the final spectrum
quality.



Furthermore, every Raman spectrum shown in theviitlg chapters was
subjected to calibration, which is a key aspecprevent uncertainties derived
from temperature or improper laser alignment efe€he spectra acquired with
the Raman spectrometer available at CIEMAT werébicted by registering,
immediately after the acquisition of each spectrtime, emission lines of a Ne
lamp in the same wavenumber interval (see Figutd as an example). Since
these lines are perfectly known [21], their expégiesition (wavenumber) values
were plotted against the observed ones and, thas¢drresponding calibration
equation was obtained from the linear fitting o thlotted data. This equation
was then applied to the X-axis of the Raman specfar its calibration. Figure
2.15 shows an illustrative example of the lattevcpdure. In contrast, at JRC
Karlsruhe facilities it was the spectrometer whighas daily calibrated, prior to
the Raman measurements, using thgphonon (520.5 ci) of a silicon single
crystal [22].
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Fig. 2.14. First step of the calibration procedure follow¢CE#EMAT, consisting in
acquiring the emission lines of a Ne lamp righeaéicquiring the Raman spectrum of
interest.
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Fig. 2.15. Second step of the calibration procedure followe@IEMAT, consisting in
plotting the wavenumber values expected for thdifds present in the measured interval
vs. the observed values, for the purpose of obigittie calibration equation from their

linear fitting.

2.5.2. Second derivative analysis and peak fitting

At this point, the treatment and processing coratlion the calibrated spectra
should be described. In order to accurately deterthe different experimental
observables obtainable from a Raman spectrum, fepemalysis needs to be
carried out. Such profile analysis entailed, in thajor part of the studies
compiled in this thesis, a first step concerning #econd derivative spectral
methodology [23] and a second step related to #ak ditting. Anyhow, this
treatment was reduced to the exclusive applicatibrthe second derivative
analysis in those cases where only information le® bands positions was
required or the signal-to-noise ratio was not geadugh to perform a reliable
peak fitting on some spectral regions.

The second derivative analysis method enablesifgigt the various bands
present in a Raman spectrum, which appear as mi(sge Figure 2.16a), and
obtaining their precise position without being afésl by the background.
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Fig. 2.16. a) Second derivative analysis (bottom) performed calibrated Raman
spectrum corresponding to a hyperstoichiometridextop), where four bands were
identified. b) Lorentzian multiple peak fitting c&d out on the latter Raman spectrum
after subtracting the background.



Since, conversely, background subtraction is neceder the peak fitting,
what may lead to artefacts in the spectrum andi@mibands, it seems that the
previous performance of the second derivative amalyelps to provide reliance
on the bands positions determination. Besides,nti@hod becomes very useful
when some contributions are close to each otheenghat it makes it possible to
identify how many of them are there, as shown i $00-700 ci region of
Figure 2.16a.

Therefore, the combination of the second derivataealysis with a
subsequent peak fitting provides more accuratenmd@ion than the one that peak
fitting alone would provide. In this way, the banpssitions obtained in the
second derivative analysis of each Raman spectriare wised as starting
parameters in the peak fitting. The spectral basmolst were in all cases found to
be well represented by Lorentzian functions (Fig@.d6b), what thereby
determined their corresponding bandwidth and imatiegr intensity values. These
two characteristic parameters, together with thedbgpositions, allowed us to
obtain valuable information on the analysed sammsswill be shown in the
successive chapters.
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Abstract

This work presents a detailed study of hyperstoieitric UQ., (0 < x <
0.25) oxides and an assessment of the structuralugen taking place as
oxidation proceeds. For this purpose, different JdOpowder samples, with
controlled degree of non-stoichiometry, have beedentified by
thermogravimetric analysis and characterised byaX-diffraction (XRD) and
Raman spectroscopy. XRD analysis reflects that ¢bexmonly assumed
Vegard's law is not applicable over the whole hygpeichiometry range, since a
slight increase of the lattice parameter is obsdrfer 0.13 < x < 0.20. A
guantitative Raman analysis of the LJOspectra as a function of the oxidation
degree is also shown. A new method to charactengeUQ., sample (for x <
0.20), based on the shift of the 630’dmand observed in the Raman spectrum, is
proposed here for the first time. Moreover, thra@cture transitions have been
detected at x = 0.05, 0.11 and 0.20, giving riséotar distinct regions associated
with consecutive structural rearrangements overttiperstoichiometry range: x
<0.05,0.05<x<0.11,0.11 < x < 0.20 and 0.2x< 0.25.

3.1.1. Introduction

The oxidation of uranium dioxide (UPhas been widely studied due to the
potential risks that this process may cause iretlemt of shielding failure during
the storage of such a nuclear fuel [1]. In caskitdire under dry interim storage
conditions, the U@ matrix of the spent nuclear fuel (SNF) might bedsed
owing to its contact with the atmospheric oxyger dhe high temperatures
present due to the decay heat of the SNF [2]. Témestormation of U@into
UsOg via the two-step reaction [1] UeU,04/U;0,—U30Og entails an increase
in volume of around 36% and, consequently, it miggaise the loss of integrity
of the UQ matrix. Since this fuel matrix is responsible fetaining the fission
products and transuranium elements formed by thdiation process, release of
radionuclides into the biosphere might occur.

UO, presents a fluorite-type crystal structufem¢3m space group, fcc),
where uranium ¢ ions occupy the octahedral sites and oxygen i@ ére
located in the tetrahedral positions [@jving to the presence of numerous empty



interstitial sites, the UDlattice is capable of accommodating additionalgexy
ions. A slight lattice distortion in the cubic stture arises from the appearance
of such point defects, thus leading to hyperstoictatric UQ. [4]. As the
amount of incorporated oxygen increases, the streigearranges and extended
defect-structures are formed. The most energeti¢allourable defect-structure
proposed for around U, is the 2:2:2 Willis cluster, which contains twa@m
vacancies, two <111> interstitial oxygens and twid G> interstitial oxygens,
with no appreciable alteration of the uranium stilge [5,6]. The limit phase
preserving the fluorite structure is ;@b [7], recently described as a
superstructure of U consisting of “clusters of interstitial oxygen ai®
embedded in a distorted Yattice” [8]. Further oxidation produces a change
from the cubic to the tetragonal structure, comesiing to WO, [9] in which the
cuboctahedral clusters are so close to each o#lven(sharing edges) that the
cubic lattice suffers distortion and, subsequertig,c/a lattice parameters ratio
is no longer equal to 1 [10]. He and ShoesmithsfGHied the defect structures
and phase transition in hyperstoichiometric A4Oalso including the tetragonal
region of WO; (0 <x < 0.33 in UQ,,), and identified four structural defect
regions over the stoichiometry range: i) a randamitpdefect structurex(<
0.05); ii) a non-stoichiometry region where poinefatts are gradually
substituted by Willis 2:2:2 clusters (0.65< < 0.15); iii) a mixture of Willis and
cuboctahedral clusters (0.55x < 0.23); and iv) cuboctahedral clustess>
0.23). Furthermore, it is well known that accommamtaof a higher amount of
oxygens within the LD, lattice results in a phase transition to orthorhimm
U305 [9].

Traditionally, the techniques employed to analyise teaction of U@ at
atmospheric conditions have mainly consisted imntiogrravimetry and X-ray
diffraction (XRD). Thermogravimetric analyses relvéee kinetic behaviour of
UO, under these conditions, as well as the differemthanisms involved in each
step of the process: diffusion governs the oxigatio U,Os/UsO; (parabolic
reaction kinetics) while the following step tgQ@} is controlled by a nucleation
and growth mechanism (sigmoidal reaction kinetjt$) Nevertheless, there are
some uncertainties that have not yet been clariBedh as the real number of
kinetic time domains and their detailed originsaggested by the studies carried
out by Rousseaet al. [11] and Quémaret al [12] On the other hand, XRD
characterisation has not only managed to deterth@evolution of the already
mentioned crystalline phases throughout the readti®@] but, specifically, the
change in the lattice parameter of J@uring its transformation to AQy/U30;
(hyperstoichiometric range) [7,14-19]. A Vegardssvtike behaviour over the



whole hyperstoichiometric range has been propasedplain such changes, but
some scatter of the results is observed and diaooigs arise for the transition in
the 0.125 <x < 0.17 region [15]. This may be due to the commgide phase
transformations that take place during the oxigateaction [11].

In recent years, an emerging technique like micaoaBn spectroscopy is
gaining ground, since it meets two relevant featuit allows focusing on a
particular area of the size of few micrometres, pravides a spectral fingerprint
to differentiate between chemically similar compdsinrRaman spectra of several
uranium oxide phases, such asAJ0,0y, U;0; and BOg have been previously
published [8,20-23]. Likewise, some studies havédieaed to identify a
progressive variation of the YQ Raman spectrum according to the degree of
non-stoichiometry [6,24,25]. However, none of thesadies has analysed this
variation both quantitatively and associating acfffgestoichiometry x in UO..,)
to each spectrum.

In spite of the large number of studies that hagenbcarried out on this
matter, a more specific characterisation of théed#ht uranium oxides involved
in the conversion of Uginto UsOg needs to be done for a better understanding of
the structural and chemical evolution of the systén this basis, the present
study is focused on the first oxidation stage, fid@, to U,O,, with the aim of
characterising the UQ, (x < 0.25) hyperstoichiometric oxides in detail. Fois
purpose, several UQ oxides withx ranging from ~ 0 to ~ 0.25 have been
prepared, their stoichiometries have been checik@dyrmogravimetric analysis
and characterised by Raman spectroscopy and XRD.albu here is to shed
some light on the structural evolution of the }J€J,0, reaction, based on the
analysis of the measured lattice parameters andaRalmifts of a U@, series of
compounds.

3.1.2. Experimental

3.1.2.1. Sample preparation

U30g powder provided by ENUSA was reduced in an aluniin@ace at
1000°C under a constantyN, 96:4.7 v/v gas flow to ensure that quasi-
stoichiometric UQ powder was obtained. Afterwards, this powder wedgexted
to different times and temperatures in air atmosph& order to attain
homogeneous UL, specimens witkx ranging from ~ 0 to ~ 0.25. In this way,



nine samples were prepared and their stoichiontbieyeafter determined by
thermogravimetric analysis.

3.1.2.2. Characterisation techniques

Thermogravimetry experiments were carried out byamse of a TA
Instruments Q50 thermobalance under a synthetitoairwith a constant rate of
60 mL per minute. The samples were heated to 700°Grder to attain a
complete conversion to;0s. The weighing precision of the thermobalance was
0.01%. The O/U atomic ratios of the initial samplesre then calculated by
assuming that oxidation to30g was fully completed. §Dgs complexion was
afterwards verified by XRD (data not shown).

Raman spectroscopy analyses were performed witlorédbdd LabRAM HR
Evolution spectrometer with 800 mm focal lengthl gpectra were acquired at
an excitation wavelength of 632.8 nm provided byeaNe laser. The laser beam
was focused on the sample through the 100x obgedivan Olympus BX41
microscope. The excitation power was optimised mmimised to ~ 1 mW in
order to avoid alteration of the samples. The eoadt radiation was then
collected in backscattering geometry, dispersechgush 600 grooves/mm
holographic grating and recorded using a CCD detef@56 x 1024 pixels),
obtaining a ~1 cflY pixel spatial resolution and a spectral resotutietter than 3
cmi'. For the analysis of each sample, an average ofp2@tra recorded at
different locations of the sample were acquiredrdlie wavenumber range that
goes from 250 to 1300 ¢

XRD characterisation was performed by means of #ipBhPANalytical
X’Pert MPD diffractometer using CK,, radiation {=1.54056 A) and operating
at 45 kV and 40 mA. Bragg-Brentano configuratioowmgetry was used. The) 2
range covered was from 20° to 120°, at 0.04° scansieps. Four to six XRD
patterns were acquired under identical conditions €ach sample. The
uncertainty of each XRD measurement was estimaeitheastandard deviation
of the individual measurements.

Both Raman and XRD experiments were performed i usmder STP
conditions.



3.1.3. Results and discussion

3.1.3.1. Thermogravimetric analysis

Figure 3.1.1 shows the thermogravimetric curvesaiobtl for selected
samples, which reflect the typical two-step oxidati of UG
(UO,—U40x/Uz0,—U30g) [1]. All the samples present a similar general
behaviour when heating them to 700°C: a weight gmiiirst observed when a
temperature of 200-250°C is reached; at that ptietsamples begin to oxidise
(weight gain increase) until a plateau appearsr@iral 300-400°C, associated
with UsO¢/Us0; [26]; finally, oxidation continues and at 450-5G0@another
plateau is reached, indicating that conversion §0sthas been fully completed
[26].

The stoichiometry of the different samples was waked from the weight-
gain data recorded in the thermogravimetric analyseus determining their
correspondence to the hyper-stoichiometric oxid€s dg) UO; 05, UG, 57, UO, g,
UO,.11, UG 15 UG, 17, UG, ,0and UQ L, with a relative sampling error around
1%.
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Fig. 3.1.1.Thermogravimetric curves of the YQhyper-stoichiometric oxides.



It should be noted in Figure 3.1.1 that each hytpeaisiometric oxide starts to
oxidise at a different temperature, which is lovasrthe initial degree of non-
stoichiometry increases. Likewise, the first (shqtateau reached, related to
U404/Us0; [26], is narrower for more oxidised samples. Itncalso be
appreciated that the oxidation rate (slope) in séps (UQ.x—U,Oy/U3;0; and
U404/U30;—U30g) significantly varies for the different hyperstoiometric
oxides, especially in the initial transformationgOg/U;0;.

3.1.3.2. XRD analysis

Typically three X-ray diffractograms were acquiriedl each sample. As an
example, we show in Figure 3.1.2 selected reflastiof the different oxides
patterns: (111), (200), (220) and (311). For tHes# comparison, we reproduce
(open symbols) the diffraction pattern of the cubitucture of stoichiometric
UO; reported by Fritsche (ICDD 00-041-1422) [27].
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Fig. 3.1.2 Comparison of the (111), (200), (220) and (31RDXreflections of the
hyperstoichiometric oxides studied. Asterisks iatkcthe appearance of a new diffraction
peak. Open symbols correspond to the ICDD 00-0£22140, pattern [27].

A general upshift in @ of all the peaks can be appreciated as the dexjree
non-stoichiometry increases, being particularly agmble for the (111)
reflection (see dotted line in Figure 3.1.2). Italso noteworthy that both (200)



and (311) reflections show satellite peaks at higivgles (asterisks in Figure
3.1.2) from UQi; on, their contributions becoming more relevant hwit
increasingx. This has been attributed both to thgOWtetragonal phase and to
the W,Oq cubic superlattice [28-31], and their observatiomst be related to the
formation of cuboctahedral oxygen clusters, asypastd by Nowickiet al [32],
because LD, and UBO; polytypes only differ in the spatial arrangemehsuach
clusters and the subsequent lattice distortion.

In order to quantify the evolution of the structuvith x, the lattice parameter
(a) of every UQ., oxide was calculated from the results shown in fEgai1.2
applying Bragg's law and assuming that the systmains cubic throughout the
whole hyperstoichiometric range [7]; the analysisshown in Figure 3.1.3,
showing rather good agreement with data from othghors measured under
similar conditions [14-18]. Differences observedhatne results of Lyndst al.
[15] in the 0.7 <x < 0.12 range might be due to the elevated-temperat
quenching treatment performed by these authorsiglgample preparation.
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Fig. 3.1.3.Lattice parameter as a functionxafor the different U@,, oxides. Open
symbols represent experimental data obtained bk, whereas solid symbols
illustrate data published by other authors indidatethe legend. Straight lines correspond

to linear fits (see text for details).



The variation of the U&, lattice parameter is assumed to follow Vegard's
law in the hyperstoichiometric range (Ox< 0.25) [7,14-18], which implies a
linear decrease on the lattice parameter with arease in the degree of non-
stoichiometry. This law seems to hold in the 8 < 0.13 range, but a change in
the slope is observed arourd= 0.15 to again decrease in the 0.17-0.22<
0.25 region, which is commonly associated witjodJ, [15-17,33].

Vegard's law in the 0 x < 0.13 range yields Equation 3.1.1, which has been
obtained from a linear fit to our experimental data

& (A) = 5.470 + 0.006 — (0.24 + 0.08) (0 <x< 0.13) (Eq. 3.1.1)

The intercept in Equation 3.1.1e. the lattice parameter for stoichiometric
UO, (5.470 A), is in good agreement with the valuesreted by other authors
[14,15,18,34]. Nevertheless, larger discrepanciesodserved with the slopes
reported by Lynd®t al. [15] (-0.094) and Alekseyest al [18] (-0.1495), very
likely due to the different preparation and measwmat conditions employed by
these authors.

In spite of the consensus observedxfer0.13, some uncertainty was reported
by Lyndset al. [15] concerning the variation of the lattice paeten in the
intermediate region 0.13 x< 0.17. These authors obtained scattered results o
the lattice parameter in this region and were unablobtain a unique Vegard
equation across the whole hyperstoichiometric ranmggead, they split it into
two different equations below= 0.13 and abovg = 0.17. They attributed this
observation to a transition detectedckat 0.125 by some authors when analysing
the partial molar free energy of oxygen in L{d35]. Moreover, scarce values
concerning this intermediate region have been tegdfi4,16,18]. However, our
results clearly demonstrate an increase of thiedagiarameter in the region 0.13
<X < 0.20, which can be described by Equation 3.1.2.

a0 (A) = 5.4133 + 0.0005 + (0.196 + 0.008) (0.13 <x<0.20)  (Eq. 3.1.2)

Previously published lattice parameter values withil3 <x < 0.20 are
indeed in accordance with the trend observed Herepver, to the best of our
knowledge, this is the first time that a non-Veghaethaviour is reported for this
particular region. This obviously confirms that iagbe linear equation is not
sufficient to calculat& over the whole U@y range.

Concerning the lattice parameter in the 0.28 < 0.25 regionj.e. UsOq,
range, it seems to follow a Vegard's law-like bebav (dashed line in Figure



3.1.3), in accordance with results published byed#nt authors [15-17,33].
Nevertheless, additional data are required in cm@eerify such tendency and to
establish an equation over the entigy), region; ongoing work is being carried
out in our laboratory on this subject. In any cdke, important conclusion that
can be derived from the results of Figure 3.1.tha it is impossible to give a
reliable value of the oxidation degre@ ¢f a given UQ,, oxide in the 0.05 x <
0.25 range only with the help of an X-ray patteso. we need complementary
techniques in order to properly characterise hypmisiometric oxides.

The above XRD results, however, help to identifp structural transitions at
x = 0.11 andx = 0.20. As the oxidation degree increases, thesliof the XRD
patterns fairly correspond to those of J@ee Figure 3.1.2), except for their
steady displacement to higher angles commonly &gsdc with non-
stoichiometry in U@, [13]. Then, a change is appreciated starting atoun
0.11 with the appearance of a new peak next to geflections (labelled with
asterisks in Figure 3.1.2), which was already laited to the formation of
cuboctahedral oxygen clusters. This clearly mightrespond to the transition
observed ak = 0.125 by some authors [35], and agrees withkihk in the
variation of the lattice parameter around 0.13. A second transition is observed
at aroundx = 0.20, attributed to ADq,, as revealed by the trend of the lattice
parameter, and the Vegard's law is recovered itidigahat a lattice contraction
is again taking place.

3.1.3.3. Raman spectra analysis

Several Raman spectra recorded at different pahtevery sample were
analysed and compared. All spectra acquired fan eacticular oxide were very
similar, thus confirming the homogeneity of the ptaa. Each spectrum plotted
in Figure 3.1.4 corresponds to the average of agt|20 individual spectra to
improve the signal-to-noise ratio, and each of éhagerage spectra was then
normalised to the maximum height of thg band, located around 445 tm

Since the space group corresponding to the flubyjie structure of uranium
dioxide is Fm-3m (Gy) [36], group theory predicts two vibrational modes
UO;: a triply degenerate Raman active modgy)(@&nd an infrared active mode
(T1y). The Raman spectrum of a stoichiometric,Whows two bands located at
445 cnmi* and 1150 cm, respectively [36]. The band observed around 443 c
can therefore be attributed to the, Vibrational mode [37], while the band
observed around 1150 ¢nhas been assigned by Livneh and Sterer [38] to a



second order longitudinal optic phonon (2LO), desghe fact that it was
previously assigned to a crystal field electrommsition [39].
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Fig. 3.1.4.Raman spectra of the UQhyper-stoichiometric oxides.

The initial hyperstoichiometric UQ; spectrum contains the same Raman
bands as stoichiometric YGnd an additional broad and asymmetric feature
(500-700 crit) which can be considered the result of two maintrijoutions
centred around 560 and 630 tnThe first can be associated with the 555'cm
broad band observed by Guimbretiéteal[40] at the grain boundary of non-
irradiated UQ and the one around 550 ¢nfound by Livneh and Sterer [38]
when characterising Ufat low excitation energies, as well as with thealed
U* band in the recent study of Onoét al. [41]. The band observed around 630
cm® has been attributed to anion sublattice distostifirl], which in our case
would be caused by the excess of oxygen. Howethés, iand has been also
specifically associated with a structural defectuboctahedral (ADy) symmetry

[8].



The evolution of the Raman spectrum at differergreles of oxidation is
shown in Figure 3.1.4. The changes observed cauinenarised as follows: 1) a
continuous broadening and upshifting of the 445" dmand, 2) a significant
decrease in intensity of the 2LO band, which esaigndisappears at a certain
point between U@,; and UQ 5, 3) a continuous increase in the intensity of the
~630 cnT band as the oxygen content increases, and 4) chamghe relative
intensity of the ~560 cthband, showing a maximum arouxe 0.09

A detailed band-profile analysis of the spectra wagied out to track the
evolution of the characteristic wavenumbers, iniclgdhose bands contributing
to the broad feature observed in the 500-700" mpectral range. A second
derivative analysis [42] allowed us to obtain thavenumber of four main
contributions, namely, the,Jband at around 445 ¢mtwo overlapping bands at
~560 and ~630 cihand the 2LO band at ~1150 ¢mThen, a multiple
Lorentzian fit was conducted, using the obtainedemamber values as fixed
parameters. An example of this profile analysigiven in Figure 3.1.5 for UQ);
and UQ., in the 300-800 crh range. The following changes were found
between the wavenumbers of the main Raman barutsthncompounds: the 445
cm® band is shifted to 459 ¢hfor UO, ,, and the bands observed at 562 and 623
cmtin UO, p;are centred at 547 and 637tm UO, ,,
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Fig. 3.1.5.Profile analysis of a) UQy;and b) UQ ,, illustrative of the two bands
detected in the 500-700 €mange for all U@, oxides: the ~560 and ~630 ¢rbands.

A quantitative analysis of the evolution of the Remspectra witlx, similar
to that performed above with our XRD results, campkrformed on the basis of
the 445 cri (To9 band shift, which provides information about tbeerall
fluorite lattice, and the intensity and shift o630 crit band, which can be



associated with a distorted oxygen sublattice [H.can be seen in Figure
3.1.6a, the 445 cimbandfirst upshifts from UQqz to UG, o5, and then remains
almost constant in frequency until Y@ is reached. At this point, the band
begins to substantially move towards higher wavdrm) reaching the value of
459 cm' for UO, », Figure 3.1.6b shows the intensity (maximum h@igifitthe
630 cm® band normalised with respect to the intensity (maxn height) of the
T,g band,i.e. lg3dlaas as a function ok. As can be observed, the band at 630 cm
continuously increases in intensity as oxygen aanitecreases. Concerning the
wavenumber variation as a function xf shown in Figure 3.1.6¢, an initial
downshift is appreciated until Y@ at that point, it drastically shifts to a much
higher wavenumber and continues downshifting fro@, Y to UG,,, Data
corresponding to U§, do not follow the tendency of the latter oxided)atv
must be due to the fact that it belongs to th®d region, as indicated by the
XRD results described above.
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Fig. 3.1.6.a) Wavenumber of the 445 €vand .45, b) normalised maximum intensity,
with respect to the 445 ¢hband, of the 630 chband (ssdl44) and ¢) wavenumber of
the 630 crit band ¢g30), as a function of (in UO,.,). Lines are guides to the eye.

These results allow us to develop a reliable mettmccharacterise the
oxidation degree of any UQ sample forx < 0.20 using Raman spectroscopy.
Since the wavenumber of the 630 tivand (e30) shows two well defined and



differentiated trends before and after 14@U0O, ., (Figure 3.1.6c¢), Equations
3.1.3 and 3.1.4 can be applied in different rangfethe lgsd/lass ratio (Figure
3.1.6b), which is directly related to It is important to note that these equations
are only valid when an excitation wavelength of 832m is used, since it is well
known that some excitation wavelengths may possibyd to resonance
conditions and no quantitative analysis could treisarried out [8].

vezo= 645+ 4 - (610 £ 60), (Ie3d/lass < 0.24) (Eq. 3)L.
Vg30= 647 + 4 - (90 + 20*, (027 630l aas < 109) (Eq 314)

Considering now the outcomes of the Raman spedpyscharacterisation,
the same structure transitions as from XRD rexdts be detected aroumd=
0.11 andx = 0.20. These are remarkably noticed in the wawdiau evolution of
the 630 crit band, where clear discontinuities are found ardbede values of
(Figure 3.1.6c¢), revealing relevant changes inathien sublattice. The transition
atx = 0.11 can also be observed in the wavenumbeugenlof the 445 crh
(T29 band, which shows an upshift at higher compasstiFigure 3.1.6a). The
T, band is assigned to the U-O fundamental stretchibigation, so an upshift
implies a gradual increase in the bond-strengthxfor 0.11,what might be
explained by a higher amount of surrounding oxygéms that produce U-O
bond compression, thus confirming the idea thatlation degree and pressure
are related quantities [43]. On the other hand ttéwasition found ak = 0.20 is
marked by vanishing of the 2LO band (Figure 3.1Mpat is commonly
associated with a cation sublattice distortion ifiggnt enough to alter the
special arrangement conditions which make such @hdrand featurable [6].
Interestingly, an additional transition arouxiet 0.05, not identified in the XRD
analysis, is suggested from the analysis of thé& shithe T,y band (Figure
3.1.6a). This band considerably upshifts from,@0 UG, 5, very likely caused
by a higher amount of surrounding oxygens when dbmposition UQgs is
reached.

3.1.3.4. Structural evolution in UO2+x

Taking into account the transitions detected boyh XRD and Raman
analyses, four main regions with distinct behawsowithin the UQ,, range have
been identifiedx < 0.05, 0.05 « < 0.11, 0.11 « < 0.20 and 0.20 x< 0.25. On
this basis, the following structural evolution nizgy presumed:



i) 0 <x < 0.05. As soon as quasi-stoichiometric \4Ridation begins, the lattice
starts to contract (marked upshift of thg Raman band ana), lattice parameter
decrease). This behaviour should be due to thergssiye incorporation of
oxygen atoms within interstitial sites [4]. He aBdoesmith identified the same
region by analysing the small drop in intensitytloé 2LO band and the slight
increase in intensity of the 630 ¢rband [6]. In this study we have observed a
continuous decrease in intensity of the 2LO bandl artontinuous increase in
intensity of the 630 cihband around Ugys with no detectable change in our
band analysis.

i) 0.05 <x < 0.11. In this region, as extensively assunagdiecreases following
a Vegard's law-like behaviour. This can be intetgdeas follows: at some point
around UQ,s the concentration of interstitial oxygen is sghithat oxygens
start to rearrange themselves in an ordered matmeaccommodate the
additional oxygens entering the lattice, what yseédgradual lattice contraction
due to the formation of new ordered defect strasurthe so-called Willis
clusters [5]. On the other hand, since thg Bland wavenumber remains almost
constant within thisx range, the sublattice contraction is not signiftcaand
some kind of structure rearrangement takes plabat would corroborate the
Willis clusters assumption.

i) 0.11 <x < 0.20. The Jy band gradually upshifts throughout this region,
reflecting a continuous increase in the U-O bomdrgjth, what can be attributed
to a higher and closer amount of surrounding oxygémms as oxidation
proceeds. Hence the following structure evolutiagsumed by He and
Shoesmith over the 0.55x < 0.23 range [6], can be taken into consideration: a
around UQ;, part of the Willis defect structures start to elep to more
densely packed regular distributions (cuboctahedrsters) in order to allow
further oxygen incorporation. This should involve gioobal gradual lattice
expansion, as reflected by the increase iragHattice parameter observed in this
study. In addition, the appearance of a new peakénX-ray pattern at UQ;
confirms the latter assumption of an incipient fatibon of cuboctahedral
clusters.

iv) 0.20 <x < 0.25. Between Ug),and UQ »5 g, recovers the Vegard's law-like
behaviour and the ,§ band continues upshifting, what indicates lattice
contraction is again taking place. In addition, dieappearance of the 2LO band
around UQ,, suggests distortion of the cation sublattice, Whiemained
undisturbed at lower oxidation degrees, and thesiples formation of WOq,



phase, since it has been previously associated twi#h0.17-0.22 < < 0.25
region [15-17,33]. This suggests that, when,WiCs reached, the complete
rearrangement of the oxygen atoms in cuboctahetirsters leads to a new fully
ordered superstructure containing oxygen vacangidsOs,), which are
progressively filled in, thus inducing once againaatinuous contraction of the
lattice.

3.1.4. Conclusions

A systematic Raman and XRD study of {JQpowder oxides with controlled
degree of non-stoichiometry fror= 0.03 tox = 0.24 has been for the first time
presented.

X-ray diffraction detailed analysis shows that themmonly assumed
Vegard's law-like behaviour is not applicable t@ tWwhole hyperstoichiometric
UO,. range. Three different equations are required tecriltee the lattice
parameter evolution over such range and preclud@sguXRD results to
calculatex. However, we have found that Raman spectroscopybeaused for
this aim after the analysis of the 630" tRaman band and we have proposed a
method to characterise the oxidation degree ofliDy. oxide (forx < 0.20).

The simultaneous analysis of the Raman and XRDitsehas allowed us to
identify three structural transitions arouxad 0.05, 0.11 and 0.20, and to provide
an explanation of the structural evolution withie tcubic lattice, as follows: i)
up to UQ es5 a progressive incorporation of oxygen atoms withterstitial sites
occurs; ii) between Ugs and UQ ., these point defects start to rearrange
themselves in ordered defect structures or Willisters; iii) around Ugy,, part
of the Willis clusters start to develop into morendely packed cuboctahedral
clusters; iv) finally, a complete rearrangement tbe oxygen atoms in
cuboctahedral clusters at around AjJO leads to a new fully ordered
superstructure containing oxygen vacanciegog)), which are gradually filled
in up to at least U&,

3.1.5. Acknowledgements

This work was supported by ENRESA within the proj&® 079000189,
entitled “Aplicacion de técnicas de caracterizaaodrel estudio de la estabilidad



del combustible nuclear irradiado en condiciones aenacenamiento”
(ACESCO).

3.1.6. References

[1] R. J. McEachern and P. Tayldr,Nucl. Mater, 254, 87-121 (1998).

[2] C. Ferry, C. Poinssot, C. Cappelaere, L. Desgrarige¥gou, F. Miserque, J.
P. Piron, D. Roudil and J. M. Grak,Nucl. Mater, 352, 246-253 (2006).

[3] B. T. M. Willis, Proc. Br. Ceram. Sogl, 9-19 (1964).

[4] B. T. M. Willis, Nature 197, 755-756 (1963).

[5] B. T. M. Willis, Acta Cryst, A34, 88-90 (1978).

[6] H. He and D. ShoesmitRhys. Chem. Chem. Phy2010,12, 8108-8117.

[7] H. Hering and P. Péri&ull Soc. Quim.M. 531 (1952).

[8] L. Desgranges, G. Baldinozzi, P. Simon, G. Guiméretand A. Canizares,
Raman Spectrosel3, 455-458 (2012).

[9] P. JoliboisC. R. Acad. Sgi224, 1395-1396 (1947).

[10] L. Desgranges, G. Baldinozzi, G. Rousseau, J. €pdd and G. Calvarin,
Inorg. Chem.48, 7585-7592 (2009).

[11] G. Rousseau, L. Desgranges, F. Charlot, N. MilldE,. Niépce, M. Pijolat,
F. Valdivieso, G. Baldinozzi and J. F. BerarNucl. Mater, 355 10-20 (2006).
[12] L. Quémard, L. Desgranges, V. Bouineau, M. Pijoat, Baldinozzi, N.
Millot, J. C. Niépce and A. Poulesqueh, Eur. Ceram. Soc29, 2791-2798
(2009).

[13] F. Grgnvold and H. HaraldseNature 162,69-70 (1948).

[14] F. Grgnvold,J. Inorg. Nucl. Chem1, 357-370 (1955).

[15] L. Lynds, W. A. Young, J. S. Mohl and G. G. LiboryiAdv. Chem.39, 58-
65 (1962).

[16] T. Ishii, K. Naito and K. Oshim&olid State Commur8, 677-683 (1970).
[17] T. Matsui and K. Naita). Nucl. Mater, 56, 327-335 (1975).

[18] V. A. Alekseyev, L. A. Anan’yeva and R. P. Rafaligkint. Geol. Rey.23,
1229-1236 (1981).

[19] R. E. Rundle, N. C. Baenziger, A. S. Wilson andARMcDonald,J. Am.
Chem. So¢70, 99-105 (1948).

[20] G. C. Allen, I. S. Butler and N. A. Tuad, Nucl. Mater, 144, 17-19 (1987).
[21] M. L. Palacios and S. H. Taylokppl. Spectroscb54, 1372-1378 (2000).
[22] E. A. Stefaniak, A. Alsecz, I. E. Sajo, A. Worohigc Mathé, S. Tordk and
R. Van GriekenJ. Nucl. Mater,. 381, 278-283 (2008).



[23] F. Pointurier and O. Mari&gpectrochim. Acta, Part,B5, 797-804 (2010).
[24] D. Manara and B. Renkel, Nucl. Mater, 321, 233-237 (2003).

[25] L. Jun-bo, L. Gan and G. Shu-lgpectrosc. Spect. AnaB4 (2) 405-409
(2014).

[26] S. Aronson, R. B. Roof and J. Belle,Chem. Phys27, 137-144 (1957).
[27] R. Fritsche, Sussieck-Fornefeld C. Min.-Petr. [ndiniv. Heidelberg,
Germany, ICDD Grant-in-Aid (1988).

[28] P. A. Tempest, P. M. Tucker and J. W. TylerNucl. Mater, 151, 251-268
(1988).

[29] P. Taylor, E. A. Burgess and G. G. OwedsNucl. Mater, 88, 153-160
(1980).

[30] R. E. Einziger, L. E. Thomas, H. C. Buchanan andBBRStout,J. Nucl.
Mater,, 190 53-60 (1992).

[31] K. Naito, T. Ishii, Y. Hamaguchi and K. Oshimaglid State Commurb,
349-352 (1967).

[32] L. Nowicki, F. Garrido, A. Turos and L. Thomé, Phys. Chem. Solid61,
1789-1804 (2000).

[33] B. E. Schaned. Nucl. Mater, 2, 110-120 (1960).

[34] B. Belbeoch, J. C. Boivineau and P. PédioPhys. Chem. Solid&8, 1267-
1275 (1967).

[35] C. F. Miller, U. Merten and J. T. Porte§hemistry of uranium-oxygen
systems: Final reportU.S. Atomic Energy Commission, Division of Teotwdi
Information, San Diego, California (1961).

[36] P. R. GravesAppl. Spectrosc144, 1665-1667 (1990).

[37] P. G. Marlow, J. P. Russell and J. R. HarBhjlos. Mag, 14, 409-410
(1966).

[38] T. Livneh and E. StereRPhys. Rev. Br3, 085118-085119 (2006).

[39]J. Shoenesl. Chem. Soc., Faraday Trans83, 1205-1213 (1987).

[40] G. Guimbretiére, L. Desgranges, A. Canizares, GloGeR. Caraballo, C.
Jégou, F. Duval, N. Raimboux, M. R. Ammar and Pn@i, Appl. Phys. Letf.
100, 251914 (2012).

[41] C. Onofri, C. Sabathier, H. Palancher, G. CarlotM8o0, Y. Serruys, L.
Desgranges, M. Legroslucl. Instrum. Meth. B374, 51-57 (2016).

[42] G. Talsky, Derivative Spectrophotometry: Low and High Order
Verlagsgesellschaft, Weinheim (Federal RepublidGefmany) and Inc., New
York, NY (USA) (1994). ISBN 3-527-28294-7.

[43] A. Vegas, J. Mejia-Lépez, A. H. Romero, M. KiviD. Santamaria-Pérez
and V. G. Baonz&olid State Sci, 809-814 (2004).



Monitoring early-stage oxidation of UO2: An in situ
Raman analysis

100 150 1000 1200
Time (min)

Published as “Spent fuel matrix oxidation studies under dry storage conditions” J. M. Elorrieta,
L.]J. Bonales, N. Rodriguez-Villagra, V. G. Baonza and J. Cobos, MRS Advances, 2 (12), 675-680
(2017). DOI: 10.1557 /adv.2017.3






Abstract

A good understanding of the spent fuel matrix (UO,) behaviour under
predisposal activities conditions is required for the proper performance
assessment of a final repository. Hence, the oxidation evolution of UO, under dry
interim storage conditions, as a main predisposal action within the Spanish
strategy, needs to be addressed. For this aim, in this work a detailed in situ
Raman spectroscopy study of the surface oxidation of a UO, o disk heated in the
presence of synthetic air at 573 K is presented. The spectra analysis required two
previous studies. In the first one, UO,. powder samples with controlled degree
of non-stoichiometry were identified by thermogravimetric analysis and
subsequently characterised by Raman spectroscopy. The equations obtained from
this study enable estimating the oxidation degree of any UO,., sample (for x <
0.20) at atmospheric conditions. The second one was performed in order to use
these equations for the in situ experiments (at 573 K), since the shift of the bands
due to temperature needs to be taken into account. Thus, the behaviour of the
Raman spectra as a function of temperature was analysed and a correction term
thereafter introduced in the initial equations.

3.2.1. Introduction

It is of great significance to understand the otiadabehaviour of the spent
nuclear fuel matrix (Ug) under dry storage conditions in order to corgeatisess
the feasibility of interim repositories. If any shding failure occurs while storing
this irradiated fuel, the UQmatrix might oxidise in the presence of atmospheri
oxygen and the high temperatures caused by decaty [bhe what entails an
increase in volume of around 36% whether it becoi€3; [2]. The swelling
produced under these conditions might make fudéseiose their integrity, what
implies a risk for the future handling of such raarl waste.

UO, presents a fluorite-type crystal structuFen{3m space group, fcc) [3].
The UQ lattice can easily accommodate additional oxygars iowing to the
presence of numerous empty interstitial sites, téading to hyperstoichiometric
UO,.« [4]. The cubic phase is then preserved up to atour 0.25, usually



referred to as Dy [5]. Further oxidation produces a change fromadiieic to the
tetragonal structure, corresponding gk and then to orthorhombic;0g[6].

Micro-Raman spectroscopy is one of the main charaettion techniques that
are currently employed on this matter [7-14], du¢he fact that it offers a series
of advantages over other conventional techniques; [pberhaps the most
important is the possibility of performinign situ characterisation. For a better
understanding of the structural and chemical ewmiubf the spent nuclear fuel
matrix during its oxidation, a detailédh situ characterisation of the different
uranium oxides involved in the conversion of UJ@to U;Og still needs to be
done, both quantitatively and as a function of terapure. On this basis, the
present study is focused on the first oxidatiogetdrom UQ to U;O,, with the
aim of assessing the evolution of the 1J@x < 0.25) hyperstoichiometric oxides
formed on the surface of a Ydisk during its oxidation at 573 K (reasonably
conservative value for the temperature that mightréached in an interim
repository).

For this purpose, several YQpowder oxides withx ranging from ~ O to ~
0.25 were first prepared and quantitatively chamstd by means of Raman
spectroscopy [16]. In addition, a previous anahafithe Raman spectra as a
function of temperature was carried out under iaémosphere in order to later
subtract the effect of temperature on timesitu obtained spectra under air
conditions.

3.2.2. Experimental details

3.2.2.1. Sample preparation

U305 powder provided by ENUSA was reduced in an alurfimaace at 1273
K under a constant M, 96:4 v/v gas flow to ensure that quasi-stoichiginet
UO, powder was obtained. Afterwards, this powder wagexted to different
times and temperatures in synthetic air atmosphémras attaining nine
homogeneous UL, oxides withx ranging from ~ 0 to ~ 0.25. A UMellet, also
provided by ENUSA and with 10.4 mm in diameter, veas into disks with
parallel faces of ~1 mm thickness which were afégds polished. In order to
ensure stoichiometry, the disks were annealed & ¥0during 24 hours under
reducing conditions (NH; 96:4 v/v).



3.2.2.2. Characterisation techniques

For the purpose of determining the O/U ratio ofrgyeepared U@, powder
oxide, thermogravimetry experiments were carried by means of a TA
Instruments Q50 thermobalance under a synthetittoairwith a constant rate of
60 mL/minute. The samples were heated up to 978 dtder to attain a complete
conversion to k0. Their O/U atomic ratios were then calculated bgusming
that oxidation to YO was fully completed, hence determining their
correspondence to the hyper-stoichiometric oxid€s do) UG, 05, UOs 07, UG, g9,
UO, 11, UG, 15 UG, 14 UG 0and UQ,, with a relative sampling error around
1% (procedure and analysis described elsewherg [16]

Raman spectroscopy analyses were performed witlorédbdd LabRAM HR
Evolution spectrometer. All spectra were acquiredraexcitation wavelength of
632.8 nm provided by a He-Ne laser. The laser baea® focused onto the
sample through the 100x objective of an Olympus BXaicroscope. The
excitation power was optimised and minimised toidadteration of the samples.
The scattered radiation was then collected in lzatiering geometry, dispersed
using a 600 grooves/mm holographic grating androcemb by a CCD detector
(256 x 1024 pixels), obtaining a ~ 1 ¢pixel spatial resolution and a spectral
resolution better than 3 ¢

In situ Raman characterisation of the Ydisk oxidation was carried out by
using a Linkam temperature-controlled pressureestaglMS600, coupled to the
BX41 Olympus microscope of the Raman spectroméiee. mechanical design
and electronics of the Linkam stage provided pes@entrol and temperature
stability better than 0.2 K. Spectra were in thiase collected with a 50x long-
range objective through a silica window at thedbthe stage.

3.2.3. Results and discussion

3.2.3.1. Quantitative Raman analysis of UO2.x oxides

Figure 3.2.1 shows the Raman spectra acquiredhéoditferent UQ,, powder
samples. All spectra contain the same Raman banhdsohiometric UQ (the
445 cm' band corresponding to the U-O symmetric stretchibgation (Tog) [17]
and the 1150 cihband associated with the 2LO phonon bidi8j), as well as an
additional broad and asymmetric feature at 500€t80which can be considered



the result of two main contributions centred aro&660 and 630 cth[16]. The
band observed around 630 tmight be associated with the alteration caused by
the excess of oxygeng. with oxidation, since it is currently acceptedtthaan

be attributed to anion sublattice distortions [19].
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Fig. 3.2.1. Raman spectra of different YQ hyper-stoichiometric oxides.

The evolution of the Raman spectrum as oxidatioocgeds reveals a
continuous broadening and upshifting of the 445'd&and and a significant
decrease in intensity of the 2LO band (which evieagpears fok > 0.17, what
could be related to the,0y phasd8]). Apart from this, a continuous growth of
the ~ 630 ciband can be appreciated as the oxidation degreeaises. Thus, a
gquantitative analysis of both the intensity and @aunber evolution of the 630
cmi'band, as a function of (in UO,.,), allowed us to develop a reliable method
to characterise the oxidation degree of any,LJ@mple forx < 0.20 using
Raman spectroscopy [16]. Such method consists diysia the direct relation
betweenx and the wavenumber shift of the 630 cthand (e20), represented by
Equations 3.2.1 and 3.2.2, each of which takesaotmunt a different range of
the 630 and 445 cirbands intensity ratid dso/l as).



Veso (CMY) =645 + 4 - (610 £ 60),  (e30/laus < 0.24) (Eg. 3.2.1)

Veao (CMY) = 647 + 4 - (90 £ 20%,  (0.27 ezoflass < 1.09) (Eq. 3.2.2)

3.2.3.2. Behaviour of the 630 cm'! band with temperature

In order to assess the influence of temperaturthem situ acquired spectra
during the UQ disk oxidation, especially on the 630 tiand behaviour with
the aim of correcting the latter equations, the,kGample was previously
subjected to a temperature scanning under inexsghere (Ar). In this regard,
Figure 3.2.2a shows spectra acquired at differemiperatures. Apart from the
fact that the absolut intensity of the bands dished with the increase of
temperature (worse signal-to-noise ratio), a sbfifthe 630 cril band towards
lower wavenumber values could be appreciated (seshed line in Figure
3.2.2a). Thus, the second derivative method [20$ \wpplied to obtain the
position of the 630 cthband (s) for the different temperature values (see
Figure 3.2.2b) and a correction equation, EquaBah3, was subsequently
derived from these data.

veao (CMiY) = 650 + 2 - (0.049 + 0.003) (K) (Eq23)

Taking into account such temperature correctiomofaand assuming that it
holds for the whole fluorite-hyperstoichiometry geni.e. as long as the structure
remains cubic, Equations 3.2.1 and 3.2.2 can bettewas Equations 3.2.4 and
3.2.5, which now describe the position of the 680 band as a function of both
oxidation degreexj and temperaturd}.

vezo (cm®) = 660 + 10 - (610 * 60} - (0.049 + 0.003) (K), (Igao/l 145<0.24)
(Eq. 3.2.4)
Veao (CM™) = 660 % 10 - (90 + 20§ - (0.049  0.003Y (K), (0.27< 650/l 45 <1.09)

(Eq. 3.2.5)
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3.2.3.3. In situ characterisation of a UO; disk oxidation

For thein situ analysis of a U@disk oxidation reaction, the latter was housed
in the Linkam stage under synthetic air flow andngerature was then
maintained at 573 K. Figure 3.2.3 shows spectraiiesd on different spots of
the sample surface as a function of time. As carajereciated, under these
conditions initial oxidation proceeded quite faBuring the first 10 hours a
mixture of UQ.x and UO, phases was observed, while after this time th@,U
phase seemed to stabilise. Nevertheless, no sudaicktion to WOg was
observed after 19 hours.
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Fig. 3.2.3. Raman spectra of a Ydisk, acquired at different times of a 573 K
experiment under dry air conditions.

For the purpose of performing a detailed spectralyesis, the second
derivative method was again used. Thereafter, kansat3.2.4 and 3.2.5 were
applied to estimate the oxidation degree(UO,.,) of the UQ disk as a function
of time, which allowed us to better assess howakidation proceeded. Since
these equations solely hold o< 0.20 [16], every spectrum with no 2LO band
was assumed to correspondxto= 0.25 (stoichiometric kD) for the sake of
simplicity. The oxidation degree evolution of th©4disk surface is reflected in
Figure 3.2.4. Hence, it can be considered thatrdiramus oxidation took place



during the first two hours approximately, before th,0, phase was almost
completely stabilised. This is in good agreemerthvather studies performed
under similar conditions [19].

ya
7/

025 F o e @e - - ©

0.20 /

015 - !

X (inuo,, )
q‘:Bs

0.10

0.05

N
N

1

0. 00 1 n 1 n 1 n 1 n n
0 50 100 150 1000 1200

Time (min)

~
N

Fig. 3.2.4. Oxidation degree as a function of time of aJ#ixk surface during a 573
K experiment under dry air conditions.

3.2.4. Conclusions

In situ characterisation of the oxidation of a Y@isk under repository
conditions has been performed. For this aim, sesyatic Raman study of UQ
powder oxides with controlled degree of non-staatetry fromx = 0.03 tox =
0.24 was first carried out. The results attainemnfrsuch study allowed us to
propose new equations to characterise the oxiddegnee of any U&, (for x <
0.20) sample at room temperature, based on thgsimalf the 630 cth Raman
band. A detailed study of the behaviour of the 30" Raman band as a
function of temperature under inert atmosphere thaseafter carried out in
order to take into account the temperature effacttloe latter equations.
Therefore, by using the equations valid at roomdd@ns corrected with the
effect of temperature, the Raman spectra of a ti€k in the presence of air at
573 K were analysed as a function of time. Theltesid this analysis showed a
continuous oxidation during the first two hoursfdre the UO, phase was
almost completely stabilised.
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Abstract

A reliable method to probe and characterise thedation of actinide oxides
by means of Raman spectroscopy is introduced. Tésept so-called Raman
laser heating method enables studying the behawbwarious compounds at
high temperatures and under a given atmosphere tivéhunique alteration of a
small amount of sample, which is certainly advaatags in terms of safety when
handling hazardous or radioactive materials. Themach is based on a dual
use of the laser beam, which is at the same tingoged as excitation source
for the Raman analysis and as heating source, Ipoitixg the possibility to
vary the beam power density reaching the sampléaser A high laser power
density can lead to a significant increase of thelgte surface temperature by
up to several hundred of degrees. A sufficiently pmwer density allows us to
subsequently acquire the corresponding Raman gpeci@t the same point
without distorting the measurement. In this workO,Upowder has been
subjected to Raman laser heating in air as a pafahis method's applicability,
attaining a sequential acquisition of the characBc Raman spectra of the
different oxides involved in the oxidation from X0 U;Os. The temperature at
which such sequence of phase transformations stast@ccur was estimated to
be around (560 * 40) K. The temperature at the dansprface was estimated
from the Stokes/anti-Stokes intensities ratio, gisirsimilar set-up to that used in
the Raman laser heating experiments. These rem@tparticularly appealing in
remote analyses, like those required in the studputlear fuel and nuclear
waste.

3.3.1. Introduction

Knowledge of the structure and reactivity of actenoxides, An@ is required
for designing safe storages for spent nuclear (@8IF). Different efforts have
been performed in this regard, studying the stghili the SNF under repository
conditions or assessing its behaviour under passlscident scenarios [1-4].
From these studies, it is well-known that the ott@aof UQO, (SNF matrix) and
other actinides present in the SNF (Np, Pu, Am,) etd| influence the overall
stability of the spent fuel pellets.



Oxidation of AnQ occurs via oxygen incorporation into the fluosteucture
(fcc) of the stoichiometric oxide, which has altting empty and occupied
oxygen cubic sites. These vacancies facilitateatdiod, e.g.uranium dioxide can
oxidise to UQ.,, (X < 0.25) maintaining the fcc structure [5,6]. Furtb&idation
to higher oxidation states (V and VI) is also pbksifor uranium, leading to
different structures such as the tetragonal oroohibmbic structures found for
Us0; and UOg, respectively [7].

Although oxidation of An@has been broadly studied for some actinides, such
as U and Pu, some aspects of their structure autivigy are still under debate.
For instance, the exact hyperstoichiometry limft§l®,., in equilibrium with air,
or the reactivity of allegedly hypervalent PuQwith additional atoms within the
host lattice) [8-12]. Therefore, additional studsge necessary in this regard, but
the intense radiation field inherently associatdth whese materials makes it
difficult to study them in safe conditions.

Raman spectroscopy is an analytical tool that e kestablished in recent
years as a reliable probe for this kind of studees,confirmed by the large
increase in the specialised literature [13-29] sTiidue to some of its features, as
that 1) it does not require any special preparadiotine sample, 2) the technique
allows the analysis of a very small amount of s&ng) it requires no direct
contact between the experimental set-up and thétanal) it can be easily
implemented (remote analysis, Raman probes, hahdbgstems, etc.) for
different applications, and 5) controlling the éation laser power density, it is a
non-destructive technique.

The effects of the laser power density providedrgdua Raman measurement
and its associated heating have been studied ail det semi-conducting and
insulating materials [30-32], especially those simowa good absorption in the
visible range. Actinide dioxides, and precisely JJBeing a good absorber in the
range of 1.9-2.5 eV [33], belong to materials wheaee needs to be taken when
conducting Raman experiments. Owing to Arébsorption profiles, the local
spot temperature may increase by hundreds of degides causes several
changes in the Raman modes and, sometimes, thdesaligpation as a result of
effects such as oxidation, photo-reduction, ordsorder transition, phase
transition or decomposition.

Despite the fact that this heating action of theetahas been traditionally
considered an inconvenience when it comes to parRRaman measurements, as
the power is usually optimised to avoid sampleratien, some authors have



taken advantage of this feature for various purpo®mn the one hand, detailed
Raman studies have recently been performed on, gD, and AmQ, aimed
primarily at the complete mode assignment of theseoked Raman bands
[18,24,25,27]. In order to solve some discrepanaieshe reported nature of
peaks and their origin, a study of the evolutiortredir spectra as a function of
laser power density has been carried out. It has lshown that increasing the
laser power density enhances the anharmonic baelravighe By mode in NpQ
and PuQ@ [25,27], decoupling of thd§, LO-TO bound state in Np{25] and,
finally, depopulation of";—T's andI';—I'; electronic crystal field excitations in
PuG, [27]. However, no phase alteration has been dedeict these materials,
even at temperatures above 700 K. On the coniraAmO; it has been observed
that, even at very low power density, the laser nrajuce an unavoidable
photolysis process when visible lasers are useslltieg in the formation of
hyperstoichiometric americium sesquioxide Az [24].

On the other hand, laser heating has been empléyedinalysing the
oxidation behaviour and/or resistance of uraniumedamaterials such as (U,
Pu)G [14,28], (U, La)O, [23], and even spent fuels [22n these studies,
oxidation of the samples to higher oxidation-stalt@ses has been observed by
Raman spectroscopy, using the laser as a heatsourc

Due to the feasibility of this laser-induced hegtithe associated temperature
estimation has become an attractive target. Incantestudy, Najiet al. [27]
verified that the analysis of the Stokes/anti-Stokeensities ratio is a reliable
method for the temperature estimation in this tgpexperiments. Thus, in this
work we present a neim situ approach based on the simultaneous application of
the laser-induced heating to gradually oxidise ,U@nd the corresponding
temperature estimation by the Stokes/anti-Stokabysis. The attained sequential
oxidation under the laser beam, which has beethfoffirst time systematically
studied, is in good agreement with previously regmbrobservations on UO
oxidation. The estimated temperature also seent toonsistent with existing
literature data.

This paper has been organised as follows. The “liddeand methods”
section describes the employed materials, the swnf and the Raman laser
heating method in detail. In the “Results and disan” section, oxidation of
UG, is shown as an example of the applicability o$ tmethod and, in addition,
the Stokes/anti-Stokes spectral analysis is camigdin order to estimate the
temperature at which phase transformations startcar.



3.3.2. Materials and methods

3.3.2.1. Materials

UO, powder with a particle size distribution of ~15 pmeasured by dynamic
light scattering (DLS), was annealed at 800°C durd4 hr under reducing
conditions (N:H, 4:96 v/v) in order to ensure stoichiometric L}pwas attained.
Initial characterisation carried out on this powderfurther described in the
“Sample pre-characterisation” section.

3.3.2.2. Pre-characterisation techniques

Thermogravimetric experiments were conducted witlQ5® thermo-balance
(TA Instruments, Spain) in synthetic air with a stamt rate of 60 mL/min from
room temperature up to 973 K, at a 10 K/min rate.

X-ray diffraction (XRD) characterisation was perfeed by means of a Philips
PANalytical X’'Pert MPD diffractometer using Cu, Kadiation £=1.54056 A)
and operating at 45 kV and 40 mA. Bragg-Brentanafigaration geometry was
used.

For the acquisition of scanning electron microsc@f¥M) images of the
initial sample, a SU6600 (HITACHI) microscope wasmoyed. Its ZrO/W
electron cannon permits working with an accelegatinltage that covers from
0.5 to 30kV and with a magnification range from 1gxto 600000x.

3.3.2.3. Raman spectrometers

Raman spectroscopy analyses were mainly carriecitoGIEMAT facilities
(www.ciemat.ey using a Horiba LabRAM HR Evolution spectrometdolin-
Yvon Technology). A red laser of He-Ne with a warajth of 632.8 nm (1.96
eV) and a nominal power of 20 mW (adjustable byefd) was used as the
excitation source. The laser was focused onto dinepke surface using a 100x
objective (NA (Numerical Aperturg = 0.9) which led to a laser spot diameter
below 0.9um; the scattered light was then collected with shene objective,
dispersed with a 600 grooves/mm grating, and fnd#étected with a Peltier-
cooled CCD detector (256 x 1024 pixels).



Stokes/anti-Stokes Raman spectra were acquired) ubim Raman facility
available at the European Commission’s Joint Reke&entre of Karlsruhe
(https://ec.europa.eu/jrc/en/about/jrc-site/karlsjutit consists in a Jobin-Yvon
T64000 spectrometer equipped with an 1800 groovaggnating and a low noise
liquid nitrogen cooled Symphony CCD detector. Thectrometer was used in
the triple stage mode, which permits access to I®itikes and anti-Stokes
spectrum lines while blocking the elastic Raylelgte. The excitation source
used in this case was the 647 nm (1.91 eV) line I6f" laser with a controllable
nominal power up to 0.5 W. The laser was focusedgua 50x long focal
objective (NA = 0.5) which led to a laser spot oeden below 12.2um, and the
power density impinging on the sample surface waasured by a Coherent®
power-meter placed at a position correspondingécsaimple surface.

3.3.2.4. Raman laser heating

Lasers can induce a local temperature increaseplip several hundreds of
degrees, if they are focused on a small spot. Torerethe excitation source of
the Raman spectrometer focused on, [g@vder can increase its temperature and
thereby, subjecting it to laser heating in air,igt possible to produce the
conditions under which oxidation of this materees placei.e. O, (g) and high
temperature. In practice, the method consists#t ffieating a selected particle of
UO, by applying the excitation laser at high power gign thus inducing
oxidation. Actually, a sequential oxidation canattined setting the appropriate
parameters: the laser power density at the samplace, and the heating time or
spectrum acquisition (as if we were in the courfsa Baman experiment). After
each heating step, the spectrum corresponding goobitained oxide can be
subsequently acquired at low power density, englilie characterisation of the
UO, phase transitions and the oxidation evolution.

3.3.3. Results and discussion

3.3.3.1. Sample pre-characterisation

UO, powder was analysed previous to the laser heaxpgriments by a
variety of characterisation techniques: scanningctebn microscopy, X-ray
diffraction, Raman spectroscopy, and thermogravimednalysis (see Figure
3.3.S1 (Supporting Information)). The results aofed from this pre-
characterisation confirmed the quasistoichiometie initial UG, sample.



3.3.3.2. Sequential oxidation by laser

First of all, in order to check that a sequenti@dation of UQ was actually
feasible with the Raman set-up available at CIEMA&yeral combinations of
laser power densities and exposure times were peeth In this way, varying
both parameters consecutively until a significanarge in the spectrum was
detected, arnn situ sequential oxidation of a U(particle was attained. Figure
3.3.1 gathers some of the Raman spectra acquiretydbis oxidation reaction.
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Fig. 3.3.1.Raman spectroscopy situ characterisation (using a 632.8 nm laser and
300 s acquisition time) of the sequential oxidatiba UG, particle, where the position of
the main characteristic bands of the differentc$timimetric oxides is shown.

The bottom spectrum in Figure 3.3.1 corresponds the initial
guasistoichiometric U© (see Supplementary Information for further detail)
featuring the T, band around 445 chand the 2LO mode band at ~1150tm
[34,35]. Once oxidation started and additional @tygvas incorporated into the
cubic structure of UQ(UO..,), a broad band appeared at 500-700".cifhis
contribution is commonly attributed to differentwstture defects [13,16,26,36].
As progressive oxidation occurred, the latter femgrew and the band at 1150
cmi* decreased [13,26,37], even disappearing whgh Was reached [17], as can
be observed in Figure 3.3.1. At this point, a nemd appeared at ~160 ¢m
which is also characteristic of the@) phase [17]. Further oxidation produced a



marked change in the spectrum: the band at 445kmygan to split, the band at
500-700 crit decreased and two new bands at ~23% anmdl ~812 cr appeared.
This was possibly due to the increasing presenagtbbrhombic YOs. Finally,
three bands in the range of 300-500'cend the ~235 cthand ~812 cm
features indicated that a complete conversion j0sUhad been accomplished
[15,38-41].

Thereafter, the appropriate laser power density tand parameters for the
direct attainment of the two phase transformatiu®,>U,0>U30g) were
tested. Figure 3.3.2 reflects the results of thasnBn laser heating experiment,
applied again to a UQpatrticle.

Reproducibility of this Raman laser heating protdoo UO, was ensured by
heating different particles of similar sizes. Theod reproducibility obtained
between different measurements allows us to esithat temperature conditions
under which U@>U,09> U305 phase transitions take place as a result of the
laser-induced heating. It should be noted that témisperature value is strongly
dependent on the roughness/grain size of the samples, the temperature at
which these transitions occur can be better infefog establishing a direct
relation between the laser power density and teerlenduced temperature, by
performing the Stokes/anti-Stokes analysis as feradescribed.
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Fig. 3.3.2.Raman spectra (using a 632.8 nm laser and 30Quss&®mn time)
corresponding to UPlaser heatingn situ oxidation: a) at the start of the experiment, b)
after heating the particle during 5 s, whe®bwas detected, and c) after using the same
laser power density as in b) during 10 s, wherepteta oxidation of the particle to;0g

was observed.



3.3.3.3. Stokes/anti-Stokes temperature analysis

The temperature of the laser-heated sample surfaicewhich the
transformations started to occur was estimatedvhiuating the ratio between the
T,y Stokes and anti-Stokes Raman intensities and ubmdollowing equation
(Equation 3.3.1), based on the Boltzmann distrdsutf modes between energy

levels,
hCVj

4
Lanti—Stokes — <V0+Vf) e_kBT (Eg. 3.3.1)

Istokes Vo—Vj

where 1, and 1 are the wavenumbers of the excitation line andRhaean
modes, respectivelyaniswokesd@Ndlsiokesare the intensities of the anti-Stokes and
Stokes Raman peakis; is the Boltzmann constart,is the speed of lighty is
Planck’s constant, antl is temperature. The estimated uncertainty wasirsala
by applying the method previously published by lza®ét al. [42]. This method
was shown to give satisfactory results as compbyeaji et al.[27] for a PuQ@
sample which was externally heated in a Linkam T®l&mperature stage.

The Raman anti-Stokes spectrum, however, can oalynbasured with a
spectrometer equipped with a triple-mode opticah ga any other system for
which the use of high-pass filters is not requirSohce these conditions are not
met with the current Raman equipment at CIEMAT, [Hteer experiments were
performed using the Raman facility available atEueopean Commission’s Joint
Research Centre of Karlsruhe (Germany).

Thus, the absolute Stokes/anti-Stokes temperafligrg (vas derived from the
ratio (Rsag between the experimental integrated intensitfabe anti-Stokes and
Stokes Py peaks. It should be pointed out that Tagsdetermination based on the
T,q peak intensity can only be rigorously performedaasas the original fluorite
structure and F, mode features are maintained. Prior to these ledilons, Stokes
and anti-Stokes Raman spectra were corrected ®rirtstrumental response
according to the procedure described elsewher82PMespite the instrumental
correction, the value dfsascan represent the real sample temperature irarrat
inaccurate fashion, due to uncontrollable sampfeeddent factors affecting the
intensities of the Stokes and anti-Stokes lineghsas defect or impurity
fluorescence, roughness scattering, etc. Theretbeeyalue ofTsas should be
considered as only indicative of the absolute teatpee produced by the laser
beam on the irradiated spot. In addition, althoitgh not the case, it should be
noted that for this kind of analysis two import@nécautions need to be always



taken into account with regard to the wavelengtbdughe assurance of no
Raman resonance effects and the knowledge of thergtion behaviour of the
material in that corresponding energy range.

Raman spectra on U@owder were measured in this case using the 647 nm

line of a Kr laser. Longer acquisition times (several tens efosds) were

however needed in order to resolve the anti-Stepestrum with the triple-mode
optical path. The resulting Raman spectra measatedifferent laser power
density levels and the corresponding SAS tempearatare reported in Figure
3.3.3a and Figure 3.3.3b, respectively. The powensdy levels reflected in
Figure 3.3.3 were measured at the exit of the lemety. The laser power density
impinging on the sample surface was measured tdower by a factor 5

approximately.

The spectra measured correspond to defective fcg Wiwing a broad
feature between 550 c¢hand 630 cil characteristic of U@, [13,16,26,36].
This feature is observed up to ~68 mWicrround this laser power density
defect modes quickly disappear, and the@dbpectrum [15,38-41] is observed
for higher laser power densities (see Figure 3)3[Bae to the longer acquisition
times needed, the sequential oxidation of,W®U,0O, before final stabilisation
of UsOg was not observed in these experiments. Nonethdlesanain goal of
these tests consisted in showing that the temgeratuwhich the U@fluorite
structure loses its chemical stability in air cam éffectively determined by
Raman spectroscopy without the help of any oth&iliaty techniques. Indeed,
the Stokes/anti-Stokes analysis does give an ajpabe temperature at which
the phase transformations observed with the CIEMsAUipment start to take
place in the time frame of the current Raman laseting experiment. Actually,
such temperature is close to (560 * 40) K ((29@%°€) if we take into account
the highest temperature measured befoy@;Wvas detected, in fair agreement
with existing literature data [2].
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3.3.4. Conclusions

The development of a reliable method to chara@enissitu by means of
Raman spectroscopy the chemical reactions occumiagsample, called Raman
laser heating, has been carried out. The methodistenof two steps: 1)
producing a local heating on the investigated nwltday increasing the laser
power density, and 2) subsequently acquiring, mb@&altering low laser power
density, the corresponding Raman spectrum of thpleain order to analyse its
reactivity at the high temperatures induced anceuadjiven atmosphere.

In this work, Raman laser heating is especiallyppsed to evaluati@ situthe
oxidation of actinide dioxides in air. The smalkesiof the laser spot enables
analysing such oxidation behaviour with the uniglieration of a minor amount
of sample, what constitutes a significant safetyaathge when it comes to
working with homogeneous radioactive materials.

In order to prove the method's applicability, JJ@dwder has been subjected
to Raman laser heating, consequently acquiringemifit Raman spectra
corresponding to the sequential oxides gll@nd UOg) involved in the air
oxidation of UQ to U;0g, with good reproducibility of the results.

The temperature at which such phase transformastar$ to occur, in the
time frame of the current laser heating experimemé&s estimated to be close to
(560 % 40) K ((290 £ 40) °C) in air by performingjth a different set-up, a
Stokes/anti-Stokes spectral analysis in similar &amaser heating experiments.
This is an important result as it shows how itngded possible, using only
Raman spectroscopy, to reasonably estimate theetaope at which U@starts
to oxidise in air.

The present observations will be useful in the ysislof nuclear fuel and
nuclear waste, which can be performed remotelyalgred Raman probes, and,
at the same timen situ or ex situon highly radioactive samples.
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Supplementary Information

3.3.51. UO2 sample pre-characterisation

SEM images of the UQpowder are shown in the upper part of Figure 3.3.S
As can be observed, the powder is formed by fineguised material with a
particle size distribution of around 10-15 pm.

Figure 3.3.Sla shows the typical X-ray diffractipattern of the cubic
structure of quasi-stoichiometric JQover the B angle range 25-80°, in
agreement with data published by Frits@teal. (open symbols ICCD 00-041-
1422) [1]. Assuming théem-3mspace group for UDthe cell parameter found is
0.5468(5) nm, also in accordance with those vaheg®rted in the literature
[2,3].

The Raman spectrum (Figure 3.3.S1b) of this infiavder corresponds as
well to the characteristic spectrum of stoichioneet¥O,, i.e. it features a sharp
band around 445 chrassigned to the U-O fundamental stretching viorefT>),
and a wider and much less intense band at ~115b attributed to the 2LO
phonon band [4,5Less intense spectral features between 550amd 630 cil
reveal a small concentration of negligible deféetdhe fcc crystal structure [6,9].

In addition, the thermogravimetric weight-gain cainobtained (Figure
3.3.S1c) represents the typical curve for,URidation, where the firgplateau
corresponds to its transformation intgQd/UsO; and the final one indicates the
whole conversion to iDg [10]. The total weight gain recorded by
thermogravimetric analysis, close to 4%, also cordithe quasi-stoichiometry of
the initial UG, powder.
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Fig. 3.3.S1 SEM images of U@powder (top). Graphics corresponding to the
previous characterisation of the W&mple: a) X-ray powder diffraction pattern,
b) Raman spectrum (using a 632.8 nm laser and a@qusition time), and c)
Thermogravimetric curve (bottom).
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Abstract

The position of the main spectral features (located445, ~575, ~625, ~925
and ~1145 ci) in the Raman spectrum of Y@as been examined from room
temperature up to 600°C. The wavenumber shifts unedsfor the observed
bands have allowed us to obtain the temperaturecgégnce (@/dT) of the
different vibrational modes. Our measurements daorate the assignment of
the band observed at ~1145 tnio the 2LO overtone. In addition, the
temperature dependence of the bandwidths of thand 2LO modes has been
analysed.

3.4.1. Introduction

Raman spectroscopy is becoming an essential taghrfior the study of
nuclear materials, owing to its multiple advantagesh respect to other
traditional techniques [1]. In this sense, Ramaaratterisation of U®and,
especially, of its higher oxidation-state oxides baen often addressed in the last
years [2-8]. This is due to the fact that the mgjoof nuclear power plants in
operation worldwide use UQas fuel, and the sensitivity provided by Raman
spectroscopy enables extracting valuable informdfio a correct understanding
of the UQ oxidation reaction, what becomes particularly vefe for the spent
fuel assessment under repository conditions. Mbshe studies carried out to
date have been focused on identifying the Ramactrspef the different uranium
oxides involved in the oxidation process and orddhey light on the structural
evolution leading to such phase changes [2-8]. Wewen order to extract as
much information as possible from Raman experimemntsetter comprehension
of all the spectral features is mandatory, andyainag the effect of both pressure
and temperature on Raman spectra may help toyctaefspectral assignment of
the target compounds.

Livneh and Sterer studied the effect of pressuréahenRaman spectrum of
UO, and assigned the band located around 115btonthe first overtone of the
LO mode [9], previously assigned to thie I'; crystal field electronic transition
[10]. However, to the best of our knowledge, furtsudies to corroborate the
broadly assumed 2LO mode assignment have not bpernted to date.



Concerning the temperature effects on the Ramarctrspe of UQ,
Guimbretiereet al. studied only the Z band as a function of temperature and
provided a set of empirical equations to estimath parameter on a given YO
sample, taking into account the variation of bdtla position and width of this
Raman band [11]. Nonetheless, as far as we kn@itethperature dependence of
the full Raman spectrum of Yhas not yet been reported. Here we present a
detailed analysis of the temperature -coefficientso/dT) of the most
representative spectral features found in the Rapaaotrum of U@ which have
been used to verify the 2LO assignment of the Ravaawl located at ~11486".
Furthermore, the variation with temperature of Biaadwidths of both 7, and
2L 0O bands has been examined as well.

3.4.2. Experimental details

3.4.2.1. Materials

The sample used in this work consisted in an aededl}, disk supplied by
ENUSA.

3.4.2.2. Raman spectroscopy

In situ Raman characterisation of Y@s a function of temperature was
performed using a Linkam THMS600 temperature stemépled to the BX41
Olympus microscope of a Horiba LabRAM HR EvolutiBaman spectrometer.
The mechanical design and electronics of the teatpes stage provided precise
control and a temperature stability better than @egrees over the whole
temperature range.

The atmosphere used while heating the,diBk was a (M4.7%H) flow,
with the aim of preventing oxidation (what was fied by ensuring that the
Raman spectrum after the heat treatment was idéntcthe initial). A heating
ramp of 10°C/min was applied to reach the measteegberatures —from room
temperature to 600°C at 25°C steps—, and a thesat@lh time of 15 minutes at
each selected temperature before acquiring the Rapectra.

Raman spectra were excited at 632.8 nm provideal Hg-Ne laser. The laser
beam was focused on the sample through a 50x |lamivg distance objective,
allowing us to measure through the silica windowtlodé Linkam stage. The



excitation power was optimised to avoid both atieraand overheating of the
samples. The collected backscattered radiation diapersed with a 600
grooves/mm grating and recorded using a CCD deateotataining a spectral
resolution of better than 3 émThe acquired spectra were calibrated with the
emission lines of a Ne discharge lamp, recordethafore measuring at each
temperature.

3.4.3. Results and discussion

3.4.3.1. Raman spectrum of UO: as a function of temperature

Figure 3.4.1 gathers some of the Raman spectrineldtan the U@disk over
the whole temperature range studied (26°C-600°Ggrevfive spectral features
were detected.
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Fig. 3.4.1.U0, Raman spectrum acquired at different temperatundsr H/N,
atmosphere, normalised with respect to thgband. Inset shows the shift experienced by
the T,q band due to the temperature increase.



These features correspond to (all wavenumbers maghsat room
temperature): 1) the main characteristig Band located at 445 chi12], 2) the
~575 cm' band, attributed to the Raman-forbidden LO moda,14], that
becomes active due to the combined effect of fattefects and resonance
enhancement [6,15], 3) the band around 625',crecently associated with
oxidation [7,8] (thus suggesting a minor surfacielation of the UQ disk), 4) the
band located at ~925 ¢hwhich has been reported as ZI[9], and 5) the ~1145
cmi' band, whose 2LO mode assignment [9] confirmatforie of the aims of
this work.

As expected, all Raman bands downshift in wavenunéh increasing
temperature due to both volume and anharmonic teffébhis is especially
evident for the Jg band, given its narrower bandwidth (inset in Feg8r4.1).t is
widely assumed that the temperature dependenceaadi phonon frequency
consists of two additive contributions [16,17]. Theo-called ‘implicit’
contribution is that due to the thermal expansiérthe lattice, which can be
calculated from available experimental volumetratad The second contribution
arises from anharmonic interactions between pharbrslabelled the ‘explicit’
contribution and is usually modelled using threeswpdn and four-phonon
processes. In our case, we were unable to modéabheency softening because
accurate thermal expansion or equation of stata da¢ lacking across the
temperature range covered in our experiments.

3.4.3.2. Temperature dependence of the bands wavenumber

A precise analysis of the wavenumber variation weémperature of each
Raman feature of UQis shown in Figure 3.4.2. For this purpose, a séco
derivative analysis [18-20] was previously perfodan all the acquired Raman
spectra. The temperature coefficierde/dT) were subsequently obtained for all
the vibrational modes (Figures 3.4.2a-3.4.2¢). &heeefficients are gathered in
Table 3.4.SI (see Section 3.4.S1 in Supplementdoyrhation).

For the sake of comparison with existing results,cempare in Figure 3.4.2a
the evolution of the 7 band with temperature with those reported by
Guimbretiereet al. [11]. Both sets of data are in excellent agreemamwing a
downshift of around 3-4 cthacross the temperature range covered in both
studies.
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3.4.3.3. Confirmation of the 2LO mode assignment

These results allow us to check the assignmenthfor-1145 cri band [9],
since the wavenumber of an overtone must fit twibe corresponding
fundamental wavenumber under an external pertunbatin our case the
temperature. We therefore compare in Figure 3le3¢mperature dependences
of w,o (Figure 3.4.2b) and half the 1145 timand (Figure 3.4.2e).

It is readily observed that both sets of data matcburately and exhibit
similar temperature dependencies. This findingatwrates that the ~1145 ¢m
band corresponds indeed to the first overtone efLi® mode band [9], so we
have labelledv, /2 in the figure.
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Fig. 3.4.3.Comparison between the LO band shift{) and half the 2LO band shift
(w2 0/2) as a function of temperature.

3.4.3.4. Temperature dependence of the bandwidths

Likewise, the variation with temperature of the d¢haidth has also been
analysed for the most prominent bands of the Raspantrumj.e. T,g and 2LO.
It was not possible to properly carry out such gsialon the other bands due to
their much lower signal-to-noise ratios.



Figure 3.4.4a shows, by way of example, those Istuagbe fits performed on
T,y and 2LO bands of the Raman spectrum acquirecbat temperature (setting
the band position/wavenumber value previously oleti by the second
derivative analysis). In the case of the 2LO bdhd,second derivative analysis
was not sufficient to resolve other contributions the right side of the band
profile which have been related to crystal fiehsitions [10].

The evolution of the 7 and 2LO bandwidths as a function of temperature is
plotted in Figures 3.4.4b and 3.4.4c, respectivAlyain, our data are in very
good agreement with those reported by Guimbretéra. [11] over the whole
measured range (Figure 3.4.4b), despite the faadt tthe bandwidth may be
influenced by impurities and defects on the samipleddition, the temperature
dependence of the,gymode bandwidth has been satisfactorily modellet@ims
of the anharmonic decay of phonons (see Sectior63.4h Supplementary
Information).
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3.4.4. Conclusions

The Raman spectrum of Y@as been assessed as a function of temperature.
In particular, a detailed analysis of the positf@avenumber) of every featured
band from room temperature up to 600°C has beedumed.

Consequently, the temperature coefficieft/dT of every characteristic
Raman band has been obtained, being the one comndisg to the 7, band in
good agreement with the sole data reported init&edure in this regard. At the
same time, these results have allowed us to cotfiarassignment of the ~1145
cm* band to the first overtone (2LO) of the LO band.

In addition, the temperature dependence of the \eigtis of the main
characteristic Raman bands of LJQe. T, and 2LO modes, has been analysed.
These results have also been found to be in agreemith the existing data in
relation to the 7, bandwidth evolution with temperature.
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3.4.51. Temperature coefficients (dw/dT)

Table 3.4.Sl.List of the temperature coefficients obtained for tlifferent vibrational
modes featured in the Raman spectrum of.Ue wavenumber value assigned to each
mode refers to that corresponding to room tempezatu

T (~445 cnt) -0.0063 + 0.0006
LO (~575 cni®) -0.011 + 0.004
~625 cm -0.028 + 0.004
~925 cmt -0.045 +0.003

2LO (~1145 cnT) -0.0183 + 0.0007

3.4.52. Modelling the T2z mode bandwidth behaviour

The changes in the bandwidihshould reflect the anharmonic decay of
phonons with temperature, which can be modelledigusie following expression
[1]:

2 3 3
m] +D [1 t Rwosr 1 T (ehwo/3kT — 1)2]

[(T) = r0+c[1+

(Eq. 3.4.S1)



in which C and D are constants accounting for cubic (three phoram
quartic (four phonon) anharmonic processes, resgdgt and w, is the
frequency of the phonon considered.

By inserting the frequency of theglphonon (445 cf into Equation 3.4.S1
and using the values @ = 1.66 andD = 0.33 reported by Pandey al. [2] for
nanocrystalline Ce) we were able to accurately fi{T) with [, = 10 cm'
(continuous line in Figure 3.4.S1). This result gsite interesting, since it
suggests that both Y@nd CeQ lattices exhibit similar anharmonic mechanisms
for the decay of phonons.
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Abstract

This work presents a systematic Raman study ofmiugix oxidation in a
variety of (U., Pu)O, compositions (G y < 0.46) at different temperatures,
between 250°C and 400°C. Our results indicate thatincrease in Pu content
hinders the oxidation process of the dioxide matFurther oxidation of the
uranium-plutonium mixed dioxides in air starts bedw 250°C and 310°C, on a
time scale of several hours.,0h seems to be the most stable intermediate phase
formed upon oxidation of all the investigated migadies, before final oxidation
to MsQOs. In addition, X-ray diffraction measurements arielMBimages confirm
the trend observed by Raman spectroscopy, i.etdhilises the fcc structure of
the dioxide.

3.5.1. Introduction

The performance assessment of spent nuclear fo¥t)(Stability under dry
interim storage conditions is of great importanteuclear waste technology. In
case of failure of the engineered containment éerioxidation of the spent fuel
matrix (UG) might take place depending on the oxygen conatoltr in the
surroundings and the temperature produced by tbaydeeat. As is well known,
oxidation of UQ to U;Og involves an increase in volume of around 36% that
might affect fuel integrity and, consequently, atgr safety [1]. Hence, it
becomes necessary to understand in detail howeahttion proceeds, analysing
step-by-step not only the different uranium oxitlest take part in the oxidation,
but also the reaction mechanisms responsible fer dbnsecutive structural
transitions along the U U,04/U3;0;> U3Og transformation [2].

In particular, the first stage of the latter reawtii.e. UO, evolution to
U404/U30,, takes on special interest owing to the fact thatious crystal
symmetry transitions occur along this compositioreahge while the overall
structure remains cubic [3]. Such transitions hiagen experimentally detected
by means of Raman spectroscopy and X-ray diffracti¥RD) [4,5]. As
additional oxygen atoms are incorporated into Eme-3m cubic lattice, they
continuously rearrange without altering it in angfigant way, eventually giving
rise to a so-called superstructure. This correspdodthe WO, phase, which



consists of a very densely packed cubic structurergy oxygen atoms arrange
themselves into cuboctahedral clusters [6]. Likewl$0; has a distorted cubic
lattice, only differing from WO, in the slight alteration caused by the excess of
oxygen [3].

Full comprehension of this oxidation reaction beeemeven a greater
challenge when, instead of dealing with pure unanidioxide, it concerns
uranium-based mixed oxides like (U, Pg)@ommonly referred to as MOX, and
(U, Am)O,,. Such is the case of the potential fuels for fastitron reactors,
mainly intended for nuclear waste radiotoxicity uetion. In this sense, it is
certainly necessary to assess the behaviour afrahsuranium elements within
the UG matrix and their influence on the stability ofg¢hiind of SNF against
oxidation/corrosion during storage.

Especially, the effect of Pu incorporation into th&, matrix has been
frequently addressed, since MOX fuels have beed tmeat least 30 years in
some countrie®.g.France, Belgium or Germany, with the aim of reimygPu in
Light Water (thermal) Reactors (LWR) [7]. In thisay (U, Py)O, oxides with
differenty values as well as a few spent MOX fuels have lobamnacterised and
their oxidation in some cases investigated [8-21]these studies, a variety of
experimental techniques have been employed, althdiRD is by far the most
frequent. Already in the 1970s, XRD measurementse ve@plied for analysing
the oxidation products of uranium-plutonium mixeddes obtained in a thermal
balance [8,9]. More recently, the effect of Pu eoiton the mixed dioxide lattice
parameter at room temperature and the structurkutewo after oxidation have
been assessed [10-17]. In all of them the latteempeter has been reported to
follow Vegard's law, decreasing linearly as a fimet of plutonium
concentration. With regard to oxidation of ;(l) Puy)O, oxides at different
temperatures, it has been found that Pu stabitisescubic phase during the
reaction and that the temperature ofQl formation is higher as Pu content
increases [15].

Furthermore, Raman spectroscopy of nuclear maderi@hd actinide
compounds has been broadly developed in the lasdéd4,5,18-34]. This is not
only due to advances in Raman spectroscopy appeeatheir versatility, and
potential non-contact analyses, but also to theromgment of confinement
techniques for highly radioactive materials [2130, which have allowed the
study of hazardous compounds practically unexplorgd the last decade of the
Twentieth Century.
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Concerning uranium-plutonium mixed oxides, certsindies have provided
Raman characterisation of both unirradiated sampdesl spent fuels
corresponding to different Pu contents [18-22].ighler oxidation resistance of
this kind of mixed dioxides as Pu concentratiorréases has also been reported
[20,21].

Nevertheless, none of these studies has systethagealuated, directly by
Raman spectroscopy, the matrix oxidation of (U,Q3uinixed oxides under
different temperature conditions and as a functib”Ru content. Such a detailed
Raman analysis of the matrix oxidation, within ary#ag range of Pu
concentrations, is presented here for the firsgtim

3.5.2. Experimental

3.5.2.1. Materials

A variety of starting (W4,, Py)O, fragments, averaging 1-3 mm in surface
size, with different Pu contents ranging frgnx O up toy = 0.46 were used in
this work. Some of them were provided by CEA (Cossariat & I'Energie
Atomique, France) and others by JRC Karlsruhe {J&tesearch Centre,
Germany). CEA samples were prepared and charaadelig a well established
powder metallurgy procedure described in previouklipations [17]. JRC
samples were prepared by sintering powders prodhgesbl-gel technique, as
described elsewhere [22]. Table 3.5.1 comprises dancerning the samples,
such as théMOX reference utilised hereafter for each one, thegtmn of Pu
they contain and their provider.

Table 3.5.1.List of (U, Pu)Q mixed oxides used in this work.
uo, 0 JRC

MOX 3.7 3.7 JRC
MOX 14 14 CEA
MOX 19 19 CEA
MOX 35 35 CEA
MOX 46 46 CEA




3.5.2.2. Sample preparation

Starting samples listed in Table 3.5.1 were anmkatel600°C during 15 min
under reducing conditions (Ar + 6.5% llow), enabling the removal of lattice
defects expected from alpha self-irradiation. Th#eg, the oxidation procedure
consisted in heating them at a constant rate ofC/0h up to a given
temperature in each experimeng, 250, 310, 340 and 400°C, under a synthetic
air flow and maintaining the selected temperataoretfiree hours. The samples
were withdrawn immediately after this time perioldpsed, with the aim of
avoiding further oxidation due to the slow inert@oling of the furnace tube.
Both annealing and oxidation experiments were edrgut in an alumina tube
furnace.

3.5.2.3. Raman spectroscopy

Due to the radioactivity of the MOX samples, it weessary to encapsulate
them prior to Raman spectra measurements drgbielding Plexiglas capsules
recently designed and developed by JRC Karlsrulid. [Bhe spectra were
recorded through the quartz window on top of thesgesules.

Raman measurements were performed with a Jobin-YV@&%#000
spectrometer. All spectra were acquired at an a&tkeit wavelength of 647 nm,
provided by a K laser. The laser beam was focused on the samiegth a
long focal distance objective (NAN(merical Aperturg = 0.5) with 50x
magnification. The excitation power was optimisedween 50-100 mW (being
around 5 times lower at the sample surface [29]prder to prevent further
oxidation of the samples by the laser. The scatteadiation was dispersed using
an 1800 grooves/mm holographic grating and recorogda liquid-nitrogen
cooled CCD detector. The single spectrograph cordigon applied enabled a
spectral resolution of +1 ¢ The spectrometer was daily calibrated using the T
phonon (520.5 cif) of a silicon single crystal [35].

3.5.2.4. X-ray diffraction

XRD analyses were performed on crushed samplesutA2® mg of powder
were loaded in an epoxy resin to avoid excessigpeaision of radioactive
powder. A Seifert XRD-3003 X-ray diffractometer (& radiation) with a
Bragg-Brentanot/6 configuration was used for the analyses. The @evsc
implemented in a glove-box for radioactive mategahfinement. The powder



patterns were recorded using a step size of 0.62%a the angular range 18°

20 < 120°. Structural analyses were performed by thetvieid method using
Jana2006 software [36]. Peak-profile analysis wasied out using pseudo-
Voigt band-shapes.

3.5.2.5. Scanning electron microscopy

The scanning electron microscopy used in this werk Philips XL40 SEM
(Philips, Amsterdam, Netherlands), which has beedified in order to be used
for the examination of highly active or irradiatedclear materials [37,38]: the
chamber, column, turbomolecular pump and the higltage unit are mounted
inside a glove-box in order to keep the contamamatin a confined space,
whereas the primary vacuum system, water coolinrguiti and acquisition
electronics are placed outside, provided thoses @ag not contaminated by the
active samples, thus facilitating the equipmentmegiance. The microscope is
equipped with Secondary-electron detector (SE) Wwhgoves a morphology-
related signal, Backscattered-electron detectorEjB®hich provides images
with Z-related contrast, and Energy dispersive Xgpectroscopy (EDS) used to
obtain elemental analysis of the samples. The beas operated during this
work at 25 kV.

3.5.3. Results and discussion

3.5.3.1. Initial characterisation

XRD and X-ray absorption spectroscopy (XAS) chamasation of the
samples was performed on as-fabricated materialth Bieir composition and
the attainment of single phase materials were poefl, based on XRD. The
results of these characterisation campaigns ardished in previous papers
[15,22].

Prior to conducting the different oxidising heaatments, Raman spectra of
each annealed MOX sample were acquired, as showfigare 3.5.1. UQ®
spectrum features two characteristic bands at abtiiand 1150 cth which are
well known and correspond to thg,Tode [39] and the 2LO phonon overtone
[40], respectively. Inasmuch as Pu content incigafe general aspect of the
spectra changes: a) thgyband shifts continuously to higher wavenumbers, b)
the 2LO band diminishes until it is no longer disidale, c) a broad band appears



at 500-600 cr (labelled with a rhombus), and d) another feaisrebserved
around 850-1000 cih
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Fig. 3.5.1.Raman spectra of the initial ({} Py)O, samples, with &y < 0.46.

The continuous shift to higher wavenumbers of thgb@ind with the increase
of Pu content is caused by the shortening of th&),Mfu)-O bondg20]. The
upshift in the Ty mode is essentially linear, ranging from arouné 4ai* for
pure UQ to 478 crit for pure Pu@ [4,22,24,25,29,30,39-44]. Both the
attenuation of the 2LO peak and the appearancenefiabancca. 500-600 crit
can be associated with lattice distortions (noriquér fluorite structure)
[4,27,42,44], due in this case to the partial Sukigin of U atoms by Pu atoms.
The simultaneous presence of Pand U cations, already observed in this kind
of compounds for example by X-ray absorption spsciopy [22], might in fact
foster the formation of Frenkel-like defects, whichve been proposed to be
responsible for an analogue spectral feature fardnd 575 cihin UO, [45]
and at ~578 crhin PuQ [29]. The broad band at 850-1000 tmight be related
to the first overtone of the,J mode of Pu®@ [29,46]. Slight differences in the
intensity ratios of some bands when comparing pitvious studies [19,20] may
be attributed to the different excitation waveldngsed in this work [3].



A second derivative analysis [47] was applied tergwspectrum with the aim
of determining the position of the,glband more accurately for each MOX
sample. The approximately linear behaviour of thgpbsition as a function of
Pu content in the mixed oxides (Figure 3.5.2a)em$l the correct estimation of
the Pu content value for all the samples, assuaimige-mode 7, vibration [48].
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Fig. 3.5.2.a) Position of the J; band vs. Pu content of the different MOX sampigs.
Peak fitting performed on the,dband of MOX 46 Raman spectrum.



This one-mode model assumption, already reportedprigvious studies
[19,20,22], was confirmed by fitting theband and ascertaining a single-peak
contribution. Figure 3.5.2b shows these peak §ttiesults in the case of MOX
46, where a two-mode behaviour should be noticeéiblexisting), but a sole
peak is likewise observed,glpositions are also in good agreement with those
reported by Béhler et al. [22].

3.5.3.2. Behaviour under different temperature conditions

3.5.3.2.1. Raman analysis

Following every oxidising heat treatment, chardstgion of the treated MOX
samples was carried out by Raman spectroscopy.ré=igib.3 compiles the
recorded spectra, organised on the basis of thpaerture maintained in each
experiment (250, 310, 340 and 400°C). A few speateamissing due to lack or
damage of certain samples when the measuremergspedormed.

Figure 3.5.3a shows that the spectra of those sx&lédjected to 250°C
remained almost unaltered, featuring essentially game bands as the initial
samples: g and 2LO bands in the case of {J@nd T4 and 500-600cih bands
(marked again with a rhombus) for MOX samples. Thigygests that no
significant oxidation occurred, at least within tRaman laser penetration depth
scale, which is estimated to be around 500 nm for set-up and materials.
However, a slight superficial oxidation seems teehtaken place, as pointed out
by: 1) an appreciable symmetry loss of thg@and-shape and the appearance of
a very broad feature around 700-800"c(oharacteristic of Dg) in the UQ
spectrum, and 2) the slightgIshift detected for those MOX samples with the
lowest Pu content (particularly in MOX 3.7).
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On the other hand, results obtained for the treatsnat higher temperatures
(Figures 3.5.3b-3.5.3d) indicate that all samplegenwoxidised to a greater or
lesser extent. Indeed, apart from 4)JQvhere traces of iDs could also be
deduced from an additional band detected aroundc800 the MO phase was
found to be stable in all the compositions aftéro8rs at 310°C (Figure 3.5.3b).
The sole presence of a remarkably shiftegrifode and a broad and asymmetric
band around 630 chwas previously assigned to@} [3]. Likewise, this shifted
and broadened,J band and a wide feature observed around 640-645hzve
been recently associated with the®d phase when oxidising both an aged MOX
24 and an agglomerate (with about 20% Pu contdrda)spent MOX fuel under
the laser beam [19,21]. The same two features eabberved in every spectrum
of Figure 3.5.3b, where an asterisk marks the appea of theca. 640 cnt
band. It should be noted that the 500-600" drand is no longer observed, what
might suggest the disappearance of Frenkel-likealgfand thus the formation of
MO, as a new ordered structure where even the defesiage to rearrange.

With regard to the other two treatments at higleengeratures (Figure 3.5.3c
and Figure 3.5.3d), MD; was again the predominant phase, and tidédnd for
each MOX composition was found to be more shifeedligher wavenumbers as
temperature increased. In this case, the exceptiens UQ and the MOX oxide
with the lowest Pu concentration.ef MOX 3.7), which showed complete
oxidation to MQOg after the 340°C (Figure 3.5.3c) and the 400°C (Fda15.3d)
treatments. Conversion to j¥s can be easily distinguished, owing to the
appearance of several bands located at around3226,408, 480, 752 and 798
cm’ [41,49]. The intensity of the 752 &nline seems to be higher and the 342-
480 cni* bands not so clearly defined for those oxidesaiairtg plutonium than
for pure U0Os. No reference about this observation has been imatie literature
before, to the best of our knowledge. In additiarslight contribution can be
detected around 800 €min the spectra of those MOX oxides that were not
completely converted to ¥Dg after the 400°C treatment, especially MOX 14 and
MOX 19 (Figure 3.5.3d). This might point out a minaresence of the Mg
phase, although the low signal-to-noise ratio ekthspectra makes it difficult to
clearly assess such possibility.

All the latter results indicate that the main phasasitions (MG> M;Oy~>
M3Os) of the uranium-plutonium mixed dioxides take jglag air between 250°C
and 310°C (on a time scale of several hours) aag #s previously quoted [1],
Pu content plays a significant role with regard the fcc dioxide matrix
preservation. In every heat treatment thgOhphase seems to be stabilised for



high Pu content samples, hence preventing, in dwerans, further oxidation to
M3Og. Besides, the shift in the,dmode of each partially oxidised MOX sample
with respect to its initial F position, due to oxygen incorporation into the
fluorite lattice [4,5], is less significant as tiR proportion increases (Figure
3.5.4), what points out that a higher Pu contesb dlelps to slow down the
dioxide matrix oxidation.
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Fig. 3.5.4.T, shift of the partially oxidised (1, Py)O, samples (0.03Z y < 0.46)
with respect to their initial position, as a fulctiof the heat treatment temperature.

3.5.3.2.2. XRD measurements

Due to the small quantity (some mg) of the curd@X samples available, it
was possible to perform a post-heat treatment poW&D analysis only on a
few of them. The results are shown in Figure 3.5.5.

One can see in the lattice parameter vs. compnosifiaph of Figure 3.5.5b
that the formation of new oxides with O/M > 2 ocumn UGs-richer
compositions heat-treated in air. This is signifieg the fact that lattice
parameters of fluorite-like phases heat treatediirat 310°C are slightly, but
systematically, below the values predicted by Vdgalaw —except for MOX
46— (see Table 3.5.11 for further detail) [52]. $Hffect is larger the lower the Pu
content, confirming that a higher oxidation takésce in U-richer samples. The
only XRD measurement performed on a MOX sampletéctat 400°C (MOX
19) clearly shows a much greater deviation withpees to Vegard's-law



prediction in lattice parameter, as well as a lasggregation of a MDs phase
((U, PuxOg in Figure 3.5.5a). Raman results are thereforelitgtiaely
corroborated by XRD analyses. Since powder XRD ssestially a bulk
characterisation technique, the agreement betwé&dd a&nd Raman results also
confirms that the current Raman data are reprementaf bulk oxidation
behaviour, and not just for the “deep surface”.
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Fig. 3.5.5.a) X-ray diffraction pattern of MOX 19 after th@@PC heat treatment. b)
Lattice parameters obtained for all the measurecKM@mples, as a function of Pu
content. The dashed line represents values predigt&/egard’s law, taking as a
reference U@and Pu@ experimental lattice parameters [50,51].
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Table 3.5.1l. Experimental and predicted (from Vegard’'s law faoichiometric
samples) lattice parameter values of the measu@¥ bkides.

3h at 310°C 5.465(1) 5.468(1)
3h at 310°C 5.454(1) 5.457(1)
3h at 400°C 5.426(1) 5.457(1)
3h at 310°C 5.443(1) 5.445(1)
3h at 310°C 5.438(1) 5.437(1)

3.5.3.2.3. SEM images

SEM images were acquired for a variety of MOX sampieated at 250°C
(Figure 3.5.6) and 400°C (Figure 3.5.7), in oraequalitatively investigate the
crystal grain morphology and correlate it to Raraad XRD results.

Fig. 3.5.6.SEM images obtained for a) MOX 3 and b) MOX 4@&emafhe 250°C heat
treatment.

Figure 3.5.6 shows that grains in both MOX 3.7 Mt@X 46 are large & 10
pm) and regular after the 250°C heat treatmentyesiong that no significant
microstructural evolution has taken place, in gagceement with Raman results.
Nevertheless, MOX 3.7 grains seem to be slightlyolem (see pores
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surroundings in Figure 3.5.6a), what might be asctito the minor superficial
oxidation previously noticed by Raman spectrosdopyhis sample.

Dioxide grain a)

&

"Popeorn' grain
morphology

MOX 3.7

MOX 35

Fig. 3.5.7.SEM images obtained for a) MOX 3, b) MOX 14, c) MGX and d)
MOX 46, after the 400°C heat treatment.

On the other hand, the sequence of images presenteidure 3.5.7 fairly
depicts the hindering effect of Pu on the dioxidsrnx oxidation, as observed by
Raman and XRD. After subjecting them to 400°C dyi@nhours, each MOX
sample exhibits a different surface aspect. If oompares Figure 3.5.7a with
Figure 3.5.64a, it is evident that larger — moselljkcubic — grains of MOX 3.7
appear to be covered by a superficial layer gdyilcommonly associated with a
so-called "popcorn” effect [1]. A similar popcorrorphology can be partly seen
also in MOX 14 (Figure 3.5.7b), which also showsigiderably swollen and
cracked grains (both inter and intragranularly). X1@5 presents intergranular
cracking only, with some swollen areas locatechindpenings originated by this



effect. MOX 46 looks similar to MOX 35, althoughttvia more compact aspect,
indicating a lower loss of integrity might have ¢akplace.

This qualitative analysis of the crystal grain aspe various MOX samples
shows an evolution of the sample surface morpholadnch is in line with the
trend derived from Raman spectroscopy analyisesthe lower the Pu content,
the larger the oxidation effects.

3.5.4. Conclusions

The surface oxidation of the matrix in a varietyusdnium-plutonium mixed
dioxides has been analysed by Raman spectroscaier different temperature
conditions, thereby assessing the effect of Puectint

In the case of MOX samples subjected to 250°C duihours, no significant
oxidation has been observed in any of the Ramaatrspeexcept for the slight
appearance of §@s traces in pure UD Higher temperatures are needed in order
to trigger appreciable chemical reactions betwegggen and the present
samples. However, for all other heat treatment®,(3%0 and 400°C) oxidation
does occur and the obtained data point out thagleeh proportion of Pu slows
down the dioxide matrix oxidation. In fact,,M is observed as the intermediate
stable phase in every MOX sample before oxidisimy M;Os. XRD
measurements and SEM images are in good agreem#ntRaman results,
confirming the stabilising effect of Puon the fcc dioxide structure.

The present study therefore shows, with the sdje ¢tfeRaman spectroscopy,
that (U, Pu) mixed dioxides are subject to furtbgidation in air starting at a
temperature between 250°C and 310°C, at leastiomeascale of several hours.

In any case, this work demonstrates that Ramarirggeopy is highly reliable
for evaluating the uranium-plutonium dioxide fuelxidation, since its
transformation to MOy or M;Og can be easily and quickly monitored with this
technique.

In addition, thanks also to its intrinsically noortact nature and versatility,
Raman spectroscopy can be envisaged as a suiableidque for the analysis of
the oxidation behaviour of spent nuclear fuel, ase of shielding failure, under
interim storage conditions.
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Abstract

A pre- and post-oxidation detailed Raman analysis Ibeen carried out on a
variety of (U.,,Cg)O, stoichiometries (y = 0.01, 0.03, 0.10, 0.15, 0.4Dhe
changes undergone in the Raman spectrum of @® a function of Ce
incorporation have been examined, thus extractialgable information on the
structural features and changes of these solidtgwlis, including the presence of
vacancies in the cations’ surroundings. Compariebthe results extracted from
the post-oxidation analyses of Ce-containing sampigh those obtained for
pure UQ confirms that a Ce content as low as 1 mol% le@ada protective
effect on the dioxide matrix against oxidation atitht, under identical
conditions, the oxidation process is slowed dow@@agoncentration increases.

3.6.1. Introduction

Uranium-cerium mixed oxides deserve special attervhen addressing the
stability of uranium-based spent nuclear fuel. Tikiaot only because Ce is one
of the fission products that is present in grepteportion in this type of fuel [1],
but also because of the frequent use of e@imulate highly radioactive P4O
in the MOX fuel [2-4].

Ce(Q and UQ have similar structural properties, presentindhbbtorite-type
cubic ordering, which promotes the formation ofidalolutions when combined
[2-5]. In such (U, Ce)®mixed oxides, charge transfer betweéti ahd C&" ions
has been widely reported [1,6-9]. While uraniumdeeto oxidise (up to ¥ and
U®, cerium tends to reduce to its lower oxidaticates{C&"). The proportion of
each chemical state of U and Ce in a given (U, @eXidle is strongly dependent
on Ce content, as observed by Betral. in their detailed XPS analysis [1]. These
authors suggested that reduction fronf"Ce C€* results in the creation of
defects, specifically in the form of stable oxygetancies.

To understand the oxidation behaviour of (U, Ged®@d to explain how the
chemical states of U and Ce evolve during thistieaca couple of studies have
been carried out at high temperatures (> 500°C)nlyndocused on X-ray
diffraction data [2,4]. In these studies, an oxmlathindering effect has been



observed as Ce content increases. For instanbetlircases [2,4], for< 0.4 —in
(U14Cg)O,~ oxidation of the solid solutions leads to a mixtuoé an
orthorhombic MOg phase (M=U,Ce) and a cubic,® or MO,., phase, while for
y > 0.4 MOg is no longer observed. In addition, Kunediral. [4] detected the sole
presence of Cé ions in the oxidised samples, what might indicttat the
initially existing oxygen vacancies disappear befaranium oxidation begins.

Despite the valuable information that could be aoted from Raman
spectroscopy, especially with regard to the moimigprof oxygen vacancies
observed on other mixed oxides [10-14], there Iy one study that applies this
technique to acquire a better understanding of iumaicerium dioxides [15].
Furthermore, there is no account of Raman analysdbeir oxidation products.
Therefore, this paper presents for the first time trorough Raman
characterisation of a variety of (U, Ce)@xides, paying special attention to the
evolution of the U@ Raman spectrum as Ce content increases, withinhefa
understanding the changes occurring due to thepocation of Ce. In addition, a
post-oxidation Raman analysis is also addresseparticular by comparing the
spectra corresponding to the different oxidisedgasto show the sensitivity of
this technique to detect the influence of Ce cotration on the oxidation of
mixed dioxides.

3.6.2. Experimental

3.6.2.1. Sample preparation

The starting U@and Ce@ powders, both with an average particle size of ~15
pm, were provided by ENUSA and Alfa Aesar, respetyi These materials
were mixed in the intended proportions, togetheh 86 w/w of EBS (Ethyl Bis
Stearamide, supplied by Tokyo Chemical Industry) @s. binder and lubricant
[16], using low-energy ball milling. Following a weentional metallurgical
procedure, the mixtures obtained were subjectenhigxial pressing at 700 MPa.
Subsequently, a heating process undeg-4.RPoH, flow —in order to avoid U®
oxidation— was conducted on all the green pellepgnlying four consecutive
steps: three isotherms at 100°C (2 hours), 300%b#s) and 500°C (4 hours)
for calcination of the incorporated EBS, followed the sintering isotherm at
1600°C for 4 hours. The binder proportion usediagpressure and sintering
cycle were established elsewhere [17] and adaptelis study. Polishing and
thermal annealing were then carried out, which isted in a 10 minutes



treatment at 1520°C (95% of the sintering tempeeatunder the same N
4.7%H, atmosphere. As a result, a series of.(&)O, homogeneous solid
solutions, withy = 0.01, 0.03, 0.10, 0.15 and 0.40, were obtaifiéeé. undoped
UQO, disk used as a reference was also supplied by B\NuU&ile pure Ce®@
characterised for extrapolation was previouslyitated following the procedure
reported in Ref. 17.

3.6.2.2. Oxidation procedure

The oxidation of the UPand (U, Ce)@samples was performed by a Linkam
THMSG600 temperature controlled stage. The mechbdesign and electronics
of the Linkam stage provided precise control arability of the temperature
better than 0.2 degrees. A 10°C/min heating ramp e@plied to reach the
isothermal temperature, 350°C, which was then ra@atl for 3 hours. A dry air
flow was supplied throughout the process. Coolirag wubsequently conducted
with the help of the in-house refrigeration system.

3.6.2.3. Characterisation techniques

X-ray diffraction measurements on the mixed oxidese carried out by a
Bruker D8 Advance Eco diffractometer, using Cu #diation & = 1.54056 A)
and operating at 40 kV and 25 mA. The Bragg-Bremtaonfiguration geometry
was used.

Raman spectroscopy analyses were performed witlorédbdd LabRAM HR
Evolution spectrometer. All spectra were acquiredraexcitation wavelength of
632.8 nm provided by a He-Ne laser. The scatteadthtion was then collected
in backscattering geometry, dispersed using a 6@@vgs/mm holographic
grating and recorded using a CCD detector (25624 Jfixels), obtaining a ~1
cmi*/pixel spatial resolution and a spectral resolutiérbetter than 3 cth The
obtained spectra were calibrated with the emissioes of a Ne lamp. The
scattered radiation was collected through a 10Qgctibe for characterisation of
the pre-oxidation samples, while a 50x long fodatashce objective was used to
probe the oxidised samples in order to averagesigheal and to minimise the
effect of the surface irregularities formed duriogidation. In all cases, the
excitation power was minimised to avoid alteratdrthe samples.



3.6.3. Results and discussion

3.6.3.1. Pre-oxidation characterisation

Prior to oxidation, a systematic X-ray diffractiand Raman characterisation
of all samples was performed. Figure 3.6.1 showves \thlues of the lattice
parameters measured for the undoped, Bk and the sintered (LCg)O,
oxides (0.0I< y < 0.40), assuming that the cubic structure of,p&evails. The
estimated lattice parameter value for pure £e@Which is consistent with
literature values [18], has also been included.
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Fig. 3.6.1.Lattice parameter values estimated for pure, 8@ the sintered (YCg)O,
oxides, with 0.0k y < 0.40. The lattice parameter value obtained foeiLeQ is also
included.

A steady contraction of the lattice parameter isepbed as Ce content
increases (dashed line and equation inserted urd=i8.6.1), as is expected from
the partial substitution of 1Jions by the smaller Ceions [19]. However, these
data do not follow Vegard's law, as they do not éal a straight line between the
pure UQ and CeQ values (dotted line in Figure 3.6.1). Some of dalier
studies on (U, Ce)oxides were in good agreement with Vegard’'s la® Q]
and attributed such behaviour to a near-stoichiomstate of their oxides [20].
In our case, an increasing deviation towards hi¢ditice parameter values, with
regard to those predicted by Vegard's law, is okmstras a function of Ce



content. This would therefore imply that formatioh stable oxygen vacancies
had occurred in our samples, most likely relatedrtincreasing presence of*Ce
ions [1] (presenting larger atomic radii than*Cens [21]), leading to an
expansion of the latticee(g.~0.4 % for 40 mol% of Ce) [22].

Results of Raman characterisation are shown inr€igus.2. Each spectrum
actually consists of the average of 10 spectraisedjwn different spots of the
corresponding dioxide surface, with the aim of botinfirming the samples
homogeneity and enhancing the signal-to-noise ratidhe final spectra. In
general terms, the UORaman spectrum presents its two well-reported main
features at ~445 ¢(T,y mode) and ~1150 c(2LO phonon overtone) [23,24].
As for the Ce-containing samples, a remarkabletimdil feature is observed
around 500-600 ciy which continuously increases in intensity witlereasing
Ce content. Indeed, this feature grows in such g that it even exceeds the
intensity of the other bands at high doping coretiains. The Raman spectrum
of pure Ce@ on the other hand, shows the expected singlendde at 465 crh

[25].
JWL/\ Ce02

NS Uo.eoceo.m)oz

(Uo.o€0.100,
(Uo.0€.090,
\JL/\ (Uo.o€ 090,
—*—//L_.—‘ UOZ

1 I 1 I 1 I 1 I 1 I 1

200 400 600 800 1000 1200
Wavenumber (cm')

Intensity (Arb. u.)

Fig. 3.6.2.Raman spectra of pure Y@nd CeQand the sintered ({Cg)O, oxides,
with 0.01<y < 0.40.

In order to better examine the spectra evolutionaagunction of Ce
incorporation within the U fluorite-like structure, a detailed peak-profile
analysis was conducted making use of Lorentziand$izapes. Figure 3.6.3



shows the U®and (U, Ce)@ Raman spectra with the different contributions

extracted from their corresponding profile fittinthe resulting fitted profiles are

also shown for comparison purposes.
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In the case of pure UQapart from the 7, and 2LO characteristic bands, two
weak bands are observed at ~575'@nd ~620 cm (see Figure 3.6.3a), which
are usually associated with lattice defects [26-28]particular, some studies
have assigned a band at ~575"am the LO mode and its observation has been
related to a breakdown in the selection rules a@ukattice distortions [27,28].
Likewise, a band around 620-630 trhas often been attributed to oxidation,
more precisely to cuboctahedral clusters formatiae to further oxidation to
U,Oq [27-30]. The appearance of the latter featuresénUQ, spectrum might
thus indicate that a minor surface oxidation affestightly the lattice ordering. In
accordance with the experimental equations puldiskisewhere [29], the
oxidation degree of such hyperstoichiometric \J@ould roughly correspond to
x ~ 0.07.

Raman spectra shown in Figures 3.6.3b-3.6.3f copores to Ce-containing
samples and present five bands. In addition 49 0O and 2LO peaks, two
features are observed around 535'@nd 1070 ciy but in this case the ~620
cm® band is not observed, thus indicating that nonesarface oxidation has
been produced.

A single-peak contribution is noticed for thg,band of all the mixed oxides,
what ascertains that it follows a one-mode vibratiwodel, as expected for heavy
metal dioxides mixtures [31,32]. The variation bfstband position with Ce
content has been quantitatively analysed in Figu6e4 and compared to the
expected values (dotted line in Figure 3.6.4), Whiave been calculated taking
into account the influence on theyTRaman shift of the changes produced in
both the reduced mass and force constant by Cepoiadion. The force constant
dependency on the interatomic distance has beenelledd using the
Guggenheimer model as described by Jules and Lair3&j.

As can be seen, a small upshift is detected, jBIs;In“r1 up to (W.edCe.490-
instead of the slightly larger move that shoulddbserved if assuming a one-
mode behaviour, where thggband would upshift on a proportional basis as Ce
concentration increases, from pure JUJ© CeQ corresponding wavenumbers
[34]. For instance, this is what occurs in the cabgU,Pu)Q: the T4 band,
which presents one-mode vibration behaviour [35-3Biifts towards higher
wavenumbers between its position in 1J&hd that in Pu®as a function of Pu
content [37,38]. The observed small upshift forGe)O, oxides was already
noticed by Ravindran and Krishnan [15], who remmbitedo be “only of the order
of 5 cmi* over 80 at.% substitution of cerium”. These authdid not provide any



explanation, but claimed that the contrast obsemw#ld regard to (U, Pu)©
indicates a quite different effect of Pu and Celd,. We suggest that the
contribution of C&-O bonds, which are shorter [19] and hence stifian U-O
bonds in the fluorite-like structure, is partialbalanced with the weakness
produced by the presence of stable oxygen vacaimciee surroundings of Ce
atoms, as also deduced from the X-ray diffractioalygsis.
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Fig. 3.6.4.T,4 band position of the characterised (0g)O, oxides as a function of
Ce content (0.0%¥ y < 0.4). The corresponding values obtained for pubg &hd CeQ
are also included. The dotted line representsxpeated values according to changes in
both force constants (interatomic distance) andced mass.

Furthermore, since various studies have assocemtpdak observed around
530-540 crit with the presence of oxygen vacancies [10-14,28],occurrence
of a band at ~535 cfin the mixed oxides spectra (Figures 3.6.3b-3)G&fuld
confirm the reported presence of°Cins that lead to creation of stable oxygen
vacancies [1]. On the other hand, to the best pknawledge, no mention to the
band found at ~1070 ¢hrhas been made in the literature before. Indeebeth
two new bands in the spectra of Ce-containing sasnpeem to continuously
grow with the increase in Ce content, especially tme at ~535 cf) what
corroborates the increasing presence df @mms that lead to a growing amount
of oxygen vacancies. Such evolution has been datimély estimated by
analysing, as a function of Ce content, the arga o& both bands with respect to



that of the Fy band AsszdArzg andAjerdArzg). AS can be seen in Figure 3.6.5, the
two bands experiment a linear growth with the iasge in Ce content. This
parallel behaviour, as well as the fact that the#emamber value of the ~1070
cm* band is precisely twice the one correspondingéo~535 crii band, suggest
that the ~1070 cthband is actually the first overtone of the latiand.
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Fig. 3.6.5.Evolution with Ce content of the normalised arehwespect to the J
band, of the ~535 cfmand ~1070 cfhbands.

3.6.3.2. Post-oxidation characterisation

After the air oxidation treatment, which consisiadthe 10°C/min heating
ramp and the subsequent three hours isotherm @C35%0 detailed Raman
spectroscopy analysis was performed on all theigead(U.,Cg)O, specimens
(0 <y < 0.40) in order to examine the influence of Ce enhin the dioxide
oxidation.

Except for pure UgQ where complete oxidation to;0; was detected in
various zones of the sample surface as shown rd=i§.6.6, the intermediate
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MO, phase (M=U,Ce) was found to stabilise in all cd86% This is reflected in
Figure 3.6.7, which gathers the spectra acquirethio different uranium-cerium
mixed oxides, as well as for Yn the zones that had not been completely
turned into WOg (light areas in Figure 3.6.6a). Again, each Rarspactrum
consists of the sum of ~10 similar spectra obtainaddistinct spots of the
corresponding dioxide surface. The various contidims extracted from the
peak-profile analysis of these Raman spectra dwer360-750 cfh range are
included.

Y (pm)

Intensity (Arb. u.)

200 400 600 800 1000
Wavenumber (cni')

Fig. 3.6.6.a) Optical image of the oxidised Y@ample surface. b) Typical Raman
spectrum of YOg [39,40],acquired on the dark shiny areas in a).
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Fig. 3.6.7.Raman spectra corresponding to the oxidised@d,)O, samples (& y <
0.4). Lorentzian peaks obtained from their praditealysis are also plotted.

In this way, each oxide features the same five vaner the studied range.
The three peaks observed at ~435, ~460 and ~495might correspond to the
triplet (Ag, Aig and E modes, respectively) originated by the splittirfgtte
triply degenerate ;| band due to symmetry loss, as occurs when iarsformed
to the orthorhombic kOg phase [39,40]. The other peaks located at ~605 and
~635 cm' seem to be the LO and oxidation-related bandgyrdimly, although
now considerably shifted with respect to their pr&dation positions. Indeed,
Desgrange®t al. observed in WOy a similar broad band centred on ~630%cm
which they associated with oxidation [30].

Therefore, an oxidation degree comparison of teatéd (UCe)Q, oxides
was carried out by analysing the area ratio ofB®85 cm' band with respect to
that of the Ty band fsss/Aryg In each case. The ~460 'érpeak was taken as a
reference of 7 for the analysis, since it is the most represemaamong the
triplet if considering a single broagglband. As can be seen in Figure 3.6.8a, the
latter area ratio decreases in general terms mscéidn of Ce content, suggesting
the detection of higher oxidation degrees on Ueickamples. For greater
reliability, the T4 band shift undergone by every oxide, with regawdits



corresponding pre-oxidation position, was also @rach This method allows us
to extract the oxidation contribution, as previgystrformed on heat treated (U,
Pu)G oxides [38]. Figure 3.6.8b shows how the studikift $s continuously
smaller, and thus the oxidation degree lower, ax@gentration increases, in
good agreement with the results obtained from teequling analysis.
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cm® oxidation-related peak and b)gsband shift due to oxidation, as a function of Ce
content.



The latter tendency, observed by the sole mearRaafan spectroscopy in
this work, is in line with the previously noticednhtering effect on (U, Ce)O
oxidation caused by the increasing presence oREg, what might be attributed
to a diminished oxygen mobility in the contractedtite. In addition, unlike
UQO,, Ce-containing dioxides presented no trace oh&rrbxidation to MOg; not
even the one with only 1 mol% substituted. Thugs¢éh Raman results also
confirm that the presence of Ce within the JJ@ttice helps to preserve the
dioxide integrity longerj.e. to resist the formation of MDg [2,5]. A similar
effect due to the presence of Pu within the,UlDorite structure has been
recently noted [38], pointing out the comparablerat behaviour of (U, Ce)O
and (U, Pu)@against oxidation.

3.6.4. Conclusions

Pre- and post-oxidation Raman characterisation leesn conducted on
various (4.,Ce)0O, oxides, withy = 0.01, 0.03, 0.10, 0.15, 0.40, in order to attain
a better understanding of the structural featufethase uranium-cerium mixed
dioxides.

In this way, previous to oxidation, the evolutiohldO, Raman spectrum as a
function of Ce incorporation has been examined. Titear increase with Ce
content of the band related to vacancies, located585 cni, confirms the
previously reported presence of*C@ns. Besides, a new band found at ~1070
cmi' has been proposed as the first overtone of ther laaind, since it follows the
same growing behaviour with Ce content. Thg @and position has also been
studied as a function of Ce concentration, shovangmaller upshift than that
expected; a fact that can be interpreted as areesglof the vacancies influence
in the corresponding cations surroundings.

With regard to the oxidised samples analysis, & been observed that the
oxidation degree attained is less significant asc@gcentration increases, what
sustains the protective effect of Ce. Furthermammparison with pure UO
indicates that even 1 mol% Ce doping is suffictenihduce a hindering effect on
the dioxide matrix oxidation, resistingsMs formation and stabilising the J@,
phase on the time scale studied.

Thus, it can be concluded that (U, Celé@haves, in general terms, like (U,
Pu)O, at least with regard to the delay it provokes tbha dioxide matrix



oxidation. Nevertheless, care should be taken wimenparing them at a local

level, since our Raman spectroscopy analysis reval the structure of these
two materials is not exactly similar. This raiske guestion as to whether it is
certainly adequate to use (U, Ce)& a surrogate for MOX fuel in research
studies.
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Overall conclusions






Taking into consideration the specific outcomes reflected throughout the
scientific publications that compose this work (Part 3), certain overall inferences
can be hereinafter drawn.

Above all, one thing has become clear: the feasibility of the Raman
spectroscopy technigque for obtaining reliable data on nuclear materials, with an
obvious subtlety and safety advantage over other conventional techniques.

The performance of a detailed analysis on the Raman spectra acquired for the
different characterised samples has alowed us to obtain relevant information on
the studied materials.

In fact, the furnished data have demonstrated to be extremely valuable for
gaining a better understanding of structural features at the local level, being
capable of tracking the evolution of defects associated with oxygen incorporation
during oxidation (Result 1 and Result 2), cations substitution (Result 5 and Result
6) or presence of vacancies (Result 6). In some cases, the completion of a
quantitative analysis has even helped to test theoretical assumptions on structural
transitions as well as to elaborate a specific method to characterise the oxidation
degree of the samples (Result 1).

On the other hand, the Raman technique has proven to be pretty useful for in
situ characterising the chemical reactions taking place on a given sample, either
by making use of an external temperature controlled stage (Result 2) or by
applying the developed Raman laser heating method (Result 3), placing special
value on the role of temperature in both cases. In addition, fundamental analyses,
such asthose involving the in situ assessment of the Raman spectrum temperature
dependence (Result 4), can be carried out with this technique.

Furthermore, it has been shown that Raman spectroscopy is highly reliable for
evaluating the effect of the presence of transuranic e ements on the SNF dioxide
matrix oxidation, since its transformation to the various oxidation products can be
easily and quickly monitored (Result 5 and Result 6).

All in al, the Raman technique can be regarded as an optimal tool for
analysing the spent nuclear fuel condition and its stability against oxidation under
dry interim storage conditions. In addition, its intrinsically non-contact nature and



versatility paves the way to use this technique for the assessment of the spent fuel
condition at the time of its future retrieval from the temporary storage. Such a
simple evaluation would enable properly and safely refurbishing the spent fuel
either for itsreprocessing or its final deep geological disposal.
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